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Abstract

The receptor for advanced glycation end-products (RAGE) is a pattern recognition receptor and
member of the immunoglobulin superfamily. RAGE is constitutively expressed in the distal lung
where it co-localizes with the alveolar epithelium; RAGE expression is otherwise minimal or
absent, except with disease. This suggests RAGE plays a role in lung physiology and pathology.
We used proteomics to identify and characterize the effects of RAGE on rat alveolar epithelial
(R3/1) cells. LC-MS/MS identified 177 differentially expressed proteins and the PANTHER
Classification System further segregated proteins. Proteins involved in gene transcription (RNA
and mRNA splicing, mRNA processing) and transport (protein, intracellular protein) were
overrepresented; genes involved in a response to stimulus were underrepresented. Immune system
processes and response to stimuli were downregulated with RAGE knockdown. Western blot
confirmed RAGE-dependent changes in protein expression for NFxB and NLRP3 that was
functionally supported by a reduction in IL-1p and phosphorylated p65. We also assessed RAGE’s
effect on redox regulation and report that RAGE knockdown attenuated oxidant production,
decreased protein oxidation, and increased reduced thiol pools. Collectively the data suggest that
RAGE is a critical regulator of epithelial cell response and has implications for our understanding
of lung disease, specifically acute lung injury.
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Introduction

The receptor for advanced glycation end-products (RAGE) is a pattern recognition receptor
and member of the immunoglobulin superfamily whose function is to amplify and
perpetuate the inflammatory response. [1] Much of our understanding of RAGE occurs
within the context of diseases such as Diabetes Mellitus and Alzheimer’s disease as RAGE
is a known contributor to their pathogenesis. In humans, RAGE expression is notably
downregulated in the absence of disease, except along the basolateral surface of the alveolar
epithelium where it predominantly co-localizes with the alveolar epithelial type 1 (T1) cell.
[2, 3] T1 cells are large, flat squamous epithelial cells that cover 95%—-98% of the alveolar
surface area. T1 cells are a crucial barrier between the air filled alveolus and the blood filled
capillary, and T1 cells contain a full complement of ion channels, pumps, and pores that
regulate ion and water composition required for optimal gas-exchange. [4] This unique
expression pattern suggests that RAGE may play an important, albeit unclear, role in the
lung.

The active form of RAGE is a ~55 kDa transmembrane protein composed of a variable
domain for ligand binding, two constant domains, a transmembrane domain, and a short
cytoplasmic tail that is crucial for cell signaling. [5] Splice variants typically produce
truncated forms of RAGE (of various size) that are either secreted into the extracellular
space (SRAGE) or inserted into the plasma membrane (tRAGE). Both SRAGE and tRAGE
serve as a decoy and reduce RAGE signaling. RAGE is a promiscuous receptor with many
known ligands and as such RAGE functions along an axis where outcomes range from cell
proliferation and regeneration to profound inflammation and injury.

Redox regulation, changes in oxidant balance that promote reversible modifications to
proteins, is controlled through oxidant production, a balance between redox pairs, reduced
thiol pools and reductases. [6] Redox regulation is crucial for cell signaling, and a disruption
in redox regulation coupled with overwhelming oxidant production results in oxidative
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stress. Oxidative stress culminates in a loss cell in function and is a significant contributor to
lung pathology. Targeting pathways that regulate oxidative stress during disease offer
potential therapeutic points for intervention.

Acute respiratory distress syndrome (ARDS) is a severe form of lung injury that affects the
alveolar epithelium, and ARDS is characterized by profound inflammation, pulmonary
edema, and oxidative stress that culminate in respiratory failure. [7-9] Data from multiple
studies converge to show that RAGE signaling is likely an important contributor to lung
homeostasis and disease pathogenesis, particularly with lung fluid balance and
inflammation. [2, 3, 5, 10-16] For example, we have shown that RAGE regulates lung fluid
balance, and that higher levels of SRAGE correlate with increased volumes of epithelial ling
fluid in humans. [17] Thus, suggesting that RAGE is a contributing pathway in the
regulation of lung fluid balance. Furthermore studies describe inflammatory cytokine
production through NFxB and NLRP3 signaling cascades following RAGE binding. [18-21]
However, the role of RAGE in the alveolar epithelium, the site of highest constitutive
expression, has not been conclusively shown.

Our objective was to obtain insight into the role of RAGE in the alveolar epithelium by
using proteomics coupled with complementary biochemical and molecular studies to support
identified functions. We identified 177 differentially expressed proteins that were further
segregated using PANTHER classification system from which we report that RAGE
contributes to alveolar epithelium’s response to stimuli. Using western blotting and ELISAs
we found RAGE knockdown attenuated NF-xB and NLRP3 with an accompanying decrease
in IL-1pB, while decreasing protein ubiquitination. RAGE was also assessed for its role in
redox regulation. RAGE knockdown decreased oxidant production, decreased agonist-
derived protein oxidation, increased reduced (free) thiol pools, and attenuated levels of the
disulfide reductase, Thioredoxin-1. Collectively, these data suggest that RAGE plays an
important role the alveolar epithelium’s response during the evolution and resolution of lung
injury. Moreover, our cellular and molecular biological studies validate important new
findings obtained via high throughput mass spectrometry analysis of alveolar cells.

Materials and Methods

Reagents

Unless stated otherwise all reagents were obtained from Sigma-Millipore (Burlington, MA).

Cell Culture and siRNA

Rat alveolar epithelial (R3/1) cells were grown in 50:50 DMEM/Hams F12 media
supplemented with 10% FBS and Penicillin/Streptomycin in a humidified 5% CO, chamber.
At 30% confluence, cells were transfected with 5pmole RAGE or scramble sequence siRNA
(Santa Cruz, Dallas, TX) according to the manufacturer’s protocol. 48 hours after
transfection, cells were treated with 2uL/mL advanced glycation end-products (AGEs) for
30 minutes. Confirmation of RAGE knockdown was determined through RAGE mRNA and
protein expression.
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ROS measurements

ELISA

For superoxide generation, R3/1 cells were seeded to 96 well plates subjected to RAGE
knockdown and then treated with AGEs (2uL/mL) for 30 minutes, followed by labeling with
dihydroethedium (DHE, Thermo Fisher Scientific, San Jose, CA) (5uM for 30 minutes at
37°C in 5%CO0,) before being rinsed with PBS and fluorescence intensity (Ex 510, Em 615)
measured using a Tecan plate reader (Basil, Switzerland). For H,O, measures, the cells were
seeded to 6 well plates and subjected to knock down as described above + AGEs and
supernatants removed and assayed using Amplex Red (Thermo Fischer) per the
manufacturer’s recommendations.

Cleaved IL1-B concentrations were quantified from cell lysates using the IL1-p kit from
R&D systems (Minneapolis, MN) per the manufacturer’s recommendations. Absorbance
measures were taken using a Tecan plate reader at 450 nm.

Protein biochemistry

PCR

OxyBlot

Following treatment, R3/1 cells were rinsed with ice-cold PBS and then lysed in RIPA buffer
containing 1X protease and phosphatase inhibitors (Calbiochem, Burlington, MA). R3/1 cell
lysates were then electrophoresed on acrylamide gels (8%, 12%, or 15% depending on
molecular weight of target) and transferred to Protran nitrocellulose membranes (Scheicher
Schuell) for Western blot analysis. Membranes were incubated with either goat polyclonal
anti-RAGE (Santa Cruz, sc-8229, 1:1000), anti NFxB (Abcam, ab31481, 1:1000), anti-
NLRP3 (Nova Biochemi, NBP212446, 1:1000), anti-phopho-p65 (Cell Signaling, 93H1,
1:1000) or anti-ubiquitin (Cell Signaling, 39365, 1:1000) overnight. A horseradish
peroxidase conjugated secondary antibody (1:20,000) was applied and incubated for 1hr at
room temperature. A Chemiluminescent signal was detected using Supersignal West Dura
(Thermo Fischer Scientific) and exposed using a UVP chemiluminescent imaging station
and compatible software.

Total RNA was extracted using an RNeasy isolation kit (Qiagen, Grand Island, NY)
following the protocol of the manufacturer, and then treated with DNasel and reverse-
transcribed using Superscript 11 RNaseH-reverse transcriptase (Thermo Fischer Scientific).
The level of RAGE mRNA expression was determined using the following primers: RAGE
(forward) ACT ACC GAG TCC GAG TCT ACC, RAGE (reverse) GTA GCT TCC CTC
AGA CAC ACA. Threshold levels of mRNA expression (AACt) were normalized to rat
GAPDH levels, and values represent the mean of triplicate samples +S.E. Data are
representative of 3 independent studies.

Detection of carbonyl groups in proteins can be used to quantify oxidative modification of
proteins. The protein carbonyl contents in R3/1 cells following RAGE knockdown were
detected by the OxyBIlot protein oxidation kit (Thermo Fischer Scientific) per the
manufacturer’s instructions. To derivatize the carbonyl group for Western blot detection, 10
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ug protein was diluted with 12% SDS for a final concentration of 6% SDS, followed by the
addition of 2 volumes of 20 nM 2,4-DNPH (dintrophenylhydrazine) in 10% trifluoracetic
acid. The mixture was incubated at room temperature for 20 minutes, and a neutralization
solution (1.5 volumes) from the OxyBlot kit was added to stop the reaction. Non-derivatized
controls were run for each sample. A total of 10ug protein from each sample was loaded in a
4-20% gradient gel, and SDS-PAGE and western blotting were performed according to the
manufacturer’s instructions. Rabbit polyclonal antibody raised against DNP
(dinitrophenylhydrazone) was used at 1:150 dilution followed by an HRP-conjugated
secondary antibody (1:300). Chemiluminescent signal was detected using Supersignal West
Dura (Thermo Fischer Scientific) and exposed using a UVP chemiluminescent imaging
station and compatible software.

Fluorescein 5-malemide labeling of reduced thiols

Fluoroscein-5-Maleimide (F5M; Invitrogen) was used to identify available reduced thiols
with RAGE-ligand binding. R3/1 cells were treated as indicated and then 50 pL of 0.6 mM
F5M (reconstituted in 20 mM Tris-HCL (pH 7.4), 0.1 mM MgCl,, and 1 mM MnCl,) was
applied to 50 pL protein in standard RIPA buffer. Signal controls included R3/1 cells treated
with 20 uM AAPA (R,R’-2-Acetylamino-3-[4-(2-acetylamino-2-
carboxyethylsulfanylthiocarbonylamino) phenylthiocarbamoylsulfanyl]propionic acid
hydrate, S, S’-[1,4-Phenylenebis (iminocarbonothioyl)]bis[N-acetyl-L-Cysteine] hydrate) to
inhibit glutathione reductase or pre-labeling with N-ethyl malemide (NEM) to block free
sulfhydryl before labeling with F5M. In all experiments, F5M reaction was quenched by
adding equal volumes of 5X sample buffer containing 100 mM DTT. Samples were then
boiled at 95°C for 10 min, spun down, and then electrophoresed on 10% acrylamide gel.
F5M labeled bands were visualized by exposure to UV light on a trans-illuminator (UVP
imaging station) and a UV filter. F5M signal was pseudo-colored and densimetric analysis
performed using UVP Chemi-Doc-1t compatible software.

Proteomic assay preparation and protein analysis

LC-MS/MS

Following treatment with AGEs, R3/1 cells were lysed in RIPA buffer (Thermo Fischer
Scientific). Cell lysates were diluted to 80% acetone and stored in —20°C overnight. The
next day, lysates were centrifuged at 16k xg for 10 min at 4°C, washed twice with ice-cold
100% acetone, centrifuged again and then placed under vacuum. The precipitated proteins
were stored at —20°C until digested.

Protein precipitates were solubilized in 100uL of 50mM Tris HCI/8M urea pH 8.0, vortexed,
sonicated and spun at room temperature for 10 minutes at 16,000g. The supernatant was
assayed for protein using the Pierce 660nm protein assay (Pierce Biotechnology, Rockford,
IL). Four or 5 micrograms of protein were subsequently digested in 50mM ammonium
bicarbonate pH 7.8, with 20:1 (w/w) trypsin (Pierce Biotechnology) for 3 hours at 37°C
using ProteaseMax ™ Surfactant trypsin enhancer following reduction and alkylation with
dithiothreitol and iodoacetamide, respectively, according to the manufacturer’s instructions
(Promega Corporation, Madison, WI). LC-MS/MS analysis was carried out using a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific) equipped with a nanoESI
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source, following 2g capacity ZipTip (Millipore, Billeric, MA) C18 sample clean-up
according to the manufacturer’s instructions. Peptides (500 ng digest material loaded) were
eluted from an Acclaim Pepmap™ 100 precolumn (100-um ID x 2 cm, Thermo Fischer
Scientific) onto an Acclaim PepMap™ RSLC analytical column (75-um ID x 15 cm,
Thermo Fischer Scientific) using a 5% hold of solvent B (acetonitrile, 0.1% formic acid) for
15 minutes, followed by a 5-22% gradient of solvent B over 105 minutes, 22-32% solvent B
over 15 minutes, 32-95% of solvent B over 10 minutes, 95% hold of solvent B for 10
minutes, and finally a return to 5% of solvent B in 0.1 minutes and another 14.9 minute hold
of solvent B. All flow rates were 300 nL/min using a Dionex Ultimate 3000 RSLCnano
System (Thermo Fischer Scientific). Solvent A consisted of water and 0.1% formic acid.
Data dependent scanning was performed by the Xcalibur v 4.0.27.19 software [22] using a
survey scan at 70,000 resolution scanning mass/charge (m/z) 400-1600 at an automatic gain
control (AGC) target of 3e6 and a maximum injection time (IT) of 100 msec, followed by
higher-energy collisional dissociation (HCD) tandem mass spectrometry (MS/MS) at 27nce
(normalized collision energy), of the 10 most intense ions at a resolution of 17,500, an
isolation width of 1.5 m/z, an AGC of 2e5 and a maximum IT of 50 msec. Dynamic
exclusion was set to place any selected m/z on an exclusion list for 20 seconds after a single
MS/MS. lons of charge state +1, 7, 8, >8 and unassigned were excluded from MS/MS, as
were isotopes. Tandem mass spectra were searched against the Rattus Norvegicus fasta
protein database from UniprotKB downloaded on April 06, 2016, to which common
contaminant proteins (e.g., human keratins obtained at ftp://ftp.thegpm.org/fasta/cRAP) were
appended. All MS/MS spectra were searched using Thermo Proteome Discoverer 1.3
(Thermo Fisher Scientific) considering fully tryptic peptides with up to 2 missed cleavage
sites. Variable modifications considered during the search included methionine oxidation
(15.995 Da), and cysteine carbamidomethylation (57.021 Da). At the time of the search, the
database contained 29,782 entries. Proteins were identified at 99% confidence with XCorr
score cut-offs [23] as determined by a reversed database search. The protein and peptide
identification results were also visualized with Scaffold v 4.3.4 (Proteome Software Inc.,
Portland OR), a program that relies on various search engine results (i.e.: Sequest, X!
Tandem, MASCQOT) and which uses Bayesian statistics to reliably identify more spectra.
[24] Proteins were accepted that passed a minimum of two peptides identified at 0.1%
peptide FDR and 90-99.9% protein confidence by the Protein Profit algorithm, within
Scaffold. Three biological replicates were performed for each condition, and differentially
expressed proteins were uploaded into the PANTHER Classification System (Version 12,
released 2017-07-10) to enable high through put analysis.

Statistical analysis

All data are summarized as mean + S.E. Statistical significance was set at p<0.05 and
statistical analysis performed using SigmaStat. Single comparisons were performed using
Student’s t-test. One-way analysis of variance was used for multiple comparisons followed
by Bonferroni’s correction for post-hoc test for pair-wise comparisons. Bonferroni’s
correction was also performed for multiple testing in the PANTHER Overrepresentation
Test.
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Results

Proteomics identify RAGE-dependent proteins in R3/1 cells

Using PANTHER we investigated relevant cellular proteins by comparison between RAGE
knockdown and scramble (Figure 1). The analysis was conducted to determine differential
proteins and pathways relevant to RAGE in alveolar epithelial cells. The Scaffold reference
spectral library contained 890 proteins at a global false discovery rate of <1%. 177 proteins
were found to be significantly different with RAGE knockdown (Supplemental Tables 1 and
2). All of these proteins were uploaded to PANTHER classification system (http://
pantherdb.org) to classify the protein according to their biological process (Figure 2A) and
molecular function (Figure 2B).

A comparison of the number of differentially regulated proteins (103 upregulated and 74
downregulated) based on their biological class was conducted and we found that proteins
related to cellular and metabolic processes were well represented in the group of upregulated
proteins (Figure 2C). Proteins related to response to stimulus, developmental processes, and
immune systems responses were better represented in downregulated proteins. We also
tested the biological processes overrepresented in this set of differentially regulated proteins.
Table 1 shows a comparison of biological processes associated with this group of
differentially expressed proteins, compared to all the processes present in the organism
Rattus norvegicus (total 23,781) using PANTHER Overrepresentation Test. Bonferroi
correction was used for multiple testing and the displayed results were significant (P<0.05).
This analysis identified that many proteins involved in gene transcription (RNA and mRNA
splicing, mRNA processing), transport (protein, intracellular protein), and response to
stimuli were overrepresented in the differentially expressed proteins.

RAGE-dependent changes in inflammation

Because we observed a change in biological processes related to immune system response
and a response to stimuli, both of which would be important to the alveolus during the
evolution of lung injury, we assessed for the effects of - knock down on NFxB (Figure 3A),
phosphorylated p65 (Figure 3B), and NLRP3 (Figure 3C) protein expression. RAGE
knockdown with AGEs decreased expression of each compared to AGEs alone. AGEs
increased cleaved IL-1p (Figure 3D) in cell lysates, an effect that was attenuated with
RAGE knockdown (Scramble: 2.947 £+ 0.213; Scramble + AGEs: 20.715 + 3.175; RAGE
siRNA: 2.066 + 0.201; RAGE siRNA + AGEs: 3.397 + 0.381).

RAGE-dependent changes in redox regulation

Cell signaling is vital for physiologic function, and redox regulation is an important
mechanism of cell signaling that affects subsequent cellular responses. Key processes of
redox regulation include: oxidant production leading to protein oxidation, post-translational
modifications that occur in response to protein oxidation, and disulfide reductases that
reduce oxidized (or post-translationally modified) proteins to their reduced forms. Therefore,
we assessed the effect of RAGE on these key processes of redox regulation (Figure 4).
Figure 4A shows an increase in RAGE-dependent superoxide (DHE) and H,0, production
in response to AGEs. RAGE-knockdown attenuated AGE-induced global protein oxidation
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(Figure 4B) as measured using OxyBlot. This novel observation indicates that RAGE plays a
critically important role in the progression of lung injury. In line with this observation,
RAGE knockdown also increased our ability to detect reduced thiols using fluorescently
labeled maleimide reagent (F5M) in alveolar epithelial cells (Figure 4C). Together, Figures
4B and 4C provides evidence that RAGE signaling mediates cell function via post-
translational modification of free thiols from the reduced to oxidized form(s), and
contributes significantly to redox regulation of cellular responses. Specifically, the disulfide
reductase, Thioredoxin-1 was down-regulated with RAGE knock-down (See Supplemental
Table 1). Additional down-regulated proteins, known to play a role in maintaining redox
balance, include: Cu2*-ZN2* superoxide dismutase, Thioredoxin-like protein 1 and
Thioredoxin domain-containing protein 17 (Supplemental Table 1). These proteins are
highlighted because the SODs and Thioredoxins are known biological markers for lung
injury. [25-28]

Protein oxidation can serves as an important signal for protein turnover. Therefore, we
evaluated global protein ubiquitination in alveolar epithelial cells in which RAGE was
knocked down using a siRNA approach. In Figure 5, we show the effects of RAGE
knockdown on ubiquitination in alveolar epithelial cells. RAGE knockdown reduced protein
ubiquitination by ~35%-40% suggesting that redox regulation of RAGE-ligand binding
activates protein turnover.

Nedd4 is an E3 ubiquitin-protein ligase that targets proteins for ubiquitination, and plays a
critical role in protein homeostasis. Nedd4 is widely expressed, and numerous proteins have
been predicted or demonstrated to bind /n vitro, and Need4 is involved in the regulation of a
diverse range of processes. [29] We assessed the effect of RAGE knockdown with and
without AGEs on Nedd4 expression in R3/1 cells (Figure 5B). Nedd4 levels were not
affected; however, Nedd4-regulated ubiquitination is reduced with RAGE knockdown in the
setting of AGEs, suggesting that an active RAGE receptor ultimately contributes to protein
levels.

Discussion

Our objective was to obtain insight into the role of RAGE in the alveolar epithelium. We
used proteomics coupled with complementary biochemical and molecular techniques to
characterize RAGE function within the alveolar epithelium. We identified 177 differentially
expressed proteins that were further classified based on biological processes and molecular
function with overrepresentation testing showing an increased expression of genes related to
RNA/mMRNA splicing and processing and protein transport. Genes representing a response to
stimuli were underrepresented. Collectively, these data demonstrate an active receptor when
engaged.

Studies support a role for RAGE in the development of a variety of cancers, diabetes
mellitus, and Alzheimer’s disease. [14, 20, 30-32] Canonical thinking suggests that RAGE
functions along an axis where ligand-receptor binding produces pro-inflammatory and pro-
growth stimuli leading to RAGE-dependent cell differentiation and cell survival. Indeed,
RAGE-ligand signaling has been shown to promote cell differentiation in neonatal cells and
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may contribute to alveolarization. [33, 34] As the axis shifts, ligand-receptor binding leads
to a more persistent feedforward signal culminating in persistent inflammation and
inhibition of apoptosis. We observed a reduction in cleaved caspase-3 (data not shown) with
RAGE knockdown and an accompanying decrease in protein ubiquitination suggesting that
RAGE also contributes to cell and protein fate in the alveolar epithelium. During our
optimization of siRNA we also found that concentrations of siRNA exceeding 5pmole led to
significant cell death. PANTHER reported an overrepresentation of proteins involved in
intracellular protein transport, protein transport, transport, and vesicle-mediated protein
transport. Our previous work has also shown a role for RAGE in response to vesicle-
mediated protein transport in that exosomes obtained from cells treated with H,O, promote
RAGE expression in alveolar epithelial cells. [35] This suggests that RAGE may play a role
in directing the content and formation of exosomes in the alveolus.

Acute respiratory distress syndrome (ARDS) is a severe form of lung injury that is
characterized by profound inflammation, oxidative stress, and marked hypoxemia that
culminate in respiratory failure. Treatment for ARDS is merely supportive and mortality
remains excessive. Therefore understanding the underlying pathology is crucial for the
development of therapeutics. Recent studies suggest that RAGE may play an important role
in ARDS, albeit evidence is peripheral as studies show elevated concentrations of IL-1p in
the edema fluid of individuals with ARDS. [36] IL-1p is downstream of many pro-
inflammatory signaling cascades, and we show that inhibition of RAGE reduced NF-xB and
NLRP3 inflammasome signaling with an accompanying reduction in IL-1p in alveolar
epithelial cells. Also, studies show a relationship between levels of SRAGE, a decoy, and
edema fluid in persons with ARDS which argues for a relationship between RAGE signaling
and fluid balance. [10, 16] Our previous work demonstrated a causal relationship between
RAGE and activation of the epithelial sodium channel (ENaC), the rate limiting factor in the
resolution of pulmonary edema; our work also demonstrated a correlation between AGEs
and volume of the epithelial lining fluid in human subjects. [17] Collectively this suggests a
role for RAGE in lung fluid balance.

Oxidative stress, an imbalance between oxidants and antioxidants in favor of oxidants that
leads to a disruption in redox regulation or molecular damage, is common in lung disease
and is a significant contributor to lung injury. [37-41] Redox regulation is a reversible
processes in which oxidants oxidize free thiols (e.g.—SH groups on a given protein) leading
to either disulfide formation or post-translational modifications that ultimately effects
physiologic function. This process is reversed through activity of reductases, such as the
disulfide reductase Thioredoxin-1, in which the disulfide bond is broken and the oxidized
thiol is then reduced. The cycle of protein oxidation and subsequent reduction serves as a
molecular switch to regulate physiologic function. Oxidative stress is impairment in this
mechanism, that is, dysfunctional redox signaling.

Our data suggest that RAGE is a contributor to redox regulation in alveolar epithelial cells.
Specifically, we demonstrate an increase in oxidants and the oxidation of proteins in
response to RAGE-ligand binding, as well as an increase in free—SH groups with RAGE
knock-down. Moreover, RAGE knockdown decreased Thioredoxin-1 (Trx-1) protein
expression (See Supplemental Table 1). In addition, expression of antioxidant enzymes, such
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as Superoxide dismutase 1, Thioredoxin-like protein 1, and Thioredoxin domain containing
protein 17 were also attenuated with RAGE knockdown. These data suggest that RAGE is an
active contributor to redox regulation, and as such RAGE may play a significant role in the
evolution and resolution of lung injury.

RAGE-ligand binding appears to affect protein ubiquitination (Figure 5). In Figure 5C we
show a reduction in ubiquitination through Nedd4, an E3 ligase directly involved in the
ubiquitination of numerous proteins. Collectively these data suggest that RAGE-ligand
binding promotes protein turn-over. This is further supported by our proteomics data in
Figure 3C showing an increase in cellular and metabolic processes that may require changes
in protein expression to accommodate an increase in cellular and metabolic needs.

By using a proteomics approach the data presented here suggest that RAGE contributes to
multiple functions in the alveolar epithelium. We have identified a unique function for
RAGE in that the receptor contributes to intracellular redox state and redox-mediated
signaling in cells that abundantly express the RAGE protein. This observation has
implications for our understanding of RAGE within the context of known diseases, but is
particularly relevant to the study of lung physiology and pathology, specifically acute lung
injury where many RAGE ligands are present and where oxidative stress is a defining
characteristic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

In the present study, we undertook the first proteomic evaluation of RAGE-dependent
processes in alveolar epithelial cells. The alveolar epithelium is a primary target during
acute lung injury, and our data support a role for RAGE in gene transcription, protein
transport, and response to stimuli. More over our data suggest that RAGE is a critical
driver of redox regulation in the alveolar epithelium. The conclusions of the present work
assist to unravel the molecular events that underlie the function of RAGE in alveolar
epithelial cells and have implications for our understanding of RAGE signaling during
lung injury. Our study was the first proteomic comparison showing the effects of RAGE
activation from alveolar epithelial cells that constitutively express RAGE and these
results can affect a wide field of lung biology, pulmonary therapeutics, and proteomics.
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4, RAGE contributes to protein ubiquitination and inflammation in the alveolar

Highlights

RAGE is constitutively expressed in the alveolar epithelium although its role
is unclear.

RAGE contributes to alveolar epithelial cell response to stimuli.

RAGE is a significant contributor to redox regulation in the alveolar
epithelium.

epithelium.
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Figure 1. RAGE knockdown attenuates RAGE protein expression in R3/1 cells

Representative western blot of RAGE knockdown and bar graph demonstrating ~40%
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reduction in RAGE protein expression with bar graph demonstrating ~50% reduction in

RAGE mRNA with knockdown. N=4 *=p<0.05.
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Figure 2. Classification of 177 differentially regulated proteins observed after LC-MS/MS
according to their protein class using PANTHER Classification System

Classification of differentially regulated proteins according to (A) biological processes and
(B) molecular functions in which they are involved. (C) Bar graph demonstrating the
frequency of biological processes that were upregulated or downregulated.
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Figure 3. RAGE knockdown attenuates inflammatory response genes
Representative western blots for (A) NFxB, (B) phosphorylated NFxB (p65), (C) NLRP3

and respective bar graphs demonstrating a reduction in proteins. N=4,*=p<0.01 compared to
scramble alone; #= P<0.05 compared to scramble with AGE treatment. (D) Bar graph of
IL-1pB following treatment with AGEs in scramble and RAGE knockdown groups. *=p<0.05
compared to scramble alone; #’ p<0.01 compared to scramble with AGEs.
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Figure 4. RAGE signaling is redox regulated
(A) Bar graph demonstrating the effect of AGEs on superoxide and H,O, production in R3/1

cells (= RAGE knockdown); N=3, *=p<0.05 compared, * = p<0.01 compared to scramble; #
= P<0.05 compared to scramble with AGEs. (B) OxyBlot of RAGE dependent protein
oxidation with associated bar graph demonstrating a ~30% reduction in protein oxidation
with RAGE knockdown; N=4, *=p<0.05 compared to scramble; #= p<0.05 compared to
scramble with AGEs. (C) Representative western blot of F5M labeled free thiols from
scramble and RAGE knock-down groups + AGEs; AAPA, R,R’-2-Acetylamino-3-[4-(2-
acetylamino-2-
carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid
hydrate, S, S’-[1,4-Phenylenebis(iminocarbonothioyl)]bis[N-acetyl-L-Cysteine] hydrate;
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NEM, N-ethyl malemide; Bar graph quantifying free thiols relative to p-actin; N=4, *=
p<0.01 between groups, #= p<0.01 compared to control conditions.
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Figure 5. RAGE knockdown attenuates ubiquitination
Representative western blot demonstrating the effects of RAGE knockdown on protein

ubiquitination. (A) Representative western blot demonstrating changes in global protein
ubiquitination in R3/1 cells following RAGE knockdown + AGEs; Bar graph quantifying
ubiquitin relative to p-actin. N=4; *=p<0.05 compared to control; #= p<0.01 compared to
scramble with AGEs. (B) Representative western blot demonstrating no change in Nedd4
with RAGE knockdown + AGEs; N=4. (C) Representative western blot of immune-
precipitated Nedd 4 probed for Ubiquitin. Bar graph quantifying ubiquitinated Nedd4; N=4
*=p<0.05 compared to scramble alone; #=p<0.01 compared to scramble with AGEs.
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