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Abstract

Occupational exposures to the diketone flavoring agent, diacetyl, have been associated with 

bronchiolitis obliterans, a rare condition of airway fibrosis. Model studies in rodents have 

suggested that the airway epithelium is a major site of diacetyl toxicity, but the effects 

of diacetyl exposure upon the human airway epithelium are poorly characterized. Here, we 

performed quantitative LC-MS/MS-based proteomics to study the effects of repeated diacetyl 

vapor exposures on three-dimensional organotypic cultures of human primary tracheobronchial 

epithelial cells. Using a label-free approach, we quantified approximately 3,400 proteins and 5,700 

phosphopeptides in cell lysates across four independent donors. Altered expression of proteins 

and phosphopeptides were suggestive of loss of cilia and increased squamous differentiation 

in diacetyl-exposed cells. These phenomena were confirmed by immunofluorescence staining 

of culture cross-sections. Hyperphosphorylation, and crosslinking, of basal cell keratins were 

also observed in diacetyl-treated cells, and we used parallel reaction monitoring to confidently 

localize and quantify previously uncharacterized sites of phosphorylation in keratin 6. Collectively, 

these data identify numerous molecular changes in the epithelium that may be important to the 

pathogenesis of flavoring-induced bronchiolitis obliterans. More generally, this study highlights 

the utility of quantitative proteomics for the study of in vitro models of airway injury and disease.
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INTRODUCTION

The inhalational exposure of workers in the microwave popcorn, baked goods and coffee 

manufacturing industries to the “artificial butter” flavor 2,3-butanedione (diacetyl, DA) 

has been linked to the development of bronchiolitis obliterans (BO), a condition of fixed 

obstructive lung disease and small airway fibrosis.1–4 These cases have led to strict limits on 

workplace DA exposure, but questions remain as to the potential toxicities of DA substitutes, 

including the related α-diketone 2,3,-pentanedione (PD), and of the possibility of as yet 

unidentified exposures to DA and PD. In addition, there is increasing awareness of the use 

of DA and PD in e-cigarette flavors,5, 6 raising the possibility that use of e-cigarettes may 

increase risk for airways disease through a similar mechanism.

Rodent models have been critical to the demonstration that respiratory exposure to DA and 

PD can lead to the development of BO, and suggest this process begins with epithelial 

injury.7–11 For example, we have shown in rats, that intratracheal instillation of DA leads to 

a rapid loss of acetylated tubulin (a cilia marker), followed by sloughing of the epithelium 

and finally airway fibrosis at these sites of severe injury.9 This is consistent with the 

idea that denudation of the airway epithelium may be necessary for the development of 

toxicant-induced BO.12 However, epithelial ablation alone is unlikely to explain the entire 

spectrum of flavoring-induced airway disease, as the bronchial epithelium of rats exposed to 

DA and PD vapor also show evidence of significant hyperplasia and squamous metaplasia.11

To better understand the effects of diacetyl on the human airway, we and others have 

begun to model diacetyl vapor exposure using air-liquid interface cultures of differentiated 

human tracheobronchial epithelial cells (TBECs). Our model utilizes three 1 h exposures 

on alternating days to ~1000 ppm vapor,13 a level that is near the peak (1230 ppm) that 

was measured at a microwave popcorn plant by Kreiss et al. in the headspace above a 
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tank holding heated butter flavoring.1 In this model, we previously reported shedding of the 

pro-inflammatory and pro-fibrotic epidermal growth factor receptor ligand amphiregulin by 

TBECs after repeated exposures to DA.13 While these data suggest a potential mechanism 

for flavoring-induced fibrosis, they do not reveal the full extent of the pathological effects of 

DA on the airway epithelium. Recently, Fedan and coworkers also found that a 6 h exposure 

of differentiated normal human bronchial epithelial cells to DA vapor disrupted normal cell 

architecture and transepithelial electrical resistance.14 Here, we have undertaken a more 

comprehensive approach to characterize flavoring-induced epithelial injury, specifically, an 

analysis of the whole cell proteome and phosphoproteome of differentiated TBECs after 

three repeated short term exposures to DA vapor.

MATERIALS AND METHODS

In vitro model of diacetyl exposure.

Exposures of human tracheobronchial epithelial cells (TBECs) to DA vapor were as 

previously-described.13 Briefly, passage two TBECs (MatTek EpiAirway™) were isolated 

from donor lungs of healthy males (with no relevant disease, smoking or medication 

history). Tissues were obtained after death of the subject through government accredited 

tissue procurement agencies following IRB approval and strict adherence to all government 

regulations regarding informed consent and protection of human subjects. Additional 

characteristics were: Donor 1 (ID 9831, Caucasian, age 23); Donor 2: (ID 11257, Caucasian, 

age 23); Donor 3: (ID TBE-20, Caucasian, age 13); Donor 4 (ID TBE-30, Hispanic, age 

50).Cells were cultured on transwells (9 mm internal diameter) and fully-differentiated at 

air-liquid interface.

Cells were exposed to a vapor cup containing 50 μl of 25 mM DA in PBS (or PBS 

vehicle control), which corresponds to a DA vapor concentration ~1000 ppm based on 

calculations as previously described,13 for 1 h on days 0, 2 and 4 and were harvested on 

day 6. Apical surfaces were washed twice with 400 μl PBS prior to each exposure, and the 

basolateral culture media (MatTek AIR-100) was exchanged (1 ml) each day. Cells which 

were harvested for proteomics were cultured in protein-free basolateral media (DMEM:F12 

w/ high glucose and w/o pyruvate),1.5 mM Hepes, 0.3 mM MgCl2, 1 mM CaCl2, 80 μM 

ethanolamine, 0.5 mM MgSO4, 100 nM all-trans-retinoic acid) between days 5 and 6, and 

apical surfaces were rinsed twice with PBS on day 6 prior to freezing. Cells harvested for 

immunofluorescence were cultured in AIR-100 media for the entirety of the experiment, and 

after two apical PBS washes on day 6, were formalin-fixed and paraffin embedded (FFPE).

Sample preparation for proteomics.

Three wells of TBECs per donor per condition were lysed by scraping with 50 mM 

ammonium bicarbonate pH 8.0 (AmBic) containing 0.2% acid labile surfactant (ALS-1), 5 

mM NaF, 1 mM Na3VO4 and 10 nM calyculin, followed by probe sonication (3 × 3 s). After 

centrifugation, protein recovery was quantified by Bradford assay, and 250 μg of protein per 

sample was denatured and reduced by addition of 10 mM DTT followed by heating at 80 

°C for 10 min. Next, alkylation was performed by addition of 25 mM iodoacetamide and 

incubation in the dark for 30 min. TPCK-trypsin (1:50 w/w trypsin:protein) was added, 
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and proteins were digested at 37 °C overnight. Samples were then acidified with 1% 

trifluoroacetic acid (TFA) and 2% acetonitrile (MeCN), followed by heating at 60 °C for 2 

h, to inactivate trypsin and to degrade ALS-1. Approximately 25 μg of peptide was removed 

for proteome analysis, spiked with 50 fmol/μg of trypsinized yeast alcohol dehydrogenase 1 

(MassPrep; Waters). QC pools were prepared by mixing equal amounts of all samples.

Phosphopeptide enrichment.

Trypsinized bovine casein was added to the remaining 225 μgs of peptide digests at 30 

fmol/μg and the peptides were lyophilized to dryness. Dried peptides were reconstituted 

in 80% MeCN containing 1% TFA (binding buffer) and enriched using 200 μg capacity 

TiO2 tips (GL Sciences) using the manufacturer recommended protocol. After binding, 

two washes were performed with binding buffer containing 1M glycolic acid to reduce 

binding of non-phosphorylated peptides. After high pH elution and neutralization, peptides 

were lyophilized and subjected to C18 Stage tip purification. Finally, after an additional 

lyophilization, peptides were resuspended in 20 μl of 10 mM citrate, 2% MeCN, 1% 

TFA containing 10 fmol/μl of trypsinized yeast ADH1 and were transferred to Maximum 

Recovery LC vials (Waters). QC pools were prepared by pooling 5 μl of all samples.

Quantitative mass spectrometry analysis of the TBEC proteome.

Quantitative one-dimensional liquid chromatography, tandem mass spectrometry (1D-LC

MS/MS) was performed on 250 ng of the peptide digests per sample in singlicate, with 

additional QC and conditioning analyses as described in Table S1. Samples were analyzed 

using a nanoACQUITY UPLC system (Waters) coupled to a QExactive Plus high resolution 

accurate mass tandem mass spectrometer (Thermo) via a nanoelectrospray ionization source. 

Briefly the sample was first trapped on a Symmetry C18 180 μm × 20 mm trapping column 

(5 μl/min at 99.9:0.1 v/v H2O:MeCN) followed by an analytical separation using a 1.7 

um ACQUITY HSS T3 C18 75 mm × 250 mm column (Waters) with a 90 min gradient 

of 5 to 40% MeCN with 0.1% formic acid (buffer B) at a flow rate of 400 nl/min and 

column temperature of 55 °C. Data collection on the QExactive Plus MS was performed in 

data-dependent acquisition (DDA) mode with a 70,000 resolution (@ m/z 200) full MS scan 

from m/z 375 to 1600 with a target AGC value of 1e6 ions followed by 10 MS/MS scans at 

17,500 resolution (@ m/z 200) at a target AGC value of 5e4 ions. A 20 s dynamic exclusion 

was employed.

Quantitative mass spectrometry analysis of the TBEC phosphoproteome.

Quantitative one-dimensional liquid chromatography, tandem mass spectrometry (1D-LC

MS/MS) was performed on 4 μl (20%) of the enriched peptide digests per sample in 

singlicate, with additional QC and conditioning analyses as described in Table S4. Samples 

were analyzed using a nanoACQUITY UPLC system (Waters) coupled to a QExactive Plus 

as above except that the analytical separation used a 5 min hold at 3% MeCN/0.1% FA 

followed by a 90 min gradient of 3 to 30% buffer B.
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Label-free quantitation.

For quantitation of each dataset, eleven raw data files (including QC analyses) were 

imported into Rosetta Elucidator v3.3 (Rosetta Biosoftware, Inc), and LC-MS runs were 

aligned based on the accurate mass and retention time of detected ions (“features”) using 

the PeakTeller algorithm in Elucidator. Relative peptide abundance was calculated based on 

area-under-the-curve (AUC) of aligned features across all runs. The proteome had 268,024 

quantified features, and the phosphoproteome had 214,345 quantified features.

MS/MS data was processed using Mascot Distiller (Matrix Science), which produced 

463,245 and 416,476 high collision energy (peptide fragment) spectra for the proteome and 

phosphophoproteome datasets, respectively. Database searches used Mascot Server (version 

2.5, Matrix Sciences). Searches used a custom Swissprot database with Homo sapiens 
taxonomy (downloaded on 02/12/14) with additional proteins, including yeast ADH1 and 

bovine casein, as well as an equal number of reversed-sequence “decoys” for false discovery 

rate determination (40,546 total entries). Search parameters for the proteome analysis 

included fixed modification on Cys (carbamidomethyl) and variable modifications on Met 

(oxidation), Asn/Gln (deamidation). Search parameters for the phosphoproteome analysis 

included fixed modification on Cys (carbamidomethyl) and variable modifications on Met 

(oxidation), Ser/Thr (phosphorylation) and Tyr (phosphorylation). The proteome data was 

annotated at a 0.5% false discovery rate (FDR) after individual peptide scoring using the 

PeptideProphet algorithm in Elucidator. The phosphoproteome data was annotated at a 

~0.5% peptide FDR using a Mascot Ion Score of 20. Finally, the phosphoproteome data was 

analyzed within Rosetta Elucidator using ModLoc, a probability-based phosphorylation site 

localization tool based on the AScore algorithm.15 For quantitative processing, the data was 

first curated to contain only high quality peptides with appropriate chromatographic peak 

shape and the dataset was intensity scaled to the robust median across all analyzed samples.

Statistical Analysis.

Statistical tests were performed in Rosetta Elucidator. Briefly, an intensity floor value of 

1 was given to missing data followed by a log2 transformation. A two-sample paired 

t-test was performed, with or without Benjamini-Hochberg FDR correction. Unless noted, 

FDR-corrected p-values were used to identify differentially-expressed proteins.

Western blotting.

Western blotting was performed on up to 20 μg of the cell lystes that were used 

for proteomic analysis (above). Proteins were separated by SDS-PAGE using a 4–15% 

Tris-HCl Ready Gel (Bio-Rad). The following primary antibodies were used at 1:1000 

dilution in 5% milk, including: GAPDH (Millipore MAB374), RSPH4A (Sigma-Aldrich 

HPA031196), repetin (Sigma-Aldrich HPA030483), TGM1 (Sigma-Aldrich HPA040171), 

keratin 5 (Covance PRB160P), keratin 6 (Thermo PA5–28235), keratin 14 (Novus 34270) 

and keratin 17 (Cell Signaling 12509). The following secondary antibodies were used at 

1:3000 dilution in 5% milk: goat anti-rabbit HRP (Santa Cruz Biotech sc-2004) and goat 

anti-mouse HRP (Santa Cruz Biotech sc-2005).
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Histology and immunofluorescence.

Sectioning and H&E staining of FFPE TBECs was performed by the NIEHS Histology 

Core. Immunofluorescence (IF) was performed using the following primary antibodies 

(sources as above unless noted): RSPH4A (1:40), TGM1 (1:3000), repetin (1:250), and 

mouse IgG1 anti-β catenin antibody (1:400, BD, Franklin Lakes, New Jersey). Secondary 

antibodies used 1:500 dilutions and: included Alexa Fluor 488 Donkey anti-Rabbit IgG, 

Alexa Fluor 594 Goat anti-mouse IgG1 (Invitrogen, Grand Island, NY). Sections were 

blocked with 5% BSA in phosphate-buffered saline (PBS) for non-specific antigen reactivity 

following citrate buffer retrieval. Primary and secondary antibodies were diluted in blocking 

solution and incubated overnight at 4°C or room temperature for 90 minutes, respectively. 

Slides were extensively washed in PBS and cover-slipped with DAPI (Sigma, St Louis, 

MO) in Fluoromont G mounting media (Southern Biotech, Birmingham, AL). Images 

were obtained using a Zeiss Observer.Z1 inverted fluorescent microscope (Carl Ziess, 

Inc., Gottingen, Germany) equipped with a digital camera and processed using AxioVision 

Release 4.6.3 (Carl Ziess) Software.

Targeted quantitation of phosphorylated keratin 6.

Stable isotope-labeled (SIL) peptides (SpikeTides L) were purchased from JPT (Berlin, 

Germany) and reconstituted in 0.1 M AmBic w/ 20% (v/v) MeCN. After reconstitution, 

~100 fmol of neat peptides were analyzed by LC-MS/MS as described above for 

phosphopeptides except that the UPLC separation used a 30 min gradient of 3–30% buffer 

B. MS/MS data was searched in Mascot, and Skyline16 was used to build a spectral library 

and assign precursor peaks. An inclusion list (precursor mass, charge state, retention time 

window) was exported from Skyline and used to generate a parallel reaction monitoring 

(PRM) assay.17, 18 For analysis of K6 peptides by PRM, samples were spiked with ~2 

fmol/μl of SIL peptides. Analysis of 2 μl of each sample used a 30 min UPLC separation 

as above. The MS acquisition used the Q-Exactive Plus with the following MS2 parameters: 

resolution, 17,500; AGC target, 5E4; Max IT, 128 ms; Isolation width, 1 m/z resolution. 

Data was imported into Skyline, and peptides were assigned using the spectral library, 

retention times of neat SIL peptides, and/or site-determining fragment ions. Intensities of 

native and SIL-labeled peptides were quantified by summing the area-under-the-curve of 

three non-interfering MS/MS fragment ions per precursor. Missing values (in controls) were 

replaced with the lowest detectable value in the same group, as to not overestimate the 

effects.

RESULTS AND DISCUSSION

Quantitative proteomic analysis of an in vitro model of diacetyl vapor exposure.

In order to better understand the cellular changes and signaling events associated with 

diacetyl inhalation toxicity, we treated well-differentiated tracheobronchial epithelial cells 

(TBECs; isolated from tissue of four healthy deceased human donors) to three exposures 

of DA vapor (~1000 ppm for 1 h on days 0, 2 and 4) versus control, and we performed 

separate quantitative analyses of the proteomes and phosphoproteomes of whole cell lysates 

harvested two days after the last exposure (see Methods).19, 20 The proteome analysis 

used 250 ng of peptide digests per sample and resulted in quantitation of 23,039 unique 
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peptides, corresponding to 3,389 proteins (Tables S2–S3). Over 2,300 proteins were robustly 

quantified, as defined by having 2 or more quantified peptides and a coefficient of variation 

(CV) of <30% across analyses of a QC pool at the beginning, middle and end of the analysis 

block (Table S1). The phosphoproteome was enriched from 225 μg of peptide digests per 

sample, and analysis of ~20% of each enriched sample (and triplicate analyses of a QC pool; 

Table S4) yielded quantitative data for 5,673 unique phosphopeptides from ~2000 proteins 

(Table S6); at least 5,087 of the quantified phosphopeptides had at least one pSer, 663 had 

at least 1 pThr and 65 had at least one pTyr. Over 4,700 of these phosphopeptides were 

robustly quantified based on a <30% CV across triplicate analyses of a QC pool containing 

equal amounts of each phosphopeptide-enriched sample.

Hematoxylin and eosin (H&E) staining of TBEC cross-sections showed that DA exposure 

resulted in a range of pathological effects (Fig. 1). While all donors appeared to exhibit loss 

of cilia or cilia shortening after DA vapor exposure, there appeared to be some variability 

in the severity of the injury and remodeling of the epithelium. Specifically, cells from donor 

1 appeared to be poorly attached to the permeable support and exhibited loss of cell-cell 

adhesion throughout the culture (Fig. 1A), whereas cells from donors 2–4 appeared to have 

more squamoid features after DA exposure but did not have a fully stratified squamous 

appearance that typifies squamous metaplasia (Fig. 1B–D). Nonetheless, these data showed 

significant evidence of injury to DA vapor across all donors and suggested that the proteome 

of donor 1 might be differentiated from donors 2–4 after exposure to DA vapor.

We sought to correlate changes in the proteomes and phosphoproteomes of the TBECs with 

these aberrant histological features. After statistical testing (paired t-test with Benjamini

Hochberg correction for false discovery rate), we visualized the data using volcano 

plots and by two-dimensional hierarchical clustering (Fig. S1 and Fig. 2). The volcano 

plots showed that ~1/3 of the robustly quantified proteins, and ~¼ of the robustly 

quantified phosphopeptides met a predefined significance threshold (FDR-corrected p<0.1). 

Hierarchical clustering showed that just over 1/3 of the differentially expressed proteome 

was downregulated after DA exposure (Fig. 2A), while greater than half of the differentially

expressed phosphoproteome was downregulated after DA exposure (Fig. 2B).

Decreases in protein and phosphoprotein expression largely reflect injury to multicilated 
cells after DA exposure.

Text mining of the proteome after hierarchical clustering identified a cluster of 89 

downregulated proteins (cluster 7) that contained a large number of cilia-related proteins, 

including components of the cilia motor protein complex (axonemal dynein), intraflagellar 

transport proteins, and radial spoke head proteins (Fig. 2A and Table S3). We further 

queried the extensive immunohistochemical analyses of lung sections in the Human Protein 

Atlas (http://www.proteinatlas.org)21, 22 and found that many of these proteins are highly 

expressed in ciliated cells of human bronchi. We used these data to create a protein signature 

of DA vapor injury to the airway epithelium (Table 1 and Fig. S1A).

While we could not localize the injury phenotype to a specific cluster of phosphopeptides, 

sorting by fold change suggested that the majority of downregulated phosphopeptides 

were associated with the loss of cilia or injury to multiciliated cells. We further filtered 
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on proteins which had 2 or more associated phosphopeptides that were >5-fold lower 

in DA- versus PBS-treated cells, and we used these data to assemble a complementary 

phosphoprotein signature of injury (Table 2). While we could not exclude the possibility 

that dysregulated phosphorylation was due to specific alterations in kinase or phosphatase 

activity, the overlap in the protein and phosphoprotein signatures (12 proteins, including 

RSPH4A, TP53BP1 and CA087) suggested that many of the decreases in phosphorylation 

reflected parallel changes protein expression. Collectively, these data establish signatures of 

DA vapor exposure that appear to reflect extensive injury to the multiciliated cells of the 

airway epithelium.

Radial spokehead homolog 4A (RSPH4A) was found in both the protein and phosphoprotein 

signatures, and we hypothesized that the downregulation of RSHPH4A phosphorylation 

(Table 2 and Fig. S1B) was due to the concomitant decrease in protein expression (as 

visualized for a representative RSPH4A peptide in Fig. S3). RSHP4A is highly expressed in 

the cytoplasm and membranes of multiciliated cells of the human airway22 and is the core 

protein of the radial spoke head, a complex which has a role in mechanical transduction 

of cilia.23 By western blotting, RSPH4A expression was essentially undetectable in total 

lysates of DA-treated cells versus controls, which appeared to validate the results of the 

proteomic analysis (Fig. 3A and Fig. S2). Immunofluorescence analysis of TBEC cross 

sections also showed a reduction in RSPH4A expression in the ciliated cells lining the apical 

surface of the DA-exposed epithelium. Interestingly, RSPH4A expression was increased in 

the basal layer of injured cells (Fig. 3B and Fig. S4), which could suggest some capacity 

of these cultures for re-differentiation to a ciliated phenotype. It should be noted that 

the RSPH4A polyclonal antibody used for these analyses (HPA031196) has been shown 

by protein array to bind only to its antigen (http://www.proteinatlas.org). Nonetheless, 

further studies are necessary to determine whether the IF staining represents detection of 

an authentic RSHP4A epitope in basal cells or cross reactivity with an unrelated antigen that 

is expressed in the airway epithelium after DA exposure.

Markers of squamous differentiation are upregulated after DA exposure.

We next analyzed the proteins that were increased in DA-treated cells to determine whether 

they might reveal a molecular basis for repair or regeneration processes. Among robustly 

quantified and differentially expressed proteins, the most highly overexpressed proteins 

included: ECM1 (+8-fold), a extracellular matrix protein that localizes to the basement 

membrane of skin and to squamous epithelium;21 GDF15 (+7.5-fold), a member of the 

TGF-β superfamily that is thought to play an early role in response to lung injury24 and is 

upregulated in airway epithelial cells after cigarette smoke-exposure;25 and sequestosome-1 

(+5-fold), a negative regulator of autophagy that has been shown to be upregulated in the 

epithelium of DA-exposed mice.26 These proteins did not appear to belong to a single 

common pathway. However, squamous differentiation was suggested by the localization 

of numerous small proline-rich proteins (SPR1B, SPR2A, SPRR3) and protein-glutamine 

gamma-glutamyltransferase K (TGM1) to a branch of the cluster dendrogram (clusters 

10–12; Fig. 2B). Based on fold-change these proteins were also among the mostly highly 

upregulated in DA- versus PBS-treated cells (Table S3). We noted that a number of other 

putative markers of squamous differentiation—including involucrin27, 28 and repetin29—
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were highly expressed in donors 2–4, and available data in the Human Protein Atlas 

also showed that most of these proteins are more highly expressed in squamous (versus 

respiratory) epithelial cells. These data formed the basis for a protein signature of squamous 

differentiation (Table 3 and Fig. S1A) and appeared to be consistent with the H&E staining 

of donors 2–4 (Figs. 1B–D) versus donor 1 (Fig. 1A).

Although most of the proteins in the signature of squamous differentiation serve a 

structural role, there were several enzymes of note, including TGM1, 1-acylglycerol-3

phosphate O-acyltransferase (ABHD5) and sulfotransferase family cytosolic 2B member 

1 (ST2B1). TGM1 crosslinks SPRs, keratins and other proteins,30–32 as well as ω-OH

(glucosyl)acylceramide (GlyAcylCer)33 within the cornified envelope, a protective layer 

produced below the plasma membrane of terminally differentiating stratified squamous 

epithelia.30 ABHD5 has a role in triacylglycerol metabolism upstream of the aforementioned 

GlyAcylCer.33 Finally, ST2B1 possesses cholesterol sulfotransferase activity and is 

expressed in epidermis with fillagrin, a marker of late squamous differentiation;34 the 

product of this enzyme, cholesterol sulfate, is incorporated into the cornified envelope and 

its expression parallels that of TGM1.35.

Several phosphoproteins that were represented by multiple upregulated phosphopeptides 

(Table S6). These included: TGM1; sequestosome-1 (SQSTM1/p62) (Fig. S1B), which was 

also upregulated at the protein level; the basal cell cytokeratins 6 and 14; SLC6A14, an 

amino acid transporter expressed in the airway epithelium; and tristetraprolin (TTP), an 

mRNA-binding protein that can destabilize interleukin 8 mRNA in the airway epithelium.36 

Of the phosphoproteins that met strict filtering critera, only TGM1 was also found in the 

protein signature of squamous differentiation (Table 3); and only two other phosphopeptides 

with an obvious role in squamous differentiation, one each from SPR2A and late cornified 

envelope protein 3D, were highly upregulated after DA treatment (Table S6). When we 

relaxed the p-value or significance cutoffs, we were able to identify phosphopeptides to 

additional markers of squamous differentiation, specifically fillagrin, repetin and small 

proline-rich protein 3, which had high expression in donors 2–4 (but not donor 1; Table 

S6).

We used western blotting and immunofluorescence to confirm the increased expression 

of TGM1 and repetin. Consistent with the proteomic analysis, TGM1 levels were higher 

in all four donors after DA treatment, while levels of repetin were only elevated in 

donors 2–4 (Fig. 4A). Immunofluorescence analysis of cross-sections further showed that 

TGM1 localized to the plasma membrane in DA-treated TBECs with qualitatively highest 

expression in the basal-most layer of cells (Fig. 4B and Fig. S5). Repetin, which is expressed 

very late in squamous differentiation,29 was highly expressed in the suprabasal (but not 

basal) layer of DA-treated cells (Fig. 4C and Fig. S6). This is consistent with models of 

keratinocyte differentiation, where stem cells remain at the basal layer and differentiating 

cells move upwards.37 Collectively, these data suggests that in our model, DA-exposed cells 

largely undergo aberrant repair (i.e. squamous differentiation) rather than regeneration of a 

normal airway epithelium.

Foster et al. Page 9

J Proteome Res. Author manuscript; available in PMC 2021 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Basal cell cytokeratins are crosslinked and hyperphosphorylated following diacetyl
induced injury.

The squamous phenotype suggested a role for airway “progenitor” cell-types in the 

remodeling of the epithelium after DA injury. Among airway stem cells, basal cells, which 

are often characterized based on expression of cytokeratins,38 constitute as much as 30% of 

the pseudostratified human airway epithelium,39, 40 and basal cells can also express many of 

the proteins that we have associated with the squamous phenotype.28, 41, 42 Our proteomic 

analysis quantified numerous “basal cell” keratins, including type II keratins 5 and 6 (K5 

and K6) and type I keratins 14, 16 and 17 (K14, K16 and K17). We wondered whether 

our proteomic data might provide better quantitation of the overall fate of airway progenitor 

cells in this model. In donor 1, which had low levels of squamous differentiation markers, 

all basal cell keratins were unchanged or lower after DA treatment (Fig. 5A), suggesting that 

basal cells might be lower in this donor after injury. In the other three donors, K6, K14, K16 

and K17 were all increased after DA treatment (Fig. 5A), which could be a consequence 

of basal cell proliferation and/or squamous differentiation. In contrast, levels of the type 

I keratin 18 (K18) and its partner type II keratin 8 (K8), which are expressed in simple, 

non-stratified, epithelia,43 were essentially unchanged across all donors.

We used western blotting to independently validate the relative levels of a number of 

basal cell keratins. These data showed mostly lower levels of keratin monomers in DA

exposed donor 1 cells, but interestingly, DA treatment appeared to result in extensive 

non-reducible crosslinking of keratins, as reflected in shifts of K5, K14, K6 and K17 to 

higher molecular weights (of ~2 times or greater mass) with small overall changes in the 

levels of keratin monomers (Fig. 5B). The cross-linked species were detectable, but overall 

lower in TBECs in cells from donor 1, which correlated with the lower expression of basal 

keratins and squamous differentiation markers (including repetin). These data suggest that 

the increased levels of basal cell keratins, as measured by mass spectrometry, reflect an 

overall increase in total (monomer and crosslinked) keratins. This phenomenon could be due 

to polyubiquitinylation; however, because of the specific mass shifts, and the concomitant 

increase in expression of TGM1 throughout the basolateral layer of cells exposed to DA 

vapor (Fig. 4B), we believe that these high MW species are formed by TGM1-mediated 

Nε-(γ-glutamyl) lysine crosslinking. Transglutaminase mediated crosslinking of K5 and K6 

to the cornified envelope has been previously demonstrated32 although to our knowledge, 

transglutaminase-dependent crosslinking of type I keratins (i.e. K14 and K17) has not been 

previously shown.

Keratin phosphorylation has been shown to be important for the structure/function of the 

intermediate filament (IF) and to occur under conditions of mitosis and cellular stress.44 

Within the phosphoproteome dataset, ~100 unique phosphopeptides were assigned to basal 

cell keratins (Table S6). Twenty-five keratin peptides, mostly from K6 and K14, were 

significantly upregulated in the DA and control groups. An overlay of these peptides onto 

the keratin protein sequences showed that a majority of the quantified phosphorylation 

sites were within the head and tail domains (Fig. S7), whereas we obtained high sequence 

coverage of non-phosphorylated peptides across the entire protein sequences (except for the 

Gly-rich region of the keratin head domain; Fig. S6). These data suggest that the disordered 
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head and tail domains may be more accessible to kinases than the central alpha-helical 

rod domain and are also consistent with previously characterized phosphorylation sites 

in keratins and other IF proteins.44, 45 However, it should be also note that the most 

well-characterized site of type II keratin phosphorylation, a target of p38 MAPK that is 

conserved in K6 (Thr146),46 does not appear to be accessible by trypsin digestion of the 

protein (Fig. S7).

Based on their high differential expression in DA-treated versus control cells, we selected 

a majority of the K6 phosphopeptides for validation using a targeted proteomic approach 

(parallel reaction monitoring; PRM).17, 18 We focused primarily on a region in K6 

between amino acids 18–60 that contained a total of 12 Ser residues, 9 of which were 

putatively phosphorylated in our dataset (Table S6 and Fig. S7). For peptides that contained 

multiple potential acceptor sites, we used authentic stable isotope-labeled (SIL) standards to 

confidently assign site localization of phosphorylation based on specific MS/MS fragment 

ions and retention times. This allowed us to develop a PRM assay to quantify four unique 

phosphopeptides (pSer31, 31, 35 and 37) which had an identical precursor m/z (Fig. 6), 

including the nearly co-eluting pSer31 and pSer35 peptides (Fig. S8).

The PRM assay was used to unambiguously quantify K6 phosphorylation in response 

to DA-induced injury. Multiply phosphorylated peptides, which could not be readily 

synthesized in small scale, were quantified using label-free approach, whereas singly 

phosphorylated peptides were normalized to the SIL internal standards. Finally, ratios 

were used to visualize changes in phosphorylation in DA- versus PBS-treated cells (Fig. 

6E). Numerous phosphopeptides were highly upregulated in all donors; however, relative 

changes did appear to reflect K6 protein expression, with a trend toward lower expression in 

donor 1. To correct for changes in K6 protein expression, the data was further normalized 

to total K6 ratios in each of the four donors (Fig. 6F). The normalized data showed 

that singly phosphophorylated peptides with pSer19, pSer34 and pSer44 were ~2-fold or 

more upregulated in DA-treated cells, with pSer44 increasing an average of ~15-fold in 

DA-treated cells. Increases in two of the doubly-phosphorylated peptides (pSer19/pSer22 

and pSer34/pSer37) in DA-treated cells were much greater than the corresponding mono

phosphorylated peptides, suggesting that there may be cooperative phosphorylation of these 

sites by one or more kinases.

The identification of the kinase(s) that phosphorylate the N-terminus of K6 will be critical 

for determining the pathophysiological significance of these PTMs. To date, only a few 

kinases have been implicated in keratin phosphorylation, principally p38 MAPK,46 and 

p90RSK/RSK1.45 Of the newly validated K6 sites, none are proline-directed (i.e. pSer-Pro 

or pThr-Pro), which excludes MAPKs such as p38 as direct effector kinases. This is in 

contrast to the dataset as a whole, where ~50% of quantified phosphorylation sites have 

pSerPro or pThrPro motifs (data not shown). One of the upregulated sites (Ser 19) has a 

RXXpS motif that is required for RSK1 phosphorylation, and it is intriguing that this site in 

K6 shares the same RGFpS sequence as pSer380 of RSK1, a site of autoactivation.47 The 

other highly induced phosphopeptides are contained within Arg-rich motifs, including R-R

X-pS-X-pS, R-pS-R-X-pS that are preferred by AGC kinases,48 but the specific modulation 
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of kinases, or kinase cascades, will be needed to determine the identity of the kinases that 

respond to DA injury by phosphorylating K6..

CONCLUSIONS

Exposure to diacetyl is implicated both clinically and experimentally in the development 

of bronchiolitis obliterans, and in vivo models have suggested that epithelial injury is a 

critical step in this process. Our proteomic analysis has shown that this in vitro model 

recapitulates many key pathological and molecular changes to the epithelium in rodent 

models of flavoring-induced BO, including reduced expression of cilia-related proteins,49 

squamous metaplasia and keratinization10, 11 and upregulation of TGM149 and SQSTM1/

p6250 Collectively, these data suggest that parallel studies in established in vitro and in vivo 

models should provide complementary insights into the pathogenesis of flavoring-induced 

BO. More generally, this study highlights the utility of primary differentiated TBECs for 

modeling airway injury and repair. While most proteomic studies have previous focused on 

monolayers of isogenic airway epithelial cells, these studies belie both the complexity of the 

airway—which is composed of multiple distinct cell-types (e.g. basal, goblet, multiciliated)

—as well as the biological variability across cells isolated from unique individuals.

Squamous differentiation has been previously linked to airway inflammation and fibrosis, 

and this phenotype may be important to the pathogenesis of flavoring-induced BO. It is 

notable that airways of smokers, and patients with chronic obstructive pulmonary disease, 

express common markers of squamous differentiation, including involucrin;27, 28 and 

exposure of differentiated TBECs to cigarette smoke extract, or differentiation of basal cells 

under conditions of serum starvation or epidermal growth factor receptor stimulation can 

replicate these phenomena.28, 42 Under these conditions, the airway epithelium expresses 

pro-inflammatory and pro-fibrotic mediators, including interleukin-1β and transforming 

growth factor beta.27, 51 The secreted epidermal growth factor receptor ligand amphiregulin 

(AREG), a potent modulator of TGF-beta dependent pulmonary fibrosis,52 is also 

highly expressed in airway basal cells41 and upregulated under conditions of squamous 

differentiation.28 Importantly, we have previously shown that AREG expression, and 

shedding, are increased in both this in vitro model and in rats exposed to DA.13 Collectively, 

these data suggest that aberrant epithelial repair (i.e. squamous differentiation of basal cells) 

following DA exposure may promote the secretion of pro-inflammatory and pro-fibrotic 

mediators. To better connect flavoring-induced epithelial injury to BO pathogenesis, we 

are also pursuing a complementary proteomic analysis of TBEC secretions in this in vitro 

model.
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Figure 1. Hematoxylin and eosin staining of TBEC cross-sections shows evidence of DA vapor 
injury.
H&E staining was performed on cross sections of formalin-fixed and paraffin-imbedded 

PBS- and DA-exposed TBECs from (A) donor 1, (B) donor 2, (C) donor 3 and (D) donor 4. 

Images are representative of 3 sections per donor.
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Figure 2. Hierarchical clustering of differentially expressed proteins and phosphoproteins.
A) Proteome data was filtered to contain proteins quantified by 2 or more peptides, 

with a CV of <30% for triplicate QC injections, and p<0.1 for a paired t-test w/ FDR 

correction. The remaining 874 proteins were normalized using Z-scoring and visualized 

by two-dimensional hierarchical clustering (Ward method). Cluster 7 (green) is composed 

predominantly of proteins expressed in multiciliated airway cells, and clusters 10–12 

(yellow) are composed predominantly of proteins expressed during squamous differentiation 

(see Results). B) Phosphopeptides were filtered by CV <30% and p<0.1 and visualized as in 

(C). Data was analyzing using JMP (SAS, Cary, NC).
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Figure 3. The cilia-specific marker, RSPH4A was markedly reduced after DA treatment.
A) The levels of RSPH4A and GAPDH in cell lysates were visualized by western blotting. 

Western blotting performed on a replicate across the entire MW range (Figure S2) showed 

that only a single antigen was recognized by this antibody. B) Immunofluorescence was 

performed on cross sections of formalin-fixed and paraffin-imbedded TBECs to visualize 

RSPH4A (green, Alexa Fluor 488), β-catenin (red, Alexa Fluor 594) and nuclei (blue, 

DAPI) in donor 3. Localization of RSPH4A in ciliated cells is shown by blue arrow (upper 

image) and localization to basal cells is shown by yellow arrow (lower image). Images in (B) 
are representative of three different sections per condition (Fig. S3, A–B), and results were 

replicated in single sections from donors 2 and 4 (Fig. S3, C–F).
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Figure 4. Markers of squamous differentiation are increased in DA-exposed cells.
A) The levels of TGM1, repetin and GAPDH in cell lysates were visualized by western 

blotting. B-C) Immunofluorescence was performed on cross sections of formalin-fixed and 

paraffin-imbedded TBECs to visualize (B) repetin (green, Alexa Fluor 488), β-catenin 

(red, Alexa Fluor 594) and nuclei (blue, DAPI) in donor 3, and (C) TGM1 (green, 

Alexa Fluor 488), β-catenin (red, Alexa Fluor 594) and nuclei (blue, DAPI) in donor 3. 

Localization of repetin and TGM1 immunostaining is indicated by yellow arrows in (B) 
and (C), respectively. Non-specific staining of transwell membrane by secondary antibody 
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is indicated by grey arrow. Images in (B) are representative of three different sections per 

condition (Fig. S4, A–B), and results were replicated in a single section from donor 2 (Fig. 

S4, C–D). Images in (C) are representative of three different sections per condition (Fig. S5, 

A–B), and results were replicated in single sections from donors 2 and 4 (Fig. S5, C–F).
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Figure 5. DA exposure induces crosslinking of basal cell cytokeratins.
A) Fold changes were plotted for the basal cell keratins, and clara cell marker CCSP, as 

determined by proteomic analysis. Note that keratin expression values were re-calculated 

from isoform-specific peptides (Tables S7–S8). B) The expression and “crosslinking” of 

cytokeratins was visualized by western blotting of whole cell lysates. For K14, K6 and K17, 

panels labeled as (high MW) are longer exposures of the identical membranes from which 

the ~50 kDa keratin monomers were visualized.
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Figure 6. DA exposure results in hyperphosphorylation of keratin 6.
A-D) Parallel reaction monitoring was used to analyze a mixture of mono-phosphorylated, 

stable isotope-labeled peptide standards with sequence 31SGFSSVSVSR40 (precursor m/z 

551.7438). Isoform-specific product ions are shown for the peptides assigned to (A) 
31(pSer)GFSSVSVSR40, (B) 31SGF(pSer)SVSVSR40, (C) 31SGFS(pSer)VSVSR40 and (D) 
31SGFSSV(pSer)VSR40. The position of the properly assigned peak is indicated by an 

arrow. Note that the peptides containing pSer31 and pSer35 are virtually overlapping but can 

be distinguished based on unique product ions and retention times (as shown in Fig. S6). E) 
K6 phosphopeptides were quantified by PRM. For each donor, phosphopeptide ratios were 

determined for DA versus PBS samples. Multiply-phosphorylated peptides used label-free 

quantitation, and mono-phosphorylated peptides were normalized to SIL internal standards. 

Keratin 6 protein ratios are also shown (from Fig. 5). F) Data in (A) was normalized to ratio 

of K6 protein.
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Table 1.

Protein signature of diacetyl injury to multiciliated cells*

Primary Protein Name Protein Description† Mean fold-change In phosho-protein 
signature?

DNAI1_HUMAN Dynein intermediate chain 1, axonemal −29.3

DTHD1_HUMAN Death domain-containing protein 1 −27.6

DJB13_HUMAN DnaJ homolog subfamily B member 13 −26.6

KAD7_HUMAN Adenylate kinase 7 −26.2

DYH9_HUMAN Dynein heavy chain 9, axonemal −19.2

DYH5_HUMAN Dynein heavy chain 5, axonemal −17.5

CA087_HUMAN Uncharacterized protein C1orf87 −16.1 Y

TP53B_HUMAN Tumor suppressor p53-binding protein 1
§ −15.6 Y

CU059_HUMAN Uncharacterized protein C21orf59 −14.8

WDR35_HUMAN WD repeat-containing protein 35 −14.6

EFHC1_HUMAN EF-hand domain-containing protein 1 −13.0

RSH4A_HUMAN Radial spoke head protein 4 homolog A −11.8 Y

CA173_HUMAN Uncharacterized protein C1orf173 −11.8 Y

WDR54_HUMAN WD repeat-containing protein 54 −11.5

ODF3B_HUMAN Outer dense fiber protein 3B −11.4 Y

NDK5_HUMAN Nucleoside diphosphate kinase homolog 5 −11.1

MAP1A_HUMAN Microtubule-associated protein 1A −10.5 Y

CROCC_HUMAN Rootletin −10.4 Y

RSPH9_HUMAN Radial spoke head protein 9 homolog −10.3

IDLC_HUMAN Axonemal dynein light intermediate polypeptide 1 −10.2 Y

PITM1_HUMAN Membrane-associated phosphatidylinositol transfer protein 1 −9.3

PCM1_HUMAN Pericentriolar material 1 protein −8.8

HEAT2_HUMAN HEAT repeat-containing protein 2 −7.9

RSPH1_HUMAN Radial spoke head 1 homolog −7.8

FBXW9_HUMAN F-box/WD repeat-containing protein 9 −7.0 Y

MIEAP_HUMAN Mitochondria-eating protein −6.8 Y

LZTL1_HUMAN Leucine zipper transcription factor-like protein 1 −6.3

CROL3_HUMAN Putative ciliary rootlet coiled-coil protein-like 3 protein −6.3 Y

KAD8_HUMAN Adenylate kinase 8 −5.9

AL3B1_HUMAN Aldehyde dehydrogenase family 3 member B1 −5.5

SAMH1_HUMAN SAM domain and HD domain-containing protein 1
§ −5.2 Y

IFT46_HUMAN Intraflagellar transport protein 46 homolog −4.9

*
Proteins ranked by average fold change of ~-5-fold or greater in DA- versus PBS-treated HBECs (quantified by 2 or more peptides, CV < 30% for 

replicate injections of QC pool; p<0.1, paired t-test w/FDR correction), and localization to cytoplasm/membranes of ciliated cells of human bronchi 
by the Human Protein Atlas (http://www.proteinatlas.org)

§
proteins with nuclear localization
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Table 2.

Phosphoprotein signature of diacetyl injury to multiciliated cells*

Primary Protein Name Protein Description # of unique phospho-peptides In protein 
signature?

MAP1A_HUMAN Microtubule-associated protein 1A 18 Y

RSH4A_HUMAN Radial spoke head protein 4 homolog A 13 Y

K121L_HUMAN Uncharacterized protein KIAA1211-like 9

CA173_HUMAN Uncharacterized protein C1orf173 8 Y

MAP1B_HUMAN Microtubule-associated protein 1B 7

CA087_HUMAN Uncharacterized protein C1orf87 5 Y

CG057_HUMAN Uncharacterized protein C7orf57 5

CROCC_HUMAN Rootletin 5 Y

MIEAP_HUMAN Mitochondria-eating protein 4 Y

TP53B_HUMAN Tumor suppressor p53-binding protein 1
§ 4 Y

CC151_HUMAN Coiled-coil domain-containing protein 151 3

CCD13_HUMAN Coiled-coil domain-containing protein 13 3

CCD19_HUMAN Coiled-coil domain-containing protein 19, mitochondrial 3

CROL3_HUMAN Putative ciliary rootlet coiled-coil protein-like 3 protein 3 Y

GA2L2_HUMAN GAS2-like protein 2 3

IDLC_HUMAN Axonemal dynein light intermediate polypeptide 1 3 Y

MLF1_HUMAN Myeloid leukemia factor 1 3

ODF3B_HUMAN Outer dense fiber protein 3B 3 Y

SPAT6_HUMAN Spermatogenesis-associated protein 6 3

SYNE1_HUMAN Nesprin-1 3

CE164_HUMAN Centrosomal protein of 164 kDa 2

CH047_HUMAN Uncharacterized protein C8orf47 2

CP110_HUMAN Centriolar coiled-coil protein of 110 kDa 2

FBXW9_HUMAN F-box/WD repeat-containing protein 9 2 Y

INP5E_HUMAN 72 kDa inositol polyphosphate 5-phosphatase 2

KI21A_HUMAN Kinesin-like protein KIF21A 2

KIF19_HUMAN Kinesin-like protein KIF19 2

KTU_HUMAN Protein kintoun 2

LCA5_HUMAN Lebercilin 2

MARE3_HUMAN Microtubule-associated protein RP/EB family member 3 2

SAMH1_HUMAN SAM domain and HD domain-containing protein 1
§ 2 Y

TMC5_HUMAN Transmembrane channel-like protein 5 2

TPPP_HUMAN Tubulin polymerization-promoting protein 2

*
Phosphoproteins ranked by number of unique phosphopeptides with ~-5-fold or greater in DA- versus PBS-treated HBECs (CV < 30% for 

replicate injections of QC pool; p<0.1, paired t-test w/FDR correction), and localization to cytoplasm/membranes of ciliated cells of human bronchi 
by the Human Protein Atlas (http://www.proteinatlas.org)
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Table 3.

Protein Signature of Squamous Differentiation*

Primary Protein Name Protein Description
Fold-change 

donor 1 DA vs. 
PBS

Average Fold-
change donors 
2–4 DA vs. PBS

paired t-test paired t-test 
FDR

ISK7_HUMAN Serine protease inhibitor Kazal-type 7 −1.1 25.1 0.17 0.29

RPTN_HUMAN Repetin 1.1 21.3 0.06 0.14

ECM1_HUMAN Extracellular matrix protein 1 6.7 12.1 0.01 0.05

SPR2B_HUMAN Small proline-rich protein 2B −1.5 11.6 0.12 0.23

SPR2A_HUMAN Small proline-rich protein 2A 2.8 8.6 0.01 0.06

IL36A_HUMAN Interleukin-36 alpha −1.5 8.5 0.12 0.23

CRNN_HUMAN Cornulin 1.2 6.5 0.06 0.15

TGM1_HUMAN Protein-glutamine gamma
glutamyltransferase K 2.6 6.3 0.01 0.05

SPRR3_HUMAN Small proline-rich protein 3 2.4 6.2 0.01 0.07

INVO_HUMAN Involucrin −1.2 5.5 0.09 0.19

CI169_HUMAN UPF0574 protein C9orf169 3.2 4.5 0.00 0.03

HSPB8_HUMAN Heat shock protein beta-8 1.2 4.3 0.04 0.12

SPR1A_HUMAN Cornifin-A 1.2 3.2 0.04 0.11

ABHD5_HUMAN 1-acylglycerol-3-phosphate O
acyltransferase 5 2.0 3.1 0.00 0.04

S10AG_HUMAN Protein S100-A16 1.8 3.0 0.01 0.05

SCEL_HUMAN Sciellin 1.1 3.0 0.05 0.14

SPR1B_HUMAN Cornifin-B 1.2 2.8 0.03 0.10

ST2B1_HUMAN Sulfotransferase family cytosolic 2B 
member 1 −1.3 2.5 0.13 0.24

*
Proteins ranked by average fold change in donors 2–4 in DA- versus PBS-treated HBECs (quantified by 2 or more peptides, CV < 30% for 

replicate injections of QC pool; required >2-fold change for donors 2–4)
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