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DNA in eukaryotes is invariably present as a complex with histone and non-histone proteins
called chromatin. These proteins play an important role in the proper regulation of genes
during development and differentiation. Transcription factors and the covalent modifications
of DNA, histone and non-histone proteins establish an epigenetic state that is heritable and
which does not involve a change in genotype. The heritability of transcription states through
cell division brings up specific questions: How are epigenetic marks established and re-
established in the daughter cells following DNA replication and mitosis? In this article we
explore what is known of the cell cycle dependence of epigenetic inheritance with particular
emphasis on yeast loci and discuss the role of specific proteins responsible for the
establishment and maintenance of these states.

Introduction

The regulation of gene transcription by cell and tissue specific transcription factors is a key
process in cell growth and differentiation. Eukaryotic DNA bound by histone and non-
histone proteins in chromatin is not generally amenable to transcription. Sequence specific
transcription factors recruit cofactors such as histone modifiers and chromatin remodelers to
regulatory sites to mediate changes in chromatin that culminate in gene activation or
repression.12 A specific gene activity state, once established is stably maintained and
faithfully propagated through multiple cell divisions during development and growth of
organisms.

DNA Replication Disrupts Chromatin States

The transcription state of a gene, whether in the active or silenced state, is disrupted in every
cell cycle during replication and needs to be faithfully re-inherited—a process that likely
occurs in Go/M. The duplication of the chromatin state following DNA replication is not due
to a conservative or semi-conservative duplication of histones, which are evicted during
replication (DNA methylation in vertebrates is an exception). However, the re-templating of
chromatin and activity states of specific genes during cell division is a very proficient and
accurate process and the molecular mechanisms underlying this are far from clear. How is
this process orchestrated? What is the role of the transcription factors and how do they
function in concert with other factors to re-establish the state following replication?
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During replication, nucleosomes are disrupted immediately upstream of the replication fork
and re-form downstream of the fork (reviewed in ref. 3). Furthermore, parental H3/H4
tetramers and H2A/H2B dimers are re-deposited at random on either daughter strand.
Finally the gaps in the nucleosomal arrays on the daughter strands are filled in with newly
synthesized, specifically acetylated H3/H4 and H2A/H2B dimers.# The Hatlp complex
acetylates newly synthesized histone H4 on K5 and K12,° while the Rtt109 complex
acetylates newly synthesized histone H3 on K9 and K56.8 This entire process of histone
deposition during replication utilizes various histone chaperones such as Nap1, Asfl and
CAF1 which co-ordinate deposition with the replication machinery.”-8

Following replication, newly deposited nucleosomes contain acetylated histones and are
disordered and unevenly spaced on the DNA# and this chromatin state is more accessible to
various transcription factors.? Chromatin maturation after replication involves the removal
of the deposition-specific acetyl marks by histone deacetylases-Rpd310 and Hst3/4,11 and
must also include chromatin remodelers since the maturation of the chromatin involves the
even spacing and organization of nucleosomes (reviewed in ref. 12). Thus, while the
transcription state of a gene is stably maintained and faithfully copied, the chromatin
structure and the modifying and remodeling enzymes involved in these processes are in
constant flux. The process of chromatin assembly during and after DNA replication
therefore does not appear to provide an obvious mechanism by which the parental state can
be reestablished in the daughters. However recent analysis of the inheritance of gene states
at specific loci in yeast provides some insights.

Inheritance of the Active Gene State—A Novel Twist

De novo gene activation involves sequence specific factors that bind enhancers and
proximal promoters and utilize various histone modifying and remodeling complexes to
open chromatin and initiate transcription. Once active, the gene state is often maintained
through growth and cell division. The ability to maintain and duplicate the active
transcription state of a gene in specific cell types is central to organ biogenesis during
development.

Studies on gene activation in yeast have identified some of the factors involved in the stable
maintenance of genes in an active state. Transcription of the GAL genes occurs only in the
presence of galactose following glucose depletion.13 For example, the GAL 1 gene is
maintained in a repressed state by the Migl and Gal80 repressors. While Mig1 binds the
promoter of GAL1, Gal80 directly binds the transcriptional activator, Gal4 and prevents it
from activating the GAL 1 gene. Activation involves the release of Migl from the GALI
promoter, the upregulation of Gal4 as well its release from Gal80 that is mediated by Gal3.
The Gall protein is a close homolog of Gal3 and can substitute for Gal3 in dissociating Gal4
from Gal80. While the de novo induction of the GAL genes is a slow process, re-induction
of the genes following a period of quiescence is extremely rapid demonstrating that the cell
maintains a memory of the gene activity state for several generations.1#:15 This begs the
obvious question of which factors mediate transcriptional memory. A series of experiments
showed that the memory is directly related to the levels of Gall protein.1® As long as the
cells have a reservoir of Gall in the cytoplasm, upon reactivation, the elevated levels of
Gal1l protein can rapidly aid in the dissociation of Gal80 from Gal4 allowing Gal4 to recruit
various chromatin remodelers and modifiers to activate the gene. Detailed molecular
analyses of this process demonstrated that the active gene localizes to nuclear pores via
interactions with pore protein MIpl and remains localized during quiescence and this
localization is necessary for transcriptional memory. Rapid reinduction correlates with the
persistence of the activator Gal4 at the promoter of the gene, and also requires the chromatin
remodeler Swi/Snf, the histone variant Htz1p (which localizes at the promoters of genes)
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and the general transcription factor TF11B.1415.17.18 These data suggest that while
transcriptional memory is dependent upon the levels of the Gall protein, memory is
critically dependent upon the ability of the promoter bound transcription factors to rapidly
recruit cofactors and remodel the chromatin structure at the transcription start site enabling
rapid reinitiation of transcription and these results are consistent with a large body of
literature demonstrating that the peripheral localization of genes promotes efficient
induction of transcription.19

These results are consistent with data from Drosophila where the maintenance of the active
state at the HOX loci utilizes histone modifying and remodeling complexes such as TRX,
ASH1 and BRM but most importantly also require the sequence specific factors Zeste and
pipsqueak.2? These proteins bind the active genes during cell division thereby preventing
their silencing by polycomb repressors. Furthermore, the specific DNA elements (TRE/
PRE) that bind these factors are constitutively required for the maintenance and inheritance
of the transcription state of the locus. Removal of these elements by excision leads to a rapid
loss in transcription memory at the locus.

Silenced State Inheritance Requires Silencer Bound Proteins

Silencing at the cryptic mating loci, HML and HMR, in S. cerevisiae requires silencers that
recruit Orclp, Raplp, Abflp and Sirl to mediate silencing.?! The silencers recruit the Sir
proteins, Sir2, Sir3 and Sir4, which bind nucleosomes to create a large domain of
inaccessible and transcriptionally inert chromatin.

The establishment of silencing requires passage through the G,/M phase of the cell cycle but
does not require DNA replication.2! While the replication-independent S-phase event
necessary to establish the silent state is not fully clear, the Sir proteins are unable to stably
bind to chromatin during the G, phase of the cell cycle and full silencing is only achieved in
telophase concomitant with the degradation of cohesin subunits.

While establishment of silencing requires passage through S-M, the silenced state once
established is also disrupted in each cell cycle and must be faithfully re-established in every
cell cycle following replication. The chromatin state after replication mimics euchromatin
and therefore re-formation of the silenced chromatin is likely an active process. The proper
deposition of nucleosomes during replication, removal of the acetyl marks by histones
deacetylases and the even spacing of nucleosomes during chromatin maturation are all
necessary for efficient inheritance of the silent state.22:23

Most importantly, the inheritance of the silenced state also requires the silencers. Deletion of
the silencer in cells progressing through the cell cycle leads to de-repression of the silent
domain within a single generation,24 indicating that an intact silencer is required for the
efficient inheritance of the repressed chromatin structures following replication. The silencer
appears to provide the genomic memory that promotes the reformation of the silent
chromatin in the progeny.2°> Furthermore, mutations in the silencer bound proteins indicate
redundancies in the silencer. Mutations in any one silencer bound protein leads to an
increase in the probability of loss of silencing26-27 presumably because the stability of the
protein complex at the silencer is weakened and the probability of inheriting the repressed
state is thus reduced. Thus silencers can be considered as elements that efficiently ensure
epigenetic memory.

In addition to the silencers, it is likely that the Sir proteins are important for the efficient
inheritance of the repressed state. SUMI-1is a dominant mutation of the local repressor
Sum1.2LSUM1-1 is recruited to the silenced #MR domain by the silencer bound proteins
and represses genes even in the absence of the Sir proteins.2! However, unlike Sir mediated
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repression, the SUM1-1 mediated repressed state is not stably inherited?® suggesting that the
silencers are not sufficient for inheritance and the Sir proteins either directly or indirectly
also play a role.

Yeast silencers form distinct clusters at the nuclear membrane and the Sir proteins are highly
concentrated at these clusters.2% Loss of the clusters in mutants of Sir4, Ku70/80 and Escl
lead to a dispersal of Sir proteins and a concomitant decrease in silencing.20
Compartmentalization of silenced DNA to regions of the nucleus rich in specific repressors
likely enhances the probability of epigenetic inheritance of the silent state and the same may
well be true for gene activation.

Mechanism of Insulator Function and Inheritance

This short overview of a few specific examples clearly indicates that transcription memory
crucially requires specific DNA regulatory elements bound by specific transcription factors.
These elements allow gene states to be copied after the original state is disrupted during
replication. The detailed molecular choreography during this process is not clear3! but
recent results might suggest a pathway.

Outside of the silenced /MR domain in S. cerevisiae is an actively transcribed tRNATH
gene. This gene acts as a chromatin insulator and restricts the spread of silencing.32
Insulation involves a direct competition between heterochromatin and the tRNA gene
mediated chromatin remodeling/modification.33 Detailed molecular analyses of tRNA
mediated insulation have identified some unexpected links between replication coupled
chromatin assembly, transcription factors that bind the tRNA gene and chromatin
remodelers that are recruited to and required for the activation of tRNA genes.34 The tRNA
gene lacks nucleosomes and numerous proteins are required for the efficient formation and
maintenance of the specialized chromatin structure at the tRNAT insulator. Mutants in
DNA polymerase e (which is associated with leading strand DNA synthesis), the histone
acetylase Rtt109 (which acetylates free histones prior to their deposition into chromatin) and
the chromatin remodeler Rsc (which is recruited to tRNA genes and evicts nucleosomes)
allow the tRNA specific transcription factors (TFI1IB and TFIIIC) to bind the gene. Most
interestingly, the tRNA bound transcription factors and the acetylase Rtt109 are also
required for the binding/recruitment of Rsc to the tRNA suggesting a self-reinforcing
mechanism between the transcription factors and Rsc in potentiating this gene. Clustering of
tRNA genes in the nucleus is a phenomenon that is conserved from yeast to humans. The
clustering could aid in the process of inheritance of the gene state, providing a local
environment rich in RNA pol 111 transcription factors and cofactors.

In each cell cycle, following replication, acetylated histones would be deposited into
chromatin. While transcription factors are unable to bind their sites when these sites are
packaged into chromatin, immediately after replication, the acetylated immature chromatin
state is more open and accessible to transcription factors,® which may provide a window of
opportunity for transcription factors to gain access to their sites, albeit binding weakly. Since
transcription factors interact with and recruit chromatin remodelers, this would lead to the
recruitment of specific remodelers close to the gene. Chromatin remodelers have a
preference for binding and evicting acetylated nucleosomes in vitro, and it is therefore
possible that the newly deposited acetylated histones are more efficiently evicted by the
remodelers, which would in turn allow the weakly bound transcription factors to bind more
stably thereby recreating the original gene state. The precise steps involved in re-creating the
active state in each cell cycle following replication have not yet been elucidated but thus far
the data suggest that the balance between concentration of transcription factors and
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repressors and the ability to efficiently recruit specific co-activators may be the key to
efficient copying of gene states following replication.

Concluding Remarks

The establishment and inheritance of cell type specific genetic programs during
development and differentiation in the absence of any changes in genotype defines the field
of epigenetics. While numerous examples of epigenetic inheritance of gene states have been
identified in organisms as diverse as yeast, flies and humans the detailed molecular
mechanisms of this process are only now coming into focus. Numerous questions remain—
what are the key processes underlying inheritance of gene activity states, what are the key
regulators of these processes and are there differences in inheritance mechanisms between
species, cells or loci? Development of single cell assays, genome-wide screens for mutants
and studies on synchronized cell populations coupled with sensitive genomic approaches
should aid in our understanding of the process of inheritance of gene states in yeast and
other eukaryotes.

Acknowledgments

We would like to thank Paul Kaufman, Anthony Annunziato and Craig Peterson for comments on this review. We
would also like to thank members of the Ro lab for comments and criticisms. This work was supported by a grant
from the NIH to R.T.K. (GM078068) and (T32-GM008646) to J.G.K.

References

1. Smith CL, Peterson CL. ATP-dependent chromatin remodeling. Curr Top Dev Biol. 2005; 65:115-
48. [PubMed: 15642381]

2. Peterson CL, Laniel MA. Histones and histone modifications. Curr Biol. 2004; 14:546-51.

3. Annunziato AT. Split decision: what happens to nucleosomes during DNA replication? J Biol
Chem. 2005; 280:12065-8. [PubMed: 15664979]

4. Annunziato AT, Hansen JC. Role of histone acetylation in the assembly and modulation of
chromatin structures. Gene Expr. 2000; 9:37-61. [PubMed: 11097424]

5. Parthun MR, Widom J, Gottschling DE. The major cytoplasmic histone acetyltransferase in yeast:
links to chromatin replication and histone metabolism. Cell. 1996; 87:85-94. [PubMed: 8858151]

6. Peterson CL. Genome integrity: a HAT needs a chaperone. Curr Biol. 2007; 17:324-6.

7. Loyola A, Almouzni G. Histone chaperones, a supporting role in the limelight. Biochim Biophys
Acta. 2004; 1677:3-11. [PubMed: 15020040]

8. Eitoku M, Sato L, Senda T, Horikoshi M. Histone chaperones: 30 years from isolation to elucidation
of the mechanisms of nucleosome assembly and disassembly. Cell Mol Life Sci. 2008; 65:414-44.
[PubMed: 17955179]

9. Aparicio OM, Gottschling DE. Overcoming telomeric silencing: a trans-activator competes to
establish gene expression in a cell cycle-dependent way. Genes Dev. 1994; 8:1133-46. [PubMed:
7926719]

10. Robyr D, Suka Y, Xenarios I, Kurdistani SK, Wang A, Suka N, et al. Microarray deacetylation
maps determine genome-wide functions for yeast histone deacetylases. Cell. 2002; 109:437-46.
[PubMed: 12086601]

11. Miller KM, Maas NL, Toczyski DP. Taking It Off: Regulation of H3 K56 Acetylation by Hst3 and
Hst4. Cell Cycle. 2006; 5

12. Aligianni S, Varga-Weisz P. Chromatin-remodelling factors and the maintenance of transcriptional
states through DNA replication. Biochem Soc Symp. 2006:97-108. [PubMed: 16626291]

13. Bhat PJ, Murthy TV. Transcriptional control of the GAL/MEL regulon of yeast Saccharomyces
cerevisiae. mechanism of galactose-mediated signal transduction. Mol Microbiol. 2001; 40:1059—
66. [PubMed: 11401712]

Epigenetics. Author manuscript; available in PMC 2012 October 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kirkland and Kamakaka

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 6

. Brickner DG, Cajigas |, Fondufe-Mittendorf Y, Ahmed S, Lee PC, Widom J, et al. H2A.Z-
mediated localization of genes at the nuclear periphery confers epigenetic memory of previous
transcriptional state. PLoS Biol. 2007; 5:81.

Kundu S, Horn PJ, Peterson CL. SWI/SNF is required for transcriptional memory at the yeast GAL
gene cluster. Genes Dev. 2007; 21:997-1004. [PubMed: 17438002]

Zacharioudakis I, Gligoris T, Tzamarias D. A yeast catabolic enzyme controls transcriptional
memory. Curr Biol. 2007; 17:2041-6. [PubMed: 17997309]

Sue Mei, Tan-Wong; Wijayatilake, HD.; Proudfoot, NJ. Gene loops function to maintain
transcriptional memory through interaction with the nuclear pore complex. Genes and Dev. 2009;
23:2610-24. [PubMed: 19933151]

Jean-Philippe, Lainé; Badri Nath, Singh; Shankarling, Krishnamurthy; Hampsey, M. A
physiological role for gene loops in yeast. Genes and Dev. 2009; 23:2604-9. [PubMed: 19933150]
Akhtar A, Gasser SM. The nuclear envelope and transcriptional control. Nat Rev Genet. 2007;
8:507-17. [PubMed: 17549064]

Ringrose L, Paro R. Epigenetic regulation of cellular memory by the Polycomb and Trithorax
group proteins. Annu Rev Genet. 2004; 38:413-43. [PubMed: 15568982]

Rusche LN, Kirchmaier AL, Rine J. The Establishment, Inheritance and Function of Silenced
Chromatin in Saccharomyces cerevisiae. Annu Rev Biochem. 2003

Zhang Z, Shibahara K, Stillman B. PCNA connects DNA replication to epigenetic inheritance in
yeast. Nature. 2000; 408:221-5. [PubMed: 11089978]

Sharp JA, Fouts ET, Krawitz DC, Kaufman PD. Yeast histone deposition protein Asflp requires
Hir proteins and PCNA for heterochromatic silencing. Curr Biol. 2001; 11:463-73. [PubMed:
11412995]

Cheng TH, Gartenberg MR. Yeast heterochromatin is a dynamic structure that requires silencers
continuously. Genes Dev. 2000; 14:452-63. [PubMed: 10691737]

Holmes SC, Broach JR. Silencers are required for inheritance of the repressed state in yeast. Genes
and Dev. 1996; 10:1021-32. [PubMed: 8608937]

Pillus L, Rine J. Epigenetic inheritance of transcriptional states in S. cerevisiae. Cell. 1989;
59:637-47. [PubMed: 2684414]

Sussel L, Vannier D, Shore D. Epigenetic switching of transcriptional states: cis- and trans-acting
factors affecting establishment of silencing at the HMR locus in Saccharomyces cerevisiae. Mol
Cell Biol. 1993; 13:3919-28. [PubMed: 8321199]

Valenzuela L, Gangadharan S, Kamakaka RT. Analyses of SUM1-1-mediated long-range
repression. Genetics. 2006; 172:99-112. [PubMed: 16272409]

Gasser SM, Hediger F, Taddei A, Neumann FR, Gartenberg MR. The function of telomere
clustering in yeast: the circe effect. Cold Spring Harb Symp Quant Biol. 2004; 69:327-37.
[PubMed: 16117665]

Bystricky K, Van Attikum H, Montiel MD, Dion V, Gehlen L, Gasser SM. Regulation of nuclear
positioning and dynamics of the silent mating type loci by the yeast Ku70/Ku80 complex. Mol
Cell Biol. 2009; 29:835-48. [PubMed: 19047366]

Wallace JA, Orr-Weaver TL. Replication of heterochromatin: insights into mechanisms of
epigenetic inheritance. Chromosoma. 2005; 114:389-402. [PubMed: 16220346]

Valenzuela L, Kamakaka RT. Chromatin insulators. Annu Rev Genet. 2006; 40:107-38. [PubMed:
16953792]

Valenzuela L, Dhillon N, Kamakaka RT. Transcription Independent Insulation at TFIIIC
Dependent Insulators. Genetics. 2009; 183:131-48. [PubMed: 19596900]

Dhillon N, Raab J, Guzzo J, Szyjka SJ, Gangadharan S, Aparicio OM, et al. DNA polymerase
epsilon, acetylases and remodellers cooperate to form a specialized chromatin structure at a tRNA
insulator. EMBO J. 2009; 28:2583-600. [PubMed: 19629037]

Epigenetics. Author manuscript; available in PMC 2012 October 05.



