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Abstract

Establishment of cellular memory and its faithful propagation is critical for successful development
of multicellular organisms. As pluripotent cells differentiate, choices in cell fate are inherited and
maintained by their progeny throughout the lifetime of the organism. A major factor in this process
is the epigenetic inheritance of specific transcriptional states or transcriptional memory. In this
review, we discuss chromatin transitions and mechanisms by which they are inherited by subsequent
generations. We also discuss illuminating cases of cellular memory in budding yeast and evaluate
whether transcriptional memory in yeast is nuclear or cytoplasmically inherited.
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Introduction: Transcriptional choice and its inheritance

All organisms regulate their genetic repertoire in response to their environment as well as cell
intrinsic cues. Single-celled organisms like yeast can coordinately induce and repress sets of
genes as a result of stimuli like nutrient starvation, mating pheromones or DNA damage. In
addition to responding to extracellular signals, multicellular organisms undergo cell
differentiation. Cell differentiation is the culmination of numerous, highly regulated gene
expression events that occur during embryonic development and throughout the life of an adult
organism, where it controls growth, homeostasis and tissue repair. Some of these gene
expression patterns or transcriptional choices become marked by epigenetic alterations of the
genome, resulting in a transcriptional memory of gene expression profiles that are inherited by

progeny.

Cell fate determination is an integral part of embryonic development in all multicellular
organisms. A single-celled zygote undergoes many mitotic divisions till the blastocyst stage,
where the inner cell mass (ICM) contains all the totipotent cells that will ultimately give rise
to the embryo-proper [1,2]. As the ICM cells further divide, they reorganize to form the three
germ layers — ectoderm, mesoderm and endoderm, which are fated to form distinct tissues and
organ systems [1,3,4]. During these events, genes that encode pluripotency markers are
transcriptionally repressed, and gene products characteristic of particular cell fates begin to be
expressed [2,5,6]. As these cells further divide and differentiate, such characteristic gene
expression states get ‘locked in” and are faithfully replicated in all progeny of fate-restricted
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cells [7,8]. This transcriptional memory can persist through multiple rounds of cell division,
and in many cases throughout the lifetime of the organism even in the absence of the initiation
signals [9-14]. Such cellular memory posits the existence of one or more mechanisms that
transmit information of the active or silent gene state from mother to daughter cells.
Mechanisms for providing cellular memory can be divided into two broad classes: cytoplasmic
inheritance and nuclear inheritance [15-19].

Cytoplasmic inheritance of transcriptional memory involves the presence of a protein or small
molecule located in the cytoplasm of the cell that gains memory of a particular transcriptional
event (See Figure 1). During cell division, such a protein or small molecule signal can be passed
on to daughter cells by distribution of the cytoplasm of the mother cell [20]. It can be envisaged
that such memory would be relatively short-lived — its duration or persistence is limited by
dilution and/or half-life of the cytoplasmically inherited memory factor. This model will be
revisited in a later section of this review.

The nuclear or epigenetic inheritance model involves changes in the chromatin state of target
genes, changes that can persist through DNA replication and mitosis [21]. These changes can
be covalent marks on DNA and/or histones, and therefore would not alter the genomic
information of pluripotent cells or their differentiated progeny. Where mechanisms for faithful
replication of these marks have evolved, such nuclear or epigenetic memory can persist through
many generations and indeed throughout life [7]. The substrate for these long-term memory
marks is chromatin, and chromatin structure participates directly in transcriptional activation
or repression of gene loci. Below we review some chromatin basics, and then we discuss several
examples of chromatin based mechanisms for transcriptional memory.

Chromatin basics

The large genome of eukaryotes is packaged into chromatin, a DNA and protein containing
structure. This structure affords compaction of the genome, thereby fitting it into the small
volume of a nucleus. Importantly, and in ways still being avidly studied and discovered, it is
a critical component of gene regulatory activities. The basic component of chromatin is a
nucleosome, generated by wrapping approximately 147 bp of DNA ~1.7 times around an
octamer of core histone proteins [22—24]. The canonical histone octamer contains 2 copies
each of histones H2A, H2B, H3 and H4. Structurally, these histones consist of a central globular
or ‘histone-fold” domain and flexible NH»-terminal and COOH-terminal tail domains. As DNA
wraps around the histone octamer, it makes intimate contacts at 14 positions [22,23,25,26].
These tight associations occlude potential transcription factor binding sites and leads to steric
hindrance to DNA-binding by transcriptional activators, repressors, and the core transcriptional
machinery [27-29]. This protection of DNA is also evidenced biochemically by restricted
access to DNA cleavage agents like micrococcal nuclease (MNase) and restriction enzymes
[30,31]. Beyond this primary level of nucleosomal or ‘beads-on-a-string’ structure are
successive higher order chromatin structures that ultimately compact DNA into thick chromatin
fibers, with the highest degree of compaction seen in the classical metaphase chromosome
[32-34].

Inaddition to core histones, most eukaryotes also have an unrelated histone called linker histone
(e.g. histone H1). Mammals have at least eight variants of histone H1, five of which are
expressed ubiquitously in somatic tissue and some studies indicate that deletion of individual
variants can cause distinct phenotypes [35-37]. Like core histones, linker histones are also
highly basic in amino acid composition. There is on average 1 linker histone per nucleosome,
which protects an additional ~20bp of DNA and stabilizes higher order chromatin folding
[38-42]. Like their core histone counterparts, linker histones are also composed of two
functional domains — the globular and tail domains. While the globular domain interacts with
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nucleosomes, the NH,-terminal and COOH-terminal tails of linker histone contain sites for
post translational modifications, and the C-terminal tail is required for stabilizing higher order
chromatin folding [43-54]. Whereas removal of H1 has no effect on viability of unicellular
organisms like Tetrahymena, Aspergillus nidulans and Saccharomyces cerevisiae, linker
histones are essential for cellular differentiation in higher eukaryotes [51,55-61]. Xenopus,
mouse, and human linker histone variants control transcriptional regulation of specific genes
and regulate nucleosome spacing [36,62—65]. There is evidence that H1 subtype switching also
occurs in Xenopus and mammalian embryos during development [66]. This suggests a
mechanism that may provide memory of cell fate specification during embryonic development.

Regulation of chromatin structure and function

How can chromatin structure be modified to regulate access to transcriptional regulators and
the core transcriptional machinery? Cells employ two general enzymatic strategies that regulate
chromatin dynamics. In the first case, ATP-dependent chromatin remodeling enzymes use
energy derived from ATP hydrolysis to mobilize nucleosomes, evict some or all of the histones
from the nucleosome, or to exchange histone variants [67]. These enzymes all contain ATPases
of the Swi2/Snf2 superfamily and are broadly classified into the SWI/SNF, ISWI, CHD and
Ino80 subfamilies [67,68]. Some, like the SWI/SNF complex, play key roles in transcription;
in yeast there are two SWI/SNF family members — RSC and SWI/SNF [69-72]. Members of
the SWI/SNF family are primarily involved in transcriptional activation. For instance, the yeast
SWI/SNF complex is recruited during activation of many genes during late mitosis as well as
some highly inducible genes like INO1, SUC2, GAL1-10, PHO5 and PHO8 [73-77]. Complex
eukaryotes have several different SWI/SNF complexes (also called BAF complexes), with the
catalytic subunit being Brgl or Brm, and a variety of associated subunits [71,78-81]. Brgl is
essential for mammalian development, as mice harboring a brgl deletion show
periimplantation lethality [82,83]. Some of the associated subunits are also tissue restricted.
For instance BAF60c is restricted to the myocardial lineage, while BAF53b is neuron-specific
[84,85]. Other ATP-dependent remodeling enzymes, like ISWI and Mi-2, usually function in
transcriptional repression [86-88]. Mi-2 complexes, a prominent member of the CHD
(chromodomain containing) subfamily play critical roles at different stages of hematopoiesis,
and ISWI complexes are critical for normal development and differentiation as evidenced by
periimplantation lethality of mice lacking the catalytic subunit, Snf2h [89,90]. The Ino80
subfamily, which includes INO80 and SWRL, are characterized by a split ATPase domain, and
the SWR1 complex is required for exchange of the histone variant H2A.Z into nucleosomes
[91-97].

The second category of chromatin remodeling enzymes includes enzymes that mediate
posttranslational modifications of histones [98,99]. Nucleosomal histones can be extensively
modified at their N- or C-terminal tail domains, or even at some internal sites. Histone
modifications function primarily by influencing the binding of non-histone proteins, like
transcription factors and other chromatin remodeling enzymes, to nucleosomes, although some
marks (e.g. H4K16ac) directly impact chromatin structure [100]. A wide variety of enzymes
have been identified in all organisms that catalyze diverse modifications such as methylation,
acetylation, phosphorylation, ubiquitylation and SUMOylation [101]. Histone modifications
are reversible since there are also demethylases and deacetylases dedicated to removal of these
groups [102,103]. These modifications often are found in combinations and act synergistically
to recruit or occlude chromatin associated proteins and generate transcriptionally favorable or
unfavorable chromatin domains [104]. Histone modifying enzymes and ATP-dependent
remodelers often act in concert for regulating gene expression [87,105-108].

Finally, the most stable and replicable of chromatin modifications are those on the DNA itself,
i.e. cytosine methylation of CpG islands by DNA methyltransferases [109,110]. Though yeast
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and nematodes lack DNA methylation, it is critical in other metazoans for development and
differentiation [111]. In addition there are RNA based chromatin regulatory processes
exemplified by X-inactivation, heterochromatin formation and position-effect variegation,
which have been discussed in detail elsewhere ([112-114] and others).

Strategies to establish transcriptional memory by modifying chromatin state

Establishing cellular memory of a particular transcriptional state is essential in multicellular
organisms to obtain fruitful cell fate specification during development. As fate-restricted cells
multiply during organogenesis, various mechanisms have evolved that replicate the
transcriptional state of the progenitor cell in its daughters. For example, genes that confer
pluripotency or alternate cell fates must be stably repressed, while genes characteristic of the
chosen cell-fate are maintained in a transcriptionally active or poised state. As a consequence,
despite having identical genomes, cells of different tissues must maintain and propagate their
distinct transcriptional profiles or in other words, have transcriptional memory of the
expression status at multiple loci [8,11,13,14]. Since chromatin remodeling is often required
to silence or activate genes, transcriptional memory could involve propagation of differential
chromatin states in different tissues. Distinct chromatin states may be established and inherited
by using various chromatin modifying strategies introduced above. We will discuss some
specific enzymatic activities and their roles below.

DNA methylation

DNA methylation, predominantly at symmetrical CpG dinucleotides, is usually associated with
gene silencing [115,116]. Genomic methylation patterns are very stable and heritable in
somatic differentiated cells. Once established, they are faithfully replicated at every cell
division by the ‘methylation maintenance’ enzyme DNMT1, which uses a hemimethylated
DNA substrate to restore the symmetrical CpG methylation pattern [117,118]. There are two
developmental stages — germ cells and preimplantation embryos — where the genomewide
methylation pattern is reprogrammed. The fertilized egg undergoes a wave of demethylation
during preimplantation development which erases part of the inherited, parental methylation
pattern [119]. After implantation, the embryo then undergoes de novo methylation to establish
a new embryonic methylation pattern. DNMT3A/B are the primary de novo DNA methylases
that establish new methylation patterns and are expressed in most dividing cell types along
with DNMT1 [109,110,120,121]. Another protein, DNMT3L, is similar to DNMT3A/B in
amino acid sequence but lacks enzymatic activity. It is expressed only in germ cells during de
novo methylation and is believed to regulate DNMT3A/B [122,123]. There is also an oocyte-
specific form of DNMT1 (DNMT10) that accumulates to very high levels in the cytoplasm of
oocytes and persists in preimplantation embryos. It enters nuclei at the eight-cell stage to
maintain imprinted methylation patterns [124]. Overall, DNA methylation has key roles in
epigenetic gene regulation and silencing, in particular in gametic imprinting, X chromosome
inactivation, and silencing of retrotransposons [7,125,126]. This methylation pattern has also
been proposed to inhibit transposition as well as recombination and expansion of repetitive
elements [127-129].

In dividing cells, the maintenance methyltransferase, DNMT1 provides epigenetic memory of
transcriptionally silenced loci. Maintenance of imprinted silencing by DNMT1 is linked to
DNA replication by its association with PCNA and CAF1 [117,130-133] This association
provides the mechanism for propagation of epigenetically silent states, but not transcriptionally
active states, through S-phase to subsequent generations. Experiments suggest that methylation
by itself does not prevent transcription [134-136], but instead transcriptional silencing of
methylated loci is due to methyl-CpG binding domain proteins (MBDs), that alter chromatin
structure [110]. The primary MBDs are MBD1, MBD2, MBD3 and MeCP2 [111,137,138].
The MBD proteins interact with and recruit histone deacetylases (HDACs) such as HDACL,
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HDAC?2, Mi-2/NURD which deacetylate the associated chromatin to render it transcriptionally
incompetent [107,139,140].

Histone modifications

The NH5- and COOH-terminal tails of core histones are subject to extensive and dynamic
posttranslational modifications (PTMs) [101]. These PTMs can disrupt the structure of the
chromatin fiber or alter its interactions with nonhistone proteins. Prominent among marks
associated with the transcriptionally active state are methylation of H3K4, ubiquitylation of
H2BK123, and acetylation of several lysines within the N-terminal domains of H2B, H3 and
H4 (H2BK11,16ac; H3K9,14,18,23,27ac; H4K5,8,12,16ac) [101,141,142]. Similarly,
methylation of H3K9 or H3K27 are some of the more common marks associated with repressed
loci [143,144]. Different enzymes catalyze these histone modifications and can be conserved
across species. Histone modifying enzymes are also important for controlling expression of
many developmentally regulated genes. At the same time, histone demethylase and deacetylase
enzymes have also been discovered that reverse these marks [145-150]. As expected, at most
loci in dividing or differentiated cells, certain histone modifications can co-exist or act together
to reinforce repressed or accessible chromatin states [151]. This observation has led to
speculation that particular patterns of histone modifications might predict transcriptional status
of genes in different cell lineages [152-156]. Interestingly, adult and embryonic stem cells
have been shown to possess domains of ‘bivalent’ chromatin, where positive and negative
histone modifications coexist at certain gene loci, which may poise these genes for appropriate
regulation when the stem cells differentiate [157,158]. Such chromatin domains may be
essential for pluripotency and are resolved into and active or repressed state during lineage
specification.

A key question is the precise mechanism by which histone modifications are transmitted
through cell divisions. For histone PTMs to function as “memory” markers, they must be
propogated through replication. Many studies have shown that a replication fork disrupts
parental nucleosomes in front of the fork, and that both old and new histone octamers are rapidly
assembled on to the daughter chromatids behind the fork. Pioneering studies of Jackson
demonstrated that as DNA is replicated, old (H3-H4), tetramers are distributed to the daughter
strands while newly synthesized (H3-H4), tetramers are deposited to fill in the gaps [159,
160]. Old and newly synthesized H2A-H2B dimers are then added to complete nucleosome
assembly. Thus it appears that while hybrid octamers of old tetramers and new dimers can
form, (H3-H4), tetramers remain essentially intact through DNA replication and chromatin
assembly. Since only the parental tetramers contain histone modifications representing active
or repressed chromatin states, “memory marks” would need to recruit enzymatic activities that
would interpret the existing marks and replicate them on the newly formed octamers. Such a
model has been proposed to explain how H3 K9me marks might be propogated by the Swi6
and Clr4 proteins [161], and there also appears to be potential candidates that can ‘read’ and
‘write” H3K4me marks [162,163].

Recent studies have suggested a different view of chromatin replication that suggests an
alternative model for contributions of histone PTMs to transcriptional memory [164].
According to this model, the replication fork splits a parental (H3—H4)2 tetramer into two H3-
H4 dimers which are segregated to the two newly replicated DNA strands. Thus, in this case
each sister chromatid inherits a parental pattern of H3—H4 PTM which can then be used as a
template to replicate modifications on the newly assembled nucleosomes.

Trithorax and Polycomb groups: Developmental Memory factors

One of the classic examples of transcriptional memory involves the developmental expression
of the homeotic (Hox) genes in Drosophila and other metazoans [10,165]. Hox gene expression
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is controlled by the interplay of two antagonistic sets of gene products that regulate chromatin
structure — the Polycomb group (PcG) and the Trithorax group (TrxG). Hox genes encode
homeodomain transcription factors that specify cell fates and therefore their transcription must
be precisely regulated [166-168]. Mis-expression can lead to severe developmental
abnormalities, such as formation of appendages at wrong positions. In fact, genes encoding
Polycomb group proteins were first discovered in Drosophila as mutants that led to
transformation of body-segmentation patterns along the embryonic anterior-posterior axis, thus
transforming the identity of one segment to another [169-171]. Subsequently, genes encoding
TrxG proteins were isolated as suppressors of polycomb mutants, indicating that TrxG proteins
functionally antagonize PcG proteins [172-174]. The initial patterns of homeotic gene
transcription are established in response to positional information in the early embryo [175].
Polycomb and Trithorax group proteins repress and activate genes respectively, and together
they maintain gene expression patterns through subsequent cell divisions even after the
regulators that initially established the precise segmentation patterns have long disappeared
[165]. Thus, PcG and TrG proteins provide a memory of early cell fate decisions [176,177].

Biochemical studies reveal that many PcG and TrxG products are components of several large
complexes that have many different functions, all aimed at epigenetic control of chromatin
configuration at homeotic and imprinted genes [178-180]. Several PcG and TrX complexes
bind to and act via Polycomb and Trithorax response elements (PREs/TREs) [19,181,182], and
a subset of PcG and TrxG members possess histone methyltransferase activity. The PRC2
complex contains E(Z) (called EZH2 in mammals), which is an H3K27 methyltransferase that
mediates silencing of HOX and other loci. H3K27me is recognized by the chromodomain of
the Polycomb (Pc) subunit of the PRC1 complex, and binding of PRC1 via H3K27me can
generate a stably repressive chromatin structure that is refractory to gene expression [183,
184]. In support of this, there is evidence that PRC1 inhibits remodeling by the SWI/SNF
chromatin remodeling complex and transcription by RNA Polymerase Il in vitro [179,185—
187]. Likewise, the TrxG members, TRX (MLL is the mammalian ortholog) and ASH1, are
H3K4 and H3K36 methyltransferases that are associated with activated gene expression
[188-193]. The trx protein contains a SET domain, which is very similar to the SET domain
within S. cerevisiae Setlp, the first identified H3K4-methyltransferase [194-198]. Trx and
Ash1l are believed to promote transcriptional elongation, and this may be stimulated in part by
the H3K4me and H3K36me marks. Thus, differential H3 lysine methylation status of promoter
and coding regions, such as observed at the Drosophila Ubx gene, may confer a transcriptional
ON or OFF status [199]. Other TrxG members includes genes that encode subunits of the
Drosophila SWI/SNF chromatin remodeling complex, Brahma (BRM), Moira (MOR) and Osa
(OSA) [173,200-202]. Thus TrxG employs both histone methylation and ATP-dependent
chromatin remodeling to maintain a heritable, transcriptional ON state. Due to the critical role
of PcG and TrxG proteins in maintaining transcriptional memory of developmentally regulated
genes, these complexes are the focus of extensive studies to determine mechanisms of cell fate
choice and stem cell pluripotency.

Histone variants

The canonical histones that make up a core nucleosome particle - H2A, H2B, H3 and H4, are
expressed and incorporated into chromatin only during DNA replication [203]. In addition,
organisms express variants of canonical histones H2A (H2A.Z, macroH2A, H2A. X and
H2ABbd) and H3 (H3.1, H3.2, H3.3, H3.1t and Cenp-A/Cse4) which are expressed and
deposited throughout the cell cycle, are thought to have specific properties, and may establish
structurally distinct chromosomal domains [164,204-208]. Emerging evidence indicates that
correct distribution of some histone variants is important for the epigenetic control of gene
expression and cell fate decisions. Though the precise mechanisms for targeted deposition are
still being worked out, distinct and often dedicated multiprotein complexes have been
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discovered that target histone variants for deposition at active genes, centromeres and
transcriptionally silent loci [203]. For example, the ATP-dependent chromatin remodeling
complex SWR1 is targeted to many RNA polymerase Il promoters where it exchanges
canonical H2A-H2B dimers for H2A.Z-H2B dimers [93-95,209]. Likewise, the histone
chaperone, HIRA, binds to H3.3-H4 dimers and deposits them within transcriptionally active
chromatin [164,210].

What are the functions of these histone variants? In yeast, H2A.Z is found within 1-2
nucleosomes that flank all RNA Polymerase Il transcribed genes that are both active and
inactive [211-213]. In addition it also prevents ectopic spreading of heterochromatin [214,
215]. Thus H2A.Z seems to be important to maintain an open state of chromatin. This premise
is supported by the observation that nucleosomes that harbor H2A.Z-H2B dimers are less stable
[213,216,217]. Though paradoxically, H2A.Z also promotes formation of 30nm fibers [218]
and FRET studies suggest that octamers containing H2A.Z-H2B dimers are more stable in high
salt concentrations than those containing H2A-H2B dimers [219]. Surprisingly, loss of yeast
HTZ1 has a very mild phenotype in nutrient-rich growth conditions, indicating that
transcription of most genes is unperturbed even upon loss of H2A.Z [220]. In contrast, the
importance of H2A.Z for regulating chromatin configuration is clearly seen during mammalian
embryonic development, as loss of H2A.Z results in preimplantation lethality in mice [218,
221]. There is also an active genomewide displacement of H2A.Z from early mouse PGCs that
correlates with the timing of genomewide DNA demethylation, suggesting a role of H2A.Z
loss in chromatin decondensation and reprogramming [222]. A more recently discovered H2A
variant, H2A.Bbd (Barr body-deficient) appears to be exclusively associated with
transcriptionally active chromatin and was shown to be excluded from inactive X chromosomes
in mammalian females [223]. It is significantly diverged from canonical H2A in amino acid
sequence and structure, and its distribution overlaps with regions of histone H4 acetylation,
suggesting that this histone variant has evolved to perform a specialized function of
epigenetically marking active chromatin [224-226]. In contrast to the distribution of H2A.Bhbd,
the H2A variant, macroH2A is enriched on the silenced X chromosome and epigenetically
marks inactive chromatin [223,227]. Its enrichment on the inactive X chromosome coincides
with initiation of silencing.

Similar to H2A.Z, H3.3 may also be also involved in maintenance of open, transcriptionally
active chromatin. H3.3 differs from canonical H3 at only 4 amino acid positions. However,
unlike H3, H3.3 gene has a chromosomal location outside the histone gene cluster and it is
synthesized independent of S phase. Thus, unlike the canonical H3, H3.3 deposition is
replication-independent and transcription-dependent [206,228]. As a result, H3.3 is also
enriched in ‘activating’ posttranslational modifications such as H3K4me and
H3K9,14,18,23ac, whereas canonical H3 preferentially accumulates repressive modifications
like H3K9me [229-233].

H3.3 deposition plays critical roles during embryonic development. It replaces canonical H3
during meiotic X chromosome inactivation in the mouse germline [234]. This could provide
epigenetic memory of maternally expressed and paternally imprinted genes at a stage where
DNA methylation is reversed. Also in early mouse zygotes, H3.3 is incorporated only into
paternal chromatin coinciding with its decondensation, soon after gamete fusion [235].
Consequently, a null mutation of the H3.3 chaperone, HIRA, has gastrulation defects in mouse
embryos and is early embryonic lethal [236]. Also in accordance with the role of H3.3 in
decondensation of paternal chromatin, mutations of Drosophila HIRA lead to formation of
haploid embryos with only maternal chromosomes, which die before hatching [237].

Itis very tempting to envisage a scenario where histone variants could mark different chromatin
domains. As pluripotent cells adopt cell fates during differentiation, inheritance of such
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chromatin domains via a ‘histone variant signature’ could faithfully reproduce the transcription
profile of a differentiated cell type in its successive progeny. However, some questions still
remain. Besides the yet unsolved question of how these histone variants (and their chaperones)
are targeted to mark loci, it is also still unclear how information of histone variant occupancy
is replicated during S-phase. This knowledge is crucial to understand the mechanism of
inheriting memory of transcriptional state. As is the case with inheriting histone modifications,
the two popular models of replicating histone variant occupancy are the conservative and
semiconservative model of histone deposition during DNA replication [238,239]. One
intriguing possibility that could facilitate inheritance of transcriptionally active states, and may
be especially pertinent to inheritance of H3.3, is a model that involves a combination of both
replication-coupled and replication-independent nucleosome assembly [240]. As the
replication fork crosses a transcriptionally active locus, parental H3 and H3.3 tetramers would
be used for assembly of nucleosomes onto the sister chromatids by replication-coupled
deposition. Nucleosomes that harbor parental H3.3 would be present in lower concentration
within newly synthesized chromatin, as only canonical H3 would be incorporated into newly
synthesized, nonparental nucleosomes. However, this lower density of H3.3-containing
nucleosomes might be sufficient to promote an active chromatin state, and transcription would
continue from the locus after replication. Once transcription resumes, replication independent
and transcription dependent deposition of H3.3 would reconstitute high levels of nucleosomes
containing H3.3.

RNA-based silencing

Over the past few years, non-coding RNAs have been implicated in long term, chromatin-based
gene silencing. The first wave of imprinted X-chromosome inactivation in preimplantation
mouse embryos is mediated by the Xist RNA. Once transcribed, Xist RNA spreads from its
origin in cis to coat the X-chromosome and recruits other silencing factors [241,242]. Not only
does Xist form a chromosomal memory of X inactivation during differentiation, Xist coating
recruits further repressive chromatin changes — incorporation of the histone variant macroH2A,
DNA methylation and recruitment of PcG proteins [243,244]. These chromatin changes allow
the inactivated X-chromosome to be stably silenced at later stages of development, even in the
absence of Xist [245].

RNA interference (RNAI) mediated heterochromatin formation has also emerged as a robust
means of establishing epigenetic inheritance [246,247]. RNAI regulates heterochromatin
formation and spreading at the pericentric dg and dh repeats in Schizosaccharomyces pombe
[248,249]. The process initiates when either of these repeats is transcribed. These RNAs are
fed into the RNAI pathway, eventually generating small siRNAs that get incorporated into the
RITS (RNA-induced transcriptional silencing) complex. RITS activity recruits the H3K9
methyltransferase, Clr4, and eventually the heterochromatin protein Swi6 binds to H3K9me
to form silenced heterochromatin at centromeres. Inheritance of centromeric silencing through
successive generations appears to require a mechanism connecting RNAi and early replication
of centromeric repeats [250,251].

Cellular memory in budding yeast

Unlike multicellular organisms, unicellular yeasts like Saccharomyces cerevisiae and Candida
albicans demonstrate no significant differentiation or functional asymmetry between
‘progenitor’ mother cells and their progeny. Nevertheless, these cells have complex
transcriptional networks that lend themselves to considerable robustness and sensitivity when
agrowing population of yeast encounter and respond to environmental changes. Can activation
of such transcriptional networks lead to a heritable memory of adaptive response in yeast cells?
There appear to be at least two clear situations where cellular memory is formed. One is the
frequency of ‘white-opaque’ cell type switching in Candida albicans [252-254], and another
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is the rapid reactivation of galactose induced transcription of the GAL gene cluster (GAL1,
GAL10 and GALY) following a period of transcriptional repression [255-257]. Interestingly,
in both examples memory of the transcriptional response persists for at least several
generations. What is the mechanism by which transcriptional memory in yeast is inherited by
successive generations? Yeast lack DNA methylation and therefore this mode of epigenetic
inheritance is absent. For both of the above examples of transcriptional memory, regulators of
chromatin structure have been suggested. Studies on white-opaque switching of C. albicans
indicate that the histone deacetylases HDAC2 and RPD3 are involved since deletion of these
genes affects switching frequency [258,259]. Yet there is still no clear mechanism of how the
mark of histone deacetylation is inherited by subsequent generations. For transcriptional
memory at GAL genes, chromatin transitions as well as cytoplasmic signaling networks have
been proposed and these will be discussed further.

How does the chromatin structure of yeast cells compare to the genome organization of more
complex eukarayotes, such as Drosophila or vertebrates? Yeast chromatin, like all eukaryotes
is composed of linear arrays of canonical nucleosomes, and it is believed that yeast chromatin
is organized as a dynamic 30 nm fiber. Yeast chromatin is on average hyperacetylated, and
this high level of acetylation correlates well with the observation that most of the yeast genome
is transcribed. Yeast contain an H2A.Z histone variant (Htz1p), but the linker histone homolog,
Hholp, does not appear to play a role in chromatin organization or general genome function.
Yeast cells contain members of all four classes of ATP dependent chromatin remodeling
enzymes (e.g. SWI/SNF, ISW1/2, INO80, and Chd1p), as well as many different histone
modifying enzymes. Notably, budding yeast lack the enzymes that generate several methylated
lysines, including those that modify H3 K9 and H4 K20. In contrast, the fission yeast, S.
pombe, contain both of these methylases. Consequently, fission yeast contain more classical
heterochromatin domains that harbor H3 K9me2 and an HP1 homolog, whereas budding yeast
rely on the Sir2/3/4 complex to generate heterochromatin-like structures that repress
transcription and recombination. Thus, yeast cells, like more complex eukaryotes, can use
heterochromatin as a mechanism to maintain an inactive transcription state over many
generations.

The yeast GAL system and models of transcriptional memory

The GAL genes in budding yeast encode enzymes of the Leloir pathway which is activated by
galactose and expresses proteins to internalize and metabolize this sugar. GAL genes can be
broadly separated into two groups — the structural genes (GAL1, GAL5, GAL7, GAL10), which
encode enzymes to metabolize galactose, and regulatory genes (GAL2, GAL3, GAL4,
GALS0) that transport galactose and control expression of the structural genes. Expression of
Gallp (galactokinase), Gal7p (galactose-1-phosphate uridyl transferase) and Gal10p (uridine
diphosphoglucose epimerase) are tightly regulated in the presence of different sugars and they
are induced at least 1000-fold in the presence of galactose [260-263].

All GAL genes are activated by Gal4p, a zinc finger DNA binding protein that binds to target
sequences upstream of each GAL gene. GAL1 and GAL10 are divergently transcribed on
chromosome 11, and their common intergenic regulatory region contains an upstream activating
sequence (UASg) that contains 4 Gal4p binding sites (Figure 2)[261,264]. When yeast cells
are grown in glucose media, transcription from GAL1 and GAL10 is repressed by three
mechanisms [262,265]. Firstly, expression of the Gal4p activator is repressed in glucose media,
limiting the amount of Gal4p that is bound to UASg. Secondly, the small amount of Gal4p that
is bound to the UASg is inactivated by the Gal80p repressor which binds and masks the C-
terminal activation domain of Gal4p. And thirdly, glucose-responsive repressor proteins
Miglp, Nrglp and Nrg2p bind to UASg sequences located between UASg and the GAL1 or
GAL10 promoter regions, and they actively repress transcription [266—-269]. When cells are
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grown in ‘neutral’ carbon sources, such as raffinose or glycerol, glucose-repression
mechanisms are alleviated, and thus Gal4p fully occupies its sites within UASg [261].
However, the Gal80p repressor remains bound to Gal4p, preventing transcriptional activation
[261].

When galactose is added to cells, it is transported to the cytoplasm by the Gal2p membrane-
bound permease. Cytoplasmic galactose is signaled by the co-inducer protein, Gal3p, which
binds galactose and translocates to the nucleus [270]. The Gal3p-galactose complex is believed
to bind and inactivate the Gal80p repressor, which allows Gal4p to recruit the transcriptional
machinery and chromatin remodeling and modification enzymes such as SWI/SNF and SAGA,
respectively (Figure 2) [271-276]. Interestingly, transcriptional induction of GAL1 leads to
translocation of the locus to the nuclear pore, a phenomenon that is believed to aid in the
efficient export of mMRNA into the cytoplasm [277-281].

Brickner and colleagues described the first example of transcriptional memory involving the
yeast GAL genes (see Figure 3) [257]. In their studies, cells were initially grown in glucose
media and then shifted to galactose. In this case, transcriptional induction of GAL1 was quite
slow (3—4 hours), as cells must eliminate glucose repression and synthesize Gal4p. Cells were
then treated a second time with glucose, which repressed GAL1 expression, and following 12
hours (~6 cell divisions) of glucose growth, cells were once again switched to galactose
medium. Remarkable, GAL1 induction was more rapid than the initial round of expression,
with peak expression occurring in less than 2 hours. This phenomenon of rapid re-induction
kinetics represents a form of transcriptional memory as the cells have “remembered” their
previous exposure to galactose. Furthermore, the memory observed in this system appears to
be a relatively long-term phenomenon as it is stable to at least 6 cell divisions.

To eliminate possible complications due to long term glucose repression, we performed similar
“memory” experiments, but in our case naive cells were propagated in media containing the
neutral sugar, raffinose, prior to the transfer to galactose. In this regimen (Figure 3), the first
round of GAL1 induction required only 20 minutes of galactose exposure for maximal
expression. Cells were then treated with glucose for 1-6 hours to repress GALL expression,
and then cells were transferred back to galactose medium. In this case, re-induction of GAL1
was almost instantaneous, with peak levels of expression occurring within 5 minutes of
galactose expression [256]. But in contrast to the relatively long-term memory phenomenon
described above, this memory was short-lived, with the rapid re-induction kinetics being lost
when cultures were propagated for longer than three cell divisions (6 hours) in glucose media.

Interestingly, different factors have been implicated for ‘short-term’ and ‘long-term’ memory.
Studies by Brickner and colleagues [257] suggest that formation and inheritance of the ‘long-
term’ memory state requires the histone variant, H2A.Z, and memory correlated with the
association of the GAL1 locus with the nuclear pore. The molecular role of H2A.Z is not clear,
although Tzamarias and colleagues have suggested that it may also play in a role in the first
round of expression by facilitating recruitment of the mediator complex [255]. It seems unlikely
that the nuclear pore has adirect role in cellular memory, as a recent study indicates that parental
nuclear pores are retained within the mother cell, while the daughter cell always receives newly
synthesized and assembled pore complexes [282]. Thus, there does not appear to be a
mechanism to faithfully propagate a GAL1-pore complex to daughter cells. In contrast to the
long-term memory phenomenon, short-term memory does not require histone H2A.Z, post-
translational histone modifications, or components of the nuclear pore, but instead requires the
ATP-dependent chromatin remodeling enzyme, SWI/SNF [256 and our unpublished results].

How could a chromatin remodeling enzyme promote transcriptional memory? One model
proposes that SWI/SNF may influence the positioning of hucleosomes that are re-assembled
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at the promoter when the activated GAL1 gene is repressed by glucose. In this case, promoter
elements might be located between positioned nucleosomes, poising the gene for a subsequent
activation event. However, SWI/SNF is rapidly displaced from the GAL1 gene during glucose
repression [256,283], and thus the proposed nucleosome positions would need to be re-
established after each round of DNA replication even in the absence of SWI/SNF. Interestingly,
genetic analysis revealed that inactivation of either of the two ISWI complexes, ISW1 or ISW2,
could rescue the defect in short-term transcriptional memory seen in the absence of SWI/SNF
(Figure 4) [256]. This result seems to support a nucleosome positioning model, given that ISWI
complexes typically function by establishing repressive nucleosome positions at RNAPII
promoters [284].

Like complex genetic networks of higher eukaryotes, yeast genetic networks are also controlled
at different steps by feedback or feedforward loops. Such loops increase the responsiveness of
the network to subtle environmental changes and reduce stochastic noise or cell heterogeneity
in gene activity [285-287]. The GAL transcriptional network also incorporates signaling loops
— positive signaling via Gal3p and negative signaling via Gal80p that can together enhance the
robustness of the response of the population to galactose [288-291]. Thus, one simple model
that might explain transcriptional memory of GAL genes posits that the initial induction of
GAL genes alters the concentration of positive signaling molecules such that a second round
of induction occurs with faster kinetics. Since memory is a heritable event, the increased
concentration of signaling molecules would need to be inherited by daughter cells, presumably
as a cytoplasmic component (Figure 1). Indeed, expression of the positive signaling factor,
Gal3p, isinduced 3-5 fold by growth in galactose. Likewise, the expression of Gallp is induced
>1000-fold by galactose. Gallp and Gal3p are very closely related proteins that are believed
to have diverged from a common ancestor. Gallp can bind to galactose, and at high cellular
concentrations, Gallp can function as a galactose coinducer [292-295]. Interestingly, long-
term memory at GAL genes requires Gallp, but not Gal3p [255].

If transcriptional memory involves the cytoplasmic inheritance of the Gallp signaling
molecule, why is SWI/SNF required for short term memory? We favor a model in which the
kinetics of GAL gene expression is influenced by two different rate determining steps. In the
first round of expression, the kinetics of induction are determined by the rate at which galactose
is sensed and an optimal level of signaling complex is generated (Figure 3). This step is quite
slow compared to other steps of the transcription process, such as chromatin remodeling. In
contrast, the signaling step is quite rapid during a second round of expression due to the high
concentration of cytoplasmically inherited Gal3p and Gallp. In this case, SWI/SNF-dependent
chromatin remodeling at the promoter becomes the rate-limiting step for GAL induction. Thus,
in this model, SWI/SNF does not play a direct role in transcriptional memory. A similar model
may also explain why the histone variant H2A.Z influences long-term transcriptional memory.

Two questions arise — firstly, if Gallp functions as a memory factor to robustly signal the
presence of galactose in the environment, then why doesn’t the bona fide co-inducer, Gal3p,
also provide long term memory? Secondly, do Gallp or Gal3p also contribute to ‘short-term’
memory? As noted above, Gal3p levels only increase 3- to 5-fold when cells are switched to
galactose media. Gal3p has a half-life of ~4 hours (2 cell divisions), so the increased levels of
Gal3p may only survive for a few cell divisions. Thus, Gal3p may not facilitate long-term
memory because the increased levels are too rapidly diluted. One would anticipate that Gal3p
will contribute to short term memory, as the higher levels of Gal3p will still be available for
the second round of induction. However, it is likely that Gallp and Gal3p will function
redundantly as “memory factors” since either factor should be able to enhance galactose
signaling. Together, these results indicate that both short-term and long-term memory of
GAL gene transcription is likely to be transmitted to future generations by the cytoplasmic
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distribution of signaling molecules. Whether chromatin-based mechanisms may also
contribute to transcriptional memory at other loci in yeast remains to be elucidated.
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Figure 1. Mechanisms for nuclear and cytoplasmic inheritance of transcriptional memory

A multipotent progenitor cell can respond to a particular signal(s) by altering its transcriptional
profile. This step can lead to cell-fate commitment. Memory of adopted cell fate can be
transmitted by various epigenetic/chromatin based mechanisms or by cytoplasmic signals.
Changes in chromatin state can involve DNA-cytosine methylation, histone modifications and/
or histone variants. Cytoplasmic inheritance could involve a signal-induced peptide, RNA or
small molecule that maintains target genes in an ON or OFF state. Persistence of cellular
memory in each case depends on faithful transmission of the ‘memory mark’ to subsequent
generations. See text for details.
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Figure 2. Schematic representation of activation of the GAL1-10 locus

Transcriptional activation of GAL genes requires the presence of galactose sugar. Extracellular
galactose is transported to the cytoplasm by the Gal2p permease. Intracellular galactose binds
the Gal3p co-inducer protein and this complex inactivates Gal80p repressor. Inactivation of
Gal80p leads to activation of the Gal4p activator. Gal4p is a transcription factor that binds to
DNA sites upstream of the structural genes, like GAL1 and GAL10 and promotes their
transcription (wavy arrows). GAL1 encodes galactokinase that converts galactose to
galactose-1-phosphate. Other enzymes of the GAL regulon (Gal7p, Gal10p, Gal5p) further act
on this substrate to metabolize galactose for energy production. See text for details.
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Figure 3. Schematic to summarize the two forms of transcriptional memory observed at the GAL
gene cluster
Two different experimental regimens that lead to memory are shown. ‘Short-term’ and ‘long-

term’ forms of memory differ in the required factors. See text for details.
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Figure 4. Model for establishment of transcriptional memory through chromatin remodeling by
SWI/SNF

Intracellular galactose activates the Gal4p activator, which recruits RNA Polymerase Il and
other components of the transcriptional machinery. This leads to transcription of GALL,
GAL7 and GAL10 genes. Transcription leads to formation of memory, which can be inhibited
by ISWI complexes. Activated Gal4p also recruits SWI/SNF, which antagonizes the repressive
function of ISWI complexes at these loci, thereby contributing to establishment of
transcriptional memory.
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