nounced blocking effect on crosslinking of
NGCF to p75NSFR. This suggests that the
peptide interfered with post-binding con-
formational changes of ligand or p75NCMR
or both, thereby blocking activation of
death-related pathways. The suggestion
that such post-docking events determine
the type of downstream signaling from
p75NCHR emerges from the finding that,
although all neurotrophins can bind to
p75NCFR only NGF  activates NF-kB
through p75N°™ in Schwann cells (4).

In conclusion, we present in vivo evi-
dence that p75N©MR mediates apoptosis of
developing cholinergic basal forebrain and
neostriatum neurons, and that pharmaco-
logical modulation of p75NCR can promote
neuronal survival. These findings are rele-
vant to the observation that cholinergic
basal forebrain neurons are involved in
learning and memory, and degenerate in
Alzheimer’s disease.
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DPY-26, a Link Between Dosage Compensation
and Meiotic Chromosome Segregation
in the Nematode

Jason D. Lieb, Elizabeth E. Capowski, Philip Meneely,*
Barbara J. Meyer

The DPY-26 protein is required in the nematode Caenorhabditis elegans for X-chromo-
some dosage compensation as well as for proper meiotic chromosome segregation.
DPY-26 was shown to mediate both processes through its association with chromo-
somes. In somatic cells, DPY-26 associates specifically with hermaphrodite X chromo-
somes to reduce their transcript levels. In germ cells, DPY-26 associates with all meiotic
chromosomes to mediate its role in chromosome segregation. The X-specific localization
of DPY-26 requires two dosage compensation proteins (DPY-27 and DPY-30) and two
proteins that coordinately control both sex determination and dosage compensation

(SDC-2 and SDC-3).

Many sexually reproducing organisms, in-
cluding C. elegans, rely on a chromosome-
counting mechanism for determining their
sex. In such organisms the two sexes differ
in the dosage of their X chromosomes.
These organisms have evolved strategies to
compensate for this difference in gene dose
and thereby prevent a lethal imbalance in
gene products. The dosage compensation
mechanisms involve chromosome-wide reg-
ulation of gene expression (I). In C. el-
egans, hermaphrodites (XX) reduce the lev-
el of transcripts from each of their two X
chromosomes to equalize X-chromosome
gene expression with that of males (XO)
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(2-4). A regulatory gene hierarchy controls
dosage compensation in C. elegans, and her-
maphrodites deficient in these genes die
from overexpression of their X-linked genes
(5, 6). Dosage compensation is implement-
ed by a protein complex that includes prod-
ucts of at least two genetically defined dos-
age compensation dumpy genes, dpy-26 and
dpy-27 (7). The dpy-27 gene product, DPY-
27, associates specifically with hermaphro-
dite X chromosomes and is a member of a
highly conserved family of proteins in-
volved in chromosome condensation and
segregation (4, 8). These properties suggest
that dosage compensation is achieved
through changes in X chromosome struc-
ture (4).

Here, we present a study of the dpy-26
gene, whose protein product, DPY-26, not
only forms a complex with DPY-27 to
achieve dosage compensation, but also
functions independently of DPY-27 in mei-
osis. Unlike dpy-27 mutations, dpy-26 mu-




Fig. 1. (A to C) DPY-26 is associated with all condensed Anti-DPY-26

mitotic chromosomes in young wild-type XX embryos be-
fore the onset of dosage compensation. A wild-type XX
embryo (<30-cell stage) was stained with propidium io-
dide, a nucleic acid-intercalating molecule (red), in (A) and
with anti-DPY-26 (green) [as in (4)] in (B). A merged image
is shown in (C) (white arrows, condensed mitotic chromo-
somes in anaphase; yellow arrows, interphase nuclei).
Scale bar, 10 um. (D to F) DPY-26 is localized to the X
chromosomes of XX animals that have activated dosage
compensation. A wild-type XX embryo (>200-cell stage)
was triply stained with the DNA-intercalating molecule dia-
midophenylindole (DAPI) (blue), with anti-DPY-27 (red) in
(D), and with anti-DPY-26 (green) in (E). A merged image is
shown in (F). Scale bar, 5 um. (G to I) Enlargements of the
boxed nuclei in (D) through (F), respectively. In this optical

Young wild-type embryo

section both X chromosomes are visible, and the coinci- Anti-DPY-27 + DAPI Anti-DPY-26 + DAPI

dent positions of DPY-26 and DPY-27 on the X chromo-
somes are apparent. Scale bar, 1 um. Embryos in (D)
through (F) were analyzed by wide-field fluorescence mi-
croscopy and deconvolution software (23). Images in (A)
through (C) and in all subsequent figures were obtained by
confocal microscopy.

tations cause a recessive defect in the seg-
regation of all meiotic chromosomes in
both sexes (3, 9, 10). The most obvious
manifestation of this defect is that dpy-26
mutant XX animals maternally rescued for
lethality produce 4% male self-progeny, 20
times the wild-type frequency.

To investigate how dpy-26 modulates
gene expression and mediates chromosome
segregation, we isolated (11) and sequenced
(12) the dpy-26 gene. The deduced amino
acid sequence revealed that DPY-26 is an
acidic protein of 1263 amino acids (predict-
ed isoelectric point, 4.71) with no similarity
to any protein in current databases. The
mutation associated with the canonical null

Older wild-type embryo

Nucleus

allele dpy-26(n199) is a C — T transition Anti-DPY-26 Anti-p-galactosidase

(13) predicted to cause premature termina-
tion of translation at codon 525, consistent
with n199 causing complete loss of dpy-26
function.

We then prepared polyclonal antibodies
(14) to two nonoverlapping regions of
DPY-26 and determined the staining pat-
tern of DPY-26 in XX animals by confocal
microscopy. In wild-type XX embryos at a
stage (<30 cells) before the activation of
dosage compensation, DPY-26 was distrib-
uted diffusely in interphase nuclei; DPY-26
was also associated with all chromosomes as
they condensed and underwent mitosis (Fig.
1, A to C). In contrast, in older embryos at
a stage (>30 cells) in which dosage com-
pensation is activated, the DPY-26 staining
pattern in interphase was subnuclear and
punctate (Fig. 1E), and this pattern persist-

Wild-type XO embryo

xol-1 XO embryo

REPORTS

ed in somatic cells throughout develop-
ment. Costaining of XX embryos with anti—
DPY-26 and anti-DPY-27 antibodies re-
vealed that DPY-26 colocalizes with DPY-
27 on the X chromosome throughout the
cell cycle (Fig. 1, D to I). Once DPY-26 was

Fig. 2. DPY-26 is not associated with the X chromosome of wild-type XO embryos but is associated
with the X of xol-7 mutant XO embryos that activate dosage compensation. (A to C) him-8
yls2(xol-1::lacZ) XO embryo double-stained with anti~-DPY-26 (A) and anti-B-galactosidase (B). The
xol-1::lacZ fusion is a reporter transgene expressed exclusively in XO embryos; its product is restricted
to the nucleus (74). A merged image is shown in (C). (D to F) him-8 yiIs2(xol-1::lacZ); xol-1(y9) XO
embryo double-stained with anti-DPY-26 (D) and anti-B-galactosidase (E). A merged image is shown
in (F). Scale bar, 10 pm.
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fully recruited to X at approximately the
64-cell stage of embryogenesis, it was no
longer associated with mitotic autosomes,
although it remained associated with mitot-

Propidium iodide

Wild type

sdc-2(y74)

sdc-3(y126)

dpy-27(y167)

dpy-26(n199)

dpy-28(s939)

dpy-30(y228)

Anti-DPY-26

ic X chromosomes. Thus, the affinity of
DPY-26 for all chromosomes appears to be
eliminated once the dosage compensation
complex is assembled on X.

Fig. 3. Dosage compensation
genes required for the X-chro-
mosome localization or stabili-
ty of DPY-26. A wild-type em-
bryo (A to C) and mutant em-
bryos with a null allele of a dos-
age compensation gene (D to
S) were stained with propidium
iodide (red) and anti-DPY-26
(green). The merged images
(yellow) were created by su-
perimposing images in the left
and center columns. No pro-
tein was observed in dpy-
26(n199) mutants (P and Q),
indicating that the antibody is
specific for DPY-26. X chro-

mosome-specific localization of DPY-26 is dependent on two genes that coordinately regulate sex

determination and dosage compensation (sdc-2 and sdc-3) and two
sation (doy-30 and dpy-27). The dosage compensation genes dpy-27 and dpy-
stability. of DPY-26. In mutants that fail to assemble a dosage compensation corn
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Dosage compensation in C. elegans is
essential for the viability of XX animals but
is lethal if implemented in males. To deter-
mine how the hermaphrodite specificity of
dpy-26 action is conferred, we next exam-
ined the DPY-26 staining pattern in XO
animals. We found that DPY-26 was local-
ized in the nucleus of XO animals but was
not exclusively associated with the male X
chromosome at any time during develop-
ment (Fig. 2, A to C). However, as in young
XX embryos, DPY-26 associates with con-
densed mitotic chromosomes in male em-
bryos (15). How is DPY-26 prevented from
associating specifically with the male X
chromosome? In males, the switch gene
xol-1 (XO lethal) is activated and represses
the genes that implement dosage compen-
sation in hermaphrodites (5). XO animals
that have lost xol-1 function through muta-
tion are forced into the hermaphrodite
modes of sex determination and dosage
compensation and die from inappropriately
low X-linked gene expression. We found
that in dying xol-1 XO embryos, DPY-26
was mislocalized to the X chromosome in
interphase (Fig. 2, D to F). Therefore, in
wild-type XO embryos, xol-1 expression pre-
vents the exclusive association of DPY-26
with X.

To investigate the mechanism by which
DPY-26 associates specifically with the X
chromosomes of hermaphrodites, we exam-
ined the pattern of anti—-DPY-26 staining in
mutants defective in the hermaphrodite-
specific genes that control and implement
dosage compensation. These genes fall into
two classes: (i) those that coordinately con-
trol sex determination and dosage compen-
sation (sdc-1, sdc-2, and sdc-3) (6) and (ii)
those that regulate dosage compensation
only (dpy-21, dpy-26, dpy-27, dpy-28, and
dpy-30) (3, 9, 16). Null mutations in all of
these genes except sdc-1 and dpy-21 cause
>95% lethality in XX animals. Using the
approach in (7), we found that mutations in
sdc-2, sdc-3, dpy-27, and dpy-30 prevented
selective association of DPY-26 with X. Dif-
fuse nuclear staining was present during
interphase, and condensed chromosome
staining was present during mitosis (Fig. 3,
A to O). In these mutant embryos, staining
of condensed chromosomes was persistent,
perhaps as a consequence of DPY-26’s in-
ability to localize specifically to X (Fig. 3, M
to O). The X-chromosome localization of
DPY-26 was unaffected by mutations in
sdc-1 or dpy-21 (15). In every case, the
effect of mutations on the localization of
DPY-26 to X was the same as the effect on
DPY-27 localization (7), further supporting
the assertion that DPY-26 and DPY-27
function together in a complex.

Two dosage compensation proteins,
DPY-27 and DPY-28, appear to be required
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for the stability of DPY-26. DPY-26 was not
detectable in dpy-28 mutant embryos (Fig.
3, R and S). In dpy-27 embryos, DPY-26
staining was diffuse and weaker than in
wild-type embryos and persisted for a short-
er time; no DPY-26 was detectable in the
somatic cells of dpy-27 mutant adults (15).
Northern (RNA) blot analysis (15) re-
vealed that in both dpy-27 and dpy-28 mu-
tants, a dpy-26 transcript of normal length
was produced at levels comparable to those
in wild-type animals, indicating that the
dpy-27 and dpy-28 mutations affect either
the translation or the stability of DPY-26.
Combined with the observations that DPY-
27 forms a complex with DPY-26 and that
dpy-26 and dpy-28 are both necessary for
the stability of DPY-27 (7), these results
suggest that DPY-28 stabilizes DPY-26 by
participating in the somatic dosage com-
pensation complex.

Finally, we stained sexually mature adult
animals with anti-DPY-26 to study how
DPY-26 might affect meiotic chromosome
segregation in the germline. DPY-26 colo-
calizes with all chromosomes in the germ
cell nuclei of hermaphrodites as they con-
dense and enter pachytene (Fig. 4, A to D).
This colocalization persists throughout the
first and second meiotic divisions. The
germline distribution of DPY-26 was unaf-
fected by mutations in any sdc or dosage-
compensation dpy gene except for dpy-28
(15). Thus, the meiotic function of DPY-26
is implemented independently of its func-
tion in dosage compensation. This notion is
consistent with our observation that DPY-
26's protein complex partner in somatic
cells, DPY-27, was not expressed in germline
cells of wild-type animals (Fig. 4, E and F).
The absence of DPY-27 from the germline
may permit DPY-26 to perform its germline-
specific function. That function requires
dpy-28, a gene also required for proper mei-
otic chromosome segregation (3). In dpy-28
mutant adults, DPY-26 was absent from the
germline (15). Because dpy-26 appears to
require dpy-28 for its germline stability and
both genes are required for proper meiosis,
DPY-26 and DPY-28 may form a complex in
the germline to ensure the fidelity of meiotic
chromosome segregation.

The developmental regulation of dpy-26
transcripts is consistent with the function of
DPY-26 in dosage compensation and meio-
sis. The single ~4-kb dpy-26 transcript is
abundant in embryos, becomes depleted in
the second and third larval stages, and re-
appears in the fourth larval stage and in
adults (15). Dosage compensation is acti-
vated early in embryonic developmenit, and
the reappearance of dpy-26 transcripts in
the fourth larval stage and adulthood coin-
cides with a period of rapid germline prolif-
eration and the onset of meiosis.

Our results show that DPY-26 executes
its roles in dosage compensation and meio-
sis independently—through its association
with X to achieve reduced X chromosome
gene expression, and through its association
with germ cell meiotic chromosomes to en-
sure proper chromosome segregation. The
association of DPY-26 with mitotic chro-
mosomes in young embryos raises the issue
of whether DPY-26 also plays an active role
in mitosis. The specificity of DPY-26’s
chromosome association appears to be con-
ferred through its interaction with specific
protein partners and through its regulation
by sex-specific genes. Initially, DPY-26 as-
sociates with all mitotic chromosomes;
however, once dosage compensation is ac-
tivated, that association is abolished. DPY-
26 then becomes selectively localized to X

Wild-type L4

Nuclei

Wild-type embryo

in hermaphrodites. The sex and tissue spec-
ificity of DPY-26’s role in dosage compen-
sation may be conferred by SDC-2 and
DPY-27, respectively. Both are required for
the association of DPY-26 with X; however,
SDC-2 is present only in hermaphrodites
(17), whereas DPY-27 is present only in
somatic cells. Neither is required for the
role of DPY-26 in meiosis.

Chromosome association unifies the
roles of DPY-26 in gene expression and
chromosome segregation, suggesting that
related structural requirements underlie
both processes. Precedents exist for such a
structural link. The Drosophila heterochro-
matin binding protein HP1 mediates tran-
scriptional repression of genes adjacent to
heterochromatin (18). Mutations in HP1
cause aberrant mitotic chromosome segre-

Wild-type larva

Fig. 4. DPY-26, but not DPY-27, is present in the germline and is associated with meiotic chromo-
somes. (A) The posterior half of a wild-type XX L4 worm stained with propidium iodide (red) and
anti~-DPY-26 (green) to create the merged image shown. The left half of the image shows the gonad.
DPY-26 colocalizes with all chromosomes in the germ cell nuclei (yellow arrow) but is localized only to
the X chromosomes (white arrows) in somatic cells. Maturing sperm (green arrow) indicate the proximal
end of the gonad. Scale bar, 20 um. (B to D) Germ cell nuclei in pachytene were stained with
anti-DPY-26 (green) (B) and propidium iodide (red) (C). A merged image is shown in (D). (E and F) A
wild-type XX embryo (E) and a wild-type XX larva (F) were stained with anti-DPY-27 (green) and
anti-P-granule (red) specific to germline precursor cells and germ cells (24) to show that DPY-27 is

absent from the germline. Scale bar, 10 um.
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gation, perhaps through defects in chro-
mosome condensation (19). The Schizo-
saccharomyces pombe swi6 gene maintains
transcriptional repression at centromeres
and silent mating-type loci. Mutations in
swi6 not only interfere with silencing, but
also cause a high rate of chromosome loss
during mitosis (20, 21) correlated with
lagging centromere migration during an-
aphase (22). The colocalization of Swi6p
with heterochromatin-like domains of
centromeres, telomeres, and the silent
mating-type loci suggests a structural role
for Swibp in gene expression and chromo-
some segregation (20). The composition
of a C. elegans dosage compensation com-
plex (7) suggests that it modifies the struc-
ture of X chromosomes to reduce gene
expression. DPY-26 may similarly exert its
effects on meiotic chromosome segrega-
tion through changes in chromosome
structure.
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Sex-Specific Assembly of a Dosage
Compensation Complex on the
Nematode X Chromosome

Pao-Tien Chuang,* Jason D. Lieb, Barbara J. Meyer

In nematodes, flies, and mammals, dosage compensation equalizes X-chromosome
gene expression between the sexes through chromosome-wide regulatory mechanisms
that function in one sex to adjust the levels of X-linked transcripts. Here, a dosage
compensation complex was identified in the nematode Caenorhabditis elegans that
reduces transcript levels from the two X chromosomes in hermaphrodites. This complex
contains at least four proteins, including products of the dosage compensation genes
dpy-26 and dpy-27. Specific localization of the complex to the hermaphrodite X chro-
mosomes is conferred by XX-specific regulatory genes that coordinately control both sex

determination and dosage compensation.

Dosagc compensation is an essential chro-
mosome-wide regulatory process that mod-
ulates the expression of numerous genes
related solely by their linkage to the same
chromosome. The need for dosage compen-
sation arises in organisms whose sex-deter-
mination mechanisms cause males (typical-
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ly XO or XY) and females (typically XX) to
differ in their dose of X chromosomes. Dos-
age compensation equalizes expression of
most X-linked genes between the sexes de-
spite the twofold difference in X-chromo-
some dose, thereby preventing the sex-spe-
cific lethality that would otherwise result
from inappropriate amounts of X-chromo-
some products. This global modulation of
gene activity is superimposed upon gene-
specific regulation that allows X-linked
genes to be expressed in specific tissues, at
particular times, and in the correct sex (1).





