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Summary

In C. elegans an X-chromosome-wide regulatory process extensive XX-specific lethality or disrupt the stability or
compensates for the difference in X-linked gene dose targeting of the dosage compensation complex to X.
between males (XO) and hermaphrodites (XX) by Nonetheless, DPY-21 is a member of the dosage
equalizing levels of X-chromosome transcripts between the compensation complex and localizes to X chromosomes in
sexes. To achieve dosage compensation, a large proteina hermaphrodite-specific manner. However, DPY-21 is the
complex is targeted to the X chromosomes of first member ofthe dosage compensation complex that does
hermaphrodites to reduce their expression by half. This not also associate witther-1. In addition to a difference in
repression complex is also targeted to a single autosomal the composition of the complex aher-1 versus X, we also
gene, her-1 By silencing this male-specific gene, the found differences in the targeting of the complex to these
complex induces hermaphrodite sexual development. Our sites. Within the complex, SDC-2 plays the lead role in
analysis of the atypical dosage compensation gedpy-21  recognizing X-chromosome targets, while SDC-3 plays the
revealed the first molecular differences in the complex that lead in recognizingher-1 targets.

achieves gene-specific versus chromosome-wide repression.

dpy-21mutations, shown here to be null, cause elevated X-

linked gene expression in XX animals, but unlike mutations  Key words: Dosage compensation, Sex determination, Gene

in other dosage compensation genes, they do not causeregulation,C. elegansDPY-21, SDC-2, SDC-3jer-1

Introduction expression (Chuang et al., 1994; Hagstrom et al., 2002; Lieb et

Sex is determined in many organisms by an X-chromoson@‘_’rlgggilueb etal, 199?)' H I .
counting mechanism that distinguishes one X chromosome ypica y,t.proter;n complexes that retg):_;uhate gene elxpdresspn
from two (e.g. XO male/XX female in nematodes) or byacross entire  chromosomes or subchromosomal domains

the presence of a specific sex chromosome, such as thed9 not function as specific regulators of individual genes.

chromosome (e.g. XY male/XX female in mammals) (Mellerﬂﬁlﬁivjr’intrlﬁg rzlegsjnsﬁl%?agﬁl cgrggser:rs]gtlggmc?g(plreex rle?ss
and Kuroda, 2002; Meyer, 2000). In these organisms, gard. y b P

. S‘Xpression of X chromosomes by twofold, it represses
chromosome-wide regulatory process called dosag

. . . ; ) franscription of the autosomal sex determination el b
compensation copes with the difference in X-linked gene dosfo-fold F()Chu et al., 2002; Dawes et al., 1999). gﬁns coyntrast

between males anq females by equalizing levels of Xled us to investigate how a protein complex achieves uniformly
chromosome transcripts (Meller and Kuroda, 2002; Meyeryqay repression of numerous genes in one context and strong
2000). To achieve dosage compensation, specialized complexes ession of a specific gene in another. The work presented
are targeted to the X chromosome(s) of one sex to modulgfgre on the dosage compensation gefpy-21 reveals

X transcript levels. This sex-specific, chromosome-wid€yistinctions in the composition and recruitment of the
regulation is superimposed upon the regulation of individual Xzomplexes that achieve these two levels of repression.

linked genes that occurs in both sexes. Failure to accomplishprior research showed that sex determination and dosage
dosage compensation causes sex-specific lethality. In th@mpensation inC. elegansare coordinately controlled in
nematodeC. elegansdosage compensation is achieved by gesponse to the X-chromosome counting mechanism (DeLong
protein complex that binds to both X chromosomes okt al., 1993; Klein and Meyer, 1993; Miller et al., 1988;
hermaphrodites to reduce their transcript levels by half (MeyeNusbaum and Meyer, 1989; Rhind et al., 1995; Villeneuve and
2000). Remarkably, the dosage compensation complex ideyer, 1987). In XX embryos, SDC-2 is the pivotal factor that
similar to the evolutionarily conserved 13S condensin compleiitiates dosage compensation (Dawes et al., 1999). It is the
required for mitotic and meiotic chromosome resolution ananly dosage compensation protein known to be expressed
compaction, implying the recruitment of ancient chromosomexclusively in hermaphrodites, and it can localize to X
segregation proteins to the new task of regulating genehromosomes independently of other dosage compensation
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proteins. SDC-2 acts together with SDC-1 and SDC-3 toverall similarity by chance. ESTs with a P(N) score less th#h e
trigger assembly of the condensin-like dosage compensatiavere chosen for further study, resulting in 108 ESTs. EST candidates
proteins (DPY-26, DPY-27 and MIX-1) onto hermaphrodite XWere grouped into 30 families based on predicted amino acid sequence
chromosomes to reduce gene expression by half. In factimilarity to related proteins. This approach prevented the analysis of
ectopic expression of SDC-2 in males is sufficient to triggePJggfée LIJEnSIiIZILrOtrg tg:f;g{;;g?nﬁ (i)"s‘;g”é Og Sg;;ggtrg‘?'gizwﬁéfe
asse.mbly of this complex onto .the single X (_:hromosom herefore eliminated from preliminary consideration.

causing death from inappropriately low X-linked gene

expression. The SDC complex also induces hermaphroditeNA isolation for RNAi experiments

sexual development in XX embryos by associating with thejasmids were excised from cDNA-containing phagemids (provided
promoter of the male sex-determining géiee-1to repress itS V. Kohara), linearized with eithé¢pnl or Not, and used as template
transcription (Chu et al., 2002; Dawes et al., 1999). Againfor either Ribomax (Promega) T3 or T7 transcription reactions.
SDC proteins recruit DPY-26, DPY-27 and MIX-1, this time Single-stranded RNAs (ssRNAs) were injected at a concentration of
to her-1regulatory regions (Chu et al., 2002). This localization,1 mg/ml.

together with the observation th@py mutations affect sexual
fate in specific genetic backgrounds, suggests that DP

proteins may act dlreptly with SDC proteins to rgpl@sl enetic assays. In the first assay, single-stranded RNA (ssRNA)
dpy-21|s alsq re_q_u|red for dosage compensation; howe_vegorresponding to each EST family was tested for its ability to rescue
dpy-21differs significantly from other dosage compensationne x0-specific lethality caused byal-1 mutation.xol-1 mutations
genes. Like mutations in other dosage compensation gen@sappropriately activate the hermaphrodite program of dosage
dpy-21mutations cause elevated X-linked gene expression argmpensation in XO males, causing male lethality from reduced X-
morphological phenotypes dependent upon X-chromosomamked gene expression (Miller et al., 1988). Mutationsdpy-21
dose: XO animals appear wild type, while XX animals aresuppress the XO lethality by disrupting dosage compensation.
dumpy and egg-laying defective (L. DeLong, PhD thesisssSRNAs were injected into tim-5(e1485); xol-1(y9jtrain and the
Massachusetts Institute of Technology, 1990) (DeLong et alProgeny were examined for males. Thien-5 mutation causes X-
1987; Hodgkin, 1983; Meneely and Wood, 1984; Meneely anghromosome non-disjunction and was included inxtblel strain to

. . - nerate XO animals. Partial rescue of male lethality was observed
\éVOtOd’ jl'.?(87’ h{lheyerdand Casson, 1986’t.Pleneﬂsj[C?. etal, 1??'8h ith ssSRNA corresponding to cDNA clones yk132a2 and yk278g2.
ut “uniike other dosageé compensation mutalions, WNICN 1, the second assay, the strongesk-1 suppressor (ssRNA to

disrupt the stability or X-localization of the dosageyx132a2) was tested for its ability to suppress the masculinization
compensation complex, causing extensive XX-specifi¢aused bysdc-3Tra). Only 1% ofsdc-3(y5dra) XX homozygous
lethality, dpy-21 mutations, shown here to be null, cause naanimals fromsdc-3(y5dra)/+ mothers are hermaphrodites at@0
embryonic lethality and only infrequent larval lethality but 65% of sdc-3(y5dra) dpy-21(e428)XX animals from sdc-
(Chuang et al., 1996; Lieb et al., 1998; Lieb et al., 19963(y52Tra) dpy-21(e428++ mothers are hermaphrodites (DeLong et
Plenefisch et al., 1989). Consistent with the weak dosag. 1993). To test yk132a2, ssRNA was injected suto-3(y57ra)
compensation phenotypelpy-21 null mutations cause no unc-76(e911)/sdc-3(y1E8y) gnlmals and the percentage ofUr!c Trg
obvious defect in the assembly or localization of the dosag@al€ and Unc hermaphrodite progeny was determined. Thirty-five
compensation complex (Chuang et al., 1996; Davis and Ivley%ercent of the Unc progenp<220) were hermaphrodites, indicating

A AN uppression similar to dpy-21 mutation. Together, these assays
1997; Lieb et al., 1998; Lieb et al., 1996). We place DPY-21 i ate that yk132a2 is likely to represeiy-21.

in the molecular pathway of dosage compensation. DNA sequence analysis of yk132a2 and yk278g2 showed that both
We show that DPY-21 is a member of the dosagepNAs represented the same gene (ORF Y59A8b.1), a conclusion

compensation complex and localizes to X chromosomes in gkeviously obscured by the fact that the cDNAs were incomplete and

sex-specific manner. DPY-21 is the first member of the dosagiiffered in their 5and 3 ends. The true'%end of Y59A8b.1 was

compensation complex that does not also localizbei®l obtained using PCR with a primer to theelegangrans-splice leader

Moreover, we show that recognition bér-1 target DNA is ~ SL1 and an internal primer.

initiated by a different SDC protein from that responsible for, 5

initial recognition of X-chromosome targets. These findingsg— PCR of dpy-21

genetic assays to clone dpy-21
ssRNA was tested for its ability to mimicdpy-21mutation in two

represent the first molecular differences in the repressio otal C. elegan®fRNA was isolated as described (DeLong et al., 1993).

. . RNA was purified using Oligotex (Qiagerjpy-21cDNA was
complexes that achieve gene-specific versus chromosome-wigg e by reverse transcription using primers DPY-21.51 (5

regulation. GCAAATAGGGGTACTCCATTG 3) and SuperScriptll (Invitrogen).
To amplify dpy-21 first-round nested PCR used primers DPY-21.52
i (5 GATCTCATCGGGTAAAGGATTC 3) and NOTSL1, which
Mat?rlqls and methods includes the SL1 splice leader andNat restriction site. Second-
Identification of ESTs round nested PCR used primers DPY-21.53 @@ GTATGAA-

dpy-21was mapped with sequence tagged site (STS) polymorphisnBCGAAGAACTTCG 3) and NOTSLL1.

to a 500 kb interval of chromosome V located between cosmids ]

K03D8 and C48B12 and covered by YACs Y59A8 and Y94A7. ToSequence analysis of dpy-21 mutants

identify cDNA clones from this interval, the Data Base of ExpressedVolecular lesions in thdpy-21mutants were identified by sequence
Sequence Tags (dbEST from Y. Kohara, National Institute ofnalysis of genomic DNAe@28andy59) or RT-PCR producteé59
Genetics, Mishima, Japan) was searched with the partially assemblgd3 y47, y188s andy150s). Sequence analysis was performed on
YAC sequences using the Basic Local Alignment Search Todthree different DNA preparations for each mutation. The DNA
(BLAST). The Smallest Sum of Probability score [P(N)] waschanges were as followg4d28 CAG to TAG at codon 39459 CAG
calculated between the sequence of each EST and the YAC sequenteJAG at codon 417e459 GGA to GAA at codon 1291y15Qs,

to determine the probability that the two sequences had the sam@dC to TTC at codon 138$88s, AAG to GAG at codon 139§47,
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CAG to TAG at codon 1423lpy-21(y43has both a silent change at Protein A Sepharose beads were washed with CHIP buffer (50 mM

bp 4290 and a 134 bp deletion that removes the intron/exon BEPES, pH 7.6, 140 mM KCI, 1 mM EDTA, and 0.5% NP-40).

boundary. A splice site 87 base pairs upstream of the normal spli€&oteins were eluted by boiling the beads in an SDS dye (50 mM Tris,

site is used, resulting in an in-frame deletion of 29 amino acids, gsH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol and 0.1 M

shown by sequence analysis of RT-PCR products. DTT). Immunoprecipitates were analyzed by SDS-PAGE and
immunoblotting.

Stage-specific northern

RNA was made from wild-type embryos, L1, L2, L3 and L4 larvae,/mmunostaining of embryos and gut cells

and non-gravid adults according to a protocol by G. CsankovszkEmbryos were collected, fixed, and stained as described (Chuang et

Trizol (10 ml, Invitrogen) was added to 2-3 ml of packed animals andl., 1994; Davis and Meyer, 1997), except that embryos were fixed at

the mixture homogenized using a polytron. The aqueous sample wesom temperature for 15 minutes, and all washes were in PBST (0.14

subjected to three sequential extractions using 2 ml chloroform, theWt NaCl, 2.7 mM KCI, 10 mM NgHPQy, 1.8 mM KHPQs, 0.5%

an equal volume of phenol and 0.2 volumes of chloroform, andTriton X-100 and 1 mM EDTA, pH 8.0). Gut cells were stained as

finally, an equal volume of chloroform. For each extraction, the phasetescribed (Howe et al., 2001). For confocal microscopy, animals were

were separated by centrifugation at 9930r 15 minutes at4C. The  mounted in Vectashield (Vector Laboratories) containingy/ml of

aqueous layer was mixed with 0.5 volumes of 2-propanol an®API. Laser confocal microscopy was performed on a Leica TCS-NT

incubated at room temperature for 10 minutes. The RNA was pelletesbnfocal microscope. Over 100 embryos were analyzed in most

at 9000g for 15 minutes at4C and washed with 70% ethanol. MRNA immunostaining experiments.

was purified from total RNA using Oligotex (Qiagen). Poly-A RNA o o

(5 ug) was separated by gel electrophoresis, and northern analysis washromosome fluorescence in situ hybridization (FISH)

performed (Wutz and Jaenisch, 2000) using random-primed prob@§d anti-DPY-21 staining in embryos

transcribed from nucleotides 1-3347dygy-21 The X-chromosome FISH protocol was developed in collaboration
o with G. Csankovszki and T. Wu based on the FISH protocol
Antibodies previously described (Dernburg and Sedat, 1998). Gravid

Rabbit anti-DPY-21 antibodies were raised against a fusion proteinermaphrodites were removed from plates and washed with M9 (8.5
composed of a GST tag and DPY-21 amino acids 1-173 that had beem NaCl, 41 mM NaHPQ4, 8.5 mM KHPOs and 18 mM NHCI)
expressed from vector pGEX-5X-2 (Amersham) and purified usin@nd treated with hypochlorite to obtain embryos. After several washes
Glutathione Sepharose 4B (Amersham). Affinity purification of thewith M9, an equal volume of embryos was added to sperm salts (50
anti-DPY-21 antibodies was performed as described (Davis anehM PIPES, pH 7.0, 25 mM KCI, 1 mM MgS™5 mM NaCl and 2
Meyer, 1997), using ax6His-tagged fusion protein that was made to mM CaCb) containing 3% paraformaldehyde (Electron Microscopy
the same DPY-21 region, expressed from vector pRSETASciences) on a poly-lysine coated slide and incubated in a humid
(Invitrogen), purified with Ni-NTA spin (Qiagen) and coupled to chamber for 5 minutes. The slide was freeze cracked on dry ice, placed
6xReacti-Gel (Pierce). in 95% ethanol for 1 minute and washed with PBST. Subsequently,

Rabbit anti-DPY-21 antibodies were also raised against a fusiothe slide was dehydrated for 2 minutes each in 70% ethanol, 80%
protein composed of DPY-21 amino acids 467-1102, a GST tag at tlethanol, 95% ethanol and 100% ethanol, then allowed to air dry. X-
N terminus and a>6His tag at the C terminus. The plasmid used tochromosome fluorescent probe (i) made by random primed
express the antigen was constructed by subcloning a RT-PCR prodiabeling (Promega) of X-specific YAC DNA (gift of G. Csankovszki)
corresponding to nucleotides 1533-3460 ofdpg-21transcript into  was added. The slide was denatured &C9fr 3 minutes, then
pPGEX-5X-2 vector that had been modified by adding 6 histidines prioincubated overnight in a humid chamber at@7The slide was
to the stop codon. Affinity purification of these anti-DPY-21 washed three times for 5 minutes each &C3@ith 2xSSC (0.3 M
antibodies was performed (Davis and Meyer, 1997) usingxfiéi& NaCl and 30 mM NgCsHs07) in 50% formamide, three times for 5
tagged fusion protein coupled to<Reacti-Gel (Pierce) with one minutes each at 3@ with 2xSSC, and once for 10 minutes afG9
modification. The serum was first passed through a GST-only columnith 1xSSC. The slide was rinsed in PBST and antibody staining was
(gift of R. Chan) to remove antibodies against GST, and the flowperformed as described for immunostaining of adult germline and gut
through was collected for antigen-specific purification. cells.

SDC-3 was detected in embryos andhier-1 array experiments Localization of DPY-21 was analyzed in dosage compensation
using affinity-purified rat polyclonal antibodies raised against aminanutants. Dosage compensation mutations that cause XX-specific

acids 1067-1340 (from C. Tsai). lethality were maintained in XO strains for which the hermaphrodite
) mode of sex determination and dosage compensation had been
Extract preparation switched on by aol-1 mutation. XO-specific lethality caused by the

Extracts were prepared by boiling wild-type and mutant embryos ixol-1 mutation was suppressed by the dosage compensation mutation
four volumes of SDS-PAGE loading buffer (100 mM Tris, pH 6.8, 2%being assayed. Fadc-2and sdc-3mutant strains, &er-1 mutation

SDS, 0.1% bromophenol blue, 7.5 M Urea, and 0.1 M DTT) for 10vas included to allow the XO animals to develop as hermaphrodites.
minutes. Insoluble debris was removed by centrifugation at 800  The genotypes of strains were:

1 minute. SDS-PAGE (Novex) and immunoblotting (Bio-Rad) using sdc-1(n485)

chemiluminescent detection (ECL, Amersham) were performed with dpy-26(n199) unc-30(e191) 1V, lon-2(e678) xol-1(y9) V

the extract. unc-32(e189) dpy-27(y167) liI; flu-2(e1003) xol-1(y9) V
L ) dpy-28(s939) Ill; him-5(e1490); xol-1(y9) V
Immunoprecipitation experiments her-1(hv1ly101) V; xol-1(y9) sdc-2(y74) unc-9(e101paixd

Lysates were prepared by sonicating embryos in chromatin buffer her-1(e1520) sdc-3(y126) V; xol-1(y9) X

(200 mM sucrose, 5 mM Tris, pH 7.5, 80 mM NaCl, 1 mM GaCl The dosage compensation mutations used in the staining
supplemented with a protease inhibitor cocktail (Calbiochem)experiments were molecular or genetic nulls.

Lysates were titrated to 5 mM EDTA and allowed to rock°&t fbr )

20 minutes. Cellular debris was cleared by centrifugation at 4500 her-1 array experiments

for 5 minutes at 4C. The supernatant was incubated witlu¢p  Except for her-1 array strains carrying either asdc-2 or sdc-3
primary antibody for 4 hours af@ and then incubated with Protein mutation, previously establishdwr-1 array and control lines were

A Sepharose beads for 1 hour. Immunocomplexes bound to thesed to examine DPY-21 localization (Chu et al., 2002; Dawes et al.,
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1999). All her-1 arrays contained theer-1 region indicated and A y150ts
plasmids encoding Lacl::GFP ahdc Orepeats. Animals were heat- L1383F
shocked at 34 for 30 minutes and allowed to recover at room e428 ed459 y43
temperature for 30 minutes to induce production of the Lacl::GFI 394Stop G1291E| A134bp
fusion protein, which is controlled by a heat-shock promoter. _m_ﬂﬂ_ﬂ_b_&

y59 y88ts
Results Q417Stop y4¥1423£
dpy-21 mutations disrupt a novel, conserved protein Q1396Stop
We cloneddpy-21to determine its molecular identity and
its role in the regulatory hierarchy that controls dosag¢ B E-
compensationdpy-21was first mapped with sequence tagged S 5
site (STS) polymorphisms to a 500 kb interval of chromosom E§ 59953 2
V. An RNAI strategy involving two genetic assays was ther 9.49 kb ’ '
used to identify a candidatipy-21EST from the pool of ESTs 7.46 kb=

correlated with this interval (Materials and methods). The ES’ ” 4 dpy-21

yk132a2 emerged as the most likely candidate to represe
dpy-21 The gene structure and complete DNA sequence ¢

.

-

the ORF (Y59A8b.1) that corresponded to yk132a2 wert 237 kb
determined. -
The detection of molecular changes in ORF Y59A8b.1 fron 1.35 kb~

severaldpy-21 mutant alleles proved thatpy-21 had been

correctly identified (Fig. 1A).dpy-21(e428)is a nonsense

mutation predicted to truncate DPY-21 at amino acid 394. Thi ll i l l myo-1

mutation causes the most sevel@y/-21 mutant phenotype: - ﬁ |

17% larval lethality and all adult survivors are dumpy (Dpy)

and egg-laying defective (Egl)dpy-21(y5am) and dpy- i

21(y47a_m) are also nonsense mutations, preo_licted to termina ructure ofnv-21 The molecular chanaes for sevtv-21mutant

translation at codons 417 and 1396, respectively, and both Céﬁ‘eles are in%)i/cated. Geneticatﬁpy-zl(g428)s the\ﬁzst severe

be suppressed by the amber mutant tRNA SUPPI&SEBY  1\tation, causing 17% larval lethality and dumpy, egg-laying

y47ande428cause very similar phenotypefpy-21(e459and  defective adult survivors, some with a protruding vulva. (B) Northern

the temperature-sensitive mutatiodpy-21(y8&) and dpy-  blot of mRNA isolated from wild-type embryos, L1, L2, L3 and L4

21(y15Gas) all have missense mutations (Fig. 1¥98 causes larvae, and young adults without embryos. The blot was hybridized

the weakest phenotype: no lethality and all adults are Dpy amvdth a probe to the first 3347 nucleotides of dpg-21transcript and

Egl. Finally,dpy-21(y43)has a 134 bp deletion that results inamyo-1probe to measure pharyngeal myosin transcript levels as a

an in-frame deletion of 29 amino acids. loading control. Thelpy-21transcript is expressed throughout
Previous genetic analysis of the @gy-21mutations was development, with the highest transcript levels occurring during

inconclusive regarding the null phenotype, as the chromosom8ieryogenesis.

deficiencies that eliminatedpy-21 are haploinsufficient,

causing lethality by themselves (L. DeLong, PhD thesis,

Massachusetts Institute of Technology, 1990). ThdChuang et al., 1994; Klein and Meyer, 1993). To determine

identification of nonsense mutations and their effect on DPYthe developmental profile ofipy-21 transcripts, mMRNA

21 protein levels (see below), together with our finding thaprepared from animals in each development stage was blotted

dpy-21 RNAI treatment ofdpy-21(e428)mutants does not and hybridized with a probe specific to the first 3347

enhance the mutant phenotype, strongly suggests that thacleotides ofdpy-21(Fig. 1B). The probe detected a single

weakness of thdpy-21dosage compensation phenotype is nodpy-21transcript that is expressed throughout development and

caused by incomplete disruption of the gene. Ratlpgr2lis  migrates at ~5700 bp, consistent with the predicted transcript

genuinely less essential than other dosage compensation gersse of 5629 bp. Thdpy-21transcript levels appeared highest
The dpy-21 gene includes 11 introns and is predicted toduring embryogenesis after normalization to theyo-1

encode a 5629 bp transcript. DPY-21 appears to be a novébharyngeal myosin) control transcript. This expression pattern

conserved protein of 1641 amino acids with a proline-rich Nesembles that of other dosage compensation genes.

terminus. No other motifs could be identified based on . ) ] ]

sequence. However, homologs of DPY-21 share a uniqu&PY-21 interacts biochemically with components of

evolutionarily conserved C-terminal domain (amino acidghe dosage compensation complex

1230-1620) (Fig. 2). The biochemical functions of the protein&\l previously identified dosage compensation proteins form a

Fig. 1.Map ofdpy-21molecular lesions and levels djpy-21
nscripts throughout development. (A) The intron-exon gene

in this family are unknown. complex that localizes to hermaphrodite X chromosomes and

. ) ) represses their gene expression (Chu et al., 2002; Chuang et
Regulation of dpy-21 transcript levels during al., 1996; Davis and Meyer, 1997; Dawes et al., 1999; Lieb et
development al., 1998; Lieb et al., 1996). To determine whether DPY-21 is

Transcript levels of most dosage compensation genes peakmember of the dosage compensation complex, antibodies
during embryogenesis and decline during larval stagewere raised to two different regions of DPY-21, the first 173
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M nuscul us (301) T T S E HQS] -
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Cin testinalis (542) VDREPFSDPSERE| S| QS| QENQKKEAH EKNSE
C. e legans (122 4) QFDLPKNSSRERK VRI RR NENKHEER NGVPLF.I
G >E
(e459)
+ +
H. sapiens  (388) - - - SKN.L_TL.SLRLQC.
R n ornegicus (217) - - - SPFLIS
M nuscul us (391) - - - L TL S
A ganbiae (333) - - EL I P
D nel anogast er (586) -- g TDP
Cin testinalis (632) EVECQR- DVIVN RE €V, CVDLE
C e | egans (1314) VGS|HTNKCF[ S [HDA NAGPI DF EV.GI KE

(y150ts ) y4 7)

.
H. sapiens  (475) SQID-NIV_I BWADNP- - ISIF-R-— I\/-I K-— - QYEPETSEPREY L FERRI RGNS HYEQEF DV - - - - - - - - - - - -
RN ornegicus (288) --------=------—---------“o---"-""--—---—— - - - - YLPRTSEPREVL FEPRURNGINOHYCOCFDW- - - - - - - - - - - - - -

M nuscul us (478) DNVP- F RIGEBHYGOGFDW- - - - - - - - - - - - - -

A ganbiae (421) - TRI ..............

D nel anogaster (624) - ELN- S LKRORTRI NELRNL- - QYLPEL SEARETNVI EPEIIKIREHYCHEHER- - - - - - - - - - - - - -

Cin testinalis (721) ﬂ DLK IGS QVGGLQK AF BR--------------
V]

C e legans(1403) - TEPRHP- -

K- >E

(y88ts )
H.sapiens  (546) EPPYSQG
R n ornegicus (318) - EPPIYSQG
M nuscul us (549) EPPISQG

A ganbiae (492) I P EPP[SQC

D. nel anogaster (746) N

Cin testinalis (797)
C e |l egans(1478)

H. sapiens (611) RREGRRY] YFRPRNY! AT NTESNSN CGLTGKRELE CVRI KTE!
R n ornegicus (382) RREGRRY] YF[RPRNYI NTESNSNNVBCG- - - - - - CVRI KTE
M nuscul us (614) RREG RY Y FRPRNYI NTESNSNMBCG- - - - - - CVRI KTE
A. ganbiae (557) Y F[EPRNNI DQDV El ANGYEVDPP- - - - - - HYKEK Tl LPHP
D nel anogaster (811) €\/| NDNY F[HPRN GQEVI NEKNNPVLAETP ------ HYKEK@T! LPNPI SHi C
Cin testinalis (862) [ EPTYI KP--------
C e | egans(1568) [ROERIAYSACSSVIAE VIRERHY Y DEDQPASL SDPQFECBSD- - - - - - - YSBDGDFDD- - - - - - - -

Fig. 2. The C-terminal domain of DPY-21 is conserved between species. In the alignment of the C terminus (amino acids 1224-1641), black
indicates sequence identity, and gray represents sequence similarity. DPY-21 contains no identifiable motifs. Howevenjiiber€gien of
DPY-21 appears to be conserved throughout evolution. No other significant similarity was found between DPY-21 and thepoiatige h

as they are rendered in current data bases. The function of these DPY-21 homologs has not been determined. Hpgaibmsitaftions are
indicated by the- symbol.

amino acids and an internal peptide (amino acids 467-110®)teracts biochemically with dosage compensation proteins.
(Materials and methods). Two findings indicate that thes&lock reactions without antibodies (Fig. 3B), reactions with
antibodies are specific to DPY-21. First, both antibodiepreimmune sera (Fig. 3B,C), and reactions with antibodies
recognized a 210 kDa protein in extracts from wild-type gravichgainst CBP-1, a DNA-associated CREB-binding protein (Fig.
adults that was not detectable in extracts from eittmr  3C), failed to precipitate dosage compensation proteins.
21(e428)or dpy-21(y59)mutant gravid adults (Fig. 3A and  Although DPY-21 interacts with other dosage compensation
data not shown). The apparent molecular weight of this proteiproteins, two differences were noticed in the behavior of
is slightly larger than the predicted size of 185 kDa. A controDPY-21 compared with the other proteins. First, the
assessing levels of SMC-1, a chromosome cohesion proteimmunoprecipitation reactions were not reciprocal in that
demonstrated that thdpy-21(e428)mutant and wild-type DPY-27 antibodies immunoprecipitated DPY-21, but DPY-21
extracts had comparable levels of proteins (Fig. 3A). Secondntibodies did not precipitate DPY-27. Second, antibodies to
the N-terminal antibody detected a protein of 60 kDa in thehe dosage compensation protein DPY-26 precipitated DPY-21
dpy-21(e428)mutant extract, consistent with the size of aonly weakly, even though it precipitates DPY-27 and MIX-1
truncated DPY-21 product predicted from the location of theobustly. Although we do not know the reasons for these
nonsense mutation at codon 394 (Fig. 3A). The truncatedifferences, we speculate that the antibodies might disrupt
protein was detected variably. interactions between DPY-21 and other dosage compensation
To test whether DPY-21 associates physically withproteins or that the association between DPY-21 and the other
other members of the dosage compensation complepyoteins might not be as strong as that of other components.
immunoprecipitation reactions were performed usingThese observations suggest that the function of DPY-21 within
antibodies to several dosage compensation proteins. DPY-2ie complex may be different from that of the other proteins.
antibodies co-immunoprecipitated the dosage compensation
protein SDC-3 (Fig. 3B), and antibodies to the dosag®PY-21 localizes specifically to both X
compensation protein DPY-27 co-immunoprecipitated DPY-2 £hromosomes of hermaphrodites
(Fig. 3C). Three controls showed that the precipitatiorif DPY-21 functions as a member of the dosage compensation
reactions were specific, allowing us to conclude that DPY-2tomplex in vivo, as predicted by the biochemical experiments,
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A Fig. 3.DPY-21 associates physically with components of the dosage
Wild-type  dpy-21(e428) compensation complex. (A) Western blot of extracts from wild-type
. e or dpy-21(e428)nutant gravid hermaphrodites serially diluted by
DPY-21 i 1.3-fold and probed with N-terminal antibodies to DPY-21 and
Wo0kDa— T antibodies to the loading control SMC-1, a protein involved in
SMC-1—» — chromosome cohesion. Full-length DPY-21 (~210 kDa) was present
MIX-1—— a5 | in extracts from wild-type but nalpy-21mutant animals. A ~60 kDa
120 kDa— : protein was variably detected in tpy-21mutant extract (asterisk).

The apparent molecular weight of this protein is slightly larger than

the 43 kDa protein predicted from the location oféd28nonsense
92 kDa— mutation at codon 394. The blot was also probed with antibodies to
MIX-1, a protein involved in dosage compensation and chromosome
condensation. Equivalent levels of MIX-1 in both mutant and wild-
type extracts provide one example ttipy-21mutations do not alter
B the stability of other dosage compensation proteins. (B) DPY-21

antibodies specifically precipitated SDC-3 from wild-type embryonic

extracts (lane 3). SDC-3 was not immunoprecipitated by the
preimmune sera (lane 1) or in a mock immunoprecipitation reaction
that lacked antibodies (lane 2), showing specificity of the IP
reactions. (C) DPY-27 antibodies strongly precipitated DPY-21 (lane
4). The precipitation of DPY-21 was specific, given that DPY-21 was
not precipitated by the preimmune sera (lane 1) or antibodies to
CBP-1, a DNA-associated CREB-binding protein (lane 2). DPY-21
antibodies failed to precipitate DPY-27 (lane 5), and DPY-26
antibodies only weakly precipitated DPY-21 (lane 3). These
immunoprecipitation experiments indicate that DPY-21 interacts
biochemically with other dosage compensation components but its
association with the complex is probably not as robust as that of
other members.
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well as hermaphrodites; yet, disruption of a hermaphrodite-
specific process is not expected to alter expression of the X
chromosome in males. Paradoxically, of five X-linked genes
assayeddpy-21 mutations caused an elevation in transcript
levels from four (Meneely and Wood, 1987; Meyer and
Casson, 1986) and a reduction in transcript levels from one
DPY-21 should localize to X chromosomes of XX embryos a{DelLong et al., 1987). Despite their altered transcript levels,
or beyond the 40-cell stage, when SDC-2 recruits dosagipy-21mutant XO males appear phenotypically wild type. Our
compensation proteins to X. Immunofluorescence experimentssults show that in males, the effect dgy-21 mutations
using DPY-21 antibodies showed DPY-21 to be diffuselyon X-linked genes does not occur through the dosage
localized in nuclei of XX embryos (<40 cells) that had not yetompensation pathway. We stained XO male embryos with
activated dosage compensation (Fig. 4A). In embryos witlDPY-21 antibodies and an X-chromosome FISH probe to
greater than 40 cells, DPY-21 formed punctate, subnuclear foconfirm that DPY-21 is expressed in males and to determine
that coincided with the X-localized SDC-3 foci (Fig. 4B). We whether it localizes to X, as it does in hermaphrodites. In XO
showed directly that the DPY-21 foci co-localized with X embryos of all ages, the pattern of localization resembled
chromosomes by probing simultaneously with DPY-21that in XX embryos that had not yet activated dosage
antibodies and X-chromosome-specific DNA probes that wereompensation. DPY-21 was dispersed throughout the nucleus,
visualized by fluorescence in situ hybridization (FISH) (Fig.in multiple foci of intense staining that were not coincident
5A). DPY-21 maintains its localization to X chromosomeswith the X chromosome (Fig. 4E). Thus, DPY-21 appears to
throughout C. elegans development, like other dosage influence gene expression in males through a route that is
compensation proteins, as indicated by its presence on iKdependent of dosage compensation. Consistent with this
chromosomes of adult gut nuclei (Fig. 4D). The in vivoconclusion, mutations in the dosage compensation ghnes
specificity of both DPY-21 antibodies was confirmed by the26, dpy-27or dpy-28do not suppress the reduction in X-linked
absence of staining in the twdpy-21 mutant strains gene expression caused hypmy-21mutation (Plenefisch et al.,
homozygous for early nonsense mutatiats-21(e428(Fig.  1989).
4C and data not shown) dpy-21(y59)data not shown). These  Activity of the dosage compensation proteins is switched off
results establish that DPY-21 is recruited to the X chromosomés males by the male-specific gemel-1, which represses
of hermaphrodites with other members of the dosagéhe hermaphrodite-specifisdc genes and thereby prevents
compensation complex at the onset of dosage compensationtecruitment of the dosage compensation complex to the male
. ) ) ) X chromosome (Davis and Meyer, 1997; Dawes et al., 1999;
DPY-21 is expressed in males, but fails to localize to DelLong et al., 1993; Miller et al., 1988; Rhind et al., 1995). If
the single X chromosome DPY-21 is controlled by the genetic hierarchy that regulates
dpy-21mutations disrupt X-linked gene expression in males asther dosage compensation proteins, we would expect DPY-21

DPY-21
DPY-27|

-
L]
w
S
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to be localized ectopically to the X chromosomexof-1  binding to three separate regulatory regions within the gene
mutant XO animals. This expectation was met in thgChu et al., 2002). The first binding site overlaps the start point

experiment of Fig. 4F. of her-1transcription. The second and third sites lie within the

) ) second intron oher-1; each contains a 15 bp sequence that is
Recruitment of DPY-21 to hermaphrodite X necessary for SDC localization. The SDC proteins recruit the
chromosomes requires all other members of the DPY components of the X-chromosome dosage compensation
dosage compensation complex complex toher-1, implying the direct participation of these

In hermaphrodites, SDC-2, SDC-3 and DPY-30 are essenti@lPY proteins in gene-specific repression (Chu et al., 2002).
for the recruitment of all dosage compensation proteins to Xiven that DPY-21 is a member of the repression complex on
chromosomes (Chuang et al., 1996; Lieb et al., 1998; Lieb &, we asked whether DPY-21 is a member of the repression
al., 1996). SDC-2 confers both hermaphrodite specificity andomplex onher-1
X-chromosome recognition to the dosage compensation Recruitment of proteins tcher-1 can be assayed in
process (Dawes et al.,, 1999). To explore the mechanism Iermaphrodites carrying an extrachromosomal DNA array
which DPY-21 is recruited to X chromosomes, we determinedontaining multiple tandem repeats of ther-1 regulatory
whether mutation of individual dosage compensation genaggions,lac operator repeats (Straight et al., 1996), and a
blocks the recruitment of DPY-21 to X. Bdc-2andsdc-3  transgene encoding Lacl::GFP (Chu et al., 2002; Dawes et al.,
mutants, DPY-21 was present but distributed throughout th£999). Lacl::GFP binds to tHac operator sequence, allowing
nucleus in multiple foci of intense staining, as it is in maleghe array to be visualized by GFP fluorescence. If a protein is
(Fig. 5A-C). These DPY-21 foci did not coincide with X recruited toher-1, an antibody raised against the protein will
chromosomes, as demonstrated by the combination of DPY-2Zb-localize with GFP fluorescence.
antibody staining and X-chromosome FISH (Fig. 5A-C). Surprisingly, DPY-21 was not recruited b@r-1 In both
Therefore, SDC-2 and SDC-3 are required for the recruitmermbryos (Fig. 6A) and adult gut nuclei (Fig. 6B) co-stained
of DPY-21 to X. with SDC-3 and DPY-21 antibodies, SDC-3 co-localized with
In hermaphrodites, DPY-26, DPY-27, DPY-28 and MIX-1 her-1 arrays and X chromosomes, but DPY-21 only co-
have a complex dependence on each other for their stabilitgcalized with X chromosomes. DPY-21 provides the first
and X localization. For example, without DPY-27, both DPY-indication that the repression complex on X differs from the
26 and MIX-1 are stable but cannot localize to X (Lieb et al.repression complex dmer-1
1998; Lieb et al., 1996). Without DPY-28, the DPY-26, DPY- o ) N ] )
27 and MIX-1 proteins are unstable (Chuang et al., 1996; LieBDC-3 is pivotal in - her-1 recognition while SDC-2 is
et al., 1998; Lieb et al., 1996). Unlike these DPY proteinspivotal in X-chromosome recognition
DPY-21 does not require DPY-26, DPY-27 or DPY-28 for itsHaving found a difference in the composition of repression
accumulation and stability. However, DPY-21 does requireomplexes aher-1versus X, we determined whether the two
DPY-26, DPY-27 and DPY-28 for its localization to X repression complexes recognize their DNA targets in a similar
chromosomes (Fig. 5D-F). The dependence of DPY-21 on SD&@ different way. SDC-2 confers X-chromosome recognition.
and DPY proteins for its recruitment to X further indicates thatt can localize to X chromosomes in the absence of other
DPY-21 downregulates X-linked gene expression in XXcomponents of the dosage compensation complex, and it
animals through the dosage compensation complex. triggers assembly of these components onto X chromosomes
DPY-21 is not required for the stability or X localization of (Dawes et al.,, 1999). We addressed whether SDC-2 was
the other dosage compensation proteins, even though it iseguivalently important foher-1 recognition. We found that
member of the complex (Chuang et al., 1996; Davis and Meye8DC-3 played the more central role in recogniieg-1
1997; Dawes et al., 1999; Lieb et al., 1998; Lieb et al., 1996). While examining the localization of SDC-3 in young
Our biochemial analysis further demonstrated this point. Thembryos (<30 cells) we noticed that SDC-3 could associate
level of MIX-1, a dual-functional protein with roles in both with her-1regulatory regions at a time well before it localized
dosage compensation and chromosome condensation, tesX chromosomes (Fig. 7A,B), suggesting another difference
equivalent in wild-type andpy-21(428)mutant extracts (Fig. between the X anber-1repression complexes. To verify this
3A). Regarding the stability and localization of the complexyresult, we assayed SDC-3 localization in four strains (Table
DPY-21 behaves like the dosage compensation complekA). Two strains contained independent arrays with all three
member SDC-1 and unlike the other DPY proteins (Chuang &DC binding sites imer-1, and a third strain contained arrays
al., 1994; Davis and Meyer, 1997; Dawes et al., 1999; Lieb etith only SDC binding sites 2 and 3 (Fig. 7G). The fourth
al., 1998; Lieb et al., 1996). Nonetheless, the localization doftrain contained control arrays with only the vector sequences
DPY-21 and SDC-1 occurs independently. DPY-21 localizes tpresent in the other arrays. In embryos with fewer than 20 cells,
X chromosomes insdc-1 mutants (Fig. 5G), and SDC-1 SDC-3 localized infrequently to X chromosomes or to arrays

localizes to X indpy-21mutants (not shown). with vector sequence only, but localized robustly to the arrays
o ) _ ) carrying her-1 regulatory regions (Table 1A). Thus, SDC-3

DPY-21 participates directly in chromosome-wide localizes toher-1 earlier than it localizes to X.

repression but not in gene-specific repression The fact that SDC-3 localized twer-1 before SDC-2 was

In addition to activating dosage compensation, SDC proteindetectable in embryos suggested that recruitment of SDC-3 to
induce hermaphrodite sexual differentiation by repressinger-1 was independent of SDC-2. To test whether SDC-3
transcription of the male-specific, autosomal geeel (Chu localization to her-1 is indeed SDC-2 independent, we
et al., 2002; Dawes et al., 1999; DelLong et al., 1993; Trent eikamined SDC-3 localization isdc-Znull) mutant embryos

al., 1991). SDC proteins reprdssr-1transcription 20-fold by  carrying her-1 arrays. SDC-3 co-localized wither-1 arrays
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but not with X chromosomes sdc-Znull) mutants (Table 1B, independently of SDC-2, but requires SDC-2 for its
Fig. 7C,D), demonstrating that localization of SDC-3i¢s-1  localization to X. SDC-3 thus appears to play the lead role in
does not require SDC-2. By contrast, SDC-2 failed to corecognizingher-1 sequences, whereas SDC-2 plays the lead
localize with her-1 arrays insdc-3null) mutants (Fig. 7F). role in recognizing X sequences.

Thus, although SDC-2 can localize to X without other dosage The dependence of SDC-3 on other dosage compensation
compensation proteins, SDC-2 requires SDC-3 for itgroteins for its recruitment toer-1was also examined. SDC-
recruitment toher-1 Conversely, SDC-3 localizes teer-1 3 is expressed in low levels @py-27{null) mutants and does
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Fig. 4.DPY-21 localizes to the X chromosomes of XX butnot XO  7E, Table 1B), providing another example that SDC-3 has
embryos, as expected for a component of the dosage compensationdifferent requirements for its recruitment ter-1 versus X.

complex. (A-F) False-color confocal images of wild-type XX Together these results demonstrate that SDC-2 and SDC-3
embryos (A,B)dpy-21(e428nutant XX embryos (C), wild-type assemble onto their regulatory targets in a different order and
hermaphrodite gut nuclei (D)im-8(e1489XO embryos (E) and have different requirements for their localization. Moreover,

him-8(e1489); xol-1(y9nutant XO embryos (F) stained with DPY-
21 antibodies (green), the DNA-intercalating d{;é diamidino-2-
phenylindole (DAPI) (blue) and an X-chromosome-specific marker
(red) (either an X-chromosome-specific FISH probe or antibodies to
SDC-3 or GFP, which identifies the DPY-27::GFP fusion protein used; ;

in D). (A-C,E,F) DPY-21 antibodies to amino acids 467-1102; ‘bISCUSSIOI‘I

(D) antibodies to the DPY-21 N terminus. The third column shows a A direct role for DPY-21 in dosage compensation

merged image of the first two columns, and yellow indicates overlap The molecular analysis presented here revealed the direct
in staining of DPY-21 and the X-chromosome marker. The fourth ~ harticipation of DPY-21 in the dosage compensation process.
column shows the superimposition of DAPI images with images fromDPY—Zl associates physically with other components of
the first two columns. Insets show the enlargement of a single nucIeL{ﬁe dosage compensation complex and localizes to X

indicated by the arrow. (A) In young embryos (<40 cells) that have h f XX b .
not yet recruited the dosage compensation complex to X, DPY-21 is CNfOmM0osomes 0 embryos to repress gene expression.

distributed throughout the nuclei. (B) In 40-cell stage embryos, DPY-Recruitment of DPY-21 to X chromosomes is regulated by the
21 exhibits a punctate pattern that is coincident with the X-localized genetic hierarchy that coordinately controls sex determination
SDC-3 protein. (C) Specificity of the DPY-21 antibody was shown in and dosage compensation. The discovery of DPY-21 as a
part by the absence of DPY-21 staininglpy-21(e428anddpy- member of the X-chromosome dosage compensation complex
21(y59)(data not shown), both of which contain an early amber stop was somewhat unexpected given the relative weakneisyof
mutation. SDC-3 localized to the X Chromosomesd;b)&Zlmutant, 21 mutant phenotypes Compared with those caused by the
indicating that DPY-21 is not essential for the recruitment of the loss of other members. Unlike other dosage compensation
dosage compensation complex to X. (D) The X-chromosome mutations, dpy-21 mutations do not cause extensive XX-
localization of DPY-21 is maintained throughout hermaphrodite pecific Iéthality, nor do they overtly disrupt the stability or

development, as shown by the X-chromosome localization of DPY-2 lizati f the d . | Al
in adult gut nuclei, which carry a DPY-27::GFP fusion protein. ocalization of the dosage compensation complex. A2y

(E) DPY-21 is expressed, but fails to localize to the X chromosome o1 alleles cause very similar phenotypes: elevated X-linked
XO animals. (F) Irxol-1(y9)mutant XO embryos, which have gene expression and an XX-specific dumpy, egg-laying-
inappropriately activated dosage compensation, both DPY-21 and defective phenotype, both characteristic of rare adults that
SDC-3 co-localize with the single X chromosome, indicating that the survive the lethality of more severdpy mutations. The
X-chromosome localization of DPY-21 is under the same sex-specifistrongesidpy-21alleles cause XX-specific lethality, but only
control as SDC-3. Scale barsps. at a low level (17%). Our molecular and biochemical analysis

indicates that the phenotype of the strongest21mutations

represents the null phenotype. Previous genetic tests on this
not localize to X chromosomes (Davis and Meyer, 1997). Bpoint had been inconclusive because the chromosomal
contrast, we found that SDC-3, like SDC-2 (Chu et al., 2002)leletions that removelpy-21 are haploinsufficient on their
localizes toher-1arrays indpy-24null) mutant embryos (Fig. own.

different SDC proteins are pivotal for the recognitiorhef-1
versus X-chromosome targets.

Table 1. Localization of SDC-3 tcher-1 arrays

Number of arrays

% SDC-3 with SDC-3 Total number
Genotype (array) localization* localization of arrays
A
Wild type (noher-1binding sitesyEx300Q 17.6 34 193
Wild type (3her-1binding sitesyEx65§ 42.2 97 230
Wild type (3her-1binding sitesyEx374 50.7 151 298
Wild type (er-1binding sites 2, 3yEx333 88.4 190 215
B
xol-1 (no her-1binding sitesyEx676 10.2 60 591
xol-1 (3 her-1binding sitesyEx57§ 93.9 641 683
dpy-27(y167)xol-1 (3 her-1binding sitesyEx50) 49.5 299 604
xol-1 sdc-2(y74§3 her-1binding sitesyEx503 53.2 402 756

SDC-3 localizes thier-1arrays before it is recruited to X chromosomes. (A) SDC-3 localizesrttarrays in young embryos before the dosage
compensation complex is recruited to X chromosomes. In each of several embryos with fewer than 20 kelid, divays were randomly chosen and assayed
for SDC-3 localization. (B) Recruitment of SDC-3her-1arrays is not dependent on SDC-2 or DPY-27, unlike its recruitment to X. A summary is provided for
the quantification of SDC-3 localizationter-1arrays in embryos from the following strains: xb)-1(y9) X; YEx676(2) him-5(e1490) V; xol-1(y9) X; yEx576
(3) unc-32(e189) dpy-27(y167) IlI; flu-2(e1003) xol-1(y9) X; yExB0M (4)her-1(hvly101) V; xol-1(y9) sdc-2(y74) unc-9(e101) X; yExbbese last two
strains were maintained as XO hermaphrodites.

*SDC-3 localization tdher-1arrays was significantly different from its localization to arrays witheutl, as determined by Fisher Exact tesP#®.001. In
all previous array experiments conducted with different antibodies and promoters in unrelated studies, a 10-20% backignbunedeaéization is normal
and therefore considered insignificant (Chu et al., 2002; Dawes et al., 1999).
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Fig. 5.DPY-21 is recruited to X chromosomes by components of the How might DPY-21 regulate X-chromosome gene
dosage compensation complex. (A-G) Confocal images of wild-typeexpression? The DPY-21 protein sequence provided no clue as
(A), sdc-2(y74)B), sdc-3(y126)C), dpy-26(y199)D), dpy- to its function. DPY-21, unlike the dosage compensation
27(y167)E), dpy-28(s939fF) andsdc-1(n485)G) mutant embryos  proteins DPY-26, DPY-27 and MIX-1, has no similarity to
co-stained with DPY-21 antibodies to amino acids 467-1102 (green)subumtS of condensin, a complex that controls mitotic and
DAPI (blue) and an X-chromosome-specific FISH probe (red) or - aiqvic chromosome structure. Rather than functioning in X-
SDC-3 antibodies (red). (A) In wild-type embryos, foci of DPY-21 chromosome gene regulation through modification of X-

staining co-localize with X chromosomes identified by FISH. h df h h .
(B-F) DPY-21 accumulates in dosage compensation mutant embryo§fOMosome structure, as proposed for the other proteins,

but foci of DPY-21 staining isdc-2(y74)B), sdc-3(y126)C), dpy- PP Y-21 might modify the activity of the dosage compensation
26(y199)(D), dpy-27(y167)E) anddpy-28(s939JF) mutants are complex, for example through a covalent modification or an
not coincident with the X chromosome. Thus DPY-21 requides2 allosteric effect. A more intriguing possibility is that DPY-21
sdc-3 dpy-26 dpy-27anddpy-28for its localization to X but not for ~ might act directly on X chromatin to stabilize a repressed
its stability. (G) By contrast, neither DPY-21 nor SDC-3 requires  chromatin state initiated by the core dosage compensation
sdc-1Ifor its localization to X. Insets show the enlargement of a complex, perhaps through histone modification or a direct
single nucleus indicated by the arrow. Scale bagsn5 association with chromatin.

Targeting of SDC proteins to  her-1 versus X-

The partial disruption of dosage compensation caused Hhromosome regulatory regions
dpy-21null mutations can now be understood in the context oThe dosage compensation complex associates with X
DPY-21 behavior. Although DPY-21 is a member of the dosagehromosomes of hermaphrodites to repress transcription
compensation complex, its association with the complex is natvofold, while it associates with the regulatory sites of the male
as stable as that of other members. Antibodies to dosagex-determination gerleer-1to repress transcription 20-fold
compensation proteins do not immunoprecipitate DPY-21 a&Chu et al., 2002; Dawes et al., 1999). Our experiments
readily as other components. Moreover, the stability of DPYrevealed the first molecular differences in the repressioerat
21 does not depend on the presence of other dosageversus X: in the composition and recruitment of repression
compensation proteins, further suggesting that DPY-21 is n@omplexes and in the proteins that recognize these DNA
as integral to the complex as other members. Finallyargets.
recruitment of DPY-21 to X requires all other dosage Although DPY-21 localizes to X chromosomes as a
compensation proteins except SDC-1. By contrast, the stabiligomponent of the dosage compensation complex, it does not
and/or X localization of these other dosage compensatidocalize to her-1, unlike the other dosage compensation
proteins requires only a subset of dosage compensatigmoteins. It is not yet known how this difference in DPY-21
proteins, implying an earlier and/or stronger association withocalization contributes to the mechanisms of gene-specific
the complex than DPY-21. versus chromosome-wide repression. DPY-21 does not, for

DPY-21/SDC-3
her-1 Arrays Merge

Q2
]
E]
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Fig. 6.DPY-21 is not recruited ther-1regulatory regions in XX animals, unlike other components of the dosage compensation complex.
(A,B) False-color confocal immunofluorescence images of wild-type embryos (A) or gut cell nuclei (B) caerylrextrachromosomal

arrays that contain multiple copiestwr-1regulatory regiondac operator repeatsacO) and a transgene encoding a Lacl-GFP fusion protein.
Lacl-GFP repressor binding lcO permits array detection by GFP antibodies. For each embryo or gut cell nucleus, a Séugjien is

shown. Embryos and gut cell nuclei were stained with DAPI (gray) and antibodies to DPY-21 (green), SDC-3 (red) and GHie (fdugh
column shows the superimposition of the DPY-21 and SDC-3 images. (A) In embryos that have activated dosage compens&i6a,1both D
and SDC-3 co-localize with the X chromosome, which is denoted by an asterisk in the inset. By contrast, SDC-3, but nddd2fxedlp
her-1regulatory regions on the arrays. (B) In adult gut cell nuclei, DPY-21 co-localizes with SDC-3 on X chromosomes, but does not ¢
localize with SDC-3 oler-1regulatory regions. Thus, DPY-21 participates directly in the chromosome-wide repression of X but not in the
gene-specific repression loér-1 Scale bars: im.
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Fig. 7.SDC-3 localization tter-1regulatory regions does not chromosomes and appears pivotal for X-chromosome
require DPY-27 or SDC-2, unlike its localization to X chromosomes.recognition (Dawes et al., 1999). By contrast, SDC-3 can
(A-E) False-color confocal immunofluorescence images of <30-cell localize toher-1independently of SDC-2 but requires SDC-2
wild-type embryos bearing extrachromosomal arrays carrying for its localization to X. Similarly, SDC-3 does not require
multiple copies oher-1regulatory sites 2 and 3 (A,B), or dosage  ppY-27 for its association wither-1but it does require DPY-
compensation mutant embryos carryivg-1regulatory sites 1, 2 27 for its association with X. SDC-3 is essential for the

and 3 (C-E) plusacOrepeats and a transgene encoding Lacl-GFP. o . .
Embryos were stained with DAPI (blue) and antibodies to SDC-3 localization of all dosage compensation proteinken1, and

(red) and GFP (green) (A,C-E). (A) In embryos with less than 30 SDC-3 appears pivotal forer-1target recognition.

cells, SDC-2 is not detectable (data not shown) and SDC-3 co- These results concur with and extend previous genetic
localizes withher-1regulatory regions. (B) A single nucleus from an analysis indicating that SDC-3 functions differentlyhat-1
embryo stained with SDC-3 antibodies (red) and FISH probes versus X. More specifically, the sex determination and dosage
specific toher-1arrays (green) and X chromosomes (blue). compensation activities of SDC-3, unlike SDC-2, are
Overlapping patterns of SDC-3 ahdr-1array staining are indicated separately mutable: SDC-3 requires its zinc fingers to localize
by yellow. In this single nucleus of a 10-cell embryo, SDC-3 to X but its ATP binding motif to localize taer-1(Chu et al.,

localizes toher-1regulatory regions at a time prior to its recruitment 20g2: Dawes et al.. 1999 DeLong et al., 1993; Klein and
to X chromosomes. These results suggest that SDC-3 can localize ig o, o Lo . L

S ) 8 y yer, 1993). The initial mapping of recognition elements
her-lindependently of SDC-2. (C) kol-1mutant embryosher-1 githin her-Lidentified three SDC binding sites, each of which

transcription is repressed by the SDC proteins and SDC-3 was foung. . . . .
localized toher-1regulatory regions. (D) SDC-3 localizeshter-1 iffered in sequence, but two of which shared an identical 15

regulatory regions imol-1 sdc-2mutant embryos, indicating that bp sequence essential for SDC binding (Chu et al., 2002).

SDC-3 does not require SDC-2 for its localizatioiméo-1 By Because that 15 base pair sequence is not present on X
contrast, SDC-3 requires SDC-2 for its recruitment to X. The lack ofchromosomes, it cannot be central for the recruitment of

SDC-2 protein was confirmed by staining with anti-SDC-2 dosage compensation components to X chromosomes. This
antibodies (data not shown). (E)dpy-27; xol-1mutant embryos, observation can now be interpreted in light of our finding that

SDC-3 is recruited ther-1arrays, albeit in a mosaic pattern. different SDC proteins play lead roles in recognizirey-1

(F) False-color confocal imm_unofluorescence images of anstiter  \,orsys X regulatory targets. The 15 bp sequence might be part
3; xol-1 mutant embryo carrying extrachromosomal arraylsenil ot 5 yacognition sequence used by SDC-3 but not by SDC-2.
regulatory sequences and stained with SDC-2 antibodies. This imag@ conclusion, our analysis has revealed important molecular

shows that SDC-2 requires SDC-3 for its localizatiohde 1 but its diff . h . d i f tei
X localization is not perturbed by loss of SDC-3. Together, these ~ dIfferénces in the composition and targeting of protein

results indicate that SDC-3 can bincher-1regulatory regions complexes that achieve both gene-specific and chromosome-
independently of DPY-27 and SDC-2. Moreover, the SDC protein ~ Wide regulation, opening the way to a deeper understanding of
required for recognition dier-1regulatory sequences differs from  the mechanisms underlying these two major forms of gene
that required for X-chromosome recognition. (G) Schematic of the regulation.

her-1gene and the binding sites for the dosage compensation

complex. Transcription from the P1 promoter produces the functional We thank L. DeLong for genetic analysis of thg/-21mutations;
male-specifiher-1transcript (1.2 kb) that includes four exons E. Cookson for initial SNP mapping dpy-2% R. Chan, D. Chu, G.
(blue). A second promoter resides within the second introverel Csankovszki, E. Ralston, D. Reiner and C. Tsai for reagents and
This second promoter is co-regulated with the first promoter and  advice on experimental design; and R. Chan, T. Cline, E. Ralston, A.
makes a 0.8 kb transcript of unknown function that includes the lastSeverson and C. Tsai for thoughtful comments on the manuscript.
two exons. Insets show the enlargement of a single nucleus indicatethis work was funded in part by NIH Grant R37 GM30702 to B.J.M.

by the arrow. Scale barsuin for B; 5um for A,C-F. and NIH pre-doctoral training grants GM07232 and HDO07375 to
S.AY. B.J.M. is an investigator of the Howard Hughes Medical
Institute.

example, counteract the activity of other dosage compensation

proteins to limit the degree of X repression to only twofold. If
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