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Abstract

During lineage commitment, precursor cells must establish their signature gene expression programs
to endow them with the requisite set of cellular functions. To maintain cellular identity, the gene
expression program must be inherited stably by progeny of lineage-committed cells. Epigenetic
regulation serves as a central mechanism to maintain such cellular memory. Although a lot of
progress has been made in the last decade towards defining the spectrum of epigenetic modifications
on histones and DNA, as well as the relevant enzymatic machinery, the mechanisms by which these
modifiers are controlled during development remain poorly understood. Gene regulation at the Cd4
and Thpok loci provides ideal models for developmentally regulated gene silencing. A single
transcriptional silencer at each locus establishes heritable, irreversible epigenetic silencing only in
lineage-committed cells, whereas the same silencer elements establish a reversible repressive state in
precursor cells. The dynamic versus permanent silencing of developmentally regulated loci by the
stage-specific functions of silencers will be discussed in the context of cell lineage commitment.

Introduction

The inheritance of a gene expression program that persists
beyond cell division is essential to maintain lineage
identity. In this regard, epigenetic mechanisms play a
major role in stable gene repression, referred to as gene
silencing [1,2]. Although many of the factors involved in
gene silencing have been identified, little is known about
the timing of this process during development. Given the
necessity of maintaining the plasticity of gene expression
in precursors, silencing mechanisms may shift from
transient to permanent further along a developmental
pathway. Here, I discuss recent advances in our under-
standing of stage-specific gene silencing at the Cd4 and
Thpok loci during thymocyte lineage commitment.

Recent advances

T lymphocytes undergo a highly ordered developmental
program in the thymus before they become fully
competent “soldiers” of the immune system, defending
us against harmful pathogens. Developing thymocytes

must also survive two critical selection processes, known
as positive selection, during which cells expressing
functional T cell antigen receptors (TCR) are selectively
maturated, and negative selection, during which “self-
reactive” or useless clones are eliminated [3]. After this
primary education, T lymphocytes are further taught to
have specialized immune functions, a process known as
lineage commitment [4]. These lineage-specific proper-
ties must be maintained after T lymphocytes egress from
the thymus to be positioned at the frontline of our
defenses. Accordingly, the gene expression signature for
effector functions, which is established during lineage
commitment, must be memorized to maintain cell
identity [5]. Over the past decade, it has become clear
that epigenetic modifications are essential components of
cellular memory, driving the inheritance of gene expres-
sion states through cell divisions [1,2]. In particular, an
impressive variety of histone modifications has been
identified, which serves as a flexible code for regulating
gene transcription [6], together with the identification of
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molecules that contain enzymatic activity for catalyzing
these modifications [7]. Another epigenetic modification,
DNA methylation at CpG dinucleotides, is also a key
component of stable gene repression [8]. New studies are
uncovering mechanisms for active DNA de-methylation
through a TET-family protein [9,10]. It is also becoming
apparent that there is cross-regulation between covalent
histone modifications and DNA methylation [11,12]. All
of these epigenetic marks can be written and erased by a
large arsenal of enzymes, and the resultant modification
patterns at a given location are “read” by nuclear factors to
modulate gene expression.

A primary mechanism by which epigenetic modifica-
tions are translated into gene expression states is through
changes in the accessibility of chromatin. Indeed, a
densely packed configuration of chromatin, termed
heterochromatin, is thought to play an essential role in
the stable maintenance of gene repression [13]. Some
forms of heterochromatin can be developmentally
regulated, permitting more dynamic control of gene
expression. A major area of interest is how and when
distinct forms of permanent versus dynamic heterochro-
matin are established, presumably via the action of cis-
regulatory elements within a given locus.

Two genetic loci that have served as excellent models to
study these issues encode the CD4 co-receptor and the
ThPOK transcription factor, two important lineage-
commitment molecules for T lymphocytes [14]. There
are four major thymocyte subsets, which can be defined
by stage- and lineage-specific expression of CD4 and
CD8 co-receptors. Immature thymocyte progenitors that
migrate to the thymus express neither CD4 nor CDS,
appearing as CD4"CD8™ double negative thymocytes. A
subset of precursor thymocytes express both CD4 and
CD8 co-receptors on their surface (and are thereby
referred to as CD4"CD8" double positive thymocytes)
before they differentiate into one of two major subsets,
CD4" CD8™ helper- or CD4 CD8"cytotoxic-T lympho-
cytes [15]. Upon exposure to cues for differentiation into
the cytotoxic-lineage, the Cd4 gene is suppressed via the
activity of an intronic transcriptional silencer [16,17],
generating the CD4~CD8" subset. Production of ThPOK
is also inhibited in cytotoxic-lineage cells by a transcrip-
tional silencer element in the Thpok gene [18,19]. Thus
silencers, rather than known enhancer elements, in the
Cd4 and Thpok genes share cytotoxic lineage-specific
activity to control their lineage-specific expression.
Another commonality in these silencers is their usage
of Runx transcription factors to exert their function
[20,21]. Importantly, using genetic tools that enable us
to remove a particular genome region by Cre-mediated
site-specific recombination in mice, these cis-elements
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have been shown to be dispensable after precursors are
fully committed to the cytotoxic-lineage, reflecting a
stable state of repression, although they are required to
establish Cd4 and Thpok silencing [21,22]. Thus, these
silencers do their specialized job only during a particular
developmental time window when lineage-specific
repressive state is determined. However, remarkably,
both the Cd4 and Thpok silencers have been shown to also
function at an earlier stage of thymocyte development
[18,22-24]. Repression of Cd4 in CD4 CD8  double
negative thymocytes is also regulated by the same silencer
element that permanently represses the gene upon
commitment to the cytotoxic lineage (see Figure 1).

However, the repressed status of Cd4 in these early
progenitors is reversible, as demonstrated by its activa-
tion at the subsequent CD4"CD8" stage of develop-
ment. Similarly, the silencer in the Thpok gene turned
out to be functional in precursor thymocytes, prevent-
ing premature activation of the gene prior to lineage
choice. Furthermore, Thpok repression in these precur-
sor cells is accompanied by the accumulation of tri-
methylation at the lysine 27 residue on histone H3, a
representative epigenetic mark for a repressive locus
[21]. Despite these repressive epigenetic modifications
in precursors, the Thpok gene is later activated in
developing thymocytes toward the helper-lineage.
However, similar to the situation I described for Cd4,
the Thpok silencer is required only to maintain repres-
sion in precursor cells, but is dispensable after full
commitment to the cytotoxic-lineage [21]. Thus, a
single silencer element at each of these loci is employed
to regulate two distinct modes of gene repression:
reversible repression in precursor thymocytes versus
irreversible epigenetic gene silencing in fully committed
CD8" cytotoxic T cells. This also suggests that a covalent
histone modification (e.g. methylation at lysine 27)
that is known to correlate with a repressive state is not
necessarily an ‘epigenetic’ mark for heritable irreversible
silencing, at least in the Thpok locus. The mechanisms by
which a single silencer can induce these two types of
repressive chromatin states, depending on the develop-
mental context, remain to be established. Given that
lineage commitment can occur only in post-selection
thymocytes that have received TCR-mediated positive
selection signals, a plausible scenario is that TCR-based
signals may induce new epigenetic pathways that target
chromatin associated with Cd4 and Thpok for additional
modifications that establish permanent repression.

Summary

Although the molecular mechanisms that underlie stage-
specific epigenetic silencing remain elusive, the physiolo-
gical relevance of this process is clear. Given the essential
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Figure |. Distinct modes of gene repression by the same silencer at distinct stages
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The expression state of the Cd4 and Thpok genes at distinct stages of thymocyte development is illustrated at the top. Relative activities of the Cd4 silencer (54,
red line) and Thpok silencer (Sth, purple line) during thymocyte differentiation towards the cytotoxic lineage are illustrated at the bottom. Whereas both Cd4
and Thpok genes are repressed in immature double negative thymocytes, the Cd4, but not Thpok, gene is expressed in double positive thymocyte precursors.
After passing a selection process known as “positive selection”, thymocytes choose either a helper or a cytotoxic fate. After this lineage decision, selected
cellular identity is maintained, which requires stable inheritance of gene expression status by progeny cells. In order to achieve this, both the Cd4 and Thpok genes
receive sequential epigenetic changes through the silencer, eventually resulting in the establishment of gene silencing that can be inherited in the absence of the
silencer. Thus, the same silencer can induce reversible gene repression in precursors and irreversible gene silencing in fully committed CD8" cytotoxic T cells.

requirement for ThPOK expression in helper T cell
commitment [25], a premature, irreversible repression
of Thpok in precursor thymocytes would preclude the
generation of helper-lineage cells. Instead, the repressive
state of Thpok in precursors must retain plasticity for
subsequent gene activation. Thus, a reversible repression at
the double positive stages provides flexibility that allows
the generation of CD4 and CD8 lineages. Once these
precursors are exposed to positive selection signals, the
plasticity must be transformed to a permanent state of

repression in CD8" cytotoxic T cells or the silencer element
is disarmed to allow Thpok gene activation in CD4" helper
T cells. However, there is evidence that epigenetic sealing
of the Thpok locus may occur independently from
commitment to the cytotoxic T-lineage. Specifically,
potentiation of silencer activity at the Thpok locus by
increasing the copy number of the silencer element from
one to three mediates heritable Thpok silencing even in
helper-lineage T cells [21]. Future studies to address this
and other mechanisms of silencing at the Cd4 and Thpok
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loci will provide important insights for solving the enigma
of how a single silencer element controls reversible and
irreversible modes of gene repression at appropriate stages
of development.
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