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Abstract

The control of CD4 gene expression is essential for proper T lympho-
cyte development. Signals transmitted from the T-cell antigen recep-
tor (TCR) during the thymic selection processes are believed to be
linked to the regulation of CD4 gene expression during specific stages
of T cell development. Thus, a study of the factors that control CD4
gene expression may lead to further insight into the molecular mecha-
nisms that drive thymic selection. In this review, we discuss the work
conducted to date to identify and characterize the cis-acting transcrip-
tional control elements in the CD4 locus and the DNA-binding factors
that mediate their function. From these studies, it is becoming clear
that the molecular mechanisms controlling CD4 gene expression are
very complex and differ at each stage of development. Thus, the
control of CD4 expression is subject to many different influences as
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the thymocyte develops.

Introduction

T cell development has long been the
focus of intense study by both immunolo-
gists and developmental biologists. Like most
cells, T cells mature from multipotent pre-
cursors which respond to environmental cues
that affect their course of development (1).
In the general developmental model, the pre-
cursor cell receives the environmental signal
via a membrane-bound receptor. This recep-
tor transmits the signal across the membrane
to cytoplasmic signal transduction molecules,
which in turn transmit the signal to the
nucleus. Fate determination is mediated by
the alteration of the program of gene expres-
sion in response to these signals. A multipo-

tent precursor becomes a differentiated cell
by inhibiting expression of genes that encode
proteins important for maintaining the pre-
cursor state, and by initiating expression of
genes that encode proteins required by the
differentiated cell. The molecular mecha-
nisms that mediate T cell selection and de-
velopment illustrate the level of complexity
that can be accommodated by this seemingly
simple paradigm.

Unlike B cells, which secrete immuno-
globulin that can recognize soluble antigen,
T cells require presentation of the antigen by
a specialized antigen-presenting cell (APC).
In this process the APC engulfs the antigen,
degrades it into small peptide fragments, and
presents the peptides on its cell surface bound
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TH Cell

to a molecule encoded by the major histo-
compatibility complex (MHC; Figure 1). The
T-cell antigen receptor (TCR) recognizes a
combination of both the antigenic peptide
and the MHC molecule. Ligation of the TCR
then leads to the activation and maturation of
the T cell. There are two major classes of T
cells: cytotoxic T cells (T¢) recognize and
kill virally infected self cells, whereas helper
T cells (Ty) release cytokines that stimulate
the other cell types in the immune system.

Tc Cell

lck o / I @
cD4 TCR cD8 TCR
MHC class Il m MHC class |
o

Figure 1 - Antigen recognition by helper T (T,;) and cytotoxic T (T.) cells. Antigen-presenting
cells (APC) are shown below. See text for details. TCR, T-cell antigen receptor.
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Figure 2 - T cell development in the thymus.
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Most T¢ cells only recognize an antigen
when it is bound to one type of MHC mole-
cule, referred to as the MHC class I mole-
cule. Conversely, most Ty cells only recog-
nize an antigen when it is bound to the
second major class of MHC molecules, the
class II molecule. This class specificity is
enhanced by the T-cell-subclass-specific
coreceptor molecules that bind to and distin-
guish between class I and class Il molecules
(Figure 1). The CD4 coreceptor molecule
specifically recognizes MHC class II mol-
ecules, whereas CD8 recognizes MHC class
I molecules. The interaction of the coreceptor
with MHC serves both to increase the avidity
of the T cell for the APC and to send addi-
tional stimulatory signals to the T cell via an
interaction with the tyrosine kinase Ick.
Because T cells need to recognize an
antigen specifically as well as coordinate
their function (Ty vs Tc) with their MHC
specificity (class Il vs class 1), the T cell
development process is extremely complex.
Despite their different roles in the immune
response, Ty and T cells derive from a
common precursor, achieving their mature
functional capabilities and antigenic speci-
ficities during a complex developmental pro-
cess that occurs primarily in the thymus (1;
Figure 2). Immature T cell precursors that
first arrive in the thymus from the bone
marrow express low levels of surface CD4;
the expression of which is then downregula-
ted, resulting in the CD4-CD8- or double-
negative (DN) thymocyte (2). These cells
then express low levels of CD8, followed by
high levels of both CD4 and CD8 and in-
creasing levels of TCR. This population is
referred to as the CD4*CD8" or double-
positive (DP) population (1,3). Most of the
TCR-mediated selection processes occur at
this stage of development. T cells that can
recognize MHC molecules are expanded ina
process referred to as positive selection, and
T cells that are autoreactive are deleted dur-
ing a process referred to as negative selec-
tion. Both of these events require the proper



Regulation of CD4 gene expression

expression of CD4 and CDS (4-7). The sur-
vivors downregulate either CD4 or CDS8,
leading to the mature single-positive (SP)
populations. This downregulation is consid-
ered to be an important event in the final
maturation of the T cell in that surviving
mature T cells expressing CD4 are restricted
to MHC class II and are primarily Ty cells,
whereas those expressing CDS are restricted
to MHC class I and are primarily T cells.
Numerous cell surface molecules are dif-
ferentially expressed throughout the process
of T-cell development and that is how the
various developmental stages are defined.
The question still remaining is what are the
signaling events which lead to this differen-
tial expression and direct the developmental
process. Many groups have taken several
different approaches to characterize the sig-
naling pathways that mediate T cell develop-
ment. The first approach is to study the cell
surface receptors that receive the external
developmental signals and to characterize
the signal transduction molecules with which
they interact to transmit this signal through
the cytoplasm (8). This approach has been
extremely successful; with the advent of pow-
erful mouse genetic tools such as transgenic
animals and targeted disruptions, much has
been learned about the signaling events that
initiate the development process. However,
itis difficult to link membrane-proximal sig-
naling events with prospective targets in the
nucleus. The second approach has been to
identify genes that are expressed in cells
representing specific T cell developmental
stages using differential screening techniques
(9). Although this can identify cell type-
specific genes, the function of the corre-
sponding gene product and its position in the
signaling pathway are hard to determine. A
third approach is to study the transcriptional
control mechanisms of genes whose expres-
sion is controlled during the selection pro-
cess. The signaling events that alter the ex-
pression of the gene during development are
presumably linked to those signaling events

that mediate the actual developmental pro-
cess. Thus, determining how the transcrip-
tion factors that control gene expression are
induced to function by these developmental
signals will hopefully provide important in-
formation on the pathway itself. The advan-
tage of the last approach is that one is study-
ing the target of the developmental signaling
mechanism, which thus provides a molecu-
lar assay for membrane-proximal signaling
events.

The control of CD4 gene expression pro-
vides an ideal system for studying the signal-
ing events that drive T cell development,
because the expression of CD4 changes with
each ofthe major T cell developmental stages
in the thymus, and is critical for defining
those stages. In addition, the downregulation
of CD4 as the DP thymocyte matures into the
CDS8 SP T cell correlates to an important
lineage decision. The two mature subclasses
of T cells differ significantly in their roles in
the immune system and thus express differ-
ent batteries of genes whose protein prod-
ucts mediate their different functions. For
example, cytotoxic T cells express granzyme
B and perforin, both of which are critical for
lysing target cells, consistent with their func-
tional role in eliminating virally infected self
cells (10,11). Developing DP thymocytes
that are fated to become T cells must, there-
fore, both cease CD4 transcription and ini-
tiate transcription of these Tc-specific genes.
Thus, the factors that mediate CD4 gene
expression may be linked to the signaling
processes that mediate T fate determination
during thymopoiesis, and an analysis of these
factors will provide insight into the mecha-
nisms that control these processes.

Approaches for defining cis-acting
transcriptional control elements

Transient transfection studies

Although early work indicated that the
control of CD4 expression occurs at many
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different levels, nuclear run-on data indi-
cated that transcriptional control was the
most critical mechanism (12). Initial ap-
proaches to studying CD4 gene expression
were restricted to the standard techniques of
using transient transfections of reporter gene
plasmids into established cell lines. In this
manner, a promoter and two transcription
enhancers in the CD4 locus were identified
and characterized (13-16) (Figure 3, and
below). Nonetheless, it was clear from these
experiments that critical transcriptional con-
trol elements had yet to be identified. First,
despite the relative subclass specificity of
the promoter, constructs that contained the
promoter in combination with either enhancer
functioned equally well when transfected
into either CD4 SP or CD8 SP T cells, indi-
cating that a negative regulatory element that
repressed transcription in CD8 SP T cells
was missing (13,15,16). Second, the two
enhancers were functionally indistinguish-
able; therefore, their individual roles in CD4
gene expression were unclear (15,16). It be-
came clear that the transient transfection
system alone was not likely to be adequate
for studying CD4 gene expression control.

Identification of novel elements using
transgenic mice

The use of transgenic mice in character-
izing transcriptional control elements in the
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CD4 locus has proven to be extremely useful
and provides distinct advantages over the
traditional transient transfection approach.
First, transient transfections utilize estab-
lished cell lines. For the most part, these
lines are transformed and thus the in vivo
relevance of the results obtained is unclear.
This is especially relevant for studies on
CD4, as mature tumor T cell lines often
downregulate CD4 expression when grown
in culture. Second, cell lines used in tran-
sient transfection experiments are frozen at
specific stages of development. By using
established cell lines, one can thus study the
elements that maintain or repress expression
of CD4 at each particular stage; however,
this approach is not useful to study those
mechanisms that are involved in the transi-
tion between developmental stages.

It is possible to avoid these problems by
using the transgenic approach (Figure 4). A
cell-surface marker gene is put under the
transcriptional control of different combina-
tions of the CD4 transcriptional control ele-
ments. Transgenic mice are generated with
these constructs, and the expression pattern
of the marker gene on different T cell popu-
lations is determined. Coexpression of the
marker gene with endogenous CD4 indi-
cates that all of the necessary transcriptional
control elements are present on the test con-
struct. By deleting different combinations of
elements on the constructs and regenerating

CDh4
3 10 kb
Mature . Thymocyte
enhancer Promoter ?ncer erfhanc);r
7 | | I T
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DH site 1 23 4-6 7 §9 10 11-16 17

Figure 3 - The CD4 gene locus. A DNAse hypersensitivity (DH) map of the CD4 gene locus is presented. The DH sites are indicated by numbered
arrows. The direction of CD4 gene transcription is indicated by a horizontal arrow. The identified transcriptional control elements are represented by
striped boxes. The CD4 gene exons are represented by black boxes.
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and analyzing the corresponding transgenic
mice, it is possible to determine which of the
elements are needed at each stage of T cell
development. Similarly, specific factor-bind-
ing sites within individual elements can be
tested for functional relevance. This approach
enables the investigator to study the role of
each transcriptional control element during
the normal T cell development process in the
animal itself, and has proven useful in iden-

tifying the CD4 transcriptional control ele-
ments missing from the initial transient trans-
fection experiments.

Several groups identified potential cis-
acting elements in the CD4 locus using
DNAse hypersensitivity (DH) analyses
(12,15,17). These DH sites were assembled
into reporter constructs. Transgenic mice
were generated with these constructs and
tested for marker gene expression on their
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Figure 4 - A transgenic approach
for studying control of gene ex-
pression. A construct with a
marker gene (labeled marker)
under the control of different
combinations of CD4 control el-
ements, represented by boxes,
is introduced into fertilized eggs
by microinjection and the eggs
are implanted into pseudo-preg-
nant foster mothers. Transgenic
progeny are identified and their
peripheral lymphocytes analyzed
by flow cytometry to determine
expression patterns of the mark-
er gene in different lymphocyte
populations (CD4 SP populations
are shown). The dashed line rep-
resents an isotype-matched con-
trol antibody staining. The solid
line represents the marker gene
antibody staining.
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lymphocyte populations (12,18; Adlam M
and Siu G, unpublished results). Two addi-
tional transcriptional control elements were
thus identified. First, a transcriptional si-
lencer responsible for inhibiting CD4 gene
expression both in DN thymocytes and ma-
ture CD8 SP T cells was identified in the first
intron of the CD4 gene (12,18). Second, a
thymocyte enhancer that induces CD4 ex-
pression in DP thymocytes was identified
(Adlam M and Siu G, unpublished results).
Thus, transcriptional control elements that
mediate full cell-type and developmental-
stage-specific expression of CD4 have been
identified. The remaining tasks were then to
identify the factors that bind to each of these
elements and mediate their function, and to
determine how the function of these factors
is affected during T cell development
(12,18,19).

Defining transcriptional control
elements in the CD4 locus

The promoter

The CD4 promoter region was first de-
fined by identifying the initiation point of
transcription of the CD4 gene (13). Tran-
sient transfection experiments using reporter
constructs containing 1.0 kb of flanking re-
gion 5'to the initiation point of transcription
indicated that this region indeed had pro-
moter activity (13,14). Although the pro-
moter did not function without an enhancer
in immature T cells, its ability to function in
mature T cells was unclear (13,15). Tran-
sient transfections of enhancerless CD4 pro-
moter reporter constructs into CD4 SP and
CDS8 SP T cell lymphomas indicated that an
enhancer was also necessary for activity in
these cells (15). However, transfection of
similar constructs into antigen-specific T cell
clones, which resemble normal T cells more
closely than tumors, indicated that the pro-
moter alone was capable of functioning at
high levels in these cells (13). T cell clones
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must be stimulated with antigen to allow
them to be transfectable; this observation led
to the hypothesis that the CD4 promoter is
functional only in activated T cells (13).
Transgenic mice with constructs that contain
the promoter only expressed the marker gene
in activated mature CD4 SP T cells, confirm-
ing the T cell clone transfection results and
indicating that the control of CD4 expres-
sion differs between activated and resting T
cells (20). Transient transfection data also
demonstrated that promoter constructs trans-
fected into CD4 SP Ty clones yielded 5-10 X
higher activity than when transfected into
CDS8 SP T¢ clones, indicating a relative sub-
class specificity for promoter function (13).
Initial transgenic experiments that demon-
strated the lack of specificity of promoter
function utilized constructs that contained
both the promoter and the mature enhancer;
thus, this lack of specificity was most likely
the result of the enhancer overriding pro-
moter specificity (12,18).

Transient transfection experiments with
the promoter indicated that the murine CD4
promoter can be deleted to a fragment that
contains only 101 bp of the 5' flanking region
and still maintain full activity (13). Further
deletions crippled promoter function, indi-
cating that the critical factor-binding sites in
the CD4 promoter were within this 101-bp
fragment. Four functional regions were de-
fined using a linker-scanning mutational ap-
proach. Each of these sites, when mutated
alone, results in significant reduction of CD4
promoter activity, indicating that no one pro-
moter-binding factor is mediating function
alone and that each is required to form the
initiation complex (Figure 5) (21). Using
biochemical and transient transfection ap-
proaches, it was determined that at least five
different factors bound to these four regions:
c-Myb (13,22), MAZ (21), Elf-1 (23), and
two factors that have yet to be characterized.
The hematopoietic transcription factor c-Myb
binds to two recognition sites in the pro-
moter, referred to collectively as P1, and can



Regulation of CD4 gene expression

transactivate the promoter in transfection
experiments (13,22). These data indicated
that c-Myb was acting as a positive tran-
scriptional regulator for the CD4 gene; in-
deed, the CD4 gene was one of the first
natural targets of the c-Myb protein identi-
fied. The second site, P2, is directly adjacent
to the c-Myb recognition sites and contains
three overlapping recognition sites for the
transcription factor MAZ. Although at least
two of the three recognition sites must be
intact for full promoter function, only one
MAZ-P2 complex can be identified bio-
chemically, indicating that there may be some
flexibility in MAZ recognition (21). The P4
site is located adjacent to the first initiation
point of transcription of the CD4 gene (23).
Biochemical studies indicate that the Elf-1
transcription factor binds to P4 and helps
mediate promoter function; interestingly, a
second factor also binds to the Elf-1 recogni-
tion site with identical sequence specificity
(23). The identity of this second factor and
its possible role in CD4 promoter function
are unknown. Similarly, the factor(s) that
bind(s) to P3 remain(s) uncharacterized. In-
terestingly, although there is relative sub-
class specificity for promoter function, none
of'the promoter-binding factors are expressed
in a subclass-specific manner. As it will
become apparent, the motif of functional
specificity and biochemical ubiquity will re-
cur in the other transcriptional control ele-
ments in the CD4 locus.

The mature T cell enhancer

The CD4 mature T cell enhancer (previ-
ously referred to as the ‘proximal enhancer’)
was originally identified as a DH site in the
CD4 locus (15). In transient transfection
experiments, the CD4 mature T cell enhancer
functions in a T-cell- but not subclass-spe-
cific manner (15). Consistent with this, trans-
genic mice with constructs that contain this
enhancer only express the marker gene in
both CD4 and CD8 SP splenocytes (12,18,24-

26). In contrast to the transient transfection
experiments, however, the CD4*CD8" thy-
mocytes in these transgenic mice do not
express the marker, indicating that additional
cis-acting sequences are necessary to induce
CD4 expression in the immature DP popula-
tion (24-26). Interestingly, the CD4 SP thy-
mocyte population in these transgenic mice
is divided into two populations: one that
expresses the transgenic marker and one that
does not (24-26; Figures 5, 6 and 7). To
characterize these populations Adlam and
colleagues (24) investigated further the ex-
act developmental stages of these popula-
tions as determined by the expression pat-
tern of the heat stable antigen (HSA), CD69,
and MHC class I molecules on these cells.
HSA is a marker expressed on immature
thymocytes and is downregulated in mature
T cells, while MHC class I is expressed at
low levels in thymocytes and is induced in
mature T cells. CD69 is proposed to be a
marker for the CD4 SP thymocytes undergo-
ing the TCR-mediated repertoire selection
process (27). As can be seen in Figure 6, the
marker-negative CD4 SP population ex-
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Figure 5 - Schematic represen-
tation of the transcription con-
trol elements of CD4 and their
factors. The binding sites within
a control element are desig-
nated by a letter and a number:
P for promoter sites, E for ma-
ture enhancer sites, and S for
silencer sites. Interacting factors
are indicated above their binding
sites. A question mark is used
when the factor is unknown.
Data were from the following
references: for the promoter
(13,21,23), for the mature en-
hancer (28; Adlam M, Allen RD
& Siu G, unpublished data), and
for the silencer (32,34).
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pressed high levels of HSA and CD69 and
low levels of MHC class I, whereas the
marker-positive CD4 SP thymocytes express
low levels of HSA and high levels of MHC
class 1 (24). These data indicate that the
marker-negative CD4 SP thymocytes are
undergoing the selection process, whereas
the marker-positive CD4 SP thymocytes have
survived the process and are ready to emi-
grate from the thymus. Thus, this enhancer is
induced to function only in mature T cells,
and its induction of function may be directly
linked to the signals that mediate the reper-
toire selection process (24). Because of the
pattern of function, we propose that this
enhancer be referred to as the CD4 locus
mature enhancer.

Sawada and Littman (15,28) character-
ized a minimal 339-bp restriction enzyme
fragment that was required for full enhancer
function in transient transfection assays.
There are two factor-binding sites within the
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core enhancer region. The first site (referred
to here as the E1 site) is recognized by a
heterodimer of two factors from the basic-
helix-loop-helix transcription factor family:
HEB and E12, the latter a product of the E2A
gene (29,30). The factor binding to the sec-
ond site (E2) is believed to be a truncated
form ofthe c-Myb transcription factor (Adlam
M, Allen RD and Siu G, unpublished data).
In contrast to the transient transfection ex-
periments, however, transgenic experiments
indicated that enhancers containing site-spe-
cific mutations in the E1 site are completely
functional, whereas enhancers containing
mutations in the E2 site are nonfunctional,
indicating that it is the truncated c-Myb fac-
tor and not the E12/HEB heterodimer that is
important for enhancer function (Adlam M,
Allen RD and Siu G, unpublished results).
However, although the enhancer functions
in a mature T cell-specific manner, the trun-
cated c-Myb factor that binds to it and medi-

CD3 HSA CD69 H-2K
Total CD4SP 3
CD4SPM*+
L—> cp4spmM- ] ] j
z i I

Figure 6 - Representative analysis of pTG mice. Thymocytes from mice transgenic for a construct, containing the CD4 promoter and the CD4 mature
enhancer, were stained with antibodies to the CD4, CD8 and TG markers, and the cell-surface markers indicated and analyzed by flow cytometry. CD8*
cells were eliminated from the analysis and the remaining cells were plotted in two-color flow cytometric plots with CD4 expression on the x-axis and
TG marker expression on the y-axis (left panel). The marker-positive (CD4 SP/M™*) and marker-negative (CD4 SP/M-) CD4 SP thymocytes were gated on
and analyzed for expression of CD3, heat stable antigen (HSA), CD69, and H-2K and compared to staining in the complete CD4 SP population (CD4 SP).
The CD4 SP/M- population stains HSA*, CD69*, and H-2K!°, consistent with a CD4 SP thymocyte undergoing positive selection. In contrast, the CD4
SP/M* population is HSA!?, CD69I°, and H-2Khi, consistent with a CD4 SP thymocyte that has successfully survived positive selection. Data taken from
Adlam et al. (24); see references therein.
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ates its function is expressed in all lympho-
cytes; thus the specificity of function of these
factors is not due to the induction of their
expression.

The silencer

Despite the identification of the mature
enhancer and the promoter, transient trans-
fection experiments were unable to identify
the cis-acting elements that would convey
full subclass specificity at all stages of T cell
development. Using transgenic approaches,
we and others identified a negative regula-
tory region in the first intron of the CD4 gene
that, when included in transgenic constructs,
repressed enhancer function in CD4- cells
and thus conveyed full subclass-specific ex-
pression of the marker gene (12,18). This
element functioned in a position- and orien-
tation-independent manner and could repress
transcription from heterologous promoters
and enhancers, thus fulfilling the require-
ments of a true transcriptional silencer
(12,18). The core 434-bp silencer region
contains three factor-binding sites referred
toas S1, S2, and S3 that are bound by factors
expressed in all T cells (31). By deleting
different combinations of sites in the si-
lencer and testing each mutant silencer in
transgenic assays, Duncan and colleagues
(31) determined that all three factor-binding
sites are important for silencer function.
However, there is significant functional re-
dundancy: in order to abrogate silencer func-
tion, the central factor-binding site must be
deleted in combination with either one of the
two flanking sites. Deletion of any one of the
three sites alone, or deletion of the two flank-
ing sites does not affect silencer function
(Figure 8). Thus, despite the redundancy, all
three factor-binding sites are important for
full silencer function.

Three silencer-binding factors have been
identified and, true to form, none are ex-
pressed in a subclass-specific manner. Using
a variety of biochemical and genetic ap-

793

proaches, Kim and Siu (32) determined that
the basic-helix-loop-helix protein HES-1
binds to S1 and helps mediate silencer func-
tion. These observations are especially inter-
esting in that HES-1 is a target of the lin12/
Notch signaling pathway, which is an impor-
tant developmental pathway and has been
implicated in the control of T cell fate deci-
sions (33). However, its role in the specifica-
tion of CD8 SP versus CD4 SP T cell devel-
opment is unclear, as we have been unable to
detect T cell subclass-specific differences in
HES-1 expression or modification (Kim H
and Siu G, unpublished results). The S2
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pTG | = m — —
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E E 14 E I
i El R il i
4483/ g 1. 1 10
;' ‘\ ’, \\ Er’ l\ 5/‘]’\ ;’y\ll‘\
E E E 3 E
1 n E "' R :i{ E
48/ ih EN E 3
J. 47 ERE E E
E T :jll —"l ) 3 E

Figure 7 - The transgenic constructs used to identify the thymocyte enhancer. A, Transgenic
constructs. Gray boxes - marker gene; open boxes - transcriptional control elements; arrows
- additional DNAse hypersensitivity (DH) sites present, as identified originally in Figure 3. B,
Histograms depicting marker expression in CD4 SP and double-positive (DP) thymocytes,
using the constructs from A. Solid line - marker expression; dashed line - isotype-matched
control. The constructs which contain DH sites 11-17 (cosC and AB) have clear marker
expression in the DP thymocytes, while the constructs that do not contain DH sites 11-17
(PASUA, pF and pTG) have no expression in the DP thymocytes and only a portion of the
CD4 SP thymocytes express the marker gene. Data are from Adlam et al. (24).

Braz ) Med Biol Res 32(7) 1999



794

Figure 8 - Functional redundancy
of the silencer binding sites.
FACS analysis of marker expres-
sion in peripheral lymphocytes is
shown for CD4 SP and CD8 SP
cells. The constructs contain the
marker gene driven by the CD4
promoter and enhancer and ei-
ther the full-length silencer
(pTGSiIl), no silencer (pTG), or si-
lencers with different sites de-
leted as indicated above each
plot. The solid line represents
the marker stain; the dashed line
represents the isotype-matched
control stain. A marker-positive
population in the CD8 SP cells
indicates a break in silencing. No
break of silencing is observed in
the CD8 SP population in the
single-site deletion silencer mu-
tants (A1, A2 and A3). The lower
panels show the double and
triple deletions of the binding
sites; all break silencing in the
CD8 SP population with the ex-
ception of A1/3. Data are from
Duncan et al. (31).
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region has a consensus c-Myb recognition
site; indeed, alignments of the S2 sequence
with the P1 region of the promoter show
significant sequence similarity. Using bio-
chemical approaches, Adlam and colleagues
determined that c-Myb is in fact binding to
S2 specifically, and is a component of the
major S2-binding complex (Adlam M, Allen
RD and Siu G, unpublished results). Inter-
estingly, c-Myb was determined to bind di-
rectly to HES-1 in vivo, indicating that the
two factors may form a functional active
silencer-binding heterodimer (Kim HK, Allen
RD and Siu G, unpublished results). Demon-
strating a direct role for c-Myb in the control
of CD4 gene expression has been difficult,
since c-Myb binds both to positive and nega-
tive regulatory elements in the CD4 locus,
which complicates reporter assay readouts.
To make matters worse, functional assays
for the silencer are limited predominantly to
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genetically manipulated mice. An analysis
of the role of c-Myb in lymphocyte develop-
ment using targeted disruption indicates that
T cell progenitors are blocked at an early DN
stage, precluding the use of conventional
targeted disruptions in studying the role of c-
Myb either in silencer function or in later
stages of T cell development (33a). How-
ever, conditional targeted disruptions of the
c-Myb gene are currently being generated
which will provide much useful information
on the role of c-Myb in these processes.

As defined by DNAse footprinting, the
S3 site of the silencer consists of a large 56-
bp region (31). Using yeast one-hybrid
screening techniques, Kim and Siu (34) iden-
tified a novel transcription factor, referred to
as Silencer Associated Factor (SAF), that
binds within this region. This factor is a 14-
kDa protein with discrete functional domains,
including a helix-turn-helix DNA binding
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domain that shares significant structural simi-
larity with the homeodomain class of tran-
scriptional regulators. In combination with
the S2 deletion, site-specific mutations in
the SAF-binding site within the S3 region
leads to loss of silencer function, supporting
the hypothesis that SAF is important in si-
lencer function. SAF is expressed in a wide
variety of cell types, including all subsets of
T cells. However, immunofluorescence stud-
ies indicate that in T cells in which the
endogenous silencer is nonfunctional, such
as CD4 SP and CD4*CDS8* cells, SAF is
present primarily in the cytoplasm, whereas
in T cells in which the silencer is functional,
such as CD8 SP and CD4-CDS8- cells, SAF is
present primarily in the nucleus. Thus, SAF
localizes to specific subcellular compart-
ments during T cell development, depending
on the specificity of endogenous silencer
function. Thus, SAF may play an important
role in mediating the specificity of function
of the CD4 silencer during T cell develop-
ment. Further studies are in progress to de-
termine more precisely the role of SAF in
both CD4 silencer function and T cell devel-
opment.

One interesting feature unique to the
CD4 silencer is the functional redundancy
of its factor-binding sites. In this regard,
the CD4 silencer is similar to the yeast mat-
ing-type silencer HMR-E. This functional
redundancy may be playing an important
role in the coupling of silencer function
with other developmental processes. For
example, the three factors that bind to the
yeast mating-type silencer (35) are impor-
tant not only in transcriptional repression
but also in transcriptional activation, and
can thus coordinate silencer function with
the expression of other genes. In addition,
several of the HMR-E-binding factors are
important in the initiation of DNA replica-
tion and telomere function. Because of the
multiple roles of these factors, it is possible
to link different biological processes with
transcriptional silencing. For example, it is

critical for the yeast cell to inherit the si-
lenced state around the mating-type locus
during mitosis, and thus the requirement
of the silencer-binding factors both for si-
lencing and replication insures that these
two processes are functionally linked. All
three factors that bind to the CD4 silencer
have also been shown to play multiple
roles in mammalian cell development and
function (36-38; Kim WWS and Siu G,
unpublished data). Thus, functional redun-
dancy could provide significant flexibility
in the control of CD4 silencer function at
different T developmental and functional
stages.

The thymocyte enhancer

One of the more surprising results to
come out of the transgenic analyses was the
identification of multiple enhancers in the
CD4 locus that function at discrete stages of
T cell development. As discussed above, the
characterization of the mature CD4 enhancer
led to the hypothesis that a second enhancer
in the CD4 locus was required for induction
of CD4 expression during the early stages of
T cell development. Using a transgenic ap-
proach, Adlam and coworkers (24) predicted
the existence of a thymocyte enhancer in a
cluster of DH sites located in the 3' flanking
region of the CD4 gene (Figures 3 and 7).
Mice transgenic with constructs that do not
contain the silencer but contain DH sites 11-
17 expressed the marker gene in DP thy-
mocytes as well as B cells and macrophages,
whereas those constructs without DH11-17
only express the marker in mature T cells
(Figure 7 and (12,24)). In addition, trans-
genic mice with constructs that contain both
the silencerand DH11-17 express the marker
only in CD4" thymocytes (12). Taken to-
gether, these data indicate that there is an
additional enhancer in the CD4 locus within
DH11-17 that can induce CD4 gene expres-
sion in a wide variety of different hemato-
poietic cell types; its function is restricted to
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CD4* cells in vivo due to the action of the
silencer. Preliminary transgenic data using
additional constructs indicate that a thy-
mocyte enhancer is indeed located in this
region (Adlam M and Siu G, unpublished
results). Because of the unique developmen-
tal specificity of this enhancer, it will be
particularly interesting to study the factors
that bind to the DP enhancer and mediate its
function.

Other elements

Using transient transfection studies,
Waurster and colleagues (16) identified a sec-
ond enhancer in the CD4 locus, located 25
kb 5' of the initiation point of transcription of
the CD4 gene. Functionally, this enhancer
overlapped completely with the mature en-
hancer and the promoter, and thus its role in
the control of CD4 gene expression was
unclear. Triebel and colleagues (39) reported
that the LAG-3 gene was located upstream
of the CD4 gene in the genome, and that this
enhancer is located 1.5 kb 5' of the initiation
point of transcription of the LAG-3 gene,
leading to the hypothesis that this enhancer
is actually an enhancer for the LAG-3 gene
instead of the CD4 gene. However, subse-
quent studies indicated that this enhancer
cannot enhance the LAG-3 promoter in tran-
sient transfection analyses. In addition, trans-
genic studies demonstrated that although this
enhancer is capable of enhancing transcrip-
tion from the CD4 promoter in transient
transfection analyses (16), it cannot do so in
transgenic assays (Adlam M, Allen RD and
Siu G, unpublished data), thus making it
unlikely that this enhancer plays a role in
CD4 gene expression. The role of this en-
hancer in the transcriptional control of any
gene remains unknown.

Controlling the specificity of CD4
gene expression

Although the identification of the cis-
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acting transcriptional control elements that
mediate specificity of CD4 expression has
been largely successful, the manner in which
the different factors mediate the specificity
and function of each element remains un-
clear. In mediating expression, the factors
that bind to these elements must perform two
functions: they must either stimulate or in-
hibit the transcriptional machinery (the mech-
anism of action), and they must do so in a
subclass-specific manner (the specificity of
action). These two functions may be com-
pletely distinct from each other, requiring
different sets of factors, or there may be
significant functional overlap. Nonetheless,
in constructing models for the role of the
factors that bind to the CD4 transcriptional
control elements in mediating gene expres-
sion, it is useful to consider these concepts
separately.

Mediating specificity: post-translational
modification of transcription factors

Although the control of specificity of
element function remains obscure, it is clear
that function is not mediated by the specific
expression of the element-binding factors.
For example, the CD4 silencer is the critical
element that controls the specificity of CD4
expression in mature T cells, and yet all of
the characterized silencer-binding factors are
expressed in both CD4 and CD8 SP T cells
(31,32,34; Adlam M, Allen RD and Siu G,
unpublished results). At first, these observa-
tions appear contradictory in that a combina-
tion of DNA-binding factors expressed in a
wide variety of different tissues mediates T
cell subclass-specific function of a transcrip-
tional control element. However, these data
may actually be indicating a possible mech-
anism for the control of specificity of CD4
gene expression. This is due to the timing of
transmission of the initial differentiation sig-
nal from the surface of the thymocyte during
the selection process (40). Presumably, the
signal to differentiate to a mature T cell
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occurs during the CD4*CD8* thymocyte
stage. Thus, the components of this signal
transduction pathway are likely to be ex-
pressed in DP. This would predict that the
initial nucleus-bound signal to start the pro-
gram of differentiation to a CD8 SP T cell,
for example, is transmitted by the modifica-
tion of existing factors by one or more mecha-
nisms, schematically depicted in Figure 9. It
is possible that the CD4 transcriptional con-
trol elements are direct targets of the initial
TCR-mediated selection signal from the sur-
face of the DP thymocyte; should this be the
case, the factors that bind to them may be
induced to function in DP thymocytes in
response to these signals. One particulary
striking observation consistent with this hy-
pothesis is the subclass-specific localization
of SAF in T cells; SAF is present largely in
the nucleus in CD4- T cells, where presum-
ably it has access to its cognate recognition
site in the CD4 silencer. Alternatively, SAF
is present largely in the cytoplasm of CD4* T
cells, and thus does not have access to the
silencer and cannot mediate its function (Fig-
ure 9B). It is possible that signaling via the
T-cell antigen receptor during selection in-
duces the translocation of SAF into the
nucleus, thus initiating a cascade of develop-
mental events that lead to the specification
of the CD8 SP T¢ lineage, including the
induction of CD4 silencer function.

Mediating specificity: subclass-specific
expression and function

It is also still possible that subclass-spe-
cific factors are mediating CD4 cell-type-
specific expression. Subclass-specific coac-
tivators may mediate interaction of the con-
stitutively expressed DNA-binding factors
with the basal transcriptional machinery. For
example, the Octl transcription factor con-
veys B-cell specificity to the immunoglobu-
lin promoter and is required for its function.
Octl itself is expressed ubiquitously; how-
ever, OCA-B, a non-DNA-binding B cell-

specific coactivator protein, is required to
link Octl function with the basal transcrip-
tion machinery and induce promoter func-
tion (41). It is possible that the factors that
mediate CD4 element function also interact
with T cell subclass-specific coactivators
that convey the appropriate subclass-speci-
ficity. CD8 T cell-specific coactivators may
interact with the more ubiquitously expressed
silencer-binding factors HES-1, c-Myb, and
SAF to link their function to the basal tran-
scription machinery; alternatively, CD4-spe-
cific coactivators may interact with the pro-
moter-binding factors to mediate promoter
function in activated Ty cells (Figure 9C).
This model predicts, however, that the ele-
ment-binding factors are not direct targets of
the selection signal in the DP thymocytes
and that the factors that control subclass-
specific coactivator expression would be
more likely candidates.

Specificity may also be mediated by com-
binations of different factors in different cell
types. For example, the genes encoded in the
yeast mating-type locus can repress or acti-
vate transcription in different cell types de-
pending on the juxtaposition of the recogni-
tion site of one factor with that of other
transcription factors (42). The o.1 homeodo-
main transcription factor can repress the tran-
scription of haploid-specific genes by bind-
ing to operator sequences in promoters in
conjunction with the al homeodomain tran-
scription factor (43). However, ol can also
activate the transcription of o-specific genes
by binding to different promoter sites in
conjunction with the MCMI1 transcription
factor (44-47). The two different ol-con-
taining heterodimers differ both in DNA
binding affinity and in sequence specificity
(48-50). Thus, in this system, arrangements
of specific DNA sequences act as nucleation
sites for the assembly of groups of regulatory
proteins on DNA, and it is the assembly of
proteins as a whole as opposed to the pres-
ence of a particular protein that determines
the specificity of expression of the target
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gene. This model predicts that specificity of
element function is not conveyed by specific
expression of nuclear factors but rather by
the subclass-specific interactions of differ-
ent combinations of factors (Figure 9D).

Mediating function

The manner in which the different nuclear
factors mediate the function of the CD4
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Figure 9 - Possible models for subclass specific regulation using ubiguitous or nonsubclass
specific factors. For simplicity, only one of the numerous possibilities is shown in each case.
A, Phosphorylation determines the presence or absence of activity of the factor. B, Seques-
tration of the factor away from the nucleus (top) or away from its binding site (bottom)
prevents it from participation in the element regulation. C, Association with yet unidentified
subclass-specific cofactor(s) determine(s) the functionality of the element. D, Different
combinations of cofactors occur at different stages of T cell development to positively or
negatively regulate an element’s function. E, The same factor binds to different configura-
tions of its binding site and adopts different conformations, which allow interactions with
different cofactors. Arrow: transcription; crossed-out arrow: lack of transcription; ovals and
boxes: different transcription factors except in top part of B, where ovals represent a cell
and its nucleus.
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transcriptional control elements is conceptu-
ally more straightforward. The enhancer-
binding factor E12/HEB is a transcriptional
regulator that is known to induce transcrip-
tion. Indeed, members of this family were
first identified by characterizing factors that
bound to the immunoglobulin heavy-chain
gene enhancer (51). Similarly, the promoter-
binding factors c-Myb, MAZ, and Elf-1 were
all initially characterized as promoter-bind-
ing factors that induced transcription
(36,52,53). The mechanism for the silencer-
binding factors, however, is still unclear.
HES-1 has been characterized as a transcrip-
tional repressor (37,54). However, as dis-
cussed above, c-Myb has been previously
characterized as a positive transcriptional
regulator, and thus its potential role in si-
lencer function is unclear. It is possible that
different contexts of the c-Myb binding site
allow it to function either as a transcriptional
activator or a repressor depending on its
specific interactions with the other silencing
proteins.

Interestingly, structural work by Aggarwal
and colleagues (55) has led them to propose
a model for different effects of a transcrip-
tion factor on different transcriptional con-
trol elements. The transcription factor Pit-1
binding to DNA as a homodimer recognizes
sites on perpendicular surfaces of the DNA
helix. The spacing distance between the two
sites is variable, depending on the promoter;
because of this, Pit-1 is configured differ-
ently on different DNA recognition sites.
This flexibility may enhance the range of
cooperative interactions between Pit-1 and
coactivators; therefore, the same factor may
be used in different contexts on different
DNA elements to achieve cell type-specific
actions. Binding site flexibility could also be
a mechanism for specificity of function of c-
Myb at the CD4 promoter and silencer (Fig-
ure 9E). The promoter has two c-Myb recog-
nition sites, whereas the silencer has one; it
is possible that binding to a single site in the
silencer gives c-Myb a different conforma-
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tion than binding to a double site in the
promoter. In one configuration, c-Myb acts
as a transcriptional activator on the pro-
moter, whereas in the second configuration,
it acts as a repressing element within the
silencer. Thus, the same factor can be used
either as an inducer or a repressor of tran-
scription, depending on its secondary struc-
ture, which in turn depends on the configura-
tion of its binding site.

Wheels within wheels: complexities
of CD4 gene expression control

In 1550, the astronomer Giovanni de
Dondi of Padua built a complex model to
describe the orbital paths of the different
planets. At the time, scientists believed the
earth to be the center of the universe; be-
cause their point of perspective was incor-
rect, their plotted paths for each planet was
complex and different. The sun and the moon
both have circular orbits, of course, but each
of the planetary orbits have complicated epi-
cycles - that is, the rolling of wheels within
wheels - that were originally described math-
ematically by Ptolemy. Beautiful as it is, de
Dondi’s model has one major flaw. As stated
by Jacob Bronowski in his book on science
and humanism, The Ascent of Man: ... what
is wrong with it? One thing only: that there
are seven dials for the heavens - and the
heavens must have one machinery, not seven
(56).”

Classical astronomy had Nicolaus
Copernicus to clarify matters and present a
much simpler model for the galaxy in 1543
(seven years earlier - it is a pity that de Dondi
did not conduct a more thorough literature
search!). Unfortunately, studies on the speci-
ficity of control of CD4 gene expression -
indeed, in the specificity of signal transduc-
tion in general - are unlikely to be as lucky.
However, like the pre-Copernican astrono-
mers, we believe that we have at least identi-
fied the important players. There are at least
four elements functioning in different com-

binations at different stages that mediate
CD4 gene expression during development
(Figures 10 and 11). At the early stem cell
stage, the thymocyte enhancer induces low
levels of expression of CD4. The stem cells
that further develop into B cells, macrophag-
es, and other hematopoietic cells initiate si-
lencer function and thus repress CD4 ex-
pression throughout the remaining life of the
cell. However, commitment to the T cell
lineage leads to a complex program of CD4
gene expression that is mediated by different
combinations of CD4 transcriptional control
elements functioning at different develop-
mental stages. As the stem cell develops into
a DN thymocyte, the silencer begins to func-
tion, thus inhibiting thymocyte enhancer
function and CD4 expression. The thymocyte
enhancer continues to function while the
thymocyte undergoes positive and negative
selection; should the DP thymocyte survive
to complete this process, it will make a fate
decision to become either a CD4 SP Ty; cell
or a CD8 SP T cell. Should the thymocyte
become a CD4 SP T cell, it will initiate
function of the CD4 T cell enhancer only and
thus continue to express CD4. However,
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Figure 10 - Activity of the transcriptional control elements throughout T cell development. A
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should the thymocyte become a CD8 SP T
cell it will initiate function of both the ma-
ture enhancer and the silencer, leading to the
repression of CD4 expression. The work
completed so far has therefore revealed a
fascinating and complex machinery with only
hints as to how it actually coordinates devel-
opmental CD4 gene expression; thus, the
molecular immunologist is faced with a com-
plex system that almost makes one nostalgic
for the relative simplicity of Ptolemy’s plan-
etary orbital system.

In contrast, control of expression of genes
important in early development is rarely
simple. The bithorax complex of Drosophila
is an excellent example of a complicated
system of differentially regulated genes which
are important in development (57). The
homeotic proteins of Drosophila control the
morphogenesis of position-specific features
along the body axis during embryonic devel-
opment. Their expression is restricted to dis-
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tinct domains along this axis throughout
embryogenesis; ectopic expression of the
genes that encode the homeotic proteins in
inappropriate cells misdirects their develop-
ment. The bithorax complex spans a large
region of DNA, and contains at least three
genes that encode for homeotic proteins:
Ultrabithorax (Ubx), abdominal-A (abd-A),
and Abdominal-B (45d-B) (Figure 11). The
Ubx gene is expressed in the middle region,
whereas Abd-B is expressed in the tail region
of the body, indicating that the transcrip-
tional control elements that determine the
limits of these domains differ in their func-
tion. The control of transcription of these
genes requires a complex set of different
regulatory elements, including promoters,
enhancers, silencers, and boundary elements.
The CD4 gene expression control system
has many similarities with the bithorax sys-
tem. Like the Ubx gene, CD4 is expressed in
early pluripotent precursors, its proper ex-
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pression is required for appropriate cell de-
velopment, and both the Ubx and CD4 loci
have multiple transcriptional control elements
that function at different stages of develop-
ment (Figure 11). Thus the strategies for
stage-specific expression control for these
genes are very similar. The reasons for this
are unknown, although it may be that if fine
control of expression of a gene at different
stages is required, it is more efficient to use
multiple elements, each controlling expres-
sion at specific stages, as opposed to using
one multifunctional element.

One important distinction of the CD4
locus is that the CD4 gene is found in a tight
cluster of genes, none of which are as re-
stricted in specificity of expression as CD4
(39,58). The mature enhancer is located im-
mediately 3' to the LAG-3 gene, whereas the
thymocyte enhancer is located in the first
intron of the isopeptidase T gene (Figure
11). Thus, the CD4 transcriptional control
elements must in some manner be able to
mediate transcription of CD4 and not the
other genes in the locus. In this respect the
CD4 gene is similar to the o-globin gene
cluster; the LCR that mediates cell type-
specific o globin gene expression is located
40 kb 5' from the promoter, in the intron of a
constitutively expressed housekeeping gene
(59). The mechanisms by which the CD4
elements interact specifically to mediate CD4
gene expression and ignore the other genes
in the locus remain unclear.
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