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ulation is that repeat RNAs are the targeting sig-
nal, but whether the RNA signal (either siRNAs
or larger RNAs) is received depends on the
chromatin state of the alleles, which has been
shown to differ between B-, B’, and the single-
copy repeat alleles that do not undergo para-
mutation (7). Another hypothesis that is not
mutually exclusive is that differential production
of paramutation-associated RNAs occurs in
developing embryos (6), where paramutation is
established (8) and where RNAs have not yet
been examined. This latter hypothesis is exciting
given that cis- and trans-acting small RNAs
regulate epigenetic changes during gametogen-
esis, fertilization, and early zygotic development
in multiple species (9).

Although the above evidence supports a role
for RNA, other factors, such as protein-DNA in-
teractions, could also be involved. For example,
interactions between proteins that bind to the b/
tandem repeats might mediate communication
between alleles. Data consistent with that idea
are that a transgene overexpressing a protein that
binds to the b/ tandem repeats and forms mul-
timers, inducing a B"like state in B-/ (10)). Another
possible model, frequently discussed, is that the
alleles communicate through DNA pairing (/, 2).
Although there is no experimental evidence dem-
onstrating a role for DNA pairing, there is no
evidence eliminating it either. It is of course po-
ssible that RNA, DNA, and protein interactions
are all required for paramutation.

Why are repeats required for paramutation?
Tandem repeats create a characteristic sequence
at their junctions relative to single-copy sequences;
the b/ tandem repeat junctions have distinct chro-
matin structures, which have been hypothesized
to affect silencing (7), potentially through spe-
cific proteins or RNAs that associate with these
sequences. It has also been suggested that RNAs
synthesized from repeats, but not a single-copy
sequence, trigger silencing (6). A model proposed
to explain how centromeric tandem repeats main-
tain heterochromatin silencing (/7) offers an hy-
pothesis for how tandem repeats could generate
a distinct pool of RNAs relative to nonrepeats.
That model suggests a mechanism by which
multiple cycles of amplification of RNAs from
tandem repeats [as outlined in (9)] results in
distinct populations of RNA that span the full
repeat sequence, as compared to RNA ampli-
fication from dispersed copies or single-copy
sequences that have reduced sequence complex-
ity (11).

Once paramutation is established (§), it is
maintained through mitotic and meiotic cell
divisions. Although the nature of the heritable
molecule(s) is unknown, it is unlikely to be b/
tandem repeat siRNAs, as mitotic silencing is
maintained when a mutation dramatically re-
duces these siRNAs in juvenile and adult tissues
(3). Analyses of cytosine methylation and his-
tone modifications in B-/ and B’ revealed more

cytosine methylation within the b/ tandem re-
peats in B’ relative to B-I (7), whereas histones
associated with the b7 repeats in both alleles did
not carry modifications characteristic of silent
chromatin. Future studies on the paramutation
properties of mutants impaired in DNA methyl-
ation and various histone modifications should
shed light on the potential role for these marks
in paramutation. The observations that RADM in
Arabidopsis is associated with cytosine methyl-
ation and heterochromatin histone modifications
(4), yet paramutation does not occur between
RdDM silenced alleles (see below), leads to the
speculation that paramutation involves addition-
al mechanisms, such as RNA or proteins that
remain associated with the b/ repeats during
mitosis and meiosis.

It is puzzling that RNAi-mediated heterochro-
matin in S. pombe and RdADM-silenced genes in
Arabidopsis do not undergo paramutation (4, 5).
For example, specific alleles of b/ and FWA in
Arabidopsis are both silent when cytosine resi-
dues of the respective tandem repeats are meth-
ylated and active when hypomethylated. In both
systems, the tandem repeats required for silenc-
ing are transcribed and produce small RNAs re-
gardless of whether the alleles are active or silent.
The methylated, silenced FWA allele can initiate
trans methylation of an unmethylated transgene,
yet, unlike the maize paramutation system, the
unmethylated allele segregates normally and is
active and unchanged (/2). It is unclear whether
the “natural” active FWA allele is protected from
silencing, or the transgene is hypersensitive to
silencing, or both (/2). Additionally, the mech-
anism that makes B-/ in maize highly sensitized
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to silencing is also unknown, although several
hypotheses have been proposed (73).

The relationship with other RNA silencing
pathways suggests that paramutation, despite
being rare, may underlie fundamental mechanisms
for gene regulation (2). Speculations on potential
roles and consequences include that paramuta-
tion provides an adaptive mechanism through the
transfer of favorable expression states to progeny,
that paramutation could be a mechanism for es-
tablishing functional homozygosity in polyploids,
and that it might function in inbreeding depres-
sion and hybrid vigor or inheritance associated
with complex human diseases (/3).

Independent of paramutation’s function or
frequency, our understanding of its mechanisms
should shed light on potentially novel mech-
anisms for transmitting epigenetic information
across generations.
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PERSPECTIVE

Epigenetics in the Extreme:
Prions and the Inheritance of
Environmentally Acquired Traits

Randal Halfmann? and Susan Lindquist™-?3*

Prions are an unusual form of epigenetics: Their stable inheritance and complex phenotypes come
about through protein folding rather than nucleic acid—associated changes. With intimate ties to
protein homeostasis and a remarkable sensitivity to stress, prions are a robust mechanism that
links environmental extremes with the acquisition and inheritance of new traits.

passes all mechanisms for the inheritance of

biological traits that do not involve alterations
of the coding sequence of DNA (7). Considered
elsewhere in this issue are well-known epigenetic
mechanisms that control access to DNA by mod-
ifying nucleotides or associated histones, or in-
volve the transmission of information through

In its modern usage, “epigenetics” encom-

RNA. Here, we discuss an extreme case of
epigenetic inheritance with a mechanism that is
not based on heritable changes in nucleic acid.
Instead, it is based on robust self-propagating
changes in the folding of certain proteins known
as prions.

Prions operate outside the canonical steps of
molecular biology’s central dogma. As protein-
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based elements of inheritance, prions perpetuate
not by changing the way that genetic informa-
tion is transcribed or translated but rather by co-
opting the final step in the decoding of genetic
information—protein folding. A key feature of
prion-forming proteins is their ability to exist in
very different stable conformational states. In addi-
tion to a “native” nonprion conformation, they
occasionally fold into a prion conformation that
then replicates itself by templating the conforma-
tional conversion of other molecules of the same
protein. These changes in conformation profound-
ly alter the functions of the proteins involved,
resulting in phenotypes specific to each determi-
nant protein.

The idea that proteins could transmit infor-
mation in a manner analogous to nucleic acids
was first conceived to explain baffling infectious
neurodegenerative diseases (such as Kuru and
mad cow disease) (2). As evidence accumulated
that these diseases did not require nucleic acids
for transmission, the infectious agent was postu-
lated to be a self-replicating protein. It is now clear
that the prion does not synthesize itself from
individual amino acids. Rather, it is a host-encoded
protein in a conformation that is profoundly dif-
ferent from normal. The prion “replicates” simply
by templating that conformation to other molecules
of the protein. The initially mysterious and contro-
versial nature of infectious prions created a stir that
even today sometimes overshadows what we be-
lieve is a far more interesting aspect of prion biology:
the ability of proteins to serve as elements of
heredity.

In the baker’s yeast Saccharomyces cerevisiae,
prions create dominant cytoplasmically trans-
mitted traits that are, in contrast to the original
disease-causing prion in mammals, often advan-
tageous to the organism (3). Most biochemically
characterized prion proteins have a modular prion-
forming domain that is highly disordered in its
native state (4, 5). The extreme flexibility of these
domains facilitates their occasional conversion to
a self-propagating conformer, which for most
prions is a well-ordered fibrillar protein polymer,
or amyloid. De novo prion formation appears to
proceed through a high-energy oligomeric nu-
cleus that is stabilized by interacting with, and
converting, other prion proteins to the same con-
formation (Fig. 1A) (4, 6, 7). The elongating
prion polymer is then severed into smaller, ac-
tively growing pieces by the action of protein
remodeling factors such as the disaggregase
Hsp104 (8). Lastly, the resulting fragments are
disseminated to daughter cells, ensuring the sta-
ble inheritance of the self-perpetuating prion tem-
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plate through round after round of cell division.
Indeed, prions are stable even during mating and
meiosis, allowing their transmission through the
germ line. Prion states are not irreversible, how-
ever. Random fluctuations in prion dissemination
to daughter cells, as well as changes in the ac-
tivities of remodeling proteins and other factors,
can generate daughter cells with the original
nonprion state (Fig. 1B).

To date, at least nine different proteins are
known to form prions in S. cerevisiae (3, 9), and
an additional 18 have experimentally verified prion-
forming domains (5). The best understood prion

A
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protein, Sup35, is a translation termination factor
whose ability to form prions has been conserved
for hundreds of millions of years of fungal evolu-
tion (/0). When Sup35 switches to a prion state,
its ability to function in translation is compromised,
leading to increased stop codon read-through and
ribosome frame-shifting (Fig. 2) (11, 12). The
resulting changes in gene expression have di-
verse phenotypic effects, including alterations
in cell-adhesion, nutrient use, and resistance to
various toxins and antibiotics (/2, /3). Impor-
tantly, these phenotypes differ in different strain
backgrounds, presumably because of genetic
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Fig. 1. Prion epigenetics. (A) The “life cycle” of a yeast amyloid prion. Soluble nonprion conformers in
[prion”] cells occasionally fold into an oligomeric amyloid nucleus, which then grows by sequestering
additional nonprion conformers and templating their conformational conversion. The resulting prion
particle divides into smaller transmissible pieces through the action of protein-remodeling factors such as
Hsp104. The prion particles are disseminated to daughter cells during cell division. (B) Prion formation
and loss are promoted by stress, and this provides a mechanism for the acquisition of heritable
phenotypes in response to environmental changes. [prion’] cells are well adapted to environment 1, but
are poorly adapted to environment 2. When the environment changes, stress-induced changes in protein
homeostasis result in an increased frequency of prion appearance ([PRION*] cells) and consequently the
exploration of new phenotypes. Some phenotypes revealed by prions provide a fitness advantage in
environment 2, so that [PRION*] cells survive and proliferate. The occasional loss of prion states—a
process that is also increased by stress—ensures that [prion”] cells will be available when conditions

return to normal (environment 1).
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Fig. 2. Prion phenotypes can result from either a loss of function or a gain of function when the prion
protein acquires its prion conformation. (Left) The [PSI*] prion conformation of the translation
termination factor Sup35 prevents it from associating with ribosomes. This results in the translational
read-through of stop codons and corresponding C-terminal extensions that alter the activities of newly
synthesized proteins. (Right) The Rnql protein, in its prion state, acquires the ability to induce other
proteins, such as Sup35, to convert to their own prion states.

variation in sequences downstream of stop
codons that are silent in the absence of the
prion.

Prions Diversify Protein Function

Many prion phenotypes result from qualitative
changes in protein function. Because function is
dictated by structure, the refolding of a poly-
peptide into its prion form can dramatically alter
the nonprion function and can even create gains
of function. Aside from the ability to template
their own conformational changes through homo-
typic interactions, some prion conformers form
new interactions with other proteins. For example,
the prion form of the HET-s protein in the fil-
amentous fungus Podospora anserina interacts
with an allelic variant of the same protein that is
itself incapable of forming prions. This interac-
tion is the basis of a self-/nonself-discrimination
system that reduces the spread of parasitic cyto-
plasmic elements (/4). Likewise, the prion form
of the S. cerevisiae Rnql protein has the ability to
interact with other prion-forming proteins. In this
case, the interaction stimulates those proteins to
convert to their own prion states (Fig. 2) (8).
Another example of functionality gained in the
prion state is that of the S. cerevisiae transcrip-
tional regulator Sfpl. In this case, prion forma-
tion causes resistance to translation inhibitors
and, remarkably, increases the cells’ growth rate
on rich media—phenotypes distinct from those
of the nonprion state and opposite those of the
genetic knockout of Sfpl (9).

Prions Respond to Environmental Extremes

The way that proteins fold and interact with other
proteins is very sensitive to environmental stress
and the status of the protein-folding machinery.
Abrupt changes in temperature, pH, and intracel-
lular metabolites can have immediate conse-
quences for protein folding and the regulation of
protein chaperones and protein-remodeling factors.
Not surprisingly then, environmental stresses also
dramatically increase rates at which prions appear
and disappear (/3). The more extreme the stress,
the greater the frequency of prion switching—
hence, a second meaning invoked by this Perspec-
tive’s title: “epigenetics in the extreme.” In this
way, prions connect environmental stresses with
an unusual type of phenotypic plasticity that
could improve an organism’s ability to adapt to
altered environments. When organisms experi-
ence protein homeostatic stress—which will
commonly occur when they are poorly adapted
to their environment—increases in protein “mis-
folding” and concomitant prion formation will
facilitate the exploration of alternative pheno-
types (Fig. 1). Indeed, we postulate that the ac-
celerated appearance of prions in response to
stress constitutes an evolved bet-hedging strat-
egy: It allows a fraction of cells to try new
phenotypes that, with reasonable frequency,
prove beneficial (3, 15). The self-sustaining
nature of prions ensures that successful strat-
egies are immediately heritable to subsequent
generations. Prions, then, are a quasi-Lamarckian
(1, 16) mechanism that connects environmental
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conditions to the acquisition and transgenera-
tional inheritance of new traits.

Prions Allow for the Sudden Appearance
of Complex Traits

Complex evolutionary adaptations are the pro-
duct of multiple interacting genetic loci (/7). A
plausible mechanism for the appearance of complex
adaptations is phenotypic capacitance. Phenotypic
capacitance is a property of certain biological
systems that allows for the accumulation of genetic
variation in a silent form, followed by its sudden
stepwise release to create new phenotypes (18).
Because prions allow cells to switch between two
distinct and heritable physiological states, they
provide one of the clearest examples for the
reversible expression of natural genetic variation.
In contrast to other mechanisms for genetically
encoded stochastic phenotypic variation, such as
Hsp90-buffered protein folding and variably
methylated CpG islands (/9), newly revealed
prion-based phenotypes are immediately and
robustly heritable. These traits can ultimately
become hardwired by subsequent genetic changes,
as demonstrated for phenotypes revealed by Sup35
prion formation (/2). This observation provides
experimental validation for the conjecture of
West-Eberhard that in some cases genes may
be followers rather than leaders in evolution
(20, 21).

Yeast prions are well-positioned to alter the
phenotypic effects of genetic variation. The ap-
proximately two dozen prionogenic proteins dis-
covered to date in yeast are enriched for proteins
with information-processing functions, including
transcription factors and RNA-binding proteins
(3, 5). Some, such as Swil, Cyc8, and Sfpl, are
globally acting transcriptional regulators of a large
fraction of the yeast genome (9, 22, 23). Others,
such as Puf2, Ptr69, and Publ, act posttranscrip-
tionally on the stabilities of hundreds of function-
ally diverse mRNAs (24). Because of the large
number of regulatory targets of these proteins,
reductions or alterations in their activities resulting
from their conversion to a prion conformation can
have large, and complex, phenotypic effects. Im-
portantly, these effects also change the strength of
the selective pressures that act on prion targets,
resulting in these target sequences diverging at
different rates when expressed under the prion
versus nonprion states. As a consequence, prion-
revealed phenotypes will tend to differ between
genetic backgrounds (/2). Thus, prions create
phenotypic diversity on two levels: Within iso-
genic populations, they create distinct physiolog-
ical states (prion versus nonprion), and within
genetically diverse populations, they enhance the
effects of genetic variation between lineages.

A Wider Range of Prion Phenomena?

In multicellular organisms, developmental signals
trigger the epigenetic switches that drive cell dif-
ferentiation. These switches parallel prions in
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that both respond (directly or indirectly) to
changes in the extracellular environment. In S.
cerevisiae, chromatin-remodeling factors such as
Swil and Cyc8 participate in epigenetic deci-
sions that govern, for example, whether the cells
grow as unicellular or as cohesive multicellular
forms (25). That Swil and Cyc8 also form prions
suggests a possible functional link between
chromatin-based and prion-based regulatory strat-
egies. In higher eukaryotes as well, prion-like
switches may be involved in cell-remodeling pro-
cesses. During memory formation, individual syn-
apses must acquire a durable molecular “mark”
that establishes—among the many hundreds of
such marks most neurons carry—the individual
long-term maintenance of that synapse. One pro-
tein contributing to this mark, neuronal cytoplasmic
polyadenylation element-binding protein (CPEB),
appears to undergo a prion-like conformational
switch that can activate translation of synaptic
mRNAs while simultaneously creating a nondiffus-
able self-sustaining aggregate that can act as a molec-
ular memory (26). We fully expect that many such
prion-like physiological switches await discovery as
our abilities to characterize protein complexes
and protein aggregates in vivo continue to improve.

A large array of regulatory strategies influ-
ences protein folding and may in the future prove
to blur distinctions between prions and other epi-
genetic mechanisms for perpetuating phenotypes.
Covalent modifications, including disulfide forma-
tion, phosphorylation, ubiquitination, and glyco-
sylation, as well as protein-protein interactions
(such as chaperone binding and prion templating),
can all profoundly change protein-folding land-
scapes and/or the activity of folded proteins. All of
these forms of regulation can theoretically give rise
to self-sustaining heritable—that is, epigenetic—
states. In fact, examples of these types of heritable
factors now include an autoactivatable kinase, an
autoactivatable protease, and a prion that appears to
result from the interaction of two separate proteins
involved in glucose signaling (21, 27).

The Origins of Prions

The propensity of proteins to misfold and aggre-
gate is probably as ancient as protein-based life
forms themselves. Indeed, most polypeptides have
an inherent tendency to form self-templated amyloid
structures (28). Prion-forming proteins are unusual
in having a conformational flexibility that allows
access to the amyloid fold under physiological con-
ditions (3, 29). This property derives in part from a
greatly reduced amino acid complexity as com-
pared with that of globular proteins (5, 30). We
suggest that primordial proteins would have had
similarly simple sequences, resulting in an elevated
tendency to form self-perpetuating structures. Fur-
ther, early biological systems would have lacked
elaborate protein-folding machinery whose primary
modem role is the prevention of protein aggregation.
Without strong control over the important final step
in the processing of gene-encoded information—
protein folding—ancient polypeptides would have
unencumbered access to self-perpetuating prion
states. We speculate that prion formation by an-
cient proteins may have played a central role in the
molecular evolution of early biological systems.

Our increasing awareness of prion phenome-
na highlights the fact that protein folding is not
always uniquely specified by an amino acid se-
quence but instead provides a rich substrate for
epigenetic determination of the map between
genotype and phenotype. Beyond our speculative
thoughts about early life, we suggest that prions
are not simply elements of disease transmission
but make distinct contributions to the flow of ge-
netic information that are likely to profoundly
influence the adaptive success, and therefore the
evolution, of prion-containing organisms.

Note added in proof: The study by Derdowski
et al. (31) adds another temporal dimension to
the phenotypic heterogeneity conferred by prions.
That the numbers of prion particles and the strength
of their associated phenotypes increase as cells age
suggests an accelerated exploration of alternative
phenotypes among cells that have little left to lose.
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