
rational, standardized methodology for 
measuring and characterizing EC and BC 
(15). In the meantime, models simulating 
the climate effect of BC must use emission 
inventories derived from a myriad of mea- 
surements by an unspecified combination 
of two poorly characterized, nonequivalent 
techniques. This makes for a hazy under- 
standing of BC's climatic effect. Until 
these problems are addressed, the issue of 
BC's role in global warming and what to 
do about it will be difficult to resolve. 
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Like twins separated by early evolu- 
tion, DNA and RNA are the princi- 
pal molecules for storing and trans- 

ducing genetic information. Messenger 
RNAs (mRNAs) are transcribed from 
genes that constitute as little as 10% of the 
genome. Most of the remaining noncoding 
DNA is occupied by a diverse family of 
repeats including arrays of satellite se- 
quences and transposons. Since the pio- 
neering work of Muller (1) and McClin- 
tock (2), these apparently "nonspecific" 
sequences have been thought of as "epige- 
netic elements" that control the stability of 
gene expression programs and organize 
heterochromatic domains at centromeres 
and telomeres (3). Although this concept 
has been instrumental in guiding epige- 
netics research (4), it has also posed a 
major paradox: How can stretches of 
DNA that appear so heterogeneous in se- 
quence organize similar higher order 
chromatin structures (5)? 

A recent flurry of papers published in 
Science and Cell have started to unravel 
this riddle by demonstrating the presence 
of short RNA transcripts that are comple- 
mentary to repeats in centromeres and 
elsewhere in the genome (6-9). These 
short transcripts resemble small interfer- 
ing RNAs (siRNAs) that bind to comple- 
mentary RNA sequences (6), targeting 
them for destruction. In the fission yeast 
Schizosaccharomyces pombe, mutants of 
the RNA interference (RNAi) machinery 
impair the definition of heterochromatin 
(7, 8). Analogous mutants in the ciliate 
protozoan Tetrahymena thermophila affect 
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the most dramatic reshaping of the 
genome, the directed elimination of DNA 
sequences (9). These exciting findings sug- 
gest that short heterochromatic RNAs 
(shRNAs) (10) are among the primary sig- 
nals required for converting nonspecific se- 
quence information into distinct chromatin 
states, thereby regulating the plasticity of 
the "epigenome." (The epigenome can be 
defined as a collection of biochemical 
modifications to chromatin that indexes ge- 
netic information.) 

Heterochromatin in a wide variety of 
organisms is characterized by high density 
methylation of H3-K9 (that is, methyla- 
tion of histone H3 protein at amino acid 
lysine 9). This modification results in 
binding of the chromo domain protein 
HP1 (heterochromatin protein 1) to chro- 
matin (11). In turn, H3-K9 methylation di- 
rects DNA methylation in the fungus Neu- 
rospora crassa (12) and in the weed Ara- 
bidopsis thaliana (13). In plants, DNA 
methylation of integrated transgenes is 
thought to depend on complementary 
RNA signals (14, 15). These links prompt- 
ed Volpe and colleagues (7) to investigate 
whether S. pombe mutants with defects in 
the RNAi machinery had altered H3-K9 
methylation. They disrupted the genes en- 
coding the S. pombe homologs of proteins 
involved in RNAi: dicer (dcr), RNA-de- 
pendent RNA polymerase (RdRp), and 
argonaute (ago). Deletion of these genes 
resulted in the transcriptional derepression 
of transgenes integrated at pericentric re- 
peats in the outer cen region of cen- 
tromeres. It also resulted in loss of H3-K9 
methylation and the association of the 
Swi6 protein (the S. pombe HP1 homolog) 
with this chromatin domain. Importantly, 
the dcr, RdRp, and ago mutants displayed 
aberrant accumulation of complementary 
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RNA transcripts (1.4 and 2.4 kb) from 
both strands of the outer cen region (7). 
These results suggest that double-stranded 
RNA (dsRNA) originating from the peri- 
centric repeats triggers the nuclear produc- 
tion of shRNAs, which in turn initiates 
H3-K9 methylation and heterochromatin 
formation. Indeed, ~22-nucleotide long 
RNAs with 5'-phosphate and 3'-hydroxyl 
groups, complementary to both strands of 
the outer cen repeats present at all three S. 
pombe centromeres, were detected in wild- 
type cells (6). 

If DNA repeats represent nuclear foci 
for RNAi-like processing of dsRNA and 
the subsequent initiation of heterochro- 
matin formation, then this model predicts 
that almost any repetitive DNA transferred 
to an ectopic (nonphysiologic) site should 
induce a heterochromatic state. In an ele- 
gant series of experiments reported on 
page 2232 of this issue, Hall and col- 
leagues (8) inserted a cen-related DNA 
fragment (a 3.6-kb cenH repeat) normally 
present at the S. pombe silent mating-type 
(mat) domain in a euchromatic position 
(ura4 locus). This repeat was sufficient to 
initiate variegated silencing of a linked re- 
porter gene and also induced H3-K9 
methylation and recruitment of Swi6. 

CenH-dependent heterochromatiniza- 
tion at this ectopic site was again abrogat- 
ed in dcr, RdRp, and ago mutants. Addi- 
tionally, Hall et al. provide evidence that 
the RNAi machinery is required for the 
initiation but not the maintenance of the 
heterochromatic state. This is suggested by 
the persistence of H3-K9 methylation at 
endogenous cenH-mat sites in mutant 
strains with abrogated RNAi. Furthermore, 
segregant analysis of offspring from 
diploid strains, which are heterozygous 
for the H3-K9 histone methyltransferase 
(HMTase) clr4 but null for RNAi mutants, 
revealed that these cells fail to establish 
H3-K9 methylation at cenH-mat. Comple- 
mentary data were obtained after treatment 
of mutant cells with a histone deacetylase 
inhibitor, which results in hyperacetylation 
of chromatin and transcriptional derepres- 
sion of silent cenH-mat epialleles; rapid 
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reversion to a repressed state only oc- 
curred in RNAi-competent strains. Inter- 
estingly, H3-K9 methylation can be initi- 
ated even in the absence of Swi6, which 
appears to be required for the stabiliza- 
tion and propagation of heterochromatin 
(8). Mutant screens for suppressors of 
centromeric silencing are consistent with 
this model because they reveal that other 
chromo domain genes (chpl) and agol 
alleles (16) are important for hetero- 
chromatin formation in S. pombe at natu- 
ral centromeres and at ectopic sites (17) 
containing centromeric repeat DNA. 

How conserved is the involvement of 
shRNAs and components of the RNAi ma- 
chinery in triggering chromatin organiza- 
tion of the epigenome at DNA repeats? It is 
not surprising that supporting evidence ar- 
rives from the study of Tetrahymena, which 
has been a particularly revealing organism 
for epigenetic research. Tetrahymena is 
characterized by nuclear dimorphism: It 
has a transcriptionally inactive micronucle- 
us (the germ cell nucleus), which gives rise 
to a transcriptionally active macronucleus 
(the somatic cell nucleus). This develop- 
mental transition is accompanied by elimi- 
nation of ~15% of genomic micro-DNA 
(micDNA) at more than 6000 sites called 
internal eliminated sequences (IESs). 

Reporting in Cell, Mochizuki et al. (9) 
show that programmed DNA rearrange- 
ment in Tetrahymena is severely impaired 
in a mutant containing a defect in the twil 
gene (a piwi-related gene of the argonaute 
family). They also report that wild-type 
cells contain -26- to 31-nucleotide RNAs 
(5'-phosphate, 3'-hydroxyl groups) that 
preferentially hybridize to genomic mic- 
DNA. These short RNAs are largely absent 
in twil mutants and their accumulation is 
delayed in another mutant pddl (pro- 
grammed DNA degradation) (9), previous- 
ly shown to have impaired elimination of 
DNA. Mochizuki and colleagues suggest 
that these short RNAs could serve as 
"scanning molecules" to specify target se- 
quences through a pairing-like mechanism. 
In a related report, Taverna et al. (18) 
demonstrate that Pddl links H3-K9 methyl- 
ation to programmed DNA degradation. 
Pddl contains two chromo domains and 
one additional domain with sequence simi- 
larity to a motif that may associate with 
RNA (19). Pddl binds to H3-K9 methylat- 
ed peptides in vitro, and pddl mutants ab- 
rogate bulk H3-K9 methylation in Tetrahy- 
mena micronuclei. Importantly, Pddl is 
present at endogenous IES sites and is suf- 
ficient to trigger DNA elimination from 
ectopic IES targets when recruited in the 
form of a lexA-fusion protein (18). Togeth- 
er, these data suggest that Pddl contains 
multiple chromo domains because it may 

shRNAs regulate heterochromatin formation. (A) DNA repeats may be nuclear foci for the gen- 
eration and accumulation of short heterochromatic RNAs (shRNAs). These RNAs are important for 
epigenetic processes associated with the initiation and formation of heterochromatin. Shown is a 
hypothetical genomic region (black) containing DNA repeats (purple) and a gene or transcription 
unit (green). Promoter-driven mRNA is indicated by the wavy line (dark blue), and spurious inter- 
genic transcription is represented by the blue dashed lines. The directed abundance of mRNAs and 
their export to the cytoplasm greatly diminishes the potential to form short nuclear dsRNAs. (B) 
Simplified model highlighting the hierarchy of processes that induce epigenetic transitions trig- 
gered by shRNAs originating from DNA repeats. (DNMT, DNA methyltransferase.) 

be a "bridging molecule" for connecting 
a target DNA sequence (through RNA 
pairing) to a distinct histone modification 
(H3-K9 methylation). Because bidirectional 
transcription occurs across IES repeats 
(20), the Tetrahymena data indicate a re- 
markably similar mechanism (as pro- 
posed for induction of S. pombe hete- 
rochromatin), in which focal generation 
of short RNAs may be one of the primary 
signals promoting H3-K9 methylation 
and subsequent epigenetic modification 
of the genome. 

The beauty of the new discoveries is that 
they allow a unifying mechanism for the tar- 
geted restructuring of the epigenome. A cen- 
tral tenet of this model is that the "somatic" 
genome displays spurious transcriptional ac- 
tivity (21), allowing for continuous interplay 
between DNA and RNA molecules. Possibly, 
the relative abundance of dsRNA versus pro- 
moter-driven transcripts may have been 

adopted during early evolution to discrimi- 
nate between "genome surveillance" and 
"genome activation" systems. If there is spu- 
rious and bidirectional transcription on a 
genome-wide scale, then the clustered pres- 
ence of repeat sequences will greatly favor 
dsRNA formation and the focal nuclear ac- 
cumulation of shRNAs (see the figure). In 
contrast, authentic promoter sequences will 
direct the stabilization of abundant mRNAs, 
which are then exported to the cytoplasm. 
Thus, the pathway to a silenced chromatin 
domain may be initiated by a combination of 
two generic signals: an array of DNA repeats 
and the local concentration of shRNAs 
where neither of these signals requires a 
heterochromatin-specific sequence. 

Although the generation of shRNAs 
depends upon components of the RNAi 
machinery, their apparent nuclear preva- 
lence distinguishes them from siRNAs or 
other small or micro-RNAs (22, 23). Inter- 
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estingly, RdRp is present at the chromatin 
regions comprising the outer cen repeats 
in S. pombe (7). Rather than inducing 
degradation or translational inhibition of 
mRNA, the shRNAs target chromatin 
modifications, presumably through a pair- 
ing mechanism (24), and interaction with 
chromatin-associated proteins. Although 
this recognition step is currently unclear, 
good candidates for linking shRNAs to 
chromatin are chromo domain proteins, 
such as Chpl (17), Pddl (18), and the Clr4 
HMTase itself. Intriguingly, the Drosophila 
Clr4 homolog, Su(var)3-9, contains an 
amino-terminal extension that resembles 
the elongation initiation factor eIF2y (25). 
Following targeted H3-K9 methylation, the 
chromatin region can either be stably si- 
lenced by Swi6/HPl incorporation (8), 
which may entail further repression by 
DNA methylation (12, 13) or, in its most 
dramatic form, result in DNA elimination 
(9, 18) (see the figure). 

With the exception of the budding yeast 
Saccharomyces cerevisiae, which does not 
appear to contain components of the RNAi 
machinery or of H3-K9 methylation, the 
new pathway is predicted to trigger hete- 
rochromatin formation in complex organ- 
isms including mammals. For example, 
bidirectional transcription across mouse 
major satellite repeats has been described 
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(26), suggesting that there are shRNAs in 
pericentric heterochromatin. In agreement 
with this interpretation, the definition of 
pericentric H3-K9 methylation is abrogat- 
ed after ribonuclease treatment of perme- 
abilized mouse cells (27). To extend these 
parallels further, it is conceivable that the 
initiating mechanisms for X-chromosome 
inactivation and imprinting, or even for tran- 
scriptional silencing mediated by Polycomb- 
group (Pc-G) proteins, may also use short 
RNAs. X-chromosome inactivation requires 
the Xist RNA as part of a large RNA scaf- 
fold; in addition, several Pc-G proteins are 
associated with the inactive X chromosome 
(28). Pc-G gene mutations impair RNAi in 
the worm Caenorhabditis elegans (29), and 
small RNAs direct dosage compensation in 
Drosophila (30). Thus, the new discoveries 
in S. pombe (6-8) and Tetrahymena (9, 18) 
may reveal a key unifying signal for induc- 
ing chromatin alterations in most of the 
epigenetic transitions that occur during 
cellular differentiation. 
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Celiac sprue is an inflammatory dis- 
ease that leads to destruction of the 
microscopic fingerlike projections 

of the small intestine called villi. The dis- 
ease is triggered by ingestion of the gluten 
proteins contained in wheat, barley, and 
rye, and symptoms range from minor com- 
plaints to severe nutrient malabsorption 
(1). The report by Shan et al. on page 2275 
of this issue (2) significantly enhances our 
understanding of celiac sprue pathogenesis 
and hints at potential intervention strate- 
gies to treat this common disease. 

There are three remarkable features of 
celiac sprue: (i) It usually remits upon 
strict dietary avoidance of gluten; (ii) it 
requires a unique genetic background for 
antigen presentation-expression of the 
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human leukocyte antigen (HLA) class II 
molecules DQ2 or DQ8; and (iii) patients 
have characteristic circulating mucosal 
(immunoglobulin A) autoantibodies to the 
ubiquitous enzyme tissue transglutami- 
nase (tTGase) (3, 4). What is intriguing is 
the connection between these three fea- 
tures. Gluten peptides presented in the 
context of HLA-DQ2 or HLA-DQ8 
molecules elicit proliferation of intestinal 
T cells from celiac sprue patients and in- 
duce these cells to release inflammatory 
cytokines (5). The autoantigen, tTGase, 
catalyzes transamidation between a glu- 
tamine residue of peptide 1 (glutamine 
donor) and a lysine residue of peptide 2 
(glutamine acceptor), creating stable cova- 
lent complexes among a limited set of 
mostly extracellular matrix proteins (6). 
This enzyme is highly expressed in the 
subepithelial cells of the gut, where it is 
stored in an intracellular inactive form. It 
is released in response to mechanical or 
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inflammatory stress and is activated by 
high extracellular calcium levels. The 
strong affinity of tTGase for gluten re- 
flects the fact that 30 to 50% of the amino 
acids in gluten are glutamine. This en- 
zyme induces formation of aggregates of 
gluten and other antigens, which seems to 
be important for efficient antigen uptake 
by antigen-presenting cells of the immune 
system (7). At low pH or in the absence of 
glutamine acceptors, tTGase deamidates 
certain glutamine residues of gluten to 
glutamic acid. This posttranslational mod- 
ification enhances binding of gluten epi- 
topes to HLA-DQ2 or HLA-DQ8 and po- 
tentiates their ability to stimulate T cells 
(8). Several immunodominant gluten pep- 
tides (all substrates of tTGase) have been 
identified, but it is unclear to what extent 
these peptides reach the small intestinal 
mucosa after exposure to gastric and duo- 
denal proteases. 

In the new work, Shan and colleagues (2) 
isolated a unique 33-amino acid peptide 
from the 266-amino acid a2-gliadin (the 
homologous gliadins represent the major 
storage proteins of wheat and harbor most 
of gluten's antigenic epitopes). They tested 
the resulting peptide fractions against dif- 
ferent gliadin-reactive T cell lines in the 
context of HLA-DQ2. Currently, more than 
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