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ABSTRACT
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University of Guelph, 2014

Advisor:
Professor Dorothee Bienzle

Recurrent airway obstruction (RAO) is a chronic inflammatory airway disease
affecting mature horses exposed to airborne substances and characterized by neutrophil
influx into airways, reminiscent of induced asthma in humans. Asthmatic and RAOaffected individuals are deficient in the epithelial cells that secrete secretoglobin (SCGB)
1A1, an anti-inflammatory protein, into airway surface fluids. Herein, we characterized
three equine SCGB1A1 genes and measured their transcripts in tissues using PCR assays.
SCGB1A1 genes differed from each other by ~10 nucleotides, and coded for different
proteins. Transcripts were detected for SCGB1A1 and SCGB1A1A, but not for
SCGB1A1P. Bioinformatic analysis did not identify elements in the proximal promoter
region to mediate silencing of SCGB1A1P. Among 33 tissues evaluated, SCGB
transcripts were most abundant in lung, uterus, Fallopian tube and mammary gland,
which correlated with tissue detection of SCGB proteins by immunohistochemistry.
Investigation of SCGB1A1 genes in other equid species identified three genes in E.
przewalskii, two genes in E. asinus, and a single gene in E. grevyi and E. quagga,
indicating that the evolution of SCGB1A1 likely paralleled diversification within the
Equidae family. Most of the non-synonymous nucleotide substitutions between the
different equid genes localized to the SCGB central cavity that binds hydrophobic

ligands, implying that SCGB genes evolved to accommodate diverse molecular
interactions. Recombinant equine SCGB 1A1 and 1A1A were produced, and assessment
of their effect on neutrophil function showed that SCGB 1A1A but not 1A1 increased
neutrophil oxidative burst and phagocytosis, whereas both proteins markedly reduce
neutrophil chemotaxis and neutrophil extracellular trap (NET) formation. NETs were also
detected in bronchoalveolar lavage fluid from horses with exacerbated RAO but not in
horses with RAO in remission or in healthy horses exposed to inhaled challenge material.
In summary, the studies identified the first SCGB1A1 gene triplication in a mammalian
genome and showed that the SCGB1A1 locus evolved and produced two distinct but
functional equine genes. The genes are differentially expressed in the lung of horses with
RAO, and the proteins have unique effects on neutrophil function. In vivo significance of
the different proteins remains to be fully explored.
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CHAPTER ONE
INTRODUCTION
Lung
Humans
The adult human lung contains more than 2,000 kilometers of airways
corresponding to a surface area of 70 square meters. Every day 10,000 liters of air are
inhaled, which continuously exposes the airways to environmental substances 1. Airways
are lined by a variety of epithelial cells that were originally thought to only function to
protect the organism against airborne invasion 2. Pulmonary airway epithelial cells
protect the underlying tissues against inhaled particles and gases, and therefore act as a
primary physical barrier to maintain respiratory homeostasis 3. Lung epithelial cells are
also responsible for mucociliary clearance 4, repair 5, gas exchange 6, as well as fluid and
electrolyte transport 7,8.
The mammalian airway epithelium is composed of a heterogeneous cell population
grouped into three types depending on their function and biochemistry: basal, ciliated and
secretory cells 2. Among these types, more than eight morphologically defined subtypes
are described in the human lung 9, including mucous, serous, basal, club (Clara) and
columnar ciliated epithelial cells. Additionally, numerous non-structural cell populations
reside in the lung transiently to accomplish different functions such as inflammatory and
immune responses, and include lymphocytes, macrophages, eosinophils, basophils,
neutrophils, dendritic and mast cells. The cell composition of the different airway
sections is extremely variable between species; therefore, extrapolation of data acquired
from animals frequently does not correlate with those of humans
1

10

. As an example,

human pulmonary club cell populations are absent in the bronchi, comprise 0.5 % of nonterminal bronchioles, 11% of terminal bronchioles, 22% of respiratory bronchioles, and
are absent from the alveoli. Conversely, the proximal airways are composed of 50%,
primary bronchi of 45%, axial bronchi of 60% and distal airways of 70% club cells in
mice 11.
Horses
The equine, like human, respiratory system begins with the nares (nostrils) followed
by the nasal cavities, pharynx (nasopharynx, oropharynx, laryngopharynx), larynx,
trachea, bronchi, bronchioles, and alveoli. Horses can only breathe through their nostrils
since the connection between the oral cavity and the pharynx is closed by the soft palate
except during swallowing. Equine lungs are also composed of functionally distinct
conducting and gas exchanging sections. The conducting airways begin with the nostrils,
the more proximal components, and end with the bronchioles. The respiratory airways
consist of the respiratory bronchioles extending to the most distal alveoli. As in humans,
the equine lung is divided into 2 left and 3 right lobes, has a low level of collateral
ventilation, and high collateral resistance 12,13. The resting respiratory rate of a horse is 812 breaths per minute, a range comparable to human. Equine lung development continues
after birth and the functional mature organ is established only after several months.
Additional characteristics favouring horse as a model of human airway disease are
discussed below.

2

Club “Clara” Cells
Description
In 1881, Rudolph Albert von Kölliker first described club cells as a unique
morphological cell type. Sixty years later, a German histologist called Max Clara
published a meticulous study detailing the diverse components of the human respiratory
epithelium and further described club cell distribution and morphology. Club cells were
recognized as the major epithelial cell population in the non-cartilaginous airways of
most mammalian species. At that time, they were identified via the absence of cilia on
their apical surface and the formation of a characteristic bulge into the bronchiolar lumen
14

. Today, club cells are described as non-ciliated, cuboidal, secretory bronchiolar

epithelial cells. Ultrastructural analysis revealed a regular sized nucleus, numerous
mitochondria, a prominent Golgi zone, and rich glycogen content. The apical cytoplasm
also contains abundant agranular endoplasmic reticulum and multiple round electrondense granules 2. These structures were named secretory granules since no evidence of
phagocytic activity was reported and because the club cell was considered a secretory cell
14

. Secretory granule parameters such as size and number were variable in different

species

15,16

, but the presence of a single membrane around granules was a consistent

observation

17

. Recently, an expert committee created by the Forum of International

Respiratory Societies proposed new terminology to resolve ethical issues surrounding the
club cell name and proposed the name “club” instead of “Clara” cells for all future
reference 18.

3

Exocrine Character of Club Cells
The first evidence of an exocytic secretory mechanism in club cells came from an in
vivo study when granule production and secretion were increased following pilocarpine
administration 19. Detailed morphological studies showed that the granules were secreted
via a merocrine mechanism, meaning that the cell and the granule membranes have to
fuse together and then dissolve to release the granule contents

17

. The observation of a

merocrine pathway, or exocytosis, was also demonstrated in a freeze-fracture study

20

.

Only recently was it established that the merocrine pathway is the predominant form of
secretion by club cells, and that the apocrine pathway serves as an alternative mechanism
occasionally observed by electron-scanning microscopy 21,22.
Regulation of Secretion
Much effort was expended to understand the mechanisms and pathways used by the
nervous system to regulate club cell secretion. In vivo administration of isoproterenol and
pilocarpine was used to differentiate between the influence of a ß-adrenergic and/or a
cholinergic stimulus, respectively. Using these compounds, club cell secretions were
shown to be modulated by both adrenergic and cholinergic agents 23. Club cells in ex vivo
isolated lungs deprived of systemic influences remained stimulated by the adrenergic
agonists, but became inhibited by the cholinergic agonists

24

. Moreover, an increased

ventilatory volume stimulated club cell secretion independent of both adrenergic and
cholinergic pathways

25

. It was concluded that ß-adrenergic agents, prostacyclin, and a

large tidal volume, via a prostaglandin-dependent mechanism, control the secretion of
club cell contents 26,27.

4

Secretory Granule Content
The first pieces of work that aimed to determine the constituents of club cell
granules were reported around 1980. A long list including the surfactant proteins

28

,

specifically A 29-31, B 30, D 32,33, but not C 34, a trypsin-like protein called trypsin club 35,
a leukocyte protease inhibitor 36 and the ß-galactoside binding lectin 37,38 were identified.
More importantly, a single product called club cell secretory protein (CCSP) was found
to represent approximately 40% of the protein production of cultured club cells 39. CCSP
localization in club cell secretory granules was established by electron microscopy

40-42

.

Production of other proteins, such as elafin and mucus proteinase inhibitor (MPI), was
reported in cultured cells but information regarding cellular location was not reported 43.
Function
Xenobiotic Metabolism
Club cells represent an important site of xenobiotic metabolism in the lung

44

. Via

this metabolic pathway, the structure of potentially damaging exogenous agents entering
the lung is modified to generate removable and less reactive water-soluble molecules.
The modification of a xenobiotic begins through its oxidation by an enzyme called
cytochrome P-450. Club cells possess an abundant pool of cytochrome P-450
monooxygenases

45-47

, located mainly in the endoplasmic reticulum

48

. Following

oxidation, the modified products are conjugated to glutathione via the enzyme glutathione
S-transferase (GST) for removal from cells, further detoxification and excretion.
The intermediary products generated by the xenobiotic metabolism can themselves
be significantly toxic molecules. As a consequence, club cells are highly susceptible to
cell injury induced by exposure to many air pollutants, such as certain gases and particles
5

49

. In research, the most studied environmental pollutant toxic for club cells is

naphthalene

50

. Naphthalene exposure can provoke numerous ultrastructural changes in

club cells, including cytoskeletal disruption, mitochondrial degeneration, nuclear
condensation, membrane blebbing and leakage, and ultimately, cell death. In vivo, either
cytochrome P-450 inhibition or glutathione depletion increases cytotoxicity of reactive
metabolites in the lung 51.
Marked variation in the club cell concentration of glutathione has been described,
supporting the existence of distinct populations of club cells. This variation changes
considerably depending on the level of airway assessed, and correlates directly with the
degree of cellular susceptibility to lung injury

52

. Generally, more distal locations were

more susceptible to injuries. As an example, murine club cells from the terminal
bronchiole are more susceptible to injury compared to those of the proximal bronchi

53

.

Other factors, such as the dose of the toxicant and cell capacity for glutathione resynthesis also influence this injury predisposition 54. Regulation of glutathione levels was
reported to be a vital component of club cell homeostasis. Experimentally, once the
intracellular level of glutathione dropped below a certain threshold, the initial events of
tissue injury became irreversible 55. This effect was not influenced by the location of the
cells. Interestingly, the loss of glutathione alone is insufficient to induce cell death 56.
Immune System Regulation
Club cells possess immunomodulatory functions in the lung

57,58

. The capacity of

club cells to control airway inflammation and immune response depends largely on their
ability to secrete an array of molecules. To reduce lung inflammation, club cells produce
surfactant proteins. Of importance, SP-D improves the capture and facilitates the
6

presentation of inhaled pathogens to phagocytic cells, a process mediated by neutrophil
extracellular traps (NETs)

59

. SP-D agglutination of pathogens is thought to be an

important link between innate and adaptive immune responses

60

. Moreover, increased

matrix metalloproteinase (MMP) transcripts were detected in the airways of club cellablated mice, supporting the notion that club cells prevent tissue injuries caused by
excessive MMP activities

61

. The mechanism controlling MMP transcription remains

elusive today. Club cells also neutralize harmful proteases secreted by inflammatory
cells, such as neutrophils, via secretion of MPI and elafin

36,43,62

. Finally, the most

abundantly secreted protein into the airway surface fluids by club cells is CCSP

63

.

Immune functions of CCSP will be reviewed in subsequent sections.
Progenitor Cell Activity
For a long time, a non-ciliated lung progenitor cell population has been recognized
for its potential to divide and differentiate into ciliated and non-ciliated cells, and to
repopulate the airway epithelium following an injury 64. Club cells were shown to sense
epithelial injury, lose their quiescent state characteristics, and convert into vigorously
proliferating cells after injury

65

. Similarly to transit-amplifying cells, some club cells

retain a relatively undifferentiated character, with limited proliferation capacity but with
tissue-specific stem/progenitor cell potential

64,66

. From a histological perspective, these

proliferating club cells displayed a limited number of secretory granules and less smooth
endoplasmic reticulum compared to mature cells. They were resistant to naphthalene
exposure as a consequence of their lack of cytochrome P-450 2F2 expression. Moreover,
their anatomical location seemed to be more restricted than that of naphthalene-sensitive

7

cells. As a consequence, these cells were later referred to as variant club cells (Clubvcells).
Two different sources of airway progenitor cells have been described; endogenous
and exogenous stem/progenitor cells

67

. Clubv-cells belong to the endogenous category,

meaning that they are produced in, and not transported to, the lung. They are furthermore
divided into two subclasses based on their location 68-70; clubv-cells from the bronchioles,
predominantly located at airway branching near neuroepithelial bodies (NEB), and clubvcells from the terminal bronchiolar epithelium in close proximity to the bronchioalveolar
71

duct junction (BADJ)

. An alternative population of proliferative pulmonary

neuroendocrine cells positive for the calcitonin gene related-peptide marker (CGRP+
PNECs) was described in NEB

72,73

. This population did not re-establish the airway

epithelium after injury, suggesting that only CCSP-expressing cells are true progenitor
cells

66

. Similar observations were reported among exogenous progenitor cell

populations. When bone marrow-derived cells were injected into lung tissues, they
acquired the capacity to express CCSP and subsequently contributed to epithelial
restoration

74

. Stem cells from non-pulmonary origin can be reprogrammed in the lung

environment, opening the door to research on potentially interesting therapeutic
alternatives for chronic airway diseases.

Club Cell Secretory Protein
Discovery
In the late 1960’s, two research groups working in parallel reported the
characterization of a small protein isolated from rabbit uterine tissue during the early
stage of pregnancy

75,76

. The American group named this steroid-inducible protein
8

blastokinin since it induced blastulation and supported blastocyst development

77

. The

German group called this product uteroglobin (UG) given that it represented the most
abundantly secreted protein in the uterus at that stage of development 78. Uteroglobin was
the first mammalian protein found to be regulated by hormones and released in large
quantity into uterine secretions. These characteristics rendered uteroglobin suitable to
study protein-DNA interactions and regulatory mechanisms. The following section will
review early findings in CCSP research.
Research on Uteroglobin
In the 1950’s, evolution of the field Embryology into Reproductive Biology was
driven by the requirement to understand the physiological and biochemical mechanisms
behind embryological development. In order to develop in vitro models, scientists needed
to characterize the composition of uterine secretions. Using direct antigen comparison,
Henning M. Beier discovered a major diffusible endometrial protein and called it UG.
UG is the most abundant protein secreted in the uterine lumen of pregnant rabbits
Milligrams of UG are secreted during the initial stage of pregnancy
expression was shown to be hormone regulated

79-81

75

76

.

. After UG

, two regulatory mechanisms were

described; a positive mechanism induced by progesterone

82

and/or testosterone 83, and a

negative mechanism driven by estrogen 84.
Originally, UG was thought to be expressed only in rabbits and in a small number of
related species

85

. As a consequence, UG genomic and cDNA sequences were first

characterized in rabbits 86-90 and hares 91. The gene sequence, structure 92, and regulatory
elements 93 were rapidly determined and UG became a popular model for study of geneexpression mechanisms regulated by hormones
9

94

. Furthermore, analysis revealed that

multiple tissues contained proteins with UG-like properties 95, including a lung secretory
protein with similar weight, structure, isoelectric point, amino acid characteristics and
immunological properties, called UG-like protein

96

. UG-like protein was subsequently

shown to be CCSP 97,98.
Research on Club Cell Antigens
Concurrent to progress on uteroglobin, efforts were underway to determine antigens
that induce differentiation of cell populations in the lung. The existence of such antigens
was highlighted by the elaboration of a lung homogenate-derived antiserum that stained
both murine club cells and type II pneumocytes 99. Other techniques to identify club cells
consisted of generating antiserum to purified secretory proteins

100,101

. One rabbit

antiserum was specific to two antigenic types of rat club cell antigens 102, and was shown
to react with mouse and hamster club cell antigens
recognized as the non-surfactant CCSP

39

103

. The antigenic product was

. The discovery of a 10 kDa protein and an

antibody that stained specifically club cells in human, dog and rat was described later 104.
Nowadays, CCSP is considered a marker of early-differentiated pulmonary
secretory cells

105

. The paucity of additional markers for the identification of club cells

represented a challenge for study of cell adaptation in normal and disease conditions for
several years. However, recently, flavin monooxygenase 3 (Fmo3), paraoxonase 1
(Pon1), aldehyde oxydase 3 (Aox3) and claudin 10 (Cldn10) were identified as genes
specifically expressed by club cells 106.
Research in Other Fields
Urine protein-1 (UP1) was isolated and purified from the urine of human patients
with renal failure in the late 1980’s

107

. In parallel research, the retention of

10

polychlorinated biphenyls by interaction with a small secretory molecule led to the
identification of a polychlorinated biphenyl-binding protein (PCB-BP)

108-110

. The

structure and function of these proteins corresponded to CCSP 111,112.
Nomenclature
The list of names attributed to CCSP over the years is remarkably long: uteroglobin,
blastokinin, club cell 10 kDa protein (CC10), CC16, polychlorinated biphenyl-binding
protein (PCB-BP), hCCPBP and urine protein-1 (UP1)

65,113

. In 2000, an international

committee recommended a standardized nomenclature to classify the emerging
superfamily of 10 kDa proteins that includes CCSP

114

. Importantly, CCSP was selected

as the founding member of the secretoglobin family

115

, and was therefore named

secretoglobin family 1A member 1 (SCGB 1A1). Unfortunately, confusion was sparked
again in 2013 when an expert panel created by the Forum of International Respiratory
Societies changed the terminology of “Clara” cell to “club” cell, recommending similarly
the use of “club” cell secretory protein as a reference to CCSP

18

. Herein, we adopt the

first systematic nomenclature and refer to CCSP as SCGB1A1 (gene) or SCGB 1A1
(protein).
Structure
The SCGB1A1 gene consists of three exons and two introns. This organization is
remarkably conserved among mammals, although some level of variation exists between
the lengths of different SCGB1A1 genes. As an example, the rabbit SCGB1A1 genomic
sequence is estimated at 3kb

116,117

and the human at 4.1kb

118,119

. At the protein level,

SCGB 1A1 corresponds to a homodimeric alpha-helical structure formed by the antiparallel superposition of two identical subunits stabilized by disulphide bridges
11

120,121

.

The bridge interactions are created between cysteines 3 and 69 of the subunits, which
themselves are composed of 70 amino acids. The protein forms an internal hydrophobic
pocket suitable for binding lipophilic molecules. The cavity can bind small hydrophobic
substances such as progesterone

122

, retinol

123

and previously mentioned PCB. The

presence of minor hydrophobic cavities on each side has been reported but their function
is elusive. SCGB 1A1 shows a high degree of resistance to proteases, high temperature
and pH 124. The amino acid sequence of SCGB 1A1 is highly conserved across species115.
Expression
SCGB 1A1 is the most abundant secretory protein in the airway surface fluid,
constituting 2-12% of bronchoalveolar lavage fluid (BALF) proteins

125

.

In most

mammals SCGB1A1 is predominantly expressed in the distal conducting and proximal
air-exchanging region of the lung, reflecting the distribution of mature club cells 10,126-130.
Mice have more widespread SCGB 1A1 expression throughout the lung, while alveoli
lack SCGB 1A1 in all species
118,132-134

and prostate

135,136

131

. Intense extra pulmonary expression occurs in uterus

, and low SCGB 1A1 levels have been variably detected in

endothelium, smooth muscle

137

, neutrophils

138

and proximal renal tubules

139

. Findings

on expression depend to some extent on methodological approaches since PCR-based
transcript detection is more sensitive than Northern blot or IHC identification of protein
140

. However, specific IHC-based detection is valuable to dissociate transcript stability

from detection of translated products.
Regulatory Mechanisms of SCGB1A1 Expression
Promoter sequence analysis revealed numerous functional regulatory binding sites
in the proximal promoter region of SCGB1A1 141, such as the hepatocyte nuclear factor 3
12

(HNF-3)

142,143

, thyroid transcription factor 1 (TTF-1)

binding protein (C/EBP)

146

and activator protein-1 (AP-1)

141,144,145
147

, CCAAT/enhancer-

. Additionally, TTF-1 and

γ-interferon activation site (GAS) located in the distal promoter region are needed for
basal SCGB1A1 expression in mice

144,148

. Developmental expression of SCGB1A1 is

required for epithelial maturation and is regulated by C/EBP α/δ, NK2 homeobox 1
(NKX2-1), and Forkhead box protein family (FOXA1/2, previously called HNF3α/β, and
FOXM1) 149,150. In postnatal life, pulmonary and uterine SCGB1A1 expression is induced
by glucocorticoid

151

and progesterone

132,139,152

, respectively, via hormone-receptor

complex binding to specific regulatory nucleotide sequences, such as RUSH/SMARCA3
(reviewed in

153

). Therefore, it is clear that specific transcription factors contribute to

regulating basal and induced SCGB1A1 expression at different developmental stages, but
their precise roles remain to be defined.
Endogenous and Synthetic Compounds that Modulate SCGB 1A1 Expression
Multiple endogenous and synthetic compounds influence SCGB1A1 gene
expression. In addition to IFN-γ, which stimulated SCGB 1A1 secretion after
intratracheal administration

148

, Liu et al. described a SCGB1A1-activating (IL-10) and

three SCGB1A1-inhibitory (TNF-α, IL-1β, and IL-4) cytokines

154

. These observations

led to the general concept that TH2/pro-inflammatory cytokines reduce, while TH1/antiinflammatory cytokines promote SCGB1A1 expression
members of the SCGB family in human airways

156

155

. Cytokines also regulate other

. Moreover, a potential interaction

between growth hormone (GH) and SCGB was reported, as administration of GH led to
reduced SCGB1A1 levels during exacerbation of acute lung injury (ALI) 157.

13

Administration of synthetic compounds, such as roflumilast (inhibitor of
phosphodiesterase-4) 158, fexofenadine hydrochloride (histamine H1 receptor agonist) 159,
and polydatin (traditional Chinese medicine)160, all contributed to reduced severity of
different inflammatory airway conditions and individually increased SCGB 1A1 in
airway secretions. Thus, multiple natural and synthetic compounds have been assessed
regarding their ability to modulate lung disease. SCGB 1A1 is a component of the lung
proteome reduced in many pathogenic conditions of the lung. Regulation of club cell
differentiation and SCGB1A1 production is complex, and influenced by many
inflammatory and other mediators. None of the synthetic compounds have yet yielded
clearly beneficial results in well-established models or clinical scenarios, therefore, at this
point it cannot be inferred that any will be suitable therapeutics.
Regulation of Receptor-Mediated Endocytosis
SCGB 1A1 binds with high affinity to pulmonary and uterine microsomal and
plasmatic membranes

161

. Observations of SCGB 1A1 in pulmonary but not blood

neutrophils of RAO affected horses provided further evidence of a receptor-mediated
uptake mechanism by immune cells

162

. Receptors that bind and internalize SCGB 1A1

are not characterized. SCGB 1A1 interaction with cubulin, a membrane bound protein
detected in renal epithelium, results in SCGB 1A1 uptake and lysosomal degradation 163,
but the tissue distribution of cubulin is not supportive for a role in lung tissues. Moreover,
inconsistent findings were reported about the interaction of SCGB 1A1 with the
lipocalin-1 receptor (LCN-1R). Zhang and colleagues showed a specific interaction
between LCN-1R transfected cells and SCGB 1A1 in vitro

164

, but the biological

relevance of this interaction was subsequently challenged by further studies using surface
14

plasmon resonance

165

. Since SCGB 1A1 binds various substances in the extracellular

milieu 166, it is likely that SCGB 1A1 forms a signalling complex with a protein ligand to
be engulfed. The molecular mechanisms and the purpose of SCGB 1A1 endocytosis, such
as nuclear signal transduction, need to be explored further.
Functions
SCGB 1A1 was discovered 40 years ago but its physiological roles remain
unknown. Multiple observations associated SCGB 1A1 to immunomodulatory functions;
(1) SCGB1A1 is located in a genomic locus enriched in immune-related genes, (2) SCGB
1A1 is mainly expressed in cells of epithelial origin, the first barrier between an organism
and the external environment, and (3) SCGB 1A1 expression increased during the initial
stage of pregnancy, an action believed to attenuate the immune system and allow
implantation of the blastocyst in maternal tissues

167

. Mechanistically, the immune

response attenuation was achieved via direct binding of SCGB 1A1 to α2-microglobulin,
a molecular interaction catalyzed by a transglutaminase enzyme 168. In vitro, the presence
of SCGB 1A1 and transglutaminase were sufficient to protect implanted rabbit embryos
169

or spermatozoid cells 170 against an immune response, but the validity of these results

was questioned after SCGB1A1 knockout mice revealed no reproductive abnormalities
171,172

.

SCGB 1A1 has been shown to bind a variety of lipophilic molecules including
progesterone

122

, retinol

123

and PCB

173

. The molecular complexes created with SCGB

1A1 are believed to inhibit the physiological functions of their different targets. For
instance, SCGB 1A1 interaction with prostaglandin D2, blocked its binding with the
prostaglandin D2 receptor, and inhibited the activation of COX-2 gene transcription
15

174

,

suggesting that SCGB 1A1 protects airways by repressing inflammatory associated
molecular pathways. In addition, the development of synthetic antiflammins, based on
fusion of conserved structures of SCGB 1A1 and lipocortin-1, yielded compounds with in
vivo anti-inflammatory properties

175

. Thus, SCGB 1A1 may interact directly with

harmful endogenous and foreign substances to maintain a normal lung homeostasis.
SCGB 1A1 also showed a potency to limit pulmonary inflammation by regulating
immune cell migration into the airways, including eosinophils, neutrophils, lymphocytes
and monocytes

176,177

. Leukocyte chemotaxis was inhibited by dose-dependent

concentrations of SCGB 1A1

178

. Notably, the cell migratory mechanism regulated by

SCGB 1A1 involved receptor-mediated interactions. Cells transfected with the FPR2
receptor for example migrated normally towards a gradient of serum amyloid A in vitro,
however this activity was compromised in the presence of SCGB 1A1

179

. SCGB 1A1

mediated inhibition of cell migration is not specific to immune cells, as malignant cell
motility and invasiveness interference has also been described 180.
Mutations
Certain SCGB1A1 mutations are associated with a higher risk of developing asthma
in humans

181-184

. The non-coding A38G mutation detected in the SCGB1A1 promoter

region was associated with decreased SCGB 1A1 level in plasma, increased
predisposition to asthma 183, and reduced responses to glucocorticoid therapy, supporting
a concept of “biological imbalance”

185

. The link between the A38G allele and

predisposition to asthma is still debated since not all populations showed a significant
correlation between the A38G genotype and the asthma phenotype

186,187

. A recent study

revealed that the contribution of genetic effects, including the A38G mutation, to the
16

development of asthma in a population exposed to distinct environments varied,
indicating that environmental factors have a major impact on the interpretation of these
genetic studies 188,189.
Expansion of a tetranucleotide repeat (GTTT)4(ATTT)9 at position 53 of the
SCGB1A1 gene was identified as another potential genetic link predisposing to asthma
disease

190

. This region was evaluated based on previous evidence suggesting the

interference of microsatellite with gene regulation and expression mechanisms. An
association was reported between the different haplotype frequencies

191

and asthma

186

,

but was later refuted by Mao and colleagues 192.
Role as a Biomarker
SCGB 1A1 is a highly sensitive biomarker of epithelial cell injury in the lung 193-195.
Extremely low doses of irritants can transiently alter SCGB 1A1 concentration into the
airways

196,197

. Decreased pulmonary SCGB 1A1 concentration correlated with reduced

blood levels in various types of airway injury

198-201

. SCGB 1A1 is believed to relocate

into the blood flow by passive diffusion, but the mechanism is not fully understood.
Acute exposure to injurious environmental substances, such as tobacco smoke, briefly
increased SCGB1A1 levels in BAL

202

, a factor likely to contribute to reduced

inflammation. However, long term smokers and patients with chronic pulmonary disease
lose this capacity to induce SCGB 1A1 production in BAL and blood

158

, which is

partially explained by a low club cell number detected in the airways of chronically
affected patients

155

. Follow-up studies showed that 15 months were required after

smoking cessation to re-establish normal bronchiolar epithelial homeostasis and
SCGB1A1 endogenous expression level. Decreased SCGB1A1 concentration in plasma
17

and BAL were reported in several respiratory conditions such as allergy, wheezes,
bronchiolitis obliterans, airway neutrophilia and chronic obstructive pulmonary disease
203-206

.

Altogether, these observations suggest that SCGB 1A1 is an important marker of
epithelial cell function and injury. Thus, from a clinical perspective, determining SCGB
1A1 concentration in patients may evolve into a useful prognostic indicator. High SCGB
1A1 concentration in blood prior to lung transplantation for example properly predicted
the probability of developing primary graft dysfunction 207, and the degree of lung injury
after coronary artery bypass surgery

208

. New approaches are being developed to ensure

appropriate quantification of this biomarker for future applications 209.

Asthma
Pathophysiology of Human Asthma
Asthma is a chronic pulmonary inflammatory disease characterized by an increase
in airway responsiveness, airway narrowing and/or remodelling, mucus hypersecretion
and bronchospasms. Affected individuals share similar symptoms including wheezing,
coughing, and dyspnea subsequent to a variable expiratory airflow obstruction

210

. Both

environmental and genetic factors contribute to the complex etiology of asthma.
Accordingly, much heterogeneity in asthma phenotypes has been described, and asthma
is classified by etiology (allergic, non-allergic, occupational), physiological parameters
(Brittle type 1 and 2), disease severity (therapeutic requirements), or predominant
inflammatory phenotype (eosinophilic, neutrophilic)

211

. These distinct organizational

systems focus on singular traits of the disease and therefore have inherent limitations, to
the point where relevance of the term “asthma” was recently questioned 212. Therefore, it
18

is important to consider that asthma represents an umbrella term aiming to define a
constellation of abnormal lung functions that may arise from distinct causes, but manifest
with similar symptoms 213.
Asthma predominated by eosinophilic inflammation is well characterized, and most
of the current anti-inflammatory therapies target this type of asthma

214

. However, the

observation by McGrath and colleagues that approximately 50% of patients with mild-tomoderate asthma have persistent non-eosinophilic sputum cytology

215

, and that this

population is specifically at risk of poor therapeutic response, indicate the need for better
understanding of such asthma, and for more effective therapy for such patients.
Asthma and SCGB 1A1
Asthmatic patients have low SCGB 1A1 levels in BAL and blood relative to healthy
individuals without lung diseases

216

. The biological impact of reduced SCGB 1A1 in

asthmatic airways remains largely unexplored, and only few selected studies addressed
the role of SCGB 1A1 specifically in allergic asthma mechanisms. T cells mainly
orchestrate the adaptive immune responses to allergens in allergic asthma,217-219.
Differences in the gene expression profile of T cells freshly isolated from normal and
asthmatic patients have been observed

220

, and SCGB 1A1 was among the genes

associated with decreased allergen-induced inflammation of the airways. In mice, SCGB
1A1 exposure significantly reduced TH2 inflammatory cytokines levels. In fact, SCGB
1A1 inhibited TH2 cell differentiation

221

, and down-regulated two important modulators

of TH2 polarization, namely serum amyloid A (SAA) and suppressor of cytokine
signaling-3 (SOCS-3)

179

. SCGB 1A1 also showed activities on the murine serine

protease inhibitor b3a (serpinb3a)

222

, a protein highly expressed in the airways of
19

asthmatic patients

223

. Altogether, these studies suggest that SCGB 1A1 deficiency in

allergic asthma might promote inflammation. Further investigation will need to address
whether SCGB 1A1 deficiency might also contribute to the pathophysiology of nonallergic asthma phenotype.
Animal Models
The most common animal for modelling human respiratory disease is the mouse 224.
The plethora of techniques available to genetically modify mice has facilitated
development of new models mimicking human diseases. However, major differences in
lung mechanics, physiology and anatomy are obstacles for truly modeling human lung
disease in mice

225

. Moreover, there are considerable differences in the mechanism and

nature of the immune response between humans and mice. Mice do not naturally develop
a condition similar to human asthma, and widely utilized models of airway
hyperresponsiveness in mice utilize systemic sensitization to a non-mammalian protein
such as ovalbumin followed by intranasal challenge

226

. Furthermore, mice have been

shown to develop tolerance to allergen following repeated exposition

227

, allowing

assessment of immediate responses to antigen exposure, but limiting research on distinct
asthma phenotype, such as adult-onset asthma. Study of neutrophilic inflammatory
phenotype of asthma is also impaired in mice due to the lack of IL-8 gene, an important
mediator of neutrophil recruitment into inflamed airways

228

. As a consequence of these

immunologic, physiologic and genetic differences, many promising drugs developed in
small animal models have not been useful in human patients 229.
Large animal models have been developed to address some limitations inherent to
mice. The similarities between the lung anatomy, structure and function of human and
20

large animal species suggest them as a more suitable animal model of asthma. Sheep are
probably the most extensively characterized large animal model of allergic asthma

230

.

They have comparable physiological parameters to human including airflow, resistance,
compliance, respiratory rate and tidal volume, and most of these parameters can be
assessed without anesthesia using equipment similar to that in clinical use for humans 12.
Like mice, therapy developed in sheep did not improve human symptoms, outlining
important distinctions between sheep and human asthma

231

. Horses, conversely,

naturally develop inflammatory lung disease with much similarity to environmentally
induced asthma of humans, as described in detail below.

Recurrent Airway Obstruction
Description
Recurrent airway obstruction (RAO), or heaves, is an equine inflammatory airway
disease induced by exposure of susceptible animals to environmental triggers such as
organic dusts

232

. RAO becomes clinically evident by middle age in horses. In sensitized

horses inhalation of hay dust triggers influx of neutrophils into the airways, followed by
episodes of bronchospasm and excess mucus production. Both airway obstruction and
inflammation are initially reversible by elimination of inciting agents, but with recurrent
exposure, airway obstruction and inflammation are more readily triggered and less, or not
at all, reversible

233

. Not all horses appear equally susceptible to develop RAO from

repeated exposure to hay dust.
In the past, RAO was inappropriately referred to as chronic obstructive pulmonary
disease (COPD). Use of this term has been discontinued since the equine disease has little
similarity with human COPD

234

. Other inappropriate terms for RAO are “chronic
21

bronchitis” and “equine emphysema”

235

. RAO is prevalent in the Northern hemisphere

because horses are fed hay and housed indoors for long periods of time. Comparatively,
the Southern hemisphere shows a higher incidence of summer-pasture associated
obstructive pulmonary disease (SPAOD)

236

. Both conditions have similar outcomes,

though they are caused by slightly different initiating factors. In general, RAO initiating
factors are organic dusts found in hay or bedding 237. Organic dusts containing endotoxins
and mould components (beta-glycan, small particles) are thought to induce RAO by
triggering an allergic type of reaction. The exact composition of inhaled material that
horses respond to remains to be determined, however, moulds alone are sufficient to
induce heaves in susceptible horses

238,239

. The definition of RAO has been refined and

now applies to “horses with reversible airway obstruction induced in the presence of
organic dusts”. The diagnosis of RAO is established from clinical detection of wheezing,
increased respiratory effort, excess airway mucus, increased airway neutrophils in BAL
fluids and altered pulmonary function tests 234.
Pathophysiology
After repeated exposure to inhaled irritants, susceptible horses develop airway
inflammation. The mediators secreted in the course of inflammation, such as IL-8, have
chemotactic activities responsible for neutrophil recruitment into the airways

240,241

.

Subsequently, airway obstruction develops as a result of mucus accumulation and
bronchoconstriction, and with chronicity this leads to collagen deposition around airways,
mucus metaplasia, protease release, smooth muscle hypertrophy and eventual airway
remodelling. Mucus accumulation is caused by increased mucus production and
increased mucus viscosity 242,243. Neutrophils contain proteases whose excess release can
22

damage epithelial cells
hyperplasia

246

244

and extracellular matrix

245

, and predispose to goblet cell

. Initiation of bronchospasm follows cholinergic nerve and airway smooth

muscle activation by mediators of inflammation 247,248. Horses with RAO tend to develop
non-specific airway hyperreactivity to a wide variety of substances, which may improve
if airway inflammation is controlled 249,250.
Neutrophils in RAO
Neutrophils are the main inflammatory cell population recruited to the lung of RAO
animals. After exposure to organic dust, neutrophils are recruited into the airways within
3-5 hours, and their effects can be observed for up to 3 weeks depending on the duration
of exposure

251

. It is generally accepted that peripheral blood neutrophil count does not

change after mouldy hay challenge 252, but conflicting evidences have been described 253.
Activated neutrophils contribute to the inflammatory process by releasing tissue
damaging enzymes, such as elastase, and reactive oxygen species

244

. Interestingly,

reduction of neutrophil number, via apoptosis or phagocytosis, correlated with resolution
of airway inflammation following mouldy hay challenge 253.
Apoptosis is not the only type of programmed cell death that neutrophils are
susceptible to at sites of inflammation. When activated, neutrophils can externalize their
nucleic acid content and form neutrophil extracellular traps (NETs). NETs are fibrillar
structures composed of DNA, histones, and cytosolic proteins assembled to capture and
retain bacteria, viruses, and other extracellular components

254

. NETs also play a role in

non-microbially induced inflammation, possibly by rendering cell debris suitable for
elimination by macrophages. Formation of NETs inherent to substantial influx and
activation of neutrophils in inflamed airways has been reported to play adverse roles,
23

since the presence of MPO, elastase and histones in these complexes can be detrimental
to the surrounding epithelium (reviewed in

255,256

). Host factors present in RAO airways,

such as IL-8 and reactive oxygen species, have been shown to activate NETosis and
potentially contribute to increased airway obstruction. The factors contributing to NET
formation, inhibition and clearance are not clearly understood.
Horse as a Model of Airway Disease
Animal models are essential to study detailed aspects of disease mechanisms. All
models have intrinsic limitations and a perfect model for studying complex human
diseases, such as asthma, does not exist

12,257

. Consequently, an important component of

any research on complex diseases is identification of the most relevant model to address a
hypothesis. Advantages of the equine model include that a large component of the
respiratory tract can be directly visualized in vivo by endoscopy, the airway
inflammatory phenotype can be identified from BAL fluid analysis, a large number of
cells can be obtained from BAL or blood, and tissues can be collected repeatedly from
individual animals at different time points allowing for follow-up studies. Moreover,
horses are long-lived animals that develop RAO in midlife or at advanced age, which
makes them a more appropriate model of human adult disease than mice.
Mechanistically, the nature of the inflammatory process and the patterns of cytokines
detected in tissues are similar in both species

258,259

. Therefore, horses with RAO have

many similarities to human with some types of asthma, and treatment for both conditions
consists of immunosuppressive glucocorticoids and bronchodilators 260.
A classical inconvenience in research with large animal species is the somewhat
limited availability of research tools. Nowadays, the equine genome has been sequenced,
24

a range of equine-specific antibodies has been generated, and protocols have been created
to circumvent many of these limitations. Genetic and environmental predisposition, and
more precisely, genes potentially associated with a likelihood of developing RAO, can be
interrogated with microarray technologies

261,262

or next-generation sequencing

263

. From

a technical perspective, airway remodelling may be investigated with techniques such as
thoracoscopy-guided or endoscopic biopsy 264, and cells can be harvested without animal
sacrifice. Thus, large animal models can be systematically employed for evaluation of
multiple disease stages from initial inflammatory response to eventual architectural
chronic tissue change.
Similarity of Human and Horse Disease
RAO in horses and asthma in humans both result from an unbalanced response to
environmental agents

265

. More attention was brought to their relationship upon

recognition that these conditions shared similar pattern of airway inflammation,
reversibility of airway obstruction, and bronchial hyperresponsiveness following
sensitization

266-268

. Importantly, corticosteroid and bronchodilator administration

provided positive relief following exacerbation of both RAO and asthma symptoms

260

.

RAO airways are mainly characterized by a neutrophilic inflammatory response
following sensitization to inhaled irritants

250

. The polarization of the immune response

towards a TH1 or TH2 cytokine profile in RAO is still debated. Although most studies
suggest increased transcripts for IL-4 and IL-5 and reduced IFN-γ transcripts in BAL 259,
suggestive of a TH2-predominant cytokine profile, a few studies did not support this
profile

269

. Whether these inconsistencies correlate with differences in sensitizing agents

is unknown. Like allergic asthma, viral infections of the respiratory tract in young horses
25

induce transient airway inflammation, and may predispose to later development of RAO
270

. In humans, frequent pediatric viral lung infections tend to favour greater stimulation

of TH2 responses and may predispose to development of asthma 271.
Several studies have identified neutrophil infiltration in the late response of chronic
asthma, and neutrophil predominance in airway secretions of patients with acute asthma
218,219,272

. Moreover, severe non-allergic asthma with neutrophilic inflammation is

frequently observed in older patients

273

. Altogether, these observations suggest RAO as

an innovative model of adult-onset asthma, which contrasts with most animal models
developed in the past to replicate the clinical features of allergic asthma.
Inheritance and Genetic Predisposition
A genetic predisposition for equine chronic lower airway disease has been described
274,275

. It was determined that the risk of developing RAO was higher among the progeny

of one affected parent, and still higher when both parents were affected. The prevalence
and clinical manifestations of RAO were also increased in siblings of an affected parent
262

. In addition to the genetic components, environmental factors, such as feeding hay (a

dominant risk factor), contributed to the severity of the clinical symptoms. In horses with
RAO, increasing age was an important factor to influence disease outcomes. Dam or sire
with RAO conferred similar risk, and there was no sex predilection for RAO in general,
suggesting an autosomal mode of inheritance

276

. Predisposition to RAO is not inherited

as a simple Mendelian trait, suggesting that multiple genes are involved in development
of this disease 277. The complexity created by the interaction of multiples genes may also
explain the strong variation observed in the phenotypic expression of RAO.

26

Much effort has been spent on determining potential candidate genes associated
with RAO. Linkage analyses were performed to determine the chromosomal regions
inherited in specific populations characterized by an increased incidence of RAO, and to
constrain the number of target genes to consider. The first candidate gene linked to
equine lower airway disease was targeted to a chromosomal region including the IL-4receptor α chain (IL4Rα) gene, also involved in genetic predisposition to human asthma.
IL-4 is an important modulator of TH2 cell polarization observed in RAO, and therefore
IL4Rα was suggested as a potential candidate gene

261

. This association was significant

in one of two families of horse with RAO, highlighting that RAO has a more complex
genetic background and possible variations in the locus. Since predisposition in only one
family of horse with RAO was linked to this locus, it may also be considered that some
breeds are more susceptible than others to the development of the disease. More recently,
93 variants of the IL4R, including 5 that modify the protein sequence, were reported in
horse. Some variants correlated with a predisposition to RAO

278

. Segregation analyses

revealed the presence of other genes potentially contributing to RAO susceptibility

279

,

such as the epidermal growth factor receptor (EGFR), chloride channel accessory 1
(CLCA1) 280, hypoxia-inducible factor α (Hif1α) 281, interleukin 21-receptor (IL21R) 282,
thymic stromal lymphopoietin (TSLP)

283

and, genes that did not increase susceptibility,

such as toll-like receptor 2 (TLR-2) 284.
Experimental Techniques for Induction of RAO
RAO can be induced in susceptible horses by inhalation of dust in mouldy hay, and
largely reversed when horses are sent back on pasture

260,285

. Experimentally, the

administration of moulds alone was insufficient to induce RAO, and required
27

combination with endotoxin and organic particles 286. This technique was inappropriately
detailed for subsequent studies since the composition of mould in challenge material
varied and induction of RAO was also variable

287

. Subsequently, an experimental

protocol to induce RAO by a combination of fungal spores, lipopolysaccharide and silica
spores was reported

288

. This technique is suitable to exacerbate RAO in susceptible

animals in a more standardized fashion that allows for comparison across experiments.
SCGB 1A1 in RAO
SCGB 1A1 is abundantly secreted by club cells into airway fluid to modulate the
cell response to toxic stimuli

289

and to counter lung inflammation

290-292

. Club cells are

generally located in the small airways where injury in various forms of chronic
pulmonary diseases is first detected, including in RAO. In horses, club cells comprise
more than 60% of the small airway epithelium. Club cell granule size and frequency is
greater in horses than humans, possibly suggesting a more important role of their
secretory products, specifically SCGB 1A1. SCGB 1A1 expression is reduced in horses
with RAO, which has been considered to perpetuate inflammation

128

. The site of

neutrophilic inflammation in RAO coincides with the site of club cell predominance

162

,

suggesting SCGB 1A1 interacts with neutrophils. Reduced production of reactive oxygen
species by neutrophils was detected in the presence of SCGB 1A1 and SCGB 1A1 uptake
by lung neutrophils in horses with RAO but not healthy horses, which further suggested a
role in inflammation.
Recent availability of the complete equine genome provided the first evidence of
three similar, but not identical, SCGB1A1 gene sequences in horse. Whether different
equine SCGB 1A1 proteins contribute to the horse’s predisposition to inflammatory
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airway diseases is unknown. Considering that horses have multiple SCGB1A1 sequences,
we hypothesized that SCGB 1A1 variants may be differentially expressed and have
distinct functions in neutrophilic airway inflammation. The principal aims of my research
were to develop methods to characterize equine SCGB1A1 genes, to assess the tissue
distribution of the distinct gene products and to generate equine recombinant proteins for
assessing effect of SCGBs on neutrophil function. The findings presented in this thesis
contribute to the long-term objectives of characterizing SCGB receptors and signalling
pathways, and of assessing the therapeutic potential of SCGB administration on
inflammatory lung disease.
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Abstract
Secretoglobin 1A1 (SCGB 1A1), also called Clara cell secretory protein, is the most
abundantly secreted protein of the airway. The SCGB1A1 gene has been characterized in
mammals as a single copy in the genome. However, analysis of the equine genome
suggested that horses might have multiple SCGB1A1 gene copies. Non-ciliated lung
epithelial cells produce SCGB 1A1 during inhalation of noxious substances to counter
airway inflammation. Airway fluid and lung tissue of horses with recurrent airway
obstruction (RAO), a chronic inflammatory lung disease affecting mature horses similar
to environmentally induced asthma of humans, have reduced total SCGB 1A1
concentration. Herein, we investigated whether horses have distinct expressed SCGB1A1
genes; whether the transcripts are differentially expressed in tissues and in inflammatory
lung disease; and whether there is cell specific protein expression in tissues. We
identified three SCGB1A1 gene copies on equine chromosome 12, contained within a
512- kilobase region. Bioinformatic analysis showed that SCGB1A1 genes differ from
each other by 8 to 10 nucleotides, and that they code for different proteins. Transcripts
were detected for SCGB1A1 and SCGB1A1A, but not for SCGB1A1P. The SCGB1A1P
gene had most inter- individual variability and contained a non-sense mutation in many
animals, suggesting that SCGB1A1P has evolved into a pseudogene. Analysis of
SCGB1A1 and SCGB1A1A sequences by endpoint-limiting dilution PCR identified a
consistent difference affecting 3 bp within exon 2, which served as a gene-specific
“signature”. Assessment of gene- and organ-specific expression by semiquantitative RTPCR of 33 tissues showed strong expression of SCGB1A1 and SCGB1A1A in lung,
uterus, Fallopian tube and mammary gland, which correlated with detection of SCGB
1A1 protein by immunohistochemistry. Significantly altered expression of the ratio of
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SCGB1A1A to SCGB1A1 was detected in RAO-affected animals compared to controls,
suggesting different roles for SCGB 1A1 and SCGB 1A1A in this inflammatory
condition. This is the first report of three SCGB1A1 genes in a mammal. The two
expressed genes code for proteins predicted to differ in function. Alterations in the gene
expression ratio in RAO suggest cell and tissue specific regulation and functions. These
findings may be important for understanding of lung and reproductive conditions.

Keywords
CC10, Clara cell, Clara cell secretory protein, End-point limiting dilution PCR,
Horse, Immunohistochemistry, Long-range PCR, Recurrent airway obstruction,
Uteroglobin

Introduction
The mammalian airway epithelium is composed of heterogeneous cell populations
grouped into three main types according to morphology and function: basal, ciliated, and
secretory cell

1

. Further, eight morphologically defined subtypes are recognized,

including non-ciliated, cuboidal and secretory Clara cells 2. Clara cells synthesize the
most abundantly secreted protein in the airway surface fluid, secretoglobin family 1A,
member 1 (SCGB 1A1) 3.The list of names attributed to SCGB 1A1 is extensive and
includes Clara Cell Secretory Protein (CCSP), uteroglobin, blastokinin, Clara cell 10 kDa
protein (CC10), CC16, polychlorinated biphenyl- binding protein (PCB-BP), and urine
protein-1 (UP1). SCGB 1A1 has been ascribed many functions including binding of
lipophilic substances, inhibition of leukocyte recruitment, inhibition of phospholipase A2,
and other anti-inflammatory roles (reviewed in
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4,5

). SCGB 1A1 is consistently expressed

at high levels in the lung of most mammalian species. More specifically, studies in the
horse showed that SCGB 1A1 is detected in non-ciliated lung epithelial cells, but not in
goblet or ciliated epithelial cells 6. SCGB 1A1 comprises 2 to 12% of bronchoalveolar
lavage (BAL) fluid proteins

7,8

, and is considered to be an important component of

proteins protecting the pulmonary epithelium against deleterious inhaled environmental
substances 9. It was previously reported that horses with recurrent airway obstruction
(RAO), an asthma-like chronic inflammatory condition affecting mature individuals,
have ultrastructural changes in Clara cells 6, decreased lung SCGB1A1 gene expression 6,
10

and reduced BAL fluid SCGB 1A1 concentration 6. Expression of SCGB1A1 has also

variously been described in extra- pulmonary tissues from diverse species. In horses,
SCGB1A1 transcripts were present in uterine and prostatic tissues and absent in liver,
kidney, heart, spleen, thyroid, pituitary and adrenal gland tissues

11

. A single SCGB1A1

gene has been described in the genome of multiple mammals, including rabbit, rat,
mouse, monkey, and human

12-15

. The general structure of the SCGB1A1 gene includes

two introns and three exons coding for a small secreted protein of ~70 amino acids. This
organizational structure is remarkably conserved between species; however, the length of
the SCGB1A1 genomic locus fluctuates

12-17

. In horses, the first reported sequence was

described as a unique cDNA and was ascribed to a single gene

11

. However, the recent

availability of the complete Equus caballus genome sequence provided evidence of three
highly similar SCGB1A1 gene sequences on chromosome 12, suggesting the horse has
diverged from the “single copy” SCGB1A1 consensus. Two distinct SCGB 1A1 protein
products were also identified in uterine fluids during early pregnancy 18, further implying
that more than one SCGB1A1 gene may be transcribed and translated.
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Considering that horses appear to have multiple similar, but not identical, SCGB1A1
gene copies, and that total SCGB 1A1 levels are decreased in the lung of horses with
RAO, we hypothesized that SCGB1A1 variants may be differentially expressed and have
different functions. Herein, we report on three distinct copies of the SCGB1A1 gene in
horses. We developed assays to distinguish each gene, determined tissue- and copyspecific gene expression, and evaluated cell- specific presence of the SCGB 1A1 protein.
We further determined that horses with RAO have an abnormal expression ratio of
different SCGB1A1 genes.

Materials and Methods
Samples
Animal procedures were approved by the University of Guelph Animal Care
Committee (Protocol R10-031) and conducted in compliance with guidelines of the
Canadian Council on Animal Care. All horses belonged to the institutional research herd;
horses with and without RAO were of similar age ranging from 12 to 20 years.
Horses with RAO had a history of recurrent cough, difficulty with exhaling air, and
neutrophilic inflammation in BAL fluid samples. Control horses had no history of lung
disease, had normal physical exam findings, and no abnormalities on airway
bronchoscopy or pulmonary function testing, as described before 6. Horses were
restrained in stocks and percutaneous lung biopsies were obtained under sedation with
romifidine (10 mg/mL, IV), as previously described 6. Samples were immersed in
RNAlaterTM solution (Qiagen, Mississauga, ON) and stored at -80°C until RNA
preparation.
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SCGB1A1 Gene Identification and Localization
SCGB1A1 sequences were obtained from the National Center for Biotechnology
Information (NCBI) database. Alignment of the Equus caballus chromosome 12 genomic
contig (EquCab2.0) [GenBank: NW_001867370.1]
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and the equine secretoglobin

precursor mRNA [GenBank: AY885564.1] was performed through a nucleotide
megablast analysis for highly similar sequences using the following parameters: expected
threshold, 10; word size, 16; match- mismatch scores, 1, -2; gap cost - linear; filter - low
complexity. Further data processing, including sequence extractions, multiple sequence
alignments, and statistical analysis, were accomplished with Geneious Pro software
(version 5.5.3, Auckland, NZ) with occasional minor manual adjustments 20.
Isolation and Characterization of SCGB1A1 Genomic Sequences
Blood samples or buccal swabs were available from 24 adult horses including 6
breeds (Standardbred, Thoroughbred, Icelandic, Canadian sport, Lipizzaner, and Quarter
horses) and animals of mixed breeding. Genomic DNA was extracted according to the
manufacturer’s protocol (DNA Mini kit, Qiagen). LR-PCR primers were as follows:
SCGB1A1P primer forward UG1-F (5′-ACA GAG CCA GCC CAA GCA ATG-3′) and
reverse UG1-R (5′-GAT TAC CTT GGC GGT TGC CTA GAG-3′), SCGB1A1 primer
forward UG2-F (5′-CAC CTA ACA GCC TCA TCT C-3′) and reverse UG2-R (5′-GTG
AGA GCT CTC ATC TGG TA-3′), and SCGB1A1A primer forward UG3-F (5′-ACA
CAG ATC TGA TGC CCA AG-3′) and reverse UG3-R (5′-AGT GCA GCT CTC TCA
GGC AT-3′), amplifying 5559, 6029, and 5442 bp of genomic DNA, respectively.
Primers were obtained from Sigma-Aldrich (Burlington, ON). LR-PCR amplifications
were carried out using a Platinum Taq polymerase PCR kit (Invitrogen, Mississauga,
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ON). Each reaction was performed in a final volume of 50 µL, including 5 µL of 10X
PCR buffer, 0.2 mM dNTPs, 2 mM MgSO4, 0.3 µM of each primer, 2 U of Platinum Taq,
and 5 µL of template DNA (100 ng). Conditions for amplification were 1 min at 94°C
followed by 35 cycles of 94°C for 30 s; gene-specific annealing T°C for 30s; and 68°C
for 6:30 min, followed by final elongation for 10 min at 68°C. Gene-specific annealing
temperatures for SCGB1A1P, SCGB1A1, and SCGB1A1A were 62°C, 55°C and 60°C
respectively. Twenty µL of each PCR product was separated by electrophoresis in a 1%
agarose gel stained with SYBR Safe (Invitrogen). The amplified DNA bands were cut out
and the DNA was extracted, purified (QIAquick, Qiagen) and quantified using a
NanoDrop 2000 photometer (Thermo Fisher Scientific, Mississauga, ON). To validate
the gene-specificity of the PCR products, each purified DNA fragment was digested with
HindIII (Invitrogen), separated by electrophoresis and monitored for the appropriate
digestion pattern.
A genomic DNA band of 526 bp coding for the full-length mature secreted protein
(exon 2 to 3) was amplified by nested PCR using LR-PCR purified DNA products as
template and the forward UGn-F (5′-GCT TCT GCA GRA ATC TGC CAG AG-3′) and
reverse UGn-R (5′-CTA AGC ACA CAG TGG GCT CTY TRC-3′) primers. PCR
amplifications were carried out in duplicate using the Taq DNA polymerase Native PCR
kit (Invitrogen) in a final volume of 25 µL of PCR buffer (2 µL of 10X PCR buffer, 1.0
mM dNTP, 1.5 mM MgSO4, 0.6 µM forward and reverse primers, 1 unit Platinum Taq,
and 1 µL of template DNA). Cycling conditions were 1 min at 94°C followed by 30
cycles of 94°C for 30 s; 62°C for 30 s; and 72°C for 90 s with a final elongation of 7 min
at 72°C. Twenty µL of each PCR product was subjected to electrophoresis; bands of
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appropriate size were excised from the gel, purified and submitted for automated
sequencing (Laboratory Services Division, Guelph, ON). Amplicons were analyzed in
duplicate using reverse and forward primer sequencing strategies. The consensus
sequence for each copy was determined using multiple sequence alignments.
Detection of Distinct SCGB1A1 Transcripts
Total RNA was isolated from fresh or frozen lung and uterus tissues (RNeasy,
Qiagen) according to the manufacturer′s recommendations. RNA integrity was verified
through capillary electrophoresis in a 2100 Bioanalyzer (Agilent Technologies) prior to
analysis. Complementary DNA (cDNA) was synthesized following the Superscript III
Reverse Transcriptase kit′s protocol (Invitrogen), with an additional 15 min DNAse I
treatment (Qiagen) at room temperature. A cDNA band of 256 bp delimited by the start
(ATG) and termination (TAG) codon within each of the SCGB1A1 genes was targeted
with the following primers: forward UGm-F (5′-GTC CAC CAT GAA ACT CGC CA-3′)
and UGm-R (5′-CTA AGC ACA CAG TGG GCT C-3′). End- point limiting dilution
(EPLD)-PCR assays were performed in a volume of 25 µL of PCR reaction mix (2 µL of
10X PCR buffer, 1.0 mM dNTP, 1.5 mM MgCl2, 0.6 µM forward and reverse primer, 1
unit of Platinum Taq and 1 µL of template cDNA). A broad range of serially diluted
cDNA concentrations was tested (0.25 to 0.000156 ng/µL) to determine the optimal
limiting-dilution for each sample (0.0005 to 0.0006 ng/µL). PCR products were separated
by electrophoresis, purified, sequenced and identified via their SCGB1A1 gene-specific
signature sequences.
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Tissue-Specific Expression of SCGB1A1
SCGB1A1 and SCGB1A1A relative transcript levels were evaluated by semiquantitative reverse transcriptase-PCR (sqRT-PCR) in 33 different tissues from normal
adult horses including cortical brain, pituitary, eye, nose epithelium, tongue, thyroid,
trachea, lung, aorta, cardiac muscle, liver, spleen, small and large intestine, stomach,
kidney, pancreas, skin, bladder, urethra, prostate, epididymis, seminal vesicle, testis,
uterus, ovary, Fallopian tube, bone marrow, lymph node, as well as mammary, salivary,
adrenal and eyelid glands. Total RNA isolation and cDNA synthesis were performed as
described above. A specific cDNA band of 200 bp was amplified for each SCGB1A1
gene using the following primers: SCGB1A1 forward UGrt-2 F (5′-GCT TTG CAG ACA
TCA TTC AAG GCC-3′) and reverse UGrt-2R (5′-CTA AGC ACA CAG TGG GCT
CTT TG-3′) as well as SCGB1A1A forward UGrt-3 F (5′-GAT TKG TAG GCA TCG
TTC AAG CCC-3′) and reverse UGrt-3R (5′-CTA AGC ACA CAG TGG GCT CTC TA3′). A 254 bp equine glyceraldehyde dehydrogenase (GAPDH) gene product served as an
internal control using forward GAP-F (5′-GTT TGT GAT GGG CGT GAA CC-3′) and
reverse GAP-R (5′-TTG GCA GCA CCA GTA GAA GC-3′) primers. PCR
amplifications were carried out using the HotStar Taq Plus PCR kit (Qiagen) in a 20 µL
Master mix (10 µL of 2X PCR buffer, 0.4 µM of copy- specific forward and reverse
primers, and 1 µL of template cDNA). Conditions for amplification were 5 min at 95°C
followed by 30 cycles of 95°C for 30 s; 61°C for 30 s; 72°C for 1 min followed by a final
elongation of 7 min at 72°C. PCR products were analyzed by electrophoresis in a 1%
agarose gel and stained with SYBR Safe. PCR-grade water was distributed as template in
negative control reactions. No amplifications were detected in samples with water instead
of template DNA.
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Quantification of SCGB1A1 and SCGB1A1A Gene Expression
SCGB1A1, SCGB1A1A and GAPDH primers were as described above. The equine
18S ribosomal RNA gene was retained as an additional internal control using forward
18S-F (5′- ATG CGG CGG GGT TAT TCC-3′) and reverse 18S-R (5′-GCT ATC AAT
CTG TCA ATC CTG TCC-3’) primers. Quantitative PCR amplifications were performed
in a master mix containing 10 µL of SYBR Green 2X PCR buffer (Qiagen), 8 µL of
PCR-grade water, 0.4 µM of each forward and reverse primer, and 1 µL of cDNA
template (1 ng/µL). Conditions for amplification were 7 min at 95°C followed by 45
cycles of 95°C for 15 s; 61°C for 15 s; 72°C for 20 s using a LightCycler® 480
instrument (Roche, Montreal, QC). SCGB1A1 primer specificity and identity of the PCR
products was confirmed with a melting curve (95°C for 5 s; 45 to 95°C; 40°C for 10 s)
and sequence analysis, respectively. For each gene, a series of purified cDNA PCR
product dilutions (100, 10, 1, 0.1, 0.01, 0.001 ng/µL) was amplified and the average
crossing point of each dilution was used to derive a standard curve. SCGB1A1,
SCGB1A1A, GAPDH, and 18S cDNA were amplified in triplicate for each sample along
with standard curve calibrators. Data were analyzed using LightCycler® 480 SW 1.5
software (Roche). Statistical analysis was carried out using Prism5 (GraphPad Software,
San Diego, CA).
Immunohistochemistry
Expression of SCGB 1A1 protein was investigated through immunohistochemical
staining of the 33 adult horse tissues described above. Fresh tissues were fixed in 10%
neutral buffered formalin overnight, embedded in paraffin, and sectioned to 5-µm
thickness. Sections were deparaffinized in xylene, rehydrated in graded alcohols and
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incubated consecutively for 10 min in Dako endogenous dual enzyme blocker
(DakoCytomation), 30 min with Dako protein block (serum- free), 30 min with SCGB
1A1 primary antibody (1:400 dilution), and 30 min with horseradish peroxidase-labeled
secondary IgG (1:2000, Dako EnVision HRP). Bound antibodies were detected with
Nova Red (Vector Laboratories, Burlington, ON) chromogen, and slides were
counterstained with hematoxylin. SCGB 1A1 primary antibody was raised in a rabbit
immunized with a 21mer peptide 6. Pre-immune rabbit serum was used for negative
control slides. Images were acquired on a Leica DMRA2 microscope (Leica
Microsystems, Concord, ON) using Open Lab software (PerkinElmer, Waltham, MA).
Statistical Analysis
Values were expressed as means ± standard deviations. Unpaired two-sample
Student’s t-test was used for statistical analysis; p ≤ 0.05 was considered significant.

Results
Identification and Localization of SCGB1A1 Genes
Basic Local Alignment Search Tool (BLAST) was used to determine sequence
similarity between the most recent high-quality equine chromosome-12 genomic
sequence (EquCab2.0; NW_001867370.1)
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and the previously described equine

SCGB1A1 precursor mRNA (AY885564.1). Nine BLAST hits were identified at
positions 2788223-2788256 (100% identity, e-value 2-10), 2788555-2788748 (99%
identity, e-value 2-95), 2790815- 2790869 (96% identity, e- value 9-19), 28105732810606 (100% identity, e-value 2-10), 2810905-2811098 (99% identity, e- value 4-97),
2813166- 2813220 (98% identity, e-value 2-20), 3296852- 3296906 (98% identity, e-
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value 2-20), 3298978-3299171 (97% identity, e-value 8-89), and 3299470-3299503 (94%
identity, e-value 4-07), consistent with the presence of three SCGB1A1 gene copies on
chromosome 12, each encompassing three exons (hits). The three predicted copies were
contained within a 512- kilobase (kb) region, with two copies positioned in reverse
orientation and one in forward orientation (Figure 2.1A).
A partial sequence including a large part of the adjoining 5’ and 3’ non-coding DNA
was extracted from the EquCab2.0 sequence for each predicted copy (~10 kb/sequence)
and analyzed by multiple sequence alignment. Bioinformatic analysis confirmed that
each gene had comparable exon/intron organization, and covered about 2,650 base pairs
(bp) of genomic DNA (Figure 2.1B). A high degree of pairwise identity (92.7%) was
observed in large segments overlapping the SCGB1A1 coding regions and 8,941 identical
sites (87.8%) were found among the three genes, suggesting that SCGB1A1 genes
developed from an intrachromosomal triplication event. The pairwise identity increased
to 97.8% and the number of identical sites rose to 96.7% upon alignment of the predicted
complementary DNA (cDNA) sequences. However, SCGB1A1 genes differed from each
other by 8 to 10 nucleotides, and were expected to produce different proteins. Therefore,
the distinct genes were termed SCGB1A1P, SCGB1A1, and SCGB1A1A; with SCGB1A1P
located most proximal to the centromere. These novel sequences were deposited in
GenBank with the following accession numbers: JQ951929, JQ951930 and JQ951931.
Isolation and Characterization of SCGB1A1 Genomic Sequences
A long-range (LR)-PCR strategy was developed to amplify individual full-length
SCGB1A1P, SCGB1A1, and SCGB1A1A genomic sequences, using three distinct genespecific primer sets (Figure 2.1C). The size of the different LR-PCR products ranged
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from 5.4 to 6.0 kb. Samples from a total of 24 animals were used for amplification,
purification, and identification of the SCGB1A1P sequence, compared to SCGB1A1 and
SCGB1A1A sequences, which were accurately documented by the examination of 12
sequences due to a reduced number of polymorphisms between individuals analyzed. The
identity of all PCR fragments was further evaluated by restriction enzyme digestion assay
(Figure 2.1D), which confirmed the presence of three different SCGB1A1 genes in each
animal assessed.
The genomic region coding for the complete mature secreted protein (including
exons 2 and 3) was subsequently targeted by nested PCR, using the previously purified
LR-PCR products as template (Figure 2.2A). Hence, 24, 12 and 12 amplicons were
generated in duplicate from SCGB1A1P, SCGB1A1, and SCGB1A1A full-length
sequences, respectively. Each PCR product was individually analyzed by electrophoresis,
purified and sequenced, using both forward and reverse sequencing. The resultant 96
SCGB1A1P, 48 SCGB1A1 and 48 SCGB1A1A sequences were subjected to multiple
sequence alignment. A high level of agreement was found between the different
sequences from each gene, with pairwise identity consistently greater than 98%. A
consensus sequence was determined for SCGB1A1P, SCGB1A1, and SCGB1A1A (Figure
2.2B). Bioinformatic analysis revealed a combination of three non-contiguous single
nucleotide differences that conferred a gene-specific “signature” sequence at positions
150, 175 and 217 on the cDNA map (Figure 2C). As shown in Figure 2C, different sites
comprising the signature were C/A--G--A, A--A--A, and A--G--G in SCGB1A1P,
SCGB1A1, and SCGB1A1A, respectively. These differences were subsequently used for
individual SCGB1A1 transcript identification.
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Isolation and Characterization of SCGB1A1 Transcripts
To evaluate the transcriptional state of activation of each SCGB1A1 gene, end-point
limiting dilution (EPLD)-PCR was performed with serially diluted cDNA preparations
from adult equine lung (n = 3) and uterus (n = 3) tissues. Tissues were selected on the
basis of their strong total SCGB1A1 transcript expression

11

. Primers were developed in

conserved regions of the genes to avoid gene-specific preference during the amplification
process. Each PCR assay was performed using a defined amount of an optimized limiting
cDNA concentration as template (Figure 2.3A). The dilution that resulted in detectable
amplification in less than 50% of the reactions was considered to be limiting. At this
concentration, the DNA target was assumed to reflect a Poisson distribution, suggesting
that 50% of the reactions did not contain cDNA template and therefore detectable
products originated from a single template.
A total of 212 PCR products were amplified from 665 reactions (32% efficiency)
using lung cDNA limiting dilutions as template (42-124 amplicons/animal). An
additional 86 products were generated from 175 reactions (49% efficiency) using uterine
cDNA (28-29 amplicons/animal). Each individual PCR product was purified, sequenced
(forward), and identified by the SCGB1A1 signature sequences (Figure 2.3B). In lung
samples, 30% of products were identified as SCGB1A1 cDNA (A--A--A) and 70% as
SCGB1A1A (A--G--G). Likewise, in uterus samples, 56% were identified as SCGB1A1
and 44% as SCGB1A1A.
From the 298 amplicons identified, 20 SCGB1A1 and SCGB1A1A cDNAs were
randomly selected for further characterization. Each sample was re-submitted for
sequencing in both forward and reverse directions, and results were aligned to determine
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the cDNA sequence delimited by the start and stop codons. Subsequently, SCGB1A1 and
SCGB1A1A cDNA consensus sequences were obtained by alignment of the 20 genespecific sequences (accession numbers JQ906259, JQ906260, JQ906261, Figure 2.S1).
As expected, strict nucleotide identity was observed between an individual cDNA and the
corresponding genomic sequence. However, several disagreements were observed upon
comparison with the predicted EquCab2.0 cDNA sequences. Among samples in this
study, the partial SCGB1A1 cDNA consensus sequences displayed a non-conservative
substitution at position 19 (A to G) and two variable codons (Variant A, TTA or variant
B, CTC) at positions 232 to 234. The latter variants both code for the production of a
leucine residue. Similarly, our SCGB1A1A consensus sequence showed 5 nonconservative substitutions at position 65 (A to G), 78 (C to A), 81 (T to G), 175 (A to G),
and 217 (A to G) compared to the EquCab2.0 SCGB1A1A predicted cDNA sequence.
Single- nucleotide insertions or deletions were not detected.
Surprisingly, SCGB1A1P cDNA was not detected by EPLD-PCR. Since complete
genomic/cDNA nucleotide identity was observed for SCGB1A1 and SCGB1A1A,
SCGB1A1P similarly was assessed using the predicted cDNA sequences extracted from
EquCab2.0 and our consensus genomic sequences (accession numbers JQ951929,
JQ951930, JQ951931, Figure 2.S1). Analysis revealed 98% pairwise identity between the
predicted cDNA and the genomic DNA (272/276 nucleotides). Three non-conservative
substitutions were identified at positions 14 (T to G), 19 (G to A), and 220 (A to T). Most
strikingly, the A to T substitution detected at position 220 in the variant sequences B and
C represented 54% of the horses analyzed (13/24), independent of their genetic
background. This polymorphism is expected to replace an AAG codon encoding lysine,
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to a TAG codon, encoding a stop codon. Therefore, these results demonstrate the
presence of a SCGB1A1P gene variant that may encode a truncated protein in a large
proportion of animals.
SCGB1A1 Copy- and Tissue-Specific Expression Pattern
Expression of SCGB1A1 and SCGB1A1A specific mRNA was investigated by semiquantitative reverse transcriptase (sqRT)-PCR in tissues from seven adult horses (two
geldings, three mares and two stallions, Figure 2.4). This technique was selected to
survey the expression pattern rather than determine precise expression levels, since a high
degree of SCGB1A1 variation was expected between different tissues. The results were
categorized into three groups based on the amount of specific PCR product detected by
density scanning after gel electrophoresis. A relative optical density (OD) value was
attributed to each band, using glyceraldehyde dehydrogenase (GAPDH) amplicons as the
reference value (Table 1).
Results in the first group corresponded to cDNA samples that generated abundant
PCR amplicons with high OD (>0.50) for both SCGB1A1 genes. Samples from lung,
uterus (non-pregnant), Fallopian tube, and mammary gland (non-lactating) consistently
and reproducibly met this criterion.
The second group included cDNAs that produced a faint PCR product for either
SCGB1A1 or SCGB1A1A, and had relatively low (0.01 to 0.50) OD values. Brain,
pituitary gland, eye, nose epithelium, tongue, parotid salivary gland, trachea, aorta, liver,
spleen, small and large intestine (cecum), adrenal gland, kidney, skin, bladder, urethra,
prostate, epididymis, seminal vesicle, testis and ovary were included in this group.
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A third group included cDNAs that did not produce gel-detectable PCR amplicons
for any sample tested, and therefore, were unsuitable for quantitative assessment. Eyelid
gland, thyroid, bone marrow, cardiac muscle, pancreas, stomach and lymph node were
considered negative for SCGB1A1 expression.
Quantification of SCGB1A1 Gene-Specific Expression Level
To gain insight into the role of SCGB1A1 genes in the pathogenic mechanisms of
RAO, we next sought to determine gene-specific expression in the lung, based on the
previous observation that total SCGB1A1 gene expression levels were reduced in affected
animals 6. Relative transcript levels were determined by quantitative RT-PCR (qRT-PCR)
using gene-specific primers for SCGB1A1 and SCGB1A1A (Figure 2.5A). Both equine
GAPDH and 18S genes were amplified concurrently for use as internal standards, and all
PCR products were analyzed by gel electrophoresis and melting curve analysis (Figure
2.5B-D). Lung tissues from clinically healthy horses and horses with RAO were assessed,
and the latter group included individuals sampled during exacerbation and remission
episodes. Results were reported as the ratio of SCGB1A1A/SCGB1A1 gene expression.
As shown in Figure 2.6, similar expression ratios were detected in the lung of
healthy individuals (2.4 ± 0.2, n = 9), who consistently had slightly higher SCGB1A1A
than SCGB1A1 expression. Comparable expression ratios were also noted in uterine
tissues (2.6 ± 0.7, n = 7, data not shown), suggesting an equivalent distribution of the two
SCGB1A1 genes in different organs. However, the SCGB1A1 expression ratio was
significantly different (5.1 ± 1.4, n = 5) in RAO animals compared to control animals of
similar age. Higher ratios were attributable to decreased SCGB1A1 expression,
suggesting that maintenance of an appropriate SCGB1A1 gene ratio might be necessary
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for homeostasis, and that abrogation of the ratio may contribute to or reflect RAO
development.
SCGB 1A1 Protein Expression
In order to evaluate the correlation between SCGB1A1 gene expression and the
distribution of the protein, different tissues were evaluated by immunohistochemistry
using the previously described antibody to equine SCGB 1A1 6. This antibody was
generated against a SCGB 1A1 peptide, which is shared by both SCGB 1A1 and SCGB
1A1A, and therefore was expected to recognise both predicted SCGB 1A1 proteins.
Detailed examination of lung tissue revealed strong and specific SCGB 1A1 staining of
the majority of non-ciliated cells lining the smaller bronchi and bronchioles (Figure
2.7A). The cytosolic signal was diffuse and did not show basal or apical predilection.
SCGB 1A1 staining intensity was highest in the small bronchiolar ducts, suggesting
greater expression in the distal bronchiolar tree. Diffuse faint staining was noted among
intrabronchiolar secretions. Other pulmonary components such as blood vessels,
fibroblasts, alveolar epithelium, goblet and basal cells, did not stain for SCGB 1A1.
Analysis of the extra-pulmonary tissues revealed that epithelial cells in the uterus,
ovary, Fallopian tube and mammary gland also expressed SCGB 1A1. Within the uterus,
large coiled glands composed of columnar epithelial cells stained most strongly positive
(Figure 2.7B), while in the ovary only epithelium from the wall of residual cysts showed
some degree of staining, and luteal cells were negative (data not shown). The ciliated
cells of the Fallopian tube stained positive, with a strong apical signal extending to the
cilia (Figure 2.7C). Immunoreactive SCGB 1A1 was not detected in pancreas, liver,
kidney, adrenal gland, large intestine, striated and smooth muscle, duodenum, adipose
47

tissue, nerve, nose epithelium, skin, stomach, aorta, cartilage, bone marrow, brain and
pituitary gland.

Discussion
In this study we report the identification and characterization of three equine
SCGB1A1 genes. A large segment of genomic sequence was amplified for each
SCGB1A1 gene and the partial coding sequences leading to the mature secreted proteins
were sequenced. We found that certain nucleotides from each of the three genes differed
from the other two genes, and that this pattern was conserved amongst individuals. The
distinct SCGB1A1 genes were predicted to produce slightly different proteins, and were
therefore referred to as SCGB1A1P, SCGB1A1 and SCGB1A1A based on the
recommended systematic gene nomenclature system

21

. A non- contiguous region

composed of three distinct nucleotide variants was chosen as a signature sequence to
generate assays specific for each individual SCGB1A1 gene.
Analysis of the predicted SCGB1A1 sequences extracted from EquCab2.0 (NCBI)
revealed more than 90% pairwise identity between SCGB1A1P, SCGB1A1, and
SCGB1A1A genes, including large segments of 5’- and 3’-flanking regions. This high
level of sequence identity between both the coding and non-coding regions of SCGB1A1
genes created a challenge for isolation and assessment of individual genes. Thus, more
than 10 kb of non-coding sequence surrounding each SCGB1A1 gene was interrogated to
identify anchor regions for gene-specific primers. Primers selected included at least three
nucleotides unique to each SCGB1A1 gene. Sequence analysis of products confirmed
specific amplification of desired targets with lack of cross-amplification.
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Comparative analysis of the coding region of SCGB1A1 genes revealed some
disparity with the predicted EquCab2.0 sequences. Our sequences differed at three
positions in SCGB1A1P, one position in SCGB1A1, and five positions in SCGB1A1A,
corresponding to 1.1, 0.4, and 1.8% of difference, respectively. These differences may
result from copy number variants and chromosomal rearrangements hindering automated
sequence assembly of the equine genome

22

. This is consistent with recent studies

reporting equine chromosome 12 as a “hotspot” for genomic rearrangements, such as
enrichment in copy number variants and single nucleotide polymorphisms (SNP)

23,24

.A

SNP was detected in SCGB1A1P and two SNPs in SCGB1A1, but neither affected the
predicted translated products. Altogether, we identified several sequence differences to
the EquCab2.0 genome, which highlighted the importance of developing gene- specific
assays.
The three SCGB1A1 genes had similar gene structure and highly conserved
intron/exon organization, suggesting that each contained all the elements required for
expression. Thus, the transcriptional state of each gene was evaluated by EPLD-PCR.
SCGB1A1 and SCGB1A1A, but not SCGB1A1P, were specifically detected in EPLD of
lung and uterus. These results are consistent with detection of two differently migrating
SCGB 1A1 proteins in uterine washes from mares in early pregnancy 18. Furthermore, the
sequence of each gene between start and stop codon was identical to our genomic
sequence. The equine genome draft was derived from DNA of a single Thoroughbred
mare, while our EPLD-PCR data were generated from animals of various genetic
backgrounds and may thus be more representative of this challenging genome region.
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SCGB1A1P transcripts were not detected in lung or uterine tissue. Reasons for lack
of SCGB1A1P gene transcription were unclear, especially since the gene structure is
virtually identical to that of the other SCGB1A1 genes. However, the SCGB1A1P
sequence was more variable between individuals, had a shorter promoter region (which
may imply lack of regulatory elements) and contained a putative stop mutation in a
significant percentage of individuals. These characteristics suggest that SCGB1A1P may
be a pseudogene.
The non-synonymous nucleotide variations observed between SCGB1A1 and
SCGB1A1A result in 12 amino acid (AA) substitutions among the 70 residues of the
mature secreted proteins. Seven of the variable AAs are concentrated between position 26
and 36 (protein including the signal peptide). This region borders the SCGB 1A1 central
cavity that binds hydrophobic ligands (reviewed in
properties comprise the cavity

26

25

), and AA with hydrophobic

. Since some conserved AA, such as phenylalanine 27

(F27), also have ligand-binding properties, substitution of F27 to L27 in SCGB 1A1A
suggests 1) a change in ligand-binding specificity, and 2) that SCGB 1A1 and 1A1A may
have independently evolved to bind distinct substrates. Other substitutions in this region
largely maintain hydrophobic properties (A28 to V28, I31 to V31, G33 to A33, F35 to
Y35), implying minor change in ligand affinity. There is high sequence identity in other
regions of each protein with preservation of critical structural residues such as C24 and
C90 needed for homodimer interaction, and K63, D67 and A58 required for protein
stability. However, also of interest, the predicted isoelectric point (pI) of SCGB 1A1 and
1A1A proteins are 5.1 and 6.3, respectively, which corresponds to the SCGB 1A1
variants described in uterine washes of pregnant horses 18.
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The spectrum of tissues expressing SCGB1A1 has not been extensively studied in
horses. Expression nonspecific for individual genes was previously identified in lung,
uterus and prostate, and absent in liver, kidney, heart, spleen, as well as thyroid, pituitary
and adrenal gland tissues by Northern blot analysis 11. We selected a gene-specific sqRTPCR approach to characterize the distribution of SCGB1A1 and SCGB1A1A transcripts in
a total of 33 tissues. This assay amplified the coding region of the entire mature protein
(second and third exons) to reduce potential genomic DNA targeting, and specificity was
verified by random purification and sequencing of amplicons. As expected, SCGB1A1
and SCGB1A1A transcripts were strongly detected in lung and uterus, but also in
Fallopian tube and mammary gland tissue. Fewer transcripts of either gene were present
in brain, pituitary gland, eye, nose epithelium, tongue, salivary gland, trachea, aorta,
liver, spleen, small and large intestines, adrenal gland, kidney, skin, bladder, urethra,
prostate, epididymis, seminal vesicle, testis and ovary, and no transcripts were detected in
eyelid gland, thyroid, bone marrow, cardiac muscle, pancreas, stomach and lymph node.
Detection of transcripts in a greater range of tissues by PCR than by Northern blotting
may reflect higher sensitivity of the former, and greater specificity due to exact primer
match. Some tissues had more of one relative to the other gene product, suggesting
tissue-specific expression patterns. While the regulatory mechanisms that could
selectively drive the expression of individual SCGB1A1 genes remain to be elucidated,
this finding is consistent with unique functions of different SCGB 1A1 proteins.
Immunohistochemical analyses were carried out to evaluate the correlation of
SCGB1A1 gene and protein expression, and to determine cell-specific expression within
tissues. The antibody employed recognized an epitope shared by all SCGB 1A1 proteins.
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Strong staining was detected in tissues expressing the highest number of transcripts such
as lung, uterus, Fallopian tube and mammary gland. However, within these tissues,
SCGB 1A1 was present in only specific epithelial cell populations, and absent in all other
cell types (Figure 2.7). This distribution likely contributed to variation of SCGB1A1
transcript intensity, since the proportion of epithelial cells and subtypes in tissues selected
was variable 27.
SCGB 1A1 may be selectively taken up and targeted for degradation upon binding
to a transmembrane protein called cubilin

28

. Interaction of SCGB 1A1 with lipocalin-1

interacting membrane receptor (LIMR) has also been reported, but the effect of this
interaction is unclear

29

. Of note, LIMR is expressed in tissues positive for SCGB1A1

transcripts, including lung, mammary gland, trachea, prostate, testis, pituitary gland,
adrenal gland, cerebellum, kidney, and colon 30. SCGB 1A1 protein was not detected in
tissues with low transcript expression such as bladder, trachea, liver, nose epithelium,
pituitary and intestine. Possible reasons are lesser sensitivity of IHC compared to PCR,
and transient gene expression insufficient to produce detectable protein, as has been
reported in studies of rabbit tissues 31.
Horse and human have a similar pattern of SCGB1A1 transcript distribution in lung
32

, uterus

13,33

, Fallopian tube

34

, prostate

35, 36

, trachea, thyroid, mammary gland, brain,

pituitary, thymus, aorta, heart, stomach, spleen, adrenal gland, kidney, liver, small
intestine, ovary and testis 37. In humans, the SCGB1A1 gene was ultimately considered to
be ubiquitously expressed in most cells of epithelial origin and to inactivate inflammatory
mediators on surfaces exposed either directly or indirectly to the external environment 38,
39

. Conversely, it was also reported that decreased SCGB1A1 expression could contribute
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to a tumour microenvironment permissive for inflammation and hence tumour
progression 39, 40.
Since total SCGB1A1 expression was reported as decreased in RAO, we sought to
evaluate if both SCGB1A1 and SCGB1A1A genes were similarly affected. Our analysis
demonstrated that the ratio of SCGB1A1A/SCGB1A1 was significantly different in RAO
affected-animals compared to controls. This finding may arise as a result of chronic
inflammation with preferential transcription of SCGB1A1A, or may signal inherent
differences in transcriptional regulation of SCGB1A1 genes. Segregation analysis
previously revealed a complex genetic background influencing expression of the RAO
phenotype 41. SCGB1A1 was among candidate genes 10, suggesting that further evaluation
of specific gene expression may be warranted. The latter observation also raises the
question whether SCGB1A1 genes are controlled by different regulatory mechanisms and
whether they have different physiological functions. Such hypotheses are difficult to
address due to the absence of multiple SCGB1A1 copies in other mammals except other
equidae, such as donkeys and Przewalski horses (unpublished data). SCGB1A1 isoforms
in equid species remain to be characterized, but may yield insight into SCGB1A1 gene
origin and ancestral gene triplication.

Conclusions
Three equine SCGB1A1 genes were isolated and characterized. SCGB1A1P appears
to have evolved into a pseudogene, which no longer generates a detectable transcript and
includes a non-sense mutation in the majority of animals. The distribution of SCGB1A1
and SCGB1A1A gene transcripts and proteins indicates highly specific expression in
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specialized epithelial cells of lung and reproductive organs. Gene specific assessment of
transcripts showed approximately 2.5 fold higher expression of SCGB1A1A than
SCGB1A1 in lung and uterus of control animals, and an increased ratio in lung tissue of
animals with RAO, an asthma-like condition. Future studies will assess the function of
different SCGB 1A1 proteins and attempt to elucidate their anti- inflammatory properties.
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Figure 2.1. Schematic representation of SCGB1A1 sequencing strategy and enzymatic
restriction analysis.
(A) The partial genomic sequence of Equus caballus chromosome 12 (based on
EquCab2.0, NW_001867370.1) encompassing the three predicted equine SCGB1A1
genes (red triangles). SCGB1A1P and SCGB1A1 are in reverse orientation, while
SCGB1A1A is in forward orientation. The chromosome 12 region (original bases
2,788,223 to 3,299,503) includes 511,281 bp bordered by the SCGB1A1P stop codon
guanine (position 1) and the SCGB1A1A stop codon guanine (position 511,281).
SCGB1A1P is most proximal to the centromere. (B) Predicted structure of an individual
SCGB1A1 gene, each containing approximately 2,650 bp, including 3 small exons (green
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arrows) and 2 introns. (C) Multiple sequence alignment of the three predicted SCGB1A1
genes. The LR-PCR amplification strategy is outlined in blue. Each primer (blue triangle)
is specific for a single copy enabling amplification of three distinct PCR products (blue
line). Exons are displayed in green under the consensus sequence (black). (D) Restriction
enzyme digestion analysis. Non-digested amplicons for SCGB1A1P, SCGB1A1 and
SCGB1A1A were 5,559, 6,029 and 5,442 bp in size, respectively. Upon HindIII digestion,
SCGB1A1P was detected by 3166, 1942 and 464 bp, SCGB1A1 by 1942, 1,717, 1563,
and 891 bp, and SCGB1A1A by 2675, 1942, and 899 bp fragments. H (red), HindIII
restriction site; M, 1 Kb + DNA ladder; ND, Non-digested; D, Digested.
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Figure 2.2. Characterization of SCGB1A1 genomic sequences.
(A) A partial SCGB1A1 genomic sequence was amplified by nested PCR using
purified LR-PCR products as template. Primers (blue triangles) were designed to target
SCGB1A1 exon 2 to 3 (green boxes), coding for the complete mature secreted protein.
(B) Multiple sequence alignment was performed using the nested PCR products from
SCGB1A1P, SCGB1A1 and SCGB1A1A. Samples from 24 animals were analyzed to
establish the SCGB1A1P consensus sequence, and 12 samples for SCGB1A1 and
SCGB1A1A. (C) A region of the SCGB1A1 exon 2 gene sequence showing the three
individual single nucleotides (arrows) at positions 2217/2242/2284 (cDNA positions
150/175/217) used as internal markers for subsequent gene-specific identification
(SCGB1A1P = C/A--G--A; SCGB1A1 = A--A--A; SCGB1A1A = A--G--G).
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Figure 2.3. End-point limiting dilution PCR strategy.
(A) Left: Schematic illustration of EPLD-PCR. Center: Serial cDNA dilutions
(ng/µl) were tested to determine an approximate limiting dilution concentration of
template. Right: Each selected limiting dilution was further tested to confirm the PCR
efficiency. Here, 3 out of 7 PCR amplifications were positive for the specific 256-bp
amplicon, confirming a <50% expected value (efficiency = 33%). (B) EPLD-PCR
amplicon sequences. Only SCGB1A1 and SCGB1A1A were identified on the
chromatograms using the gene-specific signature (arrows). No SCGB1A1P cDNA was
identified. M, 100-bp marker; concentrations are indicated in ng/µL.
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Figure 2.4. Representative sample of sqRT-PCR evaluation of SCGB1A1 transcript levels in
various equine tissues.
SCGB1A1 (label “1”) and SCGB1A1A (label “A”) cDNAs were detected as 200 bp
amplification bands. Equine GAPDH (label “G”) was amplified as an internal control
(254 bp). Densely stained amplicons of SCGB1A1 and SCGB1A1A cDNA were detected
in lung, uterus, Fallopian tube and mammary gland tissues. Faint bands were present in
multiple tissues including brain, pituitary, eye, nose epithelium, tongue, salivary gland,
trachea, aorta, cardiac muscle, liver, spleen, small and large intestine, adrenal gland,
kidney, skin, bladder, urethra, prostate, epididymis, seminal vesicle, testis and ovary. No
PCR products were detected with cDNA from the eyelid gland, thyroid, bone marrow,
pancreas, stomach and lymph node. SI, small intestine; LI, large intestine; EG, eyelid
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gland; NE, Nose epithelium; SG, salivary gland; CM, cardiac muscle; LN, lymph node;
BM, bone marrow; SV, seminal vesicle.
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Figure 2.5. SCGB1A1 and SCGB1A1A qRT-PCR strategy.
(A) Multiple sequence alignment of the partial predicted SCGB1A1 and SCGB1A1A
EquCab2.0 genomic sequences as well as the SCGB1A1 and SCGB1A1A sequences
derived in this study. Two gene-specific primer sets (blue arrows) were designed at sites
with the greatest amount of sequence variation (colored annotations above primers).
Forward primers are positioned in exon 2 (long green arrow) and reverse primers in exon
3 (small green arrow). This region covers position 2,144 to 2,647 of SCGB1A1 genes
corresponding to a 504 bp genomic DNA section (brackets). (B) As expected, SCGB1A1
was detected as a 200 bp PCR product using lung cDNA as a template (Lane 1), a 504 bp
band using genomic DNA as template (Lane 2), and undetected with template omission
(negative control, Lane 3). Similar findings were noted for SCGB1A1A (Lane 4, 5, and 6,
respectively). (C) qRT-PCR products were analyzed after electrophoresis to assure
cDNA quality and confirm the absence of genomic DNA contamination. Bands were
expected at 203 bp for equine 18S (Lane 1), 254 bp for GAPDH (Lane 2), 200 bp for
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SCGB1A1 (Lane 3) and SCGB1A1A (Lane 4). (D) Melting curve analysis shows distinct
SCGB1A1 and SCGB1A1A melting temperatures of 86.7°, and 87.6° respectively,
indicating gene-specific amplification. M, 100-bp marker.

Figure 2.6. SCGB1A1 and SCGB1A1A expression analysis in lung tissues from control and
RAO horses.
Quantification of SCGB1A1 and SCGB1A1A RT-PCR products was relative to both
equine GAPDH and ribosomal 18S gene expression levels. Values are displayed as
SCGB1A1A/SCGB1A1 ratios. In control horses, the gene expression ratios were
consistently and significantly lower compared to those of age-matched RAO horses
(2.4±0.2, n = 9 vs 5.1±1.4, n = 5, respectively). Lung biopsies from RAO animals were
from either exacerbation or remission periods.
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Figure 2.7. Immunohistochemical identification of SCGB 1A1 proteins.
SCGB 1A1 proteins were detected in distal lung bronchioles (top), uterine glands
(middle), and Fallopian tube (bottom). Inserts are sections incubated with pre-immune
serum instead of primary antibody. Note that not all cells within each epithelial layer
express SCGB 1A1.
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Figure 2.S1. Multiple sequence alignment of SCGB1A1P, SCGB1A1 and SCGB1A1A cDNA
consensus sequences.
The sequences displayed are as follows: predicted SCGB1A1P EquCab2.0, the
SCGB1A1P variant A (JQ951929), variant B (JQ951930) and variant C (JQ951931)
derived in this study (genomic DNA); predicted SCGB1A1 EquCab2.0, SCGB1A1 variant
A (JQ906259) and variant B (JQ906260) determined in this study (cDNA); predicted
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SCGB1A1A EquCab2.0 and SCGB1A1A (JQ906261) derived in this study (cDNA). For
each cDNA sequence, the corresponding protein sequence is displayed beneath. Coloured
annotations highlight discordant bases and amino acids relative to the consensus
sequence (coloured) at the top of the figure.

69

Table 1. Quantitative analysis of SCGB1A1 RT-PCR amplicons

Table 1. Quantification of gene-specific SCGB1A1 cDNA amplicon intensity relative to
GAPDH using Image LabTM software 2.0.1; nd, non-detected.
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Abstract
Secretoglobin family 1A member 1 (SCGB 1A1) is a small anti-inflammatory and
immunomodulatory protein that is abundantly secreted in airway surface fluids. We
recently reported the existence of three distinct SCGB1A1 genes in the domestic horse
genome as opposed to the single gene copy present in other mammals with sequenced
genomes. The origin of SCGB1A1 gene triplication and the evolutionary relationship of
the three genes amongst Equidae family members are unknown. For this study, SCGB1A1
genomic data were collected from various Equus individuals including E. caballus, E.
przewalskii, E. asinus, E. grevyi, and E. quagga. Three SCGB1A1 genes in E.
przewalskii, two SCGB1A1 genes in E. asinus, and a single SCGB1A1 gene in E. grevyi
and E. quagga were identified. Sequence analysis revealed that the non-synonymous
nucleotide substitutions between the different equid genes coded for 17 amino acid
changes. Most of these changes localized to the SCGB 1A1 central cavity that binds
hydrophobic ligands, suggesting that this area of SCGB 1A1 evolved to accommodate
diverse molecular interactions. Three-dimensional modeling of the proteins revealed that
the size of the SCGB 1A1 central cavity is larger than that of SCGB 1A1A. Altogether,
these findings suggest that evolution of the SCGB1A1 gene may parallel the separation of
caballine and non-caballine species amongst Equidae, and may indicate an expansion of
function for SCGB1A1 gene products.

Keywords
CC10, Clara cell secretory protein, equid, donkey, horse, zebra
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Introduction
Secretoglobin family 1A member 1 (SCGB 1A1) is a small protein predominantly
secreted by airway and uterine epithelial cells, and known to have anti-inflammatory and
immunomodulatory functions. In most mammals, the SCGB1A1 gene spans between
2,800 and 4,300 nucleotides and includes three exons encoding a mature secreted protein
of 70 to 75 amino acids. In contrast to the single gene observed in other mammals, we
recently reported the presence of multiple SCGB1A1 genes in the E. caballus genome 1.
The three genes are closely positioned within a 512 kb region of equine chromosome 12
and share a high level of sequence identity, including large segments of the 5’- and 3’untranslated regions (UTR). These observations suggest that an ancestral SCGB1A1 gene
triplication event occurred in horses. Interestingly, the three genes appear to have evolved
independently, and can be distinguished by a combination of three single nucleotide
polymorphisms (SNPs) located in the second exon of each gene. These patterns are
referred to as signature sequences, which are highly conserved within individuals from
different breeds.
Domestic horses (Equus caballus) are members of the Perissodactyla order, which
contains three families named the Tapiridae, the Rhinocerotidae and the Equidae. The
latter family includes eight existing species of horses, zebras and asses, organized into
caballine (domestic and Przewalski’s horses) and non-caballine (zebras and asses) groups
2

. The Przewalski’s horse (Equus przewalskii) represents the closest wild living relative

to the domestic horse known for 1) never having been successfully domesticated, and 2)
having been reintroduced to its native environment after near extinction. Thus, the
Przewalski’s horse has been commonly referred to as the domestic horse ancestor.
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However, the origin of these two lineages continues to be debated

3-5

. More recently, a

phylogenetic study using massively parallel sequencing technology suggested that
Przewalski’s horses retained a comparable predecessor genetic background and/or
experienced a similar gene flow as the domestic horse 5, following a diversification
episode that occurred around 250,000 to 431,000 years ago

3,6

. Interestingly, despite a

different karyotype, Przewalski’s and domestic horses can interbreed and produce fertile
offspring 7, a characteristic not retained upon breeding with non-caballine individuals.
Likewise, the phylogenetic positions occupied by the different members of the noncaballine class are unresolved. It is assumed that the common ancestor of donkeys (Equus
asinus) and zebras (Equus zebra, Equus quagga burchellii [henceforth called E. quagga],
and Equus grevyi) diverged from the caballine species approximately 2.0 to 2.4 million
years ago 8. Within non-caballine individuals, sequence analysis of mitochondrial,
coding, and non-coding nuclear DNA clearly demonstrated the divergence of the donkey
from the zebras and Asiatic asses as the first event, but the correct position of the
different species within these two latter clades remains obscure 9. Continuing molecular
studies to characterize the genetic divergence within the Equidae will undoubtedly
contribute to refine the phylogenetic organization established to date. Interestingly,
evidence suggests gene translocations, tandem fusions, and multiple inversions comprise
the most important mechanisms leading to the chromosomal differences observed in
living equids 10.
Whole genome sequencing has not been undertaken for Equidae members other
than the domestic horse, limiting the data available to investigate the evolutionary
relationship between SCGB1A1 genes in additional caballine and non-caballine species.
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The main objective of this study was to provide the first extensive molecular
characterization of SCGB1A1 in the Equidae family. Remarkably, the presence of
multiple SCGB1A1 genes was not a consistent finding throughout Equus species. Rather,
results show evidence of three genes in E. przewalskii, two genes in E. asinus, and a
single gene in E. grevyi and E. quagga. We discuss the structure of the various SCGB1A1
isoforms that provide insight into the origin of SCGB1A1 gene triplication.

Materials and Methods
Genome Data Sources
SCGB1A1 nucleotide and amino acid sequences were obtained from the National
Center for Biotechnology Information (NCBI) database as follow; E. caballus SCGB1A1B, JQ906259.1; E. caballus SCGB1A1-A, JQ906260.1; E. caballus SCGB1A1A,
JQ906261.1; Canis familiaris, XM_533268.2; Sus scrofa, XM_03122618.1; Bos taurus,
NM_001076976.2;

Oryctolagus

XM_001152276.1

and

cuniculus,

XP_001152343.1;

NM_001082237.1;
Homo

sapiens,

Pan

troglodytes,

NM_003357.4

and

NP_003348.1. Sequence alignments were generated using Geneious Pro software 11 using
the following parameters: Needleman-Wunsch alignment, Gap open penalty 12, Gap
extension penalty 3, cost matrix 65%.
Characterization of SCGB1A1 Sequences in Equidae Family Members
Blood samples, buccal swabs or paraffin-embedded tissues were available from nine
adult E. przewalskii, five E. asinus, seven E. grevyi, and four E. quagga individuals
(Toronto Zoo, ON; and archives of the Department of Pathobiology, University of
Guelph, ON). Genomic DNA purification was performed according to the manufacturer’s
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protocol (DNA Mini kit, Qiagen, Mississauga, ON). A 526 bp genomic region covering
SCGB1A1 signature sequences was amplified by PCR using the forward UGn-F (5′-GCT
TCT GCA GRA ATC TGC CAG AG-3′) and reverse UGn-R (5′-CTA AGC ACA CAG
TGG GCT CTY TRC-3′) primers. PCR amplifications were carried out in duplicate using
a Platinum Taq polymerase PCR kit (Invitrogen, Mississauga, ON). Each reaction was
performed in a final volume of 20 µL, including 2 µL of 10X PCR buffer, 0.2 mM
dNTPs, 2 mM MgSO4, 0.3 µM of each primer, 2 U of Platinum Taq, and 1 µL of
template DNA (100 ng). Conditions for amplification were 1 min at 94°C followed by 30
cycles of 94°C for 30 s; 57°C for 30s; and 72°C for 1 min, and a final extension at 72°C
for 7 min. PCR products were subjected to electrophoresis; a band of appropriate size
was excised from the gel, purified and submitted for automated sequencing (Laboratory
Services Division, Guelph, ON). Amplicons were analyzed in duplicate using reverse and
forward primer sequencing strategies.
The SCGB1A1 genomic region coding for the full-length mature secreted protein
(including exons 2 to 3) was amplified by end-point limiting dilution (EPLD)-PCR in a
total volume of 20 µL, as described before 1, using primers UGe-F (5′-GGG CCT GGA
TTC ATG TGC TTT C-3′) and UGe-R (5′-GCA ACT GCA GCT CTT CAG CTT CT3′). The sequences were deposited in GenBank under accession numbers: E. przewalskii
SCGB1A1P, KC853012; E. przewalskii SCGB1A1, KC853013; E. przewalskii
SCGB1A1A, KC853014; E. asinus SCGB1A1, KC853015; E. asinus SCGB1A1A,
KC853016; E. grevyi SCGB1A1, KC853017; E. quagga SCGB1A1, KC853018. The
predicted amino acid sequences were generated using Geneious Pro software, and the
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isoelectric point was calculated using the bisection method with the following values for
amino acids: D=-3.9 E=-4.1 C=-8.5 Y=-10.1 H=6.5 K=10.8 R=12.5.
Total RNA was isolated from frozen or paraffin-embedded lung or uterus tissues
(RNeasy, Qiagen) according to the manufacturer′s recommendations. RNA integrity was
verified through capillary electrophoresis in a 2100 Bioanalyzer (Agilent Technologies)
prior to analysis. Complementary DNA (cDNA) and EPLD-PCR assays were performed
as described above, and PCR products were separated by electrophoresis, purified,
sequenced, and identified via their SCGB1A1 gene-specific signature sequences.
Phylogenetic Analyses
Alignments were performed with Geneious Pro software using the following
parameters: Cost matrix (65% similarity); Gap open penalty (12); Gap extension penalty
(3); Alignment type (Global alignment with free end gaps). Evolutionary relationships
were inferred using minimum evolution

12

, neighbour-joining

13

, and maximum

likelihood 14 methods. A bootstrap analysis with 500 replicates was performed to test the
robustness of the phylogenetic tree for each method. Phylogenetic analyses were
performed using MEGA version 5 15.
Three-Dimensional Modeling
The various equid SCGB 1A1 and SCGB 1A1A protein structures were built using
the chain A of the oxidized P21 form of leporine uteroglobin at 1.64 Angstrom resolution
(2UTG_A; NCBI) as template 16. The resultant molecular coordinate files were imported
into Swiss-PdbViewer software (SPDBV 4.1.0) for analysis.
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Results and Discussion
Origin of SCGB1A1 Ancestral Triplication
To evaluate the presence of multiple SCGB1A1 genes in other Equidae family
members, we performed PCR assays targeting the signature sequences identified in
equine SCGB1A1P (C--G-- A), SCGB1A1 (A--A--A), and SCGB1A1A (A--G--G) genes.
Primers were designed in regions displaying the highest sequence identity (100%)
amongst the three equine genes to avoid gene-specific preference during the
amplification process. Despite minor variations, the pairwise identity consistently
surpassed 80% in the corresponding regions of several SCGB1A1 orthologous sequences,
including species such as C. familiaris, S. scrofa, B. taurus, O. cuniculus, P. troglodytes,
and H. sapiens. We were thus confident that interspecies variations in selected anchor
regions would be negligible for amplification of SCGB1A1 in closely related individuals.
PCR was performed on genomic DNA preparations from nine E. przewalskii, five
E. asinus, seven E. grevyi and four E. quagga specimens. E. caballus templates were
used as positive control. A single product on electrophoresis was generated, isolated and
sequenced from each reaction. Presence of multiple SCGB1A1 genes was assessed by
scanning electrophoretograms for the existence of peak superimposition at the three
signature locations (Figure 3.1). As expected, E. caballus chromatograms consistently
displayed overlying peaks for each signature position (red squares). These nucleotide
overlaps (“N”) result from the concurrent detection of a mixed population of amplicons
generated by non-selective amplification of the three genes in each PCR assay. E.
przewalskii and E. asinus amplicons also displayed some degree of sequence
heterogeneity, consistent with the presence of multiple SCGB1A1 genes. Interestingly,
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the variation observed in the E. asinus signature sequence affected only two of the three
positions. In contrast, no peak superimposition was detected in E. grevyi and E. quagga
specimens, suggesting the amplification of a single template, and the potential that these
species had only a single gene copy. To further investigate this divergence in SCGB1A1
gene copy number, we used an EPLD assay to isolate and characterize individual
SCGB1A1 genomic sequences.
A PCR assay targeting the genomic region from exon 2 to 3 of each SCGB1A1 gene,
which encodes the complete mature protein, was applied to a randomly selected DNA
sample from each of the above species. Amplicons were purified, serially diluted to
obtain an optimized limiting genomic DNA concentration, and used as template for a
nested EPLD-PCR. The dilution that resulted in detectable amplification in less than 50%
of the reactions was considered to be limiting, suggesting that the PCR product originated
from a single template. A total of 21 EPLD- PCR products were generated from 52
reactions (40%) using the E. caballus DNA preparation, 10 of 36 for E. przewalskii
(28%), 12 of 24 for E. asinus (50%), 17 of 53 for E. grevyi (32%), and 15 of 34 for E.
quagga (44%). Each PCR product was purified, sequenced (forward or reverse), and
examined by multiple sequence alignment. Bioinformatic analyses included prediction of
exon boundaries, manual assembly of the predicted mRNA sequences, and isoform
identification via SCGB1A1 signature sequences.
In E. caballus, 43% of the PCR products were identified as SCB1A1P (C--A--G),
43% as SCGB1A1 (A--A--A), and 14% as SCGB1A1A (A--G--G). Multiple sequence
alignment performed including the three E. caballus isoforms revealed the presence of
three distinct sequence populations in E. przewalskii, detected at a frequency of 38%,
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38% and 25%. Further analysis showed that these sequences matched SCGB1A1P,
SCGB1A1, and SCGB1A1A with 100% pairwise identity, respectively (Figure 3.2).
Interestingly, we found no evidence of SCGB1A1P transcript expression in Przewalski’s
horse lung tissues (unpublished data). These results suggest that SCGB1A1P may be a
pseudogene in E. przewalskii as in E. caballus.
Two distinct sequence populations were amplified from the E. asinus genomic
preparation. Results for the first sequence (C--G--A) indicated 98.2% identity with the E.
caballus SCGB1A1P gene (217/221 identical nucleotides), 97.3% with SCGB1A1
(215/221) and 93.7% with SCGB1A1A (207/251). The second sequence (A--G--A)
matched the E. caballus isoforms with 95.5% (211/221), 95.5% (211/215), and 97.3%
(215/221) pairwise identity, respectively. Based on these similarities, the former
sequence was termed E. asinus SCGB1A1 and the latter SCGB1A1A. Inaccessibility of
fresh lung tissue precluded study of the transcriptional state of E. asinus SCGB1A1 genes.
A single SCGB1A1 sequence (C--G--A) was detected in both E. grevyi and E.
quagga individuals, consistent with the presence of a single gene. As shown in Figure
3.2, E. grevyi SCGB1A1 had 217/221 matching nucleotides with the equine SCGB1A1P
gene, 215/221 with SCGB1A1 and 207/221 with SCGB1A1A. Detailed examination of E.
quagga SCGB1A1 showed 97.3% pairwise identity with E. caballus SCGB1A1P, 96.4%
with SCGB1A1 and 92.8% with SCGB1A1A. Among zebras, SCGB1A1 genes shared
99.1% identity, with only two non- conservative SNPs at positions 19 and 179. This
identity increased to 100% when comparing E. grevyi and E. asinus SCGB1A1
sequences, suggesting a close relationship between these two non-caballine species.
Detection of a single transcript in cDNA preparations from E. grevyi individuals
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supported the genomic findings. In addition, complete genomic to cDNA nucleotide
identity was observed during sequence alignment.
Characterization of Equine SCGB 1A1 Homologues
The non-synonymous nucleotide variations between equine SCGB1A1, SCGB1A1A,
and the hypothetical SCGB1A1P transcripts are predicted to translate into 13 amino acid
(AA) variations among the 70 residues of the mature secreted proteins (excluding the
signal peptide region). Multiple sequence alignment of all Equidae predicted sequences
indicated an overall 76% pairwise identity, involving 53/70 identical sites. A large
proportion of the variable AA was located between positions 5 and 14 of the protein
(Figure 3.3). This region corresponds to the SCGB 1A1 central cavity that binds
hydrophobic ligands

17

, which is enriched in AA with hydrophobic properties

18

.

Interestingly, the substitutions in this region largely maintain the hydrophobic property of
the cavity (S5 to R5, F6 to L6, A7 to V\T7, I9 to V9, I10 to V10, G12 to A\S12, F14 to
Y14), implying a likely minor change in ligand affinity. However, in some instances an
AA conserved across species was changed to an AA with different biochemical
characteristics after gene duplication, which might indicate a change in ligand affinity
and therefore function. An example is the change of phenylalanine (F6) in eSCGB 1A1 to
leucine (L6) in eSCGB 1A1A. Perhaps even more suggestive of adaptation to new ligand
binding was the larger volume of the two main grooves predicted to shape the central
cavity of caballine SCGB 1A1 (241 and 294 Å) compared to SCGB 1A1A (201 and 40
Å, Figure 3.4). Analogously, E. asinus SCGB 1A1 groove surfaces were estimated at 261
and 164 Å compared to 228 and 53 Å for SCGB 1A1A. Each of these findings supports
the notion that SCGB 1A1A evolved to bind a more limited range of ligand sizes. The
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predominance of large aliphatic residues around and outside the cavity may explain the
protein’s high degree of resistance to proteolysis and stability to variable pH and
temperature 19, which has been suggested to enable SCGB 1A1 to efficiently work inside
the lung environment by simply increasing compactness of the structure 20.
Preservation of structural residues of critical importance for the biological roles of
SCGB 1A1 and 1A1A was observed. In particular, conservation of C3 and C69
implicated in dimer interactions, as well as A37, K42, and D46 required for protein
stabilization, was noted. The different theoretical isoelectric points (pI) were calculated
as follows: E. caballus SCGB 1A1P, 4.55; SCGB 1A1, 4.90; SCGB 1A1A, 6.48; E.
przewalskii SCGB 1A1P, 4.31; SCGB 1A1, 4.90; SCGB 1A1A, 6.48; E. asinus SCGB
1A1, 4.85; SCGB 1A1A, 8.21; E. grevyi SCGB 1A1, 4.85; and E. quagga SCGB 1A1,
4.85. A consistent shift toward higher pI values was observed for all SCGB 1A1A
proteins. Such change from basic to acidic pI is unexpected for a protein highly
conserved across species, but has been reported previously

21

. Notably, the duplication

rather than substitution of equid SCGB1A1 might have favoured adaptation of the gene
copy toward a protein with new functions, binding partners, or cellular locations. In
agreement with this hypothesis, Alende et al. (2011) showed that proteins with function
in immune defense were more likely to evolve in this manner than other classes of
proteins. Altogether, this suggests that secretoglobins in caballine species may have
adapted over time to function at a wider range of pH values, and most likely to
accomplish different functions.
From an evolutionary perspective, common ancestors likely share residues
occupying equivalent positions in proteins. Therefore, we examined the equid protein
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sequences to determine class-specific residues. This analysis not only revealed three
amino acids present exclusively amongst E. asinus, E. grevyi, and E. quagga SCGB 1A1
(V9, S12, and L47), but also justified the classification of these sequences into sister
clades (Figure 3.5A). Perhaps even more interesting was identification of residue N29,
shared by all non-caballine species as well as E. przewalskii and E. caballus SCGB
1A1P. As shown in Figure 3.5, the lower rate of residue substitution per site favoured
SCGB1A1P being the closest relative to the non-caballine SCGB1A1 gene, and therefore
suggests this is potentially the caballine ancestral gene. Of note, the SCGB1A1P gene is
not transcriptionally active, and the predicted sequence was included in the analysis only
to yield insight into its origin. Another important finding was the clustering of all SCGB
1A1A sequences distant from SCGB 1A1 and SCGB 1A1P sequences. Since SCGB
1A1A was identified in both caballine and non-caballine species, and since it contained
the highest number of substitutions per site relative to other secretoglobins, it was
deduced that SCGB 1A1A evolved after the first duplication event with a significantly
higher rate of amino acid substitution over time.
Implications of this Study
Our results suggest that a common ancestor of the equid family had a single
SCGB1A1 gene, similar to non-equid mammals. The causes and mechanisms giving rise
to SCGB1A1 gene duplication and triplication in equids are unknown. However,
comparative analysis of SCGB1A1 isoforms in different equid species revealed a high
level of identity between SCGB1A1 genes from E. asinus, E. grevyi, E. quagga, and the
equine isoform SCGB1A1P, suggesting this gene was the ancestral caballine gene.
Questions concerning whether duplication of the ancestral gene could have suppressed
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selection pressure and favoured genomic rearrangement, driving evolution of the newly
acquired copy into the current SCGB1A1A gene, remain to be answered. Detection of
SCGB1A1A in E. asinus indicates that the initial gene duplication occurred prior to
divergence of caballine and non-caballine species. Likewise, we propose that the second
duplication occurred prior to or during domestic and Przewalski’s horse speciation, since
the presence of three genes was unique to the caballine group. Hypothetically,
SCGB1A1P silencing could have followed this last event. Silencing of SCGB1A1P is an
interesting finding, for which loss of a section of the promoter region during a duplication
event seems the most plausible explanation.
Finally, conservation and expression of two divergent secretoglobin family 1A
member 1 proteins in E. caballus, E. przewalskii, and potentially E. asinus raises
questions regarding the importance of multiple expressed genes. The possibility that the
proteins encoded by distinct genes interact with different substances is worthy of
investigation, and may yield insight into the selective advantage such multiple related
proteins provide to equid family members.
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Figure 3.1. Detection of multiple SCGB1A1 genes in Equidae family members.
Presence of multiple genes was assessed by scanning chromatograms for existence of overlapping nucleotides at the three
SCGB1A1 signature positions (red squares, bottom). As expected, the E. caballus sequence revealed nucleotide overlaps (“N”) at each
of the three signature positions, due to the concurrent amplification of SCGB1A1P, SCGB1A1, and SCGB1A1A in a single PCR assay
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(Côté et al., 2012). Similarly, E. przewalskii and E. asinus chromatograms showed nucleotide superimposition at signature locations,
also suggesting the existence of multiple genes in these equid species. Interestingly, E. grevyi and E. quagga electrophoretograms
consistently lacked nucleotide dimorphisms, inferring a unique PCR template from a single SCGB1A1 gene copy.
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Figure 3.2. Multiple sequence alignment of predicted SCGB1A1 cDNA sequences.
The sequences include complete exons 2 and 3 (grey bars), which encode the fulllength mature protein (red arrow). Predicted protein sequences are shown below the
cDNA sequences. Coloured blocks highlight differences in nucleotides or amino acids.
Numerical cDNA (black) and amino acid (red) positions are indicated, starting from the
first nucleotide encoding the mature protein sequence.
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Figure 3.3. 3D model of equine SCGB 1A1 monomers obtained using the rabbit 3D structure
2UTG chain 'A' as template.
(A) The predicted eSCGB 1A1 (backbone = grey). (B) The predicted eSCGB 1A1A
(backbone = blue). (C) Superposition of eSCGB 1A1 and 1A1A highlights the nonsynonymous residues of eSCGB 1A1 (yellow) and eSCGB 1A1A (red). Note that most of
the residues are located inside the hydrophobic cavity. The highly conserved structural
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amino acids (A37, K42, and D46) are displayed in green and the essential residues for
dimer interactions, C3 and C69, are shown in pink.
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Figure 3.4. 3D projections of the two major grooves that form the central pocket of various equid SCGB 1A1 and 1A1A proteins.
The predicted surfaces occupied by the two major grooves are shown separately (Groove 1 and Groove 2) and jointly (Grooves)
for each SCGB 1A1 homologue, from top to bottom. Note the reduced size of the first groove in the equine SCGB 1A1A homologues
compared to SCGB 1A1. Superposition of the different equid proteins with the E. caballus SCGB 1A1 structure (merge) highlights
the smaller volume of SCGB 1A1A grooves. E. caballus and E. przewalskii (e); E. asinus (d); E. quagga (q); E. grevyi (g).
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Figure 3.5. Phylogenetic tree of equid SCGB1A1 cDNA sequences.
(A) Evolutionary SCGB1A1 relationships were inferred using the Minimum
Evolution method 12. The bootstrap consensus tree inferred from 500 replicates is taken to
represent the evolutionary history. The percentage of replicate trees in which the
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associated taxa clustered together in the bootstrap test (500 replicates) is shown next to
the branches. The tree is drawn to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree. All positions containing
gaps and missing data were eliminated. There were a total of 220 positions in the final
dataset. (B) The same data was inferred using the Neighbor-Joining method

13

. (C) A

final analysis was inferred by using the Maximum Likelihood method based on the
Jukes-Cantor model 14. Note clustering of non-caballine SCGB1A1, which has the highest
level of similarity with the caballine SCGB1A1P, followed by caballine SCGB1A1.
Sequences of SCGB1A1A cluster independently. H. sapiens and P. troglodytes SCGB1A1
sequences were included as an outgroup.
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Figure 3.S1. 3D analysis of predicted equine SCGB 1A1 and SCGB 1A1A protein structures.
Both sequences were aligned together and a representative image was acquired
every 30° during horizontal rotation. The eSCGB 1A1 (1-5) backbone is shown in grey
with the non-synonymous residues highlighted in yellow and the eSCGB 1A1A (6-10)
has a blue backbone and red residues. The conserved structural amino acids (A37, K42,
and D46) are displayed in green and the residues essential for dimer interactions are
shown in pink.
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Figure 3.S2. Graphical abstract.
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PRODUCTION, PHAGOCYTOSIS AND NET FORMATION

Running title: Neutrophil interaction with secretoglobins
Olivier Côté1, Mary Ellen Clark1, Laurent Viel2, Geneviève Labbé1, Stephen Y.K.
Seah , Meraj A. Khan6, David N. Douda4,6, Nades Palaniyar4,5,6, Dorothee Bienzle1,*
3

1

Department of Pathobiology, University of Guelph, Guelph, Ontario, Canada

2

Department of Clinical Studies, University of Guelph, Guelph, Ontario, Canada

3

Department of Molecular and Cellular Biology, University of Guelph, Guelph,
Ontario, Canada
4

Department of Laboratory Medicine and Pathobiology and 5Institute of Medical
Sciences, University of Toronto Toronto, ON, Canada
6

Program in Physiology and Experimental Medicine, Lung Innate Immunity
Research Laboratory, Hospital for Sick Children, Toronto, ON, Canada

*

Corresponding author:

Dr. D. Bienzle
Department of Pathobiology, University of Guelph
50 Stone Road East, Guelph, Ontario, N1G 2W1
Tel. 519-824-4120 x54351
Fax 519-824-5930
E-mail dbienzle@uoguelph.ca

Submitted to American Journal of Respiratory Cell and Molecular Biology, Dec. 2013

97

Operating funds from Equine Guelph, the Natural Sciences and Engineering
Research Council of Canada (NSERC) and the Canada Research Chairs program
supported this work. The University of Guelph and the Ontario Ministry of Agriculture
and Rural Affairs supported animal resources. OC is the recipient of a graduate award
from the University of Guelph. MAK was supported by a postdoctoral fellowship from
CIHR operating grant MOP111012 to NP. DND was supported by Dr. Goran Enhorning
Award in Pulmonary Research, and Peterborough K.M. Hunter Graduate Studentship.

Abstract
Secretoglobin family 1A member 1 (SCGB 1A1) is a small protein mainly secreted
by mucosal epithelial cells of the lungs and uterus. SCGB 1A1, also known as club
(Clara) cell secretory protein (CCSP), represents a major constituent of airway surface
fluid. The protein has anti- inflammatory properties, and its concentration is reduced in
equine recurrent airway obstruction (RAO) and human asthma. RAO is characterized by
reversible airway obstruction, bronchoconstriction and neutrophilic inflammation.
However, direct effects of SCGB 1A1 on neutrophil functions are unknown. We have
recently identified that the SCGB1A1 gene is triplicated in equids and generates two
distinct gene products. In this study we produced endogenously expressed forms of
SCGBs (SCGB 1A1 and 1A1A) as recombinant proteins, and analyzed their effects on
ROS production, phagocytosis, chemotaxis and neutrophil extracellular trap (NET)
formation ex vivo. Our data show that SCGB 1A1A but not SCGB 1A1 increases
neutrophil oxidative burst and phagocytosis; and that both proteins markedly reduce
neutrophil chemotaxis. SCGB mRNA in bronchial biopsies and protein in
bronchoalveolar lavage fluid are decreased. Both SCGB 1A1 and 1A1A reduce NET
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formation, but SCGB 1A1A to a greater extent. NETs are present in bronchoalveolar
lavage fluid from horses with exacerbated RAO but not in horses with RAO in remission
or in challenged healthy horses. These findings indicate that SCGB 1A1 and 1A1A have
overlapping and diverged functions. Considering the existence of differences in relative
abundance of SCGB 1A1 and 1A1A in airway secretions during RAO suggests that these
functional differences may contribute to the pathogenesis of RAO and other neutrophilic
inflammatory lung diseases.

Keywords
Asthma, chemotaxis, club (Clara) cell secretory protein, equine, horse, neutrophil
extracellular trap, oxidative burst, uteroglobin

Introduction
Secretoglobin family 1A member 1 (SCGB 1A1) is a small, secreted protein mainly
produced by mucosal epithelial cells in lung and uterus. SCGB 1A1, also known as club
(Clara) cell secretory protein (CCSP), was suggested as the standardized nomenclature to
define this member of an emerging superfamily of 10 kDa proteins 1.The SCGB family of
proteins exist as disulfide-dependent homodimers that are oriented in an anti-parallel
superposition

2,3

. Structurally, this association generates an internal hydrophobic pocket

for binding of lipophilic molecules

4,7

.

SCGB 1A1 dimers sequester calcium and

phosphatidylcholine, a cofactor and a substrate required for phospholipase A2 activity,
respectively

8,9

. Existence of minor hydrophobic cavities on each side has also been

reported, but their functions are unknown. SCGB 1A1 is highly resistant to protease
degradation, and stable at high temperatures and pH extremes
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10

. The exact roles of

SCGB 1A1 in lung physiology and homeostasis are uncertain. Although SCGB 1A1 is
not essential for normal lung function, its absence or reduced expression is associated
with exacerbation of several inflammatory conditions

11,12

. Development of synthetic

antiflammins based on fusion of conserved structures of SCGB 1A1 and lipocortin-1
yielded compounds with in vivo anti-inflammatory properties

13

. Recombinant SCGB

1A1 has been suggested as a therapeutic agent for treating inflammatory diseases

10

and

intranasal administration of this protein improves the hospital discharge rate and
dependence on supplemental oxygen in premature infants with respiratory distress
syndrome

14

. Nevertheless, whether SCGB 1A1 proteins directly alter the functions of

inflammatory cells are not clearly established 15.
Recurrent airway obstruction (RAO) is an inflammatory airway disease induced by
repeated exposure of susceptible horses to environmental triggers 16. Influx of neutrophils
into the airways is a hallmark of the condition

17

. Notably, horses with RAO have low

levels of SCGB1A1 mRNA in the lungs and protein in bronchoalveolar lavage (BAL)
fluid

18

. The recent discovery that the SCGB1A1 gene was triplicated in the equine

genome, and that the copies evolved differently over time, suggest that different gene
products play important roles in natural adaptation, biological advantage, and possible
functional divergence in health and disease

19

. Three-dimensional modeling of SCGBs

suggests that the proteins might have acquired different molecular-binding partners 20.
Neutrophils are powerful innate immune cells that rapidly extravasage into injured
tissues in response to inflammatory signals. Typically, increased levels of IL-8 found in
the injured or infected tissue recruit neutrophils via chemotaxis

21

. At the site, activated

neutrophils release reactive oxygen species (ROS) or internalize the targets by
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phagocytosis 22. ROS are also released into the phagocytic vacuoles of neutrophils to kill
the internalized microbial pathogens 23. Recent studies show that these cells also release
neutrophil extracellular traps (NETs) to ensnare microbial pathogens

24

. Although the

pathways that regulate NET formation, or NETosis, are not clearly defined, this form of
cell death occurs via at least two mechanisms: one is dependent on ROS production and
the other is dependent on calcium-ion influx
NETosis leads to severe tissue damage

26

25

. Although NETs are useful, excess

. SCGB 1A1 appears to reduce neutrophil

migration into the lung by high-affinity receptor antagonism and chemoattractant
sequestration 27. It also down-regulates the release of ROS by neutrophils and suppresses
activated phagocytosis 28. However, whether different forms of SCGB 1A1 differentially
regulate neutrophil chemotaxis, phagocytosis and NETosis is unknown. Furthermore,
neither the presence of NETs in RAO nor the differential expression of SCGBs during the
disease conditions is known. Here we tested the hypothesis that equine SCGB 1A1 and
1A1A have evolved to regulate neutrophil functions. We found that SCGB 1A1A often
exerts more potent activity than SCGB 1A1 on various neutrophil functions. SCGB 1A1
suppresses neutrophil chemotaxis and NETosis better than 1A1A; however it enhances
oxidative burst and phagocytic activity. During RAO, mRNA expression of SCGB 1A1 is
significantly reduced whereas SCGB 1A1A levels are not fully suppressed. Significantly
large numbers of neutrophils and NETs are present in the airways during RAO.

Materials and Methods
Animals
All research involving animals was approved by the University of Guelph Animal
Care Committee (protocol R10-031) and conducted in compliance with Canadian Council
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on Animal Care guidelines. Control and RAO horses ranged in age from 6 to 18 years
and were selected based on clinical criteria

18

. BAL was performed as described in the

online supplement.
Genome Data Sources
SCGB1A1 nucleotide sequences were obtained from the National Center for
Biotechnology Information (NCBI, Bethesda, MD) database as follow; E. caballus
SCGB1A1, JQ906260.1; E.caballus SCGB1A1A, JQ906261.1. Sequence alignments were
generated using Geneious Pro software (Geneious, Auckland, NZ), as previously reported
19

.

Cloning and Production of Equine Recombinant SCGB 1A1 and 1A1A
Total RNA was isolated from equine frozen lung tissues (RNeasy, Qiagen,
Mississauga, ON) and reverse transcribed into complementary DNA (cDNA)

19

.

SCGB1A1 and SCGB1A1A coding regions were obtained by PCR amplification (see
supplement) and inserted into the pMAL protein fusion and expression system (New
England BioLabs, Mississauga, ON), according to the manufacturer′s protocol. Detailed
methodologies for cell culture and fusion protein purification are described in the online
supplement. Proteins were purified by gel filtration using a HiLoad 26/60 SuperDex 200
column attached to ÄKTA explorer FPLC system (GE Healthcare, Baie d’Urfé, QC).
Fractions containing SCGB 1A1 or SCGB 1A1A were run on EndoTrap® columns
(Hyglos, Bernried, Germany) to remove endotoxin. Recombinant SCGB 1A1 and SCGB
1A1A preparations tested negative for endotoxin using the Limulus polyphemus
amoebocyte lysate assay (Sigma-Aldrich, Burlington, ON).

102

In Vitro Functional Assays
Neutrophil isolation from blood, and oxidative burst, phagocytosis, and
microchemotaxis assays are detailed in the online supplement.
Analysis of NET-Derived DNA in Vivo and NET Assays
BAL fluid from six healthy control and seven age-matched RAO-susceptible horses
pre- and post-challenge was analyzed by agarose gel electrophoresis, as described

29

.

Briefly, each sample was separated on gels with or without proteinase K (PK;
0.2mg/mL). Presence of DNA in BAL fluids was probed by DNase (50µg/ml), RNase
(250µg/ml), or dual treatment for one hour at 37°C in the presence of 3mM CaCl2.
Samples were subjected to electrophoresis and DNA was visualized using SYBR® Safe
DNA gel stain (Invitrogen, Mississauga, ON). Images were acquired with a
ChemidocTM XRS gel imaging system (Bio Rad, Mississauga, ON) and analyzed using
Image Lab 4.1 software (Bio-Rad). Western Blot for citrullinated histone H3 (CitH3) was
performed using the anti-histone H3 antibody (citrulline R2+R8+R17, Abcam,
Cambridge, MA). For NET assays, neutrophils were isolated using a modified version of
the PolymorphprepTM protocol (Axis-Shield, Dundee, UK). Neutrophil isolation, NET
assay, fluorescence imaging, qRT-PCR and ELISA methodologies are detailed in the
supplement.
Statistical Analysis
Values were expressed as means ± SEM, and data were analyzed as a 2-factor splitplot in a randomized block design with SCGB treatment as the primary factor. Residual
plots were constructed, and formal tests of normality of the residuals were applied. The
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statistics package SAS (Cary, NC) was used for analyses. Graphs were prepared with
Prism5 software (GraphPad, San Diego, CA); p≤0.05 was considered significant.

Results
Cloning and Production of Equine Recombinant SCGB 1A1 and SCGB 1A1A
We generated the two recombinant SCGB 1A1 proteins endogenously expressed in
equine airways, and tested their effect on ROS production, phagocytosis, chemotaxis and
neutrophil extracellular traps (NETs) formation ex vivo. The cDNAs coding for the
SCGB 1A1 and 1A1A mature proteins, excluding the signal peptide sequences, were
obtained by PCR amplification from lung biopsies. For each reaction, a single band of
expected size (225bp) was detected by gel electrophoresis (Figure 4.1A), extracted,
purified, and inserted into the pMAL-c5X expression vector (Figure 4.1B). Newly
generated SCGB1A1 and SCGB1A1A expression vectors were then transformed into
competent cells and a minimum of five independent transformants was sequenced to
confirm proper integration of the insert, as shown in Figure 4.1B. The sequencing
chromatograms revealed 100% identity to SCGB1A1 and SCGB1A1A sequences (NCBI
JQ906260.1 and JQ906261.1, respectively). A transformant was selected, inoculated,
cultured, and harvested for each construct. A crude extract was prepared from individual
cultures and subjected to affinity and gel filtration chromatography to retrieve the
purified fusion proteins. Approximately 30 to 50 µg of purified proteins were obtained
per liter of culture. To assess purity, multiple fractions were collected at defined steps and
loaded on SDS-PAGE gels. SCGB 1A1 and 1A1A fusion proteins (48kDa) were detected
in extracts after induction of expression with isopropylthiogalactoside (IPTG) but not in
the uninduced fractions (Figure 4.1C). Addition of factor Xa protease to the fusion
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protein preparations generated two bands of 40 and 7kDa, indicating proper cleavage of
maltose binding protein (MBP) from either SCGB 1A1 or 1A1A. Both recombinant
proteins formed homodimers (14kDa) in non-denaturing conditions, and monomers on
denaturing SDS-PAGE (Figure 4.1D). These results indicate that the structure and
conformation of the recombinant proteins was conserved, allowing dimerization via the
cysteine residues located at both ends of the polypeptide. Western blot analysis was
performed to confirm the identity of SCGB 1A1 and SCGB 1A1A monomers and dimers
(Figure 4.1E).
SCGB 1A1 and 1A1A Differently Modulate Neutrophil Oxidative Burst and Phagocytosis
To test the effect of SCGB 1A1 and 1A1A on ROS production and phagocytosis,
flow cytometry assays were performed on blood-derived neutrophils freshly isolated from
healthy horses. Neutrophil activation and ROS production was stimulated using phorbol
myristate acetate (PMA), which increased fluorescence >6 fold relative to exposure to
PBS. Cell preparations treated with PMA had characteristic morphological changes of
activated neutrophils such as membrane ruffling and cytoplasmic vacuolation (Figure
4.2A). Addition of either the fluorescent substrate dichlorodihydrofluorescein diacetate
(H2DCFDA) or SCGB 1A1 or SCGB 1A1A had no effect on neutrophil morphology. A
marked and dose-dependent increase in fluorescence was observed in SCGB 1A1A pretreated neutrophils stimulated with PMA (Figure 4.2B), whereas increasing amounts of
SCGB 1A1 had no apparent effect. SCGB 1A1A-induced pro-oxidant effects differed
significantly from those of SCGB 1A1 at 500 (338 ± 123 vs 655 ± 143, p=0.0012) and
1000ng/mL (288 ± 42 vs 940 ± 216; p<0.0001).
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The effect of SCGB 1A1 and 1A1A on neutrophil phagocytic activity was analyzed
by quantifying fluorescent bead internalization after incubation with recombinant
proteins. Compared to SCGB 1A1, SCGB 1A1A pre-incubation (250ng/mL) significantly
increased fluorescence (631 ± 11 vs 694 ± 27; p=0.0028; Figure 4.2C). Significant
effects were not detected at 500 and 1000ng/mL of SCGB 1A1A.
SCGB 1A1 and 1A1A Inhibit IL-8 Driven Neutrophil Chemotaxis
The effect of recombinant SCGB 1A1 and SCGB 1A1A on chemotactic activity of
equine neutrophils was characterized using a microchemotaxis plate assay. Cells were
pre-treated with serially diluted concentrations of SCGB 1A1 or SCGB 1A1A (0, 250,
500, 1000ng/mL) and deposited on interleukin-8 (IL-8) filled chemotaxis chambers. Both
recombinant proteins significantly attenuated IL-8-induced migration in a dose-dependent
manner (Figure 4.3). In general, SCGB 1A1A inhibited chemotaxis more than SCGB
1A1. SCGB effects were most different at [250ng/mL], where 91.8 ± 4.0% of SCGB 1A1
pre-treated cells had migrated, but only 71.2 ± 13.1% of SCGB 1A1A pre-treated cells
(p<0.02). At higher concentrations there was progressively greater inhibition of
neutrophil migration, and the effect of SCGB 1A1A continued to be greater than that of
SCGB 1A1 (p<0.04).
SCGB 1A1 and 1A1A Inhibit NET Formation Ex Vivo
To investigate the kinetics of NET formation in neutrophils treated with
recombinant SCGBs, we used an established assay based on cell culture and fluorescence
imaging

29

. Both SCGB 1A1 and 1A1A inhibited calcium ionophore A23187-induced

NET formation by equine neutrophils ex vivo (Figure 4.4A and 4.4B, respectively).
Significantly reduced NETosis was observed at 60 min in cell suspensions incubated with
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SCGB 1A1 (p<0.05; n=7 different samples in triplicate), and at 120 min using similar
SCGB 1A1A concentrations (p<0.002). Higher concentrations of SCGB 1A1 and 1A1A
reduced NETosis by approximately 22% and 30%, respectively. Of note, PMA
concentrations of 20 to 160nM failed to trigger NET formation, suggesting alteration or
loss of this ROS-dependent neutrophil activation pathway in horses.
Immunofluorescent staining evaluated the presence of SCGBs and two established
NET markers, CitH3 and MPO, in neutrophils. As expected, A23187 ionophore
stimulation yielded strong and diffuse nuclear staining suggestive of heterochromatin
decondensation and NET release, while untreated cells had typical segmented horseshoeshaped nuclear profiles (Figure 4.5). SCGB 1A1 and 1A1A staining was detected only in
SCGB treated cells, consistent with lack of endogenously expressed SCGB by
neutrophils (Figure 4.5, top panel). The SCGB antibody recognizes an epitope shared by
both recombinant proteins. Detection of CitH3 positive staining was restricted to A23187
stimulated cells, consistent with ongoing nuclear DNA externalization and histone
deimination (Figure 4.5, middle panel). MPO staining was rarely detected in neutrophil
cytoplasm prior to stimulation, but was prominent at the ends of the string-like DNA
following A23187 treatment (Figure 4.5, bottom panel). Importantly, there was
substantial reduction of extracellular DNA filaments (green dye) in A23187 stimulated
cells treated with SCGB 1A1 and 1A1A relative to untreated cells. Altogether,
immunofluorescence analysis shows inhibition of NETosis by SCGB 1A1 and 1A1A
proteins.
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SCGB mRNAs and Proteins are Lower in Animals with RAO
Quantification of SCGB1A1 and SCGB1A1A mRNA transcripts and total SCGB
concentration and was carried out by quantitative real-time PCR of cDNA preparations
obtained from bronchial biopsies and ELISA of BAL fluid, respectively. Previous studies
showed that SCGB1A1 was reduced in horses with RAO compared to those without lung
disease, but did not assess expression of individual genes

18

. SCGB expression was

compared to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18S ribosomal
RNA (RN18S) mRNA as internal controls. SCGB1A1 mRNA concentration was
significantly lower in the RAO group compared to controls (p=0.016, Figure 4.6A), while
expression of SCGB1A1A was minimally changed. Total SCGB concentration in BAL
was significantly lower in horses with RAO pre- and post-challenge than in control
horses (Figure 4.6B).
In Vivo Neutrophil NET Formation
NET formation during neutrophilic inflammation in RAO has not been investigated.
We determined whether there are NET-derived DNA-protein complexes in BAL fluid of
horses without lung disease and with RAO using agarose gel electrophoresis. BAL fluid
samples were collected from each horse pre- and post-exposure to mouldy hay (which
triggered exacerbated RAO in susceptible animals). After electrophoresis, pre- and postchallenge samples from control horses lacked high molecular weight (HMW) bands in
BAL fluid, while such bands were present in samples from four of six RAO animals
(Figure 4.7A). HMW bands in cell free preparations suggested the presence of NETderived DNA-protein complexes. These complexes were detected only in samples from
animals with exacerbated RAO (Table 2). NETs were detected in samples with highest
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BAL cell concentrations and lowest SCGB1A1 and SCGB1A1A expression. To further
evaluate the DNA-protein nature of the bands, samples were treated with proteinase K
(PK) alone or in tandem with DNAse and/or RNAse. As shown in Figure 4.7B,
incubation with PK alone detached the DNA-protein complexes, highlighted by a shift in
the molecular weight of the band. The DNA nature of the complexes was confirmed by
disappearance of the band following DNAse but not RNAse treatment. Western blotting
showed that NET-positive BAL samples contained CitH3, while NET negative samples
lacking HMW DNA- protein complexes with CitH3 (Fig. 4.7C).

Discussion
SCGB 1A1 is the prototypic member of the secretoglobin family produced by
specialized epithelial cells at the mucosal surface of the lungs and uterus. SCGB 1A1 has
anti-inflammatory

and

immunomodulatory

properties

due

to

inactivation

of

phospholipase A2 (PLA2), sequestration of pro-inflammatory cytokines and interference
with leukocyte chemotaxis

8,30,31

. Inhibition of PLA2 by SCGB 1A1 limits generation of

neutrophil activating arachidonic acid metabolites, and is considered a mechanism of
reducing inflammation and limiting neutrophil-induced lung injury in acute respiratory
distress syndrome

32

. Unique interaction with different PLA2 isoforms has not been

determined. In addition to indirect effects on neutrophils, direct interaction was suggested
by detecting SCGB 1A1 in lung neutrophils of animals with neutrophilic inflammation by
immuno-electronmicroscopy

28

. SCGB 1A1 is depleted in bronchial epithelium and

airway fluid of human asthmatics

33,34

and horses with long-standing RAO, an asthma-

like condition characterized by intense neutrophilic inflammation of the airways 18. It was
recently identified that SCGB1A1 genes are triplicated in the equid family, and that two
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of the genes are differentially expressed and give rise to distinct proteins 19,20. SCGB 1A1
and 1A1A differ by 13 of 70 amino acids, with 7 of the 13 substitutions occurring in the
region that forms the hydrophobic pocket

20

. The binding pocket of SCGB 1A1A is

smaller than that of SCGB 1A1, and substitutions include amino acids with different
biochemical properties. Theoretical isoelectric points (pI) of SCGB 1A1 and 1A1A are
4.90 and 6.48, further suggesting potentially different biological functions. Hence, we
here sought to determine whether the different SCGB proteins have unique effects on
functional properties of neutrophils and NET formation in a naturally occurring model of
inflammatory lung disease.
Relative to SCGB 1A1, incubation of neutrophils with recombinant SCGB 1A1A
enhanced ROS production and increased phagocytosis. SCGB 1A1 receptors have not
been clearly identified. It was reported that SCGB 1A1 enters renal tubular cells via
binding to cubilin, a large peripheral membrane protein, and that subsequently this
complex interacts with the endocytic lipocalin receptor megalin

35

. Expression of these

receptors by non-epithelial cells has not been identified; hence interaction of SCGB with
other activators of neutrophils appears more likely. In vitro conditions do not fully
recapitulate complex in vivo interactions, and at near neutral pH functional effects of
SCGB 1A1A may be more readily detected than those of SCGB 1A1. SCGB 1A1 was
previously reported to inhibit neutrophil oxidative burst, but those studies preceded
identification of multiple expressed SCGB1A1 genes in horses and utilized a hybrid
recombinant SCGB protein

28

. Since horses with RAO have higher SCGB1A1A than

SCGB1A1 expression in airways

19

, enhanced ROS generation by SCGB 1A1A may
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contribute to lung injury in RAO. Future studies should determine the in situ
concentration of each protein during active disease.
Phagocytosis was significantly increased by incubation with 250ng/mL of SCGB
1A1A but not SCGB 1A1. Increased neutrophil phagocytosis of opsonized 1µm beads
suggests that SCGB 1A1A enhances interaction with phagocyte receptors such as IgG or
complement product C3bi. Intravenous administration of SCGB 1A1 reduced
complement deposition and glomerulonephritis in a mouse model, and mice lacking
SCGB 1A1 developed IgA nephropathy, suggesting that SCGBs in vivo regulate function
of these immune mediators

36,37

. Phagocytosis of inert particulate does not necessarily

entail a subsequent pro-inflammatory neutrophil response, and may reflect removal of
apoptotic cells and cell debris

38

. Concentrations of SCGB employed correspond to

physiologic levels of SCGB 1A1 and 1A1A in airway secretions of healthy horses,
suggesting that effects on neutrophil phagocytosis might be subtle for either protein, and
likely also influenced by mediators other than SCGB 39,40.
SCGB 1A1 has been extensively reported to affect cell migration and chemotaxis of
leukocytes, fibroblasts, smooth muscle and neoplastic cells

27,31,41-44

. In agreement with

these observations, our findings showed both SCGB 1A1 and 1A1A strongly reduced IL8-stimulated chemotaxis of blood-derived neutrophils in a dose-dependent manner.
SCGB 1A1A was a more potent inhibitor of cell migration. A postulated mechanism
whereby SCGB 1A1 affects chemotaxis is through binding to the formyl-met-leu-phe
(fMLP) receptor FPR2, which blocks association with bacterial-derived fMLP. Since IL8 was used as the chemoattractant in this study, it is likely that SCGBs also interfere with
binding of IL-8 to its CXCR1 or CXCR2 receptor. Hall and colleagues
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45

reported that

BAL fluid from RAO-affected animals enhanced chemotaxis. However, since BAL fluid
contains many mediators produced by bronchial epithelium or leaked into the airways
from vasculature, it is difficult to identify effects of individual proteins amidst such
mixture. SCGBs are highly abundant in secretions of the lower bronchi and bronchioles,
which is the site of intense neutrophilic inflammation in RAO. Hence SCGB-mediated
reduction of neutrophil influx is likely a protective anti-inflammatory property.
SCGB pre-incubation of neutrophils activated by calcium flux significantly reduced
in vitro NETosis, with the effect of SCGB 1A1 noted earlier than that of SCGB 1A1A.
NETs may trap microbes or particulate matter, and in turn enhance their phagocytosis and
elimination, but constituents of NETs such as citrullinated histones and extracellular
MPO are also immunogenic and cytotoxic

46

. NETs detected in the equine male

reproductive tract correlated with neutrophil activation and impaired fertility 47. Hence, in
vivo NETosis is likely a highly regulated process, and SCGB contribute to inhibition of
NETosis in the lung.
NETs have been identified in the airways of human but not equine asthmatics

48

.

Neutrophilic, as opposed to eosinophilic, inflammation characterizes human asthma types
that are less responsive to therapy, which are more alike equine RAO. We measured
SCGB 1A1 and 1A1A transcript expression in bronchial biopsies and total SCGB in BAL
fluid. Both indicated that SCGBs are decreased in animals with RAO. In particular,
transcripts of SCGB1A1 were barely detectable in horses post-challenge, suggesting that
most SCGB measured in BAL by ELISA is SCGB 1A1A. This finding corroborates that
SCGB 1A1A, which had significantly greater effect on neutrophil functions, is of more
importance in modulating inflammatory responses in the airway. We identified NETs in
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BAL samples of horses with acutely exacerbated RAO and severe neutrophilic
inflammation, but not in the same horses during disease remission or in control horses
exposed to the same stimulus. The in vivo stimuli or significance of NETs are
incompletely defined. A wide range of microbial components, and inflammatory
mediators such as GM-CSF, IL-8 and MIP-2 may induce NETosis

26

. Since agents that

incite asthmatic responses in horses include LPS and fungal spores 49, and the bronchial
epithelium responds with abundant IL-8 production 50, it is not surprising that neutrophils
are activated in vivo and form NETs. From data presented here it appears that the
presence of NETs correlates with severity of the inflammatory response, but the precise
role of NETs in RAO remains to be determined.
RAO is a severe neutrophilic lung inflammatory disease induced by air containing
dust, spores and bacterial components. Bronchial epithelial club cells and their SCGB
products are markedly reduced in affected animals. We here show that SCGB 1A1 and
1A1A have differential effects on neutrophils, and that duplication and evolution of the
SCGB1A1 gene may have resulted in differential effects on neutrophil responses in this
condition. A global understanding of the molecular targets and pathways affected by
SCGB proteins may help development of pharmacological interventions to counteract
pathogenic neutrophilic inflammation, and will be the subject of future studies.
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Figure 4.1. Cloning and expression of equine recombinant SCGB 1A1 and SCGB 1A1A proteins.
(A) SCGB1A1 (“1”) and SCGB1A1A (“1A”) partial ORFs were amplified from lung cDNA preparations. A unique band of
appropriate size (225bp) was amplified for each gene. (B) Fragments were digested with XmnI and SbfI restriction enzymes (purple
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boxes) and inserted into the multiple cloning sites (MCS) of the pMAL-c5X expression vector (top). DNA from the transformed
colonies was submitted for sequencing to determine the presence, integrity, orientation and suitable translational reading frame of the
insert. SCGB1A1 and SCGB1A1A sequenced (S) products showed proper orientation and 100% identity to the predicted (P) sequences.
(C) Fractions collected during the purification steps of SCGB 1A1 and SCGB 1A1A were analyzed by SDS-PAGE. A fusion protein
was apparent in extracts from IPTG induced (I) but not uninduced (U) colonies. A crude extract (CE) was collected from induced cells
and purified by affinity chromatography, using an amylose (A) column. The eluted fractions were pooled and incubated with Factor
Xa protease (Fx) to cleave the fusion proteins. Factor Xa was removed by FPLC (F), and MBP (42.5kDa) was removed by additional
passage on an amylose column from which pure (P) recombinant proteins (7kDa) were collected. (D) SCGB 1A1 and SCGB 1A1A
purified proteins form dimers that are dissociated under denaturing conditions. (E) Identity of dimers and monomers was confirmed
by Western blot analysis. L, 1 Kb+ DNA ladder; S, Precision plus protein standard (dual color).
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Figure 4.2. SCGB 1A1 and 1A1A affect neutrophil oxidative burst and phagocytosis.
(A) Blood-derived neutrophils were pre-incubated with endotoxin-free SCGB 1A1
or 1A1A prior to oxidative burst and phagocytosis assays. As seen in the two upper
panels, control [0, PBS] or SCGB 1A1 and 1A1A [500ng/mL] treatment did not induce
morphologic changes in neutrophils, while PMA stimulation triggered neutrophil
activation characterized by larger size, membrane ruffles, and formation of cytoplasmic
vacuoles (last panel). (B) Increasing concentrations of SCGB 1A1A (red line) stimulated
generation of oxidation-dependent neutrophil fluorescence. Increases at 500 and
1000ng/mL were significantly different from baseline and 250ng/mL, and relative to
SCGB 1A1 (blue line, n=6). (C) Both SCGBs had a tendency to increase neutrophil
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phagocytic activity, but statistically significant differences from each other or baseline
were for SCGB 1A1A at 250ng/mL (n=6). Bars = SEM. * = p<0.05.
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Figure 4.3. Chemotaxis of equine neutrophils after exposure to recombinant SCGB 1A1 and
SCGB 1A1A.
Neutrophils were pre-incubated with various concentrations of equine recombinant
SCGB 1A1 (blue) or 1A1A (red), and deposited on chemotaxis chambers with IL-8 as
chemoattractant. Untreated neutrophils were attributed a chemotaxis index of 100%. * =
p<0.04, ** = p<0.02, bars = SEM; repeated measures ANOVA.
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Figure 4.4. In vitro NET formation was altered by exposure to SCGB proteins.
In vitro NET formation was altered by exposure to SCGB 1A1 (A) or 1A1A (B).
Bars = SEM. * = p <0.05, ** = p <0.01, *** = p <0.005, repeated measures ANOVA (0
vs 2000ng/mL).
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Figure 4.5. SCGB 1A1 and 1A1A inhibit calcium ionophore (A23187) mediated NETosis in
equine neutrophils.
Cells obtained from healthy horses were pre-incubated with PBS, SCGB 1A1, or
SCGB 1A1A. PBS-treated cells were incubated in the absence (control) or in the
presence of calcium ionophore (A23187) to stimulate NETosis. Immunofluorescence
analysis revealed discrete nuclei and NETs as string-like structures (green DNA stain).
SCGB 1A1 and 1A1A recombinant proteins were detected using SCGB antibody (red,
top panel). Neutrophils stimulated with A23187 induced the expression of NETosis
markers, including CitH3 and MPO (red, middle and bottom panel). Note reduction of
NETs in SCGB 1A1 and 1A1A treated cells. Magnification 400x.
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Figure 4.6. SCGB transcripts and proteins level decrease in RAO.
(A) SCGB1A1 and SCGB1A1A mRNA levels were determined by quantitative RTPCR in equine bronchoscopic biopsies. SCGB1A1 expression levels were significantly
lower (p=0.016) in animals with RAO than in control animals. Results were normalized
to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18S ribosomal RNA
(RN18S). Experiments were performed in triplicate and results are presented as mean
± SEM of five (RAO) or six (control) animal per group. (B) Total SCGB concentration as
measured by ELISA in BAL fluid was lower in horses with RAO than control horses preand post-challenge.
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Figure 4.7. Characterization of NET-derived DNA-protein complexes in BAL fluid.
(A) NET-derived DNA-protein complexes were apparent as a high molecular
weight band in agarose gels. The complexes were detected in animals with RAO postchallenge but not prior to exacerbation of RAO, and not in healthy control animals. (B)
PK treatment shifted the DNA complexes towards lower molecular weight, confirming
presence of protein in the complexes. Conversely, addition of DNAse (D) but not RNAse
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(R) abrogated detection of DNA in samples. (C) Western blot analysis revealed the
presence of CitH3 (15kDa) in samples with HMW DNA-protein complexes, indicating
DNA was released in a NET-specific manner. L = 1Kb+ DNA ladder; S = Precision plus
protein standard; bp = base pair; kDa = kilodaltons.
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Table 2. Neutrophils, NETs and SCGB mRNA in BAL fluid samples and
bronchial biopsies from control and RAO horses.

Table 2. Presence of NETs was evaluated in BAL fluid from healthy and RAOsusceptible horses in remission (Pre) and after mouldy hay challenge (Post) using agarose
gel electrophoresis. BAL samples from healthy control animal were negative (-) for the
presence of protein-DNA complexes, while four samples from horses with exacerbated
RAO contained NETs. The concentration of neutrophils and total nucleated cells in
corresponding BAL fluid samples is indicated.
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Online Supplement
BAL
Horses were restrained in stocks and sedated with 0.5ml of Sedivet® (Romifidine
10mg/mL, IV; Boehringer Ingelheim, Burlington, ON). Briefly, a 13mm diameter, 180cm
long sterile bronchoscope (Olympus, Tokyo, JP) was inserted through a nostril and
passed to the level of the carina. A 0.2% lidocaine solution (AstraZeneca, Mississauga,
ON) was intermittently applied via the endoscope to reduce coughing and discomfort.
The bronchoscope was wedged in a 2nd or 3rd generation bronchus, and 120mL of warm
sterile saline was instilled and re-aspirated. The BAL fluid was filtered and centrifuged
for 10min at 500g to pellet cells. Cell-free supernatant was analyzed using a NanoDrop
2000 photometer (Thermo Fischer Scientific, Cooksville, ON) to determine the protein
concentration.
Cloning, Protein Expression and Purification
SCGB1A1 and SCGB1A1A coding regions were obtained by amplification using the
following primers (Sigma-Aldrich): SCGB1A1-F, 5’- GAA ATC TGC CAG AGC TTT
GCA GAC ATC ATT CAA GGC C-3’; SCGB1A1-R, 5’-GTC ACC TGC AGG CTA
AGC ACA CAG TGG GCT CTT TGC-3’; SCGB1A1A-F, 5’-GGA ATC TGC CAG
AGA TTG GTA GGC ATC GTT CAA GCC C-3’; SCGB1A1A-R, 5’-GTC ACC TGC
AGG CTA AGC ACA CAG TGG GCT CTC TAC-3’. Primers were designed with XmnI
and SbfI restriction sites for cloning into the pMAL-c5X expression vector (New England
BioLabs). This vector is designed to produce maltose-binding protein (MBP) fusion
proteins without adding vector-derived residues. Amplifications were carried out using a
Platinum Taq polymerase PCR kit (Invitrogen). Each reaction was performed in a final
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volume of 25µL, including 2µL of 10X PCR buffer, 0.2mM dNTPs, 2mM MgCl2, 0.3µM
of each primer, 2U of Platinum Taq, and 1µL of template cDNA (100ng). Conditions for
amplification were 1min at 94°C followed by 30 cycles of 94°C for 30sec; 62°C for
30sec; and 72°C for 90sec, followed by a final extension at 72°C for 7min. PCR products
were subjected to electrophoresis; bands of appropriate size were excised from the gel,
purified (Qiagen) and submitted for automated sequencing (Laboratory Services
Division, Guelph, ON). Amplicons were analyzed in duplicate using reverse and forward
primer sequencing strategies. SCGB1A1 and SCGB1A1A cDNAs were blunted (New
England BioLabs), digested with SbfI, and individually ligated in the XmnI/SbfI site of
the pMAL-c5X vector. Both vectors were transformed into NEB Express enhanced
competent Escherichia coli BL21 (New England BioLabs), incubated overnight at 37°C,
and selected on Luria-Bertani agar plates containing 100µg/mL ampicillin. Ten clones
were grown on agar plates overnight for each construct. Plasmids were screened by PCR
using primers pMAL-F, 5’-GCG CAG ACT AAT TCG AGC TC-3’ and pMAL-R, 5’CCT ACT CAG GAG AGC GTT C-3’. PCR products were separated by electrophoresis,
excised, purified, and sequenced. Sequences were analyzed with Geneious Pro software
(Geneious) to confirm integrity and proper directional insertion of the insert into the
vector. Transformed E.coli cells were grown overnight in 10mL of Rich Medium (yeast/
tryptone/ NaCl/ glucose/ ampicillin) at 37°C with gentle shaking. Five milliliters of the
culture were transferred to flasks containing 500mL of Rich Medium and incubated 3
hours with gentle shaking. Isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to
a concentration of 3mM and the culture was incubated at 37°C for 2 hours. Cells were
pelleted by centrifugation at 4,000g for 20min at 4°C, resuspended in 25ml of column
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buffer (20mM Tris-HCl pH7.4, 1mM EDTA, 200mM NaCl, 1mM DTT) and frozen at 20°C overnight. Cells were thawed in an ice-water bath, sonicated on ice, and centrifuged
at 20,000g for 20min at 4°C. The supernatant was collected, diluted to 1:6 with column
buffer, passed through an amylose column (New England BioLabs), washed with column
buffer, and eluted with 10mM maltose enriched column buffer. The eluate was then
incubated with 1% Factor Xa for 44 hours at room temperature. The protein mix was
concentrated using 10K Amicon columns (EMD Millipore, Billerica, MA) and purified
using Fast Protein Liquid Chromatography (FPLC). A volume of 500µL of purified
product was passed through a HiLoad 26/60 SuperDex 200 column using a filtered FPLC
buffer (20mM Tris- HCl pH7.4, 150mM NaCl). The fractions containing SCGB 1A1 or
SCGB 1A1A were collected, passed through an EndoTrap® column to remove
endotoxin, passed through an amylose column (New England BioLabs), washed with
PBS buffer, and stored at -80°C.
Neutrophil Isolation
Equine blood was collected with acid citrate dextrose (ACD) as anticoagulant and
kept at room temperature until neutrophil isolation (less than one hour). Forty mL of a 1/3
(vol/vol) dilution of blood in 1X PBS-EDTA solution was layered on 10mL of FicollPaqueTM PLUS (GE Healthcare). After centrifugation at 500g for 30min, erythrocytes
were removed by hypotonic lysis for 45sec in water. PBS-EDTA supplemented samples
were centrifuged at 300g and the upper layer of erythrocytes was removed. This step was
repeated if erythrocytes were still apparent. The resulting white neutrophil pellet was
suspended in 1X PBS/FBS 10% buffer with concentration adjusted to 5x106 cells/mL.
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Phagocytosis and Oxidative Burst Assay
Equine neutrophils (5x105 cells) were incubated in the presence (250, 500, or
1000ng/mL) or absence of either SCGB 1A1 or SCGB 1A1A (n≥5 horses) in a total
volume of 200µL for 30min at 37°C with gentle agitation, and centrifuged at 300g for
10min. The supernatant was removed and the pellet was re-suspended in 100µL of a fresh
solution of 1X PBS/FBS 10%. H2DCFDA (Molecular Probes, Eugene, OR, USA) was
added to each flow cytometry vial (BD Biosciences, Bedford, MA, USA) at a final
concentration of 10µM and incubated with gentle agitation for 15min at 37°C. Next,
25ng/mL of phorbol myristate acetate (PMA, Sigma, St-Louis, MO, USA) was added,
and cells were incubated for an additional 15min. In phagocytosis assays, neutrophils
were treated as above. After re-suspension in 1X PBS/FBS 10%, the neutrophils were
supplemented with 2.7x107 fluorescent beads (FluoSpheres® sulfate microspheres,
1.0µm, 505/515, Invitrogen) and 1/5 (vol/vol) of filtered normal horse serum (NHS) to
stimulate optimization of the beads. Samples were incubated 30min at 37°C with gentle
agitation and cells were analyzed by flow cytometry (FACscan) using Cell Quest
software (BD Biosciences). Neutrophils were discriminated by forward and side light
scatter.
Microchemotaxis Assay
Freshly isolated neutrophils (n=5 horses) were loaded with 5ng/µL of calcein AM
(Molecular Probes, Life Technologies, Burlington, ON) during 30min at 37°C with
gentle agitation, centrifuged at 300g for 10min, and re-suspended in a fresh solution of
1X PBS/FBS 10%. Neutrophils were then pre-treated for 30min at 37°C with 0, 250, 500,
or 1000ng/mL of SCGB 1A1 or SCGB 1A1A. Twenty µL of sample was plated onto the
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ChemoTx® microplates (Neuro Probe, Maryland, MD). The lower chambers were loaded
with 29µL of a 1X PBS/FBS 10% solution supplemented with 0.3µg/mL of recombinant
human IL-8 (R&D Systems, Minneapolis, MN) as chemoattractant. Serial dilutions of the
cell suspension (1x105, 7.5x104, 5x104, 2.5x104, 1.25x104, and 0 cells) were added to the
chambers for a calibration curve, and all samples were analyzed in triplicate. Each
microplate was incubated at 37°C (5% CO2) for 45min to allow migration. The filter
membrane was then rinsed with PBS to remove non-migrating neutrophils, and
fluorescence in wells was measured with a SynergyTM HT microplate reader using
Gen5TM analysis software (BioTek®, Vermont, USA).
PolymorphprepTM Modified Neutrophil Isolation Protocol
Neutrophils were isolated using a modified version of the PolymorphprepTM
protocol (Axis- Shield, Dundee, UK). Briefly, 20mL of equine blood was collected,
layered on an equal volume of PolymorphprepTM, and centrifuged at 500g for 35min at
room temperature. Polymorphonuclear cells (PMN) were harvested, mixed with one
volume of 1X HEPES-buffered saline (0.42% NaCl, 5mM HEPES-NaOH, pH7.4), and
centrifuged for 10min at 400g. The pellet was rapidly re-suspended in 10mL of a 0.2%
NaCl solution (max 30sec), mixed with 10mL of 4X HEPES-buffered saline (1.6% NaCl,
20mM HEPES-NaOH, pH7.4), and harvested by centrifugation. These steps were
repeated twice. Cells were washed with a 2X HEPES-buffered saline solution (0.85%
NaCl, 10mM HEPES-NaOH, pH 7.4), harvested by centrifugation and re-suspended in
Roswell Park Memorial Institute (RPMI) medium at a concentration of 7x105 cells/mL.
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NET Assays
Each well of a 96-well special optical plate (Corning, Lowell, MA) was loaded with
50µL of cells and incubated for 30min at 37°C with 0, 125, 250, 500, 1000, or
2000ng/mL of SCGB 1A1 or SCGB 1A1A in triplicate wells. After incubation, an
additional 50µL of cells supplemented with 5µM of the cell impermeable DNA dye Sytox
Green (Invitrogen) was added to each well. In two replicate plates, triplicate wells with
cells were treated with either PMA (20 to 120nM; ROS-dependent) or A23187 ionophore
(4µM; Sigma-Aldrich; ROS-independent) to stimulate NETosis 27,51. NET formation was
monitored by quantification of fluorescence emission generated by DNA exposure to
Sytox green impermeable DNA dye (Invitrogen). Total fluorescence was measured using
a Gemini EM fluorescence microplate reader (Molecular Devices, Sunnydale, CA). For
fluorescence imaging, cells were fixed in 4% paraformaldehyde and stained with Sytox
green DNA stain (Invitrogen). The following antibodies were used: anti-histone H3
(Abcam; 1:1000), anti-myeloperoxidase (Abcam: 1:2000), anti-SCGB 1A1 (1:400)
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,

and Alexa Fluor 647 secondary antibodies (Molecular Probes; 1:10,000). Images were
captured using a Zeiss Axiovert 200 with a spinning disk confocal scan head (Carl Zeiss,
Oakville, ON), equipped with a Hamamatsu C9100-13 EM-CCD camera (Hamamatsu,
Middlesex, NJ) and a 40X/0.95 water immersion objective. Volocity software was used
for image analysis (PerkinElmer, Cambridge, MA).
Quantification of SCGB1A1 and SCGB1A1A Gene Expression
A specific cDNA band of 200bp was amplified for SCGB1A1 and SCGB1A1 using
the following primers: SCGB1A1 forward UGrt-2 F (5′-GCT TTG CAG ACA TCA TTC
AAG GCC-3′) and reverse UGrt-2R (5′-CTA AGC ACA CAG TGG GCT CTT TG-3′);
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SCGB1A1A forward UGrt-3 F (5′-GAT TKG TAG GCA TCG TTC AAG CCC-3′) and
reverse UGrt-3R (5′-CTA AGC ACA CAG TGG GCT CTC TA-3′). A 254bp equine
glyceraldehyde dehydrogenase (GAPDH) gene product served as an internal control
using forward GAP-F (5′-GTT TGT GAT GGG CGT GAA CC-3′) and reverse GAP-R
(5′-TTG GCA GCA CCA GTA GAA GC-3′) primers. The equine 18S ribosomal RNA
gene (203bp) was used as an additional internal control using forward 18S-F (5′- ATG
CGG CGG GGT TAT TCC-3′) and reverse 18S-R (5′-GCT ATC AAT CTG TCA ATC
CTG TCC-3’) primers. Quantitative PCR amplifications were performed in a Master mix
containing 10µL of SYBR Green 2X PCR buffer (Qiagen), 8µL of PCR-grade water,
0.4µM of each forward and reverse primer, and 1µL of cDNA template (1ng/µL).
Conditions for amplification were 7min at 95°C followed by 45 cycles of 95°C for 15sec;
61°C for 15sec; 72°C for 20sec using a LightCycler® 480 instrument (Roche, Montreal,
QC). SCGB1A1 primer specificity and identity of the PCR products was confirmed with a
melting curve (95°C for 5sec; 45 to 95°C; 40°C for 10sec) and sequence analysis,
respectively. For each gene, a series of purified cDNA PCR product dilutions (100, 10, 1,
0.1, 0.01, 0.001ng/µL) was amplified and the average crossing point of each dilution was
used to derive a standard curve. SCGB1A1, SCGB1A1A, GAPDH, and 18S cDNA were
amplified in triplicate for each sample along with standard curve calibrators. Data were
analyzed using LightCycler® 480 SW 1.5 software (Roche).
SCGB ELISA
BAL fluid protein concentration was measured (Nanodrop) and diluted with 50nM
carbonate buffer (pH 9.6) to 15ng/µL. The resulting samples (100µL) were added into
triplicate wells of a NUNC MaxiSorpTM polystyrene ELISA plate (Thermo Fischer
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Scientific) and incubated overnight at 4°C. Wells were washed with 0.1% Tween-20 in
50mM PBS, pH 7.4 (T-PBS) several times and blocked with 5% powdered skim milk in
T-PBS for 6 hours at 4°C. Following three washes with T-PBS, 200µL of SCGB antibody
(diluted 1:350 in T-PBS/1% skim milk) was added to each well, and samples were
rotated overnight at 4°C on an orbital shaker. After five washes in T-PBS, 100µL of
polyclonal swine anti-rabbit HRP antibody (Dako) diluted 1:8,000 in T-PBS/1% skim
milk powder was added to each well. Samples were incubated at room temperature for
30min and then washed. Finally, 100µL of 3,3’,5,5’-tetramethylbenzidine solution
(Thermo Fischer Scientific) was added as substrate to each well, the plates were
incubated at room temperature for 15min, and the reaction was terminated by addition of
100µL of 2M sulfuric acid. Absorbance was measured at 450 nm. Incubation of samples
with pre- immune rabbit serum served as a negative control, and readings from blank
wells were used to determine background signal. Serial dilutions of recombinant equine
SCGB (0, 1.25, 2.5, 5, 10, 20, 40 and 280ng/µL) in carbonate buffer were used as
standards. All samples and standards were tested in triplicate.
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Introduction
We previously reported three distinct SCGB1A1 gene copies clustered in a 512 kb
region of equine chromosome 12. Equine SCGB1A1 sequences differ from each other at 8
to 10 nucleotides and are predicted to encode slightly different proteins. Only two of
three genes are expressed with transcripts detected in a tissue-specific manner 1. In
healthy horses, lung SCGB1A1A transcript levels are 2.5 fold higher than SCGB1A1
levels, and horses with RAO have an altered SCGB1A1 to SCGB1A1A expression ratio.
No evidence for SCGB1A1P expression has been found. These observations strongly
suggest that equine SCGB genes have distinct regulatory mechanisms. To gain insight
into factors involved in differential regulation of equine SCGB1A1 genes, we sought to
characterize the promoter region of each individual SCGB gene.
In rodents, the elements required to express SCGB1A1 in a tissue/cell-specific
manner are included in a 166 bp region flanking the start codon (ATG), called the
proximal promoter

2,3

. The proximal promoter includes two binding sites each for

hepatocyte nuclear factor 3 (HNF-3)

3,4

, thyroid transcription factor 1 (TTF-1)

CCAAT/enhancer-binding protein (C/EBP)

8

3,6,7

, and

as well as one binding site for activator

protein-1 (AP-1) 9. The elements needed to generate in vitro expression comparable to
endogenous expression are included in an extended region of 2.3 kb called the distal
promoter. Three additional TTF-1 sites and one γ-interferon activation site (GAS) were
identified in the distal promoter

6,10

. Two HNF-3 factors (HNF-3α and HNF-3β) are

restricted in expression to the lung, and interaction with their respective proximal
elements regulates SCGB1A1 expression via a cis-acting mechanism

11

. Similarly,

induction of SCGB1A1 expression by interferon gamma (IFN-γ) was initially thought to
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involve direct interaction between IFN-γ and the proximal promoter 12. However, a more
complex mechanism of regulation including successive activation of a cell surface
receptor, a signal transducer and activator of transcription protein (STAT1), a
transcription factor called IRF-1, and finally HNF-3β, was later identified 12. A potential
stimulatory role for HNF-3/forkhead homologues 4 and 8 (HFH-4/-8) on HNF-3
promoter regions was also suggested

13,14

, but the expression pattern of the proteins was

not consistent with such a role in lung tissues 15,16.
Hormones modulate SCGB1A1 expression in a tissue specific manner

17

. In the

rabbit lung, SCGB1A1 transcription increased following glucocorticoid administration 18,
and in the human and rabbit uterus, SCGB1A1 expression was induced by progesterone
exposure

19-21

. Steroid hormones form complexes with their intracellular receptors and

then bind to specific nucleotide sequences to activate transcription factors, such as
RUSH/SMARCA3 induced by progesterone

22

. It was also reported that SCGB 1A1

influences SCGB1A1 transcription via a feedback mechanism involving binding and
sequestration of progesterone

23

. Additional trans-activating factors such as the basic

leucine zipper protein C/EBPα and the homeodomain factor NK2 homeobox
(NKX)2.1/thyroid transcription factor-1 were reported in mice

8,24,25,26

. In that model,

SCGB1A1 developmental expression coincided with the appearance of lung specific
transcription factors, including C/EBPα/δ, NKX2-1, and forkhead proteins (FOXA1/2,
previously called HNF3α/β). SCGB1A1 expression was not altered by suppression of
C/EBP transcription factor, and FOXA1 was suggested as an in vivo compensatory
mechanism to control SCGB1A1 gene expression in the absence of C/EBPs 27.
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Herein, we report on attempts to isolate and characterize individual SCGB promoter
sequences from various equid family members. We provide evidence for conservation of
distinct proximal promoter regulatory elements in rabbits, humans and horses. Our results
suggest that the 180 bp proximal promoter region of SCGB1A1P did not induce silencing
of the gene. We finally reflect on our preliminary results obtained from the web-based
software ConSite, an online tool for prediction of regulatory elements using crossspecies comparison.

Materials and Methods
Samples
Animal procedures were approved by the University of Guelph Animal Care
Committee (Protocol R10-031) and conducted in compliance with guidelines of the
Canadian Council on Animal Care. All horses belonged to the University of Guelph
institutional research herd.
Genome Data Sources
SCGB1A1 sequences were obtained from the National Center for Biotechnology
Information (NCBI, Bethesda, MD) database as follow: E. caballus chromosome 12
(EquCab2.0), NW_001867370.1; O. cuniculus, NW_003159343.1. Sequence alignments
were generated using Geneious Pro software (Geneious, Auckland, NZ) using the
following parameters: Needleman- Wunsch alignment, Gap open penalty 12, Gap
extension penalty 3, cost matrix 65%, with occasional minor manual adjustments 28.
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Isolation and Characterization of SCGB1A1 Promoter Sequences
Blood samples or buccal swabs were available from two Equus caballus, two E.
przewalskii, two E. asinus, and two E. grevyi animals (Toronto Zoo and archives of the
Department of Pathobiology, University of Guelph). Genomic DNA was extracted
according to the manufacturer’s protocol (DNA Mini kit, Qiagen, Mississauga, ON).
End-point limiting dilution (EPLD)-PCR assays were performed in a volume of 25 µL of
PCR mix (2 µL of 10X PCR buffer, 1.0 mM dNTP, 1.5 mM MgCl2, 0.6 µM forward and
reverse primer, 1 unit of Platinum Taq and 1 µL of template cDNA). A broad range of
serially diluted cDNA concentrations was tested to determine the optimal limitingdilution for each sample. A 2,449 bp region located upstream of the start (ATG) codon
from each SCGB1A1 gene was amplified with the following primers: UGp-F (5ꞌ-GTT
ATG GGA TGG ATG GTG GT-3ꞌ) and UGp-R (5ꞌ-GAT GAT GGC GAG TTT CAT
GGT-3ꞌ). Primers were obtained from Sigma-Aldrich (Burlington, ON). Conditions for
amplification were 1 min at 94°C followed by 30 cycles of 94°C for 30 s; 63°C for 30 s;
and 72°C for 90 s, followed by final elongation for 7 min at 72°C. Twenty µL of each
PCR product was subjected to electrophoresis in a 1% agarose gel stained with SYBR
Safe (Invitrogen, Mississauga, ON). Bands of appropriate size were excised from the gel,
purified (QIAquick, Qiagen), quantified using a NanoDrop 2000 photometer (Thermo
Fisher Scientific, Mississauga, ON) and submitted for automated sequencing (Laboratory
Services Division, Guelph, ON). Amplicons were analyzed in duplicate using forward
and reverse sequencing strategies. About 800 bp of high quality sequence was obtained
on average for each side. An additional nested PCR was performed on products generated
by long range (LR)-PCR to determine the residual internal sequence using the forward
primer UGp-F1 (5ꞌ-GAG TAA GTC CTG CCC ACC AGA-3ꞌ) and reverse UGp-R1 (5ꞌ142

GGC CTT GAC CCT CTT AAC GT-3ꞌ).

The four sequences were assembled by

multiple sequence alignment to determine consensus sequences.

Results
Sequencing SCGB Proximal and Distal Promoter Sequences
In the mouse, 166 bp of proximal sequence flanking the transcription start site is
required to direct SCGB1A1 expression in a tissue/cell-specific manner

2,3

. Hence, we

aimed to characterize the corresponding region of each of three equine SCGB genes and
evaluate if nucleotide variations within this proximal promoter sequence may account for
SCGB1A1P gene inactivation. A 2.5 kb segment of the equine SCGB1A1P, SCGB1A1,
and SCGB1A1A promoter was extracted from the EquCab2.0 genomic assembly and
analyzed by multiple sequence alignment. Bioinformatic analysis revealed 2,054 identical
nucleotides (83.9% sequence identity) among the three promoter regions. Beginning at
the start codon, we scanned the upstream promoter regions to locate polymorphisms that
could be suitable for the design of gene-specific primers. We developed three primer sets
predicted to amplify 690, 1,000, and 200 bp of SCGB1A1P, SCGB1A1, and SCGB1A1A
promoter sequences, respectively (Fig. 5.1A). A single band of appropriate size was
obtained for each reaction (Fig. 5.1B). Sequence analysis revealed a high level of identity
(94.7%) between the three individual sequences. Moreover, the SCGB1A1P proximal
promoter was identical to that of SCGB1A1, implying that SCGB1A1P transcriptional
inactivity was not due to features within this 180 bp of promoter (Fig. 5.1C).
Other studies had shown that additional elements that drive SCGB1A1 expression in
the lung reside within a 2.3 kb region of the sequence flanking the transcription start site
in rabbit

29,30

, rat

2,9

and mouse

3,31

. Thus, we evaluated if inactivating mutations might
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affect the SCGB1A1P distal promoter using a second PCR-based approach (Fig. 5.2A).
This strategy consisted of initial LR-PCR amplification to obtain a mixed population of
SCGB promoter amplicons followed by end-point limiting dilution (EPLD)-PCR. Initial
primers (Fig. 5.2A, dark green) were in conserved regions of the three genes to avoid
gene-specific amplification, and yielded a single amplicon of appropriate size with LRPCR (Fig. 5.2B, left). This ~2,450 bp band was purified, re-suspended in water and
serially diluted. EPLD-PCR was then performed on the limiting dilutions to isolate
SCGB1A1P, SCGB1A1, or SCGB1A1A promoters. Selected dilutions were tested to
identify appropriate PCR efficiency (Fig. 5.2B, right). A total of 44 PCR products were
amplified from 120 reactions (37% efficiency; 18-26 amplicons/animal). Each product
was purified and sequenced. Eight hundred base pairs of high quality sequence were
generated per sequencing reaction (forward and reverse). Therefore, application of an
additional primer set (Fig. 5.2A, light green) was necessary to characterize the central
section of the 2.5 kb amplicon, and was applied to limiting dilutions of the LR-PCR
products as above. The contigs obtained by LR- and limited dilution nested PCR were
assembled using Geneious software and a consensus sequence was generated for each
promoter (Fig. 5.2C). Multiple alignments were performed on the consensus sequences to
evaluate for presence of copy-specific patterns (Fig. 5.2C). Results revealed overall
93.6% identity between the distinct consensus sequences. Copy-specific polymorphisms
or signature sequences identifying unique promoter sequences were not identified (Fig.
5.2D).
A third amplification approach was developed to evaluate the potential of including
known copy-specific polymorphisms in the region targeted by PCR, and to address the
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possibility that promoters and coding region of the distinct genes were not appropriately
associated (Fig. 5.3). A large segment of the coding region encompassing the three
formerly characterized “signature sequences” specific to SCGB1A1P, SCGB1A1, and
SCGB1A1A was included in the LR-PCR strategy 1. Hence, identification of the promoter
regions would be based on copy-specific indicators. However, 2.3 kb of genomic DNA
needed to be incorporated in the LR-PCR, massively increasing sequencing requirements.
Since this method was likely to increase the rate of sequencing errors and the complexity
of the analysis, this option was not further pursued.
To better understand the diversity of equid SCGB promoters, EPLD-PCR was
performed on DNA preparations from E. przewalskii, E. asinus and E. grevyi. A total of
21, 30, and 10 PCR products were amplified for E. przewalskii, E. asinus and E. grevyi,
respectively, corresponding to 33, 48, and 40% efficiency using LR-PCR DNA limiting
dilutions as template. Six consensus sequences of 2.5 kb were generated for E.
przewalskii and E. asinus, and a single sequence for E. grevyi since this species has only
a single SCGB1A1 gene copy

32

. All sequences were aligned with E. caballus to assess

for presence of copy-specific motifs (Fig. 5.4). Species-specific but not gene copyspecific variation was identified.
Proximal Promoter Analysis
Comparison of the proximal promoter regions of equine SCGB genes to the known
5’-UTR sequence of the rabbit promoter revealed a considerable degree of identity
between the two species (Fig. 5.5). There was 63% pairwise identity over 1,500 bp
immediately upstream of the transcription start site, equivalent to 949 identical sites.
Individually, the promoter regions of SCGB1A1P, SCGB1A1, and SCGB1A1A extracted
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from the EquCab 2.0 assembly had 67.6, 67.5, and 67.9 % of sequence identity (SI) with
the rabbit promoter. Various cis-acting elements previously reported in the rabbit
promoter

33,34

were also identified in equine promoters, including two A/T rich motifs

binding Oct-1 (SI = 81.8%; 9/11 and 100%; 11/11), a 7 bp inverted repeat similar to the
long terminal repeat (LTR) found in murine leukemia viruses (SI =100%; 14/14), a GT-1
motif encoded by the SV40 enhancer (SI = 69%; 9/13) and an estrogen responsive
element (ERE; IS = 75%; 9/12). At a more proximal location, the TATA-box found in the
equine SCGB1A1 genes shared 18 of 20 (90%) nucleotides with the human counterpart 35.
Alignment with the human promoter revealed the presence of two uteroglobin upstream
elements (UE) conserved in horse

36

. The equine uteroglobin UEs shared 13/18 (72%)

and 8/13 (61%) nucleotides. Another similarity between the horse and human SCGB1A1
promoter was the presence of two strong and two weak progesterone-binding sites around
positions -2.4 and -2.6 kb.
Analysis of the horse SCGB1A1 promoters using ConSite software predicted the
presence of multiple transcription factor binding sites (Fig. 5.6). Nine HNF-3β (FoxA2,
Tcf-3b) consensus sequences were detected at position -90:101, -122:133, -126:137, 652:663, - 789:800, -1327:1338, -1354:1365, -1880:1891 and -1897:1908. Nineteen other
forkhead transcription factor family binding sites, including two HFH1 (FoxQ1), ten
HFH2 (FoxD3), six HFH3 (FoxI1), an FREAC-2 (FoxF2) and -4 (FoxD1) were detected
within the 2.3 kb region upstream from the transcription start site. Analysis further
identified one cEBP binding site 1,317 bp upstream from the transcription start site.
Other potential regulatory elements including RORα-1 and -2 (steroid response elements,
immune and inflammatory responses), SRF (inflammation), SAP-1 (SRF interaction), c146

Fos (effector of SAP-1), SOX17 (targeting HNF-3β), cREL (inflammation/
autoimmunity), Pax gene family (adaptive immunity), and p65/p50 (pro/antiinflammatory response) were detected. Most of these transcription factor-binding sites
were detected in multiple equid species (Fig. 5.7).

Discussion
Horses are unique in possessing three copies of the SCGB1A1 gene with two of the
genes expressed differentially in tissues and conditions. A stop mutation is present in
SCGB1A1P in a proportion of horses, but does not account for lack of transcript detection
in all animals. Thus, in this study we wished to investigate firstly whether changes in the
promoter sequence account for lack of transcription of SCGB1A1P, whether differential
expression of SCGB1A1 and SCGB1A1A correlates to a unique pattern in the promoter
sequence, and finally, whether transcription factor binding sites are conserved in the
promoter of equid and other species. Since the SCGB1A1 gene plus large segments of
upstream and downstream intergenic sequence in horses appear to have been triplicated
during separation of caballine from non-caballine equid species, several methods were
applied to generate unique promoter sequences for each of the three different genes. First,
we used a gene-specific primer strategy to amplify 180 bp of the SCGB1A1P, SCGB1A1,
and SCGB1A1A proximal promoters. Results revealed the presence of a conserved Oct1/POU2F1 regulatory element at position -151:162 in all three equine sequences,
similarly found in the proximal promoter of the rabbit, mouse and rat orthologues. Major
nucleotide differences, exclusive of two polymorphic positions (C121T and C176T),
were not detected in the proximal region of SCGB1A1P and SCGB1A1, suggesting that
elements necessary for SCGB1A1P expression are present. These results are similar to
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those in mice where elements needed for tissue and cell-specific expression resided
within 166 bp 5’ flanking the start codon, but an upstream region of 803 bp was required
for SCGB1A1 expression of a magnitude comparable to that of the endogenous gene 3.
Nevertheless, the role of additional epigenetic gene regulatory mechanisms controlling
SCGB expression, such as DNA methylation, will need to be evaluated to confirm these
results.
The presence of three highly similar SCGB sequences within a challenging region of
the equine chromosome 12 circumvented the design of a classical site-directed PCR
strategy to study SCGB distal promoter regions, due to a phenomenon of genetic
redundancy. Instead, we developed an approach combining LR- and EPLD-PCR
strategies. Despite our best efforts, this technique was unsuccessful to reproducibly
obtain three distinct promoter regions from equine individuals. In fact, we obtained
additional consensuses sequences, suggesting that cross-contamination or template DNA
jumping events might have occurred, and might have lead to the production of erroneous
sequences. Since this technique required the application of successive PCR assays, errors
generated in former steps might have been exponentially increased in the latter. As an
alternative, we propose that future studies aim to use cloning strategies, in which SCGB
genes are individually cloned into distinct vectors to facilitate individual PCR
amplification. Another limitation we encountered in our analysis was the inability to
definitively associate the promoter sequences to their respective coding sequences. In
fact, the high degree of homology between SCGB genes did not allow distinction of the
three genes according to the predicted EquCab 2.0 sequence. Thus, we designed primers
for amplification of the promoter region up to the second exon, including the previously
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described SCGB signature sequences. Unfortunately, the targeted region then comprised
up to 5.5 kb, which increased the procedural complexity by addition of several
sequencing steps. Therefore, this method was not suitable for further investigation.
A bioinformatic sequence analysis of the horse SCGB1A1 promoters using ConSite
software revealed the presence of multiple putative transcription factor binding sites.
Nine HNF-3β (FoxA2, Tcf-3b) consensus sequences were detected at position -90:101, 122:133, -126:137, - 652:663, -789:800, -1327:1338, -1354:1365, -1880:1891 and 1897:1908. Regulation of SCGB1A1 gene expression by HNF-3β was previously reported
4

. Interestingly, two of these sites matched regions (-92:102 and -123:133) of the rabbit

SCGB1A1 promoter formerly reported to contain A/T rich sequence motifs binding Oct-1
protein. Oct-1 is a member of the POU domain transcription factor family and exerts
multiple biological functions relevant to SCGB1A1 predicted functions and expression
patterns

37

. Nineteen other forkhead transcription factor family binding sites, including

two HFH1 (FoxQ1), ten HFH2 (FoxD3), six HFH3 (FoxI1), a FREAC-2 (FoxF2) and -4
(FoxD1) sites were detected within the 2.3 kb region upstream of the transcription start
point. The expression pattern of these transcription factors did not concur with a potential
SCGB1A1 transcription regulatory function, except FREAC-2, which is expressed in the
respiratory tract

38

. Members of the cEBP transcription family were also reported as

important modulators of SCGB1A1 promoter activity

39

. In agreement, ConSite analysis

identified one cEBP binding site 1317 bp upstream from the transcription start site. Other
potential regulatory elements with relevant function were detected, including RORα-1
and -2 (steroid response elements, immune and inflammatory responses), SRF
(inflammation), SAP-1 (SRF interaction), c-Fos (effector of SAP-1), SOX17 (targeting
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HNF-3β), cREL (inflammation/autoimmunity), Pax gene family (adaptive immunity),
and p65/p50 (pro/anti-inflammatory response). Further experiments will be needed to
determine the relevance of these potential transcriptional binding sites and their roles on
SCGB1A1 transcriptional activity.
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Figure 5.1. Characterization of SCGB proximal promoters.
(A) Multiple sequence alignment of the three SCGB proximal promoter regions
extracted from the EquCab 2.0 sequence assembly. The SCGB1A1P, SCGB1A1, and
SCGB1A1A proximal promoters were amplified by PCR using copy-specific primers
(green annotations). (B) PCR amplifications yielded single 686, 1014, and 197 products
for SCGB1A1P, SCGB1A1 and SCGB1A1A, respectively. (C) Sequence analysis of the
proximal promoters did not distinguish the SCGB1A1P promoter from others.

154

Figure 5.2. Characterization of SCGB distal promoters.
(A) Multiple sequence alignment of the predicted SCGB1A1P, SCGB1A1, and
SCGB1A1A EquCab2.0 promoter sequences. Two primers (dark green arrows) were
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designed at sites of sequence identity, and applied in a LR-PCR strategy. (B, left) LRPCR was performed on DNA serially diluted to determine a limiting concentration of
template. (B, right) Each selected dilution was assessed to determine PCR efficiency.
Here, 8 of 20 PCR amplifications yielded a specific 2,449 bp amplicon, implying
efficiency of 40%. (C) Each individual PCR product was purified and sequenced
(forward and reverse). To obtain single template sequence of the entire 2,449 bp region,
EPLD-PCR was also applied to the central promoter region with primers located inside
those for LR-PCR (light green arrows, A). The four contigs for each single promoter
were assembled to generate a 2.5 kb consensus sequence. (D) Multiple alignment of the
consensus sequences amplified from a single horse reveals distinct patterns (black boxes
are polymorphic sites) reflecting the presence of distinct promoter sequences.
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Figure 5.3. Characterization of the distal promoter of three equine SCGB genes.
Primers were anchored in conserved regions of the distal promoter (dark green arrowheads) and in intronic DNA between exon 2
and 3 (light green arrowheads). Amplicons include a triplet of gene copy specific single nucleotide polymorphisms (purple bars) in
exon 2. Yellow triangles, exons; grey triangles, transcription initiation sites.
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Figure 5.4. Multiple sequence alignment of equid SCGB consensus sequences derived from
EPLD-PCR.
The figure shows 2.5 kb of genomic DNA flanking the SCGB start codon (ATG,
position 0). Black bars indicate nucleotide variations and white bars, nucleotide additions.
All sequences were aligned to evaluate for presence of copy specific patterns. Patterns
unique for different equid species but not different SCGB gene copies were apparent.
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Figure 5.5. Multiple sequences alignment of equine SCGB1A1P, SCGB1A1 and SCGB1A1A promoter sequences with the O. cuniculus
sequence.
Green arrowheads represent conserved transcription binding sites from the proximal promoter region.

159

Figure 5.6. Prediction of equine SCGB transcription factor binding sites (ConSite software).
Promoter sequences for each equine SCGB gene copy were analyzed to determine
conserved regulatory elements. The figure displays 2.5 kb of genomic DNA upstream of
the SCGB start codon (ATG, position 0). Black bars highlight nucleotide variations,
green arrowheads represent transcription factor-binding sites shared by all sequences, and
orange arrowheads show sequence-specific transcription factor-binding sites. Most of the
promoter-specific differences were located in the -600 to -1600 region.
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Figure 5.7. Conserved SCGB transcription factor binding sites among members of the equid
family.
The figure displays 2.5 kb of genomic DNA upstream of the SCGB start codon
(ATG, position 0). Black bars indicate nucleotide variations. Several conserved
transcription factors (green triangles) were identified using as a minimum criterion a
specificity of 10 bits.
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CHAPTER SIX
CLONING AND PRODUCTION OF RECOMBINANT TAGGED SCGB 1A1 AND 1A1A
PROTEINS
Introduction
Members of the equid family express multiple SCGB genes in tissues, i.e. SCGB1A1
and SCGB1A1A, which give rise to proteins with unique biochemical and functional
properties 1. The DNA sequences encoding the mature secreted proteins have 93.4%
(199/213) pairwise nucleotide identity and 81.4% (57/70) amino acid identity.
Determination of differential expression in epithelial tissues is based on transcript
analysis with primers anchored in unique signature sequences, but confirmation of
differential protein expression is currently limited by unavailability of antibodies to
distinguish between the different proteins. Furthermore, precise assessment of cellular
location and function necessitates proteins that can be readily distinguished in tissues.
Hence, we developed four unique recombinant equine SCGB (reSCGB) proteins with
addition of either an AU1 (SCGB 1A1) or HA (SCGB 1A1A) tag sequence at each of the
N- and C- termini. Results show that tagged recombinant proteins behaved in vitro like
endogenous proteins and formed homodimers. Future studies will be needed to determine
if presence of the tags influences SCGB 1A1 and 1A1A function.

Materials and Methods
Genome Data Sources
SCGB1A1 nucleotide sequences were obtained from the National Center for
Biotechnology Information (NCBI, Bethesda, MD) database as follow; Equus caballus
SCGB1A1, JQ906260.1; E. caballus SCGB1A1A, JQ906261.1. Sequence alignments were
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generated using Geneious Pro software (Geneious, Auckland, NZ) using the following
parameters: Needleman-Wunsch alignment, Gap open penalty 12, Gap extension penalty
3, cost matrix 65%.
Cloning Equine SCGB 1A1 and SCGB 1A1A
Total RNA was isolated from equine frozen lung tissue (RNeasy, Qiagen,
Mississauga, ON) and reverse transcribed into complementary DNA (cDNA), as
previously described 1. SCGB1A1 and SCGB1A1A coding regions were obtained by
PCR amplification. Primers were designed with XmnI and SbfI restriction sites (Table 3)
for cloning into the pMAL-c5X expression vector (New England BioLabs, Ipswich, MA).
This vector is designed to produce a maltose-binding protein (MBP) fusion product
without adding vector-derived residues. Two constructs for each gene with 5’- and 3’tags were generated. The AU1 (DTYRYI) epitope was selected for SCGB1A1
construction and the HA (YPYDVPDYA) epitope for SCGB1A1A. SCGB1A1 and
SCGB1A1A cDNA amplifications were carried out using a Platinum Taq polymerase
PCR kit (Invitrogen, Mississauga, ON). Each reaction was performed in a final volume of
25 µL, including 2 µL of 10X PCR buffer, 0.2 mM dNTPs, 2 mM MgCl2, 0.3 µM of each
primer, 2 U of Platinum Taq, and 1 µL of template cDNA (100 ng). Conditions for
amplification were 1 min at 94°C followed by 30 cycles of 94°C for 30s; 62°C for 30s;
and 72°C for 90s, followed by a final extension at 72°C for 7 min. PCR products were
subjected to electrophoresis; bands of appropriate size were excised from the gel, purified
(Qiagen), and submitted for automated sequencing (Laboratory Services Division,
Guelph, ON). Amplicons were analyzed in duplicate using reverse and forward
sequencing strategies. The cDNAs were blunted (New England BioLabs), digested using
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SbfI restriction enzyme, and ligated into the XmnI/SbfI site of the pMAL-c5X vector. All
vectors were transformed into NEB Express enhanced competent Escherichia coli BL21
(New England BioLabs), incubated overnight at 37°C, and selected on Luria-Bertani
(LB) agar plates containing 100µg/ml ampicillin. Ten clones were grown on agar plates
overnight for each construct. Plasmids were screened by PCR using the primers pMAL-F,
5’-GCG CAG ACT AAT TCG AGC TC-3’ and pMAL-R, 5’-CCT ACT CAG GAG
AGC GTT C-3’. PCR products were separated by electrophoresis, excised, purified, and
sequenced. All sequences were aligned and analyzed with Geneious Pro software to
confirm integrity and proper insert orientation.
Cell culture and fusion protein purification techniques were performed as previously
reported (Côté et al, Chapter 3, submitted 2013). Proteins were purified by gel filtration
using a HiLoad 26/60 SuperDex 200 column attached to an ÄKTA explorer FPLC
system (GE Healthcare, Baie d’Urfé, QC). Fractions containing SCGB 1A1 or SCGB
1A1A were run through EndoTrap® columns (Hyglos, Bernried, Germany) to remove
endotoxin. Recombinant SCGB 1A1 and SCGB 1A1A preparations tested negative for
endotoxin using the Limulus polyphemus amoebocyte lysate assay (Sigma-Aldrich,
Burlington, ON).
In Vitro Functional Assays
Neutrophils were isolated from equine blood as described previously 2. Detailed
methods for oxidative burst and phagocytosis assays have been reported (Côté et al,
Chapter 3, submitted 2013).
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Results
Production of Equine Recombinant Tagged SCGB 1A1 and SCGB 1A1A
Four recombinant SCGB proteins with either an AU1 (SCGB 1A1) or HA (SCGB
1A1A) tag at the N- (5’) or C- terminus (3’) were produced. The cDNAs coding for the
SCGB 1A1 and 1A1A mature proteins, without the signal peptide sequence, were
obtained by PCR amplification. For each reaction, a single band of expected size
(SCGB1A1-5’ and 3’, 252 bp; SCGB1A1A-5’, and 3’, 261 bp) was detected by gel
electrophoresis (Fig. 6.1A), extracted, purified, and inserted into the pMAL-c5X
expression vector (Fig. 6.1B). Newly generated SCGB1A1-5’, SCGB1A1-3’, SCGB1A1A5’, and SCGB1A1A-3’ expression vectors were then transformed into competent cells and
a minimum of five independent transformants were sequenced. As shown in Figure 6.1B,
the sequencing chromatograms revealed 100% identity to public SCGB1A1 and
SCGB1A1A sequences (NCBI; JQ906260.1 and JQ906261.1, respectively), confirming
presence of the tag and proper integration into the vector. A single transformant was
selected, inoculated, cultured, and harvested for each construct. A crude extract was
prepared from individual cultures and subjected to affinity and gel filtration
chromatography to retrieve the purified fusion proteins. To assess purity, fractions were
collected at defined steps and loaded on SDS-PAGE gels. As expected, SCGB 1A1 and
1A1A tagged fusion proteins (50 kDa) were detected in the crude extract preparations
purified on amylose columns (Fig. 6.1C). Addition of factor Xa protease to the fusion
proteins generated two bands, indicating proper cleavage of MBP (40 kDa) from SCGB
1A1-5’ / -3’ (8.5 kDa) and SCGB 1A1A-5’ / -3’, (8.8 kDa). Each recombinant protein
formed homodimers (17 kDa) under non-denaturing, and monomers under denaturing
SDS-PAGE conditions (Fig. 6.1D). These results indicate that structure and conformation
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of the recombinant proteins have been conserved. They also imply that addition of the Nor C-terminal tag sequence did not prevent dimerization via the cysteine residues located
at positions 3 and 69 of the 70-amino acid polypeptide (exclusive of the tag).
In Vitro Functional Assays
To determine whether the tag sequence interfered with oxidative burst and
phagocytic function of SCGB 1A1 and SCGB 1A1A proteins, blood neutrophils were
isolated from healthy individuals and analyzed by flow cytometry. We previously showed
that phorbol myristate acetate (PMA) treatment results in a marked increase in neutrophil
oxidative burst and phagocytosis (Côté et al, Chapter 3, submitted 2013). Here,
cytocentrifuged cell preparations of PMA-activated neutrophils showed characteristic
changes such as membrane ruffles and cytoplasmic vacuoles (Fig. 6.2). In preliminary
assessment, neutrophils incubated with endogenous or recombinant proteins had similar
appearance, and neither necrotic nor apoptotic cell death was observed. Hence, it is likely
that tagged proteins are not associated with toxic effects, and are free of endotoxins.
Future analysis will determine effects on cellular function.

Discussion
Recurrent airway obstruction (RAO) is a chronic inflammatory disease of the
airways affecting susceptible horses repeatedly exposed to airborne irritants. RAO has
many similarities with environmentally induced asthma of humans characterized by a
neutrophilic inflammatory phenotype 3. It has been reported that asthmatic patients with
higher proportions of neutrophils in airway secretions are older and have more severe
disease 4. RAO is also a disease of mature horses predominated by neutrophilic
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inflammation 5. Both diseases have been associated with reduced SCGB 1A1, which is a
protein with anti-inflammatory and immuno-modulatory functions 6,7. A polymorphism in
the non-coding promoter region of the human gene has been suggested to contribute to
decreased SCGB 1A1 expression 8. Similar polymorphisms have not been identified in
horse SCGB1A1 promoters, but regulation of equine SCGB expression is more complex
due to gene triplication that occurred early after the first equid family speciation 9. In fact,
horses have three copies of the SCGB1A1 gene, which evolved over time to acquire
multiple nucleotide changes and yield three distinct genes, i.e. SCGB1A1P, SCGB1A1,
and SCGB1A1A 1. Only SCGB1A1 and SCGB1A1A are expressed in equine tissues,
possibly as a result of SCGB1A1P gene silencing. Although horses express both genes
differentially, determining their protein expression profile is hampered by lack of isoform
specific antibodies. Furthermore, investigation of unique functions of the different
proteins would be enabled by availability of recombinant proteins with unique tags.
Herein, we here generated four recombinant SCGB proteins with an AU1 (SCGB 1A1) or
HA (SCGB 1A1A) tag at both N- or C-termini. These particular tags were chosen based
on their small size, good sensitivity to specificity ratio, and presence of commercially
available antibodies for detection

10

. Both tags are derived from epitopes of viruses

uncommon in horses, and should therefore lack cross-reactivity.
Preliminary assessment indicates that the tagged proteins in vitro form homodimers.
This suggests that cysteines at positions 3 and 69 of the 70-AA polypeptide can crosslink
despite proximity to the tag 11. Hence, the double linker or “hinge” region added between
the tag and the protein of interest provides sufficient space for the monomers to come
together and form disulphide bonds. Incubation of the recombinant proteins with
167

neutrophils did not induce morphological changes of cell necrosis or apoptosis,
suggesting that the tags were not associated with toxicity and that preparations lacked
endotoxin. These new reagents form a very useful contribution to the armamentarium for
study of equine SCGB functions.
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Figure 6.1. Cloning and expression of equine recombinant SCGB 1A1 and SCGB 1A1A tagged proteins.
(A) SCGB1A1 and SCGB1A1A partial ORFs were amplified from lung cDNA preparations. A primer strategy was used to attach
tagged end sequences. A unique band of appropriate size (SCGB1A1-5’ and 3’, 252 bp; SCGB1A1A-5’, and 3’, 261 bp) was amplified
for each insert. (B) Fragments were digested with XmnI and SbfI restriction enzymes (pink underline) and inserted into the multiple
cloning sites (MCS) of the pMAL-c5X expression vector (top). The N-terminal (5’) tagged inserts consisted of (from left to right,
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purple bars): XmnI restriction site, linker region, tag, double linker region, gene of interest, and SbfI restriction site. The C-terminal
tagged (3’) inserts included XmnI restriction site, gene of interest, double linker region, tag, linker region, STOP codon and SbfI
restriction site. DNA from the transformed colonies was sequenced to evaluate appropriate integration of the insert into the vector.
SCGB1A1-5’, SCGB1A1-3’, SCGB1A1A-5’, and SCGB1A1A-3’ sequenced (S) products showed proper orientation and 100% identity
to the predicted (P) sequences. (C) Fractions collected during the purification steps were analyzed by SDS-PAGE. A crude extract was
collected from the induced cells and purified by affinity chromatography using an amylose (A) column. The eluted fractions were
pooled and incubated with Factor Xa protease to cleave the fusion proteins. Factor Xa was removed by FPLC (F), and MBP (42.5
kDa) by additional passage on an amylose column, yielding pure (P) recombinant tagged proteins (SCGB 1A1-5’ and 3’, 8.5 kDa;
SCGB 1A1A-5’ and 3’, 8.8 kDa). (D) SCGB 1A1 and 1A1A purified tagged proteins form dimers in non-denaturing (ND) but not
denaturing (D) conditions. L, 1Kb+ DNA ladder; S, Precision plus protein standard (dual color); E, endogenous; -, template omission.
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Figure 6.2. Effects of SCGB 1A1 and 1A1A tagged protein on equine neutrophils.
Equine blood-derived neutrophils were pre-incubated with SCGB 1A1-5’ and
SCGB 1A1A-5’ recombinant proteins prior to oxidative burst and phagocytosis assays.
Compared to control (PBS), PMA stimulation triggered neutrophil activation
characterized by morphologic changes such as increased size, membrane ruffling and
vacuole formation. Similar changes were observed in neutrophils treated with
endogenous SCGB 1A1, SCGB 1A1-5’, or SCGB 1A1A-5’ tagged proteins, suggesting
lack of toxic effects from the tag.
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Table 3. Primers for cloning tagged SCGB1A1 and SCGB1A1A
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GENERAL DISCUSSION
Secretoglobin family 1A member 1 (SCGB 1A1) is a small secreted protein
produced mainly by mucosal epithelial cells in lung and uterus. SCGB 1A1, also known
as uteroglobin, club (Clara) cell secretory protein (CCSP), blastokinin, club (Clara) cell
10 kDa protein (CC10), club (Clara) cell 16 kDa protein (CC16), urine protein-1,
polychlorinated biphenyl-binding protein (PCB-BP) and club (Clara) cell phospholipid
binding protein (CCPBP), was suggested as the standardized nomenclature to define this
member of an emerging superfamily of 10 kDa proteins 114. The exact role of SCGB 1A1
in lung physiology and homeostasis remains elusive. Studies in genetically modified mice
showed that SCGB 1A1 is not essential for normal lung function, but absence or reduced
expression was associated with increased inflammation
expression occurs in humans with asthma

184,293

171,172

. Reduced SCGB 1A1

, and horses with RAO

233

, two chronic

inflammatory airway diseases induced by exposure to environmental triggers. Our studies
aimed to characterize the SCGB1A1 gene in horses and to determine functions of the
protein in RAO. We report the first SCGB1A1 gene amplification event in a mammalian
genome. Our results propose a model of whole-gene duplication and triplication,
implying that each copy was initially identical to the original and acquired mutations over
time 294. We showed that the ancestral SCGB1A1 gene has been amplified en bloc within
a relatively confined region of a single chromosome 140. Similar observations were found
in Przewalski’s horses

295

, indicating parallel evolution in caballine family members. A

high proportion of non-synonymous nucleotide substitutions was detected in SCGB1A1A
relative to SCGB1A1

140

. Most of the substitutions translated into amino acid changes

within the hydrophobic pocket cavity of SCGB 1A1A, suggesting adaptation to
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accommodate different molecules. Whether the establishment of domesticated horses
outside their native steppes favoured development of new innate immune defenses, or the
encounter of novel airborne substances prompted physical remodelling of the protein to
accommodate an expanded range of molecules, are fascinating hypotheses on the etiology
of SCGB1A1 duplication. Questions remain on how these observations correlate to the
development of other anti-inflammatory proteins or SCGB family members.
Gene duplication is an essential mechanism that drove the evolution of a large
percentage of the genes that exist today within the three domains of all living organisms,
i.e. the Archeaea, the Bacteria, and the Eukarya

296

. Numerous reports have highlighted

duplication and triplication of innate immunity genes

297-299

. At a molecular level, the

evolution of these genes must have favoured duplication over mutagenesis and gene
rearrangement in order to preserve an authentic and functional gene copy essential for
defense and survival of the organism, while simultaneously acquiring a “draft” copy
suitable for modification. Garcia-Verdugo and colleagues

300

recently reviewed some

aspects of the human genomic locus of surfactant protein A (SP-A), which shows
remarkable similarity to the equine SCGB1A1 locus. The primate, but not other
mammalian, SP-A locus includes three gene copies coding for anti-inflammatory proteins
that function, like SCGBs, in lung and uterus. Two SP-A copies code for functional
genes, whereas a third copy has been described as a pseudogene, reminiscent of
SCGB1A1P. The functional genes are oriented in reverse transcriptional orientation in the
locus, similar to SCGB1A1 and SCGB1A1A. Both copies are highly similar, and
expressed in tissues where SCGB1A1 and SCGB1A1A are also detected, namely lung,
uterus, intestine, prostate, colon and salivary glands
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300,301

. The two expressed SP-A

copies (SP-A1 and SP-A2) gained different functions over time

302

, suggesting that this

triplication event favoured divergent evolution with specialization of the gene products to
recognize distinct substances. SP-A is not required for survival but does confer immune
protection to the host. From the data presented here, it appears that evolution of equine
SCGB1A1 has parallels among other innate immunity genes.
Gene amplification mechanisms also affect other members of the SCGB family,
such as SCGB1B27

303

. The SCGB1B27 gene repertoire was massively expanded

relatively recently by a rapid burst of gene duplication events that generated 26 genes and
38 pseudogenes in the mouse genome. The authors also described concurrent expansion
of the SCGB1B27 locus in other species such as rabbits and cattle. This process occurred
within the past seven million years (myr), which is similar to the estimated period of
SCGB1A1 duplication and triplication in the equine genome (4.5 myr). Not only has gene
duplication yielded multiple SCGB1A1 copies in horses, but initial gene duplication may
be responsible for the diversification of the entire SCGB family amongst species. For
example, 11 SCGB genes and 5 pseudogenes have been described in humans, while 68
genes are recognized in mice

304

. Hence, SCGB1A1 likely is a gene that has undergone

equine-specific amplification, which highlights unique aspects of gene evolution in the
horse genome. Furthermore, SCGB 1A1 is a member of the subfamily A, comprised of
proteins that strictly form homodimers relative to SCGB proteins in subfamilies B to E
305

. Since SCGB1A1 and SCGB1A1A are concurrently expressed in a variety of tissues,

there is reason to consider the possibility of heterodimer formation. Future studies will
address such a hypothesis.
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Expression of only two of three SCGB genes in horses is consistent with the SCGB
locus being under selection pressure. A non-synonymous nucleotide substitution
predicted to affect the reading frame of SCGB1A1P was present in 60% of the population
studied, independent of genetic background, which argues in favour of gradual
accumulation of deleterious mutations. The lack of SCGB1A1P transcripts in all tissues
examined suggests pseudogenization of the sequence. Taken together, these observations
indicate that SCGB1A1P has most likely evolved into a transcriptionally inactive gene
susceptible to removal from the genome

306

. Recent reports suggest that pseudogenes

have important regulatory roles such as preserving expression of their functional
counterpart by acting as a decoy for micro RNAs (miRNA) 307. Such mechanisms remain
to be investigated in SCGB1A1 biology, but miRNA can regulate expression of innate
immune and progesterone receptor genes, and might also interact with SCGB genes 308.
The functional significance of expressing two distinct SCGB copies in horses had
not been assessed prior to these studies. Potent anti-cytokine effects are considered
among the major functions of SCGB 1A1 in airway fluid

309

, but precise mechanisms of

this interaction are unclear 310. Our findings revealed that both equine SCGBs reduce IL-8
dependent neutrophil chemotaxis ex vivo, suggesting a role for SCGBs in the regulation
of IL-8 or its chemokine receptors (CCR, CXCR). Other possible mechanisms of
regulation of cell migration by SCGB 1A1 include inhibition of formyl peptide receptors
(FRP)177, the platelet-derived growth factor receptors (PDGFR) 311,312 or sequestration of
their respective ligands, i.e. the N-formylmethionyl-leucyl-phenylalanine (fMLF) peptide
and the platelet-derived growth factor (PDGF). Inhibition of cell migration towards
serum amyloid A (SAA), an early marker of acute inflammation, was also reported
177

179

.

From a mechanistic perspective, these results are consistent with in vivo observations
since ablation of the SCGB1A1 gene predisposed to development of inflammatory lung
171

and renal disease 172, each observed in the absence of exogenous stimuli. Thus, SCGB

1A1 function in airway fluids is likely to be executed via intrinsic molecules or receptors.
Detection of SCGB 1A1 proximal to respiratory epithelial cell membranes by
immunohistochemistry supports this concept 128.
IL-8 activates neutrophils and promotes NET formation
high levels in airway surface fluids of horses with RAO

269

255

. IL-8 can be detected at

; however, the presence of

NETs has never been investigated. We reported here the first evidence of in vivo NETs
containing myeloperoxidase and citrullinated histone in BAL fluid of horses with
exacerbated RAO. The formation of NETs was inhibited by both SCGB 1A1 and 1A1A
ex vivo, suggesting that reduced SCGB concentration might favour NET formation. In
agreement with this notion, horses with NETs had lower total SCGB concentration in
BAL fluid relative to controls. Understanding how SCGBs affect the kinetics of NET
formation and their contribution to airway obstruction in RAO will be the subject of
future studies.
SCGB 1A1 and 1A1A proteins likely had similar ancestral functions but findings
reported here suggest they have evolved towards different functions. Neutrophil oxidative
burst and phagocytosis were both significantly enhanced by SCGB 1A1A but not SCGB
1A1. Whether SCGB 1A1A lost anti-inflammatory properties, which might account for
susceptibility of horses relative to other farm animals to inflammatory lung disease,
remains to be evaluated.
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RAO is a chronic inflammatory airway disease induced in mature susceptible horses
repeatedly exposed to environmental triggers such as dust, fungal spores and bacterial
components. Inflammation manifests with intense influx of neutrophils into the airways
similar to that of adult onset asthma in humans. SCGB 1A1 and the cells that produce this
protein, club cells, are diminished in both conditions. It has been proposed that there is an
inability in chronic RAO and asthma to regenerate differentiated club cells, and that this
leads to lack of SCGB 1A1 and persistence of inflammation. While therapeutic
administration of SCGB 1A1 has been beneficial in neonates with respiratory distress
syndrome

313

, such treatment remains to be tested in adult asthmatics. The horse lends

itself to detailed analysis of different functions of SCGB 1A1 isoforms and investigation
of novel treatments for asthma.
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FUTURE DIRECTIONS
The work presented in this thesis describes the characterization of the three equine
SCGB1A1 genes, defines their evolutionary relationship, and asks whether their structural
and biochemical changes differently affect neutrophil function. The research
contributions provided in this thesis established the groundwork to guide future
investigation on the mechanism of SCGB proteins function. First, the presence of three
distinct SCGB genes in horses offers an invaluable model to study comparative gene
expression regulation. For example, future investigation on the mechanisms of
SCGB1A1P silencing or SCGB1A1/SCGB1A1A differential expression in various tissues
might deliver significant information on the complexity of SCGB gene transcriptional
regulation. Moreover, we report the development of multiple tools for the evaluation of
SCGB in healthy and RAO-affected individuals, such as equine gene-specific expression
assays, recombinant labeled proteins and immunoassays. These tests will undoubtedly
contribute to increase our knowledge of the RAO pathology.
SCGB 1A1 protein did not receive great attention in human research since
genome wide association studies failed to demonstrate a clear correlation between low
airway SCGB 1A1 expression levels and asthma predisposition. However, using this
equine model, we now provide evidence for a major role of SCGB proteins in RAO, and
propose mechanistic insights on their potential anti-inflammatory roles. The identification
of two expressed SCGB1A1 genes in equids, coding for proteins with slightly different
biochemical properties, suggests molecular adaptation and potentially distinct biological
functions. Ex-vivo, both proteins had similar anti-inflammatory properties, including
inhibition of neutrophil chemotaxis and NETosis. Since chemotaxis assays were
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performed in the presence of IL-8 (chemoattractant), we suggest that SCGB antichemotactic activity might be generated through interaction with either IL-8 protein or its
receptors. The high IL-8 concentration found in BAL from horses with exacerbated RAO
agrees with this hypothesis. However, whether such effects are direct or indirect will
need further assessment.
Paradoxically, we also observed enhanced ROS production on exposure of
neutrophils to SCGB 1A1A protein, raising the question whether this gene might have
evolved to acquire pro-inflammatory properties. Considering that SCGB is recognized as
an anti-inflammatory molecule, one might alternatively propose that SCGB1A1A, which
acquired various non-synonymous nucleotides relative to SCGB1A1, might have lost
ancestral anti-inflammatory properties. From the data presented here, it appears that
SCGB 1A1A might have lost its regulatory activity on oxidative burst reaction while
developing enhanced capacity to regulate neutrophil chemotaxis or phagocytic activities.
Finally, we report the first orthologous model of adult-onset asthma to
recapitulate NET formation in individuals with a high percentage of neutrophil in their
airways. Ex-vivo experiments demonstrated an inhibitory role of equine SCGB proteins
on NETosis, which suggests that a threshold level of SCGB may be required to prevent
NET formation. Thus, horses with RAO are very useful models for development of
therapeutic strategies to modulate in vivo neutrophilic inflammation in chronic airway
disease.
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APPENDIX
GenBank Submission Information
JQ906259 Equus caballus secretoglobin family 1A member 1 variant A-like protein (SCGB1A1-A) mRNA
JQ906260 Equus caballus secretoglobin family 1A member 1 variant B-like protein (SCGB1A1-B) mRNA
JQ906261 Equus caballus secretoglobin family 1A member 1A (SCGB1A1A) mRNA
JQ951929 Equus caballus secretoglobin family 1A member 1P variant A-like protein (SCGB1A1P-A) gene
JQ951930 Equus caballus secretoglobin family 1A member 1P variant B-like gene
JQ951931 Equus caballus secretoglobin family 1A member 1P variant C-like gene
KC853012 Equus przewalskii secretoglobin family 1A member 1P gene, partial cds
KC853013 Equus przewalskii secretoglobin family 1A member 1 gene, partial cds
KC853014 Equus przewalskii secretoglobin family 1A member 1A gene, partial cds
KC853015 Equus asinus secretoglobin family 1A member 1 gene, partial cds
KC853016 Equus asinus secretoglobin family 1A member 1A gene, partial cds
KC853017 Equus grevyi secretoglobin family 1A member 1 gene, partial cds
KC853018 Equus burchellii secretoglobin family 1A member 1 gene, partial cds
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Mickey, Nelsena, Pam, Shannon, Tye, Washington, Will, Zachariah
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