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Figure 22- continued
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Figure23.0Overexpression of CGRP in SMGs induces proliferation of
glandular progenitor cells. Mouse tracheas were exposed by midline
incision and the exterior of the trachea was infected with recombinant
adenovirus (1 x 10" particles) expressing CGRP (Ad.CGRP) or a
control virus lacking a transgene (Ad.Control). At 7 days post-infection,
mice were pulsed with BrdU by i.p. injection for 2 hrs and tracheas
were harvested and immunostained for CGRP and BrdU. (A, B)
Collages of tracheas from (A) Ad.Control and (B) Ad.CGRP infected
animals stained for CGRP (green) and BrdU (red). DAPI was used to
label nuclei. Top panel represents the BrdU channel alone and bottom
panel represent the three channel merged channels. C1 and C2 depict
cartilaginous ring 1 and 2; SAE, surface airway epithelium; * SMG
region; red arrowheads mark BrdU positive cells in the SAE. (C-F) C, D
and E, F are higher-magnification views of the boxed regions in A and
B, respectively. Note that panel E has been flipped horizontally to
avoid label masking of BrdU positive cells. (G) Quantification of CGRP
expression by ELISA of trachea extracts from animals infected with
Ad.CGRP or Ad.Control virus (mean +/-SEM, N=4 animals for each
group). (H) Quantification of BrdU labeled nuclei in the SAE and SMGs
following infection of the trachea with Ad.CGRP or Ad.Control virus
(mean +/-SEM, N=5-7 animals for each group). Differences between
marked groups were significantly different using the Student’s t-test (1
p<0.002; * p<0.006). Micron bars: A and B = 100 um; C-F = 25 um.
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Figure24.CGRP alters colony-forming efficiencies of tracheal progenitors
cells in vitro. In vitro colony forming efficiency assays were performed
using mixed cultures of ROSA-26-LacZ and wild type non-transgenic
mouse primary tracheal epithelial cells (1:99 ratio, respectively) in the
presence and absence of 100 nM CGRP. Mixed primary tracheal
epithelial cells were seeded onto collagen-coated Millicell in the
presence of absence of 100 nM CGRP for the first two days of growth.
Growth media was then changed (devoid of CGRP) and cultures were
allowed to expand for an additional 4 day prior to moving to ALI. After
2 weeks in ALl culture, Millicell filters were stained in X-gal and
collages of the entire filter were quantified for number and size of
colonies using Metamorph software. Examples of colony sizes
quantified are given in the top panel. Right side of graph shows the
distribution of various sized colonies for CGRP-treated and untreated
cultures. Left side of graph shows the average total number of colonies
per Millicell filter for each condition. Data represents the mean +/-SEM
for N=5 independent cultures for each condition. Differences between
marked groups were significantly different using Student’s t-test (*
p<0.05).
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Figure25.0nly a small fraction of glandular LRC progenitors express CGRP
receptor components CLR and RAMP1. Wild type mice were injured
with naphthalene and pulsed labeled with BrdU on day 1, 3, and 5
post-injury. At 60 days following naphthalene injury, tracheas were
harvested for co-localization of BrdU with CLR (A-C, G) or RAMP1 (D-
F, H). C and D are higher-magnification views of the boxed regions in
A. E and F are higher-magnification views of the boxed regions in D.
Single channel images are marked for the various antigen being
detected. Arrows mark examples of BrdU'CLR" and BrdU'RAMP1*
double positive cells. SAE, surface airway epithelium; SMG
submucosal glands. Morphometric quantification of five independent
animals demonstrated that BrdU'CLR" cells were 5.4+/-0.2% of total
LRCs and BrdU'RAMP1" cells were 1.4+/-0.5% of total LRCs. All
values represent the mean +/-SEM. Micron bars: A, D = 100 um; B-F =
50 um, G and H = 25 um.
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Figure26.Working model for CGRP regulation of CFTR-dependent airway
gland functions. SMG secretions are controlled by parasympathetic
and sympathetic innervation from the central nervous system (CNS).
Afferent nerve fibers sense changes in the airway and SMGs, while
efferent nerve fibers carry regulatory signals away from the CNS to the
airways and SMGs. (A) In the uninjured homeostatic state, nerves
produce little CGRP (purple circles), which maintains low level CFTR
dependent fluid secretion and quiescent LRC progenitors (light green).
(B) Following airway injury, sensory neurons send signals to the CNS
to enhance CGRP production, which then simulates CFTR dependent
glandular fluid secretion and likely protects the airway from secondary
infection. Enhanced CGRP expression also signals glandular LRC
progenitors to enter the cell cycle and produce transient amplifying
cells (dark green) that affect airway repair. Since CGRP expression is
transient, slowly-cycling progenitor cells maintain their phenotype
within the glandular niche. As shown, the signal to active replication of
LRCs is mediated through a second unknown mitogen (small blue
circles), since CGRP receptors are very infrequently observed on
LRCs. (C) In the CF airway, impaired homeostatic SMG secretions
(due to the lack of CFTR) inform the CNS to enhance CGRP
production at sites of SMG innervation. Since there is no CFTR to
stimulate secretions, feedback signals for production CGRP remains
abnormally high. Prolonged induction of CGRP leads to sustained
mitogenic signals in the glandular LRC progenitor niche and this
dysregulation leads to adaptive LRC niche expansion in the SAE
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Discussion

Cystic fibrosis is characterized by repeated injury/inflammation to the
airways of the lung due to chronic bacterial infection. In this setting of continuous
insult, the CF lung has increased pressure to regenerate the airway epithelium
(71). Currently, it is unclear whether progenitor cell niches in the CF lung are
altered as a result of this repetitive injury. SMGs in the proximal airway is one
potential progenitor cell niche that may be affected by CF lung disease, since this
region is defective in CFTR-mediated fluid secretion and undergoes phenotypic
cellular changes with disease progression (i.e., mucous cell hypertrophy). The
study described here demonstrates that the biology of the CF mouse tracheal
SMG progenitor cell niche is indeed altered by the compensatory induction of
CGRP, an activator of CFTR and regulator of CFTR-dependent glandular
secretions. Glandular induction of CGRP was also observed in CF human, pig
and ferret tissues. | also observed that airway injury induces glandular
expression of CGRP in wild-type mice and that CGRP promotes glandular
progenitor cells to divide. Thus, our findings suggest CF SMGs encounter
sustained mitogenic pressure—caused by compensatory elevations in CGRP
expression—that leads to adaptive functional changes in slowly-cycling
progenitor cells of the mouse trachea.

Several new findings in this report lend further support to the notion that
SMGs in the wild-type mouse trachea serve as niches for slowly-cycling
progenitor cells, as first suggested by Borthwick et al. and Engelhardt (13, 30).
First, the CFE index for the proximal glandular region of wild-type mouse trachea
was significantly higher (6-fold, p<0.001) than that for the distal portion of the
trachea (which lacks SMGs). These findings support the notion that progenitor

cells with a high capacity for expansion are enriched in the glandular region of
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the wild-type trachea. Second, our findings demonstrate ~10% glandular LRCs
re-enter the cell cycle (as indexed by IdU/CIdU sequential labeling and Cyclin D1
expression) following a second naphthalene injury—consistent with the
classification of at least a subpopulation of glandular LRCs as progenitors.
Lastly, sequential IdU/CIdU labeling experiments following repeated injury
demonstrat that LRCs retain both nucleotide labels after extended wash out
periods, demonstrating that they remain slowly-cycling in the setting of repetitive
injury. Cumulatively, these in vivo and in vitro results support the notion that
SMGs harbor slowly-cycling progenitor cells for the mouse tracheal airway.

Two pieces of evidence suggest that CFTR knockout mice have an altered
glandular progenitor cell niche. First, only 8% of tracheal LRCs localized to the
SMGs of CFTR™ mice, as compared to 61% for CFTR"" mice. These changes
were accompanied by a redistribution of LRCs along the proximal to distal axis of
CFTR™ mouse tracheas, with 30% of CFTR”" LRCs residing in the C1-C2 region
of the trachea (the majority residing in the SAE) as compared to 96% of CFTR*"
LRCs in this same C1-C2 region (with most residing in the SMGs). Notably,
although the positioning of LRCs in CFTR" and CFTR'" mice relative to the
tracheal cartilaginous rings differed significantly (p<0.0001), the total number of
LRCs per trachea was similar in the two genotypes. Second, CFE studies
demonstrated a genotype-specific change in the distribution of tracheal
progenitor cells capable of forming large colonies in an in vitro polarized airway
epithelium. Similar to results on the LRC index, the proximal portion of the
trachea from CFTR" mice is characterized by the highest CFE index, with a
significant decline in the distal trachea (6-fold; p<0.001). By contrast, in CFTR"
tracheas the CFE index of the proximal and distal segments did not differ
significantly. Moreover, the total number of large colonies formed from an entire

trachea did not differ significantly between the two genotypes. Like the findings



129

on the LRC distribution index, these CFE studies also point toward a change in
the distribution, rather than the abundance, of highly proliferative tracheal
progenitor cells in the two genotypes. Thus, it appears that the number of
tracheal progenitors, as indexed by BrdU label retention and CFE assay, is
similar in the two genotypes, despite the difference in localization. These
findings support the formation of a facultative progenitor cell niche in the SAE of
CF mice.

Several findings support a model whereby compensatory induction of
CGRP in CF SMGs leads to alterations to the SMG progenitor cell niche (Figure
26). First, CGRP activates CFTR in airway epithelia and SMGs and thus,
elevations in CGRP expression of CF SMGs are consistent with neuronal
feedback regulation due to defective CFTR. Second, while the relevant source of
CGRP is not yet known, the finding that CGRP acts on the basolateral surface of
airway epithelia is consistent with the anatomical sites of autonomic nerve fibers
that release neuropeptides, such as CGRP. Most nerve fibers that innervate the
airways are supplied from the vagus nerve, with cell bodies in the jugular and
nodose ganglia and central projections to the medulla (10, 15). Some innervation
is also provided from dorsal root ganglia. Over-stimulation of sensory nerve
endings in CF airways and SMGs, due to the lack of functional CFTR, might
account for the observed induction of CGRP. Third, expression of recombinant
CGRP in wild-type mouse SMGs induces proliferation of glandular progenitors
and following airway injury, the transient induction of CGRP correlates with cell
cycle entry of glandular progenitor cells in wild-type mice. These findings,
coupled with the effects of CGRP on CFE indexes, suggest that CGRP acts as a
mitogen for slowly-cycling progenitors to expand toward transient amplifying
progenitors with limited capacity to divide. Thus, | propose a model (Figure 26)

where elevated and sustained expression of pro-mitotic CGRP in CF SMGs
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alters the niche milieu to be incompatible with the maintenance of slowly-cycling
progenitor cells. Interestingly, the mitogenic effect of CGRP on guinea pig
tracheal epithelial cells has been shown to be lost after three days of exposure
(127), supporting the notion that sustained CGRP signals in CF SMGs could alter
the phenotype of slowly-cycling progenitor cells in the glandular niche.

The finding that CFTR-knockout mice expand niches for slowly-cycling
progenitors in the SAE is intriguing. A subset of basal cells in the SAE of mouse
trachea have also been proposed to be multipotent progenitors and to also have
the ability to retain a slowly-cycling phenotype (39, 107). It remains unclear if
alterations in the anatomical location of slowly-cycling progenitor cells in CFTR-
knockout mouse tracheas are the result of amplification of resident slowly-cycling
basal cell progenitors in the SAE and/or relocalization of slowly-cycling
progenitors out of the submucosal glands. | favor a model where both the SAE
and SMGs can function as facultative progenitor cell niches depending on the
extent of airway injury. In this setting, SMGs serve as a reservoir for slowly-
cycling progenitors in the face of significant airway injury and denudation. Thus, |
feel the most likely explanation of our finding in CF mice is an amplification of the
resident SAE basal cell progenitor niche due to persistent mitogenic pressure in
the SMG progenitor cell niche caused by maladaptive upregulation of CGRP. In
this setting, CFTR would not directly play a role in regulating progenitor cell
phenotype, but rather CGRP pathways that control CFTR-dependent gland
secretions become abnormally elevated with the dysregulated consequence of
altering the glandular progenitor cell niche.

CGRP is expressed and secreted by pulmonary neuroendocrine cells
(PNECs)—which are clusters of cells composed of Neuroendocrine bodies
(NEBs) in the SAE. Interestingly, NEBs have also been associated with the

bronchiolar stem cell niche, and undergo reactive hyperplasia following
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naphthalene injury (50), leading to the expansion of CGRP-expressing PNECs.
Enhanced production of CGRP in both the distal airway NEBs and SMGs
following injury is noteworthy and suggests CGRP may provide pro-mitotic
signals to progenitors in both compartments. The mechanism by which CGRP
induces slowly-cycling SMG progenitor cells to divide remains unclear. However,
localization of CLR and RAMP1 co-receptors for CGRP on slowly-cycling
glandular LRCs suggest two potential mechanisms. First, CGRP may stimulate
niche resident non-progenitor cells to secrete factors that act in a paracrine
fashion to induce slowly-cycling glandular progenitor cells to divide. This
hypothesis is supported by the finding that CLR" and RAMP1" LRCs represented
only 0.021% and 0.0055% of total glandular cells, respectively, a 19-71 fold
reduction in abundance compared to the frequency of glandular LRCs (0.39% of
total glandular cells). However, since only ~10% of LRCs re-enter the cell cycle
following a second injury based on |dU/CIdU sequential labeling, an alternative
hypothesis could be that low abundance CLR'RAMP1" LRCs represent a subset
of LRCs capable of re-entering the cell cycle following direct stimulation by
CGRP. However, | feel this second scenario is less likely since the maximal
potential frequency of CLR'/RAMP1" LRCs in SMGs (0.0055% if all RAMP* LRCs
are also CLR") is 6.7-fold less than the observed frequency of cycling LRCs (i.e.,
IdUCIdU") in glands following a second injury (0.037+/-0.005%). A definitive
conclusion to this question will require the generation of new CGRP receptor
antibodies compatible with co-localization of CLR and RAMP1.

In conclusion, our findings provide new insights into the function of CGRP
in the injured airway by demonstrating that this neuropeptide controls both
CFTR-mediated glandular secretion and proliferation of glandular slowly-cycling

progenitor cells. Importantly, compensatory hyperactivation of glandular CGRP in
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CF imposes changes to the glandular progenitor cell niche that may have

implications for airway injury and repair in the setting of chronic lung infection.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

Future Directions

In this thesis, | focused on the development of airway submucosal glands
and their role in disease progression in CF. For the first part of my studies, |
found that Sox2 inhibits Lef-1 expression in early gland formation. However,
Sox2 likely plays a dynamic role throughout the development of SMGs in the
airway, and knocking out Sox2 at different stages during SMG morphogenesis
could shed light on the mechanisms of transcriptional regulation in maturating
glands. One approach for achieving stage-specific deletion of Sox2 in SMGs
compartment would be to use a transgenic mouse harboring a Cre recombinase-
expressing transgene driven by a cell-specific promoter. Several commercially
available mouse strains contain a transgene expressing a fusion product
involving Cre recombinase and a mutant form of the mouse estrogen receptor
ligand-binding domain (CreERT2). The mutation results in the binding to the
synthetic ligand, 4-hydroxytamoxifen (tamoxifen), but not the natural ligands.
After exposure to tamoxifen, CreERT2 protein will move to nuclear compartment
and perform its function. Cytokeratin 14 (Krt14) is a well-established airway
epithelial basal cell marker and is expressed in basal cells in the SAE as well as
in glandular structures beginning as early as the PGP stage. A transgenic mouse
that has CreERT2 driven by the cytokeratin 14 promoter (Krt14:CreERT2
,005107, The Jackson Laboratory) would be useful to achieve gland-specific

expression of Cre. By breeding Krt14:CreERT2 mice with Sox2°ONP/cONP

mice,
one could examine how Sox2 regulates stage-specific changes in Lef-1
expression in vivo. | expect that knocking out Sox2 in basal cell compartment will

enhance expression of Lef-1, which may cause overgrowth of SMGs. The first
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step of planning this experiment was to confirm the functional CreERTZ2 does
express in the Krt14 specific compartment and | initiated these experiments. |
would first bread Krt14:CreERT2 mice to a Cre reporter mouse strain called
floxed Rosa26-LacZ mice (003309, The Jackson Laboratory). After tamoxifen
treatment, offspring should express CreERT2, which results in the incision of
a loxP-flanked DNA segment and allows expression of the lacZ gene. However, |
found that there is no LacZ expression in airways and lung. There are several
explanations. First, the engineered Krt14 promoter may not recapitulate
endogenous cytokeratin14 promoter activity, leading to an aberrant Cre
expression pattern. Second, the Krt14 promoter may have low activity in airway
After performing these experiments, | subsequently found out that others in the
field were also have difficulty using Krt14:CreERTZ2 mice to drive recombination
in the SAE. There is another transgenic mouse available, using human Krt14
promoter to drive constituently expression of Cre (004782, The Jackson
Laboratory). Such mouse strain expresses functional Cre in basal compartment
of many epithelial appendages such as mammary glands, hair follicles and oral
epithelium, which indicate the high fidelity to the endogenous Krt14 expression
(17, 18, 37, 44). This transgenic line could also be tested in the future for Cre
expression in airway. Second, a constitutively active promoter, Rosa26 promoter,
could be used as an alternative to Krt14 promoter to globally drive expression of
CreERT2 at temporally defined stages of SMG development. Promisingly, the
Rosa26:CreERT2 mice (01XAB NCI-Frederick) has been shown to successfully
induce Cre-recombination in the adult mouse airway upon tamoxifen treatment
(122). Third, the level of Cre expression in the airway could also depend on the
copy number of the Cre transgene harbored in each of the above K14 mouse
strain. This could be evaluated by Southern blotting of tail DNA from each of the

K14:Cre lines and if necessary used to guide the formation of new more suitable
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lines for the future studies. Alternatively, generating a BAT-CreERT2 transgenic
line, may more selectively expression Cre within the PGP. This line would likely
be most suitable for deletion of Sox2, as it would reduce secondary off-target
effects. Lastly, the pharmacokinetics of tamoxifen metabolism and methods of
delivery will need to be taken into consideration. Since the conducting airways
are highly cartilaginous and are not abundantly vascularized, intraperitoneal
injection (i.p) of tamoxifen may be not as good as local delivery such as
aerosolization.

In addition to the regulation of Lef-1 by Sox2 during SMG development, it
is also important to understand how canonical Wnt signaling regulates Lef-1
expression and how that controls the formation of PGPs. Both Tcf4 and Lef-1
expression is confined to the PGPs in neonatal airway. The presence of these
transcription factors at such a plastic stage in glandular development and their
disappearance during glandular differentiation may implicate their roles in
establishing functional tracheal SMGs and the residence of airway glandular
progenitor cells. It is known that Lef-1 deficient mice are defective in SMG
maturation and abort gland development early during morphogenesis (25). Tcf4
knockout mice show no abnormalities of PGPs initiation (unpublished data from
Engelhardt Lab). However, Tcf4 can synergistically enhance Lef-1 transcription
upon Wnt activation. These studies raise two important questions. The first
question is whether Tcf/Lef-1 is required for maintaining multipotent glandular
progenitors in PGPs. Since matured SMGs have been observed to provide a
stem/progenitor cell niche for injured airways, it is also important to understand if
Lef-1 is induced in glandular stem cells following injury or whether its sustained
expression is required for stem cell maintenance. In this regard, Lef-1 may
regulate multipotency in progenitors or, alternatively, may drive replication of

glandular transient amplifying progenitors during airway repair following injury.
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There are two approaches that can test how Lef-1 is involved in regulating
progenitors during later stages of SMG development and following injury. First,
the Engelhardt laboratory has engineered a transgenic mouse strain expressing
a Lef-1 promoter-driven TK-eGFP fusion protein (Lef-1:TK-eGFP), which renders
Lef-1 expressing cells susceptible to ablation by the administration of ganciclovir.
One could selectively ablate Lef-1 expressing cells at defined stages of SMG
development and examine how the loss of Lef-1 expressing cells influences
label-retaining cell (LRC) expansion following airway injury. If Lef-1 expression in
glandular stem cells was require to maintenance of glandular LRCs, one would
expect this cell phenotype to disappear following ganciclovir treatment and
airway injury and perhaps an adaptive LRC niche to form in the SAE as in CF
mouse airways. The second approach is using Lef-1 promoter-Cre transgenic
mice (77). Once crossing such strain with Floxed Rosa26-EGFP CRE-reporter
mice, one could isolate those viable Lef-1 expressing epithelial cells by FACS
sorting and perform in vitro differentiation assay or testing the multipotency of
these cells by seeding onto the denuded trachea using xenografts models.

My studies showed that a small percentage of the LRCs in SMGs are
capable of re-entry into the cell cycle following a second injury. However, to
conclusively demonstrate these cells are true stem cell, lineage-tracing
experiments must be carefully performed to demonstrate these cells have the
capacity to differentiate to multiple cell lineages in vivo. Such studies will require
elaborately regulated transgenic models to irreversibly mark LRC stem/progenitor
cells and track their progeny following airway injury. To achieve specificity for
marking glandular stem/progenitor cells, future studies will need to isolate viable
glandular LRCs and identify markers specific for this population of cells capable
of engineering new transgenic lines with LRC-specific promoters. Comparative

expression analysis between label-retaining and non-label-retaining cell
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populations using gene-arrays may reveal specific cellular markers for the
stem/progenitor cell population, which can be used for enrichment of airway stem
cell in vitro or cell lineage tracing experiments in vivo. Recently, tetracycline-
inducible Histone2B-GFP mice were developed for identifying stem/progenitor
cells in many organs such as skin, liver, pancreas etc. (14, 35, 105, 119). Such
transgenic mice globally express GFP under the direction of an tetracycline
inducible promoter. The fluorescent label is partitioned to daughter cells during
mitosis and thus only slowly-cycling cells will retain detectable levels of the
nuclear label following long chase periods. These transgenic mice can be used to
isolate viable LRCs from the SMGs to study their phenotype.

Little is known about how epithelial and mesenchymal signals initiate
stem/progenitor cell proliferation in the SMG niche following airway injury. In my
thesis, | found that CGRP is induced within SMGs to activate CFTR-mediated
glandular secretion following airway injury and that that CGRP also induced
stem/progenitor cell proliferation. This mechanism of CGRP-mediated glandular
injury responses is perturbed in the CFTR knockout mouse with high levels of
CGRP expression in the absence of injury and no significant change in levels of
CGRP after injury. Similar findings of elevated CGRP expression were also
observed in CF human, pig, and ferret SMGs. | hypothesized that CF airways
attempt to compensate for the lack of CFTR activity by constitutively secreting
CGRP, which also disrupts the airway SMG stem/progenitor cell niche. This
dysregulation of CGRP secretion appears to result in a reduced ability for SMG
progenitor cells to proliferate following injury and facultative LRC niche formation
in the SAE of CF mice. Although one could hypothesize that CF SMG LRCs are
rapidly cycling and thus rapidly dilute their nucleotide label, my functional in vitro
CFE assays assessing the abundance of highly proliferative stem/progenitors in

the tracheas of CF and non-CF mice did not support this second hypothesis. It
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will be also important to test whether reducing CGRP function will correct the
aberrant CF glandular stem/progenitor cell niche. To access this question, one
will need to develop an efficient way to inhibit CGRP action. This could be
performed using CGRP antagonists that are readily available for the treatment of
migraines. However, interpretation of this experiment may be difficult since
CGRP expressing neuroendocrine bodies (NEBs) are a necessary component of
distal airway stem cell niche. Thus, inhibition of CGRP function may correct the
dysfunctional glandular stem/progenitor niche in proximal airway while also
causing dysfunction in the distal airway niches.

Lastly, there are distinct differences with airway secretions between CF
patients and healthy individuals. However, preliminary comparative analysis of
the components within airway fluid from various CF species has just started.
These studies will take advantage of mass spectrometry not only for screening
potential biomarkers for early development of CF, but also for identification of
potential causes for disrupting CF airway. The results from this screening study
will have to be further confirmed by the immunostainings and in situ
hybridizations. The identification of unique secreted factors from CF SMGs may
help to better characterize the SMG stem/progenitor cell mitogen that appears to
act down stream of CGRP to induce proliferation. The conclusion that an
unknown mitogen acts downstream of CGRP is based on the fact that CGRP
receptor components are poorly expressed in the LRC, thus suggesting that
CGRP does not act directly on the LRC stem/progenitor cells of SMGs.
However, to definitely make this conclusion, localization of other CGRP receptor

isoforms is required.

Summary and Conclusion
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Evidence suggests that airway submucosal glands serve as a
stem/progenitor cell niche in the upper airway (13, 30, 75, 76). The development
of SMGs requires interactions between early progenitor cells in PGPs and
neighboring mesenchymal tissues. The coordinated expression of Lef-1 and
other Tcf factors in progenitor cells is a response to Wnt signals and other signal
transduction events. In this context, it is important to know how Lef-1 expression
is regulated. In the second chapter of this thesis, | demonstrated that airway
PGPs are highly responsive to Wnt/g-catenin stimulation whereas neonatal
surface epithelial cells do not have activated Wnt/f3-catenin signaling.

There are several potential mechanisms that could explain these
observations. First, there could be an intrinsic inhibitory mechanism that
represses Wnt/B-catenin signaling responses in surface epithelial cells. Second,
Whnt protein secretion may be locally constrained around PGPs and not diffuse to
the neighboring surface epithelial cells. However, visualizing in vivo localization
of secreted Wnts is quite challenging due to a lack of suitable antibodies for all
of the secreted Wnt proteins. The localization of Wnt receptors may be an
alternative way to address these questions.

Interestingly, Lef-1 expression is very dynamic in the first few days of
neonatal airway development. It is expressed in airway PGPs, which are highly
proliferative sites of SMGs development. Lef-1 expression abates as PGP
mature into more differentiated glands. | chose to study the transcriptional
regulation of Lef-1 expression because Lef-1 is essential for proper airway
glandular development. In this light, | worked to characterize potential factors that
could influence Lef-1 expression by regulating Lef-1 promoter activity.
Interestingly, in my preliminary research | found that the Lef-1 promoter contains

at least three consensus DNA binding sites for Sox family transcription factors.
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Identifying several Sox family DNA binding sites within the Lef-1 promoter
suggested roles of Sox proteins in regulation of Lef-1 expression during SMG
morphogenesis. There are 20 known members within the Sox family in the
human and mouse. Immunolocalization of individual Sox protein were performed
by previous Engelhardt laboratory members, which indicated that only a subset
of Sox proteins likely played a role in SMG development. Sox17 and Sox2
provoked the most attention due to the fact that both Sox17 and Sox2 were
selectively expressed in the SAE where Lef-1 is minimally expressed, and these
Sox proteins also can inhibit Wnt signaling by directly binding to p-catenin.
However, less is known whether these two Sox proteins can directly regulate Wnt
responsive genes by binding to their promoters. To this end, | tested the
hypothesis in polarized mouse primary airway epithelium and found that knock-
down of Sox2 expression lead to enhanced Lef-1 expression at the mRNA level.
In addition, the results demonstrated that overexpressing Sox2 significantly
inhibited the induction of 2.5Kb human Lef-1 promoter activity by p-catenin,
which can be explained by the fact that Sox2 directly binds on several sites on
this promoter region. Overall, both observations lead to the same conclusion that
Sox2 is an inhibitory factor that negatively regulates Lef-1 expression in SAE.

In the neonatal airway, Sox2 and Lef-1 are expressed in discrete
compartments. Sox2 is abundantly expressed in the SAE, whereas Lef-1 is
selectively expressed in PGPs. Data collected from the transgenic Wnt-reporter
mouse strain, BATgal mice, suggested that f-catenin activation is also confined
to PGPs. These spatially-restricted patterns of expression, together with the
finding that deletion of the Sox2 gene induced Lef-71 mRNA expression in airway
epithelia, directed us to further study how Sox2 regulates Lef-1 transcription. To
confirm that Sox2 binds to the putative binding sites on the Lef-1 promoter, |

performed a ChIP assay and found that Sox2 binds to several locations on the



141

endogenous Lef-1 promoter in A549 cells, a human lung carcinoma cell line.
Endogenous Sox2 bound to only two regions containing putative Sox binding
sites. However, when Sox2 was overexpressed, it bound to three regions
containing putative Sox binding sites as well as several regions containing
consensus-binding site for Tcf factors. All of these binding sites were associated
with Tcf/p-catenin binding as observed by others, suggesting that Sox2 may
either form a transcriptional complexes with Tcf/g-catenin or alternatively
compete for Tcf binding at these sites. However, it is difficult to confirm the exact
binding sequence in these locations because the resolution of the ChIP assay is
only about 200bp.

| also performed a DNA-protein binding assay in a reconstituted system.
Using synthetic oligonucleotides containing wild type or mutated putative Sox2
binding sequences, | confirmed that purified Sox2 protein strongly bound to 2 out
of the 3 Sox2 consensus binding sites (S2 and S3) and also 2 of the 5 Tcf
consensus sites (T1 and T2). Interestingly, | found that the Sox2 consensus-
binding site near the 5’ end of the tested Lef-1 promoter region (S1) does not
sufficiently bind Sox2 by its own, but it does interact with the neighboring Tcf
binding site (T1), which synergistically enhances Sox2 binding to the location
(T1/S1) from —2693 to —2645 upstream of TSS. The same binding mechanism
was found on two adjacent Tcf binding sites (T3/T4) from -2254 to -2234 on the
2.5Kb Lef-1 promoter region. DNA-protein binding assay were also performed
using two mutated Sox2 (mMSox2M49A and mSox2L97P) bacterial recombinant
proteins. Each of the mutated Sox2 protein harbors one point mutation in the
HMG domain to disrupt its ability to bind DNA. Such studies confirmed that Sox2
directly binds several consensus sequences on the Lef-1 promoter and such
binding requires a functional HMG domain. These findings suggested several

mechanistic possibilities: 1) Sox2 could form negative regulatory complexes with
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Tcf factors and p-catenin through the recruitment onto the both consensus Sox
binding sites as well as consensus Tcf binding sites; 2) Sox2 could also compete
Tcf/p-catenin complex binding onto Tcf consensus binding sites; or 3) Alterations
of local chromatin structure caused by assembling different transcription factors
into multiprotein complexes could influence gene transcription. Thus, Sox2
binding to the Lef-1 promoter could alter chromatin structure to become less
favorable for transcription. Considering that the HMG domain of Sox2 can
imposes DNA bending, levels of Sox2 on the Lef-1 promoter could also modulate
transcription by altering topology between the Sox proteins and other
transcription factors such as Tcfs. Future experiments, such as ChIP-ChIP assay
and more intensive promoter mutagenesis studies will have to be performed in
order to test these interesting hypotheses.

In this thesis, | performed the functional mutagenesis studies of the three
Sox consensus-binding sites (S1, S2 and S3) in the 2.5Kb Lef-1 promoter.
Interestingly, with all three mutations the baseline activities of Lef-1 promoter all
significantly increased, suggesting that these binding sequences are all
repressive in the absence of p-catenin signaling. Most importantly, the results
demonstrated that mutagenesis of S3 within the 110bp Wnt-response element
(WRE) most significantly impairs the ability of Sox2 to inhibit f-catenin dependent
Lef-1 promoter transcription. This finding is consistent with the earlier
demonstration that the WRE serves as repressor of Lef-1 promoter transcription,
while also necessary for Wnt-mediated induction. By contrast, S1 and S3
mutations retained Sox2-mediated repression of $-catenin dependent activation
of Lef-1 promoter.

Taken together, my work has made it possible to assemble a model of a
molecular pathway for the regulation of the Lef-1 promoter during airway SMG

morphogenesis. In this model, Wnt signaling leads to stabilized transcriptional {3-
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catenin in multipotent progenitor cells that form the glandular placode. In these
primordial glandular progenitor cells, Wnt-mediated induction of Lef-1 expression
is required for initiating further SMG formation and maturation. However, in the
SAE Wnt/B-catenin activation is repressed by Sox2 expression. The inhibition of
Lef-1 expression in the SAE may spatially control PGP formation during airway
development. This model provides evidence of a negative regulatory mechanism
that controls Lef-1 transcription, which adds complexity to the current concepts of
Lef-1 regulation and airway development.

The most important concept established in this thesis is that airway
submucosal glands can function as a stem/progenitor niche for the proximal
airway in mice. Better understanding SMG developmental biology will elucidate
the characteristics of proximal airway stem cells by identifying the early
progenitor cells important in establishing the SMG stem/progenitor cell niche and
the molecular cues required to maintain multipotency in this unique cell
population. First, | have reported that BrdU label-retaining cells (LRC), a
phenotype of slowly-cycling stem/progenitor cells, can proliferate and expand
from gland ducts in mouse trachea following injury. Second, | also reported that a
subset of LRCs could reenter the cell cycle following airway injury and retain their
slowly-cycling phenotype. What mechanism(s) do these stem/progenitor cells
utilize to respond to injury in such an efficient manner? This question is of
general interest for understanding diseases progression and finding potential
target for gene therapies.

Injury is required to study stem/progenitor cell responses in the airway
since these cellular compartments rarely enter the cell cycle. For example, using
i.p injection of naphthalene, a drug that kills Clara cells, | was able to sufficiently
disrupt the surface epithelium and induce massive airway cell proliferation in

throughout the trachea. Such severe damage accelerated cellular turnover from
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24 hours to 14 days post injury. In this time period, the proliferating cells
generally include not only stem cells, but also the transient amplifying progenitor
cells. Both cell population can incorporate BrdU during proliferation, but only the
slowly-cycling stem cell can retain BrdU after a long period of time (i.e. 90 days
post injury). In the third chapter of my thesis, | asked if all the LRCs are true stem
cell, and if not could | narrow the search further to a more specific subset of
LRCs? The central idea was that if BrdU-labeled LRCs are stem cells, they must
be capable of reentering the cell cycle following a second injury. This experiment
required two distinguishable nucleotide analogs (CldU and IdU) that can be
detected by immunostaining using two different antibodies. | have reported that
0.39% of total airway glandular cells retain |dU after 90 days following the first
naphthalene injury similar to the previous study using BrdU. Only approximately
10% of these IdU retaining cells (or 0.037% of total cells) were able to
incorporate and retain CldU for 35 days following the second naphthalene injury.
These data suggest that the LRC population contains bona fide slowly-cycling
stem/progenitor cells capable of re-entry into the cell cycle. However, | could not
conclude these cells are stem cells since | did not evaluate multi-potency for all
airway cell types. This will require purification of these cells and seeding into
denuded tracheal xenografts or lineage tracing.

Along with characterizing the stem/progenitor cells in wild type murine
airways, | also attempted to elucidate the role of the stem/progenitor cells in CF
airways. Since CFTR is highly expressed in airway SMGs, and CF airways are
deficient of CFTR-dependent secretion, | asked whether CF SMGs can still serve
as a stem/progenitor niche. My investigations have revealed that in the wild type
airways, the majority of LRCs are localized within the glandular region of the
proximal mouse trachea, but in the CF airways, LRCs localized to the SAE and

were more evenly distributed across the entire length of the trachea. The
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localization of airway stem/progenitor cells were altered in CF airways,
suggesting that the sustained defects of CFTR-mediated secretion in SMGs
leads to an adaptive rearrangement of slowly-cycling stem/progenitor cells to the
SAE. Since mitotic cell labeling to establish LRCs requires naphthalene injury, |
questioned whether this aberrant pattern of LRCs in CF airways is caused by the
naphthalene treatments. In order to approach this question, | developed a colony
formation efficiency (CFE) assay, which is design to evaluate the proliferative
capacity of a cell population by indexing the size and numbers of colonies that
originate from a mixes population of cells. It is believed that stem/progenitor cells
are able to produce significantly larger colonies than more terminally
differentiated cells due to the greater proliferative potential. By dissecting
tracheae into two pieces—proximal fractions (Cartilages 1 to 6), which contain
the SMGs in mice and distal fractions (Cartilages 7 to 13), | was able to evaluate
proliferative capacity of primary epithelial cells from these individual fractions. My
findings demonstrated that in wild type tracheae there are significantly more large
colonies formed from the proximal trachea than from the distal trachea. However,
in CF tracheae there is no significant difference in the number of large colonies
formed from the two segments. Taken together, these data suggest that
stem/progenitor cell localization within the murine trachea is influenced by CFTR-
related activity, and a lack of CFTR-dependent secretion results in dysfunction of
the glandular stem/progenitor niche and a relocation of these stem/progenitor
cells to the SAE along the length of the trachea.

The next intriguing question is what has been changed in CF airway that
can alter the SMG stem/progenitor cell niche in CF airways. It is well known that
several neuronal peptides, including substance P (SP), vasoactive intestinal
peptide (VIP), and calcitonin gene—related peptide (CGRP), are released in

SMGs to regulate serous secretions. | decided to evaluate if the level of these
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neuropeptides changes in CF SMGs from four species, including human, mouse,
ferret, and pig. By immunolocalization, | found only CGRP was constitutively
elevated in CF SMGs in all four species. Further investigation also demonstrated
that CGRP induces CFTR-dependent chloride current in airway epithelia and
SMG fluid secretion supporting the notion that elevated CGRP levels in CF
SMGs might be a compensatory mechanism attempting to enhance CFTR-
dependent glandular secretions. These data also mirror findings that there is a
significantly elevated level of CGRP in other disease states affecting airways
such as asthma, sepsis or after smoking. Most importantly, | also found that the
presence of elevated CGRP in SMGs might contribute to the altered localization
of LRCs outside of the glandular progenitor cell niche, where slowly-cycling LRCs
normally reside. Two pieces of evidence support this conclusion. First, ectopic
expression of CGRP significant increased proliferation of glandular progenitors.
Secondly, treatment of airway epithelial cultures with CGRP peptide stimulated
expansion of transient amplifying cells with limited proliferative potential.
However, my further attempts to co-localize the both components of CGRP
receptor, (CLR and RAMP1), on LRCs were not successful due to lack of
appropriate antibodies. However, single localization of CLR or RAMP1 on LRC
revealed that very few LRCs expressed either one of the components of the
CGRP receptor, suggesting that an intermediate pathway likely links CGRP
secretion with LRC proliferation. Further in vivo studies connecting CGRP activity
to stem/progenitor cell proliferation and maintenance will require CGRP deficient
mice or an efficient way to selectively inhibit CGRP signaling in SMGs in order to
define the CGRP regulatory mechanisms during airway injury.

In conclusion, | have been able to synthesize a model concerning the
CGRP studies described in this thesis. Following injury to the normal airway,

CGRP induces CFTR-dependent glandular secretions, while also signaling
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glandular slowly-cycling progenitor cells to proliferate toward transient amplifying
cells that assist in repair of the glands and/or airway. During normal responses
to airway injury, CGRP induction is transient (data not shown) and glandular
slowly-cycling progenitor cells are maintained in this niche. However, in CF
airways, CGRP is constitutively induced due to a feedback regulation caused by
the lack of CFTR-dependent gland secretions. This persistent mitogenic signal,
caused by dysregulated CGRP expression, is incompatible with maintenance of
slowly-cycling progenitor cells within the gland and leads to the adaptive slowly-

cycling progenitor cell niche displacement to the surface airway epithelium.
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