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Abstract

Transcriptional reinduction memory is a phenomenon whereby cells “remember” their transcriptional response to a previous
stimulus such that subsequent encounters with the same stimulus can result in altered gene expression kinetics. Chromatin
structure is thought to play a role in certain transcriptional memory mechanisms, leading to questions as to whether and
how memory can be actively maintained and inherited to progeny through cell division. Here we summarize efforts towards
dissecting chromatin-based transcriptional memory inheritance of GAL genes in Saccharomyces cerevisiae. We focus on
methods and analyses of GAL (as well as MAL and INO) memory in single cells and discuss the challenges in unraveling the

underlying mechanisms in yeast and higher eukaryotes.
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Introduction

In eukaryotes, DNA is packaged into chromatin, and it is
the structure of chromatin that is ultimately permissive or
restrictive for gene expression. Factors that affect chromatin
structure therefore have a profound impact on transcription,
and these factors are important to adapt chromatin structure
and hence gene induction or repression during changing
environmental conditions. Here we will focus on the role
of chromatin on heritability of adaptive memory mecha-
nisms in Saccharomyces cerevisiae as a response to repeated
environmental fluctuations. In this so-called transcriptional
reinduction memory, cellular response to an initial stimulus
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differs from subsequent exposures to the same stimulus, e.g.
by affecting the delay or rate of gene induction.

In Fig. 1, we summarize potential mechanisms for storing
chromatin-based memory in S. cerevisiae. Although it is
easy to conceptualize “where” memory can be stored, how
these altered chromatin structures and associations are main-
tained once the inducing stimulus disappears is difficult to
unravel. An even greater challenge to address is whether and
how such chromatin alterations can be maintained in mother
cells through cell division, in a way that daughter cells can
inherit these alterations as well as the associated capacity
for transcriptional memory, without prior exposure to the
initial stimulus. This requires not only observing single cells
as they undergo repeated inductions but also simultaneously
tracing cell lineages through divisions. We have recently
reported a study using new methods and analyses to tackle
the above challenges and decipher the role of chromatin-
associated factors in the maintenance and inheritance of
galactose-induced transcriptional memory in S. cerevisiae
(Bheda et al. 2020).
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Fig. 1 Potential sites for storing chromatin-based memory in S. cer-
evisiae. Components of the transcriptional machinery, such as tran-
scription factors, pre-initiation complex (PIC), and RNA polymerase
II (RNAPII), that are recruited during gene induction might remain
associated with chromatin even after the stimulus is removed, pois-
ing for reinduction via shorter delays. Structural changes in chroma-
tin that occur during induction that can be maintained once the gene
is no longer transcriptionally active can also result in transcriptional
memory. In S. cerevisiae, there are reports of looping of induced

Sugar source history determines GAL
transcriptional memory

Although S. cerevisiae prefers glucose as a carbon source,
in the absence of this sugar, it has metabolic networks that
allow for the use of alternative energy sources such as
galactose. Figure 2 summarizes the central components of
the galactose (GAL) metabolism network. Once GAL genes
have been induced with galactose, they retain memory of
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Fig.2 Simplified GAL network. (left) In the absence of galactose,
Gal80p inhibits Galdp, the transcription factor for several GAL net-
work proteins. Furthermore, the presence of glucose leads to several
mechanisms that repress GAL genes, including transcriptional repres-
sion and active degradation of Galdp as well as binding of glucose-
dependent proteins such as Miglp to sequences upstream of the
GAL genes, inhibiting Gal4p binding. (right) In the absence of glu-
cose and when galactose is available, Galdp levels are increased and
Gal3p binds to and sequesters Gal80p away from inhibiting Gal4p.
Gal4p binds to the upstream activating sequence (UAS), recruiting
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genes and translocation to the nuclear periphery that affect reinduc-
tion. In addition, effects on nucleosome occupancy perhaps due to
remodeler or chaperone activity or covalent histone modifications
[e.g. acetylation (Ac) and methylation (Me)] associated with active
transcription may also affect reinduction kinetics. S. cerevisiae has a
compact genome and highly pervasive transcription, where multiple
cryptic transcripts are expressed near or in coding regions, including
antisense transcripts that can affect the probability of transcribing the
coding sequence and could also play a role in transcriptional memory

this induction, and they are primed such that a subsequent
exposure to galactose leads to their faster reinduction. GAL
memory seems to be quite complicated, as both cytoplas-
mic and nuclear factors contribute to memory, and their
relative contributions have been controversial (Kundu
and Peterson 2010; Sood et al. 2017; Zacharioudakis
et al. 2007). Even mutants that have been described to
affect transcriptional memory at the chromatin level under
some conditions do not replicate their phenotypes in other
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the chromatin remodeler Swi2p, which results in the removal of pro-
moter nucleosomes. Consequently, the preinitiation complex (PIC),
RNA polymerase II (RNAPII), and Mediator are recruited, leading
to transcription of galactose-metabolizing enzymes including Gallp,
GallOp, and Gal7p, and the transporter Gal2p. The expression of
GAL genes is tightly controlled by a number of feedback loops, lead-
ing up to a 1000-fold increase in mRNA copy numbers under induc-
ing conditions. This process occurs much faster during reinduction,
leading to transcriptional memory of GALI, GALIO0, and GAL7
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conditions. There may be some differences due to observ-
ing GALI tagged at the endogenous or an ectopic site or
in comparison to a GALI promoter driving fluorescent
protein expression, etc.

Validating results and comparing published data is further
complicated by the fact that GAL memory protocols have
varied greatly in the composition of the media (especially
the sugar carbon source for repression) as well as the time
of exposure to a particular media (i.e. lengths of inductions
and repressions), which can significantly affect the role of
various factors (Table 1) (Bheda et al. 2020; Brickner et al.
2007; Cerulus et al. 2018; Kundu et al. 2007; Stockwell and
Rifkin 2017; Tan-Wong et al. 2009; Zacharioudakis et al.
2007; Zhou and Zhou 2011). Although the effect of some
factors appears to be robust between different types of media
changes (such as Swi2, Set3, and Citl) (Bheda et al. 2020;
Cerulus et al. 2018; Kim et al. 2012; Kundu et al. 2007),
we and others have found that the effect of some factors is
less consistent (such as Setl and Htz1) (Bheda et al. 2020;
Brickner et al. 2007; Kundu et al. 2007; Kundu and Peterson
2010; Laine et al. 2009; Zhou and Zhou 2011). This might
be due to differences in media composition, media change
protocols, or lengths of induction observation, which are
not standardized (Table 1). For example, in Zhou et al. the
memory experiment began with long-term growth in repres-
sive glucose medium, whereas Kundu et al. initially grew
the cells in a neutral raffinose medium, which results in two
distinct promoter chromatin conformations (Kundu et al.
2007; Zhou and Zhou 2011). In Bheda et al., we chose to
grow cells long-term in raffinose and then repress for the
same length of time with glucose prior to each induction in
order to keep the initial repression level as similar as possi-
ble to the repression between inductions (Bheda et al. 2020).
In addition, while some protocols used rich media (YP),
we and others have used synthetic media (SC) to minimize
background fluorescence. We also used galactose/raffinose
mixtures for induction, to avoid memory effects due to fit-
ness instead of GAL memory, whereas other protocols used
galactose alone for the inductions, or a mixture of galactose
and another neutral sugar such as sucrose.

It is perhaps not surprising that media differences lead to
such variability when considering that the chromatin state
between inductions, during which the gene retains memory
(i.e. memory window), might be greatly affected by the level
of the initial induction. Moreover, the initial induction itself
is closely dependent on the initial state of repression. For
instance, long-term growth in glucose results in a much more
repressed state than growth in the less repressive raffinose,
and thus growth in the former results in a slower first induc-
tion. Such differences in induction levels could potentially
obscure the effects exhibited by some mutants. In addition,
the duration of induction is also an important consideration,
where at early timepoints perhaps differences in induction

levels are not so apparent. Given the differences in media
change protocols and especially the extent of repression by
glucose in various studies, it has been difficult to fully recon-
cile the importance of previously identified regulators. This
truly points to the fact that future gene expression is highly
dependent on history.

In addition to GAL, transcriptional memory has been
described for the MAL genes as well as INOI in S. cerevi-
siae. The MAL genes are responsible for respiratory metab-
olism of another alternative carbon source, maltose, and
memory of a previous induction appears to work similarly
mechanistically to GAL memory (Cerulus et al. 2018). INOI
memory is rather different to GAL and MAL memory. Inolp,
an enzyme involved in inositol biosynthesis, is induced upon
inositol starvation. Unlike GAL and MAL genes, however,
expression of INOI is lower in subsequent inductions than
in an initial induction (Brickner et al. 2007). As more studies
are performed using these systems it will be interesting to
determine whether variations on media protocols will also
have different effects such as in the case of GAL.

Using single-cell assays and live-cell
observations with lineage information
to dissect maintenance and inheritance
of memory

Despite the caveats with confounding effects and differences
between protocols, there seems to be some consensus in the
field that at least under certain conditions, chromatin plays
a role in transcriptional memory mechanisms. Immediately
this raises the questions as to how long these altered chro-
matin structures survive beyond an initial induction, and
whether they are actively maintained (replicated) through
cell division. Although we can acquire an initial understand-
ing of these processes using population-based measure-
ments, to truly dissect these mechanisms it is imperative to
observe single cells exposed to repeated stimuli as they pro-
ceed through cell division. However, the majority of studies
on transcriptional memory in yeast have so far been limited
to bulk measurements of transcripts historically by northern
blotting or more recently by RT-qPCR. The first step towards
understanding inheritance of memory has been to observe
this phenomenon in single cells. For this, three main tech-
niques have been used so far: flow cytometry, sequencing,
and imaging (Fig. 3).

Acar et al. and Biggar et al. used flow cytometry to
observe how expression of either a GALI promoter-driven
fluorescent protein or Gallp fused to a fluorescent protein,
respectively, is distributed based on the history of previous
inductions/conditions (Acar et al. 2005; Biggar and Crab-
tree 2001). These studies revealed that there can be signifi-
cant variability in an initial induction leading to bimodal
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Table 1 GAL reinduction memory protocols

References Reporter Readout Pre-induction Induction media Intermediate  Reinduction media
media repression
media
Bheda et al. Endogenous GALI  Protein fluorescence by  o/n SC+2% 1.5-3hSC+1.5% 4hSC+2% 1.5-3hSC+1.5%
(2020) tagged with GFP imaging or RNA by raffinose, galactose/1.5% glucose galactose/1.5%
RT-qPCR 4h SC+2% raffinose raffinose
glucose
Brickneretal.  Endogenous GALI  Protein fluorescence by SC+2% galactose 12h SC+2% SC+2% galactose
(2007) locus with lacO staining and imaging glucose
array or none GFP-Lacl or RT-qPCR
Cerulus et al. None or endogenous Lag time or protein fluo- 20mYP+5% 2-12h YP+5% galactose
(2018) GALI tagged with  rescence by imaging or galactose YP+5%
yECitrine flow cytometry glucose
Kundu et al. None RNA by northern blot o/m YP+2% 2hYP+2% 1hYP+2% 2hYP+2% raffi-
(2007) raffinose/0.2% raffinose/0.2% glu- nose/0.2% sucrose
sucrose sucrose cose/0.2%
sucrose
Laine et al. GALI promoter RNA by RT-PCR 2% glucose to 2.5h 2% galactose 0.5h2% 2% galactose
(2009) driving SEN/ mid-log phase glucose
Stockwell et al. Endogenous GALI  Protein fluorescence by 24h SC+2% 12h SC+2% 24hSC+2%
(2017) tagged with yECe-  imaging galactose glucose galactose
rulean
Sood et al. Endogenous GAL!  Protein fluorescence by o/n SC +galactose 12 h 0.5-10h
(2017) locus with lacO staining or live-cell SC+glu- SC+ galactose
array or mCherry imaging of GFP-Lacl or cose
flow cytometry
Tan-Wong et al. GALI promoter RNA by RT-gPCR o/n YP+2% 1hYP+2% galac- 1or4.5h 2h YP+2% galac-
(2009) driving FMP27 glucose tose YP+2% tose
glucose
Zacharioudakis Endogenous GAL!  Protein fluorescence 24h YP+2% 12h YP+2% YP+2% galactose
et al. (2007) tagged with GFP by flow cytometry or galactose glucose
imaging
Zhou et al. None RNA by RT-qPCR glucose 2.5 h galactose 1 hglucose  galactose
(2011)

expression depending on the galactose concentration due
to feedback loops. Zacharioudakis et al. and Sood et al.
showed that transcriptional memory reduces this variability,
allowing the population to have a uniform response during
reinduction (Sood and Brickner 2017; Zacharioudakis et al.
2007). Sood et al. further used fluorescence-activated cell
sorting (FACS) to identify a Gallp mutant that specifically
affects memory by disrupting its interaction with Gal80p.
Cerulus et al. carried out a screen to identify MAL
memory mutants by using barcoding in combination with
sequencing to allow recovery of single-cell information
(BAR-seq) to calculate individual mutant lag times for
growth (i.e. time until cells escape growth arrest due to
changing carbon source) by genomic DNA reads (Ceru-
lus et al. 2018). Interestingly, they identified mutants of
mitochondrial function and respiration with impaired MAL
memory, and these mutants were also found to have impaired
GAL memory. Previously, single-cell RNA-sequencing has
had limited use in yeast due to difficulty with cell wall
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degradation and the low number of transcripts per cell;
however the adaptation of droplet-based single-cell RNA
sequencing by in-droplet spheroplasting increased RNA
capture efficiency, and therefore this method may also be
used for future single-cell transcriptional memory studies
(Jariani et al. 2020).

Imaging has been extensively employed for single-cell
analyses of GAL transcriptional memory. Sood et al. and
Brickner et al. used imaging by integrating reporters at the
GALI and INO1 loci and following their nuclear localization
by staining or live-cell imaging (Brickner et al. 2007; Sood
et al. 2017). This revealed that both GALI and INO] translo-
cate to the nuclear periphery upon induction, and that these
genes remain associated with the nuclear envelope even after
the inducing stimulus is removed. The association with the
nuclear envelope in the case of INOI promotes reinduction
expression, whereas this localization does not seem to con-
tribute to GALI memory (Light et al. 2013; Sood et al. 2017).
Additionally, Zacharioudakis et al. and Cerulus et al. used
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Fig.3 Three methods to analyze single-cell transcriptional mem-
ory in yeast: flow cytometry, sequencing, and imaging. (left) Flow
cytometry is used to analyze single cells by granularity, size, or
fluorescence. Galactose-naive cells display bimodal Gallp expres-
sion at either intermediate galactose concentrations or intermediate
timepoints during induction (transient bimodality), whereas rein-
duced cells with transcriptional memory have a unimodal distribu-
tion of Gallp expression. (middle) BAR-seq can identify the number
of mutant cells at a given timepoint by reads of their genomic DNA

imaging of heterokarya (cells that have fused their cytoplasms
but not their nuclei) to explore the necessity of cytoplasmic
components on GAL and MAL transcriptional memory,
respectively (Cerulus et al. 2018; Zacharioudakis et al. 2007).

Even though the above studies have been valuable in under-
standing transcriptional memory in yeast, they lacked time-
resolved analyses of the same cells over time and rather relied
on analyzing different cells taken at different timepoints from
a single culture that is undergoing the memory protocol. The
reason for this is that these techniques rely on fixation/lysis of
cells or simply lack of feasibility. To address memory mainte-
nance and inheritance, it is necessary to utilize live-cell meth-
ods that allow observation of this process over time. Multiple
groups used time-lapse microscopy to monitor transcriptional
memory in single live cells. Recently, Cerulus et al. captured
cells between an agar pad and a coverslip to observe that cells
arrest growth when shifted from glucose to galactose, and
that the lag time until cells resume growth during reinduction
is dependent on the length of glucose-mediated repression,
which interestingly follows the expression of proteins involved
in respiration (Cerulus et al. 2018).

Although time-lapse microscopy with captured cells was
a step forward for following memory inheritance in single

mitochondrial function/
respiration mutants

. time

memory maintained in mother cells
and inherited to daughter cells

barcodes. Mitochondrial function and respiratory mutants have slow
lag times until escaping growth arrest during MAL and GAL memory.
(right) Imaging by microscopy is used for both fixed and live single
cells. GALI remains localized to the nuclear periphery after induc-
tion, but unlike /NO/ this localization does not contribute to memory.
To facilitate timelapse imaging, cells are captured in chambers made
by agar pads and coverslips or more recently in microfluidic cham-
bers. GALI memory is maintained in single mother cells and inher-
ited to daughter cells. For more details, see main text

mother-daughter pairs, the above setup does not allow cells
to be followed through media changes. Thus, Stockwell et al.
used a microfluidics device for automated media changes
and observed transient bimodality and unimodality in lev-
els of Gallp from populations of single cells during galac-
tose induction and reinduction, respectively (Stockwell and
Rifkin 2017). We recently implemented a high-throughput
microfluidics setup in combination with a time-lapse imag-
ing-based screening for analyzing hundreds of mutants on
a single-cell level by observing fluorescence from tagged
Gallp as the strains were subjected to repeated inductions
(Bheda et al. 2020). With microfluidics it is possible to fol-
low single cells over time, registering gene expression, cell
division and cell growth, among other phenotypes. However,
with the limited time resolution in Stockwell et al. and dur-
ing our screen, it was not possible to capture cell divisions,
and therefore lineage information was lost.

Since our aim was to establish the inheritance and poten-
tial epigenetic nature of memory, it was necessary to observe
the same cells over time as they undergo cell divisions. To
accomplish this, we additionally integrated a microfluidics
setup that allowed us to observe the same cells throughout
the entire memory experiment. We tracked individual cells
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and their progeny by collecting microscopy images with
sufficient time resolution such that a custom-made segmen-
tation and tracking software could identify the same cells
across multiple images. With the aid of a nuclear reporter,
we could also define the lineages of the cells. Our data
finally allowed us to address the question of inheritance
of transcriptional memory in S. cerevisiae in single cells
(Fig. 3) (Bheda et al. 2020).

To date, the only other experiment that we are aware of
that broaches the question of transcriptional memory inher-
itance used elutriation as a technique to split the cell popu-
lation into mother and daughter cells (Kundu et al. 2007).
This technique relies on centrifugation while simultaneously
flowing liquid or gas in the opposite direction to separate
cells based on size, shape, and density. Mother cells that
were previously induced were allowed to undergo one divi-
sion, then mother and daughter cells were separated by elu-
triation, and GALI reinduction kinetics were analyzed in the
mother and daughter subpopulations by northern blotting
to show that daughter cells did, on average, inherit GAL
memory. However, using this technique, Kundu et al. were
not able to analyze individual cells and consequently their
lineages (Kundu et al. 2007).

We used our cell-tracking microfluidics to analyze mem-
ory maintenance and inheritance in single mother-daughter
pairs to capture the dynamics and variations in transcrip-
tional response that are lost with previously established
approaches. Our setup allowed analysis of transcriptional
memory inheritance from a single cell to its progeny, with
the ability to follow multiple generations separately. This
required the development of novel analyses using partial
correlations, relative difference, and Bayesian statistics to
quantitatively assess memory maintenance in mothers and
inheritance in mother-daughter pairs. Importantly, using this
analysis we discovered that mother cells establish memory
during an initial induction, permitting higher gene expres-
sion in a subsequent induction due to a shorter delay in tran-
scriptional activation. We also observed that this memory is
inherited in single-mother daughter pairs, whereas specific
mutants can disrupt memory transmittance to result in asym-
metric memory inheritance (Bheda et al. 2020). We antici-
pate that these analyses will be applied to future studies of
transcriptional memory in yeast.

Anticipated transcriptional memory
mechanisms in other yeasts and higher
eukaryotes

To create a positive memory system at the chromatin level
in S. cerevisiae where a gene is expressed faster or earlier
in a subsequent induction requires either the continued
binding of a chromatin regulator to the memory locus, or

@ Springer

a mechanism to overcome the off/repressive state (Fig. 1).
Intriguingly, the more recently diverged Saccharomyces
uvarum species does not display GAL transcriptional mem-
ory, as it already expresses a higher basal level of Gallp in
glucose conditions, leading to rapid GAL expression already
during an initial induction as a result of positive feedback
(Sood and Brickner 2017). Although this is beneficial for
this specific organism in adapting to changes from glucose
to galactose, it comes at a fitness trade-off for the species.
In S. cerevisiae the most repressive chromatin conforma-
tion is achieved by full nucleosome occupancy and unmodi-
fied lysines maintained by the sirtuin family of histone dea-
cetylases. Even linker histone Hhol (H1 homolog) does
not appear to play a major role in genome organization and
chromatin structure (Panday and Grove 2017). Therefore,
S. cerevisiae is limited to acquiring transcriptional memory
by events that occur during transcriptional activation—i.e.
nucleosome loss, active histone marks, and maintenance
of chromatin regulators in cis. Notably, S. cerevisiae lacks
specific methyltransferases that incorporate “repressive”
histone modifications such as H3K9me and H3K27me. The
repertoire for potential chromatin-based transcriptional
memory mechanisms (especially repressive ones) is signifi-
cantly increased already in the yeast Schizosaccharomyces
pombe, which has additional pathways for affecting chro-
matin structure by some repressive histone modifications
and RNA interference, where overcoming these barriers to
transcription in a first induction and not reestablishing them
during repression could also lead to memory during rein-
duction. Further layers of chromatin regulation are found
in metazoans, such as DNA modifications, enhancers, and
other gene regulatory elements, all associated with specific
histone modifications not present in S. cerevisiae. We antici-
pate that extrapolating our memory inheritance analyses to
yet undiscovered transcriptional memory systems and in
higher eukaryotes will lead to exciting avenues of research.

Acknowledgements Open Access funding provided by Projekt DEAL.
We thank Gilles Charvin, Johannes Becker, Sebastian Maerkl, and Igor
Kukhtevich for the microfluidics setup and support. The R.S. labo-
ratory is supported by the Deutsche Forschungsgemeinschaft (DFG)
through SFB 1064 (Project-ID 213249687) and SFB 1309 (Project-ID
325871075), as well as the AMPro program (Aging and Metabolic
Programming, ZT0026) and the Helmholtz Gesellschaft. The A.K labo-
ratory is co-funded by the European Regional Development Fund and
the Republic of Cyprus through the Research & Innovation Foundation
(Projects: EXCELLENCE/1216/0215 and EXCELLENCE/0918/0105).

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest in this
work.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long



Current Genetics (2020) 66:1029-1035

1035

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Acar M, Becskei A, van Oudenaarden A (2005) Enhancement of cel-
lular memory by reducing stochastic transitions. Nature 435:228—
232. https://doi.org/10.1038/nature03524

Bheda P et al (2020) Single-cell tracing dissects regulation of main-
tenance and inheritance of transcriptional reinduction memory.
Mol Cell 78:915-925 e917. https://doi.org/10.1016/j.molce
1.2020.04.016

Biggar SR, Crabtree GR (2001) Cell signaling can direct either binary
or graded transcriptional responses. EMBO J 20:3167-3176. https
://doi.org/10.1093/emboj/20.12.3167

Brickner DG, Cajigas I, Fondufe-Mittendorf Y, Ahmed S, Lee PC,
Widom J, Brickner JH (2007) H2A.Z-mediated localization
of genes at the nuclear periphery confers epigenetic memory
of previous transcriptional state. PLoS Biol 5:e81. https://doi.
org/10.1371/journal.pbio.005008 1

Cerulus B et al (2018) Transition between fermentation and respira-
tion determines history-dependent behavior in fluctuating carbon
sources. ELife 7:€39234. https://doi.org/10.7554/eLife.39234

Jariani A et al (2020) A new protocol for single-cell RNA-seq reveals
stochastic gene expression during lag phase in budding yeast.
Elife. https://doi.org/10.7554/eLife.55320

Kim T, Xu Z, Clauder-Munster S, Steinmetz LM, Buratowski S (2012)
Set3 HDAC mediates effects of overlapping noncoding transcrip-
tion on gene induction kinetics. Cell 150:1158-1169. https://doi.
org/10.1016/j.cell.2012.08.016

Kundu S, Peterson CL (2010) Dominant role for signal transduction
in the transcriptional memory of yeast GAL genes. Mol Cell Biol
30:2330-2340. https://doi.org/10.1128/MCB.01675-09

Kundu S, Horn PJ, Peterson CL (2007) SWI/SNF is required for tran-
scriptional memory at the yeast GAL gene cluster. Genes Dev
21:997-1004. https://doi.org/10.1101/gad. 1506607

Laine JP, Singh BN, Krishnamurthy S, Hampsey M (2009) A physi-
ological role for gene loops in yeast. Genes Dev 23:2604-2609.
https://doi.org/10.1101/gad.1823609

Light WH, Freaney J, Sood V, Thompson A, D’Urso A, Horvath CM,
Brickner JH (2013) A conserved role for human Nup98 in alter-
ing chromatin structure and promoting epigenetic transcriptional
memory. PLoS Biol 11:¢1001524. https://doi.org/10.1371/journ
al.pbio.1001524

Panday A, Grove A (2017) Yeast HMO1: linker histone reinvented.
Microbiol Mol Biol Rev. https://doi.org/10.1128/MMBR.00037
-16

Sood V, Brickner JH (2017) Genetic and epigenetic strategies potenti-
ate Gal4 activation to enhance fitness in recently diverged yeast
species. Curr Biol 27:3591-3602 €3593

Sood V, Cajigas I, D’Urso A, Light WH, Brickner JH (2017) Epige-
netic transcriptional memory of GAL genes depends on growth
in glucose and the Tupl transcription factor in Saccharomyces
cerevisiae. Genetics 206:1895-1907. https://doi.org/10.1534/
genetics.117.201632

Stockwell SR, Rifkin SA (2017) A living vector field reveals con-
straints on galactose network induction in yeast. Mol Syst Biol
13:908. https://doi.org/10.15252/msb.20167323

Tan-Wong SM, Wijayatilake HD, Proudfoot NJ (2009) Gene loops
function to maintain transcriptional memory through interaction
with the nuclear pore complex. Genes Dev 23:2610-2624. https
://doi.org/10.1101/gad. 1823209

Zacharioudakis I, Gligoris T, Tzamarias D (2007) A yeast catabolic
enzyme controls transcriptional memory. Curr Biol 17:2041-
2046. https://doi.org/10.1016/j.cub.2007.10.044

Zhou BO, Zhou JQ (2011) Recent transcription-induced histone H3
lysine 4 (H3K4) methylation inhibits gene reactivation. J Biol
Chem 286:34770-34776. https://doi.org/10.1074/jbc.M111.27312
8

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature03524
https://doi.org/10.1016/j.molcel.2020.04.016
https://doi.org/10.1016/j.molcel.2020.04.016
https://doi.org/10.1093/emboj/20.12.3167
https://doi.org/10.1093/emboj/20.12.3167
https://doi.org/10.1371/journal.pbio.0050081
https://doi.org/10.1371/journal.pbio.0050081
https://doi.org/10.7554/eLife.39234
https://doi.org/10.7554/eLife.55320
https://doi.org/10.1016/j.cell.2012.08.016
https://doi.org/10.1016/j.cell.2012.08.016
https://doi.org/10.1128/MCB.01675-09
https://doi.org/10.1101/gad.1506607
https://doi.org/10.1101/gad.1823609
https://doi.org/10.1371/journal.pbio.1001524
https://doi.org/10.1371/journal.pbio.1001524
https://doi.org/10.1128/MMBR.00037-16
https://doi.org/10.1128/MMBR.00037-16
https://doi.org/10.1534/genetics.117.201632
https://doi.org/10.1534/genetics.117.201632
https://doi.org/10.15252/msb.20167323
https://doi.org/10.1101/gad.1823209
https://doi.org/10.1101/gad.1823209
https://doi.org/10.1016/j.cub.2007.10.044
https://doi.org/10.1074/jbc.M111.273128
https://doi.org/10.1074/jbc.M111.273128

	The past determines the future: sugar source history and transcriptional memory
	Abstract
	Introduction
	Sugar source history determines GAL transcriptional memory
	Using single-cell assays and live-cell observations with lineage information to dissect maintenance and inheritance of memory
	Anticipated transcriptional memory mechanisms in other yeasts and higher eukaryotes
	Acknowledgements 
	References




