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ABSTRACT
Lung immaturity is the major cause of morbidity and mortality in premature
infants, especially those born <28 weeks gestation. Proper lung development
from 23-28 weeks requires coordinated cell proliferation and differentiation.
Infants born at this age are at high risk for respiratory distress syndrome (RDS),
a lung disease characterized by insufficient surfactant production due to
immaturity of the saccular/alveolar type II epithelial cells in the lung. Neuregulin
(NRG) stimulation of ErbB4 signaling is important for development of type II cell
surfactant synthesis. ErbB4 may mediate gene expression via a non-canonical
pathway involving enzymatic cleavage releasing its intracellular domain (4ICD)
for nuclear trafficking and gene regulation. The accepted model for release of
4ICD is consecutive cleavage by Tumor necrosis factor alpha Converting
Enzyme (TACE) and γ-secretase enzymes. Here we hypothesize that cleavage
of ErbB4 by the two enzymes TACE and gamma secretase is necessary for
surfactant production in type 2 epithelial cells.	
  Our data show that Presenilin-1
(PSEN-1) is the active enzyme in the γ-secretase complex which cleaves ErbB4
to release 4ICD. We further show that release of 4ICD by PSEN-1 cleavage is
not dependent on previous TACE cleavage. We used siRNA to silence PSEN-1
expression in a mouse lung type II epithelial cell line (MLE12 cells), and both
siRNA knockdown and chemical inhibition of TACE. Knockdown of PSEN-1
significantly decreased baseline and NRG-stimulated surfactant phospholipid
synthesis, expression of the surfactant proteins SP-B and SP-C, as well as 4ICD
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levels, with no change in ErbB4 ectodomain shedding. Neither siRNA knockdown
nor chemical inhibition of TACE inhibited 4ICD release or surfactant synthesis.
PSEN-1 cleavage of ErbB4 for non-canonical signaling through 4ICD release
does not require prior cleavage by TACE. Preterm babies with RDS are treated
with oxygen and supportive breathing using ventilators. Higher inspired oxygen
levels improve preterm infants' survival but increase the risk for a condition of
chronic lung injury, called Bronchopulmonary Dysplasia (BPD). BPD is
characterized by arrested alveolarization and airway hyperreactivity. The
mechanisms regulating normal alveolar development and BPD are not well
understood. Of novel interest is the potential role of the matricellular protein
CCN5 (Cysteine-rich protein 61/Connective tissue growth
factor/Nephroblastoma-overexpressed protein), which the Castellot laboratory
previously reported is present in developing alveolar epithelium. The mechanism
of action and biological function of CCN5 in smooth muscle cells (SMCs) is wellstudied. CCN5 is a cell cycle regulator that inhibits SMC proliferation and
promotes SMC differentiation. The cell-specific expression and function of CCN5
in alveolar development and injury is unknown. Here we hypothesize that CCN5
is a negative regulator of type2 cell proliferation and motility during alveolar
development and response to injury. Our data show that CCN5 knockdown in
MLE12 cells reduces proliferation and motility in these cells. A mouse model of
BPD, in which neonatal pups are exposed to 90% oxygen from post natal (P) 5
through P13 was used to study CCN5 and alveolar epithelial cell fate. Western
Blot analysis of whole lung lysates showed that CCN5 expression is significantly
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reduced in hyperoxic versus room air P13 lungs. Using immunofluorescence
labeling CCN5 was not expressed in alveolar epithelial type II cells in RA lungs.
In oxygen-exposed lungs an intermediate cell type that expressed markers for
both type II and I epithelial cells was observed. These intermediate cells showed
proliferation activity and labeled positive for CCN5. Type I cells also showed
proliferation activity. Overall, only proliferating alveolar epithelial cells
demonstrated CCN5 expression. In conclusion, CCN5 expression correlates
positively with proliferation in alveolar epithelial cells in response to neonatal
oxygen injury. This contrasts strongly with studies in SMCs in which CCN5 is
highly expressed in non-proliferating cells and is down regulated in proliferating
SMCs. Neonatal hyperoxic lung injury induces a transdifferentiation of type II
epithelial cells to type I epithelial cells, which is accompanied by both cell
proliferation and by CCN5 expression. We propose that CCN5 is a functional
regulator of alveolar epithelial proliferation during development and during the
response of the neonatal lung to oxygen injury.
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CHAPTER 1: INTRODUCTION
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Clinical Background
11% of infants are born prematurely before the 37th week of pregnancy.
Prematurity exposes the infant to risks of pulmonary, cardiovascular, nutritional
and neurologic complications. The incidence and severity of these complications
increases with increasing degrees of prematurity. For example, extremely low
birth weight infants (defined as ≤ 28 weeks gestation or ≤ 1000 grams birth
weight) have a 50% risk of neurological morbidity and up to an 80% risk of
developing BPD from complications of prematurity. Proper lung development
from 23-28 weeks requires coordinated distal airway epithelial cell proliferation
and differentiation. One of the key differentiated functions of lung epithelial cells
is their ability to produce surfactant. Surfactant synthesis in preparation for birth
is crucial component of fetal lung development [1]. Insufficient surfactant
production by immature type II epithelial cells causes respiratory distress
syndrome (RDS). Despite the beneficial effects of prenatal glucocorticoids and
postnatal surfactant replacement therapies, RDS remains one of the significant
causes of morbidity and mortality in premature infants [2], [3]. To treat existing
RDS, different clinical interventions such as oxygen therapy in the first week of
life has been used. Early oxygen exposure by ventilator can adversely impact
the saccular and alveolarization process, creating the clinical syndrome of BPD
[4]. a common complication of pre-term birth and early oxygen treatment. BPD is
characterized by perturbations to lung structure that include reduced alveolar
number, thickened septa, and a simplified pulmonary microvascular network. In
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this study we shed the light on the biological and molecular bases of surfactant
production and response to hyperoxic injury during lung development.

Fetal Lung Development
Lungs of mammals develop in well described stages: embryonic,
pseudoglandular, canalicular, saccular and alveolar. In the embryonic stage the
primordial lung forms a diverticulum from the embryonic foregut. During the
pseudoglandular stage the epithelial tubes undergo successive stages of
branching, invading the surrounding mesenchyme and forming the arboreal (treelike) airway structures. This occurs during 5-17 weeks of pregnancy in humans
and produces a glandular appearance in microscopic cross sections. During the
canalicular stage (16-26 weeks) further differentiation of the epithelium, the future
gas-exchange region, and widening of the prospective parenchymal air spaces
take place. Moreover, epithelial cells in the most distal tubules begin to
differentiate into type I and type II cells, surfactant synthesis in type II cells and
its storage in lamellar bodies begins. The following saccular stage (24-38 weeks)
is characterized by increased lung parenchymal growth and augmentation of air
space volume through the development of saccules budding off from the most
distal airways. These saccules contain the lung’s type I and II cells. Saccules
further develop into alveoli during the alveolar stage with the formation of
secondary septa. The saccules and alveoli are the sites of actual gas exchange
in the lung. The alveolar stage begins at 36 weeks of pregnancy and lasts up to
1-2 years after birth. Alveolarization enables humans to multiply their gas
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exchange area 20-fold between birth and adulthood [5], [6], [7], [8], [9].

Pulmonary surfactant
Lung surfactant is crucial for gas exchange as it prevents alveolar collapse by
reducing surface tension caused by liquid and tissue surface forces. Surfactant is
a surface active substance produced in the alveoli by type II epithelial cells. It is a
complex mixture of phospholipids, proteins and neutral lipid. The components are
synthesized in type II epithelial cells, packaged in lamellar bodies within the type
II cells and secreted into the alveolar space by exocytosis. The developmental
control of surfactant synthesis requires complex communications between
mesenchyme and adjacent type II epithelial cells. Fetal lung maturation involves
the development of these communication mechanisms and the development of
surfactant synthesis [10].

Lung surfactant has additional important functions. The surfactant proteins SP-A
and SP-D are immunologically important in pulmonary host defense. Surfactant
has an important role in transport of pulmonary secretions, and in protection
against oxygen radicals [11].

Surfactant consists of 90% lipids and 10% proteins. Of these lipids 90% are
phospholipids consisting mainly of phosphatidylcholine (70%) with much smaller
amounts of phosphatidylglycerol (12%) and phosphatidylethanolamine 6%.
These phospholipids are responsible for the surface active quality of surfactant.
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Disaturated phosphatidylcholine, which has two saturated fatty acids instead of
one saturated and one unsaturated fatty acid, makes up 65% of total
phosphatidylcholine and is the major surface active component of lung
surfactant. The remaining 10% of lipids are neutral lipids are neutral lipids, mainly
cholesterol [12], [13].

The protein fraction of surfactant is about 10% by weight of surfactant. Its
composition is also highly complex. Serum proteins represents 50% of the
protein content. The remaining fraction is composed of four apolipoproteins,
termed surfactant protein A (SP-A), B (SP-B), C (SP-C) and D (SP-D). These are
significant for the specific biological functions of surfactant [14].

Surfactant Protein B
SP-B is a small highly hydrophobic protein with molecular weight of 8 KDa. The
mature protein is derived from an initial pro-protein through several proteolytic
processing events. Mature SP-B is rich in cysteine residues, which stabilizes the
SP-B three-dimensional structure with the help of one intermolecular and three
intramolecular disulfide bonds. The SP-B gene is encoded on murine
chromosome 6 and consists of 11 exons and 10 introns, accompanied by the
promoter-enhancer consensus sequence [15], [16]. This gene is expressed in a
cell/tissue specific manner by alveolar type II and bronchiolar (Clara) epithelial
cells of the lung [17]. Its major role is to enhance the surface tension reducing
properties of surfactant through interaction with the phospholipid monolayer on
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the alveolar air-liquid interface. SP-B coordinates the insertion of surfactant
phospholipids into the surface into the surface film and stabilizes it. Furthermore
it influences the structure in phospholipid bilayers [16], [18], [19]. Like SP-A, SPB participates in the formation of tubular myelin structure. The inherited absence
of SP-B causes lack of proper SP-C protein processing, failure of type II cells to
form lamellar bodies, and lack of alveolar surfactant activity, leading to severe
respiratory failure and death in newborns. Thus, SP-B is of vital importance in
lung surfactant biology.

Surfactant Protein C
SP-C is the smallest of all surfactant proteins, 6 KDa. Like SP-B, the mature SPC is processed from a pre-pro-protein in several proteolytic events. Processing is
dependent on adequate intracellular levels of mature SP-B. Two-thirds of the
mature protein structure is an alpha-helix which is extremely hydrophobic and
can insert into a lipid monolayer. SP-C accelerates the insertion of phospholipids
into the lipid monolayer and therefore influences the structure of phospholipids in
monolayer. Like SP-B, SP-C is crucial for surface dynamics within the terminal
air space and the reduction of surface tension [20]. Mutations in the SP-C gene
that cause absence of or abnormal SP-C protein are associated with several
forms of childhood interstitial pneumonitis.
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ErbB Receptors
ErbB receptors control cell proliferation and cell differentiation in variety of
tissues of epithelial, mesenchymal and neuronal origin [23],	
  [24}. The ErbB
receptors comprise a family of four transmembrane tyrosine kinase receptors
ErbB1 (Epidermal Growth Factor Receptor, EGFR), ErbB2, ErbB3 and ErbB4. All
ErbB receptors have a cysteine-rich extracellular ligand binding region that is
connected to a cytoplasmic tyrosine-kinase containing domain via a single
transmembrane-spanning region. Binding of a specific ligand leads to ErbB
receptor homo- or heterodimerization and activation [25]. The dimerization of
ErbB receptors causes a conformational change of intracellular components,
producing transactivation of the dimerization pair by autophosphorylation of the
carboxyterminal tyrosine residues [26].

As there are various ligands of ErbB receptors and all possible combinations of
ErbB receptors may form dimer pair, ErbB receptors are able to initiate multiple
different biologic signals. These signals play significant roles in diverse organs
systems during development and maturation including the lung, heart and
nervous system [22], [27], [28], [29].

ErbB receptor ligands are categorized into specific groups that bind EGFR only,
bind ErbB3 or ErbB4, and bind EGFR or ErbB4. Although ErbB specific ligands
induce different biological signals when binding to ErbB receptors, they all have
in common one or more EGF-like domains that determine binding specificity [30],
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[31]. From the EGF family which consists of more that 3000 proteins, 10 have
been identified so far as ligands of the ErbB receptor family: EGF, Transforming
Growth Factor alpha (TGF-alpha), amphiregulin (AR), heparin-binding Epidermal
Growth Factor (HB-EGF), betacellulin (BTC), epiregulin, epigen and neuregulin.

EGF, TGF-alpha and AR bind to ErbB1 only whereas BTC, EPR and HB-EGF,
show dual specificity to ErbB1 and ErbB4. Neuregulin (NRG-1) and NRG-2 bind
to ErbB3 and ErbB4, while in contrast NRG-3 and NRG-4 bind to ErbB4 only.
ErbB2 apparently lacks the EGF-like ligand binding domain and no ErbB2 ligands
have been discovered. However, ErbB2 serves as a prominent
heterodimerization partner for other ErbB receptors [32]. Likewise, ErbB3 lacks a
complete intrinsic tyrosine kinase domain which prevents signal transduction and
requires heterodimerization with other members of the ErbB family for signaling.
The main signaling pathways of ErbB receptors are the mitogen activated protein
kinase (MAPK), Phospholipase C gamma and Phosphatidylinositol 3-kinase
(PI3K)-AKT pathways [30]. A novel signaling mechanism for ErbB4 has recently
been discovered and will be described in more detail in the next section.
Neuregulin (NRG) and the ErbB receptors are important in the development of
the lung [21], [22]. The development of surfactant synthesis during lung
development requires communication between the mesenchyme and adjacent
type II epithelial cells [10]. Today it is known that NRG, a growth factor and one
of the ligands of the ErbB receptors 3 and 4 is secreted by fibroblasts and
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activates the ErbB4 receptor on type II cells to promote the initiation of surfactant
synthesis [22].

ErbB4
ErbB4 heterodimers and/or homodimers are crucial for regulation of surfactant
phospholipid metabolism and cell proliferation in both fetal and adult lungs [33],
[34]. In the fetus ErbB4 is found in highest concentration in brain and heart,
however, there are also significant levels in epithelia and mesenchyme of the
respiratory tract,	
  [35], [13]. The vital role of ErbB4 for lung development was first
demonstrated by the impaired fetal surfactant synthesis which resulted from
down regulation of ErbB4 [36]. Further studies using a transgenic mouse showed
that pulmonary ErbB4 deletion caused delayed SP-B production during fetal
development and a hyperactive airway system with alveolar simplification in
neonates and adults which is comparable to the picture seen in preterm infants
with BPD [37],	
  [33]. Previous data from our laboratory have shown that ErbB4 is
present in the nucleus of fetal lung type II cells in culture [34].

The ErbB4 receptor is unique among the other ErbB receptors in that it can
undergo proteolytic processing after NRG binding to enter the nucleus to
participate in regulating gene transcription [24]. Upon NRG binding, ErbB4 may
be cleaved in the cell membrane in two steps: first, by TACE (tumor necrosis
factor-alpha converting enzyme) and second by gamma secretase. According to
the accepted model of ErbB4 proteolytic processing, TACE, a member of the
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ADAM family of metalloproteases, first cleaves the ErbB receptor within the
membrane-spanning region. The remaining ErbB4 fragment is then cleaved by
gamma secretase at the inner membrane. This cleavage leads to the release of
the 80 KDa intracellular domain fragment (4ICD) [38], [39], [40], [41]. Once
cleaved, the 4ICD fragment associates with at least one chaperon protein (for
example Yes associated protein, or YAP) to move to the nucleus to influence
gene transcription [42]. 4ICD has an intrinsic nuclear localization signal which
facilitates transfer into the nucleus [43]. Cellular responses to 4ICD activated
gene expression include proliferation, cell cycle arrest, apoptosis, and cell
differentiation [25]. Nuclear localization of ErbB4 is the preferred mechanism of
ErbB4 signaling in at least one significant regulatory process during development
[24].

Neuregulin (NRG)
Both the canonical and non canonical (nuclear localization) ErbB4 signaling
pathways are initiated by the growth factor neuregulin. This ligand is produced by
fetal lung fibroblasts from which it is released to act on fetal type II cells. It
reproduces most, if not all, of the activities of what was originally termed
fibroblast pneumocyte-factor, the communicating fibroblast substance which
induces type II epithelial cell differentiation and surfactant synthesis [22], [10],	
  
[21]. Nrg-1 is expressed in the midtrimester human fetal lung [44] and increases
in fetal lung at the onset of surfactant synthesis [22].
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NRG-1 beta increases proliferation in the adult type II cell line MLE12 cells and
also stimulates the biosynthesis of DSPC in these cells [22]. However, it does not
stimulate mitogenesis in primary fetal type II cell cultures. This may reflect a
limitation of MLE12 cells as a model for fetal type II cells and for effects of NRG
on the developing lung.

Immunohistochemical studies show the presence of NRG-1 beta in fetal lung in
mesenchymal cells underlying saccular epithelium and in airway epithelial cells
before the late gestational onset of surfactant synthesis. Upon initiation of
surfactant synthesis, NRG was visualized at the mesenchymal-epithelial cell
border in saccular structures which implies paracrine involvement of NRG in lung
cell differentiation [22].

Gamma secretase
The action of gamma secretase cleaves ErbB4 to release a soluble 4ICD
fragment into the cytosol for transport to the nucleus [45], [46]. Gamma secretase
is an enzyme complex which consists of 4 components: Presenilin 1 (PSEN-1)
or Presenilin 2 (PSEN-2), Nycastrin, anterior pharynx defective-1 (APH-1) and
the Presenilin-Enhancer 2. PSEN-1 or PSEN-2 are the active enzymatic
component; the other components behave as scaffolding molecules and
essential cofactors [47], [48], [49]. Studies with transgenic mice show that PSEN1 and PSEN-2 have functionally distinct phenotypes in several organs including
the lung [50], [51]. Our focus on PSEN-1 was motivated by the more severe
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developmental phenotype of alveolar maturation in the PSEN-1 knockout mouse.
While the pulmonary phenotypes have not been completely characterized, it is
known that newborn mice with PSEN-1 knockout have lungs with poorly
developed saccular structures and undergo neonatal death with poorly expanded
lungs. PSEN-2 knockout mice survive birth but develop progressive alveolar wall
thickening, alveolar and airway fibrosis, and hemorrhage. Double knockouts
show an exacerbation of the fetal/neonatal abnormalities of alveolar development
[50], [51].

In the first set of studies described in this thesis we sought to more specifically
define the importance of PSEN-1 and the sequential interactive relationship of
PSEN-1 and TACE for ErbB4 processing controlling lung alveolar type II cell
surfactant production [52], [53]. We studied the effect of PSEN-1 knockdown and
TACE knockdown in MLE12 cells and evaluated the effects on ErbB4 cleavage in
association with the expression of the SP- B and SP-C mRNA and protein and
synthesis of the major surfactant phospholipid disaturated phosphatidylcholine
(DSPC).

CCN5
CCN5 is a member of the Cysteine-rich 61/Connective tissue growth factor
/Nephroblastoma-overexpressed (CCN) family of genes [54]. The six members of
this family are unusual in that they are both matricellular and nuclear proteins.
They have important functions in numerous cell and physiologic processes,
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including embryonic development, cell motility, proliferation, angiogenesis, and
differentiation [55]. Many studies have provided functional evidence that CCN5
inhibits smooth muscle cell (SMC) proliferation and motility while promoting a
differentiated SMC phenotype [56], [57]. Delmolino et al originally identified
CCN5 as heparin-induced gene in vascular smooth muscle cells (VSMC)	
  [58].
Shortly thereafter, another group showed that CCN5 is lost after cell
transformation [59]. Since the original discovery of CCN5, several studies have
examined its expression in different tissues and its potential function in tumors,
cell localization, gene regulation, and function. Previous work from the Castellot
laboratory used a rat carotid artery balloon injury model to demonstrate that
CCN5 is present in quiescent (non-proliferating) VSMC in the uninjured rat aorta
and 14 days after injury, but not in actively proliferating VSMC 2 days post-injury
[60]. These data suggests that CCN5 plays an important role in maintaining the
quiescence of VSMC. Also, the Castellot laboratory showed that CCN5 is a novel
inhibitor of uterine SMC proliferation and motility [57]. Though the mechanism of
action and biological activity profile of CCN5 in smooth muscle cells has received
considerable attention, there are still several important gaps in our understanding
of CCN5. Although the Castellot laboratory previously documented CCN5
expression in fetal and adult lung, no studies have examined CCN5 regulation
and function in the developing lung during alveolarization and in response to
injury, especially in alveolar epithelial cells. In the second group of studies
described in this thesis we determined the expression of CCN5 in quiescent and
proliferating alveolar epithelial cells (MLE12 cells) and then defined alveolar
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epithelial cell-specific CCN5 expression during normal and oxygen-injured
alveolarization in newborn mouse pups. We found that CCN5 expression and
epithelial cell proliferation are coordinately regulated during normal
alveolarization and in response to hyperoxic injury in a murine model of oxygeninduced BPD (Bronchopulmonary Dysplasia). Further, we defined the
relationship of CCN5 expression with type II cell – type I cell transition in
response to neonatal oxygen injury.
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CHAPTER 2:

Dissociated Presenilin-1 and TACE
Processing of ErbB4 in Lung Alveolar Type II Cell
Differentiation	
  
	
  
	
  
This chapter is virtually identical to a manuscript published in the journal
Biochemica Biophysica Acta (1843:797-805, 2014), entitled “Dissociated
Presenilin-1 and TACE Processing of ErbB4 in Lung Alveolar Type II Cell
Differentiation”. The authors, in order, are Najla Fiaturi, Anika Ritzkat,
Christiane E. L. Dammann, John J. Castellot*, Heber C. Nielsen* (* = cosenior authors). My role in the work presented in this chapter is that I carried
out virtually all of the experiments, analyzed the data, and wrote the first (and
edited subsequent) drafts of the paper.

	
  

25	
  

INTRODUCTION
Respiratory distress syndrome (RDS), formerly known as hyaline membrane
disease, is a common problem in preterm infants born before 28 weeks. This
disease is caused primarily by deficiency of pulmonary surfactant in immature
lungs and is more common the earlier the infant is born [3]. Despite the
beneficial effects of prenatal glucocorticoids and postnatal surfactant
replacement therapies, RDS remains one of the significant causes of morbidity
and mortality in premature infants [3], [2]. Pulmonary surfactant is a mixture of
surface active phospholipids and proteins (termed surfactant proteins B (SP-B)
and SP-C) which is produced in alveolar type II epithelial cells [36]. The
development of surfactant synthesis is under multifactorial control, in which
paracrine mesenchyme-type II cell communication mechanisms play a central
role. We have shown that the growth factor Neuregulin (NRG-1), which is
secreted by fibroblasts, and its target receptor ErbB4, which is expressed by type
II cells, play a prominent role in stimulation of type II cell maturation and
surfactant synthesis [33], [44]. NRG is expressed in the midtrimester human fetal
lung [22] and increases in fetal lung at the onset of surfactant synthesis [38].

ErbB4 is a member of the ErbB receptor tyrosine kinase family, which also
includes the epidermal growth factor receptor ErbB1, ErbB2, and ErbB3 [37]. The
ErbB receptors are transmembrane tyrosine kinase proteins and act as important
regulators of cell proliferation and differentiation during fetal organ development
including lung development [61]. ErbB4 signal transduction is a complex process
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that involves both canonical and non-canonical signaling pathways. Binding of
NRG to its extracellular ligand-binding site causes ErbB4 to form homo- or
heterodimers with other ErbB receptors linked by disulfide bonds in the
extracellular domain [34]. These receptor dimers then undergo auto
phosphorylation on tyrosine residues within the intracellular domain. In the
canonical signal pathway tyrosine phosphorylation activates signal cascades
through specific intracellular signaling pathways such as the phosphatidylinositol3 (PI3) Kinase/Akt pathway to ultimately influence gene expression [40].
However, within the ErbB family, ErbB4 is unique in that it may undergo
proteolytic processing to initiate non-canonical signaling [62].

The accepted model for the non-canonical pathway involves two sequential
cleavage processes. The first step in this pathway is performed by a
transmembrane metalloprotease Tumor necrosis factor alpha Converting
Enzyme (TACE) which releases the ErbB4 ectodomain by a cleavage that
produces two fragments: a 120 kDa ectodomain fragment which is released into
the extracellular space and an ~80+ kDa membrane-associated fragment (m80)
that contains the ErbB4 transmembrane domain and the entire cytoplasmic
region, including the tyrosine kinase domain. Ectodomain cleavage of ErbB4 in
cells occurs at a low constitutive or basal level [46] that can be increased by
neuregulin or other ErbB4 ligands [45]. The ectodomain cleavage of ErbB4 is
sensitive to metalloprotease inhibitors [46] and does not occur in cells genetically
deficient in TACE. The ErbB4 m80 fragment that remains following ectodomain
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cleavage is further processed by γ-secretase that cleaves at the transmembrane
domain to release a soluble intracellular s80 fragment (4ICD) into the cytosol
from which it translocates to the nucleus in association with chaperone proteins
[45], [47]. Gamma secretase is an enzyme complex which consists of 4
components: presenilin 1 (PSEN-1) or Presenilin 2 (PSEN-2), Nycastrin, anterior
pharynx defective-1 (APH-1) and Presenilin-Enhancer 2. PSEN-1 or PSEN-2 are
the active enzymatic component; other components behave as scaffolding
molecules and essential cofactors [48], [49], [63], [50]. Studies with transgenic
mice show that PSEN-1 and PSEN-2 have functionally distinct phenotypes in
several organs including the lung [52].

Nuclear localization of ErbB4 is the preferred mechanism of ErbB4 signaling in
several regulatory processes during development [64]. The accepted model for γsecretase activity in ErbB4 processing is that ectodomain cleavage by TACE is a
prerequisite step [62]. In this study we sought to more specifically define the
sequential interactive relationship of PSEN-1 and TACE for ErbB4 processing
controlling lung alveolar type II cell surfactant production. Our focus on PSEN-1
was motivated by the more severe developmental phenotype of alveolar
maturation in the PSEN-1 knockout mouse and our previous work showing the
involvement of gamma secretase for ErbB4 signaling for fetal type II cell
maturation [64], [21]. We studied the effect of PSEN-1 knockdown and TACE
knockdown in MLE12 cells and evaluated the effects on ErbB4 cleavage in
association with the expression of the SP-B and SP-C mRNA and protein and
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synthesis of the major surfactant phospholipid disaturated phosphatidylcholine
(DSPC).

MATERIAL AND METHODS
Materials:
Dulbecco’s Modified Eagle’s (DME) low glucose medium was purchased from
Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was from BD
Biosciences (Lot # ANB 18202A), L- glutamine, Pen/Strep and an siRNA cocktail
of three siRNA sequences targeting PSEN-1 (Psen 1Mss208049, Psen
1Mss208050, Psen 1Mss208051) were purchased from Invitrogen (Carlsbad,
CA). TACE inhibitor TAPI-1 was purchased from Peptides International
(Louisville, KY). siRNA cocktail of three siRNA sequences targeting TACE,
Silencer Negative Control scrambled siRNA and Silencer GAPDH siRNA were
purchased from Ambion (St Louis, MO). Glass 100mm cell culture dishes were
purchased from Pyrex/Corning (St Louis, MO). The murine lung epithelial cell line
MLE12 was purchased from the American Type Culture Collection (Manassas,
VA), Neuregulin 1β was produced using an expression vector kindly provided by
Kermit Carraway III (UC Davis, CA) and purified by Dr. Ann Kane, Phoenix
Laboratory (Tufts Medical Center, Boston, MA)., BCA Protein Assay Kit and
RIPA buffer were obtained from Pierce/Thermo Scientific (Logan, UT), protease
inhibitor cocktail from Sigma Aldrich. Invitrolon PVDF filter paper and NuPage 412% Bis-Tris pre-cast gels (1.0 mm X 12 wells) were obtained from
Novex/Invitrogen. Tris-Glycine-SDS 10X running buffer, transfer buffer (10X Tris-
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buffered saline washing buffer) and TBS-Tween-20 (10X) were from Boston Bio
Products (Ashland, MA). Methanol 100%, Kodak film (X-OMAT Blue XB) and
Restore Plus Western Blot Stripping Buffer were from Thermo Fisher Scientific
(Palm Beach, FL). Anti-Presenilin 1 N-terminal (1-65) rabbit polyclonal antibody
(cat#529591) was from Calbiochem/EMD Millipore (Billerica, MA). Antiprosurfactant protein C (rabbit polyclonal antibody, ab90716), anti-prosurfactant
protein B (rabbit polyclonal antibody ab15011), monoclonal antibody to beta actin
(HRP conjugated, cat# 20272), Anti-TACE antibody (rabbit polyclonal antibody,
cat# ab2051) were all from Abcam (Cambridge, MA). Peroxidase-conjugated
Affinipure Goat Anti-Rabbit IgG (H+L), (111-035-144) was from Jackson
ImmunoResearch. Anti-ErbB 4 antibody (cat# sc-283) was obtained from Santa
Cruz (Santa Cruz, CA). Chloroform (spectrophotometric grade) was obtained
from Sigma Aldrich (St Louis, MO). Methanol was from Fisher Scientific; Silica
gel H thin layer chromatography sheets were from Analtech (Newark, DE).
Osmium tetroxide 05500-1G, carbon tetrachloride and dipalmitoylphosphatidyl
choline (P-5911) were from Sigma Aldrich (St Louis, MO). Ultima-Gold
scintillation fluid was from Perkin Elmer (Waltham, MA). For centrifugation we
used a Beckman J-6M.

Cell Culture:
MLE-12 cells were used as a model for type II alveolar epithelial cells. MLE12
cells exhibit characteristics of alveolar type II cells, including the expression of
SP-B and SP-C and formation of microvilli and multivesicular bodies. They have
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a strong response to fetal fibroblast-conditioned media (FCM) and NRG with
increased DPSC synthesis [38], [65]. MLE-12 cells were grown in DMEM
containing 10% FBS, 2% pen/strep and 2% L-glutamine. Media were changed
every second day.

Transfection with siRNA:
MLE-12 cells were transfected with siRNA using the transfection reagent
Dharmafect 2. To knock down presenilin 1, three pre-designed Presenilin-1
siRNA sequences that target three different regions of Presenilin mRNA were
used. To knock down TACE we used a cocktail of 3 siRNAs targeting different
regions of the TACE mRNA. The protocol for transfection of MLE-12 cells was
adapted from the manufacturer’s guidelines; all steps were done using RNAsefree pipette tips and RNase spray for decontaminating the work area. MLE-12
cells were plated into 6 well plates. The transfection process was initiated when
the cells were 30-40% confluent. 5µl siRNA in 95 µl serum free DMEM/well and
1µl transfection reagent Dharmafect 2 in 99 µl serum free DMEM/well) were
incubated for 5 minutes at room temperature, then mixed and incubated for 20
minutes at room temperature. At the end of the incubation, 800 µl of antibiotic
free media was added to the mixture. A total of 1 mL of transfection media was
added to each well of cells and allowed to incubate at 37°C. After 48 hours, the
transfection medium was aspirated and replaced with fresh transfection media
prepared as described above. A second transfection step was done in the same
manner after 48 hours from the first transfection and cultures continued for
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another 24 hours resulting in a total exposure time of 72 hours. When
transfecting the cells for the second time the media were changed to serum free
media, and some cells were treated with NRG (3.3 nM) for 24 hours. Each
experiment included the control conditions of scrambled siRNA and GAPDH
siRNA. After 72 hours of total exposure time, the MLE-12 cells in the 6-well
plates were harvested to extract protein.

Chemical blockade of TACE:
MLE12 cells were plated in 6 well plates. When the cells were 50-60% confluent
they were first treated for 24 hours with the TACE inhibitor TAPI. In preliminary
experiments increasing concentrations (50nM, 100nM, 150nM, 200nM, 300nM)
were used to determine the minimal effective dose. Thereafter cells were treated
for 24 hours with 200nM TAPI alone, TAPI plus NRG, NRG only or media only.
Cells were then harvested.

Protein extraction and quantification:
Cells were harvested by first washing with PBS 3 times. 500 µl RIPA buffer:
protease inhibitor mixture (1:50) was added to each well twice. Using a cell
scraper, cells were scraped off plates (on ice), aspirated, incubated on ice for 60
minutes with vortexing every 10 minutes, centrifuged at maximum speed for 15
minutes and the supernatant transferred to new tubes and stored at -20°C.
Protein concentration in each sample was determined in duplicate (BCA protein
assay, Thermo Scientific).
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Western blot analysis:
The protein samples were heated at 70°C for 10 minutes with sample reducing
buffer to denature the protein. Proteins were loaded into pre-cast NuPage 4-12%
Bis-Tris gels and separated by gel electrophoresis. Subsequently the proteins
were transferred to a PVDF membrane. The membrane was blocked with 5% dry
milk in TBST for 2 hours at room temperature or at 4°C overnight. The blots were
probed with primary antibody against PSEN-1 or TACE, and then stripped and
probed for SP-B, SP-C and beta Actin. Primary antibodies were incubated
overnight at 4°C and secondary antibodies were incubated for 2 hours at room
temperature. Blots were developed using Western Lightning Plus ECL and
detected with a Kodak film X-OMAT Blue XB. Densitometry was done for all blots
and beta actin was used as an internal control for protein loading.

Choline incorporation into DSPC:
MLE-12 cells were cultured and transfected in 24–well plates as described above
except that the cells were treated with 0.5 µCi/ml [3H] choline for the final 24
hours of transfection. At the end of the 72 hours of transfection, the cells were
harvested, the lysates sonicated and protein concentrations measured. DSPC
was isolated by lipid extraction, osmium tetroxide treatment and then liquid
chromatography as we have described [66], [38]. The isolated DSPC samples
were placed in scintillation fluid and DPMs counted using a beta scintillation
counter. The results were calculated as DPM per µg protein and presented as
percentage of the experimental specific control value.
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RT-PCR
Real-time PCR was used to determine the mRNA levels for PSEN-1, Sftpb and
Sftpc. PSEN-1 primers: Forward sequence 5’ TCA/AGA/AAG/CGT/TGC/CAG/C
3’, Reverse sequence 5’ CGT/GGC/GAA/GTA/GAA/CAC/GA 3’, Sftpb primers:
Forward sequence 5’ AGG/ATG/CCA/TGG/GCC/CT 3’, Reverse sequence 5’
TCA/GTG/TCC/TGT/AGT/GGC/CAT/T 3’, Sftpc primers: Forward sequence 5’
CCA/CTG/GCA/TCG/TTG/TGT/ATG 3’, Reverse sequence
5’GTA/GGT/TCC/TGG/AGC/TGG/CTT/A 3’, all were purchased from Applied
Biosystems (Woburn, MA). The 50 µl reaction master mix contained 25 µl Taq
polymerase, 1.25 µl Multiscribe and RNA inhibitor mix, 8 µM each of forward and
reverse primer, 5µM probe and 1 µg of RNA sample. Amplification and detection
of specific products were done with the ABI PRISM 7900 sequence detection
system from Applied Biosystems. The amplification protocol consisted of an initial
denaturation and enzyme activation at 95°C for 10 minutes, followed by 45
cycles at 95°C for 15 seconds and 60°C for 1 minute. To normalize the PSEN-1
and Sftp levels, actin was used as an internal control. Samples were run in
triplicate. The differences in the Ct values of the PSEN-1 siRNA transfected cells
compared to the cells transfected with a scrambled (scr) siRNA sequence were
expressed as DDCT and presented as % of the controls (= scr siRNA). The
message levels of Sftpb and Sftpc were calculated accordingly.

Conditioned Media:
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MLE12 cells (3 X 105) were plated and treated for 72 hours with siRNA or TAPI
as described above. Conditioned media was collected and probed for the
presence of the shed ectodomain of ErbB4 using western blot analysis.

RESULTS
PSEN-1 knockdown decreases SP-B and SP-C expression in MLE12 cells
To determine if PSEN-1 regulates SP-B and SP-C expression, we down
regulated PSEN-1 expression using siRNA in MLE12 cells and measured the
effect on SP-C and SP-B mRNA and protein levels using qRT-PCR and western
blot analysis, respectively. PSEN-1 mRNA was reduced to 38% ± 17 (mean ±
SE, n= 8) compared to the scrambled control; PSEN-1 protein was reduced to
50% ± 12 (mean ± SE, n=5, p= 0.02) of the scrambled control (Figure 1A). At
this level of PSEN-1 knockdown, SP-B mRNA was reduced to 67% ± 11 (mean ±
SE, n= 8) compared to the scrambled control. The level of SP-B protein was
reduced to 60% ± 9.7 (mean ± SE, n=5, p= 0.01) of the scrambled control
(Figure1B). SP-C mRNA was reduced to 57% ± 6 (mean ± SE, n= 8) compared
to the scrambled control. SP-C protein was decreased to 63% ± 4.2 (mean ± SE,
n=5, p= 0.017) in response to PSEN-1 protein knock down (Figure 1C). The
specificity of PSEN-1 knockdown was checked by assaying GAPDH protein,
which showed no significant decrease at the highest level of PSEN-1 knockdown
(data not shown here). These results suggest that PSEN-1 is required for
optimal SP-B and SP-C expression.
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PSEN-1 knockdown suppresses the stimulatory effect of neuregulin on SPB and SP-C protein expression
The Nielsen laboratory and others have previously shown that NRG stimulates
surfactant production through the ErbB4 receptor [33], [44]. To determine if
PSEN-1 down-regulation affects the stimulatory effect of NRG, we knocked down
PSEN-1 in MLE12 cells as described above and exposed these cells to 3.3 nM
NRG during the final 24 hours. Western blot analysis of scrambled control cells
treated with NRG showed significantly increased expression of SP-B and SP-C
to 150.7 ± 9; 148% ± 10 respectively; means ± SE, n=5, p= 0.01 and p=0.002,
respectively (Figure2A and 2B). PSEN-1 knockdown completely abrogated the
stimulatory effect of NRG on SP-B and SP-C protein levels (Figure 2C and 2D).
These data suggest that the ability of NRG to up-regulate SP-B and SP-C is
dependent upon adequate PSEN-1 expression.

Release of the ErbB4 cytoplasmic fragment (4ICD) is decreased in MLE12
cells treated with PSEN-1 siRNA
The ErbB4 cytoplasmic domain (4ICD) is thought to be important to control gene
expression of surfactant proteins. To determine if PSEN-1 regulates the level of
4ICD, we knocked down PSEN-1 in MLE12 cells and measured 4ICD levels
using Western blot analysis. Cells treated with PSEN-1 siRNA showed
significantly decreased levels of the 4ICD product (60% ± 2.5; mean ± SE, n=5,
p=0.03) compared to SCR siRNA treated cells. Control samples (SCR siRNA)
treated with NRG showed increased 4ICD levels (130% ± 8 of non-NRG
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treatment; mean ± SE, n=5, p=0.02). Thus, NRG up-regulated PSEN-1
processing of ErbB4, increasing the level of the 4ICD fragment, but in PSEN-1
knock-down cells NRG did not increase the 4ICD fragment (Figure 3).

PSEN-1 knockdown decreases DSPC synthesis in MLE12 cells
DSPC is the major phospholipid component and major surface active component
of surfactant. We therefore assessed the effect of PSEN-1 knockdown on DSPC
synthesis in MLE12 cells. Cells treated with PSEN-1 siRNA showed significantly
decreased DSPC synthesis compared to scrambled siRNA treated samples
(Figure 4). NRG increased the level of DSPC in SCR-treated cells, and this
stimulatory effect was lost following PSEN-1 knockdown (Figure 4). These
results indicate that PSEN-1 acts to regulate baseline and NRG-induced DSPC
synthesis in MLE12 cells, similar to its effect on SP-B and SP-C.

Release of the ErbB4 ectodomain is not changed in MLE12 cells treated
with PSEN-1 siRNA
To assess the effect of PSEN-1 on the free ErbB4 ectodomain fragment we
collected conditioned media from cells treated with PSEN-1 siRNA. Conditioned
media from NRG-treated cells showed increased free ErbB4 ectodomain levels
compared to untreated cells. Conditioned media from cells treated with PSEN-1
siRNA showed no change in the levels of the ErbB4 ectodomain (96% ± 5; mean
± SE, n=5) compared to SCR siRNA treated cells. The free ErbB4 ectodomain
level was increased in SCR cells treated with NRG to 120% ± 8.3 (mean ± SE,
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n=5), and in PSEN-1 siRNA treated cells the level of the 120 kD ErbB4
ectodomain was increased to 135% ± 5.2 (mean ± SE, n=5) (Figure 5). These
observations suggest that, in contrast to its effect on levels of the 4ICD
cytoplasmic domain, PSEN-1 has no detectable effect on the release of the
ErbB4 ectodomain.

TACE knockdown does not affect SP-B and SP-C expression In MLE12
cells:
The necessary first step in proteolytic processing of ErbB4 leading to ultimate
release of the 4ICD fragment and non-canonical ErbB4 signaling is thought to be
cleavage by TACE, a trans-membrane metalloproteinase. To determine if TACE
activity is required for NRG stimulation of surfactant production, we used siRNA
to knock down TACE in MLE12 cells and measured SP-B and SP-C expression
levels by western blot analysis. TACE protein was reduced to 53% ± 3 (mean ±
SE, n=4, p=0.003) of the scrambled control (Figure 6A). MLE12 cells treated with
TACE siRNA showed no change in SP-B and SP-C (Figure 6B). Furthermore,
TACE knockdown did not inhibit the stimulation of SP-B and SP-C by NRG.
Cells treated with NRG showed higher expression of SP-B and C in the SCR
treatment condition (140.7% ± 9, 120% ± 7 respectively; mean ± SE, n=4; p=
0.02, p=0.003 respectively) and this stimulatory effect appeared to be maintained
in TACE knockdown samples (Figure 6C and 6D). These results indicate that
NRG stimulation of surfactant production is largely independent of TACE activity
in MLE12 cells.

	
  

38	
  

Levels of shed ErbB4 ectodomain, but not 4ICD is decreased in MLE12
cells treated with TACE siRNA:
The lack of effect of TACE knockdown on baseline and NRG-stimulated
surfactant production may reflect residual TACE activity. To test this, we
assessed the role of TACE in the release of both the 4ICD and the ectodomain
components of ErbB4, by measuring the 4ICD level in cell lysates and the
ectodomain level in conditioned media following TACE knockdown via siRNA.
Western blot analysis of cells treated with TACE siRNA showed no change in
4ICD levels compared to SCR treated cells (98% ± 2.5 of SCR cells; mean ± SE,
n=4). NRG treatment increased the level of 4ICD in both SCR treated and TACE
siRNA treated cells (130.6% ± 2.1, 150% ± 2.3, means ± SE, n=4 respectively)
compared to untreated scrambled control cells (Figure 7A). To further
demonstrate that TACE inhibition blocked proteolytic release of the ErbB4
ectodomain, conditioned medium from TACE siRNA treated cells was collected
after 24 hours of treatment, and media assayed for presence of the released
ectodomain fragment of ErbB4. Western blot analysis of the conditioned media
from cells treated with TACE siRNA showed decreased ErbB4 ectodomain levels
(40% ± 1.1; mean ± SE, n=5, p=0.003) compared to scrambled siRNA treated
cells. NRG stimulated the level of released ectodomain in scrambled siRNA
treated cells (150% ± 8.7, mean ± SE, n=4, p=0.0173) compared to cells not
treated with NRG. The stimulatory effect of NRG on ectodomain shedding was
significantly lost in TACE siRNA treated samples (Figure 7B). These
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observations indicate that TACE specifically regulates ectodomain cleavage, but
not cytoplasmic cleavage regulated by PSEN-1 leading to 4ICD release, contrary
to current models of ErbB4 non-canonical signaling.

Chemical inhibition of TACE activity
To further validate the results obtained from TACE knockdown, we used TAPI, a
specific and well-characterized chemical inhibitor of TACE activity. Doseresponse experiments in MLE12 cells showed that 200 nM was sufficient to
reduce active TACE levels (measured by western blot) to 30% ± 1.4 (mean ± SE,
n=4, p= 0.0004) compared to media treated cells (Figure 8).

TACE inhibition by TAPI does not affect SP-B, 4ICD expression
We confirmed the absence of a role of TACE in ErbB4-mediated regulation of
SP-B by treating MLE12 cells with 200nM TAPI without and with NRG. MLE12
cells treated with TAPI showed no change in SP-B 99% ± 1.4 (mean ± SE, n=4)
(Figure 9A). These results indicate that baseline SP-B production is largely
independent of TACE activity, at least in MLE12 cells. MLE12 cells exposed to
NRG alone or NRG plus TAPI showed higher levels of SP-B protein. SP-B was
significantly increased in media plus NRG treated cells to 214% ± 14 (means ±
SE, n=4, p=0.0004) and in NRG plus TAPI treated cells to 197% ± 11 (means ±
SE, n=4, p=0.004) (Figure 9B). These results confirm that unlike PSEN-1, TACE
is not involved in NRG-stimulated mediation of ErbB4 control of SP-B expression.
Analysis of the conditioned media showed that TAPI-treated cells shed
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significantly less ErbB4 ectodomain (50% ± 3.4; mean ± SE, n=4, p=0.001)
compared to untreated cells. NRG treatment stimulated ectodomain release in
control cells (143.8% ± 5; mean± SE, n=4, p=0.01). As expected, this stimulatory
effect was absent in conditioned media from TAPI treated cells (Figure 10A). The
presence of the 4ICD fragment in cell lysates from TAPI treated cells was not
changed (85.3% ± 5.8; mean ± SE, n=3, p=0.17) compared to media treated
cells (Figure 10B). These data indicate that TACE inhibition by TAPI prevents
TACE activity consistent with TACE knockdown using siRNA.

DISCUSSION
In spite of advances in the treatment and prevention of RDS including the use of
prenatal glucocorticoids and neonatal treatment with postnatal surfactant
replacement, RDS remains one of the significant causes of morbidity and mortality
in premature infants [51], [67]. Therefore, it is important to investigate the
endogenous pathways regulating the control of surfactant synthesis in the alveolar
type II cell. We have shown the important role of ErbB4 receptor and its ligand
NRG in surfactant synthesis [38], [33], [44], [64] but the specific signaling
mechanism(s) in type II cells that promote surfactant synthesis is not well
understood. Our previous work suggests that ErbB4 proteolytic processing and
trafficking mechanisms are involved in its control of type II cell maturation and
surfactant production [64]. In this study we defined the significance of ErbB4
processing by PSEN-1 and TACE for stimulation of type II cell surfactant DSPC
synthesis and SP-B and SP-C expression to provide a basis for the development
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of novel therapeutic approaches to prevent and treat RDS. In the process we
found that proteolytic processing of ErbB4 by PSEN-1 does not require previous
processing by TACE. These are novel findings for both ErbB4 signaling and type
II cell biology.

Previous studies of the proteolytic processing of ErbB4 in NRG-induced signaling
indicate this is a two step process beginning with cleavage at the cell surface by
TACE with shedding of the ectodomain, followed by cleavage at the inner cell
membrane by γ-secretase to release the 4ICD fragment which traffics to the
nucleus [62]. There are two separate enzymes that may make up the active
component in the γ-secretase complex, PSEN-1 and PSEN-2, which are
transcribed from different genes. While there is some overlap in their function,
studies show that γ-secretase complexes containing PSEN-1 or PSEN-2 have
functionally distinct phenotypes [52]. However, deletion of either PSEN-1 or
PSEN-2 in mice results in pulmonary phenotypes [21]. While the pulmonary
phenotypes have not been completely characterized, it is known that newborn
mice with PSEN-1 knockout have lungs with poorly developed saccular structures
and undergo neonatal death with poorly expanded lungs. PSEN-2 knockout mice
survive birth but develop progressive alveolar wall thickening, alveolar and airway
fibrosis, and hemorrhage. Double knockouts show an exacerbation of the
fetal/neonatal abnormalities of alveolar development [52], [68]. Mice with an
inactivating mutation in TACE also have poorly developed saccular structures and
undergo neonatal death with poorly expanded lungs [69]. In contrast, a recent

	
  

42	
  

study using a type II cell-directed TACE conditional deletion found no effect on
surfactant production. These mice exhibited defects in saccular development but
were viable at birth [83] However, no study has addressed the interdependence of
TACE and PSEN-1 processing of ErbB4 in the ErbB4 signaling pathway
controlling type II cell surfactant expression.

We focused on PSEN-1 because of the more severe developmental phenotype of
alveolar maturation in the PSEN-1 knockout mouse. We used siRNA to silence
PSEN-1 expression in MLE12 cells. MLE12 cells treated with siRNA targeting
PSEN-1 showed a reduction in the level of ErbB4 4ICD cytoplasmic cleavage
product and no change in the ectodomain shedding component of ErbB4.
Moreover, these cells exhibited significant decreases in the surfactant proteins
SP-B and SP-C and in the synthesis of the major phospholipid component of
surfactant, DSPC. Moreover, cells treated with PSEN-1 siRNA showed a
reduction in the released ErbB4 4ICD cytoplasmic cleavage product and no
change in the shedding of the ectodomain component of ErbB4. NRG treatment
afforded the opportunity to evaluate the initiation of this ErbB4 processing
pathway. Our data indicate that cells treated with NRG showed increased 4ICD
levels in association with stimulated expression of SP-B, SP-C and DSPC
synthesis. The fact that these stimulatory effects were lost with PSEN-1
knockdown provides important evidence of the importance of PSEN-1 processing
in ErbB4-mediated type II cell surfactant synthesis that strengthens our
conclusions from previous studies [64]. Thus our data indicate that ErbB4
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signaling in lung alveolar type II cells utilizes the pathway of the PSEN-1dependent γ-secretase proteolytic cleavage for promoting surfactant synthesis.

γ-Secretase cleavage and nuclear transport of ErbB4 are important components
in regulation of fetal lung type II cell surfactant protein production [64]. Because
the accepted model of ErbB4 proteolytic processing includes cleavage by TACE
followed by cleavage by γ-secretase, we then sought to demonstrate that
shedding of the ectodomain through TACE cleavage is also a necessary first step
for ErbB4 signaling in controlling surfactant synthesis. We used both siRNA to
knock down TACE and chemical inhibition of TACE enzyme activity in MLE12
cells to study the importance of TACE processing of ErbB4 for SP-B and SP-C
production. For TACE inhibition we used TAPI, a hydroxamate inhibitor of TACE
activity [4], which targets the zinc active motif on the enzyme. The results of these
experiments showed that neither knockdown of TACE by siRNA nor chemical
inhibition by TAPI inhibited SP-B and SP-C expression in MLE12 cells. More
significantly we found that TACE inhibition did not suppress the stimulatory effect
of NRG on surfactant protein levels.

To further probe the role of TACE we studied the effect of TACE inhibition on γsecretase mediated cleavage of ErbB4 in response to NRG by probing for the
4ICD fragment of ErbB4 in whole cell lysates of TACE siRNA treated and TAPI
treated cells. We found that even after TACE knockdown or inhibition NRG
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stimulation continued to increase 4ICD levels. On the other hand the shedding of
the ectodomain of ErbB4 was decreased in the conditioned media of these cells,
as would be expected with inactivation of TACE. These findings suggest that the
two cleavage steps in ErbB4 are not linked events that must both occur for ErbB4
processing leading to signaling by the 4ICD component in lung alveolar type II
cells. Together with our previous studies of the significance of nuclear localization
of ErbB4 in NRG-mediated control of type II cell differentiation [64] these data
indicate that in this system proteolytic processing by TACE and by γ-secretase
have separate functions for ErbB4 signaling.

In conclusion we find that ErbB4 signaling in type II epithelial cells utilizes the
pathway of the PSEN-1- dependent γ-secretase proteolysis. Our results
emphasize the importance of PSEN-1 for ErbB4 signaling in control of alveolar
type II cell differentiation. Our work also introduces novel insight into the
mechanism of ErbB4 cleavage processing to produce signaling by the 4ICD
component by showing that TACE activity is not a necessary antecedent for γsecretase cleavage of ErbB4 in the control of surfactant DSPC synthesis and SPB and SP-C expression. This dissociation between TACE and γ-secretase
processing of ErbB4 may have important translational impact as investigators
seek to modulate ErbB4 signaling. In particular, this study may provide significant
clues for how to target ErbB4 biology in developing translational approaches to
benefit babies with RDS.
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Figure 1: Representative Western blots and densitometry quantification showing
PSEN-1 knockdown in MLE12 cells and the effect on SP-B and SP-C levels.
Densitometry results are expressed as % of the scrambled (SCR) siRNA
condition (controls). Bars are means ± SEM of N=5 experiments. *=P<0.05. (A)
PSEN-1 knockdown in PSEN-1 siRNA treated cells, GAPDH siRNA treated cells
and SCR siRNA treated cells. Values are expressed as % of the SCR condition
(controls). (B) SP-B expression in PSEN-1 siRNA, GAPDH siRNA and SCR
	
  

46	
  

siRNA treated MLE12 cells. (C) SP-C expression in PSEN-1 siRNA, GAPDH
siRNA and SCR siRNA treated MLE12 cells.
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Figure 2: The effect of NRG on SP-B and SP-C expression in MLE12 cells
following PSEN-1 knock down. (A) SP-B expression in SCR siRNA treated
MLE12 cells in the absence and presence of NRG. (B) SP-C expression in SCR
siRNA treated MLE12 cells in the absence and presence of NRG. (C) SP-B
expression in PSEN-1 siRNA treated MLE12 cells in the absence and presence
of NRG. (D) SP-C expression in PSEN-1 siRNA treated MLE12 cells in the
absence and presence of NRG. Bars are means ± SEM of N=5 experiments.
*=P<0.05, **=P<0.005 compared to no NRG treatment.
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Figure 3: Representative Western blots and densitometry quantification showing
the effect of PSEN-1 knockdown on the level of free ErbB4 cytoplasmic domain
(4ICD) at baseline and following NRG treatment. Mean ± SEM, N=5. *=P<0.05
compared to SCR cells treated with NRG.
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Figure 4: The effect of PSEN-1 knockdown on choline incorporation into DSPC.
Bars show the mean ± SEM of [3H]-choline incorporated into DSPC, expressed
as disintegrations per minute (DPM) per microgram of protein X 103 in MLE12
cells treated with PSEN-1 siRNA compared to SCR treated cells, in the absence
or presence of NRG. *=P<0.05 compared to SCR with NRG; **=P<0.005
compared to SCR without NRG.
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Figure 5: Representative Western blot and densitometry showing the effect of
PSEN-1 knockdown on ErbB4 ectodomain shedding. The presence of the ErbB4
ectodomain in conditioned media from PSEN-1 siRNA treated MLE12 cells and
SCR siRNA treated cells in the presence and absence of NRG is shown. Bars
represent the mean ± SEM of N=5 experiments.
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Figure 6: Representative western blot and densitometry quantification of TACE
knockdown in MLE12 cells and the effect on surfactant protein expression. (A)
TACE knockdown in TACE siRNA, GAPDH siRNA and SCR siRNA treated cells.
Densitometry values were normalized to actin and compared to SCR siRNA
treatment. Bars show mean ± SEM of N=4 experiments. (B) Representative
western blots of SP-B and SP-C expression in TACE siRNA, GAPDH siRNA and
SCR siRNA treated MLE12 cells. (C) Western blots and densitometry of SP-B
expression in TACE siRNA and SCR siRNA treated cells without and with NRG
treatment. Densitometry values were normalized to actin and compared to the
respective SCR value. Bars are means ± SEM of N=4 experiments; *=P<0.05.
(D) Western blots and densitometry of SP-C expression in TACE siRNA and
SCR siRNA treated cells without and with NRG treatment. Densitometry values
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are normalized to the respective SCR value. Bars are means ± SEM of N=4
experiments; **=P<0.005.
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Figure 7: The effect of TACE knockdown on the levels of the 4ICD cleavage
fragment (A) and the released ectodomain fragment (B) in MLE-12 cells. Figure
shows representative western blots and densitometry values normalized to SCR
without or with NRG treatments respectively. Bars are means ± SEM of N=4
experiments; **= P<0.005 compared to SCR condition, T-test with Bonferroni
correction for multiple comparisons.
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Figure 8: Dose-response of TAPI inhibition of TACE, measured by western blot
identification of the active TACE subunit. Figure shows a representative Western
blot and densitometry of N=4-7 experiments; ***=P<0.0005 compared to no
TAPI.
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Figure 9: The effect of TACE inhibition by TAPI on SP-B levels. (A)
Representative Western blot and densitometry quantification of SP-B protein
levels in MLE12 cells treated as control or with 200 nM TAPI. Inhibition of TACE
by TAPI did not affect SP-B levels. (B) Representative Western blot and
densitometry quantification of the effect of TACE inhibition by TAPI on NRG
stimulation of SPB protein levels. Bars represent mean ± SEM of N=4
experiments; **=P<0.005, ***=P<0.0005 compared to the respective controls.
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Figure 10: The effect of TACE inhibition by TAPI on the levels of released
ectodomain fragment (A) and 4ICD cleavage fragment (B) from ErbB4. Figure
shows representative western blots and densitometry values normalized to SCR
without or with NRG treatments respectively. Bars are means ± SEM of N=4
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experiments; * = P<0.05, **= P=0.005 compared to respective controls. Bars are
means ± SEM of N=4 experiments.
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CHAPTER 3:

CCN5 in Alveolar Epithelial
Proliferation and Differentiation in Neonatal Lung
Oxygen Injury.
This chapter is virtually identical to a manuscript in the process of submission.
My role in the work presented in this chapter is that I carried out virtually all of the
experiments, analyzed the data, and wrote the first (and edited subsequent)
drafts of the manuscript.
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INTRODUCTION
Lung immaturity is the major cause of morbidity and mortality in premature
infants, especially those born <28 weeks gestation. Proper lung development
from 23-28 weeks requires coordinated distal airway epithelial cell proliferation
and differentiation. Infants born at this age are at high risk for Bronchopulmonary
Dysplasia (BPD), a chronic lung disease characterized by arrested
alveolarization and airway hyperreactivity [75]. The mechanisms regulating
normal alveolar development and BPD are not well understood. Many
investigators have concluded that there is a tight mechanistic relationship
between alveolar development and lung microvascular development. Saccular
formation begins in the respiratory bronchioles of the lung in parallel with
development of the alveolar capillary bed in infants born at 24–28 wk of
gestation, followed by the beginning of alveolar development [73]. Clinical
interventions, such as oxygen therapy in the first week of life, can adversely
impact the saccular and alveolarization process, creating the clinical syndrome of
BPD [75]. The major manifestations of hyperoxic lung injury in neonates are
fewer and larger alveoli (alveolar simplification), reduced development of the subalveolar microvascular bed, and airway hyperreactivity. Several animal models of
BPD, including mice, rats and baboons have been developed by exposing the
saccular stage lung to hyperoxia. In these models hyperoxia exposure produced
complete arrest of alveolar septation with fewer and larger alveoli. Even though
the normal signals for the progression of saccular development and the
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subsequent septation to form alveoli is unknown, it is well-recognized that
hyperoxia disrupts this process.

In response to hyperoxic injury, alveolar type II epithelial cells in adult lungs have
the ability to proliferate and differentiate to type I cells [86]. Since both type I and
type II cells play crucial roles in respiratory function, it is important that the
appropriate number of both cell types exist during development and healing from
injurious exposures. Many factors regulate the transdifferentiation process
between type I and II cells. For decades, type I cells have been described as
terminally differentiated cells derived from the progenitor type II cells. More
recently, however, studies have begun to indicate that type I cells have the ability
to proliferate and differentiate to type II cells under certain conditions [74]. The
lack of information about the mechanisms and molecules responsible for
hyperoxic injury and the dynamics of type I and II cell transdifferentiation remains
a major impediment to developing effective therapies for pre-term infants.

We are interested in defining the role of the matricellular protein CCN5 during
normal lung alveolar epithelial cell development and response to neonatal
hyperoxic injury. CCN5 is a member of the Cysteine-rich 61/Connective tissue
growth factor /Nephroblastoma-overexpressed (CCN) family of genes [56]. The
six members of this family are matricellular and nuclear proteins that have
important functions in numerous cell and physiologic processes, including
embryonic development, cell motility, proliferation, angiogenesis, and
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differentiation [57]. Many studies have provided functional evidence that CCN5
inhibits smooth muscle cell (SMC) proliferation and motility while promoting a
differentiated SMC phenotype [58], Delmolino et al originally identified CCN5 as
heparin-induced gene in vascular smooth muscle cells (VSMC) [57]. Shortly
thereafter, another group showed that CCN5 is lost after cell transformation [58].
Since the original discovery of CCN5, several studies have examined its
expression in different tissues and its potential function in tumors, cell
localization, gene regulation, and function. Work from the Castellot laboratory
previously used a rat carotid artery balloon injury model to demonstrate that
CCN5 is highly expressed in quiescent (non-proliferating) VSMC in the uninjured
rat aorta and 14 days after injury, but not in actively proliferating cells 2 days
post-injury [59]. This data suggests that CCN5 plays an important role in
maintaining the quiescence of VSMC. Also, the Castellot laboratory showed that
CCN5 is a novel inhibitor of uterine SMC proliferation and motility [56]. Though
the mechanism of action and biological activity profile of CCN5 in smooth muscle
cells has received considerable attention, there are still several important gaps in
our understanding of CCN5. In particular although the Castellot laboratory
documented CCN5 expression in fetal and adult lung, no studies have examined
CCN5 regulation and function in the developing lung during the alveolarization
and in response to injury, specifically in alveolar epithelial cells. In this study we
found that CCN5 expression, and proliferation are coordinately regulated during
normal alveolarization and in response to hyperoxic injury in a murine model of
oxygen-induced BPD.

	
  

64	
  

MATERIAL AND METHODS

Materials:
Dulbecco’s Modified Eagle’s low glucose medium and protease inhibitor cocktail,
Triton-X, hydroxyl proline and bovine serum albumin were purchased from
Sigma-Aldrich (St. Louis MO). Fetal Bovine Serum (Lot # ANB 18202A) was from
BD Biosciences, L- glutamine, Pen/Strep, Invitrolon PVDF filter paper and
NuPage 4-12% Bis-Tris pre-cast gels (1.0 mm X 12 wells) were obtained from
Novex/Invitrogen. An siRNA cocktail of three siRNA sequences targeting CCN5,
Silencer Negative Control scrambled siRNA and Silencer GAPDH siRNA were
purchased from Ambion. The Murine Lung Epithelial cell line MLE12 was
purchased from the American Type Culture Collection (ATCC, VA). BCA Protein
Assay Kit and RIPA buffer were obtained from Pierce/Thermo Scientific (Logan,
UT). Tris-Glycine-SDS 10X running buffer, transfer buffer (10X Tris-buffered
saline washing buffer), TBS-Tween-20 (10X), Tris-EDTA buffer, and SDS sample
buffer were from Boston Bio Products (Ashland, MA). Methanol 100% was from
Fisher Scientific, ethanol 100% from Decon. Histo grade xylene and glass slip
covers were from VWR. Conical tubes (15 and 50 ml) and 6 well culture plates
were from BD Falcon; 100 mm petri dishes were from Fisher. Kodak film (XOMAT Blue XB) and Restore Plus Western Blot Stripping Buffer were from
Thermo Scientific. Mountain Plus DAPI was from Vector. Anti-CCN5 rabbit
polyclonal antibody (cat#ab38317), anti-prosurfactant protein c (rabbit polyclonal
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antibody, ab90716), monoclonal antibody to beta Actin (HRP conjugated, cat#
20272), anti-T1α rabbit polyclonal antibody (cat#ab109059) and anti-Ki67 mouse
monoclonal antibody (cat#ab6526) were all from Abcam (Cambridge, MA).
Peroxidase-Conjugated Affinipure Goat Anti-Rabbit IgG (H+L), (111-035-144),
secondary antibodies Alexa Fluor 488 (donkey anti mouse, cat# 715-547-003),
Alexa Fluor 647 (donkey anti RABBIT, cat# 711-607-003), CY2 (donkey anti
rabbit, cat# 711-225-152), CY3 (donkey anti mouse, cat# 715-165-151) and CY2
(goat anti mouse, cat# 115-225-003) were purchased from Jackson
ImmunoResearch (West Grove PA). Monoject insulin syringes were from
Kendall (Mansfield MA). Paraformaldehyde was from Fisher Scientific.
Phosphate buffered saline was purchased from Gibco (Grand Island NY). OCT
was obtained from Tissue Tek. Dispase was obtained from Sigma (St. Louis
MO).

Cell Cultures:
MLE-12 cells, a cell line derived from adult lung alveolar epithelial tumors created
by expression of the SV40 large T antigen targeted to alveolar type II cells by the
surfactant protein C promoter, were used as a model for Type II cells. MLE-12
cells exhibit characteristics of lung type II cells, including the expression of
surfactant proteins B and C, formation of microvilli and multivesicular bodies, and
expression of surfactant phospholipid. MLE-12 cells were plated at a density of
300x 105 in 6 - well plates and grown as follows. Two sets of cells were cultured
in parallel. One set was incubated in DMEM plus 10 % FBS, and allowed to grow
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exponentially. The other set was allowed to grow exponentially for 2 days and
then media changed to serum free media for 24 hours. Both sets were harvested
for western blot analysis.

Transfection with CCN5 siRNA:
MLE-12 cells were transfected with siRNA using the transfection reagent
Dharmafect 2. To knock down CCN5 three pre-designed CCN5 siRNA
sequences that target three different regions of CCN5 mRNA were used. The
protocol for transfection of MLE-12 cells was adapted from the manufacturer’s
guideline; all steps were done using RNAse- free pipette tips and RNase spray
for decontaminating the work area. The protocol has two transfection steps. The
first transfection was done when the cells were 30-40% confluent. Eppendorf
tube 1 containing CCN5 siRNA (5µl siRNA in 95 µl serum free DMEM/well)
Eppendorf tube 2 containing only the transfection reagent Dharmafect 2 (1µl in
99 µl serum free DMEM/well) were prepared and both tubes incubated for 5
minutes at room temperature. Then the content of tube 1 was added to tube 2,
mixed by pipetting up and down, incubated for 20 minutes at room temperature,
and 800 µl of antibiotic free media was added to the mixture. This transfection
media was added to the plated cells which were then incubated in 37°C for 48
hours. A second transfection step was done 48 hours after the first transfection in
the same manner and the cells cultured for another 24 hours resulting in a total
siRNA exposure time of 72 hours. When transfecting the cells for the second
time the media were changed to serum free media. Scrambled siRNA was used
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as the control condition in each experiment. After 72 hours of total exposure time,
the cells were harvested for western blot analysis.

Western blot analysis
Cells were washed with PBS 3 times, then 500 µl of RIPA buffer - protease
inhibitor mixture (1:50) was added to each well twice. Using a cell scraper, cells
were scraped off the plates (on ice) and then aspirated into Eppendorf tubes,
incubated on ice for 60 minutes with vortexing every 10 minutes. The tubes were
spun at maximum speed in a microfuge for 15 minutes at 4oC and the
supernatant transferred to new Eppendorf tubes and stored in -20°C. The protein
concentration in each sample was determined in duplicate using the BCA protein
assay. For western blots the protein samples were heated at 70°C for 10 minutes
in sample reducing buffer to denature the protein. Proteins (20µg per sample)
were separated by electrophoresis using NuPage 4-12% Bis-Tris gels.
Subsequently the proteins were transferred to a PVDF membrane. The
membrane was blocked with 5% dry milk in TBST for 2 hours at room
temperature or at 4°C overnight. The membrane was probed with primary and
secondary antibodies, and then stripped and reprobed for beta actin. The primary
antibodies were incubated overnight at 4°C and the secondary antibodies were
incubated for 2 hours at room temperature. Blots were developed using Western
Lightning Plus ECL and detected with Kodak film X-OMAT Blue XB.
Densitometry was done for all blots and beta actin was used as an internal
control for protein loading.
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Proliferation assay:
Cell proliferation assays were performed as described in our previous work [58].
Briefly, 3X105 MLE12 cells were plated into 16-mm multi-well dishes. Cells were
previously transfected with CCN5 siRNA or SCR siRNA using DharmaFECT
transfection reagent as described above. Cells were growth-arrested in serumfree media then cultures were released from G0 by exposure to 10%
FBS/DMEM. Cells were allowed to grow for the indicated time and then counted
in duplicate using a Coulter counter (Fullerton, CA) after trypsinization.

Scratch wound assay of cell motility:
Transfected MLE12 cells were plated at confluence onto glass chamber slides.
The following day a uniform straight scratch was made in the monolayer using a
200 yellow plastic pipette tip (Fisher Scientific, Pittsburgh, PA). Monolayers were
washed gently, marked, and photographed using Nikon optics on an inverted
microscope. After incubation for certain time points (12hr, 24hr) at 37°C, the cells
were fixed in 1% paraformaldehyde and mounted. Nuclei were visualized using
Hoechst 33258 labeling nd then photographed with a fluorescence microscope.

Hyperoxia exposure experiments:
We used neonatal wild-type (C57/Bl6) for all our studies. Mice were purchased
from Charles River laboratory. Animals were housed and cared for by the
Division of Laboratory Animal Medicine at New England Medical Center. This
facility conforms strictly to the current National Institutes of Health guidelines for
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animal care. They provide veterinary support and evaluation as needed. The
animal use protocol was approved by the Institutional Animal Care and Use
Committee.

The hyperoxia exposure was performed as we have previously published [71].
Briefly, five-day-old (P5) mice were exposed to room air or 90% O2 until P13 as
follows. At day 1 age, the pups were assigned to new litters consisting of six
pups for each mother. From days P5 – P13 of life (corresponding to the major
period of murine alveolarization), one litter was exposed to 90% oxygen, using a
Plexiglass chamber and one litter was exposed to room air. The exposure
chamber was opened briefly twice a day to replenish food and water, clean the
chambers, and rotate the mothers between the hyperoxic and normoxic
environment to prevent maternal oxygen toxicity. Oxygen concentration was
monitored continuously. On day P13 pups were used for studies as described
below.

Lung fixation and extraction:
Pups were sacrificed at day P13 and the trachea and lungs exposed by
thoracotomy. Ethicon black nylon sutures were used to ligate the trachea and left
main bronchus. The right mainstem bronchus was intubated and 4%
paraformaldehyde was instilled to inflation fix the right lung at 20cm pressure.
After fixation of the right lung both lungs were removed, the left lung was kept for
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western blot analysis, and right lung used for paraffin embedding, sectioning and
immunofluorescent labeling.

Immunofluorescence:
Sections (5 microns) were de-paraffinized and re-hydrated through xylene, and
serial dilutions of ethanol and PBS. Antigen retrieval was done by incubating the
slides in 10mM Tris-EDTA for 15–20 min at 92.8°C, followed by slow cooling to
room temperature before transfer into PBS. Slides were washed twice for 5 min
in TBS plus 0.025 Triton X-100, then sections were blocked for 2 hrs at room
temperature with 10% normal serum with 1% BSA in TBS. Primary antibodies
were added at different dilutions in TBS with 1% BSA onto each section, and
incubated overnight at 4°C. Slides were washed with TBST 0.025% Triton with
gentle agitation three times for 5 min each. For fluorescent detection a
fluorophore-conjugated secondary antibody diluted to the concentration
recommended by the manufacturer in TBS with 1% BSA was added to the slide
and incubated for 1 hour in the dark at room temperature. Sections were then
washed three times for 5 min and mounted with a coverslip with mounting
medium containing DAPI. Pictures were taken using a Zeiss Axio fluorescence
microscope and analyzed by AxioVersion software.

Flow Cytometry:
After lung extractions using the above mentioned protocol, we prepared a single
cell suspension in Cell Staining Buffer using a protocol adapted from Biolegend
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for flow cytometry products. Simply we resuspended cells in cell staining buffer
up to ~15 ml and centrifuge at 350 x g for 5 minutes, discarding the supernatant.
To reduce nonspecific immunofluorescence, the cells were pre-incubated with 510 ug/ml purified anti-mouse CD16/CD32 antibody specific for Fcγ R III/II
(BioLegend Cat. #101302, clone 93) on ice for 10 minutes. Following this
blocking step, we added appropriate conjugated fluorescent primary antibodies
(anti TTF1 1:500 and anti T1α 1:200), at predetermined optimum concentrations
and incubated them on ice for 15-20 minutes in the dark. The cells were then
washed twice with at 2-3 ml of Cell Staining Buffer and centrifuged at 350 x g for
5 minutes at 4 C°. The cell pellet was brought on ice to the Tufts Flow Cytometry
core facility and analyzed immediately.

Results:
CCN5 expression is significantly decreased in growth arrested MLE12 cells
Compared to exponentially growing cells
Studies in SMCs indicate that CCN5 plays an important role in maintaining the
quiescence of SMCs [55]. To determine if this function is also present in lung
alveolar epithelial type II cells, we used Western blot analysis to analyze CCN5
expression in growth arrested compared to exponentially growing MLE12 cells.
CCN5 was significantly decreased to 20% ± 2.2 (mean ± SEM, n=5, p=0.009) in
growth arrested MLE12 cells compared to exponentially growing cells. Thus the
relationship of CCN5 expression to cell proliferation in this lung epithelial cell type
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is opposite to the pattern seen in smooth muscle cells (Figure 11A). Because
CCN5 may act as a paracrine regulator of cells, we also measured CCN5 in
conditioned media of growth arrested and exponentially growing MLE12 cells.
Again, CCN5 was significantly decreased in conditioned media from growth
arrested MLE1 cells (21.7% ± 6.19, mean ± SEM, n=5, p= 0.09) compared to
conditioned media from exponentially growing cells (Figure 11B). These data
show that growth-arrested pulmonary alveolar epithelial cells produce and
secrete less CCN5 than exponentially growing cells, suggesting a different
function for CCN5 in epithelial cells.
Effect of RNAi knock down of CCN5 on MLE12 cell proliferation and motility
We previously reported that reducing CCN5 protein levels in VSMC inhibited
their proliferation and motility [59]. suggesting that CCN5 plays an important role
in the control of these processes. To more thoroughly explore this possibility and
to understand the function of CCN5 in alveolar type II cells we employed RNA
interference (RNAi) to knock down endogenous CCN5 expression in MLE12
cells. Western blot analysis of cell lysates documented a significant decrease of
CCN5 protein levels in CCN5 siRNA treated cells (64% ± 7.2 of scrambled
siRNA-treated cells, means ± SEM, n=3, P= 0.02) (Figure 12A). We then
assessed the effect of CCN5 knockdown on the proliferation and motility of
MEL12 cells. We found that both proliferation and motility are decreased in
CCN5 siRNA treated cells compared to SCR siRNA treated cells (Figure 12B and
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C). These data suggest that in contrast to its function in SMCs CCN5 may
positively regulate proliferation and motility in alveolar epithelial type II cells.

The effect of hyperoxia on CCN5 expression in early post-natal lungs
Having identified unique relationships of CCN5 expression to cell proliferation
and migration in an adult alveolar type II cell line, we next investigated the role of
CCN5 in the alveolarization phase of normal mouse lung development and in
response to the hyperoxic injury that impedes alveolarization. We examined
CCN5 expression in whole lungs of P13 mice pups exposed to either room air or
hyperoxic conditions (90% oxygen) from P5 through P13. CCN5 protein levels
were significantly decreased to 58.2 % ± 18.9 (mean ± SEM, n=6, p=0.06) in
hyperoxic lungs compared to room air lungs (Figure 13).

Alveolar epithelial cell-specific expression of CCN5 in P13 room air and
oxygen exposed lungs
To further characterize the expression of CCN5 in mouse lungs undergoing
alveolarization under room air and hyperoxic conditions, we double labeled
paraffin embedded sections from room air and oxygen exposed lungs with SPC
(a specific marker of alveolar epithelial type II cells) and CCN5. In room air lungs
CCN5 expression was not seen in SPC-positive cells. The SPC-positive cells
demonstrated the characteristic alveolar type II cell appearance (round epithelial
cells with abundant SPC signal surrounding the nucleus in a doughnut shape;
Figure 14). In hyperoxia-exposed lungs, immunofluorescence for SPC showed
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two populations of SPC-positive cells. One type was positive for both SPC and
CCN5 but instead of the characteristic shape of type II cells these cells were
crescent or low oblong in shape, suggesting they were in progressive stages of
flattening and thinning. The other type of SPC-positive cells continued to show
the characteristic appearance of type II cells and continued to be negative for
CCN5. This population appeared greatly reduced in number compared to room
air lungs (Figure 14). The appearance of two morphologically distinct cell types
expressing SPC with one cell type also positive for CCN5 suggests that oxygen
injury of lungs induced alveolar epithelial type II cell differentiation towards type I
cells through an intermediate cell type which is both SPC and CCN5 positive but
with a shape approaching that of type I cells.

In hyperoxic lungs alveolar type II cells differentiate to type I cells through
an intermediate cell type that expresses CCN5 and proliferates.
In response to hyperoxic injury, adult type II cells have the ability to proliferate
and differentiate to type 1 cells [86]. Several investigators have observed
alveolar epithelial cells that displayed characteristics of both type I and type II
cells in culture plates [71]. This “intermediate” AEC type is thought to represent
cells at an intermediate stage of differentiation between type II and type I alveolar
epithelial cells. In this study, we investigated the possibility that hyperoxic lung
injury stimulates type II cells to differentiate into type I cells via an intermediate
cell type and examined the possible involvement of CCN5 in the
transdifferentiation process. Double labeling with the alveolar epithelial type II cell
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marker SPC, and the alveolar epithelial type I cell marker T1α showed no overlap
in sections from room air lungs, while sections from oxygen exposed lungs
showed some overlap suggesting an intermediate cell type that is positive for
both markers (Figure 15A). Cells positive for both SP-C and T1α exhibited the
“intermediate” crescent or low oblong shape described above, but not the
doughnut shape characteristic of type II cells.

To check the proliferation activity of the alveolar epithelial cells during the
transdifferentiation process, we double-labeled sections from oxygen exposed
lungs with SPC and a proliferation marker Ki67. In hyperoxic sections some SPC
positive cells also labeled positive for Ki67. Again, these double positive cells do
not have the characteristic shape of type II cells. Double-labeling for Ki67 and
CCN5 in hyperoxic lung sections show that all CCN5 positive cells also labeled
with Ki67, indicating that they are actively proliferating (Figure 15B)

Fluorescent automated cell sorting (FACS) reveals three populations of
epithelial cells after hyperoxia exposure
To further support the hypothesis of a type I-type II intermediate cell type, we
used flow cytometry analysis to sort cells from extracted lungs. The flow
cytometry data showed 3 groups of cells; one cell group was positive for the type
II cell marker TTF1 and negative for the type I cell marker T1α, a second cell
group was positive for type I cell marker T1α but negative for the type II cell
marker TTF1, and the third group was positive for both markers (figure 16A, B,
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C). To check CCN5 expression in each group of sorted cells we used Western
blot analysis of cell lysates from each group. Western blot data showed that in
room air samples, CCN5 was expressed in T1α positive cells but not in TTF1
positive cells, on the other hand, 90% oxygen exposed samples showed that
CCN5 was expressed in T1α positive cells and double positive cells but not in
TTF1 only positive cells (figure 17A). We also checked Ki67 expression using
Western blot analysis. Our data showed that in room air samples Ki67 was
expressed by T1α positive cells, but not by TTF1 positive cells. In oxygen
exposed samples, Ki67 was strongly expressed in, T1α and double positive cells,
and very weakly expressed in TTF1 positive cells (figure 17B).

DISCUSSION
When late lung development is disturbed by injury, the lung architecture
becomes disrupted, resulting in altered alveolar development. Depending on the
severity of the architectural malformation, there may be serious consequences in
terms of respiratory function, as well as long-term consequences in later life. This
is exemplified by diseases such as bronchopulmonary dysplasia (BPD) [75] a
common complication of pre-term birth and early oxygen treatment, which is
characterized by perturbations to lung structure that include reduced alveolar
number, thickened septa, and a simplified pulmonary microvascular network.
These structural abnormalities lead to respiratory complications during infancy,
which may persist into adulthood [76]. The alveolar structure of the lungs is
composed of type II and type I epithelial cells. Type II cells, in addition to their
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critical role as producers of pulmonary surfactant, serve as progenitors of type I
cells and transdifferentiate into type I cells to repair the alveolar epithelium of
adult lungs when they are injured [73], [86]. Primary cultures of type II cells
prepared from adult lungs also rapidly undergo spontaneous transdifferentiation
into type I-like cells [71]. Studies of alveolar type II cell fate frequently use lung
injury models to induce epithelial damage. Such injury models initially reduce the
population of alveolar type I cells, with the consequence of alveolar type II cell
transdifferentiation and proliferation and to re-establish the type I cell population
and a functional air–blood interface [72]. In a study of the incorporation of [3 H]thymidine into proliferating cells of NO2-challenged rat lungs, Evans and
coworkers reported that 1 hour after a radiolabeled pulse the population of
radiolabeled alveolar epithelial cells (representing 35% of total lung parenchymal
cells) was composed of 88% alveolar epithelial type II cells, less than 1% type I
cells, and 12% of cells that could not be unambiguously assigned to one type or
the other [72].

In this study, we shed new light on fate of lung alveolar epithelial cells in the
alveolarization stage, which are exposed to hyperoxic injury, and the possible
activity of the matricellular protein CCN5 in the injury response/repair process.
We began by establishing the relationship of CCN5 expression with type II cell
proliferation, using siRNA to silence CCN5 expression in the adult type II cell line
MLE12 cells. MLE12 cells treated with siRNA targeting CCN5 showed a
reduction in both proliferation and motility, effects that are the opposite of the
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reported function of CCN5 in SMCs. During alveolarization type II cells must
undergo proliferation and motility, both to populate new alveoli with type II cells
and to move differentiating cells into position as type I cells. The fact that these
two cell functions were affected in this manner with CCN5 knockdown also
suggested the potential importance of CCN5 in alveolar epithelial cells during
alveolar repair in response to lung injury.

We then studied the expression of CCN5 in the alveolar epithelium in vivo using
a mouse model of BPD in which mouse pups are exposed to hyperoxia during
the alveolarization phase. We found that CCN5 was significantly decreased in
oxygen-exposed lungs compared to room air lungs. We used
immunofluorescence microscopy to focus on the relationship of CCN5
expression with alveolar epithelial type II cell transdifferentiation in response to
hyperoxic injury, using alveolar type II and I cell markers (SPC, T1α) to follow the
fate of type II cells and the concomitant expression of CCN5. We found that in
room air CCN5 was not expressed in alveolar epithelial type II cells in lungs
nearing the completion of alveolarization (P13). However, in oxygen-exposed
lungs we identified a population of cells expressing both SPC and CCN5.
Further, these cells did not show the characteristic morphology of type II cells,
suggesting that these cells represent an intermediate population undergoing the
transdifferentiation from type II to type I alveolar epithelial cells.
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To support the intermediate cell type hypothesis, we used alveolar epithelial type
II and I cell markers to document the transdifferentiation process. Oxygenexposed lungs showed a population of cells expressing both the type II marker
SPC and the type I marker T1α. These cells lacked the typical type II epithelial
morphology. These findings are consistent with a cell type that is intermediate
between type II and type I cells, further evidence of a transdifferentiation process
in response to oxygen injury. Examination of proliferative activity by co labeling
with Ki67 showed that these intermediate cells have proliferation activity and are
CCN5 positive.

Alveolar epithelial cell populations were further documented using FACS analysis.
Although TTF1 has known to be positive for other bronchial epithelial cells beside
alveolar type II cells. In these studies we replaced SP-C labeling with TTF-1
labeling, as TTF-1 gave a stronger signal. Our data showed that in room air there
were two groups of cells: TTF1 positive cells and T1α cells. In oxygen exposed
lungs, there were three groups of cells: TTF1 positive cells, T1α positive cells and
double positive cells. Western blot analysis of cell lysates from each group
showed that in room air, CCN5 was expressed in T1α positive cells but not in
TTF1 positive cells. In oxygen samples, CCN5 was expressed in T1α positive
cells and double positive cells. We also checked Ki67 expression. In room air,
Ki67 was expressed only in T1α positive cells. I In Oxygen samples, Ki67 was
expressed in T1α positive cells and double positive cells, however TTF1 positive
cells showed a weak Ki67 expression. The fact that no Ki67 was seen in SPC
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positive cells on immunofluorescence, but a weak signal for Ki67 was seen in
western blot of TTF1 positive cells from oxygen lungs may reflect the increased
sensitivity of western blot over immunofluorescence. Ki67 expression is normally
a representation of cells traversing the cell cycle in mitosis; however low levels of
Ki67 have been identified bound to ribosomal RNA in non-proliferating cells [85].
Thus our findings may reflect active proliferation by type I cells and transitional
cells, while type II cells are mitotically quiescent as alveolarization disrupted by
hyperoxia concludes, in agreement with the recent study by Yee et al [86].

In conclusion we find that CCN5 is expressed in proliferating alveolar type II cells
rather than quiescent cells, in distinct contrast to its expression pattern and
function in smooth muscle cells. CCN5 positively regulates type II cell motility, a
potential event during alveolarization. CCN5 is expressed in vivo in type I alveolar
epithelial cells and proliferating type II cells, but not non-proliferating type II cells
at the conclusion of normal alveolarization. These CCN5-positive cells are also
Ki67 positive, indicating proliferation of alveolar epithelial cells as alveolarization
concludes. Oxygen injury to lungs during the alveolarization process causes
alveolar epithelial type II cell transdifferentiation into type I cells, presumably as
part of the repair process in injury. Further, we identified that this
transdifferentiation proceeds through an intermediate cell type, which expresses
CCN5 and shows proliferation activity. Our results emphasize the possible role of
CCN5 in control of alveolar type I cell proliferation with alveolarization and in type
II cell transdifferentiation in the repair response to injury occurring during
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alveolarization. The data introduce novel insights into alveolar epithelial cell
maintenance with alveolarization and response to neonatal lung oxygen injury.
This may have important translational impact as investigators seek to modulate
the repair process. In particular, this study may provide significant clues for how to
target lung biology in developing approaches to benefit babies developing BPD.
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Figure 11A: CCN5 expression in exponentially growing and growth arrested
MLE12 cells: Western blot analysis and densitometry of MLE12 lysate shows that
CCN5 was significantly decreased in growth arrested compared to exponentially
growing cells. **= P< 0.005

	
  

83	
  

Figure 11B: CCN5 expression in conditioned media from exponentially growing
and growth arrested MLE12 cells: Western blot analysis and densitometry of
MLE12 conditioned media shows that CCN5 was significantly decreased in
conditioned media from growth arrested cells compared to that from
exponentially growing cells. *= P< 0.05
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Figure 12A: RNAi knock down of CCN5 protein levels in exponentially growing
MLE12 cells. Western blot analysis and densitometry shows the reduction of
CCN5 in CCN5 siRNA treated cells compared to SCR siRNA treated cells. *=
p< 0.05
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Figure 12B: Knockdown of CCN5 using siRNA inhibits proliferation in MLE12
cells. Cell counts of CCN5 siRNA-transfected MLE12 cells were performed at 12,
24, 72 and 96 hours. CCN5 knockdown cells showed decreased proliferation
compared to SCR-treated cells
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Figure 12C: Knockdown of CCN5 with siRNA inhibits motility of exponentially
growing MLE12 cells. Initial pictures of the scratch wound were taken for
reference. The monolayers were then incubated for 12 and 24 hours at 37oC,
fixed, labeled with DAPI to visualize cell nuclei and identify the extent of cell
movement into the wound. Cells treated with CCN5 siRNA showed decreased
motility and decreased ability to cover the scratch area compared to SCR siRNAtreated cells.
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Figure 13: CCN5 expression, measured by Western blot analysis, is decreased
in oxygen-exposed neonatal mouse lungs compared to room air exposed lungs.
*= P<0.05
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Figure 14: Immunofluorescence labeling of paraffin-embedded sections from
90% oxygen-exposed and room air neonatal mouse lungs. In room air CCN5 was
not expressed by alveolar epithelial type II cells. In oxygen exposed lungs CCN5
was expressed in some SPC positive cells but these cells do not have the
characteristic appearance of type II cells (arrows). Red (SPC), Green (CCN5).

	
  

90	
  

Figure 15A: Immunofluorescence labeling of sections from 90% oxygen-exposed
and room air lungs. In room air there was no overlap between SPC and T1α, and
SPC-positive cells had the characteristic appearance of type II cells. In oxygenexposed lungs there was some overlap between SPC and T1α. Cells positive for
SPC alone continued to have the characteristic type II cell appearance, while
dual positive cells were flattened and elongated without the doughnut shape
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pattern of SPC expression(arrows). This indicates an intermediate cell type that
expresses both markers. Left panel Green (SPC), Red (T1 α). Right panel Red
(SPC), Green (T1 α).
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Figure 15B: Immunofluorescence labeling sections from 90% oxygen-exposed.
Left panel: In oxygen-exposed lungs some SPC positive cells, which do not show
the characteristic appearance of type II cells exhibit proliferative activity. Green
(SPC), Red (Ki67). Right panel: In oxygen exposed lungs all CCN5 positive cells
show a proliferation activity. Green (CCN5), Red (Ki67).
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Figure 16A: Flow cytometry analysis showing negative controls (unstained cells)
and positive controls (cells stained with only TTF1 or T1α).
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Figure 16B: Flow cytometry analysis of room air lungs: TTF1 positive cells (Type
II cells), and T1α positive cells (Type I cells)
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Figure 16C: Flow cytometry analysis of 90% oxygen lungs: TTF1 positive cells
(Type II cells), T1α positive cells (Type I cells) and double positive cells
(intermediate cell type).
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Figure 17A: CCN5 expression, measured by Western blot analysis. In room air,
CCN5 is expressed in T1α positive cells but not in TTF1 positive cells. In 90%
oxygen, CCN5 is expressed in T1α positive cells and in double positive cells but
not in TTF1 positive cells.
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Figure 17B: Ki67 expression, measured by Western blot analysis. In room air,
Ki67 is expressed in T1α positive cells but not in TTF1 positive cells. In oxygen,
Ki67 is weakly expressed in TTF1 positive cells and strongly expressed in T1α
positive cells, and double positive cells.
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS
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SUMMARY
ErbB4/PSEN-1 Project
Previous work in the Nielsen laboratory identified the role of proteins involved in
ErbB4 processing and showed that processing is needed for stimulation of
surfactant protein gene expression. They showed that PSEN- 1 and YAP are
primarily located in lung epithelial cells, with increasing expression as term
gestation approached. The localization pattern changed from the epithelial cells
of larger airways at E16 to a pronounced saccular expression at E18 of
gestation. The analysis of total protein expression of PSEN-1 and YAP in E16,
E17, and E18 primary cultures of type II cells was consistent with those results.
This developmental pattern reflects that of fetal mouse type II cell maturation, in
which E17 is the time when surfactant production begins and E18 when
surfactant synthesis is well established. Again, baseline results for PSEN-1 and
YAP were consistent with former findings [52]. The cytosolic PSEN-1 and YAP
content were highest at E17 and E18. NRG stimulation promoted relocalization of
these two proteins at E17, suggesting involvement of this signaling pathway in
the maturational process.

It was recognized that the membrane fraction includes membranes from multiple
cell compartments, meaning that this crude subcellular fraction gives limited
information about the exact subcellular compartment localization. Nevertheless,
the results indicate that NRG induces translocation of both PSEN-1 and YAP
from the cytosolic to one or more membrane compartments. These studies
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indicate that ErbB4 signaling in fetal lung type II cells utilizes the pathway of the
PSEN-1-dependent γ-secretase proteolysis, followed by trafficking with YAP to
the nucleus. γ-Secretase cleavage and nuclear transport are crucial for fetal lung
type II cell surfactant protein mRNA production.

Although previous work from the Nielsen laboratory emphasized the importance
of PSEN-1 and YAP for ErbB4 signaling in development and surfactant
production, my studies sought to more specifically define the sequential
interactive relationship of PSEN-1 and TACE for ErbB4 processing controlling
lung alveolar type II cell surfactant production. We used siRNA to silence PSEN1 expression in MLE12 cells. MLE12 cells treated with siRNA targeting PSEN-1
showed a reduction in the level of ErbB4 4ICD cytoplasmic cleavage product and
no change in the ectodomain shedding component of ErbB4. Moreover, these
cells exhibited significant decreases in the surfactant proteins SP-B and SP-C
and in the synthesis of the major phospholipid component of surfactant, DSPC.
Further, cells treated with PSEN-1 siRNA showed a reduction in the released
ErbB4 4ICD cytoplasmic cleavage product and no change in the shedding of the
ectodomain component of ErbB4.

These data indicated that NRG treatment afforded the opportunity to evaluate the
initiation of this ErbB4 processing pathway. Our data indicate that cells treated
with NRG showed increased 4ICD levels in association with stimulated
expression of SP-B, SP-C and DSPC synthesis. The fact that these stimulatory
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effects were lost with PSEN-1 knockdown provides strong evidence of the
importance of PSEN-1 processing in ErbB4-mediated type II cell surfactant
synthesis and strengthens the conclusions from previous studies [52]. Thus, my
data indicates that ErbB4 signaling in lung alveolar type II cells utilizes the
pathway of the PSEN-1- dependent γ-secretase proteolytic cleavage for
promoting surfactant synthesis. In my studies of 4ICD levels in response to NRG
treatment following PSEN-1 knockdown, the effect of NRG stimulation on the
level of 4ICD was not completely removed. This could reflect some cleavage
activity by PSEN-2 or possibly the fact that knockdown of the PSEN-1 protein
level was only 50%, possibly allowing a low residual PSEN-1 activity. However at
the same time the NRG effect on the levels of SPB, SPC and DSPC were all
significantly affected by the PSEN-1 knockdown. I interpret this observation,
combined with the fact that the change in 4ICD with NRG was small, as evidence
that any residual 4ICD production was not sufficient to allow NRG stimulation of
surfactant proteins and DSPC. This conclusion is also supported by previous
work from the Nielsen laboratory in which a mutant ErbB4 construct that lacked a
gamma secretase binding site transfected into fetal lung type II cells did not
increase baseline or NRG-stimulated SP-B mRNA expression [52].

Because the accepted model of ErbB4 proteolytic processing includes cleavage
by TACE followed by cleavage by γ-secretase, I then sought to demonstrate that
shedding of the ectodomain through TACE cleavage is also a necessary first
step for ErbB4 signaling in controlling surfactant synthesis. I used both siRNA to
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knock down TACE and chemical inhibition of TACE enzyme activity in MLE12
cells to study the importance of TACE processing of ErbB4 for SP-B and SP-C
production. For TACE inhibition I used TAPI, a hydroxamate inhibitor of TACE
activity, which targets the zinc active motif on the enzyme. The results of these
experiments showed that knockdown of TACE either by siRNA or TAPI does not
inhibit SP-B and SP-C expression in MLE12 cells.

More significantly, I found that TACE inhibition did not suppress the stimulatory
effect of NRG on surfactant protein levels. To further probe the role of TACE, I
studied the effect of TACE inhibition on γ-secretase mediated cleavage of ErbB4
in response to NRG by probing for the 4ICD fragment of ErbB4 in whole cell
lysates of TACE siRNA treated and TAPI treated cells. I found that even after
TACE knockdown or inhibition NRG stimulation continued to increase 4ICD
levels. On the other hand the shedding of the ectodomain of ErbB4 was
decreased in the conditioned media of these cells, as would be expected with
inactivation of TACE. These findings suggest that the two cleavage steps in
ErbB4 are not linked events that must both occur for ErbB4 processing leading to
signaling by the 4ICD component. However, I cannot rule out the possibility that
the low remaining TACE activity was sufficient to prime PSEN-1 cleavage.
Nevertheless, together with previous studies of the significance of nuclear
localization of ErbB4 in NRG-mediated control of type II cell differentiation [52],
these data indicate that in this system proteolytic processing by TACE and by γsecretase have separate functions for ErbB4 signaling.
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In conclusion, I find that ErbB4 signaling in type II epithelial cells utilizes the
pathway of the PSEN-1- dependent γ-secretase proteolysis. My work also
introduces new insights into the mechanism of ErbB4 cleavage processing to
produce signaling by the 4ICD component by showing that TACE activity is not a
necessary antecedent for γ-secretase cleavage of ErbB4 in the control of
surfactant DSPC synthesis and SP-B and SP-C expression. This dissociation
between TACE and γ-secretase processing of ErbB4 in lung type II cells may
have important translational impact as investigators seek to modulate ErbB4
signaling. In particular, this study may provide significant clues for how to target
ErbB4 biology in developing translational approaches to benefit babies with RDS.

Future directions for the ErbB4/PSEN-1 project
The studies presented in this dissertation provide a natural guide to future
research. Although the study showed the role of Presenilin-1 and TACE
Processing of ErbB4 in Lung Alveolar Type II Cell Differentiation levels, there are
several exiting questions to ask. These questions suggest a variety of research
directions that need to be pursued to provide the next steps along the path to a
practical and widely applicable usage.

What regulates PSEN1 expression in alveolar type II cells?
PSEN-1, an aspartyl protease that cleaves substrates within the cell membrane,
is the catalytic subunit of the g-secretase complex. Although PSEN-1 has been
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extensively studied in Alzheimer Disease studies, little is known about its
regulation in lungs. This could be a possible way to carry PSEN-1 project
forward.

What is the effect of mutant ErbB4 cleavage site on surfactant proteins?
ErbB 4 is known to produce functionally distinct isoforms as a result of alternative
splicing. These include full length isoforms that contain the TACE and gamma
secretase cleavage sites, and isoforms that lack these cleavage sites. A future
study can be done using type II epithelial cells from ErbB4 KO mouse transfected
with different isoforms and probed for the expression level for surfactant proteins
and DSPC.

What is the level of surfactant proteins production and 4ICD release in
TACE KO mouse model?
Global inactivation of TACE through mutation of the zinc-dependent active
sequence results in neonatal lethality and multiple organ developmental
abnormalities, including dysplastic lung [83] To further define the roles of TACE
in regulating lung development, lung epithelial and/or mesenchymal specific
TACE conditional knockout mice were generated [83]. These mice survived birth
and showed abnormalities in lung saccularization but not in type II cell function.
In this thesis we showed dissociated presenilin-1 and TACE processing of ErbB4
in lung alveolar type II cell differentiation. Additional work that clarifies the
independence of TACE activity from presenilin-1 activity for type II cell maturation
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can be carried out to further establish this specific model of ErbB4 processing for
nuclear signaling.

Summary of CCN5/Lung Differentiation Project
My work sheds new light on the fate of alveolar epithelial cells in lungs in the
alveolarization stage at which they are exposed to hyperoxic injury, and the
possible activity of the matricellular protein CCN5 in the injury response/repair
process. I began with the hypothesis that CCN5 would inhibit the motility and
proliferation of alveolar epithelial cells, just as it does in smooth muscle cells and
fibroblasts [55]. I then established the relationship of CCN5 expression to type II
cell proliferation, using siRNA to silence CCN5 expression in the adult type II cell
line MLE12 cells. MLE12 cells treated with siRNA targeting CCN5 showed a
reduction in both proliferation and motility, effects that are the opposite to the
reported function of CCN5 in SMCs. The fact that these two cell functions were
affected in this manner with CCN5 knockdown suggested the potential
importance of CCN5 in stimulating alveolar epithelial cell regeneration during
alveolar repair in response to lung injury.

Based on the above results, I studied the expression of CCN5 in the alveolar
epithelium using a mouse model of BPD in which mouse pups are exposed to
hyperoxia during the alveolarization phase. I found that CCN5 was significantly
decreased in oxygen-exposed lungs compared to room air lungs. I also used
immunofluorescence microscopy to focus on the relationship of CCN5
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expression to alveolar epithelial type II cell transdifferentiation in response to
hyperoxic injury, using alveolar type II and I cell markers (SPC, T1α) to follow the
fate of type II cells and the concomitant expression of CCN5. I observed that in
room air, CCN5 was not expressed in alveolar epithelial type II cells in lungs
nearing the completion of alveolarization (P13). However, in oxygen-exposed
lungs, I identified a population of cells expressing both SPC and CCN5.
Furthermore, these cells do not show the characteristic shape of type II cells,
suggesting that they represent an intermediate population undergoing
transdifferentiation from type II to type I alveolar epithelial cells.

To support the intermediate cell type hypothesis, I next used alveolar epithelial
type II and I cell markers to observe the transdifferentiation process. Oxygenexposed lungs showed populations of cells expressing both type I and type II
markers that did not have the typical type II epithelial morphology. These findings
are consistent with a cell type that is intermediate in the transdifferentiation
process. Examination of proliferative activity by co-labeling with Ki67 showed that
these transitional cells are proliferating and are CCN5 positive. In conclusion, I
found that oxygen injury to lungs during the alveolarization process enhances
alveolar epithelial type II cell transdifferentiation to type I cells, presumably as
part of the repair process in injury. Further, we identified that this
transdifferentiation proceeds through an intermediate cell type that expresses
CCN5 and shows proliferation activity. Our results emphasize the possible role of
CCN5 in control of alveolar type II cell transdifferentiation in response to injury
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occurring during alveolarization and also introduce novel insight into alveolar
epithelial cell function.

Future Directions for the CCN5/Lung Differentiation Project
As with any thesis project, more questions are raised than are answered. There
are several potentially exciting mechanistic and translational opportunities to
carry the CCN5 project forward:

What is the role of nuclear vs. cell surface CCN5 in alveolar epithelial cells?
When I began my thesis work, CCN5 was thought to be a solely matricelluar
protein whose biological functions were mediated via interactions with cell
surface and extracellular matrix molecules. However, further studies in the
Castellot laboratory demonstrated that CCN5 is also a nuclear protein. Previous
work by Lan Wei in the Castellot laboratory demonstrated that the VWC domain
is necessary for nuclear localization of CCN5. These observations have
potentially important implications for understanding the mechanism of action of
CCN5.

In addition, Dr. Wei found that two splice variants of CCN5 are present in smooth
muscle cells. One is the commonly expressed full-length protein containing the
N-terminal signal peptide and all three domains. The other is a truncated protein
missing the N-terminal signal peptide and the insulin-like growth factor binding
protein-type (IGFBP) domain. Without the N-terminal signal peptide, it is quite
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possible that this splice variant is not secreted and may be the nuclear CCN5
protein, especially since it still contains the VWC domain. However, it is also
quite possible that the full-length protein is secreted and then transported back
into the cell, where it localizes to the nucleus. The tools for distinguishing these
possibilities are available, and include monoclonal antibodies, cell fractionation,
and directly labeled CCN5 protein.

What are the binding proteins/receptors for CCN5 in lung?
Although a significant amount of research has focused on the regulation of CCN5
expression few have studied downstream signaling of CCN5. Perhaps this has
been limited because a specific CCN5 receptor has not been identified. Recent
evidence suggests CCN5 colocalizes with and binds to integrin αvβ3 in rat
vascular SMCs [84]. However, functional studies are still necessary to determine
whether the binding of CCN5 to integrin αvβ3 facilitates the anti-proliferative
actions of CCN5 in lung epithelial cells.

Can the individual domains of CCN5 mediate its activities on alveolar
epithelial cells?
The CCN family of proteins typically consists of four distinct peptide domains: an
insulin-like growth factor binding protein-type (IGFBP) domain, a Von Willebrand
Factor C (VWC) domain, a thrombospondin type 1 repeat (TSP1) domain, and a
carboxy-terminal (CT) domain. The six family members participate in many
processes, including proliferation, motility, cell-matrix signaling, angiogenesis,
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and wound healing. Accumulating evidence suggests that truncated and
alternatively spliced isoforms are responsible for the diverse functions of CCN
proteins in both normal and pathophysiologic states. Analysis of the properties
and functions of individual CCN domains further corroborates this idea. CCN5 is
unique among the CCN family members because it lacks the CT-domain. To
dissect the domain functions of CCN5, the Castellot laboratory developed
domain-specific mouse monoclonal antibodies. Monoclonal antibodies have the
advantages of great specificity, reproducibility, and ease of long-term storage
and production. These monoclonal antibodies will be a useful tool for domain
analysis and studies in alveolar epithelial cells.
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