
ing RNAs that act as riboregulators (53) and 
determine the degree to which they contribute 
to epigenetic regulation of gene expression in 
diverse organisms. 
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Epigenetic Aspects of X-Chromosome  
Dosage Compensation  

Yongkyu Park and Mitzi I. Kuroda 

The X chromosomes o f  m a m m a l s  a n d  f r u i t  f l ies exh ib i t  unusual  p rop -  
er t ies  t h a t  have evo lved t o  dea l  w i t h  t h e  d i f f e ren t  dosages o f  X- l inked 
genes i n  males ( X Y )  and  females ( X X ) .  The X ch romosome dosage- 
compensa t i on  mechanisms discovered i n  these species are  evo lu t i on -  
a r i l y  unrelated, b u t  exh ib i t  surpr is ing paral le ls i n  t h e i r  regu la to ry  
strategies. These features inc lude t h e  impor tance  o f  noncod ing  RNAs, 
and  ep igenet ic  spreading o f  ch romat in -mod i f y ing  act iv i t ies.  

Sex chromosomes have posed a fasci-
nating puzzle for biologists. The dissimilar 
organization, gene content, and regulation 
of the X and Y chromosomes are thought to 
reflect selective forces acting on original 
pairs of identical chromosomes (1-3). The 
result in many organisms is a male-specific 
Y chromosome that has lost most of its 
original genetic content, and a difference in 
dosage of the X chromosome in males (XY) 
and females (XX). 

The processes that animals use to respond to 
differences in X-chromosome dosage have 
been most intensively studied in three very 
different groups of organisms: (i) mammals, 
including marsupials; (ii) the nematode Caeno- 
rhabditis elegans; and (iii) the fruit fly, Dro- 
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sophila nlelanogaster. The dosage-compen- 
sation mechanisms in these species differ 
dramatically: eutherian (placental) mam-
mals randomly inactivate one of their two 
X chromosomes in females to form a Barr 
body (4); female marsupials display non- 
random X inactivation (5); XX hermaphro- 
dite nematodes halve the expression from 
each X (6); and male Drosophila increase 
the transcription of their single X approxi- 
mately twofold (7, 8). In each case howev- 
er, the regulation of chromatin composition 
and structure in one sex is central to the 
dosage-compensation mechanism. The 
striking result is sex- and chromosome-
specific localization of activities that acet- 
ylate and deacetylate histones, methylate 
DNA, condense chromosomes, or otherwise 

architecture. The chroma-
some-specific mechanisms that have been in- 

vestigated are either very unusual, or are simply 
dramatic examples of regulation that might be 
much more common than currently recognized. 

What are these unusual aspects of X-
chromosome regulation? We focus on 
mammalian and fruit fly dosage compensa- 
tion to illustrate surprising parallels in their 
distinct regulatory strategies. The first 
common aspect is that in each case, chro- 
matin-modifying activities spread long dis- 
tances in cis from specific initiation sites 
on the X chromosome (9-11). The second 
parallel is that these initiation sites produce 
a new class of untranslated, chromosome- 
associated RNAs (12-15). 

In mammals, the Xist RNA originates from 
the X inactivation center (Xic), "coats" one 
chromosome in cis, and is required for X inac-
tivation (12, 13, 16, 17). The Tsix gene is tran- 
scribed in an antisense orientation to Xist and 
regulates the choice of which X chromosome 
remains active (18). Xist transgenes inserted on 
autosomes can cause DNA methylation, histone 
hypoacetylation, late replication, accumulation 
of a variant hstone (macroH2A), and transcrip- 
tional inactivation of distantly llnked genes, all 
characteristics of the endogenous inactive X 
chromosome (9, 10, 19) (Fig. 1). 
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In flies, at least two dissimilar roX RNAs 
originate h m  separate genes on the Drosoph- 
ila X chromosome, associate with the male X 
chromosome along its length, and have over- 
lapping genetic functions in X hypertranscrip- 
tion (14, 15, 20). Just as Xmt transgenes can 
exert effects on flanking autosomal chromatin 
in mammals, roX transgenes inserted on auto- 
somes can cause site-specific histone acetyla- 
tion of distantly linked genes that are not nor- 
mally targets of Drosophila dosage compensa- 
tion (11, 21) (Fig. 1). 

The regulation of X inactivation in mammals 
is a classic example of "epigenetics." In human 
and mouse, two virtually identical X chromo- 
somes are present in each female nucleus, yet 
only one is inactivated, expressing the Xnt RNA 
that coats the chromosome strictly in cis (4). 
The other X escapes Xnt silencing and remains 
active. The two opposing activity states of the X 
chromosomes are clonally inherited throughout 
the life of the female. The initial choice of which 
X to inactivate is made early in embryogenesis, 
just before implantation of the blastocyst. In 
those cells that will go on to form the embryo 
proper, the choice of which X to inactivate is 
random, whereas in cells that will form the 
extraembryonic tissues (e.g., placenta and yolk 
sac), it is always the paternal X that is chosen for 
inactivation. 

Current models highlight dynamic roles for 
both Xnt and its antisense counterpart, Tsk. 
Tsk, like Xist, is located in the genetically 
defined X inactivation center, and the activity 
of both genes has been studied in mice and in 
XX embryonic stem cell lines, where X inacti- 
vation can be induced during differentiation in 
cell culture. Recent studies have shown not 
only that Xmt is required for X inactivation in 
cis (16, 17), but also that a high level of Xst 
expression may be sufficient to initiate the in- 
activation process in the absence of the rest of 
the X c  (22). In contrast, Tsk influences the 
choice of which X remains active, because a 
deletion of the Tsir promoter leads to constitu- 
tive inactivation of the mutant X chromosome 
(18). A linked region beyond the Tsk promoter 
also influences X-chromosome choice (23,24). 
Interestingly, Tsix regulation is only manifested 
in XX at&&, because male mice carrying a 
Tsix deletion retain an active X chromosome 
(18). This could be explained by the clear re- 
quirement for counting two or more X chromo- 
somes, or X inactivation centers, before X in- 
activation can proceed (4). Counting is inde- 
pendent of sex determination per se; therefore, 
XX females or XXY males each produce one 
inactive X chromosome, whereas X Y  males or 
XO females do not. Understanding the molec- 
ular basis for counting X chromosomes could 
prove to be a difficult problem if multiple, 
noncontiguous segments of the X inactivation 
center are required. 

Another striking epigenetic aspect of Xst 
function is that the Xist locus is dispensible for 

maintenance of the inactive state (25,26). Sur- 
prisingly, once the chromatin architecture of an 
inactive X chromosome is established, it can be 
inherited without the continuous presence of 
Xst. Normally, however, Xst RNA does coat 
the inactive X throughout the lifetime of a 
female, and sensitive assays have revealed that 
continued presence of Xist RNA acts synergis- 
tically with DNA methylation and histone hy- 
poacetylation to accomplish high-fidelity inher- 
itance of the inactive state (27). 

The random X inactivation exhibited in eu- 
therian mammals is thought to have evolved 
from a more ancient imprinting mechanism 
(28). This nonrandom mechanism, in which the 
pat&nal X chromosome is always inactivated, is 
still seen in marsupials and in extraembryonic 
tissues during eady mouse development. In 
mouse, the Tsix promoter is essential for p re  
tecting the maternal X from inactivation in ex- 
traembryonic tissues (29,30). Progeny of either 
sex who receive a Tsk deletion fkom their moth- 
er exhibit severely reduced viability. due to a 
failure to maintain any active X chromosomes 
in their extraembryonic tissues. At present, 
whether Tsix exerts this key regulation through 
the act of antisense tranmiption, through an 
antisense RNA molecule, or simply as a DNA 
element is not known (29-31). As yet, no Xmt or 
Tsk homologs have been discovered in marsu- 
pials, although histone hypoacetylation of the 
inactive X is a conserved feature (32). 

In contrast to X inactivation in mammals, 
the regulation of X hypertranscription in flies is 
not a classic example of "epigenetics" but may 
use related mechanisms for the establishment 
and propagation of chromatin organization. The 
male X is hypertranscribed through the action 
of a large complex containing at least two roX 
RNAs and five polypeptides, collectively 
termed the Male-Specific Lethal (MSL) pro- 
teins (7,8). Males require each of these proteins 
for viability and die when any of these are 
absent. The MSL complex is required for spe- 
cific histone H4 acetylation at Lys-16 on the 

Mammals 

male X chromosome, which is likely to be a 
key component of the up-regulation mechanism 
(33-36). Another chromatin-modifiying factor, 
the histone H3 kinase J L 1 ,  is also implicated 
in dosage compensation (37). Unlike the MSL 
proteins, JIL-1 also plays an essential role in 
both sexes (38). 

The decision to carry out dosage com- 
pensation or not is controlled by a series of 
sex-specific binary genetic switches (39). 
Early in embryonic development, Sex lethal 
(Sxl) is turned on in response to the pres- 
ence of two X chromosomes. Sxl, in turn, 
blocks translation of ms12 RNA in females. 
MSL complexes are not found in the ab- 
sence of MSL2, so females do not use 
dosage compensation to regulate their two 
X chromosomes. 

Epigenetic aspects of fruit fly dosage com- 
pensation become evident when considering 
how the MSL complex distinguishes the X 
chromosome from the autosomes. The original 
expectation was that the complex would func- 
tion as a conventional trans-acting factor, di- 
rectly binding some simple sequence repeated 
hundreds of times along the length of the X. 
Unexpectedly, the MSL complex has instead 
been shown to have the ability to spread in cis, 
apparently moving long distances from defined 
"chromatin entry sites" into flanking sequences 
(11). About 35 chromatin entry sites are 
thought to nucleate spreading of MSL complex- 
es along the length of  the X, and two of these 
are the roXl and roX2 genes (11,21). Spread- 
ing of MSL complexes, including roXRNAs, is 
seen ectopically on  autosomes when roX loci 
are inserted as transgenes. Although it is still 
not evident what sequence or structure defines a 
chromatin entry site, surprisingly, roXl RNA 
transcription from an autosomal roXl transgene 
does not appear to be essential for attracting 
MSL complexes and nucleating spreading (40). 
Rather, deletion analysis has identified a 200- 
base pair segment of roXl DNA that is suffi- 
cient for providing an entry site without itself 

Flies 

CES CES 

Xlst 10.42 

Xlst roXi or roX? 
Transcriptional lnactlvation Transcrlptlonal Activation 

Fig. 1. The spreading in cis of chromatin-remodeling activities from Xist and roX transgenes. In 
mammals, Xist RNA is transcribed from the X inactivation center (XIC) and spreads to inactivate the X 
chromosome in cis. Xist transgenes inserted on autosomes also &use the spreading of transcriptional 
inactivation in cis. In flies. there are about 35 chromatin entw sites lCESl on the X chromosome. 
including roXl and fox . .  Unlike the XIC in mammals, the intry sics in flies regulate twofold 
transcriptional activation. However, like Xist transgenes, roXl and roX2 transgenes inserted on auto- 
somes also show spreading in cis of chromatin remodeling. 

10 AUGUST 2001 VOL 293 SCIENCE www.sciencemag.org 



producing a detectable RNA product. This does 
not, however, preclude a role for roX RNAs in 
the spreading process, because MSL complexes 
attracted to such a minimal roXl DNA site 
bring roX RNAs (expressed from their endog- 
enous locations) as components of the complex. 
Interestingly, the histone acetylation activity of 
the complex is required for its ability to spread 
from chromatin entry sites into flanking se- 
quences (41). 

Several recent developments provide new 
insights into the epigenetic nature of dosage 
compensation in Drosophila. First, in addition 
to site-specific histone H4 acetylation (33, 34), 
histone H3 phosphorylation and acetylation 
have been implicated in X-chromosome hyper- 
transcription through the analysis of the Jn-1 
histone H3 kinase (38). Jn-1 is concentrated on 
the male X chromosome where it phosphoryl- 
ates histone H3 at Ser-1 0. In mammalian cells, 
phosphorylation of histone H3 is coupled to H3 
acetylation during growth factor-triggered 
gene activation (42, 43). This coupled rela- 
tionship appears also to hold true for the 
up-regulated male X chromosome in flies, 
because antibodies that specifically recognize 
only phospho-acetyl H3 also preferentially 
irnrnunostain the male X during interphase 
(38). These discoveries highlight the likeli- 
hood that additional chromatin modifications 
will be revealed on dosage-compensated X 
chromosomes in flies and in mammals as new 
site- and modification-specific antibodies 
continue to be developed. 

A completely unexpected recent develop- 
ment regarding chromosome-wide regulation in 
fruit flies involves an autosome-specific pro- 
tein, POF (Painting of Fourth), discovered in D. 
rnelanogaster on the tiny fourth chromosome 
(44) (Fig. 2). POF is a putative RNA binding 
protein with an RRM domain. Although ex- 
pressed at a higher level in males than in fe- 
males, it binds the fourth chromosome in both 
sexes. Through translocation studies, it appears 
that painting of the chromosome may use a 

spreading mechanism, because the distal tip of 
the chromosome is not bound by the POF pro- 
tein unless linked in cis to the proximal region 
of the fourth chromosome. 

Autosomes are not expected to have 
chromosome-specific transcriptional regu- 
lation, but Larsson et al. (44) drew several 
disparate observations together to examine 
a possible evolutionary relationship be- 
tween the fourth chromosome and the X. A 
key discovery came from examination of 
Drosophila busckii, a species in which 
genes found on the D. rnelanogaster fourth 
chromosome are instead inserted at the base 
of the X (45). When stained with antibodies 
to POF, the entire X chromosome of D. 
busckii is seen to be "painted" by the POF 
protein (44) (Fig. 2). This result is male- 
specific, suggesting that POF is participat- 
ing in dosage compensation. In contrast, 
antibodies to the D. melanogaster MSL 
proteins, which cross-react with many Dro- 
sophila species previously tested (46, 47), 
failed to stain the D. busckii X chromosome 
(44). Although this may simply mean that 
the D. busckii MSL proteins have diverged 
considerably, could it be possible that an 
alternative system of dosage compensation 
is used even within the same genus? POF is 
a putative RNA binding protein, so it will 
be interesting to see if untranslated RNAs 
analogous to roX RNAs may be involved 
in the proposed spreading of POF along 
chromosomes. 

The epigenetic aspects of X-chromo- 
some dosage compensation in mammals 
and fruit flies suggest a potential mecha- 
nism for rapid evolutionary change in the 
regulation of whole chromosomes. Such 
rapid change could be facilitated through 
the selective localization of chromatin-re- 
modeling machines that can then spread 
long distances in cis from their original 
sites of entry. The mechanistic role of 
RNAs as key components in such complex- 

D. melanogaster D. busckii 

es is not yet known. Although these exam- 
ples highlight whole chromosomes as re- 
cipients of such regulation, it remains to be 
seen if the general principles discovered 
may also apply to smaller chromosome do- 
mains during cell specialization, differenti- 
ation, and development. 

References 
1. B. Charlesworth, Curr. Biol. 6, 149 (1996). 
2. W. R. Rice. Bioscience 46. 331 (1996). 
3. B. T. Lahn, D. C. Page, Science 286, 964 (1999). 
4. P. Avner. E. Heard. Nat. Rev. Genet. 2. 59 (2000). 
5. D. W. Cooper. P. C. Johnston, J. M. Watson. J. A. M. 

Craves, Semin. Dev. Biol. 4, 11 7 (1993). 
6. B. J. Meyer, Trends Genet. 16, 247 (2000). 
7. R. L Kelley. M. I. Kuroda, Curr. Opin. Genet. Dev. 10. 
555 (2000). 

8. A. Pannuti, J. C. Lucchesi, Curr. Opin. Genet. Dev. 10, 
644 (2000). 

9. J. T. Lee, R. Jaenisch. Nature 386. 275 (1997). 
10. L. B. K. Herring. J. T. Romer, J. M. Horn, A. Ashworth, 

Nature 386. 272 (1997). 
11. R. L. Kelley et al., CeN 98, 513 (1999). 
12. C. J. Brown eta/.. Nature 349. 38 (1991). 
13. C. M. Clemson, J. A. McNeil, H. F. Willard, J. B. 

Lawrence, J. Cell Biol. 132, 259 (1996). 
14. H. Amrein, R. Axel, CeN 88, 459 (1997). 
15. V. H. Meller, K. H. Wu, C. Roman, M. I. Kuroda, R. L. 

Davis, Cell 88, 445 (1997). 
16. C. D. Penny, C. F. Kay, 5. A. Sheardown, 5. Rastan, N. 

Brockdorff, Nature 379, 131 (1996). 
17. Y. Marahrens, B. Panning, J. Dausman. W. Strauss. R. 

Jaenisch, Genes Dev. 11, 156 (1997). 
18. J. T. Lee. N. Lu, Cell 99. 47 (1999). 
19. T. P. Rasmussen, A. Wutz. J. R. Pehrson. R. Jaenisch, 

Chromosoma, published online 20 July 2001 (DO1 
10.1 007/sOO4120100158). 

20. A. Franke, B. S. Baker, Mol. CeN 4, 117 (1999). 
2 1. V. H. Meller et  al., Curr. Biol. 10, 136 (2000). 
22. A. Wutz, R. Jaenisch, Mol. Cell 5. 695 (2000). 
23. P. Clerc, P. Avner, Nature Genet. 19, 249 (1998). 
24. C. Morey. D. Arnaud, P. Avner, P. Clerc. Hum. Mol. 

Genet. 10. 1403 (2001). 
25. C. J. Brown. H. F. Willard. Nature 368. 154 (1994). 
26. C. Csankovszki. B. Panning. B. Bates. J. R. Pehrson, R. 

Jaenisch, Nature Genet. 22, 323 (1999). 
27. C. Csankovszki. A. Nagy. R. Jaenisch. J. Cell Biol. 153, 

773 (2001). 
28. D. Solter, C. Wei. Genes Dev. 11, 153 (1997). 
29. 1. T. Lee. CeN 103. 17 (20001. 
30. i. Sado,'~. ~ a n k ~ .  Sasaki,'~. Li, Development 128, 

1275 (2001). 
31. E. Debrand, C. Chureau, D. Arnaud, P. Avner. E. Heard, 

Mol. Cell. Biol. 19, 8513 (1999). 
32. M. J. Wakefield, A. M. Keohane, B. M. Turner, J. A. 

Craves. Proc. Natl. Acad. Sci. U.S.A. 94. 9665 
(1997): 

33. B. M. Turner, A. J. Birley, J. Lavender, CeN 69, 375 
(1992). 

34. A. ~i lhker,  D. Hilfiker-Kleiner, A. Pannuti, J. C. Luc- 
chesi, EMBO J. 16, 2054 (1997). 

35. E. R. Smith et al., Mol. Cell. Biol. 20, 312 (2000). 
36. A. Akhtar, P. B. Becker, Mol. Cell 5, 367 (2000). 
37. Y. Jin, Y. Wang, J. Johansen, K. M. Johansen, J. Cell 

Biol. 149, 1005 (2000). 
38. Y. Wang, W. Zhang, Y. Jin, J. Johansen, K. M. Johansen, 

Cell 105, 433 (2001). 
39. T. W. Cline, B. J. Meyer, Annu. Rev. Genet. 30, 637 

(1996). 
40. Y. Kaeevama et a/.. EMBO I. 20. 2236 (2001). 
41. W. G;, k. Wei, A. pannuti, j. C. ~ucchesi: EMBO J. 19, 

5202 (2000). 
42. P. Cheung et al., Mol. Cell 5, 905 (2000). 
43. A. L. Clayton, S. Rose, M. J. Barratt, L. C. Mahadevan, 

EMBO J. 19, 3714 (2000). 

Fig. 2. Surprising chromosome-specific localization of the POF protein in D. melanogaster and 1. JI. D. Chen, ". llasheva, A. Rasmuson- 

D. busckii. (Left) POF is specifically localized to the fourth chromosome in D. melanogaster. ~ ~ ~ n ~ & $ P i r r 0 t t a 8 p r 0 c ~  NabAcad.sci. 

(Right) POF is associated with the X chromosome of D. busckii, which is a composite of the X 45, J. Krivshenko, Genetics 44, 1027 (1959). 
and fourth chromosomes found in D. melanogaster. Because X chromosome immunostaining 46. J. R. Bone, M, I, Kuroda, Genetics 144, 705 (1996). 
in D. busckii is male-specific, POF may be part of a novel X chromosome dosage-compensation 47. I. Marin, A. Franke, G. 1. Bashaw, B. 5. Baker, Nature . . 
system. [Adapted from (44)] 383, 1/60 (1996). 

www.sciencemag.org SCIENCE VOL 293 10 AUGUST 2001 


