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Although the role of p27Wafi/Cip1 gene expression is well docu-
mented in various cell culture studies, its in vivo roles are poorly
understood. To gain further insight into the role of p21Wafi/Cip1
gene expression in vivo, we attempted to visualize the dynamics of
p21Wafi/ipl gene expression in living animals. In this study, we
established a transgenic mice line (p21-p-luc) expressing the firefly
luciferase under the control of the p21Waf1/Cip1 gene promoter. In
conjunction with a noninvasive bioluminescentimaging technique,
p21-p-luc mice enabled us to monitor the endogenous p21Waf1/Cip1
gene expression in vivo. By monitoring and quantifying the
p21Wafi/Cipl gene expression repeatedly in the same mouse
throughout its entire lifespan, we were able to unveil the dynamics
of p21Wafi/Cip1 gene expression in the aging process. We also
applied this system to chemically induced skin carcinogenesis and
found that the levels of p21Waf1/Cir1 gene expression rise dramat-
ically in benign skin papillomas, suggesting that p21Waf1/Cip7 plays
a preventative role(s) in skin tumor formation. Surprisingly, more-
over, we found that the level of p21Wafi/Cip7 expression strikingly
increased in the hair bulb and oscillated with a 3-week period
correlating with hair follicle cycle progression. Notably, this was
accompanied by the expression of p63 but not p53. This approach,
together with the analysis of p27Wafi/Cip1 knockout mice, has
uncovered a novel role for the p21Waf1/Cip? gene in hair develop-
ment. These data illustrate the unique utility of bioluminescence
imaging in advancing our understanding of the timing and, hence,
likely roles of specific gene expression in higher eukaryotes.

aging | cell cycle | hair cycle | imaging

he founding member of the mammalian cyclin-dependent

kinase (CDK) inhibitor family, p21Waf/Cipl 'is one of the best
characterized transcriptional targets of the p5S3 tumor suppressor
protein (1-4). As a general inhibitor of CDKs, p21Wafl/Cipl
prevents phosphorylation of the retinoblastoma tumor suppres-
sor protein (pRb) thereby enhancing its growth suppressive
function (2, 3, 5). Thus, p21Wafl/Cipl Jinks the p53 pathway to the
pRb pathway, providing a tight security network toward tumor
suppression. Indeed, the tumor-suppressive role of p21Wafl/Cipl jg
well documented in various cell culture studies; up-regulation of
the p21"4/1/Cirl gene expression participates in processes such as
DNA damage-induced cell cycle arrest, cellular senescence, and
terminal differentiation, each of which may prevent tumor
formation (5, 6). However, in vivo, the role of p21Wafl/Cipl
especially in the context of tumor suppression, remains unclear.
For example, mutations in the p2/W#1/Cirl gene are rarely
observed in human cancers (7), and, although the majority of
mice lacking the p53 gene develop spontaneous tumors by 6
months of age (8, 9), mice lacking the p21"#/Cirl gene do not
exhibit any predisposition to spontaneous tumor formation (10,
11). These observations raise a question of whether the results
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seen in cell culture truly reflect the physiological roles of
p21Watl/Cipl 4 yivo. However, because knockout experiments
performed to date have used mice with germ-line deficiencies at
the p21"4/1/Cirl gene locus, there is the possibility of develop-
mental compensation, as seen with other cell cycle regulators
(12, 13). Moreover, expression of the p21"4/1/Cirl gene overlaps
with that of other CDK inhibitor family members in many
different tissues (5). It is, therefore, possible that the effects of
p21"afliCirl deficiency is somewhat compromised by develop-
mental or somatic compensation by functionally related CDK
inhibitors in p21"4/1/Cir! knockout mice. Alternative approaches
are therefore needed to supplement the in vitro studies and assist
in understanding the physiological roles of p21"4/1/Cirl gene
expression in vivo.

Bioluminescence imaging (BLI) is an emerging approach that
is based on detection of light emission from cells or tissues (14,
15). Optical imaging by bioluminescence allows a noninvasive
and real-time analysis of various biological responses, such as
gene expression, proteolytic processing, or protein—protein in-
teractions, in living animals (16-20). In this study, we generated
a transgenic mice line (p21-p-luc) expressing the firefly lucif-
erase under the control of the p21"41/Cir! gene promoter. Using
this mouse model, we explored the dynamics of p21"a1/Cir! gene
expression in many different biological processes in vivo. This
approach, in conjunction with the analysis of p21"#1/€! knock-
out mice, uncovered a previously uncharacterized function of
p21"41/CipT gene expression in hair development. The ability to
image p21"4/1/Cirl gene expression noninvasively therefore pro-
vides a valuable tool for studies on the role of p21"4/1/Cirl gene
expression in vivo.

Results

To study how p21"4/1/Cipl gene expression is regulated in vivo,
we attempted to visualize the transcriptional activity of the
p21W41/Cipl gene in living animals. To this end, a transgenic
mice line (p21-p-luc mice) expressing the firefly luciferase
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Fig. 1. Characterization of the p21-p-luc mice. (A) The p21-p-luc mice
(8-week-old) were injected i.p. with doxorubicin (DXR) (20 mg/kg) and were
subjected to noninvasive BLI at various times after doxorubicin (DXR) injec-
tion. Representative images of five different experiments are shown. (B) The
same line of p21-p-luc mice were treated with doxorubicin (+DXR) (20 mg/kg)
or saline (—DXR) for 24 h, injected with luciferin, and incised through the
mouth and anus under anesthesia. Representative BLI data of five different
experiments are shown. The color bar indicates photons with minimum and
maximum threshold values.

driven by the p21"4/1/Cirl gene promoter, which contains two
pS53-binding sites, was established and subjected to noninvasive
in vivo BLI. Although basal levels of bioluminescent signals
were very low throughout the body, except for the paws, a
striking increase in signal was observed (particularly over the
abdomen) within 24 h of treatment with doxorubicin, a DNA
damaging agent that activates p53 (Fig. 14). These signals were
sustained until 36 h and then declined to baseline values within
the next 12 h (Fig. 14, 48 h). To define the organs expressing
high levels of luciferase activity, the same lines of transgenic
mice were treated with or without doxorubicin for 24 h,
injected with luciferin, and incised through mouth and anus
under anesthesia (Fig. 1B). As expected from noninvasive BLI
data (Fig. 14, 24 h), a significant induction of bioluminescent
signal was observed in liver and kidney in doxorubicin-treated
mice [Fig. 1B and supporting information (SI) Fig. 44]. A
substantial but less pronounced induction was observed in the
submandibular gland, spleen, bladder, and stomach (Fig. 1B
and SI Fig. 44). Similar but different dynamics of p21Wa/Cip!
gene expression was observed by x-ray irradiation (SI Fig. 5).
Importantly, the levels of bioluminescent signal were well
correlated with those of endogenous p21"#1/Cirl mRNA (SI
Figs. 4 and 5), indicating that, in the p21-p-luc mice, luciferase
expression accurately reports the transcriptional dynamics of
p21W4f1iCipl gene expression in vivo. Furthermore, in concor-
dance with the levels of endogenous p21Wafl/Cipl expression,
luciferase activity was strikingly increased in the cortex and
medulla of the kidney (SI Fig. 6). Taken together, these results
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suggest that the p21-p-luc mice provide an ideal tool for the
analysis of p21"41/Cirl gene expression in vivo.

Although p53 serves the beneficial function of tumor suppres-
sion, p53 activation may, in some circumstance, act in a manner
detrimental to the long-term homeostasis of living organism
(21). Indeed, aberrant activation of p53 is known to accelerate
the aging process in mice, and the induction of p21"41/Cir! gene
expression has been shown to be involved this process (22, 23).
We thus next attempted to explore the dynamics of p21 "afZ/Cip!
gene expression throughout entire life span in p21-p-luc mice (SI
Fig. 7). Unexpectedly, only a slight (3- to 4-fold) induction of
bioluminescent signal was observed in aged kidney but not in
other aged organs or tissues (SI Fig. 7). Surprisingly, moreover,
any signs of strong activation of p53 and DNA damage responses
were not observed in aged kidney (SI Fig. 7), indicating that the
induction of p21"#1/Cirl gene expression in aged kidney is likely
to be regulated by a p53-independent mechanism, although we
cannot rule out the possibility that weak activation of p53
contributes to the up-regulation of p21"41/Cir! gene expression.

The up-regulation of p21"41/Cir! gene expression is implicated in
cellular senescence, the state of stable cell cycle arrest provoked by
diverse stresses including DNA damage and oncogenic ras expres-
sion in cultured primary cells (4, 24). To explore this notion in vivo,
p21-p-luc mice were subjected to a conventional chemically induced
skin tumor protocol with a single dose of DMBA for initiation and
biweekly treatment with 12-o-tetradecanoylphorbol 13-acetate
(TPA) for promotion. Because this protocol causes an oncogenic
mutation in the H-ras gene, it appeared to be ideal for studying
physiological responses against oncogenic ras expression in living
animals (25, 26). In agreement with previous reports (25, 26),
benign skin papillomas began to appear after 7-8 weeks of pro-
motion (Fig. 24). Notably, papilloma formation was accompanied
by the induction of a bioluminescence signal (Fig. 24), endogenous
p21Watl/Gipl expression, and activation of p53 (Fig. 2B). These
observations, together with previous studies that indicate that
disruption of the p21"#1/Cirl gene results in an increase of papil-
loma formation or carcinoma formation (27-29), strongly suggest
that p21Wafl/Cipl plays a preventative role against oncogenic ras-
signaling in vivo.

Because noninvasive BLI permits continuous readout of gene
expression in living animals (14, 15), we next examined the
kinetics of p21"41/Cirl gene expression toward papilloma for-
mation. To our surprise, a remarkable bioluminescent signal was
observed well before papilloma appearance and oscillated with
a 3-week period (Figs. 2 C and D). Unexpectedly, moreover, a
remarkable expression of endogenous p21Wal/Cirl wag observed
in the hair bulb, but not in the skin itself (Fig. 2F), suggesting
that p21Watl/CiPl may play a role in hair development. To produce
new hairs, existing hair follicles undergo cycles of growth (ana-
gen), regression (catagen), and rest (telogen) (30). Because TPA
treatment has been shown to promote entry of hair follicles into
their anagen phase (31), we next asked whether the oscillating
bioluminescence signal in DMBA/TPA-treated skin reflects hair
follicle cycle progression. Although TPA treatment, in itself, did
not cause skin papilloma formation, a similar oscillation of
bioluminescence signals and p21"#7/CP! mRNA expression was
induced by TPA treatment alone (SI Fig. 8). Notably, this was
accompanied by remarkable hair growth (SI Fig. 84), suggesting
a role for p21Wall/Gipl in the hair follicle cycle progression in
mouse skin.

To substantiate this idea in a more physiological setting, we
next tested whether p21Wafl/Cipl expression oscillates throughout
the natural hair follicle cycle, exploiting the fact that hair follicle
cycles are synchronized for the first two postnatal periods of hair
follicle growth in mice (32). Although the dynamics of hair cycle
progression were visually undetectable during the second post-
natal hair follicle cycle, BLI was sensitive enough to monitor
oscillating p21Wafl/Cipl expression (Fig. 34). The levels of biolu-
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Fig.2. Oscillation of bioluminescence signals in DMBA/TPA-treated mouse skin. (A) The p21-p-luc mice treated with DMBA/TPA or with acetone (control) were
subjected to noninvasive BLI at indicated time points after TPA treatment. Representative images of 12 different experiments were shown (Lower). These
papillomas and control skin were photographed in regular lighting (Upper). The color bar indicates photons with minimum and maximum threshold values. (B)
H&E staining and the immunohistochemistry for endogenous p21Waf1/Cie1 expression, phosphorylation of p53 at serine 18 residue, and p53 expression were
performed by using biopsy samples of skin papilloma (Right) or control normal skin (Left). (C) Noninvasive BLI was performed throughout the time course after
DMBAV/TPA treatment (Upper) or acetone control (Lower). Mice were imaged at 0.5-week intervals after TPA treatment. Representative images of 12 different
experiments were shown. The color bar indicates photons with minimum and maximum threshold values. (D) The intensity of bioluminescence signal throughout
the time course was graphed. (E) Immunohistochemistry was conducted to examine the endogenous p21Waf1/Cipl expression in the dorsal skin at 3 weeks after
TPA treatment (corresponding to the first peak of bioluminescence oscillation). A magnified image of hair bulb is shown (Lower).

minescence signals reached their peak at postnatal day 28 (P28);
endogenous p21Watl/Cipl expression was also strongly observed in
the precortex area above the hair matrix (differentiating cell
area) at this time (Fig. 34). These data suggest that p21Wafl/Cipl
may regulate the size of hair bulb and thereby control the hair
phenotype.

To explore this possibility, microscopic examination of the
various hair types was conducted by using mice with different
p21"41/Cipl genotypes (10). The morphology of the four main
hair types (guard, awl, auchene, and zigzag) was not significantly
different among three different genotypes (p21*/*, p21+/-,
p217/7) (data not shown). However, the proportion of zigzag
hairs, which are produced by the smallest hair bulb, was signif-
icantly reduced in p21*/~ mice, whereas awl hairs and auchene
hairs, which are produced by the intermediate-sized hair bulb,
were increased (Fig. 3B). Curiously, these effects were less
pronounced in p21~/~ mice (Fig. 3B). Importantly, however,
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unusually high level of p27XiP! expression, another member of
the p21Wafl/Cipl family CDK inhibitors, was observed in the hair
bulb of p21~/~ mice (Fig. 3C). Thus, it is likely that the effects
of p21Watl/Cipl deficiency are concealed, at least in part, by
up-regulation of p27¥iP! expression in the hair bulb of p21~/~
mice. In line with this observation, the proportion of zigzag hairs
has been shown to reduce in p27%P! knockout mice (33),
suggesting that p21Wall/Cipl and p27KiPl possess overlapping
role(s) in hair development.

It is worthwhile to note that a similar level of p21Watl/Cipl
expression was observed in anagen hair bulbs, regardless of p53
gene status (SI Fig. 94). Moreover, the proportion of four main
hair types was not substantially different among mice of three
different genotypes (p53*/*, p53*/~, p53~/7) (SI Fig. 9B), sug-
gesting that p53 is not a major player in this setting. Interestingly,
although we were unable to see any p53 expression in the hair
bulb throughout hair follicle cycle (data not shown), the levels of
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Fig. 3. Real-time imaging of hair follicle cycle oscillation in living mice. (A) The p21-p-luc mice were subjected to noninvasive BLI from postnatal day 21 (P21)
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At the indicated time point of postnatal development, dorsal skin of p21-p-luc mice was harvested and processed for H&E staining or forimmunohistochemistry.
(B) Summary of the prevalence of hair phenotypes in mice of different p271Waf1/Cip1 genotype (C57BL/6 background). The means + SD of three independent
experiments are shown. (C) Immunofluorescence of dorsal skin section from P28 mice was performed by using antibodies against p21Waf1/CieT (green) or p27Xir1

(green). Keratin 5 (red) was used as a marker for outer root sheath.

p63 (34), a member of p53-family of transcription factors, were
dramatically increased in anagen hair bulbs (Fig. 34). Together,
these results imply that p63, but not p53, may play a critical role
in the regulation of hair development.

Discussion

In this study, we generated a transgenic mouse model to visualize
p21"41/Cip gene expression in living animals. The p21-p-luc mice
carry the firefly luciferase ¢cDNA under the control of the
p21W1ICipT gene promoter. Because this promoter contains two
canonical p53-binding sites, this mouse model is expected to be
an ideal system for monitoring not only p21"#1/Cir! gene expres-
sion, but also p53 activation in vivo. Indeed, a dramatic induction
of bioluminescent signal was observed in various organs within
24 h upon treatment with doxorubicin, a well known DNA-
damaging agent that activates p53 (Fig. 1 and SI Fig. 4). Notably,
different dynamics of p21"4/1/Cir! gene expression were observed
when p21-p-luc mice were irradiated with x-ray (SI Fig. 5). In
both cases, the levels of bioluminescent signals observed were
well correlated with those of endogenous p21"41/Cirl mRNA
detected by RT-PCR analysis (Fig. 1 and SI Figs. 4 and 5),
indicating that the p21-p-luc mice provide an ideal tool to
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monitor the expression of p21"41/Cirl gene and/or activity of p53
in living animals. Interestingly, neither doxorubicin nor x-rays
induced p2/W4!/Cirl gene expression in the small intestine,
implying that p53 is not a major regulator of p2I"#1/Cirlgene
expression in the small intestine, as suggested by previous
studies (35).

By monitoring and quantifying p21"%1/Cir! gene expression
repeatedly in the same mouse throughout its entire life span, we
revealed the dynamics of p21"4/1/CirT gene expression during the
aging process in living mice. Only a slight (3- to 4-fold) induction
of bioluminescent signal was observed in kidney, but not in other
organs, as mice age (SI Fig. 7). Moreover, strong signs of p53
activation and DNA damage responses were virtually undetect-
able in aged kidney (SI Fig. 7). These results were unexpected
because several lines of evidence suggest that pS3-dependent
induction of p21€iP/Wafl js involved in the aging process (22, 23,
36). Our results are, however, consistent with a recent RT-PCR-
based study showing that only a slight increase in the p21"4//Cip!
gene expression was seen in tissues from old mice versus young
mice (37, 38). Moreover, it has been shown that increased p53
expression under the endogenous p53 gene promoter protects
mice from tumorigenesis without showing any indication of
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accelerated aging (39). Furthermore, p21Wall/Cipl gppears to play
protective effects on stem cell exhaustion and ionizing radiation,
which may underlie the long-term homeostasis throughout entire
life span (40-42). Thus, it is likely that the role of p21"@1/Cirl in
organismal aging is context-dependent and more complicated
than envisaged.

Another important aspect of the p53/p21Wall/Cipl pathway is
the induction of cellular senescence (4, 24), the state of perma-
nent cell cycle arrest provoked by a variety of oncogenic stimuli
including oncogenic ras expression in cultured primary cells
(43-45). Because this mechanism is poorly understood in vivo
(46), we tested this notion using our in vivo BLI system. Indeed,
DMBA/TPA treatment, which causes an oncogenic mutation of
the endogenous H-ras gene (25, 26), resulted in a significant
induction of p21"4/1/Cirl expression accompanied by skin papil-
loma formation (Fig. 24). Because the induction of p21"4f1/Cip
expression can be seen from the very beginning of papilloma
formation and was further enhanced as the papillomas devel-
oped (Fig. 2A), the p21"4/1/Cir! gene is likely to play multiple
roles in preventing benign skin papilloma formation and/or
malignant conversion. These results are somewhat consistent
with two conflicting reports; one shows that disruption of the
p21"41Cipl gene accelerates benign skin papilloma formation
but not malignant conversion (27), and the other shows that
disruption of the p21"@1/Cr! gene accelerates malignant con-
version but not benign skin papilloma formation (28).

During the time-course BLI experiments in skin tumor for-
mation, we unexpectedly found that the expression of p21"4f1/Cip!
oscillates over the 3-week time course of the hair follicle cycle
(Figs. 2 C and D and 34). Moreover, although the morphology
of the four main hair types was not remarkably different, the
proportion of zigzag hairs, which are produced by the smallest
hair bulb, was significantly reduced in p21*™/~ mice (Fig. 3B).
Surprisingly, the effects of p21Wall/Cipl deficiency were less
pronounced in p21~/~ mice than in heterozygotes (Fig. 3B)
because of an up-regulation of p27%iP! expression in the hair bulb
of p21~/~ mice (Fig. 3C). In concordance with this notion, recent
study revealed that the proportion of zigzag hairs is substantially
reduced in mice lacking p27%iP! (33) Thus, there is cross-talk
between p21Watl/Cipl and p27KiPl in controlling hair phenotype.
Note that the proportion of zigzag hairs is also reduced in mice
lacking the SoxI8 gene (47), and Sox family transcription factors
are known to activate p21"4f1/Cirl expression (48). Thus, it is
tempting to speculate that Sox18 controls hair phenotype
through regulating p21"4/1/Cirl gene expression in the hair bulb.
It is also important to note, however, that the expression of p63
(34), a member of p53 family transcription factor, overlapped
with that of p21Wafl/Cipl jp the hair bulb (Fig. 34). It is therefore
likely that p21"4f1/Cir! gene expression is controlled by multiple
factors in hair bulbs.

We are currently uncertain about the biological consequence
of alteration of the zigzag hair proportion in p21%/~ mice.
However, because the hair coat plays a crucial role in controlling
body temperature in the wild, it is interesting to speculate that
p21Wall/Cipl and/or p27XiPl may be involved in temperature
control in the wild. Taken together, our results reveal an
unexpected role for p21Wafl/Cipl and provide an insight into how
the hair phenotype is determined. Visualizing the dynamics of
p21"41Cipl gene expression in living mice, therefore, provides a
powerful tool for not only help to resolve and clarify issues
connecting in vitro studies but also reveals unrecognized func-
tions of this key proliferative regulator in various physiological
processes in vivo.

Materials and Methods

Generation of p21-p-luc transgenic mouse. The 2.5-kb fragment of
the p21"4/1/CirT gene promoter containing two p53-binding sites
(GenBank accession number: NW_923073.1; from 9663447 to
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9665888) was placed in front of the firefly luciferase reporter
cDNA in the pGL3-basic plasmid vector (Promega, Madison,
WI) (see plasmid construction map in SI Fig. 10). The plasmid
DNA was digested with Xhol and Sall, and the DNA fragment
containing the p21"#1/CirI gene promoter, luciferase cDNA, and
polyA signal was isolated and used for microinjection. The
transgenic mouse strain was generated by pronuclear microin-
jection of the reporter transgene into fertilized CD1 oocytes.
Genotyping of transgenic mice was determined by PCR and was
confirmed by whole-body BLI. One transgenic line, #34
(CDBO0415T-34), was selected for studies described in this article
because the levels of bioluminescence signals were well corre-
lated with those of endogenous p21"41/CiPl mRNA. All animals
were cared for by using protocols approved by the Committee for
the Use and Care of Animals of the University of Tokushima.

Bioluminescence Imaging. For the detection of luciferase expres-
sion, mice were anesthetized, injected i.p. with D-luciferin so-
dium salt (75 mg/kg) 5 min before beginning photon recording
(16-20). Mice were placed in the light-tight chamber, and a
gray-scale image of the mice was first recorded with dimmed
light, followed by acquisition of luminescence image by using a
cooled CCD camera (Princeton Instruments, Trenton, NJ). The
signal-to-noise ratio was increased by 2 X 2 binning and 5 min
exposure, unless otherwise stated in the text. For colocalization
of the luminescent photon emission on the animal body, gray
scale and pseudocolor images were merged by using IMAGE-
PRO PLUS (Media Cybernetics, Bethesda, MD).

Tumor-Induction Experiments. Twelve mice of the p21-p-luc line, in
the resting phase of the hair cycle (8-week-old), were shaved and
treated with 7,12-dimethylbenzanthracene (DMBA) (100 ug in
100 ul of acetone). One week after DMBA treatment, mice were
subsequently treated twice a week with TPA (12.5 pg in 100 ul
of acetone) for 20 weeks (25, 26). Control mice were treated with
acetone instead of DMBA/TPA.

Semiquantitative RT-PCR. Total RNA was isolated by using TR1zol
reagent (Invitrogen, Carlsbad, CA), and 2 ug of total RNA was
used for the reverse-transcriptase reaction. The PCR was per-
formed by using Blend Taq polymerase (TOYOBO, Osaka,
Japan) with primers specific for the mouse p21"41/Cir! gene and
the mouse B-actin gene. The PCR primer sequences used are
shown in ST Text.

Real-Time RT-PCR. Quantitative real-time RT-PCR was performed
by using the SYBER Premix EX Taq system (TAKARA, Otsu,
Japan) and an ABI Prism 7900HT (Applied Biosystems, Foster
City, CA). Amplified signals were confirmed to be single bands
by gel electrophoresis and were normalized to the levels of
GAPDH. Data were analyzed by using SDS2.1 software (Ap-
plied Biosystems). The PCR primer sequences used are shown in
SI Text.

Histology and Immunohistochemistry. Biopsies of mouse skin taken
from the middorsal region were fixed in 10% formalin for a 24 h
or longer, progressively dehydrated through gradients of alcohol,
and embedded in paraffin. Samples were sectioned on a mic-
rotome (5-pm-thick), deparaffinized in xylene, rehydrated, and
then stained with hematoxylin and eosin (H&E). The hair cycle
status was determined by histological examination. For antibody
staining, deparaffinized and rehydrated sections were exposed to
heat-induced antigen retrieval for 5 min or 20 min in 10 mM
citrate buffer (pH 6.0). After washing in PBS, endogenous
peroxidase activity was quenched for 15 min in 1% H,0, in
methanol, followed by washing with PBS. The sections were
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incubated in blocking serum for 1 h at room temperature. After
incubation with primary antibodies overnight at 4°C, biotin-
ylated anti-mouse secondary antibody was applied and detected
by the avidin—biotin peroxidase technique using the DAB kit
(DAKO, Glostrup, Denmark) and then counterstained with
methyl green. For immunofluorescence, the relevant Alexa
Fluor 488 goat anti-mouse or 546 goat anti-rabbit antibodies
(1:1,000; Invitrogen) were used for detection of primary anti-
bodies. Fluorescence images were observed and photographed
by using an immunofluorescence microscope (Carl Zeiss,
Oberkochen, Germany). The primary antibodies used are shown
in ST Text.
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