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Summary

Secretoglobins (SCGBs) are cytokine-like small molecular weight secreted proteins with largely unknown biological
functions. Three SCGB proteins, SCGBIAI, SCGB3AI, and SCGB3A2, are predominantly expressed in lung airways.
To gain insight into the possible functional relationships among the SCGBs, their protein and mRNA expression patterns
were examined in lungs during gestation and in adult mice, using Scgb3al-null and Scgb3a2-null mice as negative controls,
by immunohistochemistry and by qRT-PCR analysis, respectively. The three SCGBs exhibited unique spatiotemporal
expression patterns during embryogenesis. The lack of Scgb3al or Scgb3a2 did not affect expression of the other Scgb
genes as determined by mRNA measurements. Moreover, the lack of Scgb3al or Scgb3a2 did not affect development of
the pulmonary neuroepithelial bodies during embryogenesis, while the lack of Scgb3a2 may have resulted in slightly fewer
ciliated cells than in the wild-type. These results suggest that SCGBIAI, SCGB3AI, and SCGB3A2 each may possess its
own unique biological function. (] Histochem Cytochem 67:543—463, 2019)
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Introduction protein), is the most widely studied member of the SCGB
proteins, and it is thought to be involved in modulation of
inflammation, tissue repair, and tumorigenesis.*”"
SCGB3A2, also called UGRP1,°® appears to share activ-
ities similar to those of SCGB1A1. It was demonstrated
to exhibit antiinflammatory,”™"> growth factor,’®" and

antifibrotic activities.””2° SCGB3A2 also serves as a

The secretoglobin (Scgb) gene superfamily consists of
cytokine-like secreted proteins of small molecular weight
(~10 kDa)."™® Most SCGB proteins are found in secre-
tions such as those of lung, lacrimal gland, salivary
gland, prostate gland, and uterus. They share a com-
mon four helical bundle subunit structure and exist as
dimers.?* SCGBs are thought to be involved in immuno-

modulatory activities, however, their biological functions
and their modes of action are not understood.

Three SCGB proteins, SCGB1A1, SCGB3A1, and
SCGB3A2, are expressed in lung airway epithelial
cells.>*® SCGB1A1, also called uteroglobin, CC10 (Club
cell 10-kDa protein), and CCSP (Club cell secretory
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marker for lung adenocarcinomas.?* The antifibrotic
activity involves the increased phosphorylation of STAT1
and increased levels of inhibitory SMAD7, which sup-
presses the TGFp signaling.”® SCGB3A1, also called
UGRP2 or high in normal-1 (HIN-1), was described as
a tumor suppressor in various human tumors including
breast, prostate, lung, and pancreatic carcinomas.?***
However, the biological functions of SCGB3A1 remain
largely unknown.

This study was initiated to examine the expression
patterns of SCGB1A1, SCGB3A1, and SCGB3A2 in
mouse airways during development and in the adult to
determine their cell-specific and spatial relationships
to gain insights into their biological functions.

Materials and Methods

Animals

Scgb3a1(—/-) mice (unpublished results, manuscript
in preparation), Scgb3a2(-/-) mice," and their
respective wild-type littermates were used in this study.
Scgb3ai1(—/-) mice are healthy and fertile, and do not
show any lung or other abnormal phenotypes. In some
experiments, mice on the C57BL/6N background were
used (the number of backcross is provided in each fig-
ure legend). Embryos were collected from wild-type
C57BL/6N mice at embryonic day (E) 14.5, 15.5, 16.5,
175, and 18.5. Noon on the day in which the vaginal
plug was observed was considered as E0.5. For qRT-
PCR analysis, each lung was considered an n=1 for
individual mouse and embryos older than E16.5, while
for embryos of E12.5 and 14.5, two lungs were com-
bined, which was considered as an n=1. All animal
studies were carried out after approval by the National
Cancer Institute Animal Care and Use Committee.

Histological Analysis

Resected lungs and embryos were fixed in 4% buff-
ered paraformaldehyde, pH 7.2 to 7.4, overnight at 4C,
followed by dehydration in a series of 30-50-70%
ethanol (1-2 hr each). Tissues in 70% ethanol were
sent to American HistoLabs (Gaithersburg, MD) for
paraffin embedding, sectioning, and mounting.

Immunohistochemistry

Dewaxed and rehydrated sections were immunos-
tained by three methods: (1) double immunofluores-
cence using secondary antibody coupled Alexa Fluor
dyes (Molecular Probes, Eugene, OR) 488 (green)
and 594 (red), applied together (dilution 1:250) and

recorded as digital photos, (2) avidin-biotin-complex
(ABC kit, Vector Laboratories, Burlingame, CA) conju-
gated with peroxidase and using diaminobenzidine
(DAB) as chromogen, counterstained with Light Green
(Sigma-Aldrich, St. Louis, MO), or (3) DAB immunos-
taining (as above) followed by costaining with ABC kit
conjugated with alkaline phosphatase and using
Vector Red (Vector Laboratories) as a chromogen,
counterstained with hematoxylin. Antigen retrieval was
accomplished either by 10 min microwaving in 0.05 M
citrate buffer, pH 6, or by 50 min steaming in Tris-EDTA
buffer, pH 9. In all procedures, primary antibody appli-
cation was overnight at 4C, followed by secondary
antibody (45 min at room temperature) the next day.
Primary antibodies used were specific for SCGB3A1
(dilution 1:100, AF2954, R&D Systems, Minneapolis,
MN), SCGB3A2 (dilution 1:100, as described in Niimi
et al.), SCGB1A1 (dilution 1:1000, obtained from
Francesco DeMayo, NIEHS), and B-tubulin (dilution
1:100, obtained from Charles Bevins, Cleveland
Clinic). Sections were evaluated visually by brightfield
or epi-fluorescence microscopy, and digital images
were captured using MetaMorph software (Universal
Imaging, Bedford Hills, NY) or Keyence microscope
BZ-X800. Airways with columnar and cuboidal epithe-
lial cells were defined, respectively, as large and small
airways; typically, large airways were 1.5 to two times
larger in lumen diameter than small airways.
Pulmonary neuroepithelial bodies (NEBs) were
detected by DAB immunostaining (as above) for a
NEB-specific marker, CGRP (calcitonin gene-related
peptide) (primary antibody dilution 1:3000, C-8198,
Sigma-Aldrich). Digital images were captured of all
detectable NEB foci in lung sections from eight mice in
each of the four experimental groups (Scgb3a7(—/-),
Scgb3a2(—/-), and their respective littermate wild-type
mice), a total of 32 mice; average NEB areas were cal-
culated by MetaMorph software after manually circling
every NEB’s digital image. Foci/airway ratios were
determined after visually counting all NEB foci and all
airways (both large and small) in these same 32
mouse lung specimens. For B-tubulin analysis, 10 ran-
domly selected visual fields of large airways (x400
magnification) from three each of Scgb3a7(—/-) and
Scgb3a2(—/-) mice, and two respective littermate
wild-type mice were used. Percentages of ciliated cells
were obtained by manually counting the pB-tubulin posi-
tive cells and negative club cells, followed by the (-
tubulin positive cell numbers being divided by the
combined numbers of B-tubulin positive and negative
cells, and the results were multiplied by 100. Each field
was counted twice. Note that these two types of cells
(ciliated cells and nonciliated club cells) constitute
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almost the entire population of airway epithelial cells
in mice under normal condition.?>?® The statistical dif-
ferences were compared within a group by unpaired
t-test for NEB data and by one-way ANOVA for B-
tubulin percentage.

Quantitative RT-PCR

Total RNA was extracted from whole left lung lobes of
adult knockout or wild-type mice by TRIzol (Life
Technologies, Carlsbad, CA) and reverse transcribed
into cDNA by using SuperScript Il reverse transcrip-
tase (Life Technologies) according to the manufactur-
er’s protocol. Analysis of mMRNA levels was performed
on a 7900 Fast Real-Time PCR System (Life technolo-
gies) with SYBR Green-based real-time PCR. The
primer sequences used for real-time PCR are as fol-
lows: Scgblal (Forward) 5-AGAGACTGGTG
GATACCCTC-3', (Reverse) 5-TCTTGCTTACACA
GAGGACTTG-3'; Scgb3a1 (Forward) 5'-ATGTCCC
CACAATCAGCAAG-3', (Reverse) 5'-CTCTGCAGCTG
GAGCAAGG-3'; Scgb3a2 (Forward) 5-AAGCTGGT
ATCTATCTTTCTGC-3', (Reverse) 5-ACAGGGAGAC
GGTTGATGAG-3'.

Results

Coexpression of SCGBIAI, SCGB3AI, and
SCGB3A2 in Nonciliated Airway Club Cells

Specificity of the anti-SCGB3A1 and anti-SCGB3A2
antibodies used in this study was examined using
immunohistochemistry. They were highly specific to
SCGB3A1 and SCGB3A2, respectively, as demon-
strated by using Scgb3a2(—/-) and Scgb3al(—/-)
mouse lungs as negative controls (Fig. 1A and B).
SCGB1A1 was known to be specifically expressed in
club cells, the principal secretory cell type in the air-
ways,?*® to which the antibody was specifically
reacted® (Fig. 2A—C). In these cells, SCGB3A1 is
coexpressed with SCGB3A2 and SCGB1A1 (Fig. 1C
and D).

Immunohistochemistry for ciliated cells was also
carried out using B-tubulin as a marker (Fig. 2D). Club
cells and ciliated cells are the two abundantly found
epithelial cells (~50% each depending on the airway
location) while other cell types such as goblet cells
and basal cells are few that line the conducting air-
ways of the respiratory tract in rodents under normal
condition.?>?® Qur results on the expression of SCGB
proteins and B-tubulin are in agreement with these
earlier reported results. Double immunostaining

confirmed that cells expressing SCGB3A1 or
SCGBB3A2 are not ciliated cells (Fig. 1E and F).

Differential Expression of SCGBIAI, SCGB3AI,
and SCGB3A2 During Lung Development

To determine the timing and sites of expression of
these three SCGB proteins during lung development,
mouse embryonic lungs of E14.5, 15.5, 16.5, and
17.5 were subjected to immunohistochemistry for
SCGB1A1, SCGB3A1, and SCGB3A2 (Fig. 3A and
Table 1). Epithelial cells started expressing SCGB1A1
at E16.5 in both large (bronchus) and small (bronchi-
ole) airways, which became intense at E175.
SCGB3A1 expression was observed only in large
airways at E16.5 and thereafter, but not in small air-
ways. In contrast, SCGB3A2 expression was already
found at E14.5, albeit weak in both the large and small
airways, which gradually became intense as gestation
proceeded. The increase in expression of these three
proteins during the gestational period was in good
agreement with the results obtained by mRNA analysis
(Fig. 3B and C and Table 2). The expression of Scgb1a1
and Scgb3a1 mRNAs continued to increase up to 3
weeks after birth, while that of Scgb3a2 peaked around
birth. The latter is in good agreement with previous
results.*® These results clearly demonstrate that the
spatiotemporal expressions of the SCGB proteins differ
during lung development, suggesting their possible
uniqgue as well as cooperative functions in this
process.

Expression of Scgblal, Scgb3al, and Scgb3a2
in Adult Mouse Airways

The effect of the lack of Scgb3a1 or Scgb3a2 on the
expression of Scgbial, Scgb3al, and/or Scgb3a2
was examined in Scgb3ai(—/-) and Scgb3a2(—/-)
mouse lungs (Fig. 4). Except in the corresponding
knockout mice, the expressions of Scgb1a1, Scgb3al,
and Scgb3a2 mRNAs were not affected by the lack of
Scgb3al or Scgb3a2 and remained at similar levels,
suggesting that these three genes do not compensate
for the loss of expression of the other genes, at least at
mRNA levels.

Impact of SCGB3A| or SCGB3A2 Expression
on the Differentiation of Neuroendocrine and
Ciliated Cells

Previously, SCGB1A1 deficiency was shown to attenu-
ate pulmonary neuroendocrine differentiation in mice
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Figure |. Antibody specificity and expression of SCGBIAI, SCGB3AI, and SCGB3A2 in airway epithelial cells. Inmunofluorescence
analysis was carried out using Scgb3al(—/-) (A) and Scgb3a2(—/-) (B) mouse lungs with SCGB3AI (green) and SCGB3A2 (red) antibod-
ies, and using wild-type littermate mouse lungs with SCGB3AI (green) and SCGB3A2 (red) antibodies (C), and SCGB3AI (green) and
SCGBIAI (red) antibodies together (D). Co-immunohistochemistry for 3-tubulin (brown, representative indicated by black arrow) and
SCGB3A2 (burgundy red, representative indicated by red arrow) (E), and B-tubulin (brown, representative indicated by black arrow)
and SCGB3AI (burgundy red, representative indicated by red arrow) (F) using wild-type mice lungs. (E, F) Counterstained with hema-
toxylin. Airways shown are large airways. Scale bars: 25 pm for A to D, and E and F. Abbreviations: Alv, alveolar area; Lu, lung airway
lumen; WT, wild-type.
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lacking Scgb1a1.®' Furthermore, it was reported that
Scgb3a2 expression is enriched in clusters in the pul-
monary NEB microenvironment, juxtaposed to Ascl7-
expressing cells during lung development.®? Asc/1(—/-)
mice have no detectable neuroendocrine cells.®® Thus,
to understand the possible roles for SCGB3A1 and
SCGB3A2 in NEB differentiation, CGRP immunostain-
ing that specifically detects NEBs was carried out to
determine the size of NEBs and the number of NEB
foci per airway as indicators for neuroendocrine differ-
entiation using Scgb3a1(—/-) and Sgb3a2(—/—) mice®’
(Fig. 5A and B). No differences were found in the dif-
ferentiation of NEBs between Scgb3ai(—/-) and
Sgb3a2(—/-) mice as compared with their correspond-
ing wild-type littermate mice.

Furthermore, the distribution of ciliated cells in the
airway was compared between Scgb3ai(-/-),
Scgb3a2(—/-), and wild-type mice using immunostain-
ing for B-tubulin, a marker for ciliated cells (Fig. 6A and
B). There was a slight but statistically significant reduc-
tion in ciliated cells in the large airways of Sgb3a2(—/-)
mice as compared with their wild-type littermate mice.
A tendency toward reduced ciliated cells was also
found in Scgb3a1(—/-) mice as compared with wild-
type mice, but with no significant difference between
Scgb3al(—/-) and Scgb3a2(—/-) mice.

Figure 2. Anti-mouse SCGBIAI antibody specificity and airway
B-tubulin expression. Immunohistochemistry was carried out using
lungs of wild-type (A) and Scgb/al(—/—) mice (kindly provided by
Dr. Anil Mukherjee, NICHD) (B), and wild-type without primary
antibody (C). Airways shown are large airways. Counterstained
with hematoxylin. Scale bar: 50 um for all panels. (D) Abundance
of ciliated cells in mouse lung airway using C57BL/6N mouse. The
airway shown is a large airway. Counterstained with hematoxylin.
Scale bar: 50 pm.

Discussion

In this study, spatial and/or temporal differences were
demonstrated in the expression of three SCGB pro-
teins in airway epithelial club cells, namely, SCGB1A1,
SCGB3A1, and SCGB3A2, during embryonic devel-
opment and in adult mice. Previously, a similar com-
parison of the expression pattern for these SCGB
proteins was carried out mainly at the mRNA level.?
The current results confirmed the previous observa-
tions at protein levels. Among the three, SCGB3A2 is
the earliest protein expressed in both large and small
airways of embryos at E14.5, followed by expression
of SCGB1A1 in large and small airways starting at
E16.5. In contrast, SCGB3A1 is expressed only in
large airways after E16.5. Expressions of all three
Scgb mRNAs markedly increase toward the end of
gestation. The earlier onset of expression of SCGB3A2
suggests that this protein may play a role in lung devel-
opment. Indeed, our previous work demonstrated that
SCGB3A2 is a growth factor promoting lung branching
morphogenesis'® and that SCGB3A2 together with
Notch signaling plays a role in the determination of
secretory cell fate in the NEB microenvironment.*
However, SCGB1A1 was used as a marker for airway
epithelial Club cells during lung development and
regeneration.®® The differential use of SCGB1AT1
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Figure 3. Spatiotemporal expression of SCGBIAI, SCGB3AI, and SCGB3A2 during mouse lung gestation. (A) Immunohistochemistry
for the expression of the three SCGBs in large and small airways at various mouse embryonic stages. Counterstained with light green.
Scale bar: 50 um for all panels. (B, C) qRT-PCR analysis for the expression of Scgblal, Scgb3al, and Scgb3a2 mRNAs at various embry-
onic days through 3 weeks old. Relative expression plotted by logarithmic scale is shown in C. C57BL/6N mice were used for these
analyses. A dot indicates an individual lung (N>5) for embryos/mice older than E16.5, and two combined lungs as one lung for embryos
of E12.5 and 14.5. qRT-PCR was carried out in triplicate per sample. The average + SE is shown. Abbreviations: SCGBs, Secretoglobins;

NB, newborn.

Table I. Spatiotemporal Expression of Three SCGB Proteins
During Embryogenesis.

Embryo (Days)

14.5 15.5 16.5 17.5
SCGBIAI L. Airway - - + ++
S. Airway - - + ++
SCGB3AI L. Airway - - + +
S. Airway - - - -
SCGB3A2 L. Airway + + + ++
S. Airway +/- + + ++

Abbreviations: SCGB, secretoglobin; L. Airway, large airway; S. Airway,
small airway; —, no expression found; +, modest expression found; ++,
strong expression found.

Table 2. qRT-PCR Ct Values for Scgblal, Scgb3al, and
Scgb3a2.

Scgblal Scgb3al Scgb3a2
EI2.5 34 31 30
El4.5 32 31 22
El6.5 25 29 19
EI8.5 19 25 17
Newborn 16 21 16
3 weeks 15 20 17

and SCGB3A2 as lung epithelial markers may provide
a tool to more precisely determine the events and their
roles occurring between E14.5 and 16.5 during embry-
onic lung development, due to the delayed expression
of SCGB1A1 as opposed to SCGB3A2.

Both SCGB1A1 and SCGB3A2 exhibit similar anti-
inflammatory, growth stimulatory, and antifibrotic
activities,*’"?° while the function of SCGB3A1 in the
lung remains unknown. It is not clear whether the sim-
ilar activities of SCGB1A1 and SCGB3A2 mean that
at least these two SCGB proteins share redundant
functions to sustain homeostasis of lung function. In
this regard, the present results using Scgb3ai(—/-)
and Scgb3a2(—/-) mouse lungs showed no compen-
satory increase in expression among the three
SCGBs, at least at mRNA level, suggesting that each
SCGB protein may possess a distinct function.
However, in the Scgb1a1(—/-) mouse lung, Scgb3a2
(reported as a previously nonannotated expressed
sequence tag, EST W82219) was identified as a

Scgb1at Scgb3at Scgb3a2

p<0.001

p<0.001 15

o

0.5

ol

Relative mRNA level

e

0.0
WT S1KO S2KO

WT S1KO S2KO WT S1KO S2KO

Figure 4. Effect of the lack of Scgb3al or Scgb3a2 on the expres-
sion of Scgblal, Scgb3al, or Scgb3a2. The mRNA levels were
measured by qRT-PCR using a mouse adult whole left lung lobe.
The average + SE is shown. N=3—4, each in triplicate. Statistical
analysis was performed using one-way ANOVA. WT: wild-type
(C57BL/6N), SIKO: Scgb3al (—/-) mice, S2KO: Scgb3a2(—/-) mice.
For this analysis, the knockout mice used were |0 times back-
crossed to C57BL/6N.

highly upregulated gene based on microarray data.*
Itis interesting to note that Scgb7a1 deficiency results
in Scgb3a2 upregulation, but there is no Scgbiatl
upregulation in Scgb3at or Scgb3a2 deficiency. This
apparent discrepancy might suggest the presence of
different mechanism(s) to regulate expression of
mRNAs between Scgb7al and Scgb3a2 and/or
Scgb3a1t, which could be related to their distinct func-
tions. However, it is possible that the three genes
share redundant/overlapping functions without appar-
ent compensation at the mRNA expression level.
Further studies are required to address these
questions.

In the current study, neither SCGB3A1 nor
SCGB3A2 was demonstrated to play a role in pulmo-
nary NEB differentiation, which is opposite to what
was reported for SCGB1A1 using Scgb1a1(—/-) mice;
lack of SCGB1A1 attenuated pulmonary neuroendo-
crine differentiation.®! Yet, the expression pattern of
Scgb3a2, enriched in clusters in the NEB microenvi-
ronment, is reminiscent of that of SCGB1A1.3**” These
results may again suggest that SCGB1A1 has a differ-
ent function from SCGB3A2 and/or SCGB3A1.When a
percentage of ciliated cells in the large airways was
calculated, Scgb3a2(-/-) and Scgb3al(—/-) mice
had, respectively, slightly reduced and a tendency of
reduced numbers of ciliated cells in their lungs as
compared with wild-type mice. It is possible that at
least SCGB3A2 may affect the development of ciliated
cells, although at small degree. In fact, ciliated cells
are known to be produced from club cells.?®%
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Figure 5. Analysis of NEB development in Scgb3al(~/-) and Scgb3a2(—/-) mouse lungs. (A) Average NEB areas (um?) and foci/airway
ratio are shown using Scgb3al(—/—) mice in mixed background and Scgb3a2(—/-) mice that were three times backcrossed to C57BL/6N.
Values for Scgb3al(—/-) (black column) and corresponding wild-type littermates (white column) are indicated by Scgb3al. Similarly, those
of Scgb3a2(—/-) (black column) and corresponding wild-type littermates (white column) are indicated by Scgb3aZ2. For each genotype, eight
mice were used, and the total number of NEBs analyzed is shown inside each column. The average + SEM (standard error of the mean) is
shown. No significant difference was observed between WT and KO littermates of Scgb3al or Scgb3a2 genotype as determined by t-test
within each group. The differences seen between Scgb3al(—/-) corresponding WT littermates and those of Scgb3a2(—/-) are detailed in
the Discussion. (B) Representative immunohistochemistry for CGRP (calcitonin gene-related peptide, a neuroendocrine cell marker) in
Scgb3al (—/-) (KO), Scgb3a2(—/-) (KO), and corresponding WT littermates mouse lungs. The CGRP-positivity was used to define NEB foci,
which were used to calculate the average NEB areas and the foci/airways ratios shown in A.2’> NEB locations shown include both large and
small airways. Counterstained with light green. Abbreviation: NEB, neuroepithelial body; WT, wild-type; KO, knockout.
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Figure 6. Analysis of ciliary development in Scgb3al(-/-) and
Scgb3a2(—/-) mouse lungs. (A) Percentage of ciliated cells in
large airways of Scgb3al(—/-) (3al-KO), Scgb3a2(—/-) (3a2-KO),
and their WT littermates mice. Mice used for this analysis were
those 10 times backcrossed to C57BL/6N mice. Statistical dif-
ference between WT and 3a2-KO was obtained using one-way
ANOVA. (B) Representative -tubulin immunostaining using lungs
of Scgb3al(—/-) (KO), Scgb3a2(—/-) (KO), and their respective WT
littermates. Airways shown include both large and small airways.
Counterstained with light green. Scale bar: 50 ym for all panels.
Abbreviation: WT, wild-type; KO, knockout.

Understanding the exact roles for these three SCGB
proteins in lung development and function requires fur-
ther studies.

Finally, it is important to note that the values for two
factors used to describe NEB development, namely,
average NEB areas and foci/airway ratios, differed in
the corresponding wild-type litermate control lungs
between Scgb3ai(—/-) and Scgb3a2(—/—) mice. The
Scgb3al(—/-) mice used in this analysis were on a
mixed background of C57BL/6N and 129Sv, whereas
Scgb3a2(—/-) mice were at least three times back-
crossed with C57BL/6N mice, by which the mice were
>85% congenic to C57BL/6N.*° Care must be taken to
consider the background of mice when interpreting the
results.

In conclusion, SCGB1A1, SCGB3A1, and
SCGB3A2 are expressed in their unique spatiotempo-
ral patterns in mouse airways during development and

in adult mice, suggesting a possible unique biological
function for each protein.
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