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Fig. 1. Dosage compensation genes required for the X-chromosome local- B 
ization or stability of DPY-27. (A to P) Confocal images of a wild-type embryo 3 
and embryos mutant in a dosage compensation gene stained with polyclonal B 
anti-DPY-27 (green) and counterstained with propidium iodide (PI), a DNA- 2 
intercalating molecule (red) as in (4). The merged images (yellow) were cre- 4 
ated by superimposing images in the first two columns. DPY-27 X-chromo- 
some localization requires the participation of sdc-2, sdc-3, and dpy-30. 
dpy-28 and dpy-26 are probably required for the stability of the DPY-27 % 
protein. Similar staining results were obtained for larvae and adults carrying 
the sdc or dpy mutations (13). Bar, 10 ~ m .  "r 

B 

In the nematode C. elegans, dosage com- 
pensation is achieved by halving the level of 
transcripts from each of the two hermaphro- 
dite X chromosomes (2-4). Central to this . - ,  

process is the sex-specific localization of the 
DPY-27 dosage compensation protein to 
both hermaphrodite X chromosomes after 
the 30-cell stage of embryogenesis (4) (Fig. 
1, A to C). DPY-27 is also produced and 
localized to the nuclei of males, but in this 
sex does not bind to the X chromosome (4). 
DPY-27 is a member of the evolutionarily 
conserved SMC (structural maintenance of 
chromosomes) family of proteins that partic- 
ipate in several aspects of chromosome dyr 
namics, including chromosome condensa- 
tion in yeast and frogs, as well as chromo- 
some segregation in yeast (4, 5). SMC pro- 
teins are characterized by an NH,-terminal 
adenosine triphosphate (ATP)-binding mo- 
tif, a conserved COOH-terminal domain, 
and a central coiled-coil reeion reminiscent " 
of motor proteins such as myosin and kine- 
sin. The similarity of DPY-27 to the SMC 
proteins, together with its X localization, 
suggests that DPY-27 promotes the reduc- 
tion in X-chromosome transcript levels by 
inducing partial X-chromosome condensa- 
tion during interphase of the cell cycle. To 
understand the mechanism of C .  elegans 
dosage compensation, we examined how 
DPY-27 becomes localized to the X chro- 
mosome in a sex-specific manner and 
identified proteins that interact with 
DPY-27 on X to reduce X-chromosome 
ex~ression. 

We first investigated whether mutations 
in the gene hierarchy that controls dosage 

compensation interfered with the X localiza- 
tion or function of DPY-27. This hierarchy 
includes XX-specific genes that coordinately 
control both sex determination and dosage 
compensation (sdc-I, sdc-2, and sdc-3) (6- 
8) and genes that regulate only dosage com- 
pensation (dpy-21, dpy-26, dpy-27, dpy-28, 
and dpy-30) (2, 3, 9). Hermaphrodite-spe- 
cific lethality results from the failure to 
activate these genes and the consequent 
increase in X-chromosome gene expression. 
Male-specific lethality results from the fail- 
ure to inactivate the sdc and dpy genes and 
the consequent reduction in X-chromo- 
some gene expression. In males, the activi- 
ties of the sdc and dpy genes are repressed by 
xol-1 (XO lethal) (1 O), a gene target ( I  1 ) of 
the primary sex-determination signal, the 
ratio of X chromosomes to sets of autosomes 
(X:A). 

Because mutations in most sdc and dpy 
genes cause >95% lethality in XX animals, 
we examined the staining pattern produced 
by antibodies to DPY-27 (anti-DPY-27) in 
XO mutants that lack xol-1 and thereby 
activate the herma~hrodite mode of dosaee - 
compensation. Death of these xol-1 XO mu- 
tants is prevented by a mutation in an sdc or 
dpy gene that blocks the execution of dos- 
age compensation (1 2). Because mutations 
in xol-1 permit DPY-27 to localize inappro- 
priately to the male X chromosome (4), 
comparison of the anti-DPY-27 staining 
pattern between the sdc or dpy xol-1 XO 
mutants and wild-tv~e XX herma~hrodites , . 
reflects the impact of the dosage compen- 
sation mutation on DPY-27 in XX animals. 

Analysis by confocal microscopy re- 
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vealed that in embryos lacking sdc-2, sdc-3, 
or dpy-30 activity, DPY-27 was distributed 
diffusely throughout interphase nuclei (Fig. 
1, D to L) in a pattern indistinguishable 
from that seen in wild-type XO animals and 
in young XX embryos that have not yet 
activated dosage compensation. Thus, sdc-2, 
sdc-3, and dpy-30 are all essential for the 
localization of DPY-27 to X. These results 
also indicate that the coordinate control 
genes activate the early steps of dosage 
compensation by recruiting DPY-27 to the 
X chromosome. 

In contrast to sdc-2, sdc-3, and dpy-30, 
the dosage compensation genes dpy-26 and 
dpy-28 affect the production or stability of 
DPY-27, whereas the coordinate control 
gene sdc-1 and the dosage compensation 
gene dpy-21 affect other aspects of dosage 
compensation. Null mutations in sdc-1 and 
dpy-21 have no effect on the DPY-27 stain- 
ing pattern (13), consistent with the minor 
dosage compensation disruption caused by 
these mutations. Null mutations in either 
dpy-26 or dpy-28 abolished anti-DPY-27 
staining (Fig. 1, M to P), consistent with the 
XX-specific lethality caused by these muta- 
tions. To exclude the possibility that the 
lack of staining in dpy-26 and dpy-28 mutant 
embryos is due to a general reduction in 
protein synthesis, we also stained these em- 
bryos with antibodies specific for two other 
nuclear proteins (UNC-86 and EGL-43) 
and obtained a pattern indistinguishable 
from that of wild-type embryos (1 3). 

To determine whether the absence of 
DPY-27 protein in dpy-26 or dpy-28 mu- 
tants reflected reduced levels of dpy-27 



transcripts, we analyzed polyadenylated 
RNA from mutant embryos on Northern 
blots (14) using a dpy-27 cDNA probe (Fig. 
2). The slight reduction in dpy-27 transcript 
levels in the dpy-26 and dpy-28 mutants 
cannot account for the absence of DPY-27 
protein. Thus, loss of dpy-26 and dpy-28 
reduces either the translation or the stabil- 
ity of DPY-27. If DPY-26 and DPY-28 func- 
tion by forming a complex with DPY-27, 
then DPY-27 might become unstable in the 
absence of these protein partners. Prece- 
dence for such destabilization exists in the 
Drosophila dosage compensation pathway, 
which also involves the formation of a pro- 
tein complex that is localized to X in a 
sex-specific manner (15). According to this 
hypothesis, the C. elegans dosage compensa- 
tion complex would have to form and stabi- 
lize DPY-27 in both sexes independently of 
its association with X to account for the 
abundance of DPY-27 in XO embryos. 

We tested the hypothesis that DPY-27 
forms a stable complex with DPY-26 by 
immunoprecipitation experiments with af- 
finity-purified anti-DPY-27 or anti-DPY- 
26 (4, 16) using nuclear extracts (1 7) from 
wild-type and mutant embryos. The result- 
ant immunoprecipitates were fractionated 
by SDS-polyacrylamide gel electrophoresis 
(PAGE) and immunoblotted with anti- 
DPY-27 or anti-DPY-26. As expected, 
anti-DPY-27 immunoprecipitated DPY-27 
from wild-type nuclear extracts but not 
from dpy-27 mutant extracts (Fig. 3A, lanes 
1 and 2). Anti-DPY-27 also immunopre- 
cipitated DPY-26 from wild-type extracts 
but not from dpy-27 mutant extracts (Fig. 
3A, lanes 5 and 6), demonstrating that 
DPY-27 and DPY-26 form a stable complex 
that withstands 400 mM KC1. Converse- 
ly, anti-DPY-26 immunoprecipitated both 
DPY-26 and DPY-27 from nuclear extracts 
of wild-type embryos (Fig. 3A, lanes 7 and 
8), confirming the existence of the DPY-27- 
DPY-26 complex. Anti-DPY-27 did not im- 
munoprecipitate DPY-27 from nuclear ex- 
tracts deficient in DPY-26 or DPY-28 (Fig. 
3A, lanes 3 and 4), as expected based on the 

Fig. 2. dpy-27 transcript --_ 
levels in dosage compen- 3 8 k  

-a- c Gl h" sation mutants. Polyade- -- ~ ~ k g  
nylated RNA was isolated T22.g 
from wild-tv~e, dm-26 8%83 
(n 199), dpy-28(s939), -and 
dpy-27(y167) embryos as dPY-27 * * *' 
in (14). The filter-bound (4.6 kb) 
~ R N A S  were hybridized . . 
with a probe made-from full- (,::-ib)m~ 
length dpy-27 cDNA and an 
acin probe specific for act- 1 
as a loading control. The reduced dpy-27 tran- 
script level in the dpy-27(y167) nonsense mutant 
probably reflects the instability of the mRNA in the 
absence of translation. 

immunofluorescence experiments. Similar- 
ly, DPY-26 and DPY-27 were not detected 
in immunoblots of nuclear extracts deficient 
in DPY-26, DPY-27, or DPY-28 (13). These 
experiments provide evidence that DPY-26 
and DPY-27 form a complex and suggest 
that DPY-28 is also part of that complex. 

To  identify other components of the 
dosage compensation complex, we partial- 
ly purified the complex from wild-type and 
dpy-27 mutant nuclear extracts with ion- 
exchange chromatography (1 8). The frac- 
tions that contained DPY-27 were then 
immunoprecipitated with either anti- 
DPY-26 or anti-DPY-27 and the proteins 
separated by SDS-PAGE (Fig. 3B). Com- 
parison of the proteins immunoprecipi- 
tated from the wild-type and the dpy-27 
mutant extracts revealed at least four pro- 
teins specific to the dosage compensation 
complex. Two proteins migrating at -170 

Probe: - -u 
Antl-DPY-27 Antl-DPY-26 AntcDPY-27 

IP: I 1- 
DPY-27 DPY-26 

- .  
F-- 

Other , -116 
members - 97 . .- - 66 

Fig. 3. A dosage compensation protein complex. 
(A) Coimmunoprecipitation of DPY-26 and DPY- 
27. lmmunoprecipitations (IP) with wild-type and 
mutant nuclear extracts and anti-DPY-26 or anti- 
DPY-27 (1 7). The immunoprecipitates were ana- 
lyzed by SDS-PAGE and immunoblotted with an- 
ti-DPY-26 or anti-DPY-27. Two isoforms of DPY- 
26 are observed. Anti-DPY-27 staining is not de- 
tectable in embryos with the dpy-27 nonsense 
mutation used in these experiments (4). (6) Iden- 
tification of additional dosage compensation com- 
plex members. After partial purification (19), the 
protein complex was analyzed by SDS-PAGE and 
silver-stained. Arrows indicate the locations of 
DPY-26, DPY-27 (both -170 kD), and two other 
proteins (-1 60 and -1 50 kD) whose copurifica- 
tion was dependent on DPY-27. (C) lmmunoblot 
with an anti-DPY-26 probe shows that the DPY- 
26-DPY-27 complex is intact after the partial pu- 
rification. Molecular size standards are indicated 
on the right (in kilodaltons). 

kD were identified as DPY-26 and DPY-27 
by immunoblot analysis (Fig. 3C). Two 
other proteins migrated at -160 kD and 
-150 kD. One may be DPY-28, because 
mutations in the dpy-28 gene affect the 
stability of the complex, but the identity 
of the other protein is unknown. 

To  assess the native size of the protein 
complex, we fractionated crude wild-type 
nuclear extract by centrifugation through 
a 15 to 60% sucrose gradient and then 
immunoblotted the fractions with anti- 
DPY-26 and anti-DPY-27. DPY-26 and 
DPY-27 comigrated in the gradient with a 
mobility between that of the 443- and 
669-kD molecular size standards, consis- 
tent with the estimated size of the partially 
purified complex. 

The results of our biochemical and im- 
munofluorescence experiments, together 
with the DPY-26 experiments in the ac- 
companying report (16), demonstrate that 
C . ekgans achieves dosage compensation 
through a protein complex that specifically 
localizes to the X chromosomes of her- 
maphrodites to reduce their gene expres- 
sion. Our studies also identify proteins piv- 
otal to the sex-specific localization of DPY- 
27 and presumably other complex members 
to the X chromosome. These results suggest 
the following model: In males, the dosage 
compensation complex is prevented from 
associating with X by the male-specific 
xol-1 gene, which represses sdc gene activi- 
ty. In hermaphrodites, sdc-2, in conjunction 
with sdc-3 and dpy-30, activates dosage 
compensation by localizing the protein 
complex to X. sdc-2 is the candidate gene to 
trigger the dosage compensation process 
and to confer hermaphrodite specificity, be- 
cause its product is present exclusively in 
XX animals, unlike the others (8, 19). 
SDC-3 might itself associate with X to di- 
rect DPY-27 localization, because it con- 
tains a pair of TFIIIA-type zinc finger mo- 
tifs that are essential for dosage compensa- 
tion (7, 14). Finally, the small, nuclear 
DPY-30 protein probably influences the 
localization of DPY-27 to X indirectly 
(20), by affecting the activity of sdc-3 (21 ). 
Through these studies, a picture has 
emerged of how the genes of the dosage 
compensation hierarchy act at the molecu- 
lar level to equalize X-chromosome expres- 
sion between the sexes. 
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Molecular Mimicry of Human Cytokine and 
Cytokine Response Pathway Genes by KSHV 

Patrick S. Moore, Chris Boshoff, Robin A. Weiss, Yuan Chang* 

Four virus proteins similar to two human macrophage inflammatory protein (MIP) che- 
mokines, interleukin-6 (IL-6), and interferon regulatory factor (IRF) are encoded by the 
Kaposi's sarcoma-associated herpesvirus (KSHV) genome. vlL-6 was functional in B9 
proliferation assays and primarily expressed in KSHV-infected hematopoietic cells rather 
than KS lesions. HIV-I transmission studies showed that vMIP-I is similar to human MIP 
chemokiries in its ability to inhibit replication of HIV-I strains dependent on the CCR5 
co-receptor. These viral genes may form part of the response to host defenses con- 
tributing to virus-induced neoplasia and may have relevance to KSHV and HIV-I 
interactions. 

Kaposii's sarcoma-associated herpesvirus 
(KSHV) is a gammaherpesvirus (1 ,  2) relat- 
ecl to Epstein-Barr virus (EBV) and herpes- 
~ ~ i r u s  sailniri (HVS). It is present in nearly all 
KS lesions including the \ ,ar io~~s types of 
HIV-related and HIV-unrelated KS (1 , 3, 
4 ) .  Moreol~er, ~ ~ i r a l  D N A  is localized to KS 
tumors (1 ,  4 ,  5) and serologic studies sho\v 
that KSHV is specifically associateil \vith KS 
( 2 ,  6-8). Taken together, these sti~ilies ~nili-  
cate that KSHV is the probable infectious 
agent precipitating KS in patients with and 
\vithout HIV (9).  Related lymphoprolifera- 
tive disorders, ~vhich can occur in patients 
~ v i t h  KS [such as body-ca\,itv-based/prilnay 
effusion lymphoma (PEL), a rare B cell lym- 
phoma, and some forn~s of Castleman's ilis- 
ease] are also associated with KSHV infec- 
tion (10). 

T o  identify \,iral genes in the  KSHV 
genome, geno~uic  sequencing (1 1 ) was per- 
forrne~l with Supercos-1 and Lalllbda FIX I1 
geno~nic  libraries fronl BC-1, a non- 
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Hoilgkin's lylupho~na cell line stably infect- 
ed with hot11 KSHV and EBV (12) .  T h e  
KSHV D N A  fraglnents KS330Barn and 
KS631Bam (1)  were used as hybridization 
starting points for ~llapping and bi-direc- 
tional sequencing (1 1 ) .  Open  reading frame 
(ORF) analysis (13) of the Z6 coslnid se- 
quence identified tnro separate potential 
codillg regions (ORFs K4 and K6) with 
sequence siinilarity to P-chemokines and a 
third potential coiling region (ORF K2) 
similar to hulnan interleukin-6 (~ILIIL-6); a 
fourth potential coding region ( O R F  K9) 
is present in the  28 cosnliil insert sequence 
with sequence similarity to  interferon reg- 
ulatory factor (IRF) proteins (Fig. 1 ) .  
Nolle of these KSHV genes are sinlilar to  
other k n o ~ v n  \~ira l  genes (14) and the  
preilicted proteins were nalneil without 
reference to  their potential in  v i ~ m  func- 
tional properties. 

T h e  289-bp ORF of the KG gene encodes 
a 10.5-kL1 predicted protein (\,MIP-I) with 
37.9% anlino acid identity (71% similari- 
ty)  to h ~ ~ M l P - l o t  and slightly greater dif- 
ferences ~ v i t h  other  p-chemokines (Fig. 
1 A ) .  O R F  K4 also encodes a predicted 
10.5-kD protein (vb1IP-11), similar in se- 
quence and amino acid hydrophobicity 
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