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Introduction
T cell development is essential for cellular immunity and is 
initiated in the thymus. When multipotent hematopoietic 
precursors come into contact with the thymic stromal mi-
croenvironment, they gradually commit to the T-lymphoid 
lineage (Yang et al., 2010; Yui and Rothenberg, 2014). In 
all vertebrates, early thymic progenitors (ETPs) are gen-
erated outside of the thymus; hence, they must acquire 
the capacity to home to the thymus to ensure productive 
T cell development (Boehm and Bleul, 2006; Liu et al., 
2006; Zhang and Bhandoola, 2014). In the mouse, for in-
stance, ETPs originate in the fetal liver, and, after birth, 
in the bone marrow. In teleost fish, in contrast, thymus 
homing progenitors first develop in the caudal hemato-
poietic tissue and later in the kidney (Boehm et al., 2012). 
To cope with the complex functional requirements aris-
ing from the diverse anatomical origin of T cell progen-
itors, vertebrates have evolved a general mechanism that 
underlies thymus homing. It is based on the formation of 
chemotactic gradients emanating from the thymus micro-
environment that are sensed by thymic progenitors via spe-
cific chemokine receptors.

Previous studies in mice have revealed a crucial role 
of the chemokine receptor Ccr9 during thymus homing, 
with contributions of Ccr7 and Cxcr4 chemokine recep-
tors (Uehara et al., 2002; Liu et al., 2006; Jenkinson et al., 
2007; Krueger et al., 2010; Zlotoff et al., 2010; Calderón and 
Boehm, 2011; Zhang and Bhandoola, 2014). These chemo
kine receptors confer responsiveness to the Ccl25, Ccl19/21, 
and Cxcl12 chemokines, respectively, that are secreted by 
thymic epithelial cells. Chemotactic cues are important not 
only in mice, but also guide the homing process in zebrafish, 
and other teleosts, with ccr9 again being the most important 
determinant (Bajoghli et al., 2009; Hess and Boehm, 2012). 
Expression of a conserved set of chemokine receptors on T 
cell progenitors thus appears to be an ancient evolutionary 
innovation (Bajoghli et al., 2009) that affords vertebrates with 
phylogenetic and ontogenetic flexibility with respect to the 
anatomical origin of T cell progenitors. Despite the crucial 
role of thymus homing, little is known about the transcrip-
tional program that regulates the expression of chemokine 
receptors that guide the homing process.

Runx proteins are evolutionally conserved transcrip-
tional regulators that play numerous roles during develop-
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ment of multiple hematopoietic cells (de Bruijn and Speck, 
2004; Braun and Woollard, 2009). In mammals, three Runx 
family genes encoding Runx1, Runx2, and Runx3 proteins 
have been identified, and there are two Drosophila genes en-
coding Runx orthologues, Runt and Lozenge. To exert their 
functions as transcriptional regulators, all Runx proteins need 
to associate with an evolutionarily conserved β-subunit pro-
tein, designated Cbfβ protein in mammals (Wang et al., 1996; 
Adya et al., 2000), which itself does not have DNA-binding 
activity. Although there are two single-exon genes encoding 
Cbfβ orthologues in Drosophila (Golling et al., 1996), only 
one Cbfb gene is present in mammalian genomes. Nonethe-
less, distinct splice donor signals within exon 5 of the mam-
malian Cbfb genes produce two variants, Cbfβ1 and Cbfβ2, 
which possess distinct C-terminal amino acid sequences 
(Ogawa et al., 1993; Wang et al., 1993). Both Cbfβ1 and 
Cbfβ2 variants interact equally with Runx proteins, through 
a domain in the shared N-terminal part of Cbfβ (Ogawa et 
al., 1993; Zaiman et al., 1995). On the other hand, Crl-1 was 
identified as a specific Cbfβ2 partner in the brain (Sakuma et 
al., 2001), suggesting that Cbfβ2 may have a unique regula-
tory function. However, the question of whether Cbfβ1 and 
Cbfβ2 have distinct functions has not yet been examined in 
vivo using the mouse model.

Here, we report that Cbfβ2 is essential for extrathymic 
differentiation of thymus-homing progenitors. In addition, 
we identify an evolutionarily conserved alternative splicing 
event generating Cbfβ2 as the basis for Ccr9 activation in 
vertebrate hematopoietic progenitors. Collectively, our re-
sults illuminate a mechanism by which alternative splicing 
of pre-mRNA increased the functional diversity of Runx 
complexes and established new types of cellular interactions 
between hematopoietic and stromal cells in lymphoid organs.

Results
A small thymus and impaired γδT cell 
development in Cbfb2m/2m mice
Two mutually exclusive splicing events connecting sequences 
in exons 5 and 6 in the Cbfb gene result in different reading 
frames to generate two proteins, Cbfβ1 and Cbfβ2, that share 
the same N-terminal region but differ in their C-terminal 
amino acid sequences (Fig. 1 A). To address the function of 
the two Cbfβ variants in mice, we generated Cbfb1m/1m and 
Cbfb2m/2m strains that lacked Cbfb2 and Cbfb1 transcript by 
targeted mutation of the respective splice donor signals (Fig. 
S1, A–C). Expression of Cbfβ1, Cbfβ2, and total Cbfβ pro-
teins assessed by immunoblot (Fig. 1 B) and flow cytometry 
(Fig. S1 D) confirmed loss of Cbfβ2 and Cbfβ1 expression 
in Cbfb1m/1m and Cbfb2m/2m mice, respectively. Quantitative 
measurements by immunoblot showed that the total amounts 
of Cbfβ protein were lower in Cbfb2m/2m thymocytes than 
in Cbfb1m/1m thymocytes and ∼45% of those in Cbfb+/+ 
thymocytes (Fig. 1 B).

In contrast to the embryonic lethality observed with a 
total loss of Cbfβ protein (Wang et al., 1996), Cbfb1m/1m and 

Cbfb2m/2m mutant mice were born alive, indicating a certain 
degree of functional redundancy of these two isoforms. How-
ever, the analysis of these two mouse strains also revealed tis-
sue-specific nonredundant functions. In addition to impaired 
osteoblast differentiation caused by the lack of Cbfβ2 (Jiang et 
al., 2016), we noticed the presence of small thymi in Cbfb2m/2m 
but not Cbfb1m/1m mice (Fig. 1 C). Phenotypic characteriza-
tion of thymocytes revealed that their CD4/CD8 expression 
profiles were comparable to control mice (Fig. 1 D), except 
that the CD25+CD44+ subset in CD4−CD8− double-negative 
(DN) population was increased in Cbfb2m/2m mice (Fig. 1 D). 
However, based on the observation of intracellular TCRβ ex-
pression in Cbfb2m/2m CD25+CD44+ DN2 cells as well as the 
continuous expression of CD44 on Cbfb2m/2m CD4+CD8+ 
double-positive (DP) thymocytes (Fig.  1 D), inefficient re-
pression of CD44 could account, at least in part, for the 
increase in the CD25+CD44+ DN2 subset, although devel-
opmental inhibition at the DN2-to-DN3 transition was not 
formally excluded. Expression of c-Kit (CD117) was also not 
efficiently repressed in Cbfb2m/2m CD25+ DN cells (Fig. S1 
E). Although the percentage of ETPs, which was defined as 
lineage-negative (Lin−) CD44+ c-Kithi cells in this case, in 
CD4−CD8−CD25− thymocytes subset was higher, the abso-
lute number of ETPs was significantly reduced in the adult 
Cbfb2m/2m thymus (Fig. S1 F).

The γδ T cell compartment was more affected than 
the αβ T lineage in Cbfb2m/2m mice; for instance, the num-
ber of γδ T cells in the thymus was reduced by a factor of 
40 (Fig. 2 A). Compared with αβ T cells, the reduction of 
γδ T cells was even more pronounced in peripheral tissues. 
In the gut intra-epithelial lymphocyte (IEL) compartment, 
the percentage of γδ T cells was also severely reduced in  
Cbfb2m/2m mice (Fig. 2 B), whereas that of αβT cells was un-
affected. Furthermore, dendritic epidermal T cells (DETCs), a 
skin-specific unique γδ T cell subset, were completely absent 
in the epidermis of Cbfb2m/2m mice (Fig. 2 C), as was observed 
in Runx3-deficient mice (Woolf et al., 2007). These observa-
tions demonstrated that Cbfβ2 variant has unique and nonre-
dundant function in generating the γδ T cell pool in mice.

Cbfβ2 deficiency in the hematopoietic compartment is 
responsible for the small thymus
To address whether a defect in hematopoietic cells or in the 
thymic microenvironment was responsible for the small thy-
mus and impaired γδ T cell development in Cbfb2m/2m mice, 
we eliminated hematopoietic cells from embryonic thymi 
and transplanted the alymphoid lobes under the renal cap-
sule of adult host mice. 4 wk later, the size and cell num-
bers in Cbfb+/+ and Cbfb2m/2m donor thymic lobes grafted 
into Cbfb+/+ hosts were similar (Fig. 3 A). In contrast, both 
Cbfb+/+ and Cbfb2m/2m thymic lobes developing in Cbfb2m/2m 
hosts were smaller and contained fewer cells than the trans-
plants in Cbfb+/+ hosts (Fig. 3 A). Thymocyte compartments 
in the grafted lobes assessed by CD4/CD8 expression were 
similar in all grafts (Fig. 3 B). However, percentages of γδ T 
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Figure 1. C bfβ2-specific knockout affects thymocyte numbers in mice. (A) Structure of the mouse Cbfb locus that produces two splice variants by 
using distinct splice donor signals. The encoded Cbfβ1 and Cbfβ2 each has a distinct C-terminal amino acid sequence, which are shown in green, red, and 
blue. (B) Top: Western blots of the expression of total Cbfβ, Cbfβ1, Cbfβ2, and G3PDH proteins in total thymocytes of Cbfb+/+, Cbfb+/−, Cbfb1m/1m, Cbfb2m/2m, 
and Cbfb2m/2m: RosaCbfb2/+:Cd4-cre mice. Expression level of each protein relative to that in Cbfb+/+ cells is indicated. Bottom: Summary of three quantifi-
cations is shown as the relative expression level of each Cbfβ protein in thymocytes of indicated genotypes compared with that in Cbfb+/+ cells. Means 
± SD. (C) Representative images of the thymi (upper) and the numbers of total thymocytes (lower) of 4–8-wk-old Cbfb+/+, Cbfb1m/1m, and Cbfb2m/2m mice. 
Means ± SD; ***, P < 0.001. (D) Upper and lower dot plots showing representative CD4/CD8 expression by total thymocytes and CD44/CD25 expression 
in the CD4−CD8− DN subset, respectively. Numbers in each quadrant indicate percentage cells in each. Upper and lower histograms at the right showing 
CD44 expression by CD4+CD8+ DP thymocytes and intracellular TCRβ expression in CD44+CD25+ DN2 and CD44−CD25+ DN3 cells from Cbfb+/+ (shaded) 
and Cbfb2m/2m (open) mice.
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cells were decreased in Cbfb2m/2m recipients (Fig. 3 B). There 
are two pathways for the reconstitution of γδ T cells in the 
grafted lobes, de novo γδ T cell differentiation arising from 
ETPs immigrating into the grafted lobe and immigration of 
circulating mature γδ T cells into the graft. Although these two 
pathways were not formally distinguished by our approach, 
the more severe reduction of γδ T cells in the peripheral tis-
sues of Cbfb2m/2m recipients suggested that the latter pathway 
should be responsible at least to some extent for decreased 
percentages of γδ T cells in Cbfb2m/2m recipients. In any case, 
the results of reciprocal grafting experiments indicated that 
the Cbfβ2-deficient thymic microenvironment can support 
the development of αβ T lineage from host-derived ETPs.

Consistent with these findings, competitive repopula-
tion assays performed by injection of equal numbers of bone 
marrow Lin−Sca-1+c-Kit+ (LSK) cells into sublethally irradi-
ated Rag1-deficient recipients demonstrated a decreased ratio 
of Cbfb2m/2m (CD45.2) cells versus Cbfb+/+ (CD45.1) cells, 
specifically among T-lineage cells (Fig. 3 C and Fig. S2 A). 
Collectively, these data indicate the presence of a hematopoi-
etic, rather than a thymic stromal, defect in Cbfb2m/2m mice.

This conclusion is further supported by the outcome of 
parabiosis experiments, in which a shared blood circulation 
after surgical connection allows for the exchange of circulat-
ing hematopoietic cells. As a result of their high turnover, the 
percentages of CD45.1 and CD45.2 B lymphocytes in the 
spleen was found to be ∼50% in the two types of parabionts 
(Fig. S2 B). The same outcome was not seen in the thymus, 

owing to the slow turnover of cells in this organ (Donskoy 
and Goldschneider, 1992). In the thymi of Cbfb+/+ CD45.1 
and Cbfb+/+ CD45.2 pairs, only ∼5% of thymocytes were 
exchanged over the course of the experiment. Interestingly, 
however, in parabiotic pairs between Cbfb+/+ CD45.1 and 
Cbfb2m/2m CD45.2 mice, the percentages of CD45.1 cells 
increased in the thymus of the Cbfb2m/2m CD45.2 mice 
(Fig. 3 D), indicating that there were more vacant niches ca-
pable of accepting circulating thymus homing progenitors in 
the Cbfb2m/2m thymus. Collectively, these observations raised 
the possibility that the impaired thymic homing capacity in 
prethymic progenitors during embryogenesis may contribute 
to the formation of lymphopenic thymi in Cbfb2m/2m mice.

Impaired differentiation of thymic-homing progenitors 
in Cbfb2m/2m fetal liver
In mice, prethymic progenitors originating from fetal liver 
begin their migration to and colonization of the thymus anla-
gen at around embryonic day 11.5 (E11.5; Owen and Ritter, 
1969). Consistent with the presence of much fewer Ikaros+ he-
matopoietic cells in histological analyses (Fig. 4 A), reduction in 
thymocyte numbers in Cbfb2m/2m embryonic thymi was already 
observed by E14.5 and confirmed at E16.5 (Fig. 4 B). As a con-
sequence, the thymic microenvironment also does not develop 
properly (Fig. 4 A), presumably owing to lack of lymphotoxin 
β and other TNF-family ligands furnished to thymic epithelial 
cells by developing thymocytes (Boehm et al., 2003; Akiyama 
et al., 2008). In the thymus of E18.5 Cbfb2m/2m embryos, Vγ3+ 

Figure 2.  Impaired γδT cell development by loss of Cbfβ2. (A) Representative pseudocolor plots showing CD3/γδTCR expression by total thymocytes 
(left) and the numbers of γδT cells in the thymus (right) of Cbfb+/+ (●), Cbfb1m/1m (▲), and Cbfb2m/2m (○) mice. Mean ± SD; **, P < 0.01. (B) Representative 
pseudocolor plots showing αβTCR and γδTCR expression by IELs of small intestines (left) and the percentage of γδT cells and αβT cells in IELs of Cbfb+/+ (●) 
and Cbfb2m/2m (○) mice. Mean ± SD; ***, P < 0.001. (C) Representative pseudocolor plots showing TCRVγ3 and γδTCR expression by skin epidermal CD45+ 
cells (left) and the percentage of CD3+ cells in total epidermal cells of Cbfb+/+ (●), Cbfb1m/1m (▲), and Cbfb2m/2m (○) mice. Mean ± SD; ***, P < 0.001. Numbers 
in dot plots indicate percentage cells in the indicated gate.
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cells, the known precursors for DETCs arising during em-
bryogenesis (Payer et al., 1991), as well as other γδTCR sub-
sets, were almost absent (Fig. 4 C), consistent with the lack of 

DETCs in the epidermis of adult Cbfb2m/2m mice (Fig. 2 C). 
Given that differentiation of Vγ3+ cells in the fetal thymus was 
not significantly impaired under conditions of Runx3 defi-

Figure 3. L oss of Cbfβ2 in hematopoietic cells is responsible for the decrease in thymocyte numbers. (A) Representative images of implanted 
Cbfb+/+ (wt) and Cbfb2m/2m (2m) embryonic thymic lobes in host mice (left) and cell numbers in implanted lobes (right). Means ± SD; **, P < 0.01. Bars, 250 
μm. (B) Pseudocolor plots showing CD4/CD8 and γδTCR expression in the implanted thymi. One representative of at least three implanted thymi. (C) Graph 
showing summary of competitive repopulation assay at least in two sublethally irradiated Rag1-deficient recipients. LSK cells from bone marrow of adult 
CD45.2 Cbfb+/+ (●) or Cbfb2m/2m (○) mice were mixed with equal numbers (1.25 × 104) of CD45.1 Cbfb+/+ LSK cells and injected into sublethally irradiated 
host mice. Expression of CD45.1 and CD45.2 markers on indicated cell subsets in peripheral blood was examined 40 d after injection. (D) Representative 
pseudocolor plots showing CD45.1/CD45.2 expression by thymus of each mouse in the indicated pair of parabiont (left). Numbers in the dot plots indi-
cate the percentage of cells in each quadrant. Summary of the percentage of CD45.1 and CD45.2 cells in the thymus in three pairs of parabionts (right). 
Means + SD; *, P < 0.05.
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ciency (Woolf et al., 2007), Cbfβ2 must be involved in a process 
generating Vγ3+ cells in a Runx3-independent manner.

We next examined hematopoiesis in the fetal liver. The 
LSK population in Cbfb2m/2m fetal livers was increased twofold 
(Fig. S2 C), consistent with an increase in colony-forming ac-
tivity among Cbfb2m/2m fetal liver cells (Fig. S2 D). Increase of 
LSK population was also observed in adult bone marrow of 
Cbfb2m/2m mice (Fig. S2 E). We next examined the develop-
mental potency of fetal liver cells in vitro. Consistent with the 
comparable differentiation of B220+CD19+ B lymphocytes 
in fetal liver of E12.5 Cbfb+/+ and Cbfb2m/2m embryos (Fig. S2 
F), B220+ cells differentiated from Cbfb2m/2m Lin−c-Kit+ cells 
in vitro on Tst4 stroma cells to a similar extent as control cells 
(Fig. S2 G). Under T-lineage differentiation conditions on Tst4 
cells expressing the Notch ligand Delta-1, both Cbfb2m/2m and 
Cbfb+/+ progenitors differentiated into CD4+CD8+ DP cells 
(Fig. 4 D), although there was an increase in CD4+CD8− cells 
arising from Cbfb2m/2m progenitors, presumably because of 
impaired Cd4 repression, which is a well-known function of 
Runx complexes during T cell development (Taniuchi et al., 
2002). In contrast, γδ T cells did not develop from Cbfb2m/2m 
progenitors (Fig. 4 D). Thus, in contrast to the cell-intrinsic 
block of γδ T development observed under these in vitro 
conditions, the Cbfb2m/2m prethymic progenitors retained the 
ability to become αβ T cells. Together with low number of 
hematopoietic cells in thymus anlagen, this result prompted 
us to next examine the thymic-homing capacity of Cbfb2m/2m 
prethymic progenitors in more detail.

Impaired differentiation of extrathymic T cell progenitors 
in Cbfb2m/2m mutant mice
Paired immunoglobulin–like receptor (PIR) expression marks 
fetal liver progenitors that possess high T-lymphoid lineage 
differentiation potency as well as thymus-homing capacity 
(Masuda et al., 2005). In the Lin−c-Kit+ fetal liver popula-
tion of E12.5 Cbfb2m/2m embryos, the percentage and abso-
lute numbers of IL7R+PIR+ cells were lower than in Cbfb+/+ 
and Cbfb1m/1m embryos (Fig. 5 A and Fig. S3 A). Of note, in 
wild-type mice, the amount of Cbfβ2 is higher in IL7R+PIR+ 
cells than in IL7R−PIR− cells (Fig. S3 B). To further address 
the roles of Runx/Cbfβ2 complexes in the differentiation of 
IL7R+PIR+ cells, we compared gene expression profiles by 
digital RNA-sequencing (RNA-seq; Shiroguchi et al., 2012). 
Interestingly, we found that Ccr9 induction was significantly 
impaired in Cbfb2m/2m cells (Fig. 5 B). Consistent with high 
T-lineage potency in IL7R+PIR+ cells (Masuda et al., 2005), 
the amount of Notch1 transcript was higher in IL7R+PIR+ 
cells than IL7R+PIR− cells. However, in contrast to Ccr9, 
Notch1 induction was unaffected by lack of Cbfβ2. Decreased 
levels of Ccr9 mRNA were confirmed at the protein level by 
a significant reduction of the CCR7−CCR9+ subset in the 
E12.5 Cbfb2m/2m IL7R+PIR+ fetal liver population (Fig. 5 A).

Differential bindings of Runx/Cbfβ2 
complexes in progenitors
To gain insight into how Runx/Cbfβ complexes are involved 
in regulation of Ccr9 expression, we next analyzed Cbfβ bind-

Figure 4.  Impaired thymic homing capacity in  
Cbfb2m/2m embryos. (A) Representative images of fluo-
rescent immunohistochemical staining for Ikaros+ he-
matopoietic cells and Keratin 8+ thymic epithelial cells in 
E14.5 thymi of Cbfb+/+ and Cbfb2m/2m embryos. One rep-
resentative of at least three thymi of each genotype. On 
representative of three samples. Bars, 100 µm. (B) Total 
numbers of E14.5 and E16.5 thymocytes from Cbfb+/2m 
(●) and Cbfb2m/2m (○) mice. Mean ± SD; **, P < 0.05;  
***, P < 0.01. (C) Pseudocolor plots showing γδTCR and 
Vγ3+ expression in E18.5 fetal thymi. Representatives of at 
least three independent embryos are shown. (D) In vitro 
differentiation into T-lineage cells on Tst4-expressing 
Delta-1 stromal cells from LSK cells prepared from E13.5 
fetal livers of Cbfb+/+ and Cbfb2m/2m embryos. One repre-
sentative result of three cultures is shown. Numbers in the 
pseudocolor plots and histograms indicate the percentage 
of cells in each quadrant or region.
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ing sites by chromatin immune precipitation followed by deep 
sequencing (ChIP-seq). Antibody recognizing both Cbfβ1 
and Cbfβ2 variants, denoted pan-Cbfβ antibody, detected 
Cbfβ binding in two regions, at −13 and −10 kb upstream 
of the Ccr9 transcriptional start site in both Lin− fetal liver 
and total thymocytes (Fig. 6), to which E-box family proteins 
also bind (Krishnamoorthy et al., 2015). There are conserved 
Runx recognition sites (5′-PuACC​ACG/A-3′) in both re-
gions (Fig. S3 C); the −13-kb region showed Runx-sites–
dependent enhancer activity in an in vitro transfection assay 
(Fig. S3 D). These observations suggest that these regions act 
as cis-regulatory elements controlling Ccr9 expression.

Global analyses of individual Runx/Cbfβ1 and Runx/
Cbfβ2 binding sites detected by ChIP-seq using antibodies 
specific to each isoform, whose specificity in ChIP was con-
firmed by using Cbfβ1- or Cbfβ2-deficient cells (Fig. S3 E), 
revealed that Runx/Cbfβ2 complexes exhibit a distinct bind-
ing pattern in many genes, most specifically, in the Lin− fetal 
liver fraction (Figs. 6 and 7, A and B). For instance, −13- and 
−10-kb regions in the Ccr9 gene were predominantly bound 
by Runx/Cbfβ2 only in Lin− fetal liver fraction but not in 
total thymocytes (Figs. 6 and 7 A). Interestingly, genes pos-
sessing such Runx/Cbfβ2-dominant peaks in Lin− fetal liver 
included Rorc and Tox genes (Figs. 6 and 7 A), both of which 
encode transcription factors, Rorγt and Tox, respectively, that 
are essential for the development of lymphoid tissue inducer 

(LTi) cells (Sun et al., 2000; Aliahmad et al., 2010), a hemato-
poietic cell lineage required for the formation of secondary 
lymphoid tissues (Mebius, 2003). In the Tcrd and Tcra loci, 
only the delta enhancer (Eδ), but not the α enhancer (Eα), 
was occupied predominantly by Runx/Cbfβ2 in Lin− fetal 
liver cells (Figs. 6 and 7 A). Lack of Runx/Cbfβ binding at the 
Eδ in total thymocytes was presumably caused by loss of ge-
nomic Eδ region as a result of VJ recombination events in the 
Tcra gene (Krangel, 2009). Although Runx/Cbfβ1-specific 
regions frequently contain sequences (5′-A/TTCC-3′) rec-
ognized by ETS transcription factors, which were shown to 
increase DNA binding affinity of Runx/Cbfβ complexes on 
enhancers (Kim et al., 1999; Gu et al., 2000), Runx sites were 
enriched in regions preferentially bound by Runx/Cbfβ2 
complexes (Fig.  7  C). These observations indicate that the 
distinct C-terminal sequences in Cbfβ proteins influence the 
binding specificities of Runx/Cbfβ complexes.

Cell type–specific enhancers in the Ccr9 and Rorc gene
To further examine the physiological relevance of the 
−13- or −10-kb regions, which are predominantly bound 
by Runx/Cbfβ2 complexes, for regulating Ccr9 expres-
sion, we removed core sequences of either the −13- or the 
−10-kb region from the mouse genome (Fig. S3 C) by CRI​
SPR/Cas9 genome editing (Zetsche et al., 2015). Upon de-
letion of either region, the percentage of IL7R+PIR+ cells 

Figure 5.  Impaired differentiation of 
Lin−c-Kit+IL7R+PIR+ fetal liver cells ex-
pressing CCR9 in Cbfb2m/2m embryos. (A) 
Representative pseudocolor plots showing PIR 
and IL7R expression (top) by E12.5 Lin−c-Kit+ 
fetal liver cells and contour plots showing 
CCR9 and CCR7 expression (bottom) by IL-
7R+PIR+ fetal liver cells of Cbfb+/2m and Cb-
fb2m/2m embryos. Graphs at the right show 
summary of the percentage (left) of IL7R+PIR+ 
cells in Lin−c-Kit+ cells and CCR7−CCR9+ cells 
in IL7R+PIR+ cells and the absolute numbers 
(right) of those cells of Cbfb+/+ (●), Cbfb1m/1m 
(■), and Cbfb2m/2m (○) mice. Means ± SD;  
***, P < 0.001. (B) Summary of three mea-
surements of digital RNA-sequencing show-
ing a list of selective genes, such as Ccr9 and 
NotchI, whose expression is up-regulated in 
Lin−c-Kit+IL7R+PIR+ cells.
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expressing CCR9 was significantly decreased (Fig. 8, A and 
B). Furthermore, CCR9 expression on IL7R+PIR+ cells was 
abolished by the combined deletion of both regions, whereas 
the frequency of CCR7+CCR9+ cells in the IL7R+PIR− 
population was unchanged even after removal of the two re-
gions (Fig. 8, A and B).

Given a single Runx/Cbfβ2 binding to the intronic re-
gion in the Rorc gene in Lin− fetal liver cells and require-
ment for Cbfβ2 in LTi cell differentiation (Tachibana et al., 
2011), we next addressed how Runx/Cbfβ2 regulate Rorc 
expression. In DP thymocytes, the amount of Rorc assessed 
by RT-PCR and Rorc+/gfp reporter (Eberl et al., 2004) was 
decreased to approximately half in Cbfb2m/2m DP thymo-
cytes (Fig. 8 C and Fig. S4 E). To address function of the Cb-
fβ2-bound intronic region, we removed it from the Rorcgfp 
reporter allele. Upon its complete loss in a Rorcgfp:ΔE-11 allele 
(Fig. S4 A), Rorγt-gfp expression in LTi and ILC3 cells was 
abolished, whereas expression in DP thymocytes was retained 
at the half level (Fig. 8 D and Fig. S4 B). Interestingly, reduc-
tion of Rorγt-gfp from a Rorcgfp:ΔE-15 allele, in which a ge-
nomic region containing one Runx site was retained (Fig. S4 
A), was milder in DP thymocytes and ILC3 (Fig. 8 D and Fig. 
S4 B), whereas in LTi cells it was abolished. These observa-
tions indicated that the −13- and −10-kb regions in the Ccr9 
gene and an intronic region in the Rorc gene act as cell type–
specific and Runx/Cbfβ2-dependent enhancers to induce 
Ccr9 and Rorc expression in PIR+ and LTi cells, respectively.

Although reexpression of Cbfβ2 in Cbfb2m/2m thy-
mocytes from the Rosa26Cbfb2 locus (Tenno et al., 2017) in  
Cbfb2m/2m:Rosa26Cbfb2/+:Cd4-Cre mice (Fig.  1  B) restored 
total Cbfβ bindings to enhancers in the Ccr9 and Rorc genes 
with reducing Cbfβ1 bindings (Fig. 7 D), it failed to com-
pletely restore thymocyte numbers and amount of Rorc ex-
pression (Fig. S4, C and E), whereas de-repression of CD44 in 
DP thymocytes was restored (Fig. S4 D). These observations 
suggest a possible stage-specific requirement for Cbfβ2 in ac-
tivating the intronic enhancer.

Functionally conserved role of Cbfβ2 in zebrafish
Comparative analyses of gene sequences indicated that te-
leost fishes, instead of using an internal splice donor site in 
exon 5, generate the Cbfβ2 variant by using an additional 
exon (Fig. S5). To examine whether, despite changes in gene 
structures, the role of Cbfβ2 in the regulation of ccr9 expres-
sion is evolutionarily conserved, we examined the homing 
capacity of hematopoietic progenitors under conditions of 
Cbfβ2 knockdown in zebrafish. This was achieved by use of 
splice site-specific antisense oligonucleotides, which suppress 
the formation of the Cbfb2 transcript (Fig.  9, A and B). A 
previously established sensitive in vivo homing assay (Hess 
and Boehm, 2012) indicated drastically reduced numbers of 
hematopoietic cells migrating into the thymic anlage of mor-
phants (Fig. 9 C). This effect was accompanied by decreased 
expression of Ccr9a, but not Ccr9b (Fig. 9 D), in line with 

Figure 6.  Binding patterns of Runx/Cbfβ1 and Runx/Cbfβ2 complexes at selective loci. Cbfβ variant-specific ChIP-seq tracks at the Ccr9, Rorc, Tox 
Runx1, Tcra/d, and Est1 genes in E12.5 Lin− fetal livers (top) and adult total thymocytes (bottom). Gene structure and transcriptional orientation are indi-
cated at the middle. Positions of −13 kb and −10 kb regions in the Ccr9 gene and position of the Eδ and Eα enhancers in Tcrd and Tcra genes, respectively, 
are indicated by black arrowheads. Blue, orange, and red triangles indicate regions predominantly bound by Runx/Cbfβ2, regions commonly bound by Runx/
Cbfβ1 and Runx/Cbfβ2, and regions predominantly bound by Runx/Cbfβ1, respectively.
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the lack of homing function of the Ccl25b/Ccr9b ligand/
receptor pair (Hess and Boehm, 2012). These data suggest that 
Cbfβ2 is a key regulator of thymic homing not only in mice 
but also in zebrafish via its effect on ccr9 expression.

Discussion
Our present study revealed that Cbfβ2 plays essential roles 
in the generation of IL7R+PIR+ thymus-homing progeni-
tors in the fetal mouse liver. Inefficient reconstitution of αβT 
cell development in grafted thymus lobes in adult Cbfb2m/2m 
recipients indicates that Cbfβ2 is essential for differentiation 
of extrathymic progenitors in the bone marrow of adult mice 
or at least for endowing them with thymus-homing capacity. 
In addition, our results unraveled the requirement for Cbfβ2 
in the activation of the mouse Ccr9 gene, which encodes 
the principal thymus homing receptor, through regulat-

ing cell type–specific enhancers. We also provided evidence 
showing an evolutionarily conserved role of Cbfβ2 in regu-
lating ccr9 expression in zebrafish. Collectively, these obser-
vations establish an essential role of Cbfβ2 in orchestrating a 
genetic program that controls development of and confers 
thymus-homing capacity to prethymic progenitors in verte-
brates. Inefficient T cell reconstitution in the grafted thymus 
lobes in adult Cbfb2m/2m recipients suggests that Cbfβ2 is 
likely to regulate differentiation or thymus-homing capacity 
of adult circulating prethymic progenitors. However, because 
of the lack of direct evidence by using adult prethymic pro-
genitors, our results do not formally exclude a possibility that 
Cbfβ2-dependent developmental program for fetal prethymic 
progenitor differentiation may not hold true in adults.

Cbfβ2 is also essential for generation of γδT cells in 
mice. Previous work had characterized Runx/Cbfβ com-

Figure 7. U nique bindings of Runx/Cbfβ2 complexes in fetal liver progenitors. (A) ChIP-qPCR analyses showing fold enrichment of Runx/Cbfβ2 
binding signals to Runx/Cbfβ1 binding signals in Lin− fetal liver cells (top) and adult total thymocytes (bottom) at selective regions where either Cbfβ1 or 
Cbfβ2 dominant bindings were detected by ChIP-seq as shown in red and blue triangles in Fig. 6. Cbfβ1 and Cbfβ2 binding signals were normalized to that 
at the Runx1 proximal promoter region indicated with an orange triangle in Fig. 6, where equal bindings of Cbfβ1 and Cbfβ2 were detected by ChIP-seq, and 
then were compared. Summary of three independent ChIP-qPCRs are shown as mean ± SD. (B) Pie charts showing the number of genic regions, which were 
defined as ±20 kb from transcription start sites (TSS), bound predominantly by Cbfβ1 or Cbfβ2 and regions commonly bound by both in E12.5 Lin− fetal liver 
cells (left) and adult total thymocytes (right). (C) Motif analyses of regions preferentially bound by Cbfβ1 and Cbfβ2 in Lin− fetal liver cells. The top three 
motifs are shown with p-values. ETS (5′-A/TTCC-3′) and Runx (5′-PuACC​ACG/A-3′) recognition sites are significantly enriched in regions bound predomi-
nantly by Cbfβ1 and Cbfβ2, respectively. (D) ChIP-qPCR analyses showing Runx/Cbfβ1 and total Runx/Cbfb bindings to Ccr9 −10-kb enhancer and Rorc in-
tronic enhancer in total thymocytes of Cbfb+/+, Cbfb2m/2m and Cbfb2m/2m: RosaCbfb2/+:Cd4-cre mice. Summary of three individual ChIP is shown as mean ± SD.
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Figure 8. R egulation of Ccr9 and Rorc 
expression by cell type–specific en-
hancers. (A) Representative contour plots 
showing CCR7 and CCR9 expression by 
IL7R+PIR− and IL7R+PIR+ cells of E12.5 
Ccr9+/+, Ccr9Δ−10/Δ−10, Ccr9Δ−13/Δ−13, and  
Ccr9Δ−10Δ−13/Δ−10Δ−13 Lin−c-Kit+ fetal liver cells. 
Numbers in the plots indicate the percentage 
of cells in each quadrant. (B) Summary of the 
percentage of the CCR7−CCR9+ cells among 
IL7R+PIR+ population and CCR7+CCR9+ cells 
among IL7R+PIR− population of wild-type 
(+/+), heterozygous (+/Δ), and homozygous 
(Δ/Δ) embryos for the Ccr9Δ−10, Ccr9Δ−13, and 
Ccr9Δ−10Δ−13 mutation. Means ± SD; ***, P < 
0.001 (unpaired Student’s t test). (C) Repre-
sentative histograms showing Rorγt-gfp ex-
pression from the Rorcgfp allele in CD4+CD8+ 
DP thymocytes of Cbfb+/2m, Cbfb+/2m: Rorc+/gfp,  
and Cbfb+/2m: Rorc+/gfp mice. (D) Representa-
tive histograms showing Rorγt-gfp expres-
sion from Rorc+, Rorcgfp:ΔE-11, Rorcgfp:ΔE-15, and  
Rorc+/gfp alleles in CD4+CD8+ DP thymocytes 
and gut LTi cells defined as Lin−IL7Ra+α4β7+ 
intestinal lamina propria cells of 18.5 days 
postcoitum (dpc) embryos. Graphs showing 
summary of relative mean fluorescence inten-
sity (MFI) of Rorγt-gfp in DP thymocytes and 
percentage of Rorγt-gfp expressing cells in 
Lin−IL7Ra+α4β7+ population. Means ± SD; ***, 
P < 0.001; *, P < 0.05 (unpaired Student’s t test).
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plexes as primary factors that induce a conformational change 
of Eδ enhancer to augment binding of other transcription 
factors, such as c-Myb (Hernández-Munain and Krangel, 
2002). However, the molecular basis of such structural func-
tions of Runx/Cbfβ complexes had remained unclear. For 
the first time, our results clearly demonstrate that Runx/
Cbfβ1 and Runx/Cbfβ2 complexes have distinct bind-
ing patterns in significant numbers of genes, mainly in fetal 
liver progenitor cell populations. The preferential binding of 
Cbfβ2 to the Eδ enhancer already in Lin− fetal liver cells sug-
gests that Runx/Cbfβ2 complexes function as the primary 
factor to initiate structural changes at the Eδ enhancer, which 
allows for the subsequent recruitment of other factors when 
ETPs are exposed to environmental cues that induce γδ T cell 
development. Of note, late expression of Cbfb2 is not suffi-
cient to restore Rorγt expression in DP thymocytes. Thus, it 
is possible that Runx/Cbfβ2 functions as a structural factor 
at specific developmental stages. Compared with progenitor 
stages, the differential binding characteristics of Runx/Cbfβ1 
and Runx/Cbfβ2 complexes at these enhancers are lost in 
cells at later developmental stages. It is possible that Runx/
Cbfβ1 complexes can be recruited to these enhancers after 

conformational changes of the target loci or the tethering 
of multiple enhancer binding proteins that occur during or 
after a Cbfβ2-dependent priming of enhancer activation. 
Nevertheless, it is conceivable that acquisition of unique 
C-terminal sequences in Cbfβ2 modulates the functionality 
of Cbfβ proteins to become more potent to initiate enhancer 
activation. Given that amounts of Cbfβ2 are increased in the 
IL7R+PIR+ subset, it is also possible that the Cbfβ2 amount 
is important for increase in the efficacy of enhancer activa-
tion during differentiation of prethymic T cell progenitors. 
Nevertheless, it will be important in future studies to iso-
late molecules that associate predominantly or specifically 
with Runx/Cbfβ2 complexes.

Functional diversification of cell and organ systems 
during the course of evolution is often associated with 
changes in the expression characteristics and/or the protein 
structures of transcriptional regulators (Teichmann and Babu, 
2004; Baker et al., 2012). Comparative genome analyses sug-
gest that alternative pre-mRNA splicing events at the Cbfb 
gene giving rise to a variant C-terminal sequence of the Cbfβ 
protein emerged as early as bony fish, and perhaps even earlier 
than that. Our results thus illustrate how the emergence of 

Figure 9. R educed expression of ccr9a 
genes in zebrafish by knockdown of the 
Cbfβ2 variant. (A) Schematic of the splicing 
pattern of the zebrafish cbfb gene, with 
the targeted splice acceptor site indicated 
by a green dot. Open boxes and gray boxes 
represent the coding and 3′ untranslated 
region (3′ UTR), respectively. Exon 6.2 marked 
with a red box encodes Cbfβ2-specific 
sequences. (B) RT-PCR demonstrating 
exon skipping as a function of morpholino 
concentration in the injection buffer (lane 1, 
0  µM; lane 2, 200  µM; lane 3, 100  µM). The 
structures of the PCR products were verified 
by sequencing. (C) Analysis of thymus 
homing in double-transgenic zebrafish (ikaros​
:eGFP and foxn1​:mCherry) that were injected 
with Cbfb2 gene-specific splice acceptor 
antisense morpholino oligos. At 63 hpf (hours 
postfertilization), the numbers of cells present 
in the thymic rudiments (marked with circles) 
was determined. Representative images of 
two different wild-type and morphants (top). 
Bar, 100 µm. Numbers of hematopoietic cells 
present in the thymus rudiments (bottom). The 
difference between wild-type and morphant 
was significant at P < 0.001. (D) Results of 
RT-qPCR for expression of ccr9a and ccr9b 
genes; morpholino concentrations were same 
as in B; n = 3 per condition. Mean ± SD; *, P < 
0.05 (unpaired Student’s t test).
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the Cbfβ2 variant supported the evolution of a robust che-
motactic mechanism of thymus homing, which represents a 
rate-limiting step in T cell development. This evolutionary 
innovation thus endowed vertebrates with enormous devel-
opmental flexibility with respect to the anatomical origins of 
T cell progenitors, ranging from appendages of the esopha-
gus to bone marrow (Boehm et al., 2012). We note that the 
functional plasticity of Runx transcription factor complexes 
described here also underlies a second major innovation in 
the adaptive immune system of vertebrates. Runx1/Cbfβ2 
complexes are required for the differentiation of LTi cells 
(Tachibana et al., 2011). Our results demonstrated that a sin-
gle intronic enhancer is crucial for Rorc induction in LTi 
and ILC3 cells, whereas Rorc expression in DP thymocytes 
was only partially reduced. In addition, Cbfβ2 is known to 
be essential for efficient induction of α4β7 integrin during 
LTi differentiation (Tachibana et al., 2011), which serves as 
a homing receptor for LTi cells to better interact with mes-
enchymal lymphoid organizer (LTo) cells at the sites where 
second lymphoid tissues are formed (Mebius et al., 1996; Me-
bius, 2003). We therefore speculate that the ancestral regula-
tory mechanisms that evolved to support the formation of the 
primary lymphoid organ, the thymus, were coopted at a later 
stage in evolution to support differentiation of LTi cells and 
endow them with a unique homing capacity underlying the 
generation of secondary lymphoid tissues. Collectively, our 
results illustrate how an increase in the functional diversity of 
transcription factors by alternate RNA splicing was exploited 
to generate diverse types of immune tissues, presumably by 
increasing the probability of enhancer activation associated 
with cell type–specific genes.

Materials and methods
Generation of Cbfb1m and Cbfb2m mutant 
mouse strain and other mice
1 kb of 5′ short homology genomic region was amplified 
by PCR to add NotI site at the 5′ end and SalI site at the 3′ 
end. After sequence verification in the pCRII-TOPO vector 
(Invitrogen), a DNA fragment encoding the neomycin resis-
tant gene (neor) flanked by loxP sequences was prepared from 
the pL2Neo(2) vector and inserted into the SalI site. DNA 
fragments containing the desired Cbfb1m and Cbfb2m muta-
tions were generated by overlap PCR and sequenced in the 
pCRII-TOPO vector, thereby generating the pCRT​OPO-
B1KO or pCRT​OPO-B2KO vectors, respectively. A 7.5-kb 
SacI-KpnI fragment used as a 3′ long homology region was 
prepared by restriction enzyme digestion from the targeting 
vector used for generating the Cbfbflox mutation (Naoe et al., 
2007). This fragment was inserted into SacI/KpnI sites of the 
pCRT​OPO-B1KO and pCRT​OPO-B2KO vectors. Finally, 
the NotI-SalI fragment containing the 5′ short homology re-
gion and the neor cassette were ligated into the NotI/SalI 
sites upstream of the 3′ long homology region. The targeting 
vectors were linearized by NotI digestion before transfec-
tion into the E14 ES cell line. Transfection and screening of 

ES clones that had undergone homologous recombination 
was performed as previously described (Naoe et al., 2007).  
Rosa26Cbfb2 transgenic mice was previously described (Tenno 
et al., 2017). Congenic CD45.1 C57/B6 mice and Rag1-defi-
cient host mice were from the Jackson Laboratory. Rorcgfp re-
porter mice (Eberl et al., 2004) and Cd4-Cre mice were from 
D.R. Littman (New York University, New York, NY) and C.B. 
Wilson (University of Washington, Seattle, WA). Rosa26Cbfb2 
mice were previously described (Tenno et al., 2017). All mice 
were maintained in the animal facility at the RIK​EN IMS, 
and all animal experiments were performed in accordance 
with guidelines for animal care approved by Institutional An-
imal Care and Use Committee of RIK​EN Yokohama Branch.

Antibodies and Western blotting
The antibody that recognizes pan-Cbfβ protein and those 
specific for Cbfβ1 and Cbfβ2 variants were generated by im-
munizing rabbits with synthetic peptides. Sequences of the 
peptides are shown in Table S1. Cell lysates from total thymo-
cytes were resolved by SDS-PAGE and transferred to Immo-
bilon-P Transfer Membranes (Millipore). Membranes were 
probed with an appropriate primary antibody and HRP-con-
jugated secondary antibody, and immune complexes were de-
tected using ECL Prime (GE Healthcare) with Amersham 
Imager 600 (GE Healthcare). Quantification analysis was per-
formed with ImageJ software (National Institutes of Health).

Flow cytometry analyses and cell sorting
To prepare epidermal cells, ears were split into dorsal and 
ventral halves and incubated with 0.5% trypsin and 1 mM 
EDTA for 1 h at 37°C after removal of cartilage. The epider-
mis was peeled from the dermis and dissociated into single 
cells by mashing through a 70-µm cell strainer (BD Biosci-
ence). To prepare the gut IELs, small intestines were cut into 
5-mm pieces after removal of fat and Payer’s patches and in-
cubated with 5 mM EDTA and 2% FCS in HBSS medium at 
37°C for 20 min with shaking. Lymphocytes in supernatants 
were prepared by Percoll gradient (40% and 80%). Lamina 
propria lymphocytes were prepared as previously described 
(Ebihara et al., 2015). Single-cell suspensions from thymus 
and lymph nodes were prepared by mashing tissues through 
a 70-µm cell strainer (BD Bioscience). Single-cell suspen-
sions were stained with the following antibodies purchased 
from BD Bioscience or eBiosciences: CD3 (145-2C11), CD4 
(RM4-5), CD8 (53-6.7), CD11b (M1/70), CD25 (PC61), 
CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD117 (2B8), 
CD127 (A7R34), CCR7 (4B12), CCR9 (eBioCW-1.2), 
KLRG1 (2F1), NK1.1 (PK136), NKp46 (29A1.4), PIR-
A/B (6C1), Sca1 (E13-161.7), B220 (RA3-6B2), Gr-1 
(RB6-8C5), Ter119 (Ter119), TCRβ (H57-597), TCRγδ 
(GL3), Vγ3 (536), and Rorgt (B2D). For intracellular staining 
with antibodies, cells were permeabilized before staining. For 
detection of Rorgt, cells were permeabilized with Bioscience 
Foxp3/Transcription Factor Staining Buffer Set (00-5523-
00). Multicolor flow cytometry analysis was performed using 
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a FAC​SCanto II (BD Bioscience), and data were analyzed 
using FlowJo (Tree Star) software. Cell subsets were sorted 
using a FAC​SAria II (BD Biosciences).

Competitive repopulation assay by generation of 
mixed bone marrow chimera
LSK cells from bone marrow of adult CD45.2 Cbfb+/+ or 
Cbfb2m/2m mice were mixed with equal numbers (1.25 × 
104) of CD45.1 Cbfb+/+ LSK cells and injected intrave-
nously into sublethally irradiated Rag1-deficient host mice. 
40 d later, the percentages of CD45.2+ and CD45.1+ cells in 
several hematopoietic subsets in peripheral blood were ana-
lyzed by flow cytometry.

Parabiosis and implantation of embryonic thymic lobes
Matching skin incisions running from elbow to knee of the 
corresponding lateral aspect of adult CD45.2 Cbfb+/+ or  
Cbfb2m/2m mice and CD45.1 Cbfb+/+ were surgically joined 
as described previously (Donskoy and Goldschneider, 1992). 
After 5 mo, tissues of each mouse were dissected and analyzed 
by flow cytometry. Thymic lobes prepared from Cbfb+/+ and 
Cbfb2m/2m E15.5 embryos were treated with 1.35 mM de-
oxyguanosine (Nacalai Tesque) on polycarbonate filters (pore 
size 8.0 µm; Nucleopore Co.) in RPMI 1640 supplemented 
with 10% FCS for 6 d and then implanted under the renal 
capsules of Cbfb+/+ and Cbfb2m/2m adult recipient mice. 4 
wk later, implanted thymic lobes were harvested and ana-
lyzed by flow cytometry.

Immunohistochemistry
Embryonic thymic lobes were embedded in OCT compound 
(Sakura Fine Tek) in Leica Histomolds (Leica Microsystems) 
and snap-frozen in liquid nitrogen. Tissues were cut into 
5-µm sections using a Leica CM3050S cryostat and mounted 
onto MAS-coated slides (Matsunami Glass). After fixation 
with acetone for a few seconds, sections were incubated with 
primary antibodies for 1 h at room temperature, washed five 
times with PBS/0.05% Tween20, and incubated with second-
ary reagents for 30 min at room temperature.

Colony-forming assay
A colony-forming assay was conducted following the man-
ufacturer’s instructions (Stem Cell Technologies). Single-cell 
suspensions of total fetal liver cells from E12.5 embryos were 
mixed with MethoCult GF M3434 containing stem cell fac-
tor, IL-3, IL-6, and erythropoietin and plated in 6-cm dishes. 
Colony numbers were counted after 3 to 8 d of culture in a 
humidified CO2 incubator.

Digital RNA-seq analysis
In brief, dRNA-seq for 100-cell analyses were performed by 
using a molecular barcoding technique (Kivioja et al., 2012; 
Shiroguchi et al., 2012; Ogawa et al., 2017). First, for normal-
ization, the same amount of spike-in RNAs, a known num-
ber of External RNA Controls Consortium (ERCC) RNA 

molecules, was added into every tube, which contained 100 
cells. Then, the cells were lysed, and RNA molecules were 
fragmented by temperature elevation. cDNAs were generated 
by reverse transcription using a reverse transcription primer 
in which the first common primer sequence, molecular bar-
code, 14 T bases, and one V (A or G or C) base were tandemly 
arranged from the 5′ end. In the reverse transcription, a sec-
ond common primer sequence was also attached to the 3′ 
end of each generated cDNA molecule by template switch-
ing. Subsequently, cDNAs were amplified by PCR using two 
primers: one containing an Illumina adapter sequence, sample 
index, and the first common primer sequence; and the other 
containing another Illumina adapter sequence, sample index, 
and the second common primer sequence. The quality of the 
amplified product (library) was measured using a Bioanalyzer 
(Agilent), and the concentration was determined by qPCR 
(7500 Real Time PCR System; Applied Biosystems). Six li-
braries labeled with different sample indexes were sequenced 
together in a single MiSeq run (150 cycles; Illumina kit). Se-
quencing results were analyzed using an in-house pipeline in 
which TopHat2 (Kim et al., 2013) was used for mapping to 
the mouse genome (mm10 assembly). This strategy provides 
the mean number of mRNA molecules per cell for each gene 
and each indexed sample by counting the number of unique 
molecular barcodes instead of the number of sequenced 
cDNA molecules. Differential gene expression analysis was 
performed using DESeq2.

ChIP-seq
For ChIP-seq with anti-Cbfβ1, anti-Cbfβ2, or anti–pan Cbfβ 
antibody, 107 Lin− fetal liver cells from E12.5 C57BL/6N 
embryos and 107 thymocytes from 4-wk-old C57BL/6N 
mice were washed once with PBS containing 1% FCS and 
cross-linked by incubation in a 1% formaldehyde solution 
for 10 min with gentle rotation at room temperature. 
The reaction was stopped by addition of a 0.15-M (final 
concentration) glycine solution and 10 min gentle rotation. 
Cells were washed with ice-cold PBS containing 1% FCS for 
10 min with gentle rotation at 4°C and lysed by incubation in 
Lysis Buffer 1 (50 mM Hepes, pH 7.5, 140 mM NaCl, 1 mM 
EDTA, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-100) 
supplemented with cOmplete protease inhibitor cocktail 
tablets (Roche) for 10 min at 4°C. Nuclei were pelleted 
and washed by suspension into Lysis Buffer 2 (10 mM Tris-
HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, and 0.5 mM 
EGTA) supplemented with cOmplete protease inhibitor 
(Roche). Nuclei were then resuspended in 300  µl Lysis 
Buffer 3 (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM 
EDTA, 0.5  mM EGTA, 0.1% sodium deoxycholate, and 
0.5% N-laurylsarcosine sodium salt) and sonicated 10 times 
using a model XL2000 ultrasonic cell disruptor (Microson) 
at output level 6 for 15 s. After the addition of Triton X-100, 
sonicated chromatin was incubated overnight at 4°C with 
gentle rotation in the presence of anti-Cbfβ1, anti-Cbfβ2, 
or anti–pan Cbfβ antibody that was preconjugated with 
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Dynabeads M-280 Sheep anti-Rabbit IgG (Thermo Fisher 
Scientific). After washing beads with ChIP-RIPA (50 mM 
Hepes, pH 7.6, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 
and 0.7% sodium deoxycholate) and TE buffer supplemented 
with 50 mM NaCl, immunoprecipitates were eluted from 
beads into 100 µl of Elution Buffer (50 mM Tris-HCl, pH 
8.0, 10 mM EDTA, and 1% SDS) by incubation for 15 min 
at 65°C. Eluted immunoprecipitates were incubated at 65°C 
overnight for reverse cross-linking. Input DNA and ChIP 
DNA were treated with RNase A (Thermo Fisher Scientific) 
at 37°C for 1 h, followed by incubation with proteinase K 
(Thermo Fisher Scientific) at 55°C in the presence of 6 mM 
CaCl2 for 1 h. DNA was extracted by phenol/chloroform, 
and purified DNA was subjected to resonication with a 
Covaris S220 to produce DNA fragments with a mean size 
of 200 bp, used for library construction with NEBNext 
ChIP-seq Library Prep Master Mix set for Illumina kit 
(NEB). Sequencing was performed by the RIK​EN IMS 
sequence facility with Illumina HiSeq 1500. Sequence reads 
were aligned on mouse genome mm9 using bowtie2 (v.2.1.0, 
http​://bowtie​-bio​.sourceforge​.net​/index​.shtml) with 
default parameters. Regions preferentially bound by Cbfβ1 
or Cbfβ2 (q-value < 0.05) were extracted using MACS2 
(v.2.0.10, https​://github​.com​/taoliu​/MACS), and DNA 
sequence motifs enriched among regions preferentially 
bound by Cbfβ1 and Cbfβ2 were extracted by the “dreme” 
command included in MEME Suite (v.4.9.0, http​://meme​
-suite​.org​/) using 250-bp sequences ranging from the 
center of binding peaks.

CRI​SPR/Cas9-mediated genome editing
To delete the −13- or −10-kb genomic region from the 
mouse Ccr9 locus and the intronic region from the Rorcgfp  
allele by CRI​SPR/Cas9, two guide RNA (gRNA) se-
quences flanking the putative enhancer regions were selected 
through single guide RNA (sgRNA) Designer software at the 
Broad Institute (Cambridge, MA). Sequences and positions 
of gRNA are shown in Figs. S3 and S4. Custom gRNA, 
in which CRI​SPR RNAs (crRNAs) were fused to a nor-
mally trans-encoded tracrRNA, were transcribed from a 
T7 promoter in the pUC18 vector by in vitro transcription 
with MEGAshortscript T7 kit (Life Technologies), and both 
the Cas9 mRNA and the gRNAs were purified using the 
MEGAclear kit (Life Technologies). The gRNAs and mRNA 
encoding Cas9 were coinjected into the cytoplasm of C57/
B6N fertilized eggs by the Animal Facility Group at RIK​EN 
IMS. To generate a Ccr9 allele harboring double deletions, 
a −13- and −10-kb region (Ccr9Δ−10Δ−13), gRNA pair used 
for generation of Ccr9Δ−10 mutation was injected into eggs 
obtained by in vitro fertilization between Ccr9Δ−30/Δ−30 sperm 
and wild-type oocytes. Similarly, eggs obtained by in vitro 
fertilization between Rorcgfp/gfp sperm and wild-type oocytes 
were used to generate a Rorcgfp allele harboring deletion 
at the intronic region.

Morpholino oligo-mediated 
knockdown of Cbfb2 in zebrafish
To selectively knock down the zebrafish cbfb2 variant, which 
is composed of exon 6.1 and 6.2, we chose complementary 
sequences to the splice acceptor to exon 6.2 as follows: 5′-
GGT​CCT​AAA​AAA​CAC​AAT​TTG​GTTT-3′ synthesized 
by Gene Tools (Philomath, OR). The morpholinos 
were dissolved in 1× Danieau buffer at the indicated 
concentrations and injected into zebrafish embryos at the 
one-cell stage. For injections, the morpholino was used at 
100, 133, or 200 mM in injection buffer as described (Hess 
and Boehm, 2012). Two transgenic zebrafish lines (Hess 
and Boehm, 2012) were used for live imaging: the ikaros​
:eGFP reporter for marking lymphoid progenitor cells 
and the foxn1​:mCherry reporter for marking the thymic 
epithelium. Live imaging was performed as previously 
described (Hess and Boehm, 2012). In brief, for long-
term imaging, embryos and larvae were anesthetized with 
tricaine methanesulfonate, immobilized in 0.8–1% low-
melting agarose, covered with embryo medium (5  mM 
NaCl, 0.17  mM KCl, 0.33  mM CaCl2, and 0.33  mM 
MgSO4) and kept in a heating chamber at 28°C. For 
short-term imaging, embryos and larvae were anesthetized 
and immobilized in 3% methylcellulose. Fluorescence 
microscopy was performed with a Zeiss Imager.Z1. 3D 
image analysis and cell tracking were performed with 
Bitplane Imaris x64 6.4.0 software. The presence of ≥5 cells 
per rudiment was considered to be indicative of normal 
colonization; hence, for statistical purposes, the fraction of 
embryos with 0–4 intrathymic cells was compared with 
those containing ≥5 cells. RT-qPCR for expression of ccr9 
paralogs was performed using primer sets purchased from 
Bio-Rad (assay numbers, qDreCED​OOO9932 [ccr9a]; 
qDreCED0021482 [ccr9b]) using an actb1 primer set (Lam 
et al., 2004) as reference. Primers used for exon skipping 
are listed in Table S1.

Comparative genomics analyses
Information and sequences of Cbfb gene and its transcripts 
were obtained from GenBank and published manuscripts 
(Ng et al., 2007; Nah et al., 2014a,b). Genome sequences of 
elephant shark (Callorhinchus milii) and Japanese lamprey 
(Lethenteron japonicum) were downloaded from elephant 
shark genome assembly (http​://esharkgenome​.imcb​.a​-star​
.edu​.sg​/) and Japanese lamprey genome assembly (http​://
jlampreygenome​.imcb​.a​-star​.edu​.sg​/), respectively. Alignment 
of C-terminal sequences of Cbfβ variants of each species 
was performed by Clustal Omega (http​://www​.clustal​.org​/
omega​/) with default parameters for amino acid sequences 
and was curated by hand.

Data analyses and accession codes
Statistical analysis was performed by Student’s unpaired 
t test with Prism 6 (GraphPad Software) unless other-
wise stated. All sequencing datasets are deposited in the 
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Genome Expression Omnibus database under accession 
nos. GSE86850 and GSE90794.

Online supplemental materials
Fig. S1 shows the generation of Cbfb1m and Cbfb2m mice. Fig. 
S2 shows the defect in hematopoietic cells for small thymus. 
Fig. S3 shows information about two enhancers in the Ccr9 
gene. Fig. S4 shows information about the intronic enhancer 
in the Rorc gene. Fig. S5 shows structures of the Cbfb gene 
and its transcripts in several species. Table S1 shows sequence 
information for the peptide and primers used for quantitative 
real-time PCR, ChIP-qPCR, and exon skipping in zebrafish.
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