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Downregulation of the transcription factor KLF4 is required 
for the lineage commitment of T cells
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The roles of the reprogramming factors Oct4, Sox2, c-Myc and Klf4 in early T cell development are incompletely 
defined. Here, we show that Klf4 is the only reprogramming factor whose expression is downregulated when early 
thymic progenitors (ETPs) differentiate into T cells. Enforced expression of Klf4 in uncommitted progenitors se-
verely impaired T cell development mainly at the DN2-to-DN3 transition when T cell lineage commitment occurs and 
affected the transcription of a variety of genes with crucial functions in early T cell development, including genes in-
volved in microenvironmental signaling (IL-7Rα), Notch target genes (Deltex1), and essential T cell lineage regulatory 
or inhibitory genes (Bcl11a, SpiB, and Id1). The survival of thymocytes and the rearrangement at the Tcrb locus were 
impaired in the presence of enforced Klf4 expression. The defects in the DN1-to-DN2 and DN2-to-DN3 transitions in 
Klf4 transgenic mice could not be rescued by the introduction of a TCR transgene, but was partially rescued by re-
storing the expression of IL-7Rα. Thus, our data indicate that the downregulation of Klf4 is a prerequisite for T cell 
lineage commitment.
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Introduction

Mouse somatic cells can be reprogrammed into pluri-
potent stem cells by ectopic expression of the repro-
gramming factors Oct4, Sox2, c-Myc and Klf4, which 
are highly expressed in embryonic stem (ES) cells [1]. 
These four genes are the most powerful factors involved 
in the regulation of the transcriptional network that is 
necessary for the maintenance of pluripotency and self-
renewal of ES cells [2]. Presumably, the expression of 
these genes, especially Oct4, Sox2 and Klf4 may need 
to be turned off or downregulated during the differentia-
tion of pluripotent cells into a variety of differentiated 
derivatives.

Early T cell development is a multi-stage process in 
which progenitors gradually acquire T cell characteristics 
while losing their developmental plasticity or “stemness” 

[3]. T cells are derived from lineage (Lin)−Sca1+Kit+Flt3− 
hematopoietic stem cells (HSCs) that reside in the bone 
marrow (BM). HSCs progress to multipotent progenitors 
(MPPs) and lymphoid-primed MPPs (LMPPs), [4] and 
then differentiate into Lin−Sca1lowKitlowFlt3hiIL-7Rαhi 
common lymphoid progenitors (CLPs). CCR7+ CCR9+ 
LMPPs and CLPs enter the thymus via the blood cir-
culation and become ETPs with multi-lineage potential 
to give rise to T cells, dendritic cells (DCs), myeloid 
cells, natural killer (NK) cells, and B cells [3]. As these 
progenitors receive signals, including Notch, c-Kit, and 
IL-7, from the thymic microenvironment [5], they initi-
ate T cell differentiation and gradually lose their devel-
opmental potential for non-T cell lineages. CD4−CD8− 
double negative (DN) thymic progenitors consist 
of DN1 (CD44+CD25−), DN2 (CD44+CD25+), DN3 
(CD44−CD25+), and DN4 (CD44−CD25−) populations 
[6-7]. DN1 and DN2 cells retain both T cell and non-T 
cell lineage developmental potential [8], whereas final 
T cell lineage commitment occurs after an irreversible 
transition from DN2 to DN3 when most T cell-specific 
genes are upregulated to a peak level [3, 5]. Thus, the 
differentiation of uncommitted thymic progenitors into T 
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cells is a process that can be used to explore the potential 
relationship between reprogramming factors and differ-
entiation.

The four reprogramming factors have been shown to 
participate individually in developmental processes other 
than reprogramming. For example, c-Myc is required for 
the proliferation of thymocytes at the preTCR checkpoint 
[9], and Klf4 is a key regulator of monocyte develop-
ment [10], B-cell numbers and activation-induced B-cell 
proliferation [11], and quiescence of CD8+ T cells [12], 
and is required for the production of IL-17 [13]. Gene 
expression profiling studies have also shown that Klf4 
is expressed in mouse and human thymocytes [14-15]. 
However, with the exception c-Myc, the roles of the re-
programming factors in early T cell lineage commitment 
are not well-defined.

In this study, we examined the expression patterns of 
the reprogramming factors in BM progenitors and thy-
mocyte populations. Klf4 was the only reprogramming 
factor that was downregulated during the differentiation 
of ETPs into T cells. Enforced Klf4 expression in thymo-
cytes led to impaired transcription of many pivotal genes 
that specify T cell lineage and resulted in the inhibition 
of thymocyte survival and Tcrb rearrangement. More-
over, the impaired T cell lineage commitment in Klf4 
transgenic mice could not be rescued by the introduction 
of a TCR transgene, but could be rescued to a certain 
extent by restoring IL-7Rα expression. Thus, downregu-

lation of the transcription factor Klf4 is required for the 
lineage commitment of T cells.

Results

Expression of reprogramming factors during the differ-
entiation of HSCs into T cells

We examined the mRNA levels of the reprogramming 
factors (Oct4, Sox2, c-Myc and Klf4) in BM progenitor 
and thymocyte populations. All four genes were highly 
expressed in ES cells, as previously reported [1]. Oct4 
and Sox2 mRNA levels became undetectable in HSCs 
and at later stages of differentiation (Figure 1A and 1B), 
whereas c-Myc was expressed at higher levels at many 
differentiation stages, including in DN3 and DN4 cells, 
compared to ES cells (Figure 1C). This is in agreement 
with a previous report that c-Myc is required for pre-
TCR-induced proliferation [9]. Interestingly, Klf4 expres-
sion was decreased in HSCs, CLPs and DN1 thymocytes 
compared to ES cells, and Klf4 levels continued to de-
crease during the transition from DN1 to DN2. Klf4 lev-
els finally became undetectable in DN3 cells and at later 
stages of differentiation (Figure 1D), which specifically 
correlates with T cell lineage specification.

Enforced expression of Klf4 in ETPs blocks T cell lineage 
commitment at the DN2-to-DN3 transition

To investigate whether the downregulation of Klf4 is 

Figure 1 The expression profiles of Oct4, Sox2, c-Myc and Klf4 during the differentiation of HSCs into DP thymocytes. The 
ES cells were from a murine ES cell line E14 and the other indicated populations were sorted from wild-type mice. cDNA was 
prepared, and real-time PCR was performed to quantify the relative levels of transcripts of these four genes. For each gene, 
the values were normalized first to Gapdh transcript levels and then to ES levels, ES = 1. Shown is the mean ± SEM from 
three independent experiments.
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required for T-cell lineage specification, we generated 
Klf4 transgenic mice (Klf4Tg), in which Klf4 expression 
was driven by the human CD2 promoter and enhancer, al-

lowing continuous expression of Klf4 in thymocytes at the 
DN1 (including ETPs and CD117-DN1 cells, Figure 2A) 
and subsequent differentiation stages (Figure 2B) [16]. 

Figure 2 Enforced expression of Klf4 inhibits T cell lineage commitment mainly at the DN2-to-DN3 transition. (A) Both ETP 
and CD117− DN1 populations have higher levels of Klf4 expression in transgenic mice. Real-time RT-PCR analysis for Klf4 
was performed on ETP (Lin−CD44+CD25−CD117+, DN1a/b) and the other DN1 (Lin−CD44+CD25−CD117− DN1c-e) populations 
purified from wild-type littermates (Litt) or Klf4Tg mice. The mean ± SEM of log10-transformed data from four independent 
experiments are shown. Values were normalized to Litt CD117− DN1 levels, Litt CD117− DN1 = log10 1 = 0. (B) Real-time RT-
PCR analysis was performed on DN1 to DN4 cells purified from Litt or Klf4Tg mice. The mean ± SEM of log10-transformed 
data from at least four independent experiments are shown. Values were normalized to Litt DN2 levels, Litt DN2 = log10 1 = 0. 
(C) Protein expression levels of Klf4 in ES cells (E14) and thymocytes from Litt and Klf4Tg mice. β-Actin was used as a load-
ing control. (D) The bands of interest from ES cells (E14) and Klf4Tg thymocytes were further analyzed on a densitometer 
(Multi Gauge version 3.0 program). ***P < 0.001 compared to ES cells (mean ± SEM, n = 4). As Figure 1D has shown that 
the Klf4 transcript levels in DN1 were ~35% of those in ES cells, we assume that the Klf4 protein levels in DN1 were also 
~35% of those in ES cells. Although the mRNA level of Klf4 was much higher in transgenic mice, the Klf4 protein levels in 
Klf4Tg thymocytes were ~30% of those in ES cells (Figure 2), so the Klf4 protein levels in Klf4Tg thymocytes were compa-
rable to the normal levels in DN1 cells. (E) Thymocytes from adult (AD) and newborn (NB) Litt or Klf4Tg mice were analyzed 
for Lin, CD44 and CD25 expression by flow cytometry. Gated Lin− DN cells were then analyzed for surface CD44 and CD25 
expression. Representative flow cytometry profiles are shown. (F) Absolute numbers of DN1 to DN4 cells from Litt or Klf4Tg 
mice were calculated. Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01; Litt n = 8; Klf4Tg n = 7. (G) Absolute 
cell numbers of total or DN, DP, CD4 SP and CD8 SP subpopulations from Litt or Klf4Tg mice were calculated. Shown is the 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Litt n = 8; Klf4Tg n = 7. (H) The surface expression of CD117 on DN2 or 
DN3 cells from adult (AD) and newborn (NB) Litt or Klf4Tg mice. Relative cell number, RCE. Representative flow cytometry 
profiles are shown. (I) Enforced expression of Klf4 impairs T cell development in Klf4Tg mice. Thymocytes from adult (AD) 
and newborn (NB) Litt or Klf4Tg mice were analyzed for CD4 and CD8 expression by flow cytometry. The numbers next to or 
within the boxes of the contour diagrams indicate the percentage of cells. Representative flow cytometry profiles are shown.
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Five transgenic founders with similar phenotypes were 
generated and one line with Klf4 protein levels compa-
rable to the normal levels in DN1 was used in this study 
(Figure 2C and 2D).

To examine the effects of continuous expression of 
Klf4 on T cell lineage specification, we analyzed DN 
cells after gating out cells expressing lineage markers 
(Lin: CD4, CD8a, CD3e, B220, Mac-1, Gr-1 and Ter-
119). In contrast to wild-type littermates (Litt), DN cells 
from Klf4Tg mice consisted of a very low percentage of 
DN3 and DN4 T-lineage-committed cells (Figure 2E). 
We also noticed that DN2 cells did not clearly separate 
from DN1 cells, and a DN1-DN2 transitional population 
characterized as Lin−CD44+CD25low accumulated, which 
suggests a partial arrest at the DN1-to-DN2 transition in 
Klf4Tg mice. In terms of absolute numbers, Klf4Tg mice 
did not have reduced levels of DN1 and DN2 thymocytes 
compared with Litt mice, but DN3 thymocytes were dra-
matically reduced by 28-fold (Figure 2F). Accordingly, 
the number of thymocytes at later stages of differentia-
tion, including DN4, DP, CD4 SP and CD8 SP, and thus 
the total thymic cellularity was also significantly reduced 
(Figure 2F and 2G).

To further characterize DN2 thymocytes from Klf4Tg 
mice, we analyzed the surface expression of CD117 (c-
KIT), which is essential in the earliest precursors (DN1 
and DN2) but is gradually downregulated at the DN3 
stage [17-18]. As shown in Figure 2H, CD117 protein 
levels were higher in Klf4Tg DN2 thymocytes compared 
to DN2 or DN3 thymocytes from Litt mice, indicating a 
blockage of the DN2-to-DN3 transition.

To exclude the possibility that enforced expression of 
Klf4 “disguises” DN3 cells as DN2 cells by upregulat-
ing CD44 expression, the Klf4 transgene was introduced 
into mice on a CD44−/− background [19]. We found that 
the generation of T-lineage-committed cells (DN3) re-
mained impaired in Klf4Tg CD44−/− mice (Supplementary 
information, Figure S1A and S1B). We also observed 
a certain percentage of DP thymocytes in adult Klf4Tg 
mice (Figure 2I) and we questioned if this percentage 
is age-dependent in Klf4Tg mice. To this end, we ana-
lyzed thymocytes from newborn Litt and Klf4Tg mice. 
In contrast to the predominance of CD4+CD8+ DP cells 
in Litt thymi, the thymi from newborn transgenic mice 
contained an overwhelming majority of DN cells (Figure 
2I), which consisted only of uncommitted DN1 and DN2 
thymic progenitors (Figure 2E). Moreover, DN2 thymo-
cytes from newborn Klf4Tg mice also expressed higher 
levels of CD117 (Figure 2H). Thus, the impairment was 
mainly at the DN2-to-DN3 transition and not at the DN-
to-DP transition. This was clearly observed in newborn 
Litt and Klf4Tg mice; a small number of DN3 and later 

stage (DN4, DP and SP) thymocytes accumulated with 
age, which led to a certain percentage of DP thymocytes 

Figure 3 The transcription of a variety of pivotal genes that 
specify the T cell lineage is altered in Klf4Tg mice. Real-time 
RT-PCR analysis was performed on DN1 (Lin−CD44+CD25−) 
and DN2 (Lin−CD44+CD25+) cells purified from Litt or Klf4Tg 
mice. The mean ± SEM of log10-transformed data from four in-
dependent experiments are shown. For each gene, the values 
were normalized to Litt DN2 levels, Litt DN2 = log10 1 = 0. Up ar-
row, gene expression was significantly upregulated both in DN1 
and DN2 cells in Klf4Tg mice compared to Litt; down arrow, the 
gene expression was significantly downregulated both in DN1 
and DN2 cells in Klf4Tg mice compared to Litt.
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in adult Klf4Tg mice. Taken together, these data suggest 
that enforced Klf4 expression in thymocytes severely 
impairs T cell development mainly at the DN2-to-DN3 
transition during which T cell lineage commitment oc-
curs.

The transcription of a variety of genes pivotal in specify-
ing the T cell lineage is altered in Klf4Tg mice

To understand the molecular mechanism behind the 
inhibition of the DN1-to-DN2 or DN2-to-DN3 transition 
by continuous expression of Klf4, we purified DN1 and 
DN2 thymocytes, and analyzed the differences in gene 
expression between Klf4Tg and Litt mice. We examined 
the expression of genes that are well-known for their 
roles in differentiation and regulation of early T-cell de-
velopment [3, 20], including genes involved in microen-
vironmental signaling, Notch target genes, pre-TCR as-
sembly and signaling genes, and essential T cell lineage 
regulatory genes (Figure 3).

We observed that the expression of some T cell-
associated genes, including preTCRα, Rag2, Lat, Runx1, 
Bcl11b and HebCan, was higher in Klf4Tg DN1 and 
Klf4Tg DN2 cells than in Litt DN1 cells, but lower than 
in Litt DN2 cells. These characteristics are consistent 
with the Klf4Tg phenotype in which many DN1-DN2 
transitional (Lin−CD44+CD25low) cells are inevitably 
included in the DN1 or DN2 population (Figure 2E). Re-
markably, compared with Litt, there was a group of genes 
that exhibited similar changes in expression in both DN1 
and DN2 cells from Klf4Tg mice; Deltex1, Ets2, SpiB 
and Id1 were upregulated, while IL-7Rα, Runx3, Ets1, 
Bcl11a and Id2 were downregulated. Collectively, these 
results suggest that enforced expression of Klf4 inhibits 
T cell lineage commitment by affecting the transcription 
of these key genes.

DN1 and DN2 cells do not deviate into other lineages in 
Klf4Tg mice

Given that Klf4 may function in regulating the cell 
cycle of lymphocytes [11-12], we performed cell size 
and cell cycle analyses to determine whether enforced 
expression of Klf4 blocks the DN2-to-DN3 transition by 
inhibiting the proliferation of DN2 cells. As shown in 
Figure 4A, in Klf4Tg DN2 cells, the percentage of larger 
cells and cells in the S/G2/M phase of the cell cycle are 
not reduced. Thus, the proliferation of DN2 cells does 
not seem to be inhibited in Klf4Tg mice.

DN2 cells are able to differentiate into two different T 
cell lineages, namely, αβ T cells and γδ T cells [3, 21]. To 
determine if enforced expression of Klf4 also impairs the 
generation of γδ T cells, we performed flow cytometry 
analysis of CD4−CD8− DN cells and observed a reduction 

Figure 4 DN1 and DN2 cells proliferate normally and do not 
deviate into other lineages in Klf4Tg mice. (A) Cell size and cell 
cycle analyses of DN2 cells from littermates (Litt) or Klf4Tg mice. 
Cell size was compared using forward scatter (FSC) measure-
ments (top) and cell cycle activity was determined by 7-amino-
actinomycin (7-AAD) staining (bottom). Relative cell number, 
RCE. Representative flow cytometry profiles are shown. (B) 
Surface expression of TCRβ and TCRγδ was analyzed by flow 
cytometry for CD4−CD8− (DN) thymocytes from Litt or Klf4Tg 
mice. Data are representative of at least three independent ex-
periments. (C) No significant accumulation of non-T lineage cells 
occurs in Klf4Tg thymi. Thymocytes from Litt or Klf4Tg mice 
were prepared and analyzed for markers of B cells (CD19+), 
NK cells (NK1.1+TCRβ−), NK-T cells (NK1.1+TCRβ+), mono-
cytes (Thy1.2−Mac-1+), granulocytes (Thy1.2−Gr-1+), mast cells 
(Thy1.2−CD117+) and DCs (CD11c+) by flow cytometry analysis. 
Relative cell number, RCE. Representative flow cytometry pro-
files are shown. (D) Absolute cell numbers of DCs, B cells (B), 
NK cells (NK), NK-T cells (NK-T), monocytes (Mo), granulocytes 
(Gr), mast cells (Ma) and γδT cells from Litt or Klf4Tg mice were 
quantified by multiplying the total number of live cells by the frac-
tion of cells in that population. Data are presented as the mean ± 
SEM. *P < 0.05; N.S. Not significant. Litt n = 8; Klf4Tg n = 10.
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Figure 5 Enforced Klf4 expression inhibits the survival of T lin-
eage cells and impairs the Tcrb rearrangement. (A) Apoptosis 
in DN1, DN2 and DN3 populations from Litt or Klf4Tg mice was 
measured by Annexin V staining after gating out propidium io-
dide positive cells. Representative flow cytometry profiles are 
shown. (B) Semi-quantitative PCR depicting the extent of Dβ-
Jβ and V-DJβ rearrangements in DN thymocytes purified from 
Klf4Tg, Litt and Rag1−/− mice (negative control, N) and analyzed 
by 3-fold serial dilution of genomic DNA [46]. Below, amplifica-
tion of a Cd14 fragment as an input control. GL, germline frag-
ment. The results are representative of two independent experi-
ments. (C) Histograms showing intracellular staining of TCRβ in 
DN3 and DN4 cells from Litt or Klf4Tg mice. Relative cell num-
ber, RCE. Representative flow cytometry profiles are shown. 
(D) Thymocytes from Litt or Klf4Tg mice in the presence of the 
OT-I TCR transgene were prepared and analyzed for CD4, 
CD8, CD44 and CD25 expression by flow cytometry. Gated DN 
thymocytes were then analyzed for surface CD44 and CD25 ex-
pression. Representative flow cytometry profiles are shown.

of γδ T cells in Klf4Tg mice (Figure 4B and 4D). This 
suggests that enforced expression of Klf4 inhibits both 
αβ and γδ T cell lineage commitment. To further explore 
the fate of Klf4Tg DN1 and DN2 thymocytes, we ana-
lyzed thymocytes for markers of B cells, NK cells, NK-T 
cells, monocytes, granulocytes, mast cells and DCs by 
flow cytometry, but no significant augmentation of these 
non-T lineage cells was observed (Figure 4C and 4D). 
Taken together, these data indicate that Klf4Tg DN1 and 
DN2 cells do not differentiate into other lineages.

Thymocyte survival and Tcrb recombination are impaired 
in the presence of enforced Klf4 expression

We examined the survival of thymocytes and observed 
an increase in apoptosis in DN2 and DN3 cells from 
Klf4Tg mice (Figure 5A). Considering that the arrest at 
the DN2-to-DN3 transition might lead to an accumula-
tion of DN2 cells, increased apoptosis could be the rea-
son why Klf4Tg mice were able to retain similar DN2 
cellularity as Litt mice, even though Klf4Tg DN2 thymo-
cytes failed to differentiate further.

Pre-TCR signaling is necessary for DN3 cell survival 
[22], and rearrangement at the Tcrb locus is a hallmark 
of T cell lineage commitment [23]. As shown in Figure 
5B and 5C, an impairment of Dβ2-Jβ2 and V-DJβ rear-
rangements and a reduction of TCRβ intracellular protein 
levels in DN3 and DN4 cells from Klf4Tg mice were ob-
served. Notably, the surface expression levels of TCRβ 
were lower in periphery CD4+ T or CD8+ T cells from 
Klf4Tg mice and the distribution of TCR Vβ was some-
what altered in Klf4Tg mice (Supplementary informa-
tion, Figure S2). Therefore, we introduced a functional 
TCRαβ (OT-I) transgene into the Klf4Tg mice. As shown 
in Figure 5D and Supplementary information, Figure 
S3A-S3E, T cell development was not rescued. These 
results provided further validation that the main defect 
in Klf4Tg mice is at the DN1-to-DN2 and DN2-to-DN3 
transition, which could not be rescued by the introduc-
tion of an OT-1 transgene that promotes β-selection.

It has been reported that Notch, CD117 and IL-7 sig-
naling in the thymic microenvironment are required for 
the survival and differentiation of DN1 and DN2 thy-
mocytes [5, 17, 24-25]. While Klf4Tg DN2 thymocytes 
expressed even higher levels of CD117 (Figure 2H) 
and Notch1 expression was slightly reduced in Klf4Tg 
DN2 thymocytes, IL-7Rα mRNA (Figure 3) and protein 
(Figure 6A) expression was severely impaired in Klf4Tg 
DN1 and DN2 thymocytes. Thus, Klf4Tg DN1 and DN2 
thymocytes were infected with a retroviral construct en-
coding the Notch1 intracellular domain (NICD) or IL-
7Rα and then transferred to fetal thymus organ culture 
(FTOC). After 2 days of culture, compared with vector-
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infected Litt DN1 and DN2 cells (35.2% of DN3, Figure 
6B), neither NICD nor IL-7Rα could rescue the differ-
entiation of Klf4Tg DN1 and DN2 cells into DN3 cells, 
although there were higher percentages of DN2 cells in 
cells infected with NICD (55.6%) or IL-7Rα (75.8%) 
compared to those infected with vector (45.4%). How-
ever, when the culture time was significantly increased (6 
days, Figure 6B), IL-7Rα promoted the differentiation of 
Klf4Tg DN1 and DN2 cells into DN3 cells (33.3%) com-
pared with vector-infected cells (9.12%) to some extent. 
To summarize, enforced expression of Klf4 inhibited the 
survival of T lineage cells, and the defect in the DN1-to-
DN2 and DN2-to-DN3 transition in Klf4Tg thymocytes 
could be rescued to a certain extent by restoring the ex-
pression of IL-7Rα.

Discussion

The transcription factors Oct4, Sox2, c-Myc and Klf4 
are four reprogramming factors that can recapture the 

pluripotency lost during differentiation by regulating the 
transcriptional network that controls the pluripotency and 
self-renewal of ES cells [26-27]. However, their roles in 
multipotent adult stem cells and specific lineage precur-
sor cells are poorly understood. Our results show that 
c-Myc is highly expressed, and Sox2 and Oct4 expression 
are “turned off” in HSCs. Only Klf4 expression persists 
in the HSC stage and is finally “turned off” during T cell 
lineage specification. Enforced expression of Klf4 in thy-
mocytes affects the transcription of many pivotal genes 
specifying T cell lineage, leading to increased apoptosis 
of T lineage cells, and inhibits T cell lineage commit-
ment. Our studies here provide new insight into roles of 
reprogramming factors, especially Klf4, in early T cell 
development.

We have shown here that continuous expression of 
Klf4 in uncommitted progenitors severely impairs T cell 
lineage commitment. However, thymic progenitor DN1 
cells express relatively high levels of Klf4 and down-
regulation of Klf4 is essential for normal T cell lineage 
commitment. Thus, our studies support the view that 
gene regulations during early T cell specification are 
mostly to downregulate prethymically inherited genes 
like Klf4, rather than to upregulate new T cell-specific 
factors [28-29]. Klf4 expression seems to be turned off at 
the DN1-to-DN2 transition. Enforced expression of Klf4 
leads to an arrest at the DN1-to-DN2 transition, with the 
result that Klf4Tg DN2 cells are not bona fide DN2 cells, 
but closer to DN1-DN2 transitional (Lin−CD44+CD25low) 
cells, which is supported by the gene expression char-
acteristic analysis of DN1 and DN2 cells from Litt and 
Klf4Tg mice. The incompetence of DN2 cells leads to a 
block at the DN2-to-DN3 transition in Klf4Tg mice. In 
humans, NOTCH signaling downregulates KLF4 expres-
sion in the gut [30-31]. Interestingly, Notch signaling 
is also a positive regulator of T cell lineage and Notch 
ligands are found on stromal cells throughout the thymus 
[5, 32]. These findings raise the possibility that Notch 
signals from the thymic microenvironment may nega-
tively regulate Klf4 expression, which could in turn in-
fluence DN1 and DN2 cells to specify T cell lineage fate.

T cell specification takes place under a tightly con-
trolled transcriptional hierarchy. The E protein (also 
named helix-loop-helix protein) and Notch signaling 
cooperate to promote early T cell development [33]. HE-
BAlt, a long form of the E protein HEB gene, is specifi-
cally expressed in lymphoid precursor cells [34]. In thy-
mic precursors, HEBAlt collaborates with Notch signals 
to promote early T cell development by suppressing B 
cell or myeloid potential [35-36]. HEB−/− T cells possess 
compromised Notch1 function and lose T cell potential 
[37]. The activity of E proteins is crucial for the DN2-to-

Figure 6 The Klf4Tg phenotype could be partially rescued by 
restoring the expression of IL-7Rα. (A) Thymocytes from Litt or 
Klf4Tg mice were prepared and analyzed for IL-7Rα, Lin, CD44 
and CD25 expression by flow cytometry. Gated DN thymocytes 
were then analyzed for surface IL-7Rα expression. Represen-
tative flow cytometry profiles are shown. (B) Klf4Tg DN1 and 
DN2 cell differentiation in FTOC. DN1 and DN2 cells from Litt 
or Klf4Tg mice were purified and infected with the pMCs-IRES-
GFP retrovirus encoding vector, NICD or IL-7Rα and were then 
transferred to FTOC and cultured for the indicated number of 
days. The CD44/CD25 profiles of the GFP+ fractions are shown. 
The above data are representative of at least three independent 
experiments.
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DN3 transition and TCR gene rearrangement; loss of E2A 
leads to a reverse differentiation from DN3 cells to DN2 
cells [38]. E proteins lose their function under high levels 
of Id1 protein, which can inhibit the DNA-binding activ-
ity of E proteins. It has been reported that Id1 transgenic 
mice expressed high levels of Detex1, which inhibits the 
DN1-to-DN2 transition and leads to an accumulation of 
CD4−CD8−CD44+CD25low cells [39]. This is similar to 
what is observed in Klf4Tg mice. Moreover, SpiB over-
expression in DN2 thymocytes has been shown to lead to 
a blockage at the DN2-to-DN3 transition [40]. Thus, the 
defects in Klf4Tg mice may partly be caused by elevated 
levels of Id1 and SpiB or decreased levels of HEBalt.

T cell lineage specification is driven by signals unique 
to the thymic microenvironment [5]. IL-7 signaling is 
necessary to regulate the accessibility of the locus of 
TCRγ [41] and this might explain the reduction of γδ 
T cells in Klf4Tg mice, in which IL-7Rα expression is 
severely repressed. In addition, the IL-7/IL-7R pathway 
also plays a nonredundant role in early T cell develop-
ment by facilitating survival, proliferation and TCR 
expression.[5, 42-45] Our results show that restoring the 
expression of IL-7Rα could rescue, to some extent, the 
defects in T cell lineage commitment in Klf4Tg mice, 
raising the possibility that enforced expression of Klf4 
inhibits T lineage cell survival by repressing the tran-
scription of IL-7Rα.

Materials and Methods

Generation of Klf4 transgenic mice
The Klf4 transgenic construct consisted of Klf4 cDNA driven 

by the human CD2 promoter and locus control region in the trans-
genic expression vector p29∆2 (a gift from Paul Love). The trans-
genic mice were generated on a DBA/2 × C57BL/6 background 
and then backcrossed to C57BL/6 for at least ten generations. 
Transgene integrations of tail DNA were identified by PCR with 
the following primers. P1: 5′-TTGGCAAAGGAGCACATCA-
GA-3′; and P2: 5′-GTCTGGCAGGAAAGGAGGGTA-3′.

Mice
CD44−/− mice were obtained from the Model Animal Research 

Center, Nanjing University, China. C57BL/6 and OT-I TCR trans-
genic mice were obtained from Jackson Laboratory. Mice were 
analyzed between 4 and 8 weeks of age, except where otherwise 
indicated. All animal experiments were approved by the institu-
tional animal use committee of the Shanghai Institutes for Biologi-
cal Sciences, Chinese Academy of Sciences.

Flow cytometric analysis, cell purification and antibodies
Single-cell thymocyte or BM cell suspensions were pre-

pared and stained as described [46]. Lineage negative cells were 
enriched by magnetic bead depletion using a lineage cocktail 
containing biotin-conjugated antibodies, anti-biotin beads and a 
MACS separator (Miltenyi Biotec). Individual subsets of Lin− thy-

mocytes or BM cells were obtained by cell sorting using a FAC-
SAria II cell sorter (BD Biosciences) for Lin−Sca1+Kit+Flt3− (HSC), 
Lin−Sca1lowKitlowFlt3hiIL-7Rαhi (CLP), DN1 (Lin−CD44+CD25-), 
DN2 (Lin−CD44+CD25+), DN3 (Lin−CD44−CD25+) and DN4 
(Lin−CD44−CD25−) subsets. DP thymocytes were isolated by cell 
sorting CD4+CD8+. Aliquots of sorted cells were reanalyzed to en-
sure purity, which was greater than 90%.

Antibodies (Abs) in lineage cocktails included Abs against 
CD11b, B220, CD4, CD8a, CD3e, Gr-1 and TER-119. Additional 
Abs used included Abs against CD44, CD25, TCRβ, TCRγδ and 
CD117. The Abs mentioned above were purchased from BD 
Pharmingen. Abs against IL7Ra, Sca1, Flt3 and Annexin V-FITC 
were from BioLegend. The anti-Klf4 (GKLF, H-180) Ab was from 
Santa Cruz Biotechnology.

Real-time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen). 

Contaminating genomic DNA was removed from RNA samples 
with the DNA-Free kit (Ambion). Reverse transcription was per-
formed using the SuperScript III First-Strand kit (Invitrogen). 
Real-time PCR was performed on a Rotor-Gene 6000 (Corbett 
Life Sciences) with the SYBR green real-time PCR master mix 
(Toyobo). Relative expression levels were normalized to Gapdh 
or β-actin transcript levels and calculated using the 2–∆∆CT method. 
The sequences of the primers used have been previously published 
[1, 20, 34, 47-50] and are listed under Supplementary information, 
Table S1.

Retroviral transduction and fetal thymic organ culture
Murine cDNAs for the Notch 1 intracellular domain and Il-

7Rα were amplified and verified by sequencing, and then cloned 
into the pMCs-IRES-GFP retroviral vector. Retroviral transduction 
and FTOC were performed as described previously [40]. Briefly, 
sorted cells were infected, transduced with viral supernatant and 
seeded onto deoxyguanosine-depleted day 15 C57BL/6 host lobes 
in Terasaki microwell plate hanging drop cultures for 1 day, and 
the thymus lobes were then transferred to a freshly prepared filter/
sponge for regular thymus organ culture conditions.

Statistical analysis
Student’s t-test was used for the comparison of two independent 

groups, and probability values of P < 0.05 were considered signifi-
cant. Statistical analyses of all numerical values in main figures are 
presented in Supplementary information, Figure S4.
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