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Abstract

Racl/Tiam1-mediated Nadph oxidase activation of epithelial sodium channels regulates neonatal
lung aeration and alveolar development

By David Q. Trac

Preterm infants have higher incidence of respiratory failure than term infants. These respiratory
disorders are caused in part by delayed clearance of lung fluid. At birth, lung fluid clearance and
aeration are mediated by active salt and water transport by epithelial sodium channel (ENaC)
activity. Our lab has shown that oxidative environments can enhance ENaC activity, most likely
via Nadph oxidase (Nox)-mediated O2- release. In this highly regulated process, we have shown
that the small G-protein Racl plays an important role upstream of Nox signaling. However, the
Racl-guanine nucleotide exchange factors (GEFs) involved in the neonatal Nox-ENaC signaling
process are unknown. Additionally, the role of ENaC in the postnatal developing lung has yet to
be explored. Herein, we utilized real-time PCR and confocal immunohistochemistry to identify
Tiaml as the main GEF involved in the mediation of Racl-activation of Nox and downstream
ENaC activity. Additionally, we paired inhibitory drugs with morphological and functional
analyses to elucidate a novel role for the Rac1l/Tiam1-mediated Nox-ENaC signaling pathway in
postnatal alveolar development.
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Introduction

Preterm infants have a higher incidence of respiratory distress syndrome, transient tachypnea,

and respiratory failure than term infants and are thus frequently admitted into neonatal ICU (17,
38). These respiratory disorders are characterized by a delayed lung fluid clearance as a result of
a disruption in the transition of the fetal lung at birth from a fluid-secreting organ to an organ that

can actively reabsorb salt and water.

Epithelial sodium channels (ENaC) have been shown to play a critical role in the adaptation of
the newborn lung to air breathing. In fact, a-ENaC deficient mice have defective neonatal lung
fluid clearance and die shortly after birth (23). ENaC transports sodium ions from the alveolar
airway lumen into the cytosol, thereby generating the osmotic driving force for water
reabsorption in the lung and subsequent resolution of lung edema. However, the exact signaling
mechanisms governing ENaC activation at birth remain unclear, albeit oxygen signaling as the
fetal lungs transition from low to high oxygen tension has been implicated in regulating lung
ENaC (6, 32, 37, 39, 50, 54). In adult mouse alveolar type | (AT1) and type Il (AT2) epithelial
cells, we have shown that reactive oxygen species (ROS) generated by Racl-mediated Nadph

oxidase (Nox) activity play a key role in regulating ENaC, as illustrated in Figure 1 (46).

While ENaC activity and expression has been extensively characterized in the fetal lung (24, 31,
47), its role in the postnatal lung beyond fluid homeostasis remains undefined. From postpartum
day 1 to postpartum day 20 (P1-P20), the mouse lung is primarily concerned with alveolar

development (9). During this stage, we hypothesize that Nox oxidant signaling may be



responsible for regulating ENaC activity and triggering alveolar development. Several
observations point to a developmental role for Nox oxidant signaling. Nox and ROS have been
implicated in tissue regeneration, controlled apoptosis during development, and activation of

vascular transcription factors and growth factors (21, 30, 41).

The purpose of this study is two-fold. We utilized real-time PCR and paired inhibitory drugs
with morphological and functional analyses to investigate whether Racl-mediated Nox oxidant
signaling plays a key role in activating ENaC for lung aeration at birth and whether it may also

then play a subsequent role in triggering alveolar development in the postnatal lung.



Methods

Chemicals and reagents

Unless otherwise stated, all chemicals and reagents were purchased from Sigma-Aldrich.

Primer design

Primer pairs (Table 1) were purchased from Integrated DNA Technologies (Coralville, 1A) and
were designed to produce short amplicons (70-150 bp). For accurate data analysis, amplification
efficiency of the primer pairs must be close to 100% (43). Amplification efficiency of each
primer pairs was tested using a calibration curve (Figure 2). Primer specificity was evaluated

with dissociation curve analysis.

Animal model

All animal studies were performed in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol
was approved by the Emory University Institutional Animal Care and Use Committee. All
surgery was performed under anesthesia with xylazine and ketamine, and all efforts were made
to minimize suffering. Timed pregnant C57BL/6 mice were purchased from Charles River

Laboratories (Wilmington, MA) at E11 or bred in-house.



For lung histology and morphology studies, naturally born C57BL/6 mouse litters were exposed
to drug treatment—21 mM amiloride, a direct blocker of ENaC activity (26, 27); 100 uM NSC
23766, a specific inhibitor of Tiam1-mediated Racl activation (2, 19, 53); or 300 uM apocynin,
an inhibitor of p47phox translocation and activation of Nox1-3 (7)—every two days, starting on
postnatal day 1 up to postnatal day 15. Initially, pups were exposed to 5 pl of drug. Drug volume
was increased by increments of 5 pl until P7, after which drug volume remained constant at 20
pl. Control pups were treated with corresponding volumes of PBS. This dose is proportional to
doses previously used in our adult mouse studies (20, 46). To ensure proper delivery of the
treatment to the alveoli, mouse pups were held upright and treatment solutions were placed using
a P20 pipette on the pups’ nostrils. After the treatment solutions were aspirated over the next 30-
60 s, they were washed down with 5 pl of PBS, which were also applied over the nostrils and

aspirated over the next 30-60 s.

For lung aeration studies, dams were delivered approximately 15 mg/kg/day of either the specific
Racl-inhibitor NSC 23766 or the pan-Nox inhibitor diphenyleneiodonium (DPI) from embryonic
day 17 to embryonic day 20 (E17-E20) via their drinking water. Drinking water was changed
daily to maintain drug stability. At E20, dams were euthanized with an intraperitoneal overdose
of xylazine/ketamine. Mouse litters were then delivered by caesarian section via midline

laparotomy. Pup lung aeration was measured as described below.

Neonatal primary AT2 cell isolation and culture



Primary alveolar type 11 cells were isolated from neonatal pup lungs for immunohistochemistry
and confocal microscopy. First, P1 pups were anesthetized with an intraperitoneal injection of
xylazine/ketamine and euthanized by exsanguination via the renal artery. Under a Zeiss Stemi
2000-C Stereo microscope, mouse pup lungs were lavaged three times with 30 pl PBS via a
tracheal cannula to remove alveolar macrophages. Lungs were subsequently perfused via the
pulmonary artery with PBS until blanch; the right and left atria were cut to relieve pressure. To
digest lung tissue, lungs were instilled with dispase via the tracheal cannula until fully inflated
(about 0.3 ml dispase). The trachea was then tied off and the lungs were removed en bloc and
incubated at room temperature in 3 ml of dispase for 45 minutes. Afterwards, lung lobes were
teased away from heart and bronchial tissue and minced in a 1:1 solution of neonatal calf serum
(NCS) and 0.01% DNase 1 in mouse cell media (DMEM/F12 media with 10 mM HEPES, 0.04
mM L-glutamine, 1x MEM non-essential amino acids, and 1 mg/ml Primocin™), Cell
suspension was sequentially filtered through a 100 um and 40 pm filter before being seeded on
poly-D-lysine round glass coverslips. Cells were left to adhere overnight in complete mouse cell
media (mouse cell media with additional 0.25% BSA, 10 nM hydrocortisone, and 0.5% insulin-

transferrin-sodium-selenite liquid media supplement).

Cryosectioning and H&E staining

On postnatal day 15, mouse pups were anesthetized with an intraperitoneal injection of
xylazine/ketamine and euthanized by exsanguination via the renal artery. Lungs were then
prepared for cryosectioning. First, lungs were perfused with PBS via the pulmonary artery until

blanch and then uniformly inflated with Tissue-Tek OCT Compound (Sakura Finetek USA) via a



tracheal cannula. The lung and heart tissue was removed en bloc and embedded in OCT
compound in cryomolds. Molds were dipped in liquid nitrogen to flash freeze the tissue. Rapid
freezing reduces the formation of ice crystals and minimizes morphological damage. Samples
were stored at -80°C until ready for sectioning. Tissues were cryosectioned using a Leica
CM1520 cryostat (Leica Biosystems), available for use at the Image Analysis Core of the
Digestive Dieseases Research Center at Emory University. 10 pum sections were fixed with

acetone and stained with H&E for analysis of lung histology and morphology.

Lung histology and morphology

Lung alveolar morphology of H&E stained sections was visualized using an Olympus 1X71
microscope and photomicrographs were captured using a camera attachment. Alveolar
development was quantified by radial alveolar counts (RAC; a measure of the number of alveoli
from the terminal bronchiole to the nearest connective tissue septum) and mean linear intercept
(MLI; a measure of alveolar size). Increased alveolar development can be visually interpreted as
an increase in septation and decrease in alveolar size. This correlates with larger RAC values and
smaller MLI values. RAC measurements were gathered as described by Emery and Mithal (8,
13). A line perpendicular to the nearest connective tissue septum and intersecting the geometric
center of a terminal bronchiole airway was drawn; RAC is given as the number of alveoli
intersected by this line (Figure 3A). MLI measurements were gathered as described by Dunnill
(18). Two traversing lines of equal length were drawn at right angles such that they intersected at

their midpoints and then centered on the lung field (Figure 3B). ML is given by the equation

MLI = % where N is the number of traverses, L is the length of the traverse, and m is the total



number of intercepts by the traverses. A cut through an alveolar wall was counted as one
intercept and a cut in or out of a blood vessel or airway was counted as half an intercept. Images
from at least ten 100X lung fields were taken from each pup, consisting of a mixture of images
from the apex, middle, and base of each lung. Lung fields were randomly selected such that each

includes an alveolar duct or bronchiolar airway and a segment of the visceral pleura.

Lung aeration measurements

Lung function and aeration at birth were evaluated with wet:dry lung weight ratios. E20 mouse
pups were delivered by caesarian section. Residual amniotic fluid was cleaned off of their noses
with gauze to stimulate breathing. They were monitored for 1 hour under a heat lamp to ensure
proper and regular breathing. Afterwards, mouse pups were euthanized by swift decapitation.
Lungs were removed en bloc and blotted to remove surface fluids. Heart tissue was trimmed
away and the wet lung weight was measured. Dry lung weight was measured after lungs were

dehydrated in a 100°C isotemp oven overnight.

Immunohistochemistry and confocal microscopy

Freshly cultured neonatal AT2 cells were incubated in primary rabbit anti-Tiam1 antibody (Santa
Cruz) or primary rabbit anti-Arhgef7 antibody (Cell Signaling) diluted 1:100 followed by
incubation in secondary anti-rabbit 1gG antibody conjugated to Alexa Fluor 488 (Invitrogen)
diluted 1:20,000 in PBS containing 1% BSA and 1X sodium azide. Lysotracker Red (LTR,

Invitrogen) was used per manufacturer protocol to mark lysosomes commonly found in AT2
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cells. Co-localization with a-ENaC was studied by incubating cells in primary goat anti-a-ENaC
C-20 antibody (Santa Cruz) diluted 1:100 followed by incubation in secondary anti-goat 1gG
antibody conjugated to Alexa Fluor 568 (Invitrogen) diluted 1:20,000 in PBS containing 1%
BSA and 1X sodium azide; LTR dye was not used. Cells were then fixed in 4%
paraformaldehyde and mounted in VECTASHIELD HardSet mounting medium with
4’6’diamidino-2-phenylindole (DAPI, Vector Laboratories). Confocal imaging was conducted at
the Emory-Children’s Pediatric Research Cell Imaging Core using an Olympus FV1000 confocal

laser scanning microscope.

mMRNA analysis

Transcript levels of genes of interest were measured by quantitative real-time PCR. RNA
samples were prepared from mouse pups at P1, P2, P3, P4, P5, and P7. Mouse pups were
anesthetized with an intraperitioneal injection of xylazine/ketamine and euthanized by
exsanguination via the renal artery. Mouse pup lungs were lavaged three times with 30 ul PBS
via a tracheal cannula to remove alveolar macrophages, then perfused with PBS until blanch, and
removed en bloc. Heart and connective tissue were trimmed away. Total RNA was extracted
from whole lungs using TRIzol (Invitrogen) and column-purified using the RNeasy isolation kit
(Qiagen) per manufacturer protocol. RNA was treated was DNase 1 and reverse transcribed
using Superscript 11 RNaseH-reverse transcriptase (Invitrogen). Primer pairs used in the PCR
reaction are listed in Table 1. Cycle threshold (Ct) levels of mMRNA expression were normalized

to mouse GAPDH levels and are expressed as 2A¢t,



Statistical analysis

Data are reported as means + SE. Multiple comparisons were performed using one-way ANOVA
followed by Scheffe’s post-hoc test. Trends in developmental gene expression were analyzed
with linear regression. All statistical analysis was performed using Statistical Analysis System

(SAS 9.3) software. Results were considered significant if P < 0.05.
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Results

Racl-GEF, Nox, and ENaC transcript expression during postnatal mouse lung development

Our lab has shown that oxidative environments can enhance ENaC activity, most likely via
Nadph oxidase (Nox)-mediated O2- release (20). In this highly regulated process, we have
shown that the small G-protein Racl plays an important role upstream of Nox signaling. Guanine
nucleotide exchange factors (GEFs) are required to activate Racl by stimulating the release of
GDP to allow binding of GTP. However, the Rac1-GEFs involved in the Nox-ENaC signaling
process remain unknown. Using real-time PCR, we examined the expression of a subset of Racl-
GEFs in neonatal mouse lung: Arhgef7, Sosl, Sos2, Rasgrf2, and Tiaml. In Figure 4, we show
that Arhgef7, Sosl, Sos2, Rasgrf2, and Tiam1 transcript levels are all expressed in neonatal
mouse lung and all increase steadily in a linear fashion from postnatal day 1 to postnatal day 7 (P
< 0.05). Arhgef7 transcript expression is highest, followed by Sos1 > Sos2 ~ Rasgrf2 > Tiaml.
Interestingly, GEF transcript expression in adult (12 week) mouse lungs is down-regulated
compared to expression in P7 mouse lungs, suggesting an important role for GEFs in postnatal

lung development.

Activated Rac1-GTP mediates the proper assembly of Nox cytoplasmic subunits p40phox,
p67phox, and p47phox to regulate Nox1-3 activity. While Nox1 and Nox3 transcript levels
remain unchanged between P1 and P7 (Figures 5A and 5C), Nox2 transcript levels increase
linearly (Figure 5B). Transcript levels of Nox4, whose activity is not mediated by Racl, also

increase linearly (Figure 5D). Nox4 transcript expression is highest, followed by Nox2 > Nox1 =
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Nox3. Interestingly, the increase in Nox2 and Nox4 transcript levels is independent of p22phox

and p47phox transcript levels (Figures 5E and 5F).

Transcript levels of a-, -, and y-ENaC remain unchanged from P2 to P7, but are significantly
elevated at P1 (P < 0.05) (Figure 6). As expected, a-ENaC expression is highest, followed by vy-

ENaC > B-ENaC.

Tiaml, but not Arhgef7, co-localizes with a-ENaC in isolated alveolar type Il cells

In determining specifically which Rac1-GEF may be involved in the Nox-ENaC signaling
process found in alveolar epithelial cells, we focused on Arhgef7 and Tiaml. If Arhgef7 or
Tiaml is involved in the Nox-ENaC signaling pathway, then we would expect immunolabeled
Arhgef7 or Tiaml to co-localize with immunolabeled a-ENaC in fluorescence microscopy.
While both Arhgef7 and Tiam1 are expressed in P1 AT2 cells (Figures 7A-D and 8A-D), only
Tiaml co-localizes with a-ENaC (Figures 8E-F). Subsets of the z-axis show that Tiam1/a-ENaC
co-localization signal (a yellow-orange fluorescence) is mainly found near the cellular
membrane, ENaC’s site of activity, and not in the cytoplasm. Immunolabeled Arhgef7 exhibits
minimal co-localization with immunolabeled a-ENaC (Figures 7E-F). In fact, Arhgef7
expression in AT2 cells seems to be lower compared to Tiam1 expression. These data suggest
that Tiam1 is the key GEF involved in the Nox-ENaC signaling pathway during the postnatal

lung stage.

NSC 23766 and apocynin cause a tendency towards lung fluid attenuation at birth
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While it has been shown that ENaC activity plays a major role in lung fluid clearance and
aeration at birth (23), the mechanisms that regulate ENaC upregulation and activity at this
critical stage have yet to be elucidated. Our lab has shown that Racl-mediated Nox superoxide
(O2) release regulates ENaC in adult mouse alveolar epithelial cells (20, 46). To investigate
whether this pathway plays a role in ENaC activation at birth, mouse pups were exposed to NSC
23766 or DPI from E17-E20 in utero. If Racl-mediated Nox activates ENaC at birth, then we
would expect to see fluid attenuation and thus a higher wet:dry lung weight ratio in NSC 23766
or DPI treated pups compared to vehicle-exposed pups. Indeed, in our preliminary studies, we
show that mouse litters exposed to Racl-inhibitor or DPI exhibited seemingly higher wet:dry
lung weight ratios than vehicle-exposed (Figure 9). It is interesting to note that pups exposed to
Racl-inhibitor or DPI in utero were more lethargic than vehicle-exposed pups. Additionally, in
both treatment groups, one of the pups was stillborn, whereas all vehicle-exposed pups were

delivered healthy.

NSC 23766, apocynin, and amiloride administration inhibit postnatal lung development.

While ENaC has been studied extensively in the fetal and early postnatal lung (24, 31, 47),
ENaC'’s role in the postnatal developing stages of the lung remains unknown. In Figure 10E, we
show that mice exposed to amiloride exhibit reduced septation and increased alveolar size,
indicative of impaired lung development, compared to vehicle-exposed control mice. Mice that
were exposed to NSC 23766 and apocynin also exhibited similar morphologies indicative of

impaired lung development (Figure 10C and 10D). Quantitative analysis shows that mice
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exposed to NSC 23766, apocynin, or amiloride have significantly reduced RAC and increased
MLI (Figures 11A and 11B). These data suggest that the Rac1-mediated Nox-ENaC pathway

plays a key role in postnatal alveolar development.
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Discussion

Major findings of this study include that Rac1-mediated Nadph oxidase regulation of epithelial
sodium channel activity plays a key role in postnatal alveolar development. This observation,

and others herein, have potential clinical implications and warrant additional discussion.

Tiaml1-mediated Racl regulation of Nox2/Nox4 in the neonatal lung

To date, the mechanisms that lead to ENaC activation in the neonatal lung remain unclear, albeit
oxygen signaling as the fetal lungs transition from low to high oxygen tension has been
implicated in regulating lung ENaC (6, 32, 37, 39, 50, 54). In our study, we provide support for a
Nox-ENaC signaling pathway in neonatal mouse lung development (illustrated in Figure 12).
Using fluorescence microscopy and NSC 23766, a specific inhibitor of Tiam1-mediated
activation of Racl, we show that Tiam1 is likely the main GEF involved in the mediation of

Rac1 activation in this pathway (Figures 8, 10, and 11).

Nox2 and Nox4 transcript levels increase linearly with pup age, and are thus implicated in this
developmental pathway (Figure 5B and 5D). Although Nox2 and Nox4 levels increase
independently of the membrane stabilizing domain p22phox, Serrander et al. have shown that an
increase in p22phox expression may not necessarily be needed for increased Nox4-ROS
production and that Nox4 activity is independently determined by mRNA levels (45). In fact,
SiRNA mediated knockdown of p22phox has even been shown to increase Nox4 mRNA levels

(33). Interestingly, although Nox4 transcript levels are 6-8 folds higher than Nox2 transcript
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levels, blocking Racl activation of Nox2, by inhibiting the translocation of p47phox to the
alveolar cell membrane with apocynin, effectively and sufficiently inhibits alveolar development
(Figure 11). A possible explanation, then, for the high expression level of Nox4 may be Nox2
ROS-mediated activation of Nox4 ROS release; the abundant Nox4 may be required to amplify
the oxidant signal generated by Nox2. This idea is in agreement with reports by Pendyala et. al.

that show that Nox4 is redox sensitive and may be activated by ROS (33-35).

ENaC'’s dual role in lung aeration and alveolar development

ENaC plays a critical role in the adaptation of the newborn lung to air breathing. In fact, a-ENaC
deficient mice die shortly after birth because of defective neonatal lung fluid clearance and
aeration (23). While it is clear that ENaC activity is required at birth, ENaC’s role in the
postnatal developing stages of the lung remains unknown. In this study, we show that blocked
ENaC activity causes lung fluid attenuation at birth and inhibits alveolar development between
birth and P15 (Figures 9 and 11). This likely occurs via Racl-mediation of Nox ROS release
(illustrated in Figure 12). We also used real-time PCR to examine the expression profile of ENaC
subunits. Classically, a-, f-, and y-ENaC subunits in a fixed stoichiometry comprise epithelial
sodium channels (36, 48). In Figure 6, we show that between P1 and P2, a-, B-, and y-ENaC
transcript levels are significantly reduced, after which point they remain unchanged. This pattern
may point to a developmental switch from the early robust activity needed for lung fluid
clearance and aeration to a basal level of activity for maintenance of fluid homeostasis and
stimulation of alveolarization. In humans, alveolarization occurs between 36 weeks and 3 years

(9). Dysregulation of ENaC expression and timing of this developmental switch may be a
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mechanistic explanation for the increased incidence of chronic postnatal respiratory
complications and mortality often observed in preterms during infancy (4, 5, 11, 22, 28, 29).
Basal levels of ENaC protein expression and activity, despite low transcript expression, may be
maintained by oxidative inactivation of the ubiquitin-like protein Nedd8 and subsequent
inhibition of ENaC ubiquitination (15). We have also recently shown that ENaC activity may
also be directly modified by ROS oxidation of thiol subgroups on the a-ENaC subunit (16). This

observation is important, because a-ENacC is vital for sodium reabsorption (26).

Nadph oxidase and bronchopulmonary dysplasia

In the clinical setting, treatment for preterm neonates traditionally consists of high concentrations
of oxygen and positive-pressure ventilation. Although recent advances in the acute care of
premature infants has reduced the dependency on therapy with high concentrations of oxygen,
oxidative damage is still a major contributor to the lung injury process leading to the
development of bronchopulmonary dysplasia within hours to days of delivery (55). BPD is a
debilitating chronic lung disease characterized by arrested structural development of the lung,
including inhibition of septation and alveolarization (25). Normalization of lung development
after preterm birth is elusive. Intervention therapies targeted at enhancing lung antioxidant
capacity have not been successful. Treatment with superoxide dismutase failed to lower the
incidence of BPD (14). In this current study, we show that Nadph oxidases play a key role in
mouse postnatal alveolar development, most likely through regulation of ENaC activity (Figures
10D and 11). These new data support a contraindication for antioxidant therapies for preterm

infants. Antioxidant therapies may in fact promote the development of BPD by blocking Nox
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oxidant signaling and inhibiting alveolar development. Others have also observed the protective
effects of Nox4 ROS release (21, 44). Given the important role of the Rac1-mediated Nox-ENaC
pathway in regulating alveolar development, our data suggest that Tiam1, Racl, Nox2/Nox4, and
ENaC are likely to be key therapeutic targets with the capacity to reverse the symptoms of BPD
and normalize postnatal lung development. Further research is necessary to determine both the
mechanism through which Nadph oxidase and ENaC activity promote alveolarization and the
exact timing of the developmental “switch” to alveolarization, so that more effective BPD

interventions can be designed.

Future direction

For the remainder of this project, additional experiments will focus on substantiating the
proposed pathway illustrated in Figure 12 with confocal microscopy and immunohistochemistry,
as well as Amplex Red measurements of ROS generation, and exploring Smad protein as a
possible mechanism by which Nox oxidant signaling stimulates alveolar development. Several
observations make Smad protein an interesting mechanistic intermediate. Nox ROS release has
been linked to Smad signaling and Smad3 null mutant mice exhibit arrested alveolarization (10,

40).

Additionally, we will further investigate Nadph oxidase and ENaC as therapeutic targets for
normalizing postnatal alveolar development in a mouse model of BPD. To model BPD, mouse
pups will be exposed to 85% O, from P1 to P28. Hyperoxia has been shown to inhibit septation

and arrest alveolarization, causing a BPD phenotype (3). The optimal methods for providing
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respiratory support to preterms at high risk of BPD, as well as the safe and optimal blood levels
of oxygen and carbon dioxide, remain controversial (1, 12, 42, 49, 51, 52). Given that Nox and
ENaC are amenable to pharmacological manipulation in the lung, they may provide alternative

avenues for the safe management of BPD.
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Figure 1. Diagram of the Rac1-Nox-ENaC signaling pathway in alveolar epithelial cells.

A: Alveolar structures at a terminal bronchiole. B: The alveolar epithelium consists of 95%
alveolar type 1 and 5% alveolar type 2 epithelial cells, by surface area. C: Nox1-4 and ENaC are
found on the membranes of both AT1 and AT2 cells. D: The activation of Nox1-3 is mediated by
the proper assembly of cytoplasmic subunits p40phox, p47phox, and p67phox by Rac1-GTP.
Guanine nucleotide exchange factors (GEFs) are required to activate Racl by stimulating the
release of GDP to allow binding of GTP. E: The activation of Nox4, on the other hand, is
independent of cytoplasmic subunits and only requires the association with the stabilizing
domain, p22phox. F: Active Nox complexes produce superoxide (O;"), which can act as an

oxidant signal for the activation of epithelial sodium channels (ENaC).
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Figure 2. Primer pair amplification efficiencies.

Serial dilutions of a template of known concentration were amplified by primer pairs. Cycle

threshold values (Ct) were graphed against template concentration expressed as log(relative

dilution). The closer the slope is to -3.3, the closer the amplification efficiency is to 100%.

ENaC primer pairs, Nox primer pairs, and Nox cytoplasmic subunit primer pairs were also

similarly tested for amplification efficiency (data not shown).
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Figure 3. Methods for MLI measurements and RAC measurements.

A: Example of a perpendicular line drawn from lung epithelial perimeter to the geometric mean
of a bronchiolar airway. RAC is given by the number of alveoli intercepted by this line. B:
Example of transverse lines used to calculate MLI. The number of intercepts is given by the
number of alveolar walls cut by the transverse crosshairs. (H&E stain, calibration bar = 100 pm,

100X magnification). Br, bronchiole. AD, alveolar duct.
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Table 1. Primer sequences.

Rac-GEFs

Arhgef7-F 5'- ACCTCGCTTACTGTGCCAACCA -3
Arhgef7-R 5'- GTACTTGTCCAGGCGCATGAAG -3'
Sos2-F 5'- CACCAGTGGAATGGCACATCAG -3
S0s2-R 5-CTTTGGTCCAGACACTCCCTAC -3
Sosl-F 5'- CAACATACAGGTCCTTTTGCAGAC -3
Sosl1-R 5-TGCGATCAGCTTCTGTTGGCTC -3
Rasgrf2-R 5'- GAGAACTTGCGACAGAGACGTG -3
Rasgrf2-F 5'-GCCTTTCACCTCCATTCCTGTC -3
Tiaml-F 5'- CCACATTGAGAAGTCAGACGCG -3
Tiaml-R 5'-CGGTTTCCTTGACACTGTTCACG -3

Nox isoforms

Nox1-F 5'-CAGTTATTC ATATCATTG CAC ACC TAT -3°
Nox1-R 5°- CAG AAG CGA GAG ATC CAT CCA -3’

Nox2-F 5’-CAG GAACCT CACTTT CCATAA GAT -3’
Nox2-R 5°’- AAC GTT GAA GAG ATG TGC AAT TGT -3°
Nox3-F 5’-GCT GGC TGC ACTTTC CAAAC -3

Nox3-R 5’- AAG GTG CGG ACT GGATTG AG -3’

Nox4-F 5’-CCCAAG TTCCAAGCT CATTTCC-¥

Nox4-R 5-TGGTGACAG GTTTGTTGC TCCT -3’

Nox subunits
p22phox-F 5°- AAC GAG CAG GCGCTGGCGTCCG -3
p22phox-R 5-GCT TGG GCT CGA TGG GCG TCC ACT -3’

p47phox-F 5’-CCACACCTGCTGGACTTCTT -3’



p47phox-R
ENaC subunits
a-ENaC-F
a-ENaC-R
B-ENaC-F
B-ENaC-R
v-ENaC-F
v-ENaC-R

Reference Gene

GAPDH-F

GAPDH-R

5-ATC TTT GGG CAC CAG GTATG -3’

5-TGCTCCTGT CACTTC AGC AC -3’

5-CCCCTT GCTTAG CCTGTTC -3’

5-CCCCTGATCGCATAATCCTA-3

5’-GCC CCAGTT GAAGAT GTAGC -3’

5-ACCCTTTCATCG AAG ACGTG-¥

5’-CCT CTG TGC ACT GGC TGT AA -3’

5’-CAAGGT CAT CCATGACAACTTTG -3’

5’- GGC CAT CCACAG TCT TCT GG -3’

30



31

y=12927x +3.8223 y =0.9804x +2.1227
n Arhgef7 RZ=0.55 B Sos1 2= 04517
=20 ‘ I:= 0.0003 _ 15 P=0.0016
= 15 * .§ \‘ *
: 10 ] " - o °
g ‘ ¢ s & 5 ‘ * 3 $
S 5 - ¢ ¢ a - | |
ol I 2 n
3 01 23 4 5 6 7 12 wk 3 01 2 8 4 5 6 7 12 wk
= Days post-partum - Days post-partum
y=0.7033x - 0.7076 y =0.3308x + 1.1406
Sos2 2208016 Rasgrf2 R?=0.6439
C - P <0.0001 D 5 P <0.0001
g ’ ® =
2 24 °
=44 $; . . u
2 ’ 2 | 2 |
= ) ¢
# 2 a7 |
o ’ o 1
2, 20
=] 0 +— T T T T T T - 1 g 0 - T T T T T T T W T |
o Ok Z B8 4 8 %Y 12 wk s @ W Z B 4 5 6 T 12 wk
o~ ~
Days post-partum Days post-partum
. y=02212x +0.2222
Tiam1 R2=0.8356
E g - P <0.0001

1 2 3 4 5 6.9 12wk
Days post-partum

Relative expression
o o
o 4—1r 1
\
H N

Figure 4. Racl-GEF transcript expression increases during postnatal lung development.

A-E: Normalized Arhgef7, Sosl, Sos2, Rasgrf2, and Tiam1l mRNA levels increase linearly and
significantly in mouse pup lung during development from P1 to P7. Data represents a total N of
19 (N = 8 for the P1 age group, N = 2 for groups P2 through P5, and N = 3 for the P7 age group).

Normalized mMRNA levels of adult (12 week) mouse lung are shown for comparison; N = 4.
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Figure 5. Nox catalytic subunit and cytoplasmic subunit expression during postnatal lung

development.

A-F: Normalized Nox catalytic subunit (Nox1, Nox2, Nox3, and Nox4) and cytoplasmic subunit
(p22phox and p47phox) mMRNA levels are representative of a total N of 12 (N = 2 for each age

group). Linear relationships are considered significant if P < 0.05.
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Figure 6. ENaC subunit expression during postnatal lung development.

A-C: Normalized a-ENaC, B-ENaC, y-ENaC mRNA levels do not exhibit a significant linear
relationship with mouse pup age. Data represents a total N of 12 (N = 2 for each age group). *P

<0.05.
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Figure 7. Arhgef7 and a-ENaC expression in isolated alveolar type Il cells.

A-D: Anti-Arhgef7 antibody detected using Alexa Fluor 488 conjugated antibody (488/519 nm;
green fluorescence); nuclei were stained with DAPI (350/470 nm; blue fluorescence); and AT2
cells were marked with Lysotracker Red (577/590 nm; red fluorescence). A: Arhgef7 localization
relative to DAPI stained nuclei. B: Lysotracker Red marks lysosomes in AT2 cells. C: Arhgef7
expression is found in AT2 cells, as identified by Lysotracker Red. D: White light image of cells
with Arhgef7 and Lysotracker Red labeling. E-F: Anti-Arhgef7 antibody detected using Alexa
Fluor 488 conjugated antibody (488/519 nm; green fluorescence); anti-a-ENaC detected using
Alexa Fluor 568 (578/603 nm; red fluorescence); and nuclei were stained with DAPI (350/470

nm; blue fluorescence). Subsets represent z-axis obtained from horizontal and vertical regions as
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indicated. E: Arhgef7 localization relative to a-ENaC. F: Corresponding white light image with

Arhgef7 and a-ENaC labeling.
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Figure 8. Tiaml and a-ENaC expression in isolated alveolar type 11 cells.

A-D: Anti-Tiaml antibody detected using Alexa Fluor 488 conjugated antibody (488/519 nm;
green fluorescence); nuclei were stained with DAPI (350/470 nm; blue fluorescence); and AT2
cells were marked with Lysotracker Red (577/590 nm; red fluorescence). A: Tiam1 localization
relative to DAPI stained nuclei. B: Lysotracker Red marks lysosomes in AT2 cells. C: Tiaml
expression is found in AT2 cells, as identified by Lysotracker Red. D: White light image of cells
with Tiam1 and Lysotracker Red labeling. E-F: Anti-Tiam1 antibody detected using Alexa Fluor
488 conjugated antibody (488/519 nm; green fluorescence); anti-a-ENaC detected using Alexa

Fluor 568 (578/603 nm; red fluorescence); and nuclei were stained with DAPI (350/470 nm; blue
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fluorescence). Subsets represent z-axis obtained from horizontal and vertical regions as
indicated. E: Tiaml co-localizes with a-ENaC on the alveolar membrane. Pixels containing both
red and green fluorescence contributions produce various shades of yellow to orange that
indicate co-localization. F: Corresponding white light image with Tiam1 and a-ENaC co-

localization on the alveolar membrane.
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Figure 9. Wet:dry lung weight ratios demonstrate lung function at birth.

In our preliminary studies, wet:dry lung weight ratios measured from P1 mouse pups exposed to

NSC 23766, a Racl-inhibitor, or DPI, a pan-Nox inhibitor, in utero are seemingly increased

compared to vehicle-exposed control.
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Figure 10. Lung alveolarization in mouse pups exposed to ENaC, Racl, and Nox inhibitors.

A-E: Representative photomicrographs from P15 mouse pups exposed to no treatment (A);
vehicle (B); apocynin, an inhibitor of Nox activity (C); NSC 23766, an inhibitor of Racl activity
(D); or amiloride, an inhibitor of ENaC activity (E). (H&E stain, calibration bar = 100 um, 100X

magnification).
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Figure 11. ENaC, Racl, and Nox inhibitors obstruct lung alveolarization.

P15 mouse pups exposed to NSC 23766, amiloride, or apocynin, inhibitors of Racl, Nox, and
ENaC activity, respectively, demonstrate a reduction in radial alveolar count compared to vehicle
control (A) and an increase in mean linear intercept (B). No treatment control group: N = 35
independent observations from 2 mice. Vehicle control group: N = 29 independent observations
from 2 mice. Racl-inhibitor treatment group: N = 36 independent observations from 3 mice.
Apocynin treatment group: N = 10 independent observations from 1 mouse. Amiloride treatment

group: N = 40 independent observations from 3 mice. *P < 0.05 compared to vehicle.
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Figure 12. Schematic of proposed signaling pathway for lung aeration and alveolar development

in neonatal mice



