berg, Mol. Cell. Neurosci. 6, 168 (1995).

6. I. A. Hendry, K. Stockel, H. Thoenen, L. L. Iversen,
Brain Res. 68, 103 (1974); P. Claude, E. Hawrot,
D. A. Dunis, R. B. Campenot, J. Neurosci. 2, 431
(1982); S. Korsching and H. Thoenen, Neurosci.
Lett. 39, 1 (1983).

7. R. B. Campenot, J. Neurobiol. 25, 599 (1994).

, Proc. Natl. Acad. Sci. US.A. 74, 4516

(1977); Dev. Biol. 93, 1 (1982).

9. D. D. Ginty et al., Science 260, 238 (1993).

10. Sympathetic neurons were isolated from superior
cervical ganglia of neonatal rats (27). Cells were plat-
ed in compartmentalized chambers (Tyler Research
Products) as described (8) and grown in growth me-
dium [Dulbecco’s modified Eagle’s medium contain-
ing fetal bovine serum (10%), 5 pM arabinosylcy-
tosine (Ara-C), and NGF (200 ng/ml)}. Medium was
replaced every 3 days. After 4 to 7 days, medium
within the chamber containing cell bodies was re-
placed with medium lacking NGF. This procedure
resulted in the death of those neurons that had not
extended processes into adjacent compartments.
Neurons grown in center-plated chambers were
used 2 to 3 weeks after plating. Neurons grown in
side-plated chambers required a longer time to
project through two barriers and were used 3 to 4
weeks after plating. For P-CREB immunocytochem-
istry experiments, medium was changed to contain a
low concentration of NGF (2 ng/ml) for 48 hours
before stimulation with NGF. Neurons were treated
with NGF (200 ng/ml) and then fixed with acetone:
methanol (1:1) for 3 min. Fixed cells were rinsed with
phosphate-buffered saline (PBS) and permeabilized
with PBS containing Triton X-100 (0.1%). After
blocking with PBS solution containing horse serum
(3%) and bovine serum albumin (BSA, 3%) at room
temperature for 2 hours, cells were incubated with
anti-P-CREB (1:1000 dilution) in the above solution
at 4°C for 18 hours. Immune complexes were de-
tected with an avidin biotin detection system ( Vector
Laboratories).

11. D.R.UreandR. B. Campenot, J. Neurosci, 17, 1282
(1997).

12, NGF was covalently coupled to 1 pm-diameter mi-
crospheres by means of a carbodiimide cross-link-
ing method. Amine-modified FluoSpheres (2% sol-
ids; Molecular Probes) were washed three times with
solution 1 [2(NV-morpholino)ethanesulfonic acid (0.1
M, pH 6.0)] using centrifugation and gentle
resuspension. The FluoSpheres were then resus-
pended in solution 1 containing NGF (100 png/ml) toa
final concentration of 1% microspheres. EDAC [1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide; Mo-
lecular Probes], which was freshly dissolved in solu-
tion 1, was then added to this suspension, and the
mixture was rotated at room temperature for 2
hours. The cross-linking reaction was quenched by
the addition of glycine (0.1 M, pH 6.0). Beads were
then washed four times with a high-salt buffer (10
mM sodium phosphate, 1.8 mM potassium phos-
phate, 1 M sodium chloride, and 2.6 mM potassium
chloride, pH 4.0) for 30 min per wash. The beads
were next incubated overnight in the high-salt buffer
(PH 7.4), washed four times the next day with high-
salt buffer (oH 10.0) to remove adsorbed NGF, and
then resuspended in PBS (pH 7.4) at a final concen-
tration of 0.25% solids. To ensure that all adsorbed
NGF was removed from the FluoSpheres, we sub-
jected a set of FluoSpheres (control beads) to a sim-
ilar procedure, except EDAC was left out of the
cross-linking step. The bioactivity of NGF-coupled
FluoSpheres was found to depend on the concen-
tration of NGF and EDAC used. At the concentration
of NGF used, we found that 2 to 4 M EDAC was
optimal for obtaining bioactive NGF-coupled beads;
we also found that 4 pl/ml of the bead solution was
sufficient to cover all cell surfaces.

13. TrkA was immunoprecipitated with anti-panTrk (22)
from PC12 cells (7 X 108 cells per plate) treated with

control medium, control beads (4 pl/ml), NGF (100"

ng/ml), or NGF-coupled beads (4 pl/ml) (73), and
phosphotyrosine protein immunoblotting was done
as described (22). Similar results were obtained by
immunoprecipitating TrkA from primary cultures of
sympathetic neurons (74).

1100

14. A. Riccio, B. A. Pierchala, C. L. Ciarallo, D. D. Ginty,
unpublished data.

15. M. L. Grimes et ai., J. Neurosci. 16, 7950 (1996).

16. Sympathetic neurons grown in center-plated cham-
bers were incubated with medium without NGF for
12 hours, then treated with medium containing NGF
(200 ng/mi) as described in Fig. 1. Cells were then
fixed with PBS containing 4% paraformaldehyde,
permeabilized with PBS containing Triton X-100
(0.1%), washed with PBS containing glycine (10
mM), and incubated in blocking solution {PBS con-
taining BSA (3%) and normal goat serum (3%)] for 2
hours at room temperature. Cells were then incubat-
ed in blocking solution containing anti-P-Trk (1:250
dilution; New England Biolabs). This antibody specif-
ically recognizes TrkA only when it is phosphorylated
on Tyr874 and Tyr®75, The immune complexes were
visualized with an avidin biotin detection system
(Vector Laboratories).

17. M. D. Ehlers, D. R. Kaplan, D. L. Price, V. E. Koliat-
sos, J. Cell Biol. 130, 148 (1995).

18. S. O. Johanson, M. F. Crouch, |. A. Hendry, Brain
Res. 690, 55 (1995).

19. M. M. Berg, D. W. Sternberg, L. F. Parada, M. V.
Chao, J. Biol. Chem. 267, 13 (1992); P. Tapley, F.
Lamballe, M. Barbacid, Oncogene 7, 371 (1992); M.

Ohmichi, S. J. Decker, L. Pang, A. R. Saltiel, Bio-
chemistry 31, 4034 (1992).

20, K-252a appeared to selectively block TrkA and not
other protein kinases necessary for CREB phospho-
rylation because it completely blocked CREB phos-
phorylation induced by NGF but not that induced by
epidermal growth factor or forskolin (74).

21, R. E. Mains and P. H. Patterson, J. Cell Biol. 59, 329
(1973).

22. B. L. Hempstead et al., Neuron 9, 883 (1992).

23. We thank A. Ghosh, A. Kolodkin, D. Linden, and
members of the Ginty laboratory for discussions and
comments on this manuscript and R. Adler, D.
Anderson, R. Mains, A. Pieper, and C. Tsui for helpful
suggestions. We also thank D. Kaplan for providing
anti-panTrk (203) and H. Ruan for anti-P-Trk. Sup-
ported by a Pew Scholars Award, a Klingenstein
Award in Neuroscience, an Alfred Sloan Research
Fellowship, and an American Cancer Society Junior
Faculty Research Award (D.D.G.); a fellowship from
Ministero della Sanita of Italy (A.R.); March of Dimes
Birth Defects Foundation research grant 5-FY95-
1114; and the Alzheimer's Association-Charles
Evans Pilot Research Award.

8 January 1997; accepted 16 July 1987

Hypermethylated SUPERMAN Epigenetic
Alleles in Arabidopsis

Steven E. Jacobsen and Elliot M. Meyerowitz*

Mutations in the SUPERMAN gene affect flower development in Arabidopsis. Seven
heritable but unstable sup epi-alleles (the clark kent alleles) are associated with nearly
identical patterns of excess cytosine methylation within the SUP gene and a decreased
level of SUP RNA. Revertants of these alleles are largely demethylated at the SUP locus
and have restored levels of SUP RNA. Atransgenic Arabidopsis line carrying an antisense
methyltransferase gene, which shows an overall decrease in genomic cytosine meth-
ylation, also contains a hypermethylated sup allele. Thus, disruption of methylation
systems may yield more complex outcomes than expected and can result in methylation
defects at known genes. The ciark kent alleles differ from the antisense line because they
do not show a general decrease in genomic methylation.

Dna methylation is emerging as an im-
portant component of cell memory, the pro-
cess by which dividing cells inherit states of
gene activity. In mammals, methylation ap-
pears to play a key role in processes such as
genomic imprinting and X-chromosome in-
activation, and in plants methylation is cor-
related with a number of phenomena, in-
cluding silencing of duplicated regions of
the genome (1).

Arabidopsis mutants at the DDMI and
DDM2 loci have a reduced overall level of
cytosine methylation and display a number
of developmental defects (2). Transgenic
Arabidopsis plants expressing an antisense
cytosine methyltransferase RNA also ex-
hibit abnormalities including a number of
floral defects resembling the phenotypes of
known floral homeotic mutants (3, 4).
These experiments suggest a direct cause
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and effect relation between DNA methyl-
ation and proper regulation of developmen-
tally important genes. We describe here a
class of epi-mutations in Arabidopsis that
appear to be caused by overmethylation of
the flower development gene SUPERMAN
(SUP).

Seven independent mutants were iden-
tified [clark kent (clk) 1 through 7] with
phenotypes similar to but weaker than that
of the known sup mutants (5, 6). Wild-type
Arabidopsis flowers (Fig. 1A) contain six
stamens (the male reproductive organs) and
two central carpels that fuse to form the
female reproductive structure. The sup-5
allele (Fig. 1B) (7), which contains a nearly
complete deletion of the SUP gene (8),
produces an increased number of stamens
[12.3 £ 0.3 (mean = SE)| and carpels
(2.9 = 0.1) on the first 10 flowers produced
on the plant. The clk-3 allele (Fig. 1C) has
an average of 7.8 * 0.3 stamens and 3.4 =
0.1 carpels, whereas the weaker clk-1 allele
has an average of 6.4 * 0.1 stamens and
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Fig. 1. (A) Wild-type
Landsberg erecta (Ler)
flower showing the normal
number of six stamens
and the central gynoe-
cium, which consists of
two fused carpels. (B)
Flower from a sup-5 ho-
mozygote containing 11
stamens and three incom-
pletely fused carpels. (C)
Flower from a ck-3 ho-
mozygote containing nine
stamens and three incom-
pletely fused carpels. (D)

An F, flower from a cross between a sup-5 homozygote and a clk-3 homozygote containing 10 stamens
and three incompletely fused carpels. (E) Flower from a transgenic ck-3 plant containing a 6.7-kb
wild-type SUP genomic fragment (72), containing the normal number of six stamens and two fused
carpels. (F) An F, flower from a cross between the AMT line and a c/k-3 homozygote containing 10

stamens and three incompletely fused carpels.

3.2 = 0.1 carpels.

In F; complementation tests, clk mutants
fail to complement sup mutants (Fig. 1D).
However, these tests are complicated by the
fact that both clk and sup mutants are semi-
dominant (9). Also, in F, progeny of these
crosses, about 1 to 3% of the plants are wild
type. These data suggested that CLK might
define a separate gene linked to SUP. How-
ever, further analysis shows that the clk
mutants are SUP alleles.

First, clk and sup are very closely linked.
clk-3 perfectly segregated with a Hind III
restriction fragment length polymorphism
detected with a 5.5-kb Eco RI SUP genomic
fragment in 45 meiotic progeny (10, 11). In
addition a cis-trans test was performed; if
sup and clk are different genes, they should
have the same double-heterozygote pheno-
type in cis or trans. clk and sup homozygotes
were crossed to make trans clk-3 +/+ sup-5
heterozygotes, which were then crossed to
wild-type plants. These F, progeny were
analyzed for plants with sup-like cis clk
sup/+ + heterozygote phenotypes. Howev-
er, all 7863 F, progeny from this cross ap-
peared wild type. Because this number of
plants represents a recombinant every 0.025
cM, or one about every 3.3 kb, the results of
this test suggest either that clk and sup are
allelic, or that if clk and sup are two differ-
ent genes, they are very closely spaced in
the genome.

Second, a 6.7-kb genomic clone con-

taining only the SUP coding region and ~5'

kb of upstream sequence, which has been
shown to rescue the sup mutant phenotype
(11), complements the clk-3 phenotype in
transgenic plants (Fig. 1E) (12). However,
other genomic clones spanning 40 kb on
the distal side of SUP and 25 kb on the
proximal side fail to complement clk-3 (13),
apparently precluding the possibility that
CLK is a separate gene very closely linked
to SUP.
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In situ hybridization experiments show
that SUP RNA expression is reduced in
clk-3. In wild type, expression of SUP RNA
occurs early during floral meristem develop-
ment in the incipient stamen primordia
(11). In clk-3 homozygotes, however, this
expression was reduced in some floral mer-
istems and undetectable in others (Fig. 2).

Despite the evidence that clk and sup are
allelic, sequencing of the SUP coding re-
gion from clk-1, -2, -3, and -5, and the
entire 6.7-kb SUP genomic region from the
clk-1 and -3 alleles revealed no nucleic acid
sequence differences from the wild type. In
addition, the cloned SUP gene from a clk-3
genomic library complements the clk-3 and
sup-5 mutants in transgenic plants (12), as
if cloning the clk-3 allele restores it to wild
type. Together these results suggest that the
clk alleles represent an alternative epigenet-
ic state of the SUP gene (14).

To examine whether the clk mutants
exhibit the genetic instability that is char-
acteristic of many other epigenetic phe-
nomena, we constructed a clk-3 gl1-1 double
mutant and analyzed the selfed progeny
[gl1-1 maps 10 cM from SUP and eliminates
epidermal hairs (15)]. Of 586 plants, 17 had
a wild-type or nearly wild-type phenotype,

Fig. 2. SUP RNA expression
in wild-type and ck-3. Lon-
gitudinal sections of the in-
florescences- of 14-day-old
plants of wild-type Ler or the
clk-3 mutant were mounted
on the same slide and hy-
bridized with a SUP anti-
sense probe as described in
(17). Medial sections of
stage 4 flower primordia (79)
were photographed with
bright-field—dark-field dou-
ble exposure. Yellow spots
represent silver grains ex-

Wild type
posed by the 353-labeled SUP probe, after a 7.5-week exposure. Bar, 120 pM.

Table 1. Sequence context of the methylated cy-
tosines in the SUP region in ck-3.

Number Number Percent
Se- Total

methyl- unmethyl- methyl-

quence number ated ated ated

CX 383 211 172 55
CA 129 79 50 61
CT 156 93 63 60
CG 15 10 5 67
CcC 83 29 54 35
CXA 110 71 39 65
CcXT 124 39 85 31
CXG 56 54 2 96
CXC 93 47 46 51

but were still hairless. Three of these lines
were complete revertants; the selfed proge-
ny from these plants segregated 3:1 for wild
type:clk plants, and in subsequent genera-
tions they segregated homozygous clk and
wild-type lines. The other 14 lines appeared
to contain partially reverted alleles. Analy-
sis of one complete revertant (number 6) by
in situ hybridization showed that wild-type
levels of SUP RNA expression were re-
stored (16).

We analyzed methylation patterns with-
in the SUP gene ‘in different genotypes
using bisulfite genomic sequencing (17).
Although there was no cytosine methyl-
ation detected in the wild-type or in a sup
nonsense allele [sup-1 (I1)], extensive
methylation was found in the clk alleles
(shaded regions, Fig. 3A), covering the start
of transcription and most of the transcribed
region. The clk-3 allele contained six more
methylcytosines (a total of 211 detected)
than the weaker clk-1 allele (Fig. 3B), pos-
sibly providing an explanation for the slight
difference in phenotypic strength of these
alleles. In clk-3 revertant 6, only 14 of the
original 211 methylcytosines remained.
Thus, phenotypic reversion is correlated
with both a restoration of the wild-type
RNA expression level and a decrease in
cytosine methylation of the SUP DNA.

The methylation pattern in ck was
dense and essentially non-sequence specif-

clk-3
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Fig. 3 (above). (A) Summary of the methylation pattern observed in the SUP genomic region
from the ck-7 and ck-3 alleles and from the AMT line. Gene diagram shows the start of
transcription (arrow), the single intron (shaded area), the putative start of translation (M), the
stop codon, and the poly(A} addition site (7 7). Boxes below the gene show the regions of either
the top or bottom strand analyzed by bisulfite genomic sequencing; open boxes denote no
methylation detected in all three genotypes, solid boxes indicate that all of the cytosines in the
region were methylated, and hatched boxes indicate that only some of the cytosines in the
region were methylated. Numbers indicate the length in nucleotides (nt) of each region ana-
lyzed. (B) Exact pattern of methylation detected in six different genotypes: ck-1 (1), ck-3 (3),
the AMT line (M), revertant 6 (R), wild-type Ler, and wild-type C24. Open circles indicate that
cytosine methylation was not detected in any of the six genotypes. Boxes with no accompa-
nying symbol indicate that methylation was detected at this site in ck-7, ck-3, and the AMT
line, but not in either of the wild-type controls or in revertant 6. All exceptions to this general
pattern are indicated by symbols above or below the box. For example, 3,1,R indicates that
methylation was detected in ck-3, ck-1, and revertant 6, but not in the other genotypes.
Because the data were obtained by direct sequencing of PCR-amplified genomic DNA (77), an
average level of methylation was determined for each cytosine. Thus, solid boxes indicate that
more than 50% of the cytosine at this position was methylated, whereas half-shaded boxes
indicate that less than 50% of the cytosine was methylated. The region between the vertical
lines on the top strand was analyzed from other genotypes as described in the text. Amow -
indicates the beginning of the SUP RNA as deduced from the longest cDNA detected and
corresponds to nucleotide —202 relative to the putative start codon as described in (77). Methylation at
the two underlined GATC restriction sites was confirmed with the methylation-sensitive restriction enzyme
Sau 3Al and its methylation-insensitive isoschizomer Mbo 1. Fig. 4 (right). Repetitive DNA methyl-
ation in ck. Genomic DNA of the AMT line (1), wild-type Ler (2), and clk-3 (3) was digested with the
methylation-sensitive enzyme Hpa I, fractionated on an agarose gel, and probed with a 180-bp centro-
meric repeat clone (2). Undermethylated DNA in the AMT line is detected as a low molecular weight
ladder, not present in the wild type or clk-3.
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ic; both symmetric (CG and CXG) and
nonsymmetric cytosines were methylated
(Table 1). However, the pattern of methyl-
ation was nearly identical in different clk
alleles (Fig. 3B). For example, clk-1 and
clk-3 shared 204 methylcytosines; seven
sites were methylated in clk-3 but not clk-1,
and one site was methylated in clk-1 but not
clk-3. Also, in the most densely methylated
region on the top strand (Fig. 3B), clk-2,
clk-5, and clk-6 had a hypermethylation pat-
tern very similar to that seen in clk-1 and
clk-3. The reproducibility of this pattern in
independently isolated clk lines suggests
that the mechanism by which these se-
quences become methylated is rather spe-
cific. In addition, the sequences methylated
in the SUP gene appear to be single copy
(18). This suggests that the SUP hyper-
methylation could be produced or main-
tained by a mechanism other than that
responsible for most of the methylation in
plants, which is mostly found at repetitive
sequences and primarily consists of symmet-
ric sites (I, 2).

A number of Arabidopsis antisense cyto-
sine methyltransferase (AMT) lines exhibit
phenotypes resembling sup mutants (3, 4).
Crosses between an AMT homozygote ex-
hibiting a sup floral phenotype (line 10) (3)
and either clk-3 or sup-5 plants yielded F,
plants with a sup phenotype (Fig. 1F),
whereas F| plants resulting from crosses of
the AMT line to a wild-type Ler plant had
a wild-type floral phenotype (16). This sug-
gests that the AMT line contains a defec-
tive SUP allele. Hypermethylation of the
SUP gene was found in the AMT line in a
pattern similar to that seen in the clk lines.
One hundred and eighty-six “ methylcy-
tosines were detected, all but three of which
were in the same positions as those in clk-3
(Fig. 3B). Thus, although overall methyl-
ation in this AMT line is decreased by up to
90% (3), the SUP gene has become hyper-
methylated. These results challenge the
original interpretation of the AMT pheno-
type, in that the various phenotypes in
these lines were predicted to be caused by
demethylation of specific genes (3, 4).

To examine whether the clk lines have
general demethylation defects similar to
those seen in the AMT lines, we analyzed
the methylation status of the 180-base pair
(bp) centromeric repeat (Fig. 4) and the
ribosomal DNA loci (16) by DNA blot
analysis (2). Whereas in the AMT lines
these sequences were hypomethylated (Fig.
4) (3, 4), five clk alleles showed normal
methylation of these repetitive genes, sug-
gesting that the defects in the clk lines are
different from those in the AMT line. One
possible interpretation of these results is
that the AMT lines cause misregulation of a
component of the methylation pathway
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other than the methyltransferase, resulting
in hypermethylation of some genomic re-
gions. If this hypothesized component were
mutated in the clk lines, this might cause
only a portion of the AMT phenotype,
namely, hypermethylation of SUP.

Note added in proof: We have found a
clk-like pattern of methylation at the SUP
locus in fonl-2 and fonl-3 [see (14)].
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In Situ Activation Pattern of Drosophila EGF
Receptor Pathway During Development

Limor Gabay, Rony Seger, Ben-Zion Shilo*

Signaling cascades triggered by receptor tyrosine kinases (RTKs) participate in diverse
developmental processes. The active state of these signaling pathways was monitored
by examination of the in situ distribution” of the active, dual phosphorylated form of
mitogen-activated protein kinase (ERK) with a specific monoclonal antibody. Detection
of the active state of the Drosophila epidermal growth factor receptor (DER) pathway
allowed the visualization of gradients and boundaries of receptor activation, assessment
of the distribution of activating ligands, and analysis of interplay with the inhibitory ligand
Argos. This in situ approach can be used to monitor other receptor-triggered pathways

in a wide range of organisms.

Receptor-tyrosine kinases participate in di-
verse biological processes and trigger, by
way of Ras, a sequential activation of pro-
tein kinases called the mitogen-activared
protein (MAP) kinase signaling cascade
(I). Several RTKs have been identified in
Drosophila. Whereas some RTKs control a
single developmental decision, DER func-
tions in numerous developmental processes
(2-7). Regulation of DER activation is of-
ten achieved by the restricted processing of
an activating ligand, Spitz (8, 9), and in-
duction of the secreted inhibitory protein
Argos (10).

MAP kinase (ERK) is activated by dual
phosphorylation of threonine and tyrosine
residues by MEK (I). A monoclonal anti-
body, termed diphospho-ERK (dp-ERK),
was raised against a dually phosphorylated
11-amino acid peptide that constitutes the
vertebrate ERK activation loop (I11-13).
All 11 residues are conserved in the single
Drosophila ERK homolog Rolled (14), rais-
ing the possibility of cross-reactivity.

To study recognition specificity, we test-
ed the antibody on Drosophila Schneider S2

cells expressing DER. Incubation with se-
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creted Spitz (sSpitz) resulted in the detec-
tion of a single 44-kD polypeptide by dp-
ERK antibody (Fig. 1A). A general poly-
clonal antibody to ERK detected a similarly
sized polypeptide in the presence or absence
of Spitz. Immunohistochemical staining of
induced cells detected activated ERK (Fig.
1B) (15).

In embryos, activation of DER by ubig-
uitous sSpitz (HS-sSpi) resulted in the ac-
cumulation of a single 44-kD polypeptide
detected by dp-ERK antibody (Fig. 1A).
Immunohistochemical staining of embryos
with the general antibody to ERK displayed
ubiquitous staining throughout embryogen-
esis in accordance with the high maternal
contribution of the rolled gene. In contrast,
dp-ERK displayed a specific staining pat-
tern. Local activation of DER in the central
segments led to staining only in this part of
the embryo (Fig. 1C) (16).

Because ERK is a common junction for
RTK pathways, the dp-ERK staining pat-
tern represents the composite pattern of
RTK signaling during development and can
be correlated with activity of the known
RTKs: Torso, DER, Heartless, and Breath-
less (17). Here we examine the dynamic
DER-induced dp-ERK patterns in the em-
bryo and imaginal discs.

Activation of DER is triggered by pro-
cessing of Spitz, which is regulated by two
membrane-spanning proteins, Rhomboid
(Rho) and Star (8, 18, 19). Expression of
Rho is tightly controlled (I8, 20), and its
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