ekEn

er, even small changes in STREX expres-
sion producing subtle changes in chromaf-
fin cell excitability could have pronounced
effects on the secretion of catecholamines
and other products (including corticoste-
roids through reciprocal interactions with
the adrenal cortex) (21), with potentially
far-reaching consequences in humans.
Among the functions likely to be affected
to some extent are cardiovascular, digestive,
metabolic, immune, and mental functions
(22). Changes in chromaffin BK channels
in response to hormonally communicated
stress represent another dimension of stress-
related plasticity in adrenal tissue.

Tissue-specific and developmental regu-
lation of alternative splicing is well estab-
lished for many genes, with factors and
mechanisms being worked out. Reports of
dynamic regulation of splicing patterns in
adult tissues are rare (23). Exons in complex
modular proteins such as ion channels often
comprise discrete functional units, and dy-
namic hormonal control of exon selection
provides a unique dimension for regulating
the often critical functional nuances of the
whole protein.
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Maternal Control of Embryogenesis by MEDEA,
a Polycomb Group Gene in Arabidopsis

Ueli Grossniklaus,” Jean-PhiIippe Vielle-Calzada,
Marilu A. Hoeppner, Wendy B. Gaglianot

The gametophytic maternal effect mutant medea (mea) shows aberrant growth regulation
during embryogenesis in Arabidopsis thaliana. Embryos derived from mea eggs grow
excessively and die during seed desiccation. Embryo lethality is independent of the
paternal contribution and gene dosage. The mea phenotype is consistent with the
parental conflict theory for the evolution of parent-of-origin—specific effects. MEA en-
codes a SET domain protein similar to Enhancer of zeste, a member of the Polycomb
group. in animals, Polycomb group proteins ensure the stable inheritance of expression
patterns through cell division and regulate the control of cell proliferation.

The plant life cycle alternates between
diploid and haploid generations, sporophyte
and gametophyte, as the haploid spores un-
dergo several cell divisions before the ga-
metes finally differentiate and fuse to pro-
duce the diploid zygote. We identified an
Arabidopsis thaliana mutant, medea (mea), in
which self-fertilization of the heterozygote
produces 50% aborted seeds that collapse,
accumulate anthocyanin, and do not germi-
nate. This ratio of defective to normal seeds
is consistent with a gametophytic control of
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the defect, because half the haploid gameto-
phytes receive the mutant allele. Heterozy-
gous embryos abort if the mutant allele is
derived from the female (Fig. 1A), but de-
velop normally if it is derived from the male
(Fig. 1B and Table 1). Embryos derived
from mutant eggs abort irrespective of the
paternal contribution (1). Thus, the mea
mutant displays maternal-effect émbryo le-
thality (2). In flowering plants, embryo de-
velopment is affected by both the female
gametophyte (3) and the sporophytic tissue
of the parent plant (4). The survival of the
resultant embryo depends on the presence
of a wild-type MEA allele in the genome of
the female gametophyte.

Fertilization of the egg and central cell
generates the diploid zygote and the triploid
primary endosperm. Endosperm resulting
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from a cross between a wild-type male and a
mea-1 female carries two mutant mea-1 al-
leles and one wild-type MEA allele. To
determine whether seed abortion is caused
by a mutation in a dosage-sensitive gene, we
introduced additional wild-type MEA cop-
ies: In a cross between a mea-1 heterozygous
female and a wild-type tetraploid male, half
of the fertilized seeds abort (Table 1) and
the mutant mea-1 allele is not recovered in
the progeny (0/41). In control crosses, seeds
rarely abort (Table 1), and paternal mea-1
alleles are transmitted to half the offspring
(66/124) suggesting that an additional pa-
ternal wild-type MEA allele is unable to
rescue maternal-effect lethality. Thus, mea
either affects a maternally produced cyto-
plasmic factor in the egg or central cell (or
both), or disrupts an imprinted gene ex-
pressed from the maternal allele.

During early stages of embryogenesis the
development of mea-1 embryos is indistin-
guishable from wild-type siblings in cleared
or sectioned specimens (5). Visible differ-
ences between wild-type and mea-1 embry-
os began at the late globular stage (Fig. 1, C
and D). Globular mea-1 embryos show ex-
cess cell proliferation and enlarge radially
symmetrical. When wild-type embryos
reach the mid to late heart stage, sibling
mea-1 embryos are still globular and contain
small vacuolated cells with curvilinear cell
walls and sometimes irregular cell divisions
in the ground tissue and procambium. Sus-
pensor and hypophysis are normal, and cot-
yledons initiate synchronously as in the
wild type. Thus, despite increased cell pro-
liferation and occasional irregular cytokine-
sis, morphogenetic progression is normal.
However, each stage is prolonged and in-
cludes more division cycles, and morpho-
genesis is delayed. As a consequence, giant
heart stage mea-1 embryos (Fig. 1, E and F)
are present along with late torpedo or cot-
yledonary stage wild-type embryos. mea-1
heart stage embryos have supernumerary
cell layers (mea-1: 19.6 = 1.1; wild type:
13.0 £ 0.9). When wild-type siblings are
fully differentiated, most mea-1 embryos
have reached the late heart stage and are up
to 10 times larger than normal. mea embry-
os degenerate during desiccation. These re-
sults suggest that mea controls cell prolifer-
ation during embryogenesis, allowing mor-
. phogenesis to progress normally, albeit
slowly.

Endosperm development in mea-1 seeds
is indistinguishable from that of the wild
type at early stages. When cellularization
begins normally in wild-type seeds at the
transition from the globular to the heart
stage, no cellularization is observed in sib-
ling mea-1 seeds. Although nuclear divi-
sions take place more slowly in mea-1 en-
dosperm, the distribution of endosperm nu-

clei is as in the wild type. Partial cellular-
ization occurs at the micropyle when mea-1
embryos reach the late heart stage in desic-
cating seeds, but because fewer nuclei have
been generated, most of the central cell is
devoid of nuclei. Thus, in mea-1 seeds, the
development of both fertilization products

REPORTS

is delayed but morphogenesis proceeds nor-
mally, and it appears that the embryo shows
increased cell proliferation at the expense
of the endosperm.

To determine whether mea-1 is a gain-
of-function or loss-of-function mutation we
introduced mea-1 into a tetraploid back-

Fig. 1. Seed and embryo development in mea plants. (A) Silique resulting from a cross between mea-1
(female) and a wild-type plant {male) of the Columbia (Col) ecotype. Seeds derived from mea female
gametes turn white and collapse. (B) Silique resulting from a cross between Col (female) and mea-
1(male). Histological analysis of embryos was conducted in heterozygous mea-1 plants using semithin
sections (C and D) and cleared seeds (E and F). (C) Late globular wild-type embryo. (D) Late globular
mea-1 embryo. (E) Late heart stage wild-type embryo. (F) Late heart stage mea-7 embryo. Magnifica-
tion: bar is 215 pm in (A) and (B); 12 pmin (C) and (D); and 40 p.m in (E) and (F).

Table 1. Seed phenotype of reciprocal crosses between mea and diploid or tetraploid wild-type plants.
Green or dry siliques resulting from self pollination or out-crosses to Columbia (Col) or a tetraploid plant
were opened and the seeds classified as unfertilized ovules, normal, or aborted seeds. In crosses
involving tetraploids, fertility is reduced because of a large fraction of unfertilized ovules (29). The relative
increase in unfertilized ovules in the “Col X 4n” cross is due to longer siliques and a larger number of
owvules per silique in Col plants (Col: 65.1 = 6.4; mea-1: 39.7 = 5.9; 4n: 43.6 = 3.2). Pollen viability in
tetraploids is reduced such that only ovules at the top of the silique get fertilized. The average number
of seeds per silique initiating development is similar (Col: 17.9 = 2.1, mea-1:22.1 = 5.9; 4n: 26.1 + 4.4).
The “normal” class includes brown, quite regularly shaped seeds that are smaller than those of the wild
type and are common in crosses involving plants of different ploidy. They do not show the collapsed,
black mea phenotype. n (seeds), number of seeds scored.

Female mea-1 mea-1 Col mea-1 Col an 4an an
(selfed) X X X X X X (selfed)
Male Col mea-1 an an mea-1 Col

Unfertilized 12% 13% 1% 45% 72% 37% 40% 46%

Normal 42% 43% 88% 26% ° 27% 59% 54% 52%

Aborted 46% 44% 1% 29% 1% 4% 6% 2%

n (seeds) 1461 770 514 437 587 1155 696 1489
www.sciencemag.org * SCIENCE ¢ VOL. 280 ¢ 17 APRIL 1998 447
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Fig. 2. Sequence analysis and expression profile of MEA. (A) Deduced amino
acid sequence of MEA (34). An acidic region similar to that in the trx protein
is underlined. The five cysteines that are conserved in E(z} homologs are
boldface, and the 18 cysteine residues of the CXC domain are boldface and
underlined. Basic residues of a putative bipartite nuclear localization signal
are indicated by asterisks above the symbol. The 115-amino acid SET
domain is boxed. (B) Schematic alignment of MEA and E{z) shows the relative
position and amino acid identity of the SET and CXC domains, the putative
nuclear localization signals (N), the five conserved cysteines (C;), and the
acidic domain (A). (C) DNA sequences flanking the mea-1 Ds insertion and
derivative alleles. The 8-bp target site duplication is indicated by boldface. All

C nmea-1 TCACTCATGAT [ Ds | CTCATGATGAAGCT
Wild type TCACTCATGAT . .. ...cc00an GAAGCT
Revertants TCACTCATGAT. ........... GAAGCT
mea-2 TCACTCATGAA. .. .. TCAtgatgaAGCT
Protein T H R E A

revertants analyzed showed the wild-type sequence. In the stable mea-2
excision allele, a 7-bp footprint remains; an additional base is altered (under-
lined). The mea-2 footprint introduces two stop codons (lower case). (D)
RT-PCR analysis of MEA during flower and seed development. The three
panels show amplification of MEA, and actin-11 {ACT77) and the seed
storage protein At2S2 as controls for cDNA synthesis (33). RNA was isolated
from floral buds (B), unpollinated carpels (U), pollinated carpels (P), and
siliques containing embryos at the preglobular (PG), globular (G), heart (H),
torpedo to early cotyledonary (T/C), cotyledonary (C), early (EM), and late
maturation (LM) stages. (M) indicates the marker lane and (G) genomic DNA
as a control.

ground, which produces diploid gameto-
phytes carrying either none, one, or two
mea-1 alleles (6). Because tetraploids carry-
ing one (simplex) or two (duplex) mutant
alleles could have been recovered, we con-
sidered models for both possibilities with
mea-1 as either recessive or dominant (Ta-
ble 2). The observed inheritance of seed
abortion and kanamycin resistance is con-
sistent with a simplex recessive model (X?
< x? 0.0s(1] = 3.84). The recessive nature of
mea-1 is confirmed by the high transmission
frequency of kanamycin resistance (247/
331 = 75%). If mea-1 was dominant, it
would be exclusively transmitted through
pollen at a frequency of about 47% in a
simplex tetraploid (7). These results sug-
gest that mea is a loss-of-function mu-

tation. Thus, the wild-type function of
‘MEA s to restrict cell proliferation during
embryogenesis.

We cloned and characterized the MEA
gene as mea-1 was tagged with derivatives of
the maize Ac/Ds transposon system (8):
mea-1 and the Ds element cosegregated
without detectable recombination. This
mutation was unstable in the presence of Ac
transposase, and large revertant sectors
could be identified in plants heterozygous
for both mea-1 and Ac. Using genomic frag-
ments flanking the Ds element, we identi-
fied and sequenced a MEA cDNA (Fig. 2A)
(9). The MEA gene is similar to Enhancer of
zeste [E(2)], a Drosophila melanogaster pro-
tein involved in the regulation of homeotic
genes. The highest similarity between the

Table 2. Segregation of embryo lethality and kanamycin resistance in a 4n mea line. The tetraploid
nature of this plant was confirmed at the cytogenetic level (35). Dry siliques were opened and their seeds
classified as normal or aborted seeds displaying the mea phenotype. The progeny of this plant was
tested for sensitivity (KanS) or resistance to kanamycin (KanF) linked to mea- 7. Expected values of the
two phenotypes scored are given for four different models [(1) to (4)]. For the calculation of expected
progeny classes, a spontaneous embryo abortion rate of 1.5%, as determined for the parental tet-
raploid, was included. The coefficient of double reduction was taken as ¢ = 0.1 (29).

Observed/expected Aborted Normal X2 Kan® Kan$ X2
Observed 17 182 - 247 84 -
(1) Simplex, mea recessive 15 184 0.29 237 94 1.48
(2) Duplex, mea recessive 48 151 26.4 314 17 278.4
(8) Simplex, mea dominant 98 101 1319 155 176 102.7
(4) Duplex, mea dominant 161 38 674.5 265 66 6.1
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two proteins (55% amino acid identity) is
found at the COOH-terminus (Fig. 2B), in
the SET domain, which was named after
the three founding members of the family in
Drosophila—Suppressor of wariegation 3-9
[Su(var)3-91, E(z), and trithorax (trx) (10,
11). Although the function of the SET
domain is unknown, members of this family
are thought to regulate gene expression by
associating with chromatin and controlling
access of transcription factors (12). As
members of the Polycomb and trithorax
group, SET domain proteins regulate ho-
meotic gene expression (13). Many show
parent-of-origin—specific effects and regu-
late cell proliferation (11, 14). For instance,
the human homologs All-1/Hrx and Enx-1
are involved in the control of lymphocyte
proliferation (15), and the Caenorhabditis
elegans homolog MES-2 supports survival of
the germ line (16). The plant E(z) homolog
CURLY LEAF (CLF) regulates expression
of floral homeotic genes (17). MEA shares
43% identity with E(z) in the CXC do-
main, a cysteine-rich region NH,-terminal
to the SET domain (Fig. 2B). The CXC
domain and five additional highly con-
served cysteine residues (Fig. 2B) are unique
to E(z) and its vertebrate and plant ho-
mologs (17). Although the function of
these regions is unknown, they are required
for E(z) activity (18). The similarity to SET
domain proteins suggests that MEA con-
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trols cell proliferation by regulating gene
expression through modulation of higher-
order chromatin structure.

To confirm that the isolated gene cor-
responds to the mea mutation, we se-
quenced the region spanning the insertion
site in three independently recovered re-
vertants (19). The Ds element in mea-1
inserted NH,-terminal to residues of the
SET domain that are invariant among the
E(z) homologs. Ds excisions usually create
characteristic footprints, and phenotypic
revertants should restore the open reading
frame of the disrupted gene. In all three
revertants, the sequence was that of the
wild type (Fig. 2C), indicating a strong
sequence constraint on this region of the
SET domain. In the phenotypically mu-
tant excision allele mea-2, a 7-base pair
(bp) footprint remains, introducing two
stop codons (Fig. 2C).

We analyzed the expression profile of
the MEA transcript using reverse transcrip-
tion—polymerase chain reaction (RT-PCR)
(20) on floral tissues and developing sil-
iques (Fig. 2D). MEA is not expressed at
early stages of flower development during
early megagametogenesis. MEA expression
is first detectable in unpollinated siliques
that contain maturing gametophytes indi-
cating maternal expression. The transcript
remains detectable throughout the morpho-
genetic phase of embryogenesis and starts to
disappear during seed maturation. Thus,
MEA is either an unusually stable mRNA
that is maternally deposited in egg or cen-
tral cell, or both, and persists for 2 weeks
throughout seed development or MEA is
expressed both maternally and zygorically.
MEA expression after fertilization may be
regulated by genomic imprinting, because
paternally provided copies cannot rescue
embryo lethality.

The regulation of cell proliferation and
growth during seed development by MEA is
under maternal control. Haig and Westoby
proposed that parent-of-origin—specific ef-
fects evolved as a consequence of an in-
tragenomic conflict over the allocation of
nutrients from the mother to its offspring
(21). Although their theory is usually dis-
cussed with respect to imprinting, it is
equally applicable to other postmeiotically
established differences such as a maternal
effect of cytoplasmic nature. The intra-
genomic conflict theory predicts that pater-
nally expressed genes would tend to pro-
mote the growth of the embryo and marer-
nally expressed genes would tend to reduce
it. Supporting evidence has been provided
by studies on imprinted genes in mice and
humans (22) and from the manipulation of
entire genomes in flowering plants (23).
Our observations on the mea mutant phe-
notype suggest that similar molecular mech-
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anisms operate in animals and plants to
control cell proliferation and to mediate
parent-of-origin—specific effects.
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Cathepsin L: Critical Role in li Degradation and
CD4 T Cell Selection in the Thymus

Terry Nakagawa,” Wera Roth,* Phillip Wong, Andrew Nelson,
Andrew Farr, Jan Deussing, Jose A. Villadangos, Hidde Ploegh,
Christoph Peters, Alexander Y. Rudenskyf

Degradation of invariant chain (li) is a critical step in major histocompatibility complex
class ll-restricted antigen presentation. Cathepsin L was found to be necessary for li
degradation in cortical thymic epithelial cells (cTECs), but not in bone marrow (BM)-
derived antigen-presenting cells (APCs). Consequently, positive selection of CD4* T
cells was reduced. Because different cysteine proteinases are responsible for specific
li degradation steps in cTECs and BM-derived APCs, the proteolytic environment in cells
mediating positive and negative selection may be distinct. The identification of a protease
involved in class Il presentation in a tissue-specific manner suggests a potential means
of manipulating CD4* T cell responsiveness in vivo.

Major histocompatibility complex
(MHCQC) class II molecules are assembled
with the assistance of i in the endoplas-
mic reticulum (ER) and transported to an
endocytic compartment where [i under-
goes rapid degradation by lysosomal pro-
teinases (1). Peptides derived from amino
acids 81 to 104 of Ii are termed CLIP
(class Il-associated Ii peptides), and re-
main bound in the class [I peptide binding
groove, until removed by the chaperone
molecule H-2M (1). This allows peptides
derived from the proteolytic degradation
of foreign and self proteins (2) to then
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bind class Il molecules and appear on the
cell surface. Self peptide—class II complex-
es expressed on cTECs positively select
maturing CD4% T cells, whereas those
expressed by BM-derived APCs mediate
negative selection (3).

Cathepsins are lysosomal endoprotein-
ases that have been implicated in the
MHC class Il processing pathway by in
vitro studies using purified enzymes or ca-
thepsin inhibitors (4). Because of the ap-
parent redundancy of these enzymes and
the inherent difficulty of mimicking the
complex proteolytic environment of endo-
cytic compartments, the specific role of
cathepsins in the class II presentation
pathway in vivo remains unclear. Gener-
ation of cathepsin-deficient mice (5, 6)
provided a direct experimental approach
toward the elucidation of their specific
functions and targets.

Cathepsin L (CTSL)-deficient mice
have periodic shedding of fur and abnormal
skin morphology, which recapitulate the
spontaneous mouse mutation furless (6). To
assess the role of CTSL in the class II pre-
sentation pathway, we examined splenic
APCs from ctsl™/~ and littermate control

35. J.-P. Vielle-Calzada and U. Grossniklaus, data not
shown.

36. We thank J. Moore for help with the mutagenesis, M.
Koornneef for providing the parental tetraploid line, W.
Herr, R. Martienssen, and B. Stillman for comments
on the manuscript, and the Hernandez, Hengartner,
and Stillman laboratories for space on sequencing
gels. Special thanks go to V. Sundaresan and R. Mar-
tienssen for providing us access to their insertional
mutagenesis system before publication and to S.
Strome for allowing us to cite unpublished data. Sup-
ported by the Cold Spring Harbor Laboratory Presi-
dent's Gouncil, the Robertson Research Foundation,
and fellowships from the European Molecular Biology
Organization, the Human Frontier Science Program,
and the Janggen-Poehn Foundation to U.G.

18 September 1997; accepted 9 February 1998

mice (Fig. 1A). Flow cytometric analysis of
these cells stained with monoclonal antibod-
ies (mAbs) specific for several independent
[-A" epitopes, and for [-A" bound to CLIP
(7) and non-CLIP peptides (8), did not re-
veal any effects of the CTSL mutation on
class II expression. Similarly, class II expres-
sion was not altered in splenic dendritic cells
(sDCs) and thioglycollate-activated, inter-
feron-y—induced peritoneal macrophages
(pMph) (9). In addition, splenocytes, sDCs
and peritoneal Mph from ctsl™/=, ctsl™~, and
wild-type (WT) mice did not reveal signifi-
cant differences in the amounts of i or SDS-
stable and SDS-unstable I-AP dimers (9). No
differences were found in presentation by
ctsl™/~ and littermate control splenocytes or
peritoneal macrophages of a broad range of
foreign and self antigens, including hen egg
lysozyme, ribonuclease A (RNase A),
Trypanosoma cruzi SA85 major surface anti-
gen, heat-killed Chlamydia trachomatis, im-
munoglobulin M (IgM), B,-microglobulin
(B,-M), H-2M, and actin (Fig. 1B) (9).
Thus, class 11 expression in peripheral APCs
and their ability to present self and foreign
antigens were not impaired in ctsl™/~ mice.
This finding, in conjunction with the obser-
vation of normal class Il presentation in
cathepsin B null (ctsh™ ™) mice (9), implied
that another cysteine proteinase, perhaps ca-
thepsin S (CTSS) (10), must be involved in
class II processing in peripheral APCs.

To determine whether the CTSL defi-
ciency affects CD4™ T cell selection, we
next analyzed thymocytes and splenocytes
from ctsl ', ctslt/~, and WT mice for CD4,
CDS8, and T cell antigen receptor (TCR)
expression. Although the total cellularity of
the lymphoid organs in all these mice was
comparable, ctsl™/~ mice had reduced num-
bers of CD4" T cells in the thymus and
periphery (~60 to 80% reduction) (Fig.
2A). Consequently, CD8" T cells were rel-
atively increased. In contrast, T cell subsets
were normal in ctsl™/ " littermates and in
cathepsin B (ctsb™7) and D (ctsd=/) null
mice (Fig. 3) (9). Purified CD4" T cells

isolated from immunized ctsl ™/~ mice were
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