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Abstract

Objectives: This study is to explore the role of Notch
signalling during the regeneration of rat tracheal
epithelium after injury induced by 5-fluorouracil
(5-FU).

Materials and methods: We developed an ex vivo
model of rat tracheal epithelial regeneration using
5-FU to induce injury. Expression levels of members
of the Notch signalling pathway, ABCG2, CK19,
and proliferating cell nuclear antigen (PCNA) were
examined by reverse transcription—polymerase chain
reaction, Western blot, and immunofluorescence.
One group of tracheas were cultured in the medium
with a y-secretase inhibitor or Jag-1 peptide after
5-FU treatment and another group were pre-treated
with the y-secretase inhibitor or Jag-1 peptide before
5-FU treatment. The expression changes of ABCG2,
CK19, and PCNA were examined by Western blot
or immunofluorescence and the morphologic changes
were observed by haematoxylin and eosin stain
during the recovery process.

Results: Expression levels of Notch3, Jaggedl, and
Heyl were increased in rat tracheal epithelial cells
after treatment with 5-FU. During injury recovery,
disruption of Notch signalling by treatment with the
v-secretase inhibitor reduced expression of ABCG2
and PCNA, but promoted expression of CK 19, while
persistent activation of Notch signalling promoted
expression of ABCG2 and PCNA, but reduced
expression of CK19. Under both conditions, recovery
from injury was reduced. However, blocking Notch
signalling prior to 5-FU treatment led to the com-
plete blockage of recovery, while activating Notch
signalling before 5-FU treatment promoted recovery.
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Conclusions: During tracheal epithelial regeneration,
Notch signalling maintains an undifferentiated state
and promotes proliferation among a population of
tracheal epithelial cells.

Introduction

Trachea is the essential organ of the respiration system
and it is lined by a pseudostratified epithelium composed
of basal, ciliated, and secretory cells. Despite the efficient
defence system of the airway epithelium, it is frequently
injured because of its permanent contact with the external
milieu, which contains toxic agents, viruses, microorganisms,
and pollutants (1). Immediately after injury, the airway
epithelium initiates a repair process in order to restore the
barrier integrity. The epithelial cells participate to the
closure of the wound and to the functional regeneration of
the epithelium. In order to more specifically determine the
cellular and molecular mechanisms involved in the airway
epithelial repair and regeneration, we constructed an
ex vivo model for tracheal regeneration, using damage
induced by treatment with 5-fluorouracil (5-FU).

5-Fluorouracil, a member of the antimetabolite family
of drugs, resembles other nutrients used by proliferating
cells. Proliferating cells take up 5-FU, which then interferes
with their growth and ultimately causes death. In contrast,
cells in the resting stage of the cell cycle are survived
(2—4). Treatment of the tracheal epithelium with 5-FU has
been shown to lead to a series of morphological changes
(5). Shortly after treatment, the normally proliferating
tracheal epithelium desquamates, and only a few cells in the
G, phase of the cell cycle remain in the basal membrane.
Thereafter, the tracheal epithelia became cuboidal and
returned to its original appearance about 48 h after removal
of 5-FU. However, the precise molecular mechanisms
regulating this process remain unclear.

Notch comprises a family of highly conserved recep-
tors (6), whose activation is induced by specific ligands,
Delta and Jagged, through cell—cell interactions (7). Once
activated, the Notch intracellular domain (NICD) is cleaved
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by y-secretase, which leads to translocation of the NICD
into the nucleus (8,9). Subsequently, NICD becomes
associated with the transcription factor RBP-J which together
form a transactivation complex (10,11) that initiates
transcription of primary target genes such as the hairy/
enhancer of split (Hes) and Hes-related repressor protein
(Hey, also called HERP/Hest/HRT/CHF/gridlock) (12—14).
Hes and Hey act as transcriptional repressors and
suppress expression of downstream target genes so as to
regulate cell proliferation and differentiation. DAPT is a
highly specific inhibitor of y-secretase, and can inhibit
activation of Notch signal by preventing y-secretase-
mediated Notch cleavage (15). Jag-1 is a synthetic peptide
corresponding to the domain-specific language domain of
Jaggedl ligand and has been shown to act as a Notch
agonist (16—18).

Components of the Notch signalling pathway are widely
expressed in mammals and include the receptors Notchl,
Notch2, Notch3 and Notch4, ligands Jaggedl, Jagged?2,
Dlli1, DII3 and DIl4, and primary target genes such as
Hesl, Hes3, Hes5, Heyl and Hey2 (19). Notch signalling
is involved in various aspects of cellular regulation,
including stem cell maintenance and tissue regeneration,
although it plays diverse, tissue-specific roles in this
process. In haematopoietic tissue (20-23), nervous tissue
(24), intestine (25), and muscle (26), Notch signalling
promotes self-renewal and maintains the undifferentiated
state of stem cells, while in other tissues, such as skin,
Notch signalling promotes differentiation of epidermal stem
cells (27). The role of Notch signalling and expression of
signalling pathway members in the regeneration of
tracheal epithelium remains unclear, as is its role in
regulating stem cell behaviour. Here, we show that Notch
signalling plays a role in the regeneration of tracheal
epithelium by maintaining an undifferentiated state and
promoting proliferation among a population of tracheal
epithelial cells and provide a framework for future studies
into the role of this important pathway in the trachea
biology and regeneration medicine.

Materials and methods

Model for tracheal epithelial regeneration and DAPT and
Jag-1 peptide treatment

Male and female Wistar rats (~200 g) were used accord-
ing to the guidelines of the Animal Care Committee at the
China Medical University. Tissue culture plastic and
reagents were purchased from Invitrogen (Carlsbad, CA,
USA). The DAPT (Sigma-Aldrich, St. Louis, MO, USA)
and Jag-1 (AnaSpec, San Jose, CA, USA) were both
dissolved in dimethyl sulfoxide (DMSO). Tracheas were
excised sterilely and cultured in 1 : 1 mix of Dulbecco’s

modified Eagle’s medium and Ham’s F-12 medium
(DMEM/F12) containing 120 mg/mL 5-FU and 10%
foetal bovine serum (FBS) for 12 h at 37 °C. Following
removal of 5-FU, tracheas were cultured in DMEM/F12
containing 10% FBS with or without 5 um DAPT (Sigma-
Aldrich) or 40 um Jag-1 peptide (AnaSpec). The tracheas
cultured in DMEM/F12 containing DMSO alone were
used as vehicle controls for the DAPT- or Jag-1-treated
group. Tracheas were removed at 0, 3, 6, 9, 12, 24, and
48 h after removing 5-FU and analysed by one of several
methods. Another group of tracheas were firstly cultured
in DMEM/F12 containing 10% FBS with or without 5 um
DAPT or 40 um Jag-1 peptide for 12 h and cultured for
another 12 h in DMEM/F12 containing 10% FBS with
5-FU, then the tracheas were cultured in DMEM/F12
containing 10% FBS for 48 h. The tracheas cultured
in DMEM/F12 containing DMSO alone before 5-FU
treatment were used as vehicle controls for the DAPT or
Jag-1 pre-treated group. Tracheas were removed immediately
after DAPT or Jag-1 treatment and at 0, 3, 6, 9, 12, 24,
and 48 h after removing 5-FU, respectively. For reverse
transcription—polymerase chain reaction (RT-PCR) and
Western blot analyses, tracheal epithelia were digested
and stored at —80 °C until use. For immunofluorescent
analysis, tracheas were fixed in 4% paraformaldehyde,
and prepared as paraffin-embedded tissue sections for
haematoxylin and eosin stain and immunofluorescent
staining.

Purification of tracheal epithelial cells

Epithelial cells were isolated from treated and untreated
tracheas. Tracheas were digested by filling lumens of ligated
trachea with 1 mg/mL proteinase XIV solution (Sigma-
Aldrich) in DMEM/F12 without serum at 4 °C overnight.
Enzymatic digestion was terminated by adding 10 mL of
DMEM/F12 containing 10% FBS. Cell aggregates were
collected for further purification by a flow cytometer FACSort
(Becton Dickinson, New Jersey, CA, USA). Firstly, these cells
were mixed with antivimentin (a mesenchymal cell marker)
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
followed by a secondary fluorescein isothiocyanate-
conjugated antibody (Santa Cruz Biotechnology), then the
cells were washed and sorted by flow cytometer. The
negative fractions were collected and stored at —70 °C for
further analysis by RT-PCR and Western blot.

Indirect immunofluorescence

Indirect immunofluorescence staining was performed
to the serial tissue sections from tracheas during the
recovery from injury with Notch3, Jagged1, ABCG2, CK19,
and proliferating cell nuclear antigen (PCNA) antibodies
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Table 1. Antibodies used in Western blot analyses
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Primary antibody

Secondary antibody (horseradish peroxidase-conjugated)

Name Source Dilution Product no. Name Dilution Product no.
B-Actin Rabbit 1:200 sc-7210 goat anti-rabbit IgG 1:2000 sc-2004
Notch3 1:100 sc-5593

Heyl 1:100 sc-28764

Jaggedl Goat 1:100 sc-6011 rabbit anti-goat IgG 1:2000 sc-2768
ABCG2 1:200 sc-25156

CK19 1:200 sc-33119

PCNA Mouse 1:200 sc-25280 goat anti-mouse IgG 1:2000 sc-2005

(Santa Cruz Biotechnology), respectively. The method
was basically as described previously (28) and the thick-
ness of the sections is 3 uM. Briefly, rabbit anti-Notch3,
rabbit anti-CK19, goat anti-Jaggedl, goat anti-ABCG2,
and goat anti-PCNA (dilution 1 : 100) were used as primary
antibodies. Fluorescein isothiocyanate-conjugated goat
anti-rabbit immunoglobulin G and rhodamine isothiocyanate-
conjugated rabbit anti-goat immunoglobulin G (dilution
1 : 100; HuaMei, Beijing, China) were used as secondary
antibodies. Both antibodies were diluted with 1% bovine
serum albumin—phosphate-buffered saline (BSA-PBS).
After sections were treated with the secondary antibody,
they were incubated with 0.5 ug/mL 4’,6-diamidino-2-
phenylindole (Sigma-Aldrich) for nuclear counterstain-
ing. Specimens were examined with an epi-illumination
fluorescence microscope BX50 (Olympus, Tokyo, Japan).

For serum controls, 1% BSA-PBS was used instead of
the primary antibody as a negative control.

Western blot analysis and densitometric analysis

Total cell homogenates were prepared by lysing cells in
NP-40 lysis buffer [1% NP-40, 10% glycerol, 20 mm
Tris-HC1 (pH 8.0), 137 mMm NaCl and 4% complete
protease inhibitor cocktail mix (Roche, Mannheim, Ger-
many)]. Eighty micrograms of total protein was subjected
to SDS-PAGE, followed by blotting to polyvinylidene dif-
luoride (Immobilon, Millipore Corp., Billerica, MA, USA).
Membranes were blocked with 5% non-fat dried milk in
PBS for 1 h with shaking, and were then washed in PBS
with 0.1% Tween-20, three times, for 10 min each.
Membranes were incubated with primary antibody (all
antibodies from Santa Cruz Biotechnology) in 1% BSA in
PBS overnight at 4 °C, with shaking. Membranes were
washed as described above, and were then secondary
antibodies (Table 1) for 2 h at room temperature. Mem-
branes were washed again as described above and then
incubated with 3,3’-diaminobenzidine at room temperature.
When bands reached the desired intensity (2—5 min),
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membranes were washed briefly in water, followed by
PBS. Finally, membranes were dried and photographed
and scanned. After scanning, the densitometric analysis
was performed using Image] 1.33 software (National
Institutes of Health, Bethesda, MD, USA).

RNA extraction and RT-PCR analysis

Total RNA was extracted from cells harvested with
TRIzol reagent (Invitrogen). The RT-PCR was performed
with the TaKaRa RNA PCR Kit (AMV) version 3.0
(Takara Bio, Otsu, Japan), according to the manufacturer’s
protocol. PCR primers were designed span exons, to
exclude possibility of genomic contamination (Table 2),
and B-actin was used as an endogenous control. PCR con-
ditions were as follows: 94 °C for 2 min, 94 °C for 30 s,
variable temperature (Table 2) for 40s, and 72 °C for
1 min, for 35 cycles. Reverse transcription reactions
lacking reverse transcriptase served as negative controls.
PCR products were visualized by ethidium bromide staining
on 2% agarose gels on a gel scanner (UVP Life Sciences,
Cambridge, UK).

Statistical analysis

Data from at least three independent experiments
were used for statistical analysis by SPSS 11.5 (SPSS
Inc., Chicago, IL, USA). All values were expressed as
mean + standard deviation. Statistical analyses were pre-
formed by one-way ANOVA, where P < 0.05 was considered
significant.

Results
Morphological changes in rat tracheal epithelium after
ex vivo injury induced by 5-FU

Tissue sections of normal rat trachea and rat tracheas at 0,
3,6, 12,24, and 48 h after removal of 5-FU were analysed
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Table 2. RT-PCR primer sequences and product sizes

Annealing

Gene Primer sequence (5"—3") Accession number Size (bp) temperature (°C)

Notchl AGTGCCTGCCCTTTGAGTCTTC X57405 348 59
CCCCGTTCTTGCAGTTGTTTC

Notch2 GCAGCCGCCGTCAATAATGTG NM_024358 595 59.1
GCGTGGGTGAGGCCTGTAAGAT

Notch3 GACCGTGTGGCCTCTTTCTATTGTG NM_020087 489 57.1
GCAGCTGAAGCCATTGACTCTATCCT

Notch4 GAGGCTATCTCAGGGACAAGG NM_001002827 430 58
GCCGGTTGGACAACGACA

Jaggedl TAGCAACACTGGCCCTGACAAATAC NM_019147 505 56.2
CGCATAGCCAGGTGGACAGATACAG

Jagged2 GGAAACAGTTGTTATGGGTG XM_343119 429 55.9
CTGGGGTCTTTGGTGAAT

DIl AGAGTCAAGGGCGTCCAG NM_032063 433 57.4
TGTTGCGAGGTCGTCAGG

DII3 CGTGAGTCCCTAACCGTATGTC NM_053666 359 57.8
GGATCTTCACCGCCAACAC

Dll4 GCTCCGGCATCTTCCAGT XM_001080829 426 54.5
GCAGTCTTGTGAGGGTGTTA

Hesl CAAAGTAGCCCTAAGACATAA NM_024360 336 49.8
CAGTGTTTTCAGTTGGCTC

Hes3 CACCAGATACGGAAGCGAAAG NM_022687 279 58.2
GAGGCAGGGGCTGAGAAC

Hes5 CACCAGCCCAACTCCAAACT NM_024383 340 60.1
AGAGGCCGCAGGCAGATT

Heyl AAGCTGAGATCTTGCAGATG AY 059383 490 56.2
GGCGGCGACAGTTTGGAG

Hey2 TGACATCCTCCATGTCCC AY 059382 427 55.8
ACTGATAACGGTGGGCTG

B-actin CCAAGGCCAACCGCGAGAAGATGAC NM_031144 587 58

AGGGTACATGGTGGTGCCGCCAGAC

L

I, W

Figure 1. Morphological changes in rat tracheal epithelium after injury induced by 5-FU observed by HE stain. (N) Normal rat tracheal epi-
thelium is pseudostratified epithelium. (0 h) Only a few cells with less cytoplasm than normal tracheal epithelial cells remained in the basal membrane
immediately after 5-FU treatment. (3 h) The cytoplasm of these cells extended along the basal membrane and cells became flat. (6 h) The number of
flat cells increased and the cytoplasm became short. (12 h) Cells appeared cuboidal. (24 h) The number of cells increased sharply. (48 h) Cilia
appeared on the luminal side of trachea and the tracheal epithelium became pseudostratified and appeared almost completely recovered (original
magnification x400).

by haematoxylin and eosin staining to investigate the intervals on the basement membrane. Three hours later,
morphological changes in rat tracheal epithelium (Fig. 1).  the cytoplasm extended along the basal membrane and
Immediately following removal of 5-FU (0 h), only a few  cells appeared flattened. At 6 h, the number of flat cells
cells with less cytoplasm were observed distributed at  had increased, while cells appeared to have become

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Cell Proliferation, 42, 15-28.



Notch signaling in tracheal epithelium 19

(a) N Oh 3h 6h 12h 24h 48h [(p) —+ _ABCGZ -+ CK19 - -+ ~PCNA
A w 1.5
ABCG2 § = =
12 g-™
CK19- - — — o % 0.9 o
o006 x o
2 | - ’
PCNA- S — - £03 0L
1} - '“!-_______ |
" © 07{"oh 3n eh 12h 24n 48n
B-aCHn- — — — —— — — Time points after removing 5-FU

Figure 2. Expression levels of ABCG2, CK19, and PCNA proteins in rat tracheal epithelium during recovery from injury induced by 5-FU.
(a) Western blot analysis of ABCG2, CK19, and PCNA proteins in normal trachea and tracheas after treatment with 5-FU. (b) Expression levels of
ABCG2, CK19, and PCNA relative to B-actin. Data are presented as means + SD of three independent experiments.
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Figure 3. Expression of Notch signalling pathway members in the rat tracheal epithelium. The mRNA levels of Notch receptors (Notchl,
Notch2, Notch3 and Notch4), ligands (Jaggedl, Jagged2, DII1, DII3 and DI14) and primary target genes (Hesl, Hes3, Hes5, Heyl and Hey?2) in the
rat tracheal epithelium before and after 5-FU treatment were examined by RT-PCR.

cuboidal by 12 h. The number of cells increased sharply
at the 24-h time point. At about 48 h, cilia had appeared
on the surface of the tracheal epithelium, which appeared
pseudostratified and almost completely normal.

Expression levels of ABCG2, CK19, and PCNA proteins
in rat tracheal epithelium during recovery from injury
induced by 5-FU

To evaluate the proliferation and differentiation of tracheal
epithelial cells during recovery from tracheal epithelial
injury, we examined the expression of three proteins:
ABCG?2, a commonly used marker for stem cells (29,30);
CK19, a marker for differentiated epithelial cells (31);
and PCNA, a marker for cell proliferation (32,33) by
Western blot (Fig. 2a). Densitometric analysis was per-
formed to quantify expression levels of ABCG2, CK19,
and PCNA (Fig. 2b). We found that in untreated rat
tracheal epithelia, almost no ABCG2 and PCNA were
detected, while levels of CK19 were very high relative
to levels in 5-FU-treated tracheal epithelia. However,
immediately following removal of 5-FU, levels of ABCG2
and PCNA increased. Thus, expression of ABCG2 and
PCNA increased together and reached peak levels at the

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Cell Proliferation, 42, 15-28.

same time, 6 h after removal of 5-FU, and both decreased
gradually, returning to normal levels about 48 h after
removal of 5-FU. In contrast, expression of CK19 was
lowest at 0 h and increased slowly until 6 h; thereafter,
the expression of CK19 increased sharply and nearly
returned to normal level about 48 h after removal of 5-FU.

These observations indicate that in the untreated rat
tracheal epithelium, differentiated epithelial cells are pre-
dominant and stem cells are very rare, and cell prolifera-
tion is quite slow. After 5-FU-induced injury, the number
of stem cells increased and the number of differentiated
epithelial cells decreased greatly. Meanwhile, cells under-
went proliferation.

Expression of Notch signalling pathway components in
the rat tracheal epithelium

The Notch signalling pathway consists of many compo-
nents, but their expression in the tracheal epithelium has
not been characterized. We examined mRNA expression
of four receptors, Notchl, Notch2, Notch3 and Notch4,
five ligands, Jaggedl, Jagged2, DIl1, DII3 and DIll4, and
five primary target genes, Hesl, Hes3, Hes5, Heyl and
Hey2 (Fig. 3). It showed that levels of Notchl, Notch3,
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Figure 4. Changes in expression of N3ICD, Jaggedl, and Heyl in the rat tracheal epithelium during the injury recovery process. (a) Protein
levels of N3ICD, Jaggedl and Hey!l in normal rat tracheal epithelium and tracheal epithelium after 5-FU treatment were examined by Western blot.

(b) Relative levels of N3ICD, Jaggedl, and Heylprotein. Data are presented as means + SD of three independent experiments.

Table 3. The expression of Notch signalling pathway components in rat tracheal epithelium

Receptors

Ligands Primary target genes

Untreated tracheal epithelium

Recovery of tracheal epithelium injury Notch3

Notchl, Notch3

Jaggedl, DIl4 Hesl, Heyl, Hey2
Jaggedl Heyl

Jaggedl, DIl4, Hesl, Heyl, and Hey2 were very low in
the untreated rat tracheal epithelium. Following treatment
with 5-FU, expression levels of Notchl, D14, Hesl, and
Hey?2 did not change obviously, while Notch3, Jaggedl,
and Heyl levels changed markedly. Expression of Notch2,
Notch4, Jagged2, DIl1, D113, Hes3, and Hes5 was not detected
in the rat tracheal epithelium during this process (Fig. 3).

These results suggest that Notchl, Notch3, Jaggedl,
Dll4, Hes1, Heyl, and Hey?2 are probably involved in the
maintenance of normal rat tracheal epithelium. Moreover,
Notch3, Jaggedl, and Heyl may play a role in the pro-
liferation and differentiation of rat tracheal stem cells
(Table 3).

Expression levels of N3ICD, Jaggedl, and Heyl in the rat
tracheal epithelium during injury recovery

To confirm further characterize changes in Notch
signalling during the regeneration of tracheal epithelium,
we examined protein levels of the intracellular domain
of Notch3, N3ICD, Jaggedl, and Heyl by Western blot
analysis (Fig. 4a) in rat tracheal epithelial cells after
injury induced by 5-FU. Densitometric analysis showed
that changes in expression of N3ICD, Jaggedl, and Heyl
were similar. Expression levels of N3ICD, Jaggedl, and
Hey1 were very low in the normal rat tracheal epithelium.
After treatment with 5-FU, expression levels increased
and reached peak levels at 6, 6, and 12 h, respectively, and
decreased gradually thereafter to return to normal levels
by about 48 h (Fig. 4b).

Interestingly, during the recovery process following
injury induced by 5-FU, changes in expression of Notch
pathway members were similar to changes in ABCG2 and
PCNA (Figs 2b and 4b), suggesting that Notch signalling
pathway plays a correlative role in maintaining an undif-
ferentiated state and promoting proliferation among a
population of tracheal epithelial cells.

Spatiotemporal localization of Jaggedl, Notch3, ABCG2,
CK19, and PCNA in the tracheal epithelium during
regeneration induced by 5-FU

To examine the localization of Jagged1, Notch3, ABCG2,
CK19, and PCNA, we performed immunofluorescence on
serial sections from the tracheal epithelium treated with
and without 5-FU. The numbers of ABCG2-positive cells,
CK19-positive cells, and PCNA-positive cells were counted
to provide insight into the differentiation and proliferation
state of the tracheal epithelium during regeneration.
Immediately following removal of 5-FU, very few
Jaggedl-positive cells were detected. Subsequently, the
number of Jagged1-positive cells increased gradually and
reached peak levels at about 6 h, at which point expression
began to decrease. Jaggedl was mainly localized to the
cell membrane in cells on the basal surface of the tracheal
epithelium (Fig. 5a). Nuclear localization of Notch3 is
indicative of active Notch signalling (10,11). After treat-
ment with 5-FU, most of the cells remaining in the
basement membrane exhibiting nuclear Notch3 increased.
By about 6 h of treatment, the proportion of cells with
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Figure 5. Immunofluorescence staining of Jagged1l, Notch3, ABCG2, CK19, and PCNA during recovery of injury induced by 5-FU. (a) In the
untreated rat tracheal epithelium, only a few cells were Jagged1-positive. The number of Jagged1-positive cells increased gradually, reaching its peak
at about 6 h, and decreasing thereafter. (b) Few cells with nuclear localized Notch3 were detected in the untreated rat tracheal epithelium. After 5-FU
treatment, the proportion of cells of Notch3 nuclear-positive increased significantly, and proportion peaked by about 6 h. By 48 h, the proportion had
returned to normal levels. Most of cells with nuclear Notch3 neighboured Jagged1-positive cells. (c) ABCG2 was mainly localized to the cell mem-
brane and exhibited correlated with nuclear Notch3 localization. Most ABCG2-positive cells also exhibited nuclear Notch3. (d) CK19-positive cells
were predominant in normal rat tracheal epithelium. After 5-FU treatment, the number of CK19-positive cells decreased sharply, then increased slowly,
and returned almost to baseline levels by 48 h. () PCNA was localized to the cell nuclear. In normal rat tracheal epithelium, few cells were PCNA-
positive. After 5-FU treatment, the number of PCNA-positive cells increased and peaked by 6 h, then decreased gradually and returned to its normal

levels by about 48 h (original magnification x400).

nuclear Notch3 reached peak levels, and decreased
thereafter. By 48 h, the rate returned to baseline levels (Fig. 5b).
Interestingly, most Jaggedl-positive cells were interspersed
with nuclear Notch3-positive cells, and these were distrib-
uted within similar regions within the tracheal epithelium.

The expression of ABCG2 was consistent with the
results from Western blot analysis and ABCG2 was
mainly localized to the cell membrane. In the normal rat
trachea, almost no ABCG2-positive cells were detected.
Immediately after 5-FU treatment, the number of ABCG2-
positive cells increased sharply and peaked at about 6 h,
then decreased gradually to baseline levels at about 48 h
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(Table 4). Interestingly, most of the ABCG2-positive cells
also exhibited nuclear Notch3 expression (Fig. 5b,c),
confirming that Notch signalling is involved in the main-
tenance of tracheal stem cells. CK19 was localized to the
cell membrane and CK19-positive cells were mainly
distributed on the luminal surface of the trachea. In
untreated rat tracheal epithelia, most cells were CK19-
positive. Immediately following treatment with 5-FU,
almost no CK19-positive cells were detectable, and then
the number of CK19-positive cells increased gradually,
returning to almost baseline levels by 48 h after removal
of 5-FU (Fig. 5d and Table 4). PCNA was localized to the
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Table 4. Cell number of different cell types in tracheal epithelium per 5 fields (x400) during regeneration

Time N 0Oh 3h 6h 12h 24 h 48 h
Type
ABCG2(+) Number 3 16 24 65 27 16 4
Ratio® 0.012 0.762 0.800 0.823 0.225 0.095 0.017
CK19(+) Number 219 2 5 17 46 95 204
Ratio® 0.894 0.095 0.167 0.215 0.383 0.562 0.864
PCNA(+) Number 4 3 8 48 38 24 7
Ratio® 0.016 0.143 2.667 0.608 0.317 0.142 0.030
Total 245 21 30 79 120 169 236

2Ratio, cell number of different cell types/total cell number.

cell nuclear. In normal rat tracheal epithelium and rat
tracheal epithelium immediately after 5-FU treatment, very
few cells were PCNA-positive. The number of PCNA-
positive cells increased gradually and peaked by about
6 h, then decreased and returned its normal level by about
48 h after removing 5-FU (Fig. Se and Table 4).

Disruption of Notch signalling leads to reduced
proliferation and increased differentiation of tracheal
stem cells, while persistent activation of Notch signalling
leads to increased proliferation and reduced
differentiation of tracheal stem cells

To demonstrate the role of Notch signalling pathway in
the regeneration of tracheal epithelium, we treated the rat
tracheas with a pharmacological inhibitor of y-secretase,
DAPT, or Jag-1 peptide so as to block or activate Notch
signalling, and then explored the effects on the regenera-
tion of tracheal epithelium.

After 5-FU treatment, rat tracheas were cultured in the
medium with 5 um DAPT or 40 um Jag-1 peptide, or with
DMSO alone for 48 h. To determine their efficacies on
Notch signalling, we examined N3ICD and Hey1 protein
levels with and without DAPT or Jag-1 treatment by
Western blot analysis. We found that in the DAPT-treated
group, N3ICD and Heyl protein levels were a little lower
than the untreated group 3 h after treatment. Six hours
later, differences with the control group became statisti-
cally significant, and 12 h later, N3ICD was undetectable,
then 24 h later both N3ICD and Hey1 were undetectable.
In the Jag-1-treated group, 6 h after culturing with Jag-1,
the expression of N3ICD and Heyl became significantly
higher than the control group and this was sustained since
then (Fig. 6a,b,c). There was no significant difference
between the DMSO vehicle control group and the group
treated by 5-FU alone (data not shown). These observations
suggest that 5 um DAPT could reduce Notch signalling
within 6 h of treatment, and block Notch signalling within
12-24 h of treatment, while 40 um Jag-1 peptide could acti-
vate Notch signalling significantly within 6 h of treatment.

To examine the effects of blocking or activating Notch
signalling on the proliferation and differentiation of
tracheal epithelial cells, we investigated the expression of
ABCG2, CK19, and PCNA in tracheal epithelia with and
without DAPT or Jag-1 by Western blot. In the DAPT-
treated group, expression of ABCG2 increased more slowly,
and peaked at a lower level compared with the control group
at 3 h. From 3 h and on, expression of ABCG2 ceased to
increase, and decreased sharply from 6 h (Fig. 6a,d). The
expression of CK19 increased rapidly and maintained a
high level from 12 h, and then peaked at a higher level
compared with non-DAPT-treated samples (Fig. 6a,e). PCNA
expression was first detectable at 3 h, and increased
slightly, then decreased from 6 h to 24 h after removing 5-
FU, PCNA expression was not detected. The expression
of PCNA decreased compared with non-DAPT-treated
samples (Fig. 6a,f). No significant difference between the
DMSO control group and the group treated by 5-FU alone
was observed (data not shown). These results suggest that
disruption of Notch signalling leads to a reduction in
the undifferentiated state of tracheal epithelium and cell
proliferation, with a concomitant increase in differentiation.

In the Jag-1-treated group, expression levels of ABCG2
and PCNA were significantly higher than in the group treated
by 5-FU alone from 6 h after Jag-1 treatment, and high
levels were sustained thereafter. While expression of CK19
was lower compared with the group treated by 5-FU alone,
low levels were sustained from 6 h and on. These observa-
tions indicate that active Notch signalling can promote the
proliferation, but inhibit differentiation of tracheal stem cells.

Both disruption and persistent activation of notch
signalling lead to reduced recovery of tracheal epithelium
from 5-FU-induced injury

To examine the role of Notch signalling in regeneration of
tracheal epithelium, tissue sections from 5-FU-treated rat
tracheal epithelia treated with DAPT or Jag-1 were stained
with haematoxylin and eosin to detect morphological changes,
compared with 5-FU treatment alone. Cell numbers within
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Figure 6. Expression of N3ICD, Heyl, ABCG2, CK19, and PCNA in rat tracheal epithelia with and without DAPT or Jag-1 treatment. (a)
Expression of N3ICD, Heyl, ABCG2, CK19, and PCNA proteins in rat tracheal epithelia with and without DAPT or Jag-1 treatment were examined
by Western blot. (b—e) Relative expression levels of N3ICD, Heyl, ABCG2, CK19, and PCNA proteins in rat tracheal epithelia with and without
DAPT or Jag-1 treatment were analysed. Data are presented as means + SD of three independent experiments. The level of significance is indicated:

*P<0.05, **P<0.01.

Table 5. Cell number in tracheal epithelium per 5 fields (x400) with DAPT or Jag-1 treatment during regeneration

Time N Oh 3h 6h 12h 24 h 48 h
Group
DAPT 251 17 24 46 71 95 102
Jag-1 43 92 140 206 253
Control 29 74 116 173 239

the tracheal epithelium during the recovery process were
counted among these groups, to compare the proliferation
rates.

In the DAPT-treated group, morphological differences
with the group treated by 5-FU alone appeared beginning
around 6 h after treated with DAPT. DAPT-treated tra-
cheal epithelial cells became cuboidal around 6 h earlier
than the group treated by 5-FU alone. By 12 h, cilia had
already appeared on the surface of the tracheal epithelium,
earlier than in the group treated by 5-FU alone (Fig. 7a).
The changes in DMSO vehicle controls were the same as
the group treated with 5-FU alone (data not shown).
These observations suggest that cellular differentiation
occurs much earlier in the DAPT-treated group. From
24 h to 48 h, there was no obvious increase in the number
of epithelial cells in the DAPT-treated group. In contrast,
the cell number increased rapidly in the group treated by
5-FU alone, which suggested that cell proliferation was
apparently slower than in the control group (Table 5).
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In the Jag-1-treated group, the number of epithelial
cells increased faster than the control group since 6 h
after culturing with Jag-1 which indicated a higher
proliferation activity in the Jag-1-treated group (Table 5);
however, no cilia was observed even after 48 h which
suggested that the cell differentiation was obviously
slower than the control group (Fig. 7b).

As a result, in both the DAPT-treated group and the
Jag-1-treated group, the tracheal epithelium did not revert
to its original appearance by 48 h as in the control group
(Figs 1 and 7).

No recovery of the tracheal epithelium following
pre-treatment with DAPT, while Jag-1 pre-treatment
promoted regeneration of the tracheal epithelium

Although almost no ABCG2 was detected in our experi-
ments, very few stem cells are present in the untreated rat
tracheal epithelium and it was just through the proliferation
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Figure 7. Morphological changes in rat tracheal epithelium treated with DAPT or Jag-1 and 5-FU observed by HE stain. (a) In the DAPT-
treated group, morphological differences with the control group appeared beginning around 6 h after removal of 5-FU. (6 h) The number of tracheal
epithelia increased gradually and cells appeared cuboidal. (12 h) No change was observed in the shape of the tracheal epithelia, while cilia appeared
on the surface of the tracheal epithelium earlier than the group treated by 5-FU alone. (24 h) The number of epithelial cells increased slightly and
more cilia appeared on the surface of the tracheal epithelium. (48 h) There was no marked increase in the number of epithelial cells and cilia were
evenly distributed on the surface of the tracheal epithelium. (b) In the Jag-1-treated group, the cells appeared to proliferate more rapidly than the con-
trol group. (3 h) There appeared more flat cells on the basement membrane than the control group. (6-24 h) The cell number increased more rapidly
than the control group. (48 h) The epithelium appeared to be multilayers, but no cillia was observed on the surface of tracheal epithelium (original
magnification x400).

Table 6. Cell number in tracheal epithelium per 5 fields (x400) with DAPT or Jag-1 pre-treatment during regeneration

Time After pre-treatment 0h 24 h 48 h
Group
DAPT ABCG2(+) Number 0 0 0 0
Ratio® 0 0 0 0
Total 117 3 0 0
Jag-1 ABCG2(+) Number 38 35 43 21
Ratio® 0.157 0.897 0.183 0.082
Total 223 39 235 256
Control ABCG2(+) Number 3 16 16 4
Ratio® 0.012 0.762 0.095 0.017
Total 245 21 169 236
#Ratio, cell number of different cell types/total cell number.

and differentiation of these cells that the tracheal
epithelium recovered from injury induced by 5-FU. The
previous study also indicated a causal role of Notch signal
in the maintenance of tracheal stem cells during tracheal

epithelium regeneration. To concretely demonstrate the regeneration of the tracheal epithelium.

role of Notch signalling in determining tracheal stem cell
fate, we pre-treated rat tracheas with DAPT or Jag-1 pep-
tide prior to 5-FU treatment. Tracheas cultured in medium

with

compared changes in ABCG2 protein expression levels

with respect to the group treated by 5-FU alone by immuno-
fluorescence. Haematoxylin and eosin stain was performed
on tissue sections from tracheas treated with and without
DAPT or Jag-1 to observe morphological changes during

Haematoxylin and eosin stain showed that immediately
after DAPT pre-treatment, the cell number in tracheal
epithelium decreased after 5-FU treatment, almost no

DMSO alone were used as vehicle controls. We cells remained within the basement membrane and no

recovery trend was observed (Fig. 8a and Table 6). In the
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Figure 8. Morphological changes in rat tracheal epithelium pre-treated with and without DAPT or Jag-1 observed by haematoxylin and eosin
stain. (a) After pre-treated by DAPT, the cell number in tracheal epithelium decreased obviously. After 5-FU treatment, almost no cell remained in
the basement membrane. No recovery trend was observed. (b) Immediately after Jag-1 pre-treatment, cilia cells appeared to decrease significantly.
After 5-FU treatment, more cells remained in the basement membrane compared with the group without Jag-1 pre-treatment. Twenty-four hours later, the
tracheal epithelium almost revert to its origin appearance. (c) Morphological changes in rat tracheal epithelium without pre-treatment during recovery

(original magnification x400).

Jag-1 pre-treatment group, the number of ciliated cells
seemed to decrease after culture with Jag-1 peptide, and
more cells remained in the basement membrane after
5-FU treatment compared with the control group. A similar
recovery process was observed as for the group treated by
5-FU alone, although the tracheal epithelium had almost
completely restored its original appearance at 24 h earlier
than the control group (Fig. 8b,c).

Immunofluorescence with anti-ABCG2 showed that
the expression of ABCG2 was not detectable after DAPT
treatment in the group pre-treated with DAPT (Fig. 9a).
In the group pre-treated with Jag-1 peptide, the number of
ABCG2-positive cells increased immediately after treat-
ment with Jag-1 peptide and a high expression level of
ABCG?2 was sustained compared with the control group
(Fig. 9b,c and Table 6).

The changes in the DMSO vehicle control group were the
same as the group treated by 5-FU alone (data not shown).

These observations indicate that blocking Notch
signalling prior to 5-FU injury leads to exhaustion of tra-
cheal stem cells and disruption of the recovery process.
Moreover, activating Notch signalling before injury mobilized
tracheal stem cells in normal rat tracheal epithelium and
promoted the recovery process.

Discussion

Immediately after treatment with 5-FU, the normally pro-
liferating tracheal epithelium desquamates, and only a
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few cells in resting phase of the cell cycle remain in the
basal membrane. It has been shown that the cells in
resting phase mainly include two types (34): terminally
differentiated cells that will never divide and ultimately
senesce, and stem cells that participate in tissue homeo-
stasis by returning to the cell cycle following stimulation.
It was previously shown that it is just through the prolif-
eration and differentiation of tracheal stem cells that the
tracheal epithelium returns to its original pseudostratified,
ciliated, columnar epithelial morphology (5). Although
tracheal stem cell has not been isolated succussfully till now,
the regeneration process of tracheal epithelium provides
insight into the proliferation and differentiation of tracheal
stem cells.

The expression of ABCG2, CK19, and PCNA pro-
vides insight into the proliferative and differentiative
statuses of the rat tracheal epithelium during recovery
from 5-FU-induced injury. Based on the expression of
these markers, the number of stem cell is likely to be low
in the untreated rat tracheal epithelium. In the early stages
of recovery from S5-FU-induced injury (0-6h),
number of stem cells increased rapidly, while the number
of differentiated cells increased slowly. In the late stages
of recovery (1248 h), the number of stem cell decreased
while the number of differentiated cells increased quickly,
especially after 24 h. PCNA expression remained relatively
high from 3 to 24 h and peaked at 6 h, indicating that in
both early and late stages of recovery, active proliferation
occurred among tracheal epithelial cells. This observation,
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Figure 9. The expression changes of ABCG2 in rat tracheal epithelium pre-treated with and without DAPT or Jag-1 examined by immuno-
fluorescence. (a) After pre-treated by DAPT, no ABCG2-positive cell was detected in tracheal epithelium. After 5-FU treatment, nearly no cell
remained in the basement membrane. (b) Immediately after Jag-1 pre-treated, more ABCG2-positive cells were detected than normal rat tracheal epi-
thelium. After 5-FU treatment, most of the cells remaining in the basement membrane were ABCG2-positive. Twenty-four hours later, tracheal epi-
thelium seemed to returned to its normal appearance and more ABCG2-positive cells were detected than the control group. At about 48 h, the number
of ABCG2-positive cells decreased than before, but were still more than that of the control group. (c) The expression changes of ABCG2 in rat tracheal

epithelium treated by 5-FU alone (original magnification x400).

combined with the changes in the number of stem cells
and differentiated cells during the recovery, suggests that
proliferation of tracheal stem cells to undifferentiated cells
was preponderant during the early stage, while proliferation
towards differentiated cell types was preponderant in the
late stage of recovery.

In the normal rat tracheal epithelium, expression of
N3ICD and Heyl was very low, suggesting that Notch
activity is low, and this may lead to slow self-renewal of
the normal tracheal epithelium. During the injury recovery,
changes in Notch activity were similar to changes in
expression levels of ABCG2 and PCNA; moreover,
immunofluorescence to the serial sections showed that
most ABCG2-positive cells were also Notch3-nuclear
positive which strongly suggesting that Notch signalling
pathway plays a correlative role in the maintenance of an
undifferentiated state and the promotion of proliferation
among a population of tracheal epithelial cells. Consistent
with this proposal, reduction of Notch signalling led to
reduced proliferation and increased differentiation of
tracheal stem cells; in contrast, persistent activation of
Notch signalling led to increased proliferation and reduced
differentiation of tracheal epithelial cells. As a conse-
quence, under both conditions, the tracheal epithelium
was unable to restore its normal structure at the same rate
as the group with intact Notch signalling. These observa-
tions suggest that intact Notch signalling pathway is
indispensable for the regeneration of tracheal epithelium

and play a causal role in the maintenance and proliferation
of tracheal stem cells.

Additional studies confirmed these conclusions.
Pre-treating normal tracheas with DAPT before 5-FU
treatment led to the exhaustion of tracheal stem cells,
leaving a shortage behind to participate in regeneration.
Similarly, pre-treating normal tracheas with Jag-1 prior to
5-FU treatment mobilized tracheal stem cells, and thereby
promoting the recovery process. These findings strongly
support the hypothesis that Notch signalling regulates
regeneration of the tracheal epithelium through regulation
of tracheal stem cell fate.

Notch signalling is activated by Jagged ligands expressed
on neighbouring cells. The expression of Jagged1 was up-
regulated and reached peak expression 6 h after removal
of 5-FU, and decreased gradually thereafter, returning to
normal levels by 48 h. Interestingly, changes in expres-
sion of Jaggedl mirrored changes in Notch signalling.
However, it is not clear why Jaggedl levels changed.
Notch signalling has been shown to interact with other
signalling pathways such as TGF-B and Wnt (35-38).
Recently, Jaggedl was shown to be a target of Wnt
signalling (39), suggesting a possible mechanism for
increased Jaggedl expression during early injury recovery
in our model. Immunofluorescence showed that most
Jaggedl-positive cells were interspersed with nuclear
Notch3-positive cells which is consist with the idea of
lateral inhibition (40,41). Interestingly, we also found that
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changes in Notch signalling mirrored changes in ABCG2
expression and most ABCG2-positive cells were also
Notch3 nuclear-positive cells during injury recovery;
meanwhile, most Jaggedl-positive cells were adjacent to
Notch3 nuclear-positive cells and distributed to the basal
side of the epithelium. These observations are consistent
with the results of others that cells with active Notch
signalling are stem cells, while those expressing Jagged
ligands were progenitors (42). Although future studies are
warranted, we predict that injury induces upstream signalling
causing up-regulation of Jaggedl, which in turn leads
to Heyl-mediated Notch signalling and changes in the
proliferation and differentiation of tracheal stem cells.
This process ultimately contributes to repair and injury
recovery in the tracheal epithelium.

Taken together, our data suggest a model in which
Notch signalling maintains the slow self-renewal and
homeostasis of the normal tracheal epithelium. After injury
induced by 5-FU, however, the injury recovery process is
achieved through the proliferation and differentiation of
tracheal stem cells. This process appears to be regulated
by a complex signalling network, including the Notch
signalling pathway, which is critical for maintaining
an undifferentiated state and promoting the undiffer-
entiated proliferation among a population of tracheal
epithelial cells.
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