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Abstract

COUP-TF-interacting protein 2 (CTIP2), also known as Bcl11b, is a transcriptional regulatory
protein that is highly expressed in and plays a critical role(s) during development of T lymphocytes
and the central nervous system. We demonstrate herein that CTIP2 is also highly expressed in mouse
skin during embryogenesis and in adulthood as revealed by immunohistochemical analyses. CTIP2
expression in the ectoderm was first detected at embryonic day 10.5 (E10.5), and became increasingly
restricted to proliferating cells of the basal cell layer of the developing epidermis in later stages of
fetal development and in adult skin. In addition, CTIP2 expression was also detected in some cells
of the suprabasal layer of the developing epidermis, as well as in developing and mature hair follicles.
Relatively fewer cells of the developing dermal component of skin were found to express CTIP2,
and the adult dermis was devoid of CTIP2 expression. Some, but not all, of the cells present within
hair follicle bulge were found to co-express CTIP2, keratin K15, and CD34, indicating that a subset
of K15* CD34" skin stem cells may express CTIP2. Considered together, these findings suggest that
CTIP2 may play a role(s) in skin development and/or homeostasis.
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1. Results and discussion

CTIP2 (Chicken ovalbumin upstream promoter transcription factor (COUP-TF)—interacting
protein 2), also known as Bcl11b, is a CoH> zinc finger protein (Avram et al., 2000) that has
been shown to repress transcription though interaction with COUP-TF nuclear receptor
proteins as well as through direct, sequence-specific DNA binding (Avram et al., 2002). CTIP2
is required for normal T cell development and CTIP2-null mice exhibit arrested thymocyte
development (Wakabayashi et al., 2003b). Additionally, deregulation of CTIP2 may be
implicated in immune system malignant transformation (Wakabayashi et al., 2003a;
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Bezrookove et al., 2004; Kamimura et al., 2007). It was shown that CTIP2 is also expressed
in layer V of cerebral cortex and plays a critical role in the establishment of connections of
corticospinal motor neurons to the spinal cord (Arlotta et al., 2005).

Mouse epidermis develops from a single-layered embryonic ectoderm (Mack et al., 2005).
Subsequent stratification events lead to the formation of the periderm (around E9-E12), which
overlies the ectoderm (Byrne et al., 2003; Mack et al., 2005). Cells of this two-layered
epidermis then undergo a series of proliferation and terminal differentiation events which
results in the formation of new cell layers of the future epidermis. Formation of the mature
epidermis is completed by E18, at which the epidermis consists of four layers: the basal,
spinous, granular and cornified layer (Mack et al., 2005).

Epidermis undergoes constant renewal, which is required to maintain normal tissue
homeostasis. This is possible due to the presence of two populations of proliferating cells:
transit amplifying cells with limited proliferative potential and keratinocyte stem cells, which
are slow-cycling cells with high proliferative capacity (Lavker et al., 1993; Slack, 2000).

Previous RNA in situ hybridization using a CTIP2 RNA probe performed in our laboratory
demonstrated that CTIP2 was highly expressed in developing and mature central nervous
system and spinal cord as well as in the thymus (Leid et al., 2004). The epidermis was not
specifically identified as a site of CTIP2 expression in the previous in situ hybridization studies,
although CTIP2 mRNA is found in the skin (see Fig. 1G and I from Leid et al., 2004).
Preliminary attempts to define CTIP2 expression pattern during mouse embryogenesis using
a CTIP2-specific monoclonal antibody revealed high-level expression of CTIP2 in developing
skin. To our knowledge this is the first evidence for expression of CTIP2 in skin, during
development or in the adulthood, and it therefore provided a rationale to perform additional
analyses.

1.1 Expression of CTIP2 during epidermal morphogenesis

To characterize the expression profile of CTIP2 during mouse skin ontogenesis, we performed
immunohistochemistry at different stages of development using an anti-CTIP2 monoclonal
antibody, which has been previously described (Senawong et al., 2003; Arlotta et al., 2005;
Topark-Ngarm et al., 2006).

CTIP2 expression was detected in the ectoderm as early as embryonic day 10.5 (E10.5), where
CTIP2-positive cells were found in the outermost layer of the cross-section of a developing
fetus (Fig.1A, a). Some of these cells were already expressing the basal cell marker keratin 14
(K14) (Fig.1A, b), which signifies acommitment of these cells to give rise to stratified epithelia,
(Byrne et al., 1994).

Expression of CTIP2 persisted at E12.5 (Fig.1A, c). This stage of skin development is marked
by formation and stratification of the embryonic basal layer and all cells of that layer were
found to be positive for CTIP2 expression (Fig.1A). CTIP2 expression precisely co-localized
with basal cell marker K14 (Vassar et al., 1989) at E12.5 (Fig.1A, d).

Strong expression of CTIP2 was detected in the rapidly dividing basal cell layer at E14.5, and
expression of CTIP2 appeared to be co-localized with that of K14 (Fig.1B, a and b). At this
stage, the early differentiating layers started to form, and were identified using differentiation
marker keratin 10 (K10) (Byrne et al., 1994). CTIP2 expression also extended to some cells in
the differentiating suprabasal cell layer at E14.5, as seen by co-localization of CTIP2 and K10
staining (Fig.1B, c). However, the level of CTIP2 expression in the suprabasal cell appeared
to be lower than that of basal cells (Fig.1B, compare b and c). In addition, some cells of the
future dermis were also found to express CTIP2 at this developmental stage (Fig.1B, a).
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CTIP2 expression was further investigated at E16.5 and E18.5 (Fig. 1B, d-i). High levels of
CTIP2 expression were consistently observed in the basal layer of the epidermis at these two
stages (Fig.1B d, e, g, h). Some CTIP2 positive cells were observed in the suprabasal layers
that expressed high levels of K10 at E16.5 (Fig.1B, f), whereas the suprabasal expression of
CTIP2 at E18.5 was primarily restricted to a small number of K10-positive cells that were
adjacent to the basal cells (Fig.1B, I; see supplemental Fig. 1).

Later stages of skin morphogenesis were marked by the formation of hair follicles, and anti-
CTIP2 antibody robustly stained hair bulbs and follicles at E16.5 and E18.5, respectively (Fig.
1B, d and g). These stages were also characterized by expansion of the dermal compartment
of the skin, and some of these dermal cells were also found to express CTIP2 (Fig.1B, d and
g, and data not shown).

1.2 CTIP2 expression in proliferating cells

To evaluate the proliferation status of CTIP2-expressing cells we performed co-labeling studies
using anti-CTIP2 and an antibody against the proliferation marker Ki67 (Schluter et al.,
1993) at different stages during epidermal morphogenesis (Fig.2). At early stages of
development (E10.5), almost all cells of the fetus were positive for Ki67 expression (Fig.2, b
and data not shown). This was expected as early stages of fetal development are marked by
rapid and ubiquitous proliferation. All cells of the ectodermal compartment, as well as those
of the underlying mesenchyme were found to express Ki67 (Fig.2, b). Two days later (at E12.5)
virtually all cells of the ectoderm were positive for Ki67 expression (Fig.2, €). Most, but not
all, cells of mesenchymal origin were negative for Ki67 staining at this developmental stage

(Fig.2, ).

The basal cell layer of epidermis is highly proliferative at E14.5 (Mack et al., 2005), which is
reflected in the presence of multiple Ki67-positive cells (Fig.2, h-i). A smaller fraction of cells
of the future dermis were positive for Ki67 staining at this stage (Fig.2, h-i), and all layers of
the developing skin became less proliferative with developmental progression. For example,
only a fraction of basal cells, as well as those cells of the dermal compartment, were positive
for Ki67 staining at E16.5 (Fig.2, k-1). By E18.5 only a few cells were still proliferating in the
basal cell layer, and the dermis was mostly non-proliferative. Interestingly, epithelia of the
developing hair follicles, which were invaginating into the dermis, still harbored a considerable
number with Ki67-positive cells (Fig.2, n).

At early, highly proliferative stages of development (E10.5-E14.5) almost all of the CTIP2-
positive epidermal cells were found to be dividing as indicated by co-localization of CTIP2
and Ki67 staining (Fig.2, a-i). The total number of Ki67-positive cells was reduced in the
epidermis at E16.5 but, in general, cells that were positive for Ki67 staining were also found
to be positive for CTIP2 expression (Fig.2 j-I). By E18.5, the number of proliferating cells in
fetal skin was comparatively reduced, but again a correspondence was observed between the
Ki67 staining and that of CTIP2, indicating that majority of proliferating cells express CTIP2.
Similarly, some CTIP2-positive cells were detected in the developing hair follicle epithelium,
and these cells were also positive for Ki67 expression (Fig.2, m-0).

1.3 Expression of CTIP2 in adult skin

Immunohistochemistry was performed on 8-10-week old adult mouse skin using anti-CTIP2,
-K14 and -K10 antibodies to evaluate the possibility that CTIP2 may be expressed in adult skin
(Fig. 3). In the adult skin, CTIP2 expression was found in the majority, if not all cells of the
basal layer (Fig. 3, a and b), hair follicles and some cells of the suprabasal K10-positive layers
(Fig. 3, ¢), which is similar to the results that we obtained during embryogenesis (Fig. 1). In
contrast to the developing dermis, CTIP2 expression was not detected in the dermal
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compartment of the adult skin (compare Fig. 3,aand Fig. 1B, g). Immunoblot analysis of CTIP2
in protein extracts from dorsal skin biopsies confirmed expression of CTIP2 in fetal (E18.5)
and adult skin (Fig. 4, top panel).

Expression of CTIP2 in whole skin, protein extracts of the E18.5 embryo was found to be
significantly higher that that of the adult skin. This could be partially explained by our
observation that CTIP2 expression is maintained in the epidermal basal and suprabasal cells
throughout development, and into the adulthood, whereas the adult dermal compartment, which
is dramatically expanded relative to fetal skin, does not express significant amounts of CTIP2.

1.4 CTIP2 expression in stem cells present in the bulge of the adult hair follicle

The “bulge” in the outer root sheath (ORS) of the hair follicle is believed to be the site of
keratinocyte epithelial stem cells that contributes to morphogenesis of the hair follicle, and
adjacent interfollicular epidermis (Lavker and Sun, 2000; Khavari, 2004). Two markers of
bulge stem cells are known to date: keratin 15 (K15) (Liu et al., 2003), and CD34 (Trempus
et al., 2003), which is also a hematopoietic stem cell marker (Krause et al., 1996). As our
immunohistochemistry data in the adult tissue revealed that CTIP2 was highly expressed in
the hair follicle in adult skin, we performed co-staining of CTIP2 with K15 and CD34 to
investigate if CTIP2 is expressed in stem cells of the hair bulge. As expected, K15 and CD34
specifically labeled keratinocytes in the bulge region of adult mouse hair follicle (Fig. 5A and
B). CTIP2 was found to be co-expressed in some, but not all, of the keratinocytes in the bulge
region with K15 and CD34 expression. In particular, keratinocytes of the outermost cell layer
and those located in lower part of the “bulge” stained positively for CTIP2 (Fig. 5A and B,
white arrows), while other K15*CD34* cells located more medially within the hair bulge did
not. Our findings support the idea that hair follicle “bulge” consists of a heterogeneous cell
population of keratinocyte stem and/or progenitor cells (Cotsarelis et al., 1990; Morris and
Potten, 1994; Lavker and Sun, 2000). The positive staining of CTIP2 in the peripheral cells of
the bulge suggests that CTIP2 might label the cells as they exit the stem/progenitor population.
Further studies will be required to validate this hypothesis.

1. Experimental procedures

2.1. Sample preparation

Wild type fetuses from CD1 outbred mice strain (ICR or Swiss Mice from Charles River) were
collected at stages E10.5, E12.5, E14.5, E16.5, E18.5, rinsed with PBS and fixed with 4%
paraformaldehyde at 4°C. Fixed embryos were then washed with PBS overnight, cryopreserved
in 30% sucrose, frozen in Optimum Cutting Temperature embedding compound (OCT) and
stored at —80°C until used. For the purpose of developmental timing, 12:00 pm on the day after
the night of mating was considered as E0.5. For adult skin studies, dorsal skin biopsies were
taken from 8-10 week-old shaved mice and processed as described for fetal skin biopsies.

1.2. Immunohistochemistry

OCT-embedded embryos and adult skin samples were cross-sectioned at 10 um intervals.
Sections were mounted on “superfrost” slides and allowed to air dry. Sections were rinsed with
PBS three times (5 min each) and permeabilized with ice-cold methanol for 3 min. Sections
were allowed to dry and nonspecific binding of antibody was blocked with blocking buffer
(0.3% Boehringer Mannheim Blocking reagent, 5% horse serum, 5% fetal Calf serum, 0.1 %
triton X-100 in PBS) for 1 h. Slides were then incubated with rat anti-CTIP2 primary
monoclonal antibody (Abcam product number 18465; clone 25B6) overnight in a humidified
chamber. Primary antibody incubation was followed by three washes with PBST and
incubation with fluorescently-labeled [Cy2 (1:250) or Cy3(1:500); Jackson ImmunoResearch]
secondary antibody for 2 hours. Nuclei were counterstained with DAPI. Finally, sections were
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rinsed with PBST, dehydrated through sequential washes in 50, 70, 95 and 100% ethanol and
then cleared in xylene. Slides were mounted with DPX mounting media and allowed to dry
overnight. Images were captured at 40X magnification using Leica DMRA fluorescent
microscope and Hamamatsu C4742-95 digital camera and processed using OpenLab software
and Adobe Photoshop 7.0.

2.3 Whole skin protein extract preparation and Immunoblot analysis

Dorsal skin biopsies from E18.5 fetuses or adult mice were homogenized in RIPA buffer (50
mM Tris pH7.5, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1 %SDS, 150 mM NaCl, 5mM
EDTA, proteinase inhibitors) using tissue grinder and cleared by centrifugation. Supernatants
were collected and equal amounts of protein (determined using the Bio-Rad Protein Assay Kit)
were analyzed by immunoblotting using antibodies against CTIP2 and B-actin as a loading
control.

2.4 Antibodies

The following antibodies and their dilutions were used for immunohistochemical studies: anti-
CTIP2 (Abcam, 1:300), -K14 (Covance, 1:1000), -K10 (Covance, 1:1000), -Ki67 (Abcam,
1:500), -K15 (Covance, 1:500), -CD34 (Santa Cruz, 1:50). Antibodies used for Western blot
analysis: anti-CTIP2 (Abcam, 1:1000), -p-actin (Abcam, 1:4000).

Supplimental Section

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of CTIP2 in the mouse fetal skin

C

oo SR S .
o

Page 7

Immunohistochemistry was performed on 10 pm-thick frozen sections of wild type embryos
using antibodies directed against CTIP2, K14 and K10. A, CTIP2 (in green) is highly expressed
in the ectoderm at E10.5 (upper panel) and E12.5 (lower panel) and is co-localized with the
expression of K14 (in red). B, high expression of CTIP2 was observed in the basal cells and
upper layers of the epidermis of E14.5 (upper panel), E16.5 (middle panel) and E18.5 embryos
(lower panel). K14 and K10 staining (in red) were used to label basal cells and suprabasal
layers, respectively. E16.5 and E18.5 stages of development show high expression of CTIP2
in the basal layer of epidermis as well as in the dermis and hair follicles. All sections were
counterstained with DAPI (in blue). Images were taken at 40X magnification. Abbreviation:
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EC- ectoderm, M-mesoderm, E-epidermis, D-dermis, B-basal cell layer, SB- suprabasal cell
layers, HB-hair bulb, HF-hair follicle.
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Figure 2. CTIP2 expression in proliferating cells
10 um-thick frozen section of wild type fetuses at different stages of development were
analyzed immunohistochemically using antibodies directed against CTIP2 (green) and Ki67
(red) and counterstained with DAPI (blue). Images were taken at 40X magnification.
Abbreviations are described in the legend of Fig. 1.
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CTIP2:K14

CTIP2:K10
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Figure 3. Expression of CTIP2 in the adult mouse skin

10 pm-thick frozen skin sections obtained from dorsal skin biopsies of 8-10-week old C7/BL6
mice were stained with anti-CTIP2 (green), -K14 (red), -K10 (red) antibodies and
counterstained with DAPI (blue), and photographed using 40X objective. Abbreviation are
described in the legend of Fig. 1.
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Figure 4. Immunoblot analysis of CTIP2 expression in fetal and adult skin

Whole skin protein extracts were prepared from adult (8-week old) and fetal (E18.5) dorsal
skin biopsies and analyzed using CTIP2-specific antibody (upper panel). B-actin was used as
an internal loading control (lower panel).
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Figure 5. Expression of CTIP2 in stem cells of the bulge region of the mouse hair follicle

10 pm-thick frozen skin sections obtained from dorsal skin biopsies 8-week old mice were co-
stained with CTIP2 (green) and K15 (red: A) or CTIP2 (green) and CD34 (red: B) and images
of hair follicles in the bulge region were taken at 40X magnification. Sections were
counterstained with DAPI. White arrows indicate CTIP2 positive cells in the bulge region that
are also positive for K15 or CD34. Abbreviation: B-bulge, HF-hair follicle.
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