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EphB receptors, mainly EphB3, contribute to the proper
development of cortical thymic epithelial cells

Sara Montero-Herrad�on,y Javier Garc�ıa-Ceca,y and Agust�ın G. Zapata

Department of Cell Biology, Faculty of Biology, Complutense University of Madrid,
Madrid, Spain

ABSTRACT. EphB and their ligands ephrin-B are an important family of protein tyrosine kinase
receptors involved in thymocyte-thymic epithelial cell interactions known to be key for the
maturation of both thymic cell components. In the present study, we have analyzed the maturation of
cortical thymic epithelium in EphB-deficient thymuses evaluating the relative relevance of EphB2
and EphB3 in the process. Results support a relationship between the epithelial hypocellularity of
mutant thymuses and altered development of thymocytes, lower proportions of cycling thymic
epithelial cells and increased epithelial cell apoptosis. Together, these factors induce delayed
development of mutant cortical TECs, defined by the expression of different cell markers, i.e. Ly51,
CD205, MHCII, CD40 and b5t. Furthermore, although both EphB2 and EphB3 are necessary for
cortical thymic epithelial maturation, the relevance of EphB3 is greater since EphB3¡/¡ thymic
cortex exhibits a more severe phenotype than that of EphB2-deficient thymuses.

KEYWORDS. development, EphB, thymus, thymic epithelial cells, thymic cortex, thymic epithelial
cell survival, thymic epithelial cell cycle

INTRODUCTION

The thymus is a primary lymphoid organ
in which bone marrow-derived lymphoid
progenitors differentiate phenotypically and

functionally into single positive (SP) (both
CD4CCD8¡ and CD4¡CD8C) thymocytes in
a complex process in which thymic epithelial
cells (TECs) play an essential role.1 The
organ consists of two compartments: an
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outer region, the cortex, which mainly con-
tains immature DN (CD4¡CD8¡) lymphoid
cells and DP (CD4CCD8C) thymocytes, and
an inner region, the medulla, which contains
mature SP cells.

The thymus derives embryologically from
the third pharyngeal pouch which gives rise to
a common primordium which contains parathy-
roid and thymus tissue at around 10–11 days
post coitum (E).2 At E12, the thymic area is
individualized from the parathyroid, lymphoid
precursors coming from the fetal liver seed the
thymic primordium, and a three-dimensional
epithelial network begins to be organized.3 The
maturation of epithelial phenotype from the
appearance of the first epithelial cells and the
mechanisms determining the cortex-medulla
differentiation are not conclusively known, but
there is a general consensus that the lymphoid
progenitor cell seeding and the increased
expression of the transcriptional factor, FoxN1,
are essential for both processes.4

Together with some transcriptional factors
(i.e., Tbx1, Pax1, Pax3, Pax9, Hoxa3, Eya1,
Six1)5–8 that seem to govern the early stages of
thymic development before FoxN1 appearance,
several morphogens are involved in the matura-
tion of pharyngeal endoderm to thymic primor-
dium, including BMP4,2,9 Shh10 and Wnt,11,12

both governing FoxN1 expression. Later,
arrival of the first lymphoid progenitors into
the thymus and the establishment of early thy-
mocyte-TEC interactions affect the develop-
ment of immature MTS20C TECs,13 although
other studies have emphasized that mutual
influences between thymocytes and TECs do
not occur until E15.5 when DN3 thymocytes
appear.14

In previous studies15,16 we described that the
absence of EphB2 and/or EphB3, two protein
tyrosine kinase receptors important for regulat-
ing the epithelial organization,17 results in pro-
found morphological alterations of the thymic
epithelium, including epithelial hypocellularity,
altered phenotypes and down-regulated expres-
sion of keratins, etc.,15 and speculated that they
were largely related to altered EphB-mediated
signaling between thymocytes and TECs.16

Thus, we will quantify these morphological
changes, evaluating their origin and determining

whether the distinct thymic histological com-
partments or TEC subsets are similarly affected.

Eph are the largest family of tyrosine kinase
receptors of animal cells including two families:
A (10 members) and B (6 members) that largely
interact with ephrin-A (6 components) and eph-
rin-B (3 components), respectively.18 Eph/ephrin
pathways activate after oligomerization sending
signals through both receptors (forward) and
ligands (reverse)19 that modify the cellular
behavior affecting numerous processes, includ-
ing organogenesis and tissue homeostasis.18

In the present study, we have evaluated the
epithelial maturation in embryonic thymuses of
EphB2- or EphB3-deficient mice, understood to
mean as the pattern of appearance and evolution
of specific marker expression,14 by combining
different approaches and using a battery of anti-
bodies to study the appearance and development
of distinct cortical TEC (cTEC) subsets. In a
complementary study the condition of mutant
medullary TEC (mTEC) has also been evaluated
(submitted manuscript). Our results relate
delayed maturation of distinct mutant cTEC sub-
populations with the altered development of thy-
mocytes previously reported,13 increased
proportions of apoptotic TECs and lower per-
centages of cycling TECs occurring in mutant
thymuses. More importantly we demonstrate
that both molecules, but principally EphB3, are
involved in the formation and maturation of
murine thymic cortex. Furthermore, by studying
TECs expressing a truncated form of EphB2
(EphB2LacZ) that does not transmit forward
signals but activates reverse ones in ephrin-B-
expressing cells, we determined that forward
signals mediated through Eph are more relevant
for the process than those reverse signals trans-
mitted by ephrins.

RESULTS

EphB-deficient thymuses exhibited
delayed maturation of EpCAMCCD45¡

epithelial cells during fetal thymus
development

Thymic epithelial cells (TECs) were defined as
EpCAMCCD45¡ cells and studied comparatively
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from E12.5 to E17.5 in WT mice and EphB2- or
EphB3-deficient mice as well as EphB2LacZ
mice that allows the relevance of forward and
reverse signals in TEC development to be
analyzed.

The percentage of EpCAMCCD45¡ cells
decreased significantly throughout fetal devel-
opment (Fig. 1A, Supplementary Fig. 1A).
However, the reduction was different in WT
and mutant thymuses. The proportion of
EpCAMCCD45¡ cells from E12.5 to E15.5 in
EphB2¡/¡ thymuses and at E13.5 in Eph-
B2LacZ ones was significantly higher than in
WT ones, without differences with EphB3¡/¡
thymuses (Fig. 1A). Furthermore, in some
stages studied the proportions of TECs in the
EphB2¡/¡ thymuses were significantly higher
than in the other mutants (Fig. 1A).

The absolute number of EpCAMCCD45¡ cells
gradually increased (Fig. 1B, Supplementary

Fig. 1B) in both WT and mutant thymuses,
although the important increase observed between
E15.5-E17.5 in WT ones did not occur in mutant
thymuses (Fig. 1B). This reduction was also
observed at E14.5 in EphB2LacZ and EphB3¡/¡
thymuses, but not in EphB2¡/¡ ones. On the
contrary, at E13.5, EphB2¡/¡ and EphB2LacZ
values were higher than those of WT thymuses
whereas at E12.5 there were no differences
betweenWT andmutant mice (Fig. 1B).

EphB-deficient thymuses exhibited
delayed maturation of cortical Ly51C

TECs

To test whether TEC maturation coursed
with alterations in cTECs we first analyzed in
the total EpCAMCCD45¡ cell population
between E12.5 and E17.5, the expression of

FIGURE 1. Percentages and numbers of total TECs (EpCAMCCD45¡ cells) in WT and EphB-defi-
cient thymuses throughout fetal development. (A) Comparative analysis of the proportions of
EpCAMCCD45¡ cells between WT and mutant fetal thymuses. (B) Comparative analysis of the
numbers of total TECs between WT and mutant thymuses. The significance of the Student’s t-test
probability is indicated as *p � 0.05; **p � 0.01; ***p � 0.005; or #p � 0.05; ##p � 0.01; ###p �
0.005. ns: non-significant.
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Ly51 and UEA1 (Ulex europaeus agglutinin
lectin 1), two cell markers that identify the two
main TEC populations: the cortical
(Ly51CUEA1¡) one and the medullary
(Ly51¡UEA1C) one.20,21 In E12.5 thymuses,
most cells were immature Ly51¡UEA1¡ cells
(Fig. 2A); gradually, this cell population disap-
peared, Ly51 expression was up-regulated and,
at E17.5, most epithelial cells were Ly51med

showing a variable expression of UEA1
(Fig. 2A). At E12.5, there was no differences
between any studied group but the EphB2¡/¡
thymuses showed significant reduced propor-
tions of the most immature Ly51¡UEA1¡

(Fig. 2B). From E13.5 onward the proportions
of these cells were significantly higher in all
mutants; only the E15.5 EphB2LacZ thymuses
showed similar values to the WT ones
(Fig. 2B). When these proportions were com-
pared between mutants, those of EphB2-defi-
cient thymuses were significantly higher than
those of EphB2LacZ ones at E14.5 and E15.5
and only at E14.5 compared with EphB3¡/¡
ones (Fig 2B).

At E13.5 and E14.5, there was a significant
reduction in the proportions of mutant Ly51lo

UEA1¡ cells, except in E14.5 EphB2LacZ
ones (Fig. 2C). This cell population signifi-
cantly accumulated from E15.5 (Fig. 2C),
except in EphB2LacZ thymuses that,
following a similar pattern to the WT ones,
matured to Ly51medUEA1¡ cells (Fig. 2D).
In the other mutant thymuses, the accumula-
tion of Ly51loUEA1¡ cells (Fig. 2C)
remained at E17.5 when the proportion of
Ly51medUEA1¡ cells decreased in both WT
and EphB2LacZ thymuses (Fig. 2D). When
EphB2¡/¡ and EphB2LacZ thymuses were
compared the proportions of these cells were
lower at E14.5 and higher at E15.5 and E17.5
in EphB2¡/¡ ones (Fig. 2C). Differences
between EphB2¡/¡ and EphB3¡/¡ thy-
muses appeared at E15.5 and E17.5. In the
former stage, the proportions of
Ly51loUEA1¡ cells were slightly lower in
EphB2¡/¡ thymuses, but significantly higher
at E17.5 (Fig. 2C). In this last stage, changes
in the intermediate cell populations express-
ing both Ly51 and UEA1 confirmed the
delayed maturation of EphB2¡/¡ and

EphB3¡/¡ thymuses but not of EphB2LacZ
ones. Both Ly51medUEA1lo/med (Fig. 2E) and
Ly51hiUEA1lo/med (Fig. 2F) cells showed sig-
nificantly reduced proportions in EphB2- and
EphB3-mutant thymuses respect to WT val-
ues, without differences between them.

Other cortical TEC subsets defined by the
expression of functional markers also
undergo delayed maturation in EphB-
deficient thymuses

Together with Ly51, CD205, also called
DEC205 has been frequently analyzed to char-
acterize cTEC development.14 Between E14.5
and E15.5, Ly51C cells began to express
CD205 and included both CD205¡ cells and
CD205C cells (Fig. 3A). In all mutants, but par-
ticularly in the EphB3¡/¡ thymuses, the pro-
portions of Ly51CCD205C cells were
significantly lower than in the WT ones, in cor-
relation with the significant accumulation of
Ly51CCD205¡ cells (Fig. 3B).

MHCII molecules are expressed in both
cTECs and mTECs appearing earlier in the first
ones and undergoing a rapid up-regulation
(Fig. 4A). MHCII began to be expressed
weakly at E13.5 in Ly51lo cells (Fig. 4C) up-
regulating rapidly (Fig. 4D, F) in both Ly51lo

cells (Fig. 4D) and Ly51med cells (Fig. 4E, F),
although a low proportion of MHCIIlo

remained throughout thymic development,
mainly in the mutant thymuses (Fig. 4C). At
E12.5, an immature MHCII¡Ly51¡ cell popu-
lation predominated in all studied thymuses but
disappeared rapidly by means of the aforemen-
tioned upregulated expression of MHCII.
Remarkably, this differentiation from MHCII¡

cells to MHCII-expressing Ly51C cells was
delayed in the three mutants studied, including
EphB2LacZ thymuses, but particularly in
EphB3¡/¡ mice that showed almost 10% of
MHCII¡ cells at E15.5, and significantly higher
values than those of EphB2¡/¡ mice at both
E13.5 and E14.5 (Fig. 4B).

The proportion of MHCIIloLy51lo cells was
significantly lower in both EphB2¡/¡ and
EphB3¡/¡ thymuses at E13.5 and E14.5 than
that of WT ones (Fig. 4C). From E14.5, when
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FIGURE 2. Maturation of the TEC subsets defined by Ly51/UEA1 expression during fetal develop-
ment (E12.5-E17.5) in both WT and EphB-deficient mice. (A) Dot plots, representative of the per-
formed analyses gating in total WT and mutant EpCAMCCD45¡ epithelial cells, show the maturation
of distinct cell subsets defined by Ly51 and/or UEA1 expression. (B) Proportions of both WT and
mutant thymic Ly51¡UEA1¡ cells throughout embryonic development. (C) Proportions of both WT
and mutant thymic Ly51loUEA1¡ cells during development. (D) Changes in the proportions of thymic
Ly51medUEA1¡ cells in WT and mutant embryonic thymuses. Proportions of both Ly51medUEA1lo/med

(E) and Ly51hiUEA1lo/med (F) cell subsets during embryonic development of WT and mutant thy-
muses. The significance of the Student’s t-test probability is indicated as *p � 0.05; **p � 0.01; ***p
� 0.005; or #p � 0.05; ###p � 0.005. ns: non-significant.
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WT values decreased rapidly, the mutant ones
did so more slowly showing significantly higher
proportions, particularly in EphB3¡/¡ thy-
muses, confirming their severe phenotype
compared to that of EphB2¡/¡ ones
(Fig. 4C). More mature cTEC populations,
both MHCIImedLy51lo cells (Fig. 4D) and
MHCIImedLy51med cells (Fig. 4E), behavior
similarly with significantly lower values in the
first studied stages and higher from E15.5,
except in EphB2¡/¡ thymuses in which the
cells matured quickly into MHCIIhiLy51med

cells (Fig. 4F). In both MHCIIhiLy51med cells
(Fig. 4F) and MHCIIhiLy51hi cells (Fig. 4G) the
delay in the development of mutant cTECs was
particularly evident in EphB3¡/¡ mice,
although at E17.5 the proportions of MHCIIhi-

Ly51hi cells were significantly lower in both
EphB2- and EphB3-mutant thymuses than in
WT ones (Fig. 4G).

The evolution of CD40 expression was
analyzed from E13.5 onward (Fig. 5A), the
stage at which this co-receptor appears.14,22

The maturation of distinct cTEC populations

FIGURE 3. Maturation of cTEC subsets based on Ly51/CD205 expression in both WT and EphB-
deficient thymuses. (A) Dot plots show the evolution of Ly51CCD205¡ and Ly51CCD205C cTEC
subpopulations at E14.5 and E15.5 in both WT and mutant thymuses. (B) Proportions of both
Ly51CCD205¡ and Ly51CCD205C cTECs in WT and mutant thymuses. The significance of the
Student’s t-test probability is indicated as *p � 0.05; **p � 0.01; ***p � 0.005; or #p � 0.05; ##p �
0.01; ###p � 0.005. ns: non-significant.
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from CD40loLy51lo cells showed also a sig-
nificant delay in both EphB2¡/¡ and
EphB3¡/¡ thymuses (Fig. 5B). Thus, the
proportions of CD40loLy51med cells were sig-
nificantly lower in these mutant thymuses
from E14.5 to E17.5 (Fig. 5C). At this last
stage, the proportions of more mature
CD40med/hiLy51lo and CD40med/hiLy51med

cells were remarkably higher in both
EphB2¡/¡ and EphB3¡/¡ thymuses, espe-
cially in the latter, than in WT ones, presum-
ably reflecting a faster reduction in the
proportions of WT cells than of either EphB2-
or EphB3-deficient cells (Fig. 5D, E). On the
contrary, few variations were observed in the
maturation of CD40-expressing cells of Eph-
B2LacZ thymuses that showed a remarkable
resemblance to WT ones. Only at E14.5 and
E15.5 did the proportions of CD40lo

Ly51med cells (Fig. 5C) and those of
CD40med/hiLy51lo cells at E14.5 (Fig. 5D)
showed significantly lower values in the
mutant than in the WT thymuses.

Finally, we studied the expression of the b5t
subunit of thymoproteasome, that is specifically
expressed by cTECs,23 on histological thymic
sections at E12.5 and E13.5 or by flow cyto-
metric analysis of cTEC of E13.5, E15.5 and
E17.5 thymuses. At E12.5 and E13.5, b5t was
detected throughout the thymic sections with a
stronger expression in the central area than in
the periphery and slight differences between
WT and mutant thymuses (Supplementary
Fig. 2). By flow cytometry, we observed signif-
icantly reduced proportions of b5tC cTECs at
E15.5 and E17.5 in mutant thymuses respect to
WT values, especially in E15.5 EphB3¡/¡
thymuses as compared with EphB2¡/¡ ones
(Fig. 5F, G).

EphB-deficient thymuses showed
increased proportions of apoptotic TECs
at E13.5 but not at E12.5

In order to determine the role played by other
factors in the restricted expansion of mutant epi-
thelial cell subsets, we studied the survival of
total TECs in the thymic primordium (E12.5,
E13.5) of both WT and EphB-mutant mice.
Remarkably, whereas at E12.5 the proportions of
apoptotic mutant TECs were lower than those of
WT ones, at E13.5 the values were significantly
higher in the EphB-deficient thymuses (Fig. 5H).

EphB-deficient thymuses showed reduced
proportions of cycling TECs

The proportions of cycling total
EpCAMCCD45¡ WT TECs showed maximal
values in the first stages of development (E12.5-
E14.5), decreasing gradually from E13.5
(Fig. 6A). The pattern followed by cycling
mutant TECswas similar but exhibited an impor-
tant delay respect to that of WT ones. Thus, their
percentage increased between E12.5 and E14.5,
and then began to diminish (Fig. 6A). Further-
more, the proportion of cycling TECs was signif-
icantly lower at E12.5 and E13.5 in all mutants,
even at E14.5 in EphB3¡/¡ thymuses. Later,
mutant and WT values became equal due to an
important reduction in the last ones (Fig. 6A). At
E14.5 only the EphB3¡/¡ TECs had signifi-
cantly lower levels of proliferation than the
EphB2¡/¡ (Fig. 6A).

Next, we characterized phenotypically the
cycling TECs analyzing the cycle in both
MTS20C cells and MTS20¡ cells gated on
the EpCAMCCD45¡ cell population. The

FIGURE 4. cTEC subsets defined by the expression of Ly51 and MHCII cell markers during fetal
development (E12.5-E17.5) of both WT and EphB-deficient thymuses. (A) Dot plots show different
TEC subsets defined by Ly51/MHCII expression throughout thymus development. They are repre-
sentative of different analyses of TEC subsets gated in the total EpCAMCCD45¡ epithelial cell
population. (B) Proportions of MHCII¡Ly51¡ cells in WT and EphB-deficient embryonic thymuses.
Proportions of both MHCIIloLy51lo (C) and MHCIImedLy51lo (D) cells in WT and mutant thymuses.
(E) Proportions of MHCIImedLy51med cells in WT and mutant embryonic thymuses. (F, G) Percent-
age of mature MHCIIhiLy51med (F) and MHCIIhiLy51hi (G) cTECs in WT and mutant embryonic
thymuses. The significance of the Student’s t-test probability is indicated as *p � 0.05; **p � 0.01;
***p � 0.005 or #p � 0.05; ##p � 0.01; ###p � 0.005. ns: non-significant.
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kinetics of proliferation of these two TEC
subsets followed the same pattern as that
described for the total TECs in both WT and
mutant thymuses. Accordingly, the propor-
tion of cycling MTS20C cells was lower in
the three studied mutants from E12.5 to
E14.5, with significant differences particu-
larly in EphB3¡/¡ thymuses, whereas
EphB2LacZ ones only showed low values at
E12.5 (Fig. 6B). From E14.5 onward the WT
values diminished and the proportions of
cycling cells resulted higher in EphB2¡/¡
and EphB3¡/¡ thymuses but not in

EphB2LacZ ones (Fig. 6B). The proportions
of cycling MTS20¡ cells were significantly
lower in all mutant thymuses from E12.5 to
E17.5, except at E15.5 (Fig. 6C).

We next analyzed the cell cycle in TEC sub-
populations defined by the expression of Ly51
and UEA1 markers that, as mentioned above,
permitted cTEC to be identified. Significantly
reduced proportions of immature Ly51¡UEA1¡

cells occurred at E12.5 in all studied mutants, as
reported for both MTS20C cells and MTS20¡

cells (Fig. 6D). In other stages, only EphB3¡/¡
thymuses showed lower values than the WT

FIGURE 5. cTEC subsets defined by the expression of Ly51 and CD40 or b5t cell markers and epi-
thelial cell apoptosis during fetal development in both WT and EphB-deficient mice. (A) Dot plots
show different TEC subsets defined by CD40/Ly51 expression throughout thymus development.
CD40 expression in thymic cortex defines three cell subsets: negative (¡), low (lo) (B, C) and
medium/high (med/hi) (D, E) whose maturation in WTand mutant thymuses is represented in figures
A to E. (F) The histogram shows a representative example of b5t expression (black line) in cortical
EpCAMCCD45¡Ly51C cells (R1) at E15.5 respect to the negative expression in thymocytes (grey
line). (G) Proportions of b5tC cells in the cTEC subset, at E13.5, E15.5 and E17.5, determined by
flow cytometry. (H) Significantly lower proportions of apoptotic EpCAMCCD45¡ epithelial cells at
E12.5 and higher at E13.5 in mutant thymuses. The significance of the Student’s t-test probability
is indicated as *p � 0.05; **p � 0.01; ***p � 0.005 or #p � 0.05; ##p � 0.01; ###p � 0.005. ns: non-
significant.
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ones, with significant differences at E13.5 and
E14.5 (Fig. 6D). The evolution of cycling
Ly51CUEA1¡ cTECs was notably similar to
that found in the total EpCAMCCD45¡ TECs
(Fig. 6A), with lower proportions of cycling
cells in all mutants at the first stages of develop-
ment and no differences later, except for
EphB3¡/¡ TECs at E14.5 and E15.5 (Fig. 6E).

Expression of EphB2 and EphB3, and
their ligands, ephrin-B1 and ephrin-B2
in WT thymic cells

We also analyzed by flow cytometry the
expression of EphB2 and EphB3 and their

main ligands, ephrin-B1 and ephrin-B2 in
both thymocytes and TECs of WT thymuses
in order to establish possible correlations
between their modulation throughout devel-
opment and the alterations described in the
maturation of mutant thymuses. The propor-
tion of total EpCAMCCD45¡ TECs express-
ing either EphB2 or EphB3 was quite
similar, with the highest values at E12.5 and
a fast reduction in the following stages
(Fig. 7A). On the contrary, the percentage of
ephrin-B2-expressing TECs was higher than
that of ephrin-B1-expressing ones in all
stages (Fig. 7A). Indeed, the proportions of
ephrin-B1C epithelial cells did not change
throughout development whereas those of

FIGURE 6. Proportions of cycling cells in different epithelial cell subsets of both WT and EphB-
mutant thymuses during fetal development (E12.5-E17.5). Figure represents the proportions of
cycling cells defined as cells in SCG2/M phases. (A) Proportions of cycling total EpCAMCCD45¡

cells in both WTand mutant. (B) Changes in the proportions of cycling MTS20C cells during thymus
development are similar to those observed for the total EpCAMCCD45¡ TECs in both WT and
mutant thymuses. (C) Proportions of both WTand mutant cycling MTS20¡ cells during thymus mat-
uration. (D) Proportions of cycling Ly51¡UEA1¡ cells in WT and mutant developing thymuses. (E)
Percentage of cycling Ly51CUEA1¡ cTECs in mutant and WT thymuses. The significance of the
Student’s t-test probability is indicated as *p � 0.05; **p � 0.01; ***p � 0.005 or #p � 0.05; ##p �
0.01; ###p � 0.005. ns: non-significant.
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ephrin-B2-expressing cells underwent a sig-
nificant decline between E14.5 and E15.5
(Fig. 7A). In all stages, the proportions of
either EphB- or ephrin-B-expressing CD45C

thymocytes were significantly lower than
those observed in total TECs, with the high-
est values in the case of EphB2 (Fig. 7B).
Indeed, the proportions of EphB-expressing
thymocytes did not change throughout devel-
opment whereas there was a reduction in the
percentage of ephrin-B-expressing cells from
E13.5 (Fig. 7B). The expression of these
molecules analyzed in terms of mean fluores-
cence intensity (MFI) (data not shown) in
TECs was remarkably similar to the propor-
tions of positive cells. Thus maximal values
occurred at E12.5 for both EphB2 and
EphB3 decreasing sharply in the next stages;

on the contrary, ephrin-B2 expression
remained high and relatively constant from
E12.5 onward. The MFI in CD45C thymo-
cytes was significantly lower than in TECs
throughout thymus development.

In addition, the pattern of expression of both
EphB and ephrin-B in the immature
Ly51¡UEA1¡ TEC subset (Fig. 7C) was quite
similar to that found in the total EpCAMCCD45¡

TECs (Fig. 7A), with high proportions of EphB-
positive cells at E12.5 and ephrin-BC cells at
E13.5 followed by a drop later on (Fig. 7C). In
addition, at E15.5 there was some recovery of the
proportions of cells that expressed EphB2,
EphB3 or ephrin-B1, but not of those of ephrin-
B2-expressing cells, when each value was com-
pared with that of the previous stage (Fig. 7C). In
the cortical Ly51CUEA1¡ cell population

FIGURE 7. Expression of EphB and ephrin-B in WT thymic cells during early development (E12.5-
E15.5). The figure shows the proportions of either TECs (A) or thymocytes (B) expressing EphB2,
EphB3, ephrin-B1 and ephrin-B2 evaluated by flow cytometry. (C) Pattern of expression of EphB
and ephrin-B in the WTand mutant Ly51¡UEA1¡ cell population (D) Variations in the proportions of
Eph/ephrin-B-expressing Ly51CUEA1¡ cTECs in WTand mutant embryonic thymuses. The signifi-
cance of the Student’s t-test probability is indicated between stages as *p � 0.05; **p � 0.01; ***p
� 0.005.
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(Fig. 7D), the differences between stages were
less extreme. Thus, the proportions of EphB2C

cells did not change throughout development and
the decline in the proportions of EphB3-express-
ing cTECs between E12.5 and E13.5 was smaller.
On the contrary, the proportions of ephrin-B1-
expressing cells were significantly higher at
E13.5 than at E14.5 and those of ephrin-B2C cells
increased significantly between E13.5 and E14.5
(Fig. 7D).

Changes in the expression of molecules
involved in the maturation of thymic
epithelium during the development
of EphB-deficient thymuses

Although molecular mechanisms governing
the maturation of thymic cortical epithelium
are little known, some molecules have been
identified that seem to be important for the

maturation and proliferation of thymic epithe-
lial progenitor cells. Accordingly, we studied
their expression by quantitative PCR (qPCR) in
E12.5 total thymic lobes, mainly containing
TECs, and in both EpCAMCCD45¡ TECs and
EpCAM¡CD45¡ mesenchymal cells at E15.5.
In each case, values observed in mutant thy-
muses were normalized to those of WT cells
(Fig. 8). Our results did not show significant
differences in the expression of FoxN1 between
EphB-deficient samples and WT ones (Fig. 8).
Fibroblast growth factor 7 (FGF7), a growth
factor which is released by thymic mesen-
chyme and induces TEC proliferation after
binding to the FGFR2IIIb receptor expressed
on TECs,24,25 showed at E12.5 no significance
differences between mutant and WT thymuses
(Fig. 8). On the contrary, at E15.5 the expres-
sion diminished significantly in mutant
EpCAM¡CD45¡ mesenchymal cells as com-
pared to WT values (Fig. 8). Likewise, there

FIGURE 8. Expression of genes involved in thymic cell maturation in EphB-deficient thymuses.
Figure shows the relative expression, RQ (2¡DDCt), of FoxN1, FGF7, FGFR2IIIb, IL7 and Dll4 tran-
scripts in mutant cells relative to WT values (value 1, dotted line). At E12.5, the expression was
determined on total thymic lobes whereas at E15.5 sorted EpCAMCCD45¡ TECs or, for FGF7
expression, EpCAM¡CD45¡ mesenchymal cells were studied. The relative expression of mutant
values was compared to the WTusing the one-t test and between mutants according to Student’s t-
test. The significance is indicated as: *p � 0.05; **p � 0.01; ***p � 0.005 or #p � 0.05; ##p � 0.01.
ns: non-significant.
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were no differences in the expression of its
receptor (FGFR2IIIb) between WT and mutant
E12.5 TECs, although the expression in
EphB2¡/¡ thymic lobes was significantly
lower than in the other mutant ones. However,
at E15.5, the expression of FGFR2IIIb tran-
scripts was significantly lower in the three
mutant cells than in the WT ones. Finally, we
evaluated whether, in turn, mutant cTECs were
capable of producing two factors, IL7 and Dll4,
necessary for the proper development of both
DN and DP thymocytes that occurs in the thy-
mic cortex.26 IL7 expression was lower, but not
significantly, in mutant TECs compared to WT
values at both E12.5 and E15.5 (Fig. 8),
whereas that of Dll4, a Notch ligand, was sig-
nificantly lower in both EphB2¡/¡ and
EphB3¡/¡ TECs at E15.5 but not at E12.5
(Fig. 8).

DISCUSSION

In previous studies, we described the mor-
phological changes undergone by the thymic
epithelium15 as well as its survival27 in the
absence of EphB receptors. Now, we quantify
these phenotypical changes and evaluate the
survival and cycling of cortical thymic epithe-
lium during embryonic development, conclud-
ing that the lack of these molecules particularly
of EphB3, although the presence of EphB2 is
also necessary, results in delayed cortical epi-
thelial maturation. Mutant mice with defects in
other molecules but exhibiting a similar thymic
phenotype to that of EphB-deficient mice also
show delayed TEC maturation.11,28

Our results confirm that the proportion of total
EpCAMCCD45¡ TECs is higher in EphB2¡/¡
thymuses than in WT ones, without significant
differences in the case of EphB3¡/¡ thymuses.
In addition, whereas in the first stages studied
(E12.5, E13.5) the number of mutant TECs and
those of WT ones are only slightly different, the
important increase in the number of total TECs
found in WT thymuses from E14.5 onward does
not occur in mutant thymuses. Other studies have
pointed out that the lack of Eph or ephrins courses
with thymic hypocellularity that affects both thy-
mocytes13,29 and TECs.13,15 In addition, the

blockade of Eph/ephrin-signaling reduces the thy-
mic cell content.30,31

The delayed maturation of TECs begins in
the earliest stages of thymus development. At
this time, the proportions of TECs expressing
EphB2, EphB3 and ephrin-B2 expression,
largely in Ly51¡UEA1¡ cells and, to a lesser
degree, in Ly51CUEA1¡ cells reaches maximal
values, sharply decreasing later, except in the
case of ephrin-B2 whose expression remains
high until E14.5. All EphB are expressed in the
thymus,29,30 and we reported that the four mol-
ecules studied were already expressed in both
total thymocytes and TECs of E15.5-old fetal
thymuses.29 In agreement with our results,
Cejalvo found a similar pattern of expression in
developing (EpCAMCCD45¡) TECs in E12-
E16-old thymuses by qPCR.32 It is tentative to
speculate that the lack of EphB provokes
greater effects in those developmental stages in
which their expression is maximal in WT thy-
muses. Furthermore, in these early stages of
development the proportion of Eph/ephrin-B-
expressing TECs is higher than that of Eph/
ephrin-BC thymocytes, which could explain the
greater severity of the mutant alterations in the
thymic epithelium (15; our current results) than
in the thymocytes29 of mutant mice.

On the other hand, we recently demon-
strated that low numbers of recent emigrants
and their slow maturation after arriving at
the mutant thymic primordium affected the
development of immature MTS20C epithelial
cells.13 In support, the blockade of Eph/eph-
rin-B signaling by soluble fusion proteins in
fetal thymus organ cultures (FTOCs) induces
impaired maturation of MTS20C TECs that
accumulate in the lobes, and 20dGuo-treated
alymphoid thymic lobes accumulated
MTS20C TECs13 or exhibit reduced propor-
tions of medullary EpCAMCCD80C TECs.33

In turn, delayed maturation and reduced pro-
portions of cycling thymocytes found in mutant
thymuses13 could be due to an altered epithelial
production of factors necessary for DN cell
development. Our current results do not dem-
onstrate changes in the IL7 values in mutant
TECs, but preliminary studies show signifi-
cantly reduced IL7 receptor a chain (IL7Ra)
transcripts in both EphB2¡/¡ and EphB3¡/¡
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FTOCs at E13.5 and E15.5 (data not shown), as
previously reported in thymocytes with specific
deletion of ephrin-B1 and ephrin-B2 genes.34

On the other hand, the expression of Dll4, a
ligand of Notch1, necessary for the differentia-
tion of DN thymocytes26 is reduced in EphB2-
and EphB3-deficient thymuses, significantly at
E15.5.

TEC subsets defined by Ly51 and UEA1
expression also show delayed maturation. Pre-
viously, we found altered expression of Ly51C

cells in thymuses with selective deletion of
either ephrin-B1 and ephrin-B2 in thymocytes
or ephrin-B2 in TECs.21 In the first develop-
mental stages, the immature Ly51¡UEA1¡

cells show lower proportions in the EphB2¡/¡
and EphB3¡/¡ thymuses than in WT ones, but
from E13.5 onward the mutant values increase,
reducing the proportions of Ly51loUEA1¡

cells, which exhibit higher values than the WT
ones from E15.5. The values of the most
mature cTECs, Ly51medUEA1lo/med and
Ly51hiUEA1lo/med, are also significantly
reduced in both EphB2- and EphB3-deficient
mice. On the other hand, the pattern of matura-
tion of EphB2LacZ cTECs is quite similar to
that of WT ones.

We confirmed this delayed epithelial matu-
ration, particularly in EphB3¡/¡ thymuses, by
analyzing functional cell markers, such as
CD205 a lectin involved in antigen uptake and
processing35 that, in agreement with previous
studies,36 is detected at E14.5. At E14.5 and
E15.5 mutant thymuses accumulate immature
Ly51CCD205¡ cells whereas the proportion of
mature Ly51CCD205C cells decreases, espe-
cially in EphB3¡/¡ thymuses.

The pattern of CD40 throughout thymus
development is quite similar: significantly lower
values in the first stages and accumulation of
different cell subsets (i.e., CD40loLy51lo cells,
CD40loLy51med cells, CD40med/hiLy51med cells)
later. Furthermore, a more severe phenotype
occurs in all these cell subsets of EphB3¡/¡
thymuses. Once again, there are few differences
in CD40 expression when EphB2LacZ and WT
thymuses are compared.

In agreement with other studies,37 MHCII is
weakly expressed at E13.5 but quickly up-regu-
lates its expression in both Ly51lo cells

and Ly51med cells. The maturation of
MHCII¡Ly51C cells to MHCIICLy51C cells is
delayed in the three mutants, particularly in
EphB3¡/¡ thymuses that show significant dif-
ferences compared to EphB2¡/¡ values at dif-
ferent stages in all studied cell subsets from
MHCII¡Ly51¡ to MHCIImedLy51med cTECs.

b5t, a specific component of thymoprotea-
some38 involved in generating the immune rep-
ertoire of CD8C T cells in the context of
MHCI,39 is expressed specifically in the
cTEC.23 We detected, immunohistochemically,
b5t expression at E12.5 and also one day later
by flow cytometry. Other authors, using other
antibody, detected b5t earlier.38 In mutant thy-
muses, and particularly in EphB3¡/¡ ones, the
proportions of b5tC cTECs are significantly
lower than in WT ones, reflecting the delayed
maturation of cTEC populations in EphB-defi-
cient thymuses.

Factors regulating the maturation of thymic
epithelium are largely unknown, except for the
assumed relevance of the transcriptional factor
FoxN1.2 However, our results do not demon-
strate significant changes in FoxN1 expression
in mutant thymuses, presumably because EphB
would act downstream to FoxN1 as occurs in
the intestine, where FoxL1, another member of
the Fox family, regulates the expression of
EphB2 and EphB3.40

The delayed epithelial maturation of EphB-
deficient thymuses also seems to be related to
the altered proportions of apoptotic cells and
low percentages of cycling cTECs observed in
these mutants. These changes are limited in
some developmental stages but have a cumula-
tive effect that would explain the enormous epi-
thelial hypocellularity observed at E17.5 in
mutant thymuses, contributing to the delayed
development of cortical epithelium. Since
TECs receive signals of survival/death from
their cell environment in specific stages of their
life-span, the lower proportions of apoptotic
cells found in the E12.5-old mutant thymuses
and their significantly higher values one day
later, as compared to WT thymuses, would
reflect the delay observed in the maturation of
distinct mutant TECs. We had previously
observed that from E13.5 onward the propor-
tions of apoptotic TEC were higher in EphB-
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deficient thymuses15 and the blockade of Eph/
ephrin-B-signaling coursed with increased apo-
ptotic TECs.27 Importantly, the proportions of
apoptotic TEC are higher in reaggregated thy-
mus organ cultures (RTOCs) containing just
TEC, indicating the relevance of EphB-medi-
ated thymocyte-TEC interactions for TEC
survival.27

A similar condition could be affecting the cell
cycle of mutant TECs. Both WT and EphB-defi-
cient TECs cycle, but the last ones show some
delay in the onset of proliferation, possibly due to
the above explained gap (about 24 hours) in the
lymphoid progenitor cell seeding into mutant thy-
mic primordium.13 In rats, the proliferation of
TECs increases after lymphoid cell colonization
of the primitive thymic primordium.41 However,
there are in fact very few data on the cell cycle of
TECs and the results are controversial. As
described herein, at E13.5 Cook42 reported a peak
of proliferating TECs, whereas Jenkinson et al43

indicated that maximal proportions of cycling
TECs occur one day later, at E14.5. In a previous
study, we observed slightly lower proportions of
cycling CD45¡ cells in E15.5 EphB2¡/¡ and/or
EphB3¡/¡ thymuses than those of WT ones15

but an analysis of their changes throughout thy-
mus ontogeny lacks. On the other hand, the imma-
ture MTS20C cell subset44 largely divides in the
first stages of development, as reported for Plet-
1C TECs recognized by the MTS20 and MTS24
antibodies,42 with lower proportions in the mutant
thymuses until E14.5, especially in those deficient
in EphB3. Earlier, at E12.5, the low proportion of
cyclingMTS20C cells would reflect an accumula-
tion of primitive MTS20¡ cells that do not yet
express the marker. The TECs defined by Ly51/
UEA1 expression also show lower proportions of
cycling cells associatedwith their delayedmatura-
tion in mutant thymuses, especially in EphB3¡/¡
ones.

TEC proliferation has been related to neural
crest-derived mesenchyme25 that contributes to
thymic capsule and trabeculae and its capability
to produce proliferation-inducing molecules,
including IGF1/245 and, particularly, those of
the FGF family.24,25 In our current study, we
determined the relative values of both FGF7 and
its receptor FGFR2IIIb transcripts in mutant thy-
muses compared to those observed in the WT

ones. Whereas at E12.5 no significant differen-
ces appear in the expression of the two mole-
cules, at E15.5 this is significantly lower in the
three studied mutants, a result that could par-
tially explain the decreased proportions of
cycling TECs observed in the different mutant
TEC subsets. Although we detect transcripts at
E12.5, the FGFR2IIIb protein is expressed at
E13.5,24 when our results demonstrate a drastic
decrease in the proportions of mutant cycling
TECs, largely MTS20C cells and Ly51¡UEA1¡

cells. Whereas in other systems, Eph/ephrin-B
signaling activates FGFR2IIIb46 its lack in
EphB-deficient mice could explain the observed
fall in FGFR2IIIb transcripts. Furthermore, the
lack of ephrin-B2 in neural crest-derived cells
affects the behaviour of thymic mesenchyme.47

Nevertheless, because earlier mutant thymuses
also exhibit lower TEC proliferation than WT
ones, when the expression of both FGF7 and
FGFR2IIIb is similar in mutant and WT thy-
muses, other molecules, such as Wnt or b-cate-
nin, that are related to EphB and in their
absence thymuses show similar phenotypes to
those deficient in EphB,11 could be controlling
TEC proliferation.

In summary, our results confirm the rele-
vance of EphB2 and EphB3, not only in the
organization of adult thymic epithelium but
also for its maturation, demonstrating that
defects in the number of colonizing lymphoid
progenitor cells induce a delayed maturation of
TEC that bears as well altered TEC survival
and proliferation. Together, all these factors
could explain the great hypocellularity exhib-
ited by EphB-deficient thymuses. On the other
hand, although both EphB2 and EphB3 are
necessary for a proper maturation of TEC,
since the absence of one is not compensated by
the presence of the other, EphB3 is particularly
important for the functional maturation of corti-
cal epithelium, as evaluated by the appearance
of cortical TEC markers such as MHCII, CD40
or b5t. Besides, EphB2LacZ thymic epithelium
shows a quite similar, although not identical,
phenotype to the WT one suggesting that the
reverse signal provided by this molecule does
not completely restore the EphB2¡/¡ pheno-
type and supporting the relevance of EphB for-
ward signals.
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MATERIALS AND METHODS

Mice

EphB-deficient mice, EphB2¡/¡, EphB3¡/¡
and EphB2LacZ, generated in a CD1 back-
ground were kindly provided by Dr. Mark Hen-
kemeyer (University of Texas, Southwestern
Medical Center, Dallas, Texas). EphB2LacZ
mice expressed a truncated EphB2 molecule
capable of stimulating ephrin-B-expressing cells
(reverse signal), but unable to transmit EphB2
forward signals. For all the analyses performed,
CD1 Wild Type (WT) and mutant mice were
obtained from homozygous parents. The day of
vaginal plug detection was designated as day 0.5
for determining the age of fetuses used in these
studies and an accurate embryo staging was per-
formed to avoid mistakes about the precise age
of the studied fetuses. When individual thymuses
(both WT and mutants) were studied, at least
one embryo from five different litters was used.
On the other hand, pooled thymic lobes were
collected from one litter and, at least, five litters
were used in the same experiment. All animals
were bred and maintained under pathogen-free
conditions in the animal housing of the Complu-
tense University of Madrid.

Animal statement

This work has been carried out with all per-
missions from local authorities for using mice.

Cell suspensions and flow cytometry
analysis

For thymic epithelial cell analysis, thymic
cells were isolated from either WT or EphB-
deficient fetal thymuses at different develop-
mental stages (E12.5-E15.5 and E17.5).
E12.5 pooled or E13.5-E17.5 individual thy-
mic lobes were disaggregated using trypsin
0.25x (Thermo Fisher Scientific, Cat.
15090046) and DNaseI (0.1 mg/mL) (Roche,
Cat. 11284932001) in RPMI 1640 for 20
minutes at 37�C and lobes gently pipetted to
obtain a single-cell suspension. The obtained
cell suspensions were washed in RPMI 1640

with 5% FBS and 10 mM ethylenediaminete-
traacetic acid (EDTA) and stained for 15
minutes at 4�C in PBS 1% FBS with specific
antibodies. The antibodies used corresponded
to: EpCAM-Alexa488 (clone G8.8), CD45-
PE or -PERCPCy5.5 or -Alexa647 or -APC/
Cy7 (clone 30-F11), Ly51-PE (clone 6C3),
MHCII-APC (clone M5/114.15.2), CD40-PE
(clone 3/23) and CD205-PERCPCy5.5 (clone
NLDC-145) from Biolegend. UEA1-Biotin
(Ulex Europaeus Agglutinin lectin 1) from
Vector Labs was detected by using streptavi-
din-PECy7 (Thermo Fisher Scientific).
MTS20 supernatant (kindly provided by Dr.
Richard Boyd) was detected using a goat
anti-rat IgM-PE antibody (Jackson ImmunoR-
esearch, Cat. 112-116-075). For b5t expres-
sion, cell suspensions were permeabilized
using Fixation/Permeabilization solution (BD,
Biosciences, Cat. 554722), incubated with
anti-b5t polyclonal antibody (MBL, Cat.
PD021) and washed using Perm/WashTM

Buffer (BD, Biosciences, Cat. 554723), and
the primary antibody was detected using a
donkey anti-rabbit IgG-AlexaFluor647 anti-
body (Thermo Fisher Scientific, Cat.
A31573). Before flow cytometry analysis,
stained cells were washed in PBS, suspended
in PBS 1% FBS and analyzed either in a
FACSCalibur device (BD Biosciences)
equipped with CellQuest software or a FAC-
SAriaIII (BD Biosciences) at the Cytometry
and Fluorescence Microscopy Center of the
Complutense University of Madrid. Thymic
epithelial cells were identified as
EpCAMCCD45¡ after gating in total thymic
cells (Supplementary Fig. 3A). Non-viable
cells were excluded by forward-side scatter in
all cases and data were analyzed with FCS-
Express 3 software (DeNovo Software).

Apoptosis assays

Cells from both pooled E12.5 and individual
E13.5 WT and EphB-deficient thymic lobes
were washed in Annexin buffer (10 mM
HEPES, 140 mM NaCl and 2.5 mM CaCl2)
with 1% FBS and incubated with AnnexinV
(Biolegend, Cat. 640906), anti-EpCAM and
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anti-CD45 for 20 minutes at room temperature.
After washing, 10 minutes before analysis, cells
were resuspended in Annexin buffer with 1%
FBS containing 1mg/mL of 7-Aminoactinomy-
cin D (7-AAD) (Sigma-Aldrich, Cat. A9400).
Apoptotic thymic epithelial cells were identi-
fied how AnnexinVC/7AAD¡ after gating in
total EpCAMCCD45¡ cell subset (Supplemen-
tary Fig. 3B).

Cell cycle analysis

Both WT and EphB-deficient total thymic
cells, isolated from E12.5-E13.5 pooled or
E14.5-E17.5 individual thymic lobes as previ-
ously described, were incubated at 37�C for 90
minutes under stirring with a Hoechst Staining
Buffer (HSB: HBSS 1x, 5.55 mM Glucose,
0.02 M HEPES, 0.025 mg/mL Verapamil) con-
taining 5 mg/mL of Hoechst 33342 (Thermo
Fisher Scientific, Cat. H1399). After washing,
samples were incubated with anti-EpCAM,
anti-MTS20, anti-Ly51, UEA1-Biotin and anti-
CD45 diluted in HSB. MTS20 and UEA1-Bio-
tin were identified as previously described.
Cells were analyzed in a FACSAriaIII device
(BD Biosciences) at the Cytometry and Fluo-
rescence Microscopy Center at the Complu-
tense University of Madrid. Cycling cells
correspond to cells in SCG2/M cell cycle
phase, as explained in Supplementary Fig. 3C.
Analyses were carried out with the FCS-
Express 3 software (DeNovo Software).

Immunofluorescence

12 mm thick thymic sections obtained from
WT and EphB-deficient mice at E12.5 and
E13.5 were fixed in acetone for 10 minutes,
air dried and stained with anti-b5t antibody
(MBL) for 1 hour at room temperature. After
washing three times in cold PBS for 5
minutes, the primary antibody was detected
using: donkey anti-rabbit IgG-Alexa488
(Thermo Fisher Scientific, Cat. A21206) for
45 minutes at room temperature. Sections
were washed in cold PBS three times for 5
minutes, mounted with Prolong Gold antifade
(Thermo Fisher Scientific, Cat. P36930) and

analyzed and photographed in a Zeiss Axio-
plan microscope provided with a Spot 2 digi-
tal camera at the Cytometry and Fluorescence
Microscopy Center (Complutense University
of Madrid) equipped with Metamorph soft-
ware (MDS Inc.).

Eph and ephrin expression

Total thymic cells isolated from E12.5-E13.5
pooled or E14.5-E15.5 individual WT thymic
lobes as previously indicated, were fixed with
formaldehyde 2% for 5 minutes at room tem-
perature and washed with PBS 1x. Then, sam-
ples were incubated with either anti-EphB2,
anti-EphB3, anti-ephrin-B1 or anti-ephrin-B2
(R&D Systems, Cat. AF467, AF432, AF473,
AF496, respectively), and anti-Ly51, UEA1,
anti-EpCAM and anti-CD45 antibodies, as pre-
viously indicated, and analyzed in a FACSAr-
iaIII device (BD Biosciences) at the Cytometry
and Fluorescence Microscopy Center at Com-
plutense University of Madrid. EphB and
ephrin-B were detected by using a donkey anti-
goat IgG-Alexa488 antibody (Thermo Fisher
Scientific, Cat. A11055). In all cases, non-
viable cells were excluded by forward-side
scatter and the analyses were carried out with
the FCS-Express 3 software (DeNovo Soft-
ware). The percentages of expression were cal-
culated by interpolating the profiles of
expression of each molecule in the different
cell subpopulations with those obtained using a
FMO (Fluorescence Minus One) control. In
this control, the primary antibody that detects
the molecule of interest (EphB or ephrin-B)
was not added, but the remaining markers used
in the labeling were incorporated (Supplemen-
tary Fig. 4). The program calculated a percent-
age of positivity represented as the expression
of each molecule studied.

RNA extraction, RT-PCR and real-time
PCR (qPCR)

Both WT and EphB-deficient total E12.5 thy-
mic lobes and either TECs (EpCAMCCD45¡) or
mesenchymal cells (EpCAM¡CD45¡) isolated
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from E15.5 thymic lobes by sorting using the
FACSAriaIII cell sorter (BDBiosciences, Cytom-
etry and Fluorescence Microscopy Center, Com-
plutense University of Madrid), were used for
RNA extraction, using the RNAqueous�-Micro
Kit (Thermo Fisher Scientific, Cat. AM1931),
according to the manufacturer’s instructions.
0.1 mg RNA was used to synthesize cDNA by
RT-PCR using High-Capacity cDNA Reverse
Transcription (Thermo Fisher Scientific, Cat.
4368813), according to the manufacturer’s
instructions. Real-time PCR (qPCR) was per-
formed using Power SYBR� Green PCR Master
Mix (Thermo Fisher Scientific, Cat. 4367659)
together with specific primers for HPRT1 (For-
ward: cctcctcagaccgcttttt; Reverse: aacctggttcat
catcgctaa), FoxN1 (Forward: tgacggagcacttcc
cttac; Reverse: gacaggttatggcgaacagaa), FGF7
(Forward: tggctgacaccatgactagc; Reverse: ggcta-
caggctgtcgttttt), FGFR2IIIb (Forward: tgcatggtt
gacagttctgc; Reverse: tgcaggcgattaagaagacc), IL7
(Forward: ctgctgcagtcccagtcat; Reverse: tcagtg
gaggaattccaaagat) or Dll4 (Forward: aggtgc
cacttcggttacac; Reverse: gggagagcaaatggctgata).
Primer sequences were identified using the Uni-
versal Probe Library Assay Design Center appli-
cation (Roche) and produced by Sigma-Aldrich.
Efficiency of amplification reaction and the Ct
values were obtained from 7900HT Fast Real-
Time PCR system with SDS2.3 software at the
Genomic Center of the Complutense University
of Madrid. The relative expression for each sam-
ple was normalized to HPRT1 values and repre-
sented as RQ (2¡DDCt). Data shown are the media
of three independent experiments.

STATISTICAL ANALYSIS

The results were expressed as mean § SD
and the significance of differences was ana-
lyzed according to the Student’s t-test with
respect to control ones after analysis of f-test
data. In the case of gene expression analyses,
the relative expression of mutant values was
compared to WT ones using the one-t test anal-
ysis. Significance probability between WT and
mutant values or developmental stages is indi-
cated as *p � 0.05; **p � 0.01; ***p � 0.005

or #p � 0.05; ##p � 0.01; ###p � 0.005 when
mutant values are compared between them.
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