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CD4 coreceptor expression is negatively regulated through activity
of the Cd4 silencer in CD4–CD8– double-negative (DN) thymocytes
and CD8+ cytotoxic lineage T cells. Whereas Cd4 silencing is re-
versed during transition from DN to CD4+CD8+ double-positive
stages, it is maintained through heritable epigenetic processes fol-
lowing its establishment in mature CD8+ T cells. We previously
demonstrated that the Runx family of transcription factors is re-
quired for Cd4 silencing both in DN thymocytes and CD8+ T cells.
However, additional factors that cooperate with Runx proteins in
the process of Cd4 silencing remain unknown. To identify collab-
orating factors, we used microarray and RNAi-based approaches
and found the basic helix–loop–helix ZIP transcription factor AP4
to have an important role in Cd4 regulation. AP4 interacts with
Runx1 in cells in which Cd4 is silenced, and is required for Cd4
silencing in immature DN thymocytes through binding to the prox-
imal enhancer. Furthermore, although AP4-deficient CD8+ T cells
appeared to normally down-regulate CD4 expression, AP4 defi-
ciency significantly increased the frequency of CD4-expressing ef-
fector/memory CD8+ T cells in mice harboring point mutations in
the Cd4 silencer. Our results suggest that AP4 contributes to Cd4
silencing both in DN and CD8+ T cells by enforcing checkpoints for
appropriate timing of CD4 expression and its epigenetic silencing.

T-cell development | transcriptional memory | cell fate decision |
bipotential precursors

The helper versus cytotoxic T-cell lineage decision in the thymus
has long been studied as a model system for binary fate deci-

sions. These two subsets of T cells are selected from a common
precursor pool of CD4+CD8+ double-positive (DP) thymocytes
through interaction between clonally restricted TCRαβ chains and
self-peptides presented on MHC class I or class II molecules
expressed by thymic epithelial cells. During differentiation to the
cytotoxic lineage, CD4 coreceptor expression is selectively si-
lenced at the transcriptional level (Cd4 silencing), whereas CD8
expression from the Cd8a/Cd8b loci is transiently down-regulated
and then restored through activation of postselection stage-spe-
cific enhancers (1). The Cd4 silencer, a cis-acting sequence with
multiple transcription factor binding sites in the first intron of the
Cd4 gene, is required for down-regulation of CD4 during the
transition from theDP toCD8 single-positive (SP) stages aswell as
for repression at the CD4–CD8– double-negative (DN) stage of
thymocyte differentiation (2, 3). Runx family transcription factors
are required for Cd4 silencing through binding to the silencer,
whereas ThPOK, induced following MHC class II-restricted se-
lection, binds to the silencer to maintain active Cd4 expression in
CD4SP thymocytes (4, 5). Runx proteins, particularly CD8 line-
age-specific Runx3, and ThPOK not only regulate coreceptor ex-
pression but are also critically important for the development of
the cytotoxic and helper lineages, respectively (5–8).
Genetic studies have shown that the Cd4 silencer is required

for the establishment of Cd4 silencing, but not for its mainte-
nance in mature CD8+ effector T cells (3). Conditional deletion
of the Cd4 silencer by the Cre-LoxP system before the CD8SP
stage of T-cell differentiation results in CD4 derepression similar

to that observed in Cd4 silencer-deficient mice. All CD8+ T cells
lacking the Cd4 silencer express CD4 at levels similar to
CD4+CD8– cells. In contrast, Cd4 silencer deletion in activated
proliferating CD8+ T cells using retroviral Cre transduction does
not cause CD4 up-regulation. These results indicate that a heri-
table silenced state of the Cd4 locus is established during de-
velopment and is propagated through a poorly understood
mechanism to prevent Cd4 transcription in mature CD8+ T cells.
This well-characterized example of heritable gene silencing
provides an opportunity to gain insight into the molecular events
required for establishing epigenetic gene regulation.
In this study, we demonstrate that AP4, a basic helix–loop–

helix (bHLH) ZIP transcription factor encoded by the Tcfap4
gene, is essential for Cd4 silencing in immature thymocytes. AP4-
deficient immature thymocytes derepressed Cd4 beginning at the
DN3 stage, before selection of cells with productive rearrange-
ment of Tcrb, and more markedly following β selection. Cd4
derepression caused by AP4 deficiency was further enhanced in
the Cd4 silencer-deficient background, suggesting that AP4
functions independently of the Cd4 silencer but cooperates with
silencer-binding factors to regulate appropriate timing of CD4
expression. Furthermore, AP4 was also found to complement
Cd4 silencer-mediated activity in mature CD8+ T cells, enforcing
inactivation of CD4 expression when cells with a mutant silencer
and variegated derepression of CD4 acquired a memory phe-
notype. These results suggest that AP4 is a key negative regulator
of the Cd4 gene both early and late in T-cell development.

Results
Identification of AP4 as a Cd4 Gene Regulator. To identify potential
Cd4 silencing factors, we used a combination of gene expression
analysis and candidate gene approaches. It was previously shown
that the mouse Cd4 proximal enhancer (Cd4PE) contains mul-
tiple E-protein-binding sequences (E boxes; CD4-1 and CD4-3 in
Fig. S1) in motifs identified through DNaseI footprinting assays
(9, 10). In vitro reporter assays suggested that, among these, the
59 E box of the CD4-3 element is essential for enhancer activity.
This E box was bound by HEB/E2A complexes in vitro, and DP
thymocytes lacking HEB or both HEB and E2A had reduced
Cd4 expression (11, 12). In contrast, two E boxes, which are
located in CD4-1 and at the 39 end of CD4-3, are not required
for enhancer activity in vitro, and their functions have not been
identified (9, 10). In the Cd4 silencer, at least five short se-
quences or small regions have been shown by targeted muta-
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genesis to be essential for Cd4 silencing (2). Two of the five sites
contain consensus Runx-binding motifs, and mutation of these
Runx-binding sequences resulted in complete Cd4 derepression
that was similar to that observed in CD8+ T cells lacking the
Runx cofactor CBFβ (4, 13). Factors binding to the other sites in
the silencer have not been identified. Interestingly, one of the
orphan sites, designated site 1, also contains an E-box motif,
which is partially conserved between mouse and human (Fig. S2).
Based on these results, we hypothesized that additional E pro-
teins may be regulating the Cd4 gene, potentially as repressors.
To identify potential E proteins contributing to Cd4 gene

regulation in thymocytes, we compared gene expression profiles
of cells at the DN, DP, CD4SP, and CD8SP stages of thymocyte
differentiation, and focused on factors that contained bHLH
domains and whose expression levels correlated with activity of
the Cd4 silencer (Fig. 1A). We extracted w200 probe sets for

known genes containing HLH domains and identified AP4,
encoded by Tcfap4, as the only factor that met all criteria (Fig.
1A). We confirmed the stage-specific expression of AP4 by
quantitative RT-PCR (Fig. 1B). AP4 mRNA expression was
highest in DN thymocytes, and CD8SP thymocytes expressed
w50% more mRNA than CD4SP thymocytes. At the protein
level, AP4 was highly expressed in DN thymocytes, whereas little
AP4 protein was detected in DP thymocytes (Fig. 1C). AP4 ex-
pression was equally high at the DN3 and DN4 stages, whereas
Runx1 expression was down-regulated upon β selection. In ma-
ture SP thymocytes and peripheral T cells, AP4 protein expres-
sion was higher in CD8+ lineage cells than in CD4+CD8– cells.
Consistent with mRNA levels, however, the amount of AP4 was
lower in CD8+ cells compared with DN thymocytes.
To determine whether AP4 could contribute to Cd4 silencing,

we overexpressed AP4 in a CD4+CD8+ DP cell line, AKR1 (Fig.
1D). Runx3 overexpression in AKR1 cells induced ectopic Cd4
silencing, resulting in w40% of the transduced cells becoming
CD4-negative 3 d after retroviral infection. Whereas forced ex-
pression of AP4 alone induced uniform, but slight, CD4 down-
regulation, coexpression of Runx3 and AP4 resulted in a signifi-
cant increase in the proportion of CD4-negative cells compared
with overexpression of either factor alone (Fig. 1D). This indi-
cates that Runx3 and AP4 synergistically repress CD4 expres-
sion, or that AP4 stabilizes Runx3-mediated CD4 repression.
To further validate AP4 functions in Cd4 gene regulation, we
performed loss-of-function assays in vitro using shRNA-based
knockdown (Fig. 1E). In these assays, we used the 1200M cell
line that has been used successfully to study Cd4 silencing (2, 14).
This cell line is thought to be derived from CD4–CD8+ immature
single-positive thymocytes based on high CD24 (HSA) (Fig. S3)
as well as Runx1, but not Runx3, expression (6). Upon shRNA
knockdown of Runx1 expression, we observed increased CD4
surface expression, consistent with Cd4 silencing in 1200M cells
being Runx1-dependent (Fig. 1E, green line). Whereas an
shRNA which knocked downw50% of endogenous AP4 protein
expression induced modest CD4 up-regulation (Fig. 1E, orange
line), knockdown of both Runx1 and AP4 resulted in a significant
increase in CD4 expression compared with Runx1 or AP4
knockdown alone (Fig. 1E, red line). These results suggest that
AP4 and Runx proteins cooperatively regulate Cd4 silencing.

AP4 Is Required for Cd4 Silencing in Immature Thymocytes in Vivo. To
validate AP4 functions in Cd4 gene regulation in vivo, we gen-
erated an AP4-null (Tcfap4–) allele using homologous re-
combination in ES cells (Fig. S4 A–C). Homozygous mice were
born at a slightly lower than expected Mendelian frequency upon
intercrossing of heterozygous mice (WT 29.3%, heterozygous
54.8%, homozygous 15.9%, 30 litters), but were grossly normal
and fertile. Numbers of total thymocytes and frequencies of
B and T cells in the spleen were comparable between AP4-
deficient mice and littermate controls (Fig. S4 D and E).
To determine whether AP4 is required for Cd4 silencing, we

examined CD4 expression at different stages of thymocyte and
T-cell differentiation (Fig. 2). CD4 expression was normal in DP
thymocytes and CD4SP thymocytes (Fig. S4F). In contrast, CD4
was up-regulated in immature DN thymocytes, defined as surface
TCRβ-negative (sTCRβ–) TCRγδ–CD8α–Thy1+ cells (Fig. 2 A
and B). When we subdivided DN thymocytes into subpopulations
based on CD25 and CD44 expression, we observed modest
CD4 up-regulation in the cells before β selection at the DN3
stage (Fig. 2C, CD25hiCD44–). CD4 up-regulation was further
enhanced in DN3 cells from AP4-deficient mice harboring the Cd4
silencer site 3 mutation (Fig. S5A). Interestingly, 15w20% of AP4/
Rag2 doubly deficient thymocytes had the CD4+CD8+CD25int

phenotype, suggesting that the modest CD4 expression and/or
AP4 deficiency were sufficient to allow Rag2-deficient thymo-
cytes to bypass the β-selection checkpoint (Fig. 2D). Similar

Fig. 1. Identification of AP4 as a Cd4 silencing factor. (A) Microarray anal-
ysis of genes encoding bHLH domain-containing proteins in different thy-
mocyte subsets. Relative signal intensity is normalized against the expression
level in DP thymocytes (shown as yellow). (B) Quantitative RT-PCR analysis of
AP4 (Tcfap4) expression. Values were normalized against Hprt1 expression
levels and are shown relative to the DP expression level. Data represent the
average and SD of two independently prepared samples for each cell type.
(C) Western blotting analysis of AP4 expression in different subsets of thy-
mocytes and mature T lymphocytes. Anti-Runx, -RORγt, -ThPOK, and -CBFβ
immunoblots serve as controls for population purity, and anti-HMG1 serves
as a loading control. (D) Effect of AP4 overexpression in a double-positive
thymoma cell line. AP4 and/or Runx3 were retrovirally expressed in AKR1
cells, and CD4 expression was assessed in transduced cells at 72 h post-
infection (blue lines). Red-filled histograms indicate CD4 expression in empty
virus-transduced controls. Proportions of CD4lo/– cells are shown with aver-
ages and SDs from five experiments. (E) AP4 and Runx1 synergistically reg-
ulate active Cd4 silencing in the 1200M cell line. CD4 expression in cells
transduced with shRNAs targeting AP4 (orange), Runx1 (green), or both
(red). Mean fluorescence intensities of CD4 staining are shown with averages
and SDs from five experiments. Statistical significance was tested by un-
paired two-tailed t test with P values shown.
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phenotypes have been reported in mice ectopically expressing
transgenic CD4 in DN3 thymocytes, lacking the Cd4 silencer, or
lacking the E2A E-box protein (15–17). In control mice, CD4
remained silenced in intracellular TCRβ (icTCRβ)-expressing
thymocytes that down-regulated CD25 following β selection, and
only a small fraction of cells started to express CD4 at the DN4
stage (Fig. 2C, CD25intCD44– and CD25–CD44–, and Fig. S5B). In
contrast, in the absence of AP4, CD4 was markedly up-regulated
in β-selected CD25int cells expressing icTCRβ protein (Fig. 2C and
Fig. S5B). CD4 expression increased further in DN4 thymocytes,
indicating that AP4 maintains Cd4 silencing in proliferating DN
thymocytes following β selection. Postselection DN3 (CD25int)
and DN4 thymocytes from mice lacking both AP4 and the Cd4
silencer (Fig. 2C, DKO) expressed CD4 at higher levels than those
from AP4-deficient or Cd4 silencer-deficient mice (Fig. 2C and
Fig. S5C). These results indicate that AP4 is required for Cd4 si-
lencing in cooperation with silencer-binding factors in double-
negative thymocytes and additionally suggest a silencer-inde-
pendent function for AP4.

AP4 Modulates Cd4 Silencing in Memory CD8+ T Cells. Cd4 silencing
in CD8+ mature thymocytes or CD8+ T cells appeared to be
normal in AP4-deficient mice (Fig. 3 A and B). To further ex-
plore the role of AP4 in Cd4 silencing in mature thymocytes and
CD8+ T cells, we examined the AP4-deficient mice bred to mice
harboring a mutation in the Cd4 silencer. In contrast to its effect
on CD4 expression in immature thymocytes, loss of AP4 in
CD8SP CD24lo/– mature thymocytes did not exacerbate CD4
repression defects in Cd4 silencer site 1 or site 3 mutant mice,
suggesting that AP4 is not required for the establishment of Cd4
silencing in mature CD8+ SP thymocytes (Fig. 3A and Fig. S6).
However, in peripheral CD8+ T cells, AP4 inactivation resulted
in significantly larger proportions of CD8+ T cells that failed to
silence CD4 expression in site 1 or site 3 mutant mice (Figs. 3 B
and C and 4). In site 3 mutant mice expressing AP4, w30% of
CD8+ T cells in the peripheral blood remained CD4-positive,
presumably due to inefficient establishment of epigenetic Cd4
silencing as previously reported (2). In the absence of AP4, more
than 50% of site 3 mutant CD8+ T cells were CD4-positive, and
AP4 heterozygosity caused an intermediate increase in the pro-
portion of silencer mutant CD4+CD8+ T cells (Fig. 3C). Be-
cause variegated CD4 expression by CD8+ T cells from site 1 or
site 3 mutant mice is considered to be an indication of epigenetic
modification of the silenced Cd4 locus (2), our results suggest
that AP4 may regulate epigenetic Cd4 silencing after silencer-
binding factors, including Runx3 and CBFβ, inactivate transcription
of the locus.
In analyzing the above results, we noticed that in site 1 and site

3 mutants there was “uniform” derepression of CD4 in most
CD8SP thymocytes (reminiscent of silencer-mutated DN cells),
but there was variegated CD4 expression in mature peripheral
CD8 cells. We thus hypothesized that silencer mutant CD8+ T
cells that egress the thymus may lose CD4 expression as they
populate the peripheral lymphoid compartments and undergo

Fig. 2. AP4 is required for Cd4 silencing in immature thymocytes. (A) CD4
expression in sTCRβ–TCRγδ–CD8α–Thy1+ thymocytes from AP4-deficient
(open histogram) and WT control (filled histogram) mice. (B) CD4 is robustly
up-regulated following β selection in AP4-deficient thymocytes. CD4, CD25,
and CD44 expression of sTCRβ–TCRγδ–CD8α–Thy1+ thymocytes from AP4-
deficient and WT control mice. (C) AP4 synergizes with Cd4 silencer-binding
factors to repress CD4 in immature thymocytes. CD4 expression in pre-
selection DN3 cells (CD25hiCD44–), postselection DN3 cells (CD25intCD44–)
and DN4 cells (CD25–CD44–) from WT (black lines in the top row and filled
histograms), Cd4 silencer-deficient mice (Cd4Sil−/−), AP4-deficient mice
(Tcfap4−/−), and mice doubly deficient for the Cd4 silencer and AP4 (DKO) is
shown in histograms with mean fluorescence intensity (MFI) indicated. Data
shown here are representative of more than three independent experi-
ments. Statistical analysis is shown in Fig. S5C. (D) AP4 deficiency allows
Rag2-deficient thymocytes to bypass β selection. CD4, CD8α, CD25, and
CD44 expression in Thy1+ thymocytes from Rag2−/− or Rag2−/−Tcfap4−/−

mice is shown.

Fig. 3. AP4 modulates variegated CD4 derepression in mice harboring
a mutated Cd4 silencer. (A) CD4 and CD8 expression in TCRβhiHSAlo gated
mature thymocytes from Tcfap4−/− mice crossed to Cd4 silencer site 3 mutant
mice. CD4 expression in site 3 mutant CD8+ mature thymocytes on either
AP4-sufficient (Upper) or -deficient (Lower) backgrounds is shown (Right).
Filled histograms show CD4 expression in CD8+ mature thymocytes from
AP4-sufficient (Upper) or -deficient (Lower) mice with the intact Cd4 silencer.
(B and C) CD4 expression in CD8+TCRβ+ lymph node (LN) cells of mice with
silencer site 3 mutation, AP4 deficiency, or both. A representative set of data
is shown in B and a statistical analysis of frequency of CD4+ T cells within the
CD8+ T-cell interval gate in multiple mice is shown in C. Averages and SDs are
shown with P values determined by unpaired Student’s t test.
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either homeostatic or antigen-driven cell division. To test this
hypothesis, we first examined different surface markers to sub-
divide peripheral CD8+ T cells into “young” versus “aged”
subpopulations; we found that CD103 (α E integrin) expression
performed this task. CD103 is uniformly expressed in mature
CD8SP thymocytes, but the peripheral CD8+ T-cell population
contains both CD103+ and CD103– cells (18). To determine
whether CD103 expression marks young cells, we examined Rag2
promoter-driven GFP mice in which the GFP transgene is
expressed before positive selection and GFP fluorescence is
slowly lost as cells age in the periphery or undergo cell division
(19, 20). We observed GFP+ cells enriched in the CD103+

subpopulation, but detected only a low frequency of GFP ex-
pression in the CD103– population (Fig. S7A), suggesting that
CD103– cells are aged cells compared with CD103+ cells. A large
proportion of CD103– cells were CD44hi effector or memory T
cells but there were few CD44hi cells in the CD103+ population
(Fig. S7B), suggesting that CD8+CD103– cells were enriched for
aged cells including memory T cells that had undergone cell
division driven by antigen stimulation. We next examined CD4
expression in Cd4 silencer mutant CD8+ cells to determine the
effects of cell aging or cell division on Cd4 silencing (Fig. 4A).
Indeed, failed Cd4 silencing in CD8+CD103+ young cells from
site 1 mutant mice resembled that in mature CD8-positive thy-
mocytes: relatively uniform ectopic CD4 expression. In contrast,
the majority of CD8+CD103– cells had lost CD4 expression. The
marked changes in the CD4 expression patterns were not ob-
served in CD8+ T cells with the 429-bp silencer deleted. These
results suggest that CD8+ T cells with suboptimal Cd4 silencer
function may establish Cd4 silencing following aging or cell di-
vision, probably through propagation of a repressed state, initi-
ated at the Cd4 silencer, to positive regulatory elements, such as
the promoter or the proximal enhancer.

Because AP4 deficiency did not result in changes in CD4 ex-
pression in CD8SP thymocytes but caused an increased fre-
quency of CD4 expression in CD8+ T cells in site 1 or site 3
silencer mutant mice, we hypothesized that AP4 may be required
for inactivation of CD4 expression in silencer-compromised,
aged CD8+ T cells. In AP4-deficient mice with the site 1 mu-
tation there was a modest increase in the frequency of
CD4+CD8+ T cells in the CD103+ subpopulation compared
with control AP4-sufficient mice (Fig. 4 B and C). However,
a large proportion of CD103– cells retained CD4 expression in
the absence of AP4, thus resulting in a higher overall frequency
of CD4+CD8+ T cells in the periphery (Fig. 4 B and C). These
results suggest that AP4 may be required to shut off transcription
of the Cd4 locus in memory-enriched CD103–CD8+ T cells.
We next determined in vitro whether proliferation per se

recapitulates inactivation of CD4 expression in CD8+ T cells
in an AP4-dependent manner (Fig. S8). We purified CD4+CD8+

CD103+ cells from site 1 mutant mice or site 1/AP4 double-
mutant mice and examined CD4 down-regulation following anti-
CD3 and -CD28 stimulation (Fig. S8A). About half of activated
CD8+ T cells with the site 1 mutation retained expression of
CD4 at a high level, whereas the rest of the population expressed
low levels of CD4 (Fig. S8B). Interestingly, there were no sig-
nificant differences between AP4-sufficient and AP4-deficient
cells, suggesting that mechanisms of CD4 down-regulation might
be different between memory CD8+ T cells generated in vivo
and activated CD8+ T cells in vitro.

AP4 Binds to the Cd4 Proximal Enhancer and Physically Interacts with
Runx. To understand the mechanisms of AP4-mediated Cd4 gene
regulation, we examined AP4 binding to known Cd4 regulatory
elements by chromatin immunoprecipitation (Fig. 5A). In DN
thymocytes, AP4 binding was detected in the Cd4 proximal en-
hancer located 12 kb upstream of the Cd4 transcription start site,
whereas no significant binding was detected in the promoter or
silencer regions. In addition, the Cd4 proximal enhancer was
hyperacetylated at K9 but not at K27 of histone H3 in the AP4-
deficient DN thymocytes (Fig. 5B), which is consistent with
previous findings that AP4 represses target gene expression
through interaction with histone deacetylases (HDACs) (21, 22).
Our genetic data suggested that AP4 cooperates with other si-

lencer-binding factors to repress Cd4, which raises the possibility
that AP4 and Runx1, the known Cd4 silencer-binding factor,
physically interact with each other. To test this hypothesis, we
attempted to coimmunoprecipitate endogenous AP4 and Runx1
in 1200M cells, where these factors contribute to Cd4 silencing
(Fig. 5C). AP4 and Runx1 were reciprocally coprecipitated by
specific antibodies against AP4 or Runx1, suggesting that these
two transcription factors interact in cells in which the Cd4 gene is
actively silenced in a silencer- and Runx1-dependent manner.

Discussion
We have identified AP4 as a negative regulator of the Cd4 gene.
Whereas AP4 was originally identified as an activator of viral
gene transcription in cooperation with AP1 (23, 24), recent
in vitro studies have suggested that AP4 functions as a tran-
scriptional repressor through interaction with HDACs to silence
HIV long-terminal-repeat activity or neuronal gene expression in
nonneuronal tissues (21, 22). We have found that AP4 is an
enhancer-binding factor required for repression of the Cd4 gene
in immature thymocytes in vivo. Repression appears to be de-
pendent on cooperation between AP4 and other factors pre-
sumably recruited to the Cd4 silencer, including Runx proteins.
Our analysis of Cd4 gene regulation in immature thymocytes

indicates that AP4 is required for Cd4 repression early in thy-
mocyte differentiation. CD4 expression was slightly up-regulated
in preselection DN3 cells and robustly up-regulated in DN3 and
DN4 cells following β selection in AP4-deficient mice. Before β

Fig. 4. Changes in CD4 expression patterns in different subsets of CD8+ T
cells harboring mutated Cd4 silencers. (A) CD4 expression in total CD8+ T
cells, CD8+CD103+ and CD8+CD103– subsets from WT (filled histograms), Cd4
silencer-deficient, and Cd4 silencer site 1 mutant (open histograms) mice.
Frequencies of CD4+ cells are shown within the interval gates. (B) CD4 ex-
pression in CD8+ T-cell subsets from Cd4 silencer site 1 mutant, AP4-sufficient
(Upper), or -deficient (Lower) mice. (C) Statistical analysis by unpaired Stu-
dent’s t test of the percentages of CD4+ cells in different subsets of site 1
mutant CD8+ T cells.
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selection, the Cd4 silencer is fully active and Runx1 expression is
high. Upon β selection, silencer function is potentially attenuated
in part by Runx1 down-regulation, whereas the Cd4 gene re-
mains inactive in an AP4-dependent manner until developing
thymocytes go through the DN4 stage. Premature CD4 expres-
sion in DN thymocytes triggers bypassing of the β-selection
checkpoint, resulting in generation of double-positive thymo-
cytes even without successful Tcrb rearrangements (15, 16). A
similar phenotype was observed in our analysis using AP4/Rag2
compound mutant mice. AP4 thus regulates appropriate timing
of CD4 expression during transition from the DN to the DP
stage, reinforcing the developmental checkpoint.
AP4-mediated Cd4 repression appears to occur in the absence

of its interaction with sequences within the silencer in immature
thymocytes. We observed that AP4 deficiency enhances CD4
derepression in DN thymocytes from mice lacking the Cd4 si-
lencer and those harboring the site 1 mutation, indicating that
AP4 has at least some function that is independent of the si-
lencer. This repressive influence on Cd4 expression is likely
mediated through binding of AP4 to the proximal enhancer. We
detected AP4 binding to the Cd4 locus at the proximal enhancer,
and there was elevated histone acetylation at this region in AP4-
deficient mice. Provided that AP4 and Runx1 interact and that
AP4 and Runx1 bind to the enhancer and the silencer, re-
spectively, AP4 may recruit HDAC activity to the Cd4 enhancer

by looping of silencer-bound Runx1, and may thus contribute to
holding the locus in an off-state.
In our previous studies, we proposed that Cd4 silencing is

differentially regulated between DN thymocytes and CD8+

mature T cells based on observations that mutations in the Cd4
silencer resulted in uniform derepression in DN cells and var-
iegated derepression in CD8+ T cells (2). This hypothesis was
also supported by the finding that, in contrast to reversible re-
pression of CD4 in DN cells, silencing in mature CD8+ T cells is
heritable and no longer requires the presence of the silencer
sequence once it is established (3). CD8SP thymocytes from mice
with mutations within the Cd4 silencer appear to have sub-
stantially less variegation of CD4 expression compared with
mature CD8+ T cells in the periphery. This finding suggests that
Cd4 silencing in DN thymocytes may be mechanistically similar
to that in CD8SP thymocytes before establishment of epigenetic
memory in the latter. It remains unclear at which stage epige-
netic maintenance is established, as it is not possible to distin-
guish cells with and without heritable Cd4 silencing based on loss
of surface CD4 expression. By using Cd4 silencer mutant mice,
we observed distinct patterns of CD4 derepression between na-
ive and effector/memory CD8+ T cells. In the former subset,
a large proportion of naive CD8+ T cells (CD103+CD44lo) from
site 1 mutant mice consisted of CD4-positive cells. In contrast, in
the CD103–CD44hi memory subset, a large proportion of site 1
mutant CD8+ T cells lost CD4 expression. Such a difference in
CD4 expression patterns between naive and memory cells was
not observed in CD8+ T cells lacking the entire silencer, sug-
gesting that this may be due to the continued activity of silencer-
binding factors, for example, Runx3, and may reflect imposition
of heritable silencing, which then no longer requires persistence
of the silencer-binding factors. Because memory T cells are
thought to experience antigen-driven cell division and are long-
lived in peripheral tissues after thymic egress, imposition of
heritable silencing may require cell-cycle progression or aging.
DNA replication may facilitate efficient recruitment of epige-
netic modifiers to the locus.
AP4-deficient CD8+ T cells were able to repress CD4 ex-

pression during the transition from the DP to CD8SP stages,
indicating that AP4 is not required to down-regulate Cd4 after
positive selection. This is consistent with our observation that
AP4 does not affect Cd4 silencing in site 1 or site 3 mutant CD8+

SP thymocytes. In contrast, we observed a slightly larger fraction
of naive CD8+ T cells retaining CD4 expression in AP4-deficient
mice. More significantly, inactivation of Cd4 in CD103–CD8+

peripheral T cells from silencer-attenuated mice was markedly
compromised in the absence of AP4. In animals with a mutation
in site 1, CD4 was repressed in CD8+ T cells after they acquired
markers of memory cells, likely due to the action of silencer-
binding proteins such as Runx3. However, this compensatory late
establishment of silencing was largely abrogated in the absence
of AP4. These findings suggest that AP4 may enforce reimposi-
tion of Cd4 repression, possibly by mediating interaction of its
cis-binding sequences in the enhancer with the Runx3-containing
silencer. An alternative, but not mutually exclusive, explanation
is that AP4 may mediate a fail-safe mechanism for heritable
stable gene repression, should there be compromised re-
cruitment of the heritable silencing machinery to the Cd4 locus.
Either full Cd4 silencer activity or AP4-mediated repression of
the enhancer may be required to shut off the Cd4 locus. AP4 may
facilitate a stable interaction of the Cd4 locus with the heritable
silencing machinery during memory cell differentiation. How-
ever, we cannot rule out the possibility that the change of the
Cd4 repression pattern observed in AP4-deficient mice could be
through an indirect mechanism. Further studies are needed to
determine precise binding sites for AP4 and whether AP4 acts as
a repressor through chromosomal looping. Although it will be
necessary to examine more rigorously whether mutations in site 1

Fig. 5. AP4 binding to the Cd4 proximal enhancer and interaction with
Runx protein. (A) Chromatin immunoprecipitation analysis showing AP4
binding to the Cd4 proximal enhancer in double-negative thymocytes.
Results are representative of four independent experiments. (B) H3K9ac
(Left) and H3K27ac (Right) histone modifications at Cd4 regulatory elements
in DN thymocytes. Data are representative of two independent experiments.
(C) Physical interaction of endogenous AP4 and Runx1 in 1200M cells. Im-
munoprecipitation (IP) with anti-AP4 (Upper) or anti-Runx (Lower) anti-
bodies was followed by immunoblotting with antibodies specific for the two
transcription factors. Results are representative of three independent
experiments. WB, Western blot.
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or 3 or the Cd4 silencer result in delayed imposition of heritable
Cd4 silencing/repression in memory CD8+ T cells, our findings
raise the possibility that AP4-dependent establishment of heri-
table silencing may be relevant to differentiation of memory
CD8+ T cells.
In summary, we provide genetic evidence for the role of the

AP4 transcription factor in Cd4 gene regulation in vivo. Our
results strongly suggest that Cd4 silencing both in immature
thymocytes and CD8+ T cells is not solely dependent on the
silencer but requires cooperation of silencer-binding factors
and distal factors that potentially bind to the enhancer. Future
studies, including purification of AP4/Runx-containing com-
plexes and genome-wide mapping of AP4 binding sites, will
contribute to elucidation of molecular mechanisms of epigenetic
silencing and to the identification of other target genes regulated
by AP4 during T-cell development.

Materials and Methods
Mice. AP4-deficient mice were generated by deleting exons 2, 3, and 4 by
gene targeting (Fig. S4). Refer to SI Materials and Methods for details. Mice
were analyzed in the 129/B6 mixed genetic background. Rag2-deficient mice
were purchased from Taconic. Rag2p-GFP mice were purchased from Jack-
son Laboratory. Cd4 silencer mutant mice were described previously (2). All
experiments were performed according to protocols approved by the In-
stitutional Animal Care and Use Committees at the New York University
School of Medicine and Washington University School of Medicine.

Retroviral Overexpression and shRNA Knockdown. AP4 and Runx3 cDNAs were
inserted into murine stem cell virus (MSCV)-based retroviral backbones
containing ires hCD2 (tailless) or ires EGFP, respectively. shRNA targeting
AP4 was purchased from Open Biosystems (TRCN0000082124). For Runx1
knockdown, a 59-ATAGATGCCAAACAGGATGGG-39 sequence complemen-
tary to the 39 UTR of mouse Runx1 was inserted into an miR-30-based hairpin
of the pMSCV-LMP vector (Open Biosystems) according to the manu-
facturer’s instruction. Retroviruses were packaged in PlatE cells (25) by
transient transfection using TransIT 293 (Mirus Bio). Lentiviruses were
packaged by cotransfection of viral vectors and CMV-Δ8.9 along with
a vector encoding vesicular stomatitis virus glycoprotein (VSV-G). Cells were

transduced by spin infection at 1,200 × g at 30 °C for 90 min in the presence
of 10 μg/mL polybrene (Sigma). For sequential knockdown of AP4 and
Runx1, 1200M cells were initially infected with AP4 shRNA or control lenti-
virus, selected for puromycin resistance for 48 h, and subsequently infected
with retrovirus expression Runx1 shRNA.

Antibodies. Anti-AP4 antibody was generated by immunizing rabbits with
a GST-fusion protein containing amino acids 180–338 of AP4 protein
(Covance Research). Rabbit bleeds were initially depleted of reactivity
against GST using immobilized GST agarose (Pierce) and subsequently
affinity-purified with GST-AP4 (180–338). Anti-H3K9ac and anti-H3K27ac
antibodies were purchased from Millipore. Anti-Runx, -ThPOK, -HMG1, and
-RORγt antibodies were described previously (26, 27).

Western Blotting and Immunoprecipitation. Whole-cell extract was prepared
by lysing cells in nondenaturing buffer containing 150 mM NaCl, 1% Nonidet
P-40, and protease inhibitor mixture (Sigma). For immunoprecipitation, 500
μg of whole-cell extract of 1200M cells, which actively silence CD4 and ex-
press endogenous Runx1 and AP4, was incubated with preimmune serum,
anti-Runx antibody, or anti-AP4 overnight. Immune complexes were pre-
cipitated by protein-G agarose (Roche), separated by SDS/PAGE, and sub-
jected to Western blotting.

Chromatin Immunoprecipitation. Pro-T cells from Rag2-deficient or Tcfap4/
Rag2 double-deficient thymocytes were fixed with 1% paraformaldehyde and
sonicated using a Bioruptor (Diagenode). Immunoprecipitation was performed
using Dynabeads protein G (Invitrogen). Precipitated DNA was quantitated by
quantitative PCR using PerfeCTa SYBR Green FastMix (Quanta BioSciences) and
a LightCycler 480 (Roche). Percentages of input were calculated using ΔΔCt
(28). Primer sequences are available upon request.
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