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Abstract

Epithelial-mesenchymal transition (EMT) plays a critical role in airway injury, repair, and 

structural remodeling. IκB kinase (IKK)-NFκB signaling regulates late EMT-associated genes 

expression. However, IKK-mediated mesenchymal transition occurs earlier than NFκB/RelA 

subunit-dependent EMT gene expression, leading us to investigate the hypothesis that IKK 

plays an independent mechanism in transforming growth factor-beta (TGFβ)-induced EMT. Time-

resolved dissection of early proteome and phosphoproteome changes in response TGFβ and 

a specific IKK inhibitor, BMS-345541, revealed that IKK regulates cascades of 24 signaling 

pathways essential in EMT, including TGFβ signaling, p38 mitogen associate protein kinase 

(MAPK), Toll receptor signaling, and integrin pathways. We identified early IKK-dependent 

phosphorylation of core regulatory proteins in essential EMT signaling cassettes, including ATF2, 

JUN, NFKB1/p105, and others. Interestingly, we found that IKKβ directly complexes with- and 

phosphorylates the spliced X-box-binding protein 1 (XBP1s). XBP1s is an arm of the unfolded 

protein response (UPR) that activates the Hexosamine Biosynthetic Pathway (HBP), a pathway 

that mediates protein N-glycosylation and survival from ER stress-induced apoptosis in EMT. 

We found that inhibition of IKK activity abolishes the phosphorylation of XBP1-T48, blocks 

XBP1s nuclear translocation and inhibits the activation of HBP. Our study elucidates a previously 

unrecognized IKKβ-XBP1s-HBP crosstalk pathway that couples inflammation and glucose 

metabolic reprogramming in ETM. Because XBP1-HBP controls N-glycosylation of extracellular 

matrix (ECM) in EMT, this novel IKKβ-XBP1-HBP pathway may contain therapeutic targets 
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whose inhibition could prevent ECM remodeling in lung fibrosis or other airway remodeling 

diseases.
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INTRODUCTION

Airway remodeling is a structural alteration of the airways produced by epithelial injury 

and repair. Epithelial injury induces cellular de-differentiation, affecting mucosal innate 

inflammatory response and producing fibrogenic cytokines, such as transforming growth 

factor-beta (TGFβ).1–4 Ample evidence from various human and mouse models of airway 

disease indicates that environmental oxidants, aeroallergens, and RNA virus infections can 

induce epithelial-mesenchymal transition (EMT) in the airway.5–7 Mesenchymal transition 

disrupts mucosal barrier function, causes goblet cell metaplasia, enhances the production of 

extracellular matrix (ECM), and reduces airway compliance and lung function, implying that 

EMT has significant clinical relevance in airway diseases.8–9 In particular, enhanced ECM 

production results in expansion of the lamina reticularis is an early pathological feature 

universally associated with allergic asthma.7, 10 However, the mechanisms of how epithelial 

cell state changes induce ECM remodeling are incompletely understood.

Mesenchymal transition involves a series of cell-state changes driven by core mesenchymal 

regulatory factors, including the Snail family transcriptional repressor (SNAI1) and Zinc 

Finger E-Box Binding Homeobox (ZEB1).11–14 Our previous studies revealed that the 

NFκB pathway is a master regulator of airway inflammation and EMT in primary 

human small airway epithelial cells (hSAECS).5, 15–16 We found that NFκB/RelA nuclear 

translocation occurred after 3 d of TGFβ treatment and directly regulates the gene 

expression of core transcriptional regulators of EMT, including SNAI1, ZEB1, JUN, and 
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proteins in the WNT pathway.16 NFκB/RelA transcription activities are primarily regulated 

by IκB kinase (IKK) complex, whose catalysis is generally carried out by a heterodimeric 

kinase consisting of IKKα and IKKβ subunits.17 Administration of a small-molecule 

inhibitor of the IKK, BMS-345541, blocks inflammatory response and EMT and prevents 

airway remodeling.5, 7 Interestingly, IKK inhibition blocks EMT gene expression programs 

before substantial NFκB translocation occurs, suggesting that IKK plays an independent, 

unknown role in regulating the EMT process.

The activation of EMT transcription factors substantially induces the gene expression 

of ECM proteins. Epithelial cells are not professional secretory cells and produce few 

ECM proteins under normal conditions. We recently revealed a new molecular mechanism 

underlying the protein factory’s transformation and secretory machinery during the 

mesenchymal transition.18 We found that mesenchymal cells activate the X-box binding 

protein 1 (XBP1)-axis of unfolded protein response (UPR) to allievate the ER stress 

caused by the increased demand for protein synthesis of ECM. Upon ER stress, inositol-

requiring protein 1 (IRE1) triggers unconventional cytoplasmic splicing of XBP1 mRNA 

and generates an active b-ZIP transcription factor, XBP1s, which translocates into the 

nucleus to initiate transcriptional programs that upregulate a broad spectrum of UPR-

associated genes involved in protein entry into the ER, protein folding, ER-associated 

degradation (ERAD), and ER biogenesis. Furthermore, our work reveals another critical 

function of XBP1-URP. We found that mesenchymal transition in hSAECs reprograms 

glucose metabolism to hexosamine biosynthetic pathway (HBP) via XBP1-mediated 

UPR.18 XBP1s is the transcription factor of HBP enzymes, such as glutamine--glucose-6-

phosphate transaminase (GFPT)1 and GFPT2. Activation of XBP1-UPR upregulates the 

gene expression of these enzymes in HBP pathway, shifting the glucose flux from glycolysis 

to the production of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), a metabolite 

donor and mediator of protein N-glycosylation and O-GlcNAcylation. We found that the 

accumulation of intracellular UDP-GlcNAc increases the protein N-glycosylation of ECM 

(N-matrisome), which improves ER protein homeostasis and increases ECM secretion.18 

Excessive ECM deposition is a hallmark characteristic of airway remodeling in chronic 

asthma. It contributes to the stiffness and reduced contractility/relaxation of asthmatic 

patients’ airways19–22, implying that XBP1-mediated glucose metabolic reprogramming and 

N-matrisome play essential roles in the pathological changes in the airway remodeling. 

However, the relationship between the XBP1-HBP-pathway and the IKK-NFκB pathway is 

unknown.

Here, we carried out time-series proteomics and phosphoproteomics analysis on TGFβ-

stimulated hSAECs in the presence or absence of the specific IKK inhibitor, BMS-345541. 

We found that IKK has a profound regulatory effect on cascades of TGFβ stimulated 

phosphoproteins early in the mesenchymal transition. We identified the activation of 24 

IKK-mediated signaling pathways, including TGFβ signaling, p38 MAPK, Toll receptor 

signaling, and integrin receptor. We found that XBP1-HBP mediated glucose metabolic 

reprogramming starts upon partial EMT and is mediated by IKKβ through direct 

phosphorylation of T48 of XBP1. Our study reveals the vital role of IKK in regulating 

the EMT process and provides a novel mechanism by which IKK-NFκB promotes ECM 
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secretion through the XBP1-HBP pathway, revealing a complex crosstalk mechanism 

between the IKK and XBP1 pathway.

EXPERIMENTAL SECTION

Cell culture

An immortalized primary human small airway epithelial cell line was previously 

described.7, 16, 23–26 The immortalized hSAECs were grown in SAGM small airway 

epithelial cell growth medium (Lonza, Walkersville, MD) in a humidified atmosphere of 

5% CO2. hSAECs were stimulated with TGFβ (10 ng/ml, PeproTech, Rocky Hill, NJ) for 

0, 1, and 3 d in the absence or presence of a small molecule IKK inhibitor BMS-345541 

(10 μM, Sigma-Aldrich, St. Louis, MO). The dose of BMS 345541 (10 μM) was selected 

based on previous dose-response titrations in hSAECs. Here, IKK inhibition was determined 

for 1, 3 and 10 μM of BMS concentrations on IL6 expression25; a well-established NFkB-

dependent gene. 10 μM was required for full suppression of IL6 expression and was 

therefore selected because it was the lowest dose that produced complete inhibition of the 

pathway. This concentration is standardly used and accepted by others in the field5, 7, 27–29. 

Each experimental group had three biological replicates.

Western Immunoblot

The nuclear fractions were extracted using NE-PER™ Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Scientific). Protein concentration was determined by bicinchoninic acid 

(BCA, Pierce, Thermo Scientific), and 20 μg were dissolved into SDS loading buffer (with 

5% βME) and fractionated on 4−15% Mini-protean TGX gels (BioRad, Hercules CA, 

USA) in 1× Tris-Glycine SDS (TGS) 1× running buffer at room temperature. Proteins were 

electro-transferred to nitrocellulose membrane (BioRad, Hercules CA, USA) in 1× TGS 

buffer-methanol (20%) buffer. The blots were blocked with 3% BSA in TBST (Tris-buffered 

saline, 0.1% Tween 20) for one hour and incubated overnight at 4 °C in primary antibodies. 

Antibodies were: XBP-1s (9D11A43) mouse mAb (Biolegend #658802, Danvers, MA), 

and histone deacetylase 1 (HDAC1) (10E2) moue mAb (Santa Cruz Technology sc-81598, 

Dallas, TX). Secondary antibodies was IRDye 680RD goat antimouse IgG secondary 

antibody (Li-Cor 926−68070).

Lectin staining and confocal immunofluorescence microscopy

For confocal fluorescence microscopy, hSAECs were plated over a cover glass (Fisher 

Scientific, Pittsburgh, PA) in a 6-well plate two days before the experiment. The cells 

were treated with TGFβ for 0, 1, and 3 d in the presence or absence of BMS-345541, 

then fixed with 4% paraformaldehyde in PBS for 20 min and incubated with 0.1 M 

ammonium chloride for 10 min. Then, cells were permeabilized with 0.5% Triton-X100 

in PBS, followed by incubation in blocking buffer (5% goat serum, 0.1% IGEPAL CA-630, 

0.05% NaN3, and 1% BSA) for one hour, and then incubated with WGA-FITC (20 μg/mL, 

Sigma, St. Louis, MO) for 1 hour at room temperature. After washing, cells were imaged at 

the wavelength of 488 nm. Nuclei were stained with DAPI.
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Quantification of the cellular UDP-GlcNac

About 1×106 cells were homogenized in 0.7 M perchloric acid, and the protein pellets 

were removed by centrifuging at 15,000 rpm.30 The resulting supernatants were neutralized 

with 2 M sodium carbonate. The resulting nucleotide-sugars were desalted using TopTip 

Carbon (Hypercarb), eluted with 80% ACN and dried under vacuum. Briefly, the 

desalted nucleotide-sugars were resuspended in 0.01M NH4OH-40% acetonitrile (ACN) 

and directly analyzed by LC-SRM-MS. The SRM parameters for UDP-GlcNAc are listed 

in Supplemental Table S1. LC-SRM-MS analysis was performed with a TSQ Vantage triple 

quadrupole mass spectrometer equipped with a nanospray source (Thermo Scientific, San 

Jose, CA), as described previously.18

Protein extraction, trypsin digestion, and enrichment of phosphopeptides

The cells were washed three times with PBS solution and collected into a conical tube for 

centrifugation. The proteins were extracted with Trizol reagent (Invitrogen, Carlsbad, CA) as 

described previously.18, 26 The protein pellet was resuspended in 100 μL of 8 M Guanidine 

HCl. The protein concentration was measured using BCA assay. One milligram of proteins 

from each sample was processed for digestion. The proteins were first reduced with 10 mM 

DTT at room temperature for 30 min, followed by alkylation with 30 mM iodoacetamide 

at room temperature for two hours. The sample was then diluted with 200 μL of 50 mM 

ammonium bicarbonate (pH 8.0). An aliquot of Lys-C/Trypsin solution (Promega, Madison, 

WI) was added to each sample at the 50:1 protein: enzyme ratio. The samples were 

incubated at 37 °C overnight, and the solutions were further diluted with 500 μL of 100 μM 

of triethylammonium. An aliquot of Trypsin solution (Promega, Madison, WI) was added 

to each sample at the 50:1 protein: enzyme ratio. The samples were incubated at 37 °C for 

16 h. The trypsin digestion was stopped by adding 100 μL of 10% trifluoroacetic acid was 

added to each sample to stop the trypsin digestion. Ten micrograms of tryptic peptides were 

desalted on reversed-phase tC18 SepPak columns (Waters, Milford, MA) and analyzed by 

LC-MS/MS. About 1 milligram of tryptic peptides was used for enriching phosphopeptides. 

The peptides were dried with speedvac and resuspended in 80% acetonitrile (ACN) and 6% 

trifluoroacetic acid (TFA) and incubated with TiO2 beads (GL Sciences Inc. Tokyo, Japan) 

(1:5 peptides to bead ratio) for 20 min. The beads were washed with 80% ACN, and 0.1% 

TFA and phosphopeptides were eluted using 5% ammonia.

NanoLC-MS/MS Analysis

The desalted peptides were reconstituted in 20 μl 4% ACN/0.1% formic acid. All peptide 

samples were separated on an online nanoflow Easy nLC1000 UHPLC system (Thermo 

Scientific) and analyzed on a Q Exactive Orbitrap mass spectrometer (Thermo Scientific, 

San Jose, CA). 10 μl of the sample was injected onto a capillary peptide trap column 

(Acclaim® Pepmap 100, 75 μm × 2 cm, C18, 3 μm, 100 Å, Thermo Scientific). After 

sample injection, the peptides were separated on a 25-cm UHPLC reversed-phase column 

(Acclaim® Pepmap 100, 75 μm × 25 cm, C18, 2 μm, 100 Å, Thermo Scientific) at a 

flow rate of 300 nL/min. A 4-h linear gradient from 2% solvent A (0.1% formic acid in 

H2O) to 35% solvent B (0.1% formic acid in ACN) was used for each LC-MS/MS run. 

The data-dependent acquisition was performed using the Xcalibur 2.3 software in positive 
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ion mode at a spray voltage of 2.1 kV. Survey spectra were acquired in the Orbitrap with 

a resolution of 70,000, the maximum injection time of 20 ms, an automatic gain control 

(AGC) of 1e6, and a mass range from 350 to 1600 m/z. The top 15 ions in each survey 

scan were selected for higher-energy collisional dissociation scans with a resolution of 

17,500. For all higher-energy collisional dissociation scans, collision energy was set to 28, 

the maximum inject time was 200 ms, and the AGC was 1e5. Ions selected for MS/MS were 

dynamically excluded for 30 s after fragmentation.

Identification and quantification of protein and phosphorylation

Mass spectra were analyzed using MaxQuant software (version 1.5.2.8).31 The initial 

maximum allowed mass deviation was set to 10 ppm for monoisotopic precursor ions and 

0.5 Da for MS/MS peaks. Enzyme specificity was set to trypsin, defined as C-terminal 

to arginine and lysine excluding proline, and a maximum of two missed cleavages 

was allowed. Carbamidomethylcysteine was set as a fixed modification and methionine 

oxidation as variable modifications. For identifying and quantifying protein phosphorylation, 

phosphorylation on serine, threonine, and tyrosine was set as variable modification. The 

spectra were searched by the Andromeda search engine against the Human SWISSPORT 

sequence database (containing 20,193 human protein entries) combined with 248 common 

contaminants and concatenated with the reversed versions of all sequences. Quantifications 

were performed with the label-free algorithms in Maxquant.32 The ‘match between runs’ 

feature of MaxQuant was used to transfer identifications to other LC-MS/MS runs based 

on their masses and retention time (maximum deviation 0.7 min), and this was also used in 

quantification experiments. The detailed parameters for label-free LC-MS/MS quantification 

and MaxQuant data analysis were listed in Supplemental Table S2. We required at least one 

‘razor peptide’ for quantification. The required false positive rate for identification was set to 

1% at the peptide level, and 1% at the protein level and the minimum required peptide length 

was set to 6 amino acids. Contaminants, reverse identification, and proteins only identified 

by modified peptides were excluded from further data analysis.

Proteomics data analysis and statistical analysis

We used the Perseus platform33 to analyze the Maxquant output, including statistics, 

Hierarchical clustering, and principal component analysis (PCA). Reversed identifications 

and proteins identified only by site modification were strictly excluded from further analysis. 

For proteomics analysis, proteins identified only by site modification were excluded from 

further analysis as well. After filtering (3 valid values in at least one group), the remaining 

missing values were imputed from a normal distribution (width: 0.3 of standard deviation; 

downshift: 1.8 of standard deviation). Multiple sample ANOVA test with Permutation-based 

FDR correction and Two-way ANOVA test with Permutation-based FDR was performed to 

identify the significantly differentially expressed proteins. The unsupervised hierarchical 

clustering and heat map were based on protein LFQ intensity or the MS intensity of 

phosphopeptides. The rows of the heat map indicate the proteins, and the columns indicate 

the samples. The log2 LFQ intensity of each protein was z-score normalized for each 

row. Hierarchical clustering of the z-normalized log2 LFQ intensity was performed using 

Euclidean distances between means. The number of clusters was set as 300. Genome 

ontology enrichment analysis of molecular functions and biological function in differentially 
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expressed proteins was using Panther (http://pantherdb.org/). This classification uses an 

evolutionary framework to infer protein functions in a species-independent manner.34 

The resulting p-values were adjusted with Bonferroni correction for multiple testing. The 

significant hits are those with the adjusted p-valve better than 0.05.

Stable Isotope Dilution-Selected Reaction Monitoring-MS

The SID-SRM-MS assays of selected proteins were developed as described previously.35 

For each targeted protein, two or three peptides were initially selected, and then the 

sensitivity and selectivity of these were experimentally evaluated as described previously. 

The peptide with the best sensitivity and selectivity was selected as the surrogate for that 

protein. For each peptide, 3–5 SRM transitions were monitored. The signature peptides 

and SRM parameters are listed in Supplemental Table S1. The peptides were chemically 

synthesized, incorporating isotopically labeled [13C6
15N4] arginine or [13C6

15N2] lysine to 

a 99% isotopic enrichment (Thermo Scientific, San Jose, CA). The amount of stable isotope-

labeled standard (SIS) peptides was determined by amino acid analysis. Each experimental 

group has at least two biological replicates. The tryptic digests were then reconstituted in 30 

μl of 5% formic acid-0.01% TFA. An aliquot of 10 μl of 50 fmol/μL diluted SIS peptides 

was added to each tryptic digest. These samples were desalted with a ZipTip C18 cartridge 

and analyzed by liquid chromatography (LC)-SRM-MS a TSQ Vantage triple quadrupole 

mass spectrometer equipped with a nanospray source (Thermo Scientific, San Jose, CA) as 

described previously.18, 26

All SRM data were manually inspected to ensure peak detection and accurate integration. 

The chromatographic retention time and the relative product ion intensities of the analyte 

peptides were compared to those of the stable isotope-labeled standard (SIS) peptides. The 

variation of the retention time between the analyte peptides and their SIS counterparts 

should be within 0.05 min, and the difference in the relative product ion intensities of 

the analyte peptides and SIS peptides were below 20%. The peak areas in the extract ion 

chromatography of the native and SIS version of each signature peptide were integrated 

using Xcalibur® 2.1. The default values for noise percentage and base-line subtraction 

window were used. The ratio between the peak area of the native and SIS version of each 

peptide was calculated. Student’s t-test was performed to determine if the changes in the 

protein expression were statistically significant.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium36 via the PRIDE partner repository with the dataset identifier PXD023531. 

SRM-MS data have been deposited to PASSEL with the dataset identifier PASS01667.

RESULTS

Time-series Proteomics and phosphoproteomics of hSAECs treated with TGFβ and IKK 
inhibitor.

Our previous studies found that NFκB is a central transcription factor in TGFβ-induced 

EMT of primary human small airway epithelial cells.5, 7, 16, 25 NF-κB/RelA nuclear 

translocation accumulated significantly only after 3 d of TGFβ stimulation.5, 16 Chromatin 
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immunoprecipitation shows that NF-κB/RelA binds and induces the expression of the core 

EMT regulators (SNAIL, ZEB1, TWIST1), mesenchymal intermediate filaments, (VIM), 

and ECM components (FN1).5, 16 Interestingly, IKK inhibition with the selective IKKs 

inhibitor, BMS-34554137, potently blocked EMT-associated gene expression before stable 

NFκB/RelA nuclear translocation was observed. To examine how IKK regulates the early 

signaling of EMT in hSAECs, we conducted time-series proteomics and phosphoproteomics 

study on hSAECs treated with TGFβ for 0, 1, and 3 d in the presence or absence 

of BMS-345541, using doses that block NFκB signaling as described previously5, 7, 25 

(Fig. 1A). This study quantified 3,283 proteins (Supplemental Table S3) and 7,654 

phosphopeptides (Supplemental Table S4). Among them, the abundance of 2,508 proteins 

and 3,926 phosphopeptides showed a group-wised difference (multiple-sample ANOVA test 

with Permutation-based FDR correction, q-value < 0.01 were statistically significant).

To assess the reproducibility of protein and phosphoprotein quantification among the 

replicates and obtain an overview of the proteome and phosphoproteome profiles obtained 

from the six experimental conditions, we performed Principal Component Analysis (PCA) 

using differentially expressed proteins and phosphopeptides, respectively. As shown in 

Fig. 1B and 1C, each group’s replicates are clustered together, indicating that LC-MS 

quantification of proteins and phosphopeptides are highly reproducible. Additionally, the 

PCA scatter plot of protein abundance has six distinct clusters representing six experimental 

conditions (Fig. 1B), suggesting that TGFβ induces time-dependent protein expression 

changes. PCA plot also shows that TGFβ/3 d and TGFβ/3 d+BMS groups are far apart, 

and the same with TGFβ/1 d and TGFβ/1 d+BMS groups, suggesting that inhibition of IKK 

activity has distinct effects on TGFβ-induced protein expression changes. The PCA analysis 

of the phosphoproteomics data revealed that the abundance of differentially expressed 

phosphopeptides could also separate the six experimental groups (Fig. 1C). We found that 

the hSAECs control group and hSAECs pretreated with BMS-345541 are further separated 

in the PCA plot of phosphopeptides, while they are close together in the PCA plot of 

proteins, suggesting that inhibition of IKK has a more substantial impact on the basal level 

of phosphorylation than that of protein expression.

IKK is a mediator of cascading EMT signaling pathways

We investigated the temporal dynamics of protein phosphorylation in the early stage of 

TGFβ-induced EMT in the presence or absence of the BMS-345541. The time-series 

hierarchical cluster analysis of 3,926 significant phosphopeptides resulted in six significant 

clusters which mostly segregate protein phosphorylation peaking on 0, 1, and 3 days(d) of 

TGFβ treatment in the presence or absence of IKK inhibitor (Fig 2A), suggesting that TGFβ 
induced time-dependent protein phosphorylation and many of them were regulated by IKK.

Because protein phosphorylation plays a central role in cell signaling, we focused our 

analysis of phosphoproteomics data on how IKK mediated EMT signaling pathways. We 

were especially interested in which TGFβ-activated signaling pathways were regulated 

by IKK inhibitor. To this end, we conducted the two-way ANOVA analysis on the 

phosphoproteomics data from hSAECs treated with TGFβ ± BMS-345541 for 1 d and 

3 d. With this analysis, we identified 550 phosphopeptides (Supplemental Table S5) that 

Zhao et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were significantly regulated by TGFβ and BMS-345541 (two-way ANOVA TGFβ p-value 

<0.01, two-way ANOVA BMS p-value <0.01, and two-way ANOVA interaction p-value 

<0.01), including transcription factors, kinases, and other critical proteins important in 

EMT signaling pathways. For example, we found that TGFβ induced strong early and 

consistent phosphorylation of S903 and S907 on nuclear factor NF-kappa-B p105 subunit 

(NFKB1/p105), and IKK inhibitor completely blocked the phosphorylation of these two 

sites (Fig. 2B). NFKB1/p105 is an essential regulator of Toll receptor signaling and 

inflammation mediated by chemokine and cytokine stimuli.17 Phosphorylation of NFKB1-

S903/S907 is required for proteolysis of NFKB1 and NFκB transcriptional activity.38–39 

Similarly, we observed that TGFβ-induced phosphorylation on two members of the activator 

protein 1 (AP-1) transcription factor family, cyclic AMP-dependent transcription factor 

ATF-2 (ATF2), and transcription factor AP-1 (JUN) (Fig. 2C, D). ATF2 is involved in 

the TGFβ signaling pathway40–41, and phosphorylation of T69/T71 is required for its 

transcription activities.42 We found that TGFβ induced a 3.4- and 5.5-fold increase in 

phosphorylation on ATF2-T69/T71 on d 1 and d 3, respectively, and BMS-345541 restored 

the phosphorylation of these two sites to the basal level. JUN is an important transcription 

factor of many signaling pathways, such as toll receptor signaling pathway, TGFβ signaling, 

and inflammation signaling. Phosphorylation of JUN-S63 is required for its transcription 

activity,43 and we found that TGFβ induced over a fivefold increase of phosphorylation of 

JUN-S63, and BMS-345541 blocked it.

In some cases, such as NFKB1/p105-S903/S907, ATF2-T69/T71, and JUN-S63, 

BMS-345541 treatment produced a strong early inhibitory effect on phosphorylation (Fig. 

2B–D). While for some phosphorylation sites, BMS-345541 treatment produced a more 

substantial inhibitory effect after extended treatment (3 d vs. 1 d) (Fig. 2F–I). This led us 

to investigate if IKK regulates TGFβ-induced EMT in a time-dependent manner. We used 

conducted the two-way ANOVA analysis on the phosphoproteomics data from hSAECs 

treated with TGFβ ± BMS-345541 for 1 d, compared to hSAECs ± BMS-345541. With this 

analysis, we identified 365 phosphopeptides (Supplemental Table S6) that were significantly 

regulated by TGFβ and BMS-345541 (two-way ANOVA TGFβ p-value <0.01, two-way 

ANOVA BMS p-value <0.01, and two-way ANOVA interaction p-value <0.01). A similar 

analysis was carried out on the phosphoproteomics data from hSAECs treated with TGFβ 
± BMS-345541 for 3 d and identified 363 phosphopeptides that were significantly regulated 

by TGFβ and BMS-345541 after 3 d treatment (Supplemental Table S7). We carried out 

Panther pathway enrichment analysis on these significant phosphopeptides to identify which 

signaling pathways were activated by TGFβ and BMS-345541 after 1d and 3 d treatment. 

As shown in Fig. 2J (left panel), 8 IKK-dependent signaling pathways were activated after 

1 d of TGFβ treatment, include TGFβ signaling pathway, Ras pathway, VEGF pathway, 

and inflammation-mediated by chemokine and cytokine (Supplemental Table S6). After 

3 d of TGFβ treatment, 23 signaling pathways were found to be regulated by TGFβ 
and BMS-345541 (Fig. 2J right panel) (Supplemental Table S7). In addition to the 8 

signaling pathways activated after 1 d of TGFβ treatment, 15 more signaling pathways were 

activated by TGFβ after 3 d of treatment, including Toll receptor signaling pathway, p38 

MAPK pathway, and insulin/IGF pathway-mitogen activated protein kinase/MAP kinase 

cascade. These results indicate that IKK regulates TGFβ-induced EMT signaling pathway 
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in a time-dependent manner. Taken together, our study indicates that IKK regulates the 

phosphorylation of many proteins that are critical for TGFβ signaling, NFκB signaling, and 

EMT programming, suggesting that IKK is an essential mediator of the EMT process.

Next, we investigated which protein phosphorylation and signaling pathways are mediated 

only by TGFβ, but not by IKK. Using two-way ANOVA analysis, we identified 889 

(Supplemental Table S8) and 863 phosphopeptides (Supplemental table T9) that were 

significantly regulated by TGFβ on day one and day three, respectively, but not affected 

by BMS-345541 (two-way ANOVA TGFβ p-value <0.01, two-way ANOVA BMS p-value 

>0.01, and two-way ANOVA interaction p-value >0.01). We found that zinc finger protein 

SNAI2, a transcription regulator of EMT, was phosphorylated on S87 after treatment 

with TGFβ for one day, and BMS-345541 did not show an inhibitory effect on this 

phosphorylation (Fig. 3A). Fig. 3B–E shows additional examples of phosphorylation that 

was regulated only by TGFβ. We carried out Panther pathway enrichment analysis on 

these significant phosphopeptides to identify which signaling pathways were regulated 

only by TGFβ but not by IKK. With this analysis, we identified nine signaling pathways 

regulated by TGFβ on d 1 (Supplemental Table S8) and five signaling pathways on d 

3 (Supplemental Table S9), including the VEGF signaling pathway, Interleukin signaling 

pathway, and integrin signaling (Fig. 3F). We also identified 719 (Supplemental Table S10) 

and 1021 phosphorylation sites (Supplemental Table S11) regulated by IKK on d 1 and d 3, 

respectively, but not by TGFβ. Panther pathway enrichment analysis of 719 phosphopeptides 

regulated by IKK on d 1 did not yield any significant results. Panther pathway enrichment 

analysis of 1021 phosphorylation sites regulated by IKK on d 3 identified one significant 

signaling pathways: integrin signaling pathway (Supplemental Table S11).

IKKβ phosphorylates XBP1 on T48

Interestingly, in the phosphoproteomics study, we found that T48 of XBP1s was 

phosphorylated, as evidenced by the MS/MS spectra in Fig 4A. Additionally, in response 

to TGFβ stimulation, the level of phosphorylated XBP1s-T48 was increased in a time-

dependent manner, and this induction was blocked by BMS-345541 (Fig. 4B). This finding 

prompted us to hypothesize that IKK is the kinase that directly phosphorylates XBP1s 

through physical interaction. To test this hypothesis, we immunoprecipitated XBP1s and 

measured the amount of XBP1s and IKK with SID-SRM-MS. As shown in Fig. 4C and 

D, the level of XBP1s was elevated after 3 d of TGFβ treatment, confirming that TGFβ 
activated the XBP1-UPR pathway. We found that IKKβ was co-immunoprecipitated with 

XBP1s, and the amount of IKKβ was increased proportionally with the level of XBP1s, 

indicating that IKKβ directly interacted with XBP1s. More importantly, IKKβ inhibitor 

blocked IKKβ-XBP1s interaction. Taken together, the data suggest that XBP1s-T48 is a 

substate of IKKβ, and BMS-345541 blocks this interaction and the phosphorylation of 

XBP1s-T48.

IKK regulates XBP1s nuclear translocation

Because the phosphorylation of T48 is required for the nuclear translocation of XBP1s44, 

we examined if IKKβ regulated XBP1 nuclear translocation. We first used Western blotting 

to measure the level of XBP1s in the nucleus using nuclear fractionation. We found that 
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TGFβ treatment induced the nuclear translocation of XBP1s relative to the nuclear marker, 

HDAC1. Additionally we noted XBP1s nuclear translocation was blocked by BMS-345541 

treatment, indicating its IKK dependence (Fig. 4E). This finding was independently vertified 

with SID-SRM-MS (Fig. 4F). Together, the data indicate that TGFβ-induced nuclear 

translocation of XBP1s is mediated by IKKβ.

IRE1-XBP1-mediated URP is activated in the early stage of EMT

Next, we examined whether the XBP1 arm of the UPR was activated at an early EMT 

stage. We investigated the temporal dynamics of the proteome in the early stage of TGFβ-

induced EMT in the presence or absence of BMS-345541. A time-series hierarchical cluster 

analysis of the differentially expressed proteins using the Z-score normalized logarithmic 

LFQ intensity. The analysis of 2,508 significant proteins resulted in six significant clusters 

which mostly segregate proteins peaking on 0, 1, and 3 d of TGFβ treatment in the presence 

or absence of IKK inhibitor (Fig 5A), showing that TGFβ induced time-resolved changes in 

hSAECs proteome and many of the changes were regulated by IKK.

The GO biological process (GOBP) enrichment analysis of proteins in these clusters are 

shown in Supplemental Table S12. In the absence of the IKK inhibitor, the most significant 

GOBP enriched for the proteins peaking after 1 d of TGFβ treatment (Cluster 2) are 

DNA replication, translation, mRNA processing, and mRNA splicing. Cluster 3 are proteins 

peaking after 3 d of TGFβ, and the significantly enriched GOBP in this cluster includes 

biological processes related to cell shape changes such as actin-filament fragmentation and 

capping, and proteins targets tight junction. We also found that many biological processes 

involved in proteostasis are significantly enriched in this cluster. Pretreatment of hSAECs 

with IKK inhibitor upregulated some proteins involved in biological processes such as 

mitochondrial translation and mitochondrial respiratory chain. Cluster 5 and 6 are proteins 

peaking after 1 and 3 d of TGFβ treatment in IKK inhibitor presence, respectively. These 

clusters were significantly enriched for different functional annotations for processes that 

may be influenced by IKK mediated TGFβ signaling, including apoptosis signaling, mRNA 

processing, protein folding, and regulation of transcription smooth muscle cell migration.

Interestingly, bioinformatic analysis of the proteins peaked after 3 d of TGFβ treatment 

(Cluster 3 in Fig. 5A) found that a cluster of GOBP associated protein quality control 

and proteostasis was significantly enriched (fold enrichment > 5, Benjamini-Hochberg FDR 

<0.05) (Fig. 5B). For example, protein folding in ER, chaperone cofactor-dependent protein 

refolding, protein peptidyl-prolyl isomerization, IRE1-mediated unfolded protein response, 

UDP-N-acetylglucosamine biosynthetic process, and protein N-linked glycosylation via 

asparagine were all enriched. The ER stress marker, 78 kDa glucose-regulated protein 

(HSPA5), were upregulated after three days of TGFβ treatment (Fig. 5C). The data suggest 

that the cells experienced ER stress in partial EMT and activated the XBP1-UPR and protein 

N-glycosylation to restore the proteostasis. In our previous study of hSAECs undergoing 

complete mesenchymal transition (14 d TGFβ treatment), we found that the XBP1-UPR 

pathway was activated in response to proteotoxicity18. The data here suggest that the 

activation of the XBP1-HBP pathway occurred in complete EMT and partial EMT. hSAECs 
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experience ER stress as early as 3 d of TGFβ treatment and activate unfolded proteins 

response and protein N-glycosylation to restore the proteostasis.

We next examined if the IKK regulated the activation of XBP1-UPR in TGFβ-treated 

hSAECs. We conducted the two-way ANOVA analysis to identify proteins that were 

upregulated by TGFβ but inhibited by BMS-345541 (two-way ANOVA TGFβ p-value 

<0.01, two-way ANOVA BMS p-value <0.01, and two-way ANOVA interaction p-value 

<0.01). GOBP enrichment analysis of these proteins identified 38 enriched GO biological 

processes (FDR<0.05) (Supplemental Table S13), including IRE1-mediated unfolded protein 

response, protein folding in ER, chaperone cofactor-dependent protein refolding, regulation 

of ER-associated ubiquitin-dependent protein catabolic process, and ubiquitin-dependent 

ERAD pathway. We observed that the expression of XBP1-UPR associated genes, such 

as HSPA5, dynactin subunit 1 (DCNT1), and ADP-ribosylation factor GTPase-activating 

protein 1 (ARFGAP1) was significantly elevated after 3 d TGFβ treatment and was reduced 

to the basal levels by the IKK inhibitor (Fig. 5C–E). The expression of proteins involved 

in ERAD pathways, including heat shock protein HSP 90-beta (HSP90B1), ubiquilin-1 

(UBQLNA1) and ubiquilin-2 (UBQLNA2), were induced after 3 d of TGFβ treatment, and 

this induction was blocked by IKK inhibitor (Fig. 5F–H). This result suggests that inhibiting 

IKK kinase activities reduced ER stress and attenuated the XBP1-mediated UPR and ERAD 

process.

XBP1-HBP-mediated glucose metabolic reprogramming is activated in the early stage of 
EMT

XBP1s is an upstream regulator of the HBP pathway.18, 45 We previously reported 

that HBP flux and UDP-GlcNAc production were increased in hSAECs undergoing a 

complete mesenchymal transition (14 days TGFβ treatment). Here, we found that UDP-N-

acetylglucosamine biosynthetic process and protein N-linked glycosylation via asparagine 

was activated as early as 3 d of TGFβ treatment (Fig. 5B). The confocal imaging of 

N-glycosylated proteins with lectin shows that the lectin staining in the hSAECs treated 

with TGFβ was significantly higher than in the untreated cells and displayed a perinuclear 

and cytoplasmic ER-like pattern, indicating that the abundance of intracellular glycoproteins 

was significantly increased in hSAECs after three days of TGFβ treatment (Fig. 6A, B). 

This increase of lectin staining was not observed in hSAECs treated with BMS-345541. We 

also observed the elevated expression of HBP enzymes, such as glucosamine 6-phosphate 

N-acetyltransferase (GNPNAT1), phosphoacetylglucosamine mutase (PGM3), UDP-N-

acetylhexosamine pyrophosphorylase (UAP1), which was inhibited by BMS-345541 (Fig. 

6C–E). Next, we measured the intracellular level of UDP-GlcNAc and found that it was 

upregulated after 3 d of TGFβ stimulation, and in the cells treated with BMS-345541 

or, we did not observe the elevation of UDP-GlcNAc (Fig. 6F). UDP-GlcNAc is the 

metabolite donor of protein N-glycosylation. We found that several enzymes regulating 

N-linked glycosylation were significantly elevated after three days of TGFβ stimulation and 

restored to the untreated level by IKK inhibitor (Fig. 6G–I). Collectively, these data suggest 

that TGFβ induced the activation of the XBP1-HBP pathway and led to glucose metabolic 

reprogramming in the early stage of EMT, and this biological process was IKK-dependent.
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DISCUSSION

IKK-NFκB signaling is central to the pathophysiology of airway inflammation. Chronic 

exposure to environmental stimuli, such as aeroallergens and viruses, induces innate 

inflammation in the airway through IKK-NFκB signaling, followed by a profibrogenic 

EMT process in primary human small airway epithelial cells7. Studies on various airway 

remodeling mouse models confirm EMT plays pathological roles in barrier disruption, ECM 

deposition, and airway remodeling.5–7 The finding that EMT is produced in a variety of 

airway diseases, including virus-induced inflammation5, COPD46–48, and allergic airway 

disease7, 10, indicates that this is a common pathogenic response to airway injury.

EMT involves a series of cell-state changes driven by core mesenchymal regulatory factors, 

including SNAI1/2 and ZEB1.11–14 We previously reported that IKK-NFκB signaling is one 

of the signaling cassettes that are activated in the early stage of EMT and is required for the 

expression of SNAIs and ZEBs, and is a driver of the pathological airway mucosa changes 

associated with epithelial de-differentiation and mesenchymal transition.5–7, 16, 25 We 

employed a time-series phosphoproteomics approach and a highly specific IKK inhibitor to 

characterize how IKK, a critical serine/threonine kinase of IKK-NFκB signaling, regulated 

early EMT signaling events in hSAECs. This analysis identified 24 IKK-mediated EMT 

signaling pathways early in EMT, suggesting that IKK plays profound regulatory roles in the 

EMT process. As expected, the inflammation mediated by chemokine and cytokine is one 

of the early IKK-mediated signaling pathways that were activated on the first day of TGFβ 
treatment. Notably, we observed robust induced phosphorylation of NFKB1-S903/S907 by 

TGFβ, and this induction was abolished by IKK inhibitor. NFKB1/p105 is a subunit of 

the NFκB transcription complex. It functions as a cytoplasmic inhibitor for NFκB, and 

the proteolytic processing of its inhibitory C-terminal region is required for the generation 

of active NFκB complex.17 Phosphorylation at S903 and S907 primes NFKB1/p105 for 

proteolytic processing in response to TNFα stimulation49–50, and the mutations of S903 

and S907 to alanine prevent p105 proteolysis in response to TNFα. We are the first to 

report that these two sites were phosphorylated in response to TGFβ. We previously revealed 

that IκB-NFκB is a controller of EMT because the mesenchymal transition was prevented 

by administering a small-molecule IKK inhibitor, BMS-345541.5, 16 Here, we propose a 

mechanism by which IKKs-NFκB regulates EMT through IKK-mediated phosphorylation 

of NFKB1-S903/S907, which primes the proteolysis of NFKB1/p105, releases cytoplasmic 

RelA, and facilitates the formation of active p65-p50 complex and its nuclear translocation.

TGFβ signaling pathway and p38 MAPK signaling pathway are more substantially 

activated after 3 d of TGFβ stimulation than 1 d of TGFβ treatment. Although TGFβ-

stimulated activation of ATF2, JUN, and p38 MAPK activity has been demonstrated 

previously in different cell types40–43, 51, we show that BMS-345541 inhibited the 

TGFβ induced phosphorylation of ATF2-T69/T71, JUN-S63, MAPK1-T185/Y187, and 

MAPK3-T202/Y204. Phosphorylation of JUN-S63 and ATF2-T69/T71 is required for its 

transcription activities, and phosphorylation of MAPK1-T185/Tyr187 and MAPK3-T202/

Y204 is essential for their kinase activity.
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Our study provides another layer of evidence that IKK-NFκB signaling is a central 

regulator of EMT. In previous studies, we revealed that NFκB/RelA directly regulates 

core mesenchymal transcription factors through bromodomain recruitment, enhancing 

transcriptional elongation.5, 7, 14, 16, 23, 25 The phosphoproteomics study here is the first 

to report that IKK regulates TGFβ-induced phosphorylation of ATF2, JUN, and NFκB1 

transcription factors independently of gene expression activation.

We also identified many TGFβ-stimulated phosphorylated sites that were not regulated by 

IKK. For example, SNAI2, a transcription regulator of EMT, was phosphorylated on S87 in 

response to TGFβ. Phosphorylation of SNAI2-S87 regulates the expression of vimentin, a 

marker of EMT.53 BMS-345541 did not affect the phosphorylation of SNAI2-S87. Analysis 

of amino acid residues surrounding S87 matches the phosphorylation consensus motifs 

of ERK (P-X-S/T-P), suggesting that SNAI2-S87 was likely phosphorylated by ERK, not 

by IKK. Overall, our quantitative phosphoproteomics study revealed that TGFβ induces 

wide-range, time-resolved phosphorylation in both IKK-dependent and independent manner.

IKK-NFκB signaling mediated glucose metabolic reprogramming in the early stage of 

EMT is another important finding of our study. Epithelial cells produce few ECM 

proteins under normal conditions but dramatically enhance FN1 and collagen production 

in EMT, resulting in proteotoxicity. We recently revealed a new molecular mechanism 

underlying the transformation of the protein factory and secretory machinery during the 

mesenchymal transition.18 We found that hSAECs undergoing a complete EMT (14 d of 

TGFβ treatment) activate the XBP1-axis of UPR to deal with the ER stress caused by the 

increased demand for ECM protein synthesis. XBP1s initiates transcriptional programs that 

upregulate a broad spectrum of UPR-associated genes involved in protein entry into the ER, 

protein folding, ERAD, and ER biogenesis. Furthermore, our work reveals another critical 

function of XBP1-URP. We found that mesenchymal transition in hSAECs reprograms 

glucose metabolism to HBP via XBP1-mediated UPR18, shifting the glucose flux from 

glycolysis to the production of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). 

The accumulation of intracellular UDP-GlcNAc increases the protein N-glycosylation of 

ECM (N-matrisome), which reduces proteotoxic stress by increasing the folding of insoluble 

ECM components.18 Our earlier study was not designed to identify the temporal activation 

of the UPR-HBP program.

In this study, we found that TGFβ-stimulated XBP1-HBP pathway activation also occurred 

early in EMT when cells are in partial EMT state coinciding with substantial expression of 

ECM components. These data suggest that the XBP1-HBP pathway is an adaptive response 

activated early during the EMT process. More importantly, we found that TGFβ-induced 

activation of IKK-NFκB signaling preceded the XBP1-HBP pathway, and the activation of 

the XBP1-HBP pathway is IKKβ-dependent. We show that IKKβ directly phosphorylates 

the T48 residue of XBP1s and mediates the nuclear translocation of XBP1s. Liu et al. also 

reported that IKKβ increases the activity and stability of XBP1s in hepatocytes through 

phosphorylation of XBP1s.44 Our studies extend these findings by discovering that XBP1-

HBP mediated protein folding, ERAD, ER biogenesis, and protein N-glycosylation were 

IKK regulated, demonstrating IKK is a major upstream regulator of XBP-HBP-mediated 

glucose metabolic reprogramming and proteostasis.
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We propose a novel mechanism that links inflammation with proteostasis in mesenchymal 

cells. As schematically diagramed in Fig. 7, In response to TGFβ stimulation, IKKβ 
mediates the activation of EMT signaling pathways and initiates the EMT process, 

which induces the gene expression of ECM proteins. Excessive production of ECM 

proteins induces ER stress and increases the alternative splicing of XBP1s. IKKβ directly 

phosphorylates XBP1s and increases its nuclear translocation and stability. Consequentially, 

XBP1s activates UPR- and ERAD-associated genes and genes regulating HBP, increasing 

ER folding capacity, HBP flux, and protein N-glycosylation, restoring the proteostasis. 

It was previously reported that the NFκB pathway regulates protein aggregate clearance 

and proteostasis by modulating autophagic activity.54–55 We revealed a new role of IKK-

NFκB signaling in regulating proteostasis via IKKβ-XBP1-HBP mediated unfolded protein 

response and glucose metabolic reprogramming.

Our study here presents a new mechanism for the pathogenesis of airway remodeling 

diseases, where inflammation plays a pro-survival role in epithelial cells undergoing 

EMT by activating the IKKβ-XBP1-HBP pathway. The injuries to lung epithelium induce 

innate immune response through IKK-NFκB signaling, which controls the expression of 

core transcription regulators of EMT and also regulates many EMT signaling pathways 

through IKK-mediated protein phosphorylation. In addition, IKKβ phosphorylates XBP1s 

and increases XBP1s nuclear translocation, activating UPR, expanding the ER capacity and 

secretory machinery, and upregulating ERAD. Activation of IKKβ-XBP1 also increases the 

HBP flux and the expression of the enzymes regulating protein N-glycosylation, promoting 

the secretion of ECM proteins and leading to ECM accumulation and airway remodeling. 

Our study suggests that targeting IKK-NFκB signaling and the XBP1-HBP pathway may 

provide a practical therapeutic approach for airway remodeling.
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ANOVA Analysis of variance

BCA bicinchoninic acid

ECM Extracellular matrix

ER endoplasmic reticulum

ERAD ER-associated protein degradation

FDR False discovery rate
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GO Gene ontolog

GOBP Gene ontology biological process

HBP Hexosamine biosynthesis pathway

HCD High energy collisional dissociation

LC Liquid chromatography

MMP Metalloproteinases

MS Mass spectrometry

PCA Principle component analysis

PDI protein disulfide isomerase

PTM Post-translational modifications

Q Quadrupole

Q-RT-PCR Quantitative real-time reverse transcription-PCR

SCX Strong cation exchange

SID Stable isotope dilution

SIS Stable isotope labeled internal standard

SRM Selected reaction monitoring

TGF Transforming growth factor

TM Tunicamycin

UDP-GlcNAc Uradine diphosphate-N-acetyl-glucosamine

UHPLC Ultra high performance liquid chromatography

UPR Unfolded protein response
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Figure 1. Proteomics and phosphoproteomics of early EMT signaling in the presence or absence 
IKK inhibitor, BMS-345541.
(A) Experimental design and identification strategy. hSAECs treated with TGFβ for 0, 1, 

and 3 d in the presence or absence IKK inhibitor, BMS-345541. Each experiment group 

has three biological replicates. (B) Principal component analysis (PCA) of significant 

proteins (multiple sample ANOVA, Permutation-based FDR 1%). (C) PCA of significant 

phosphopeptides (multiple sample ANOVA, Permutation-based FDR 1%).

Zhao et al. Page 20

J Proteome Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. TGFβ- and IKK-mediated protein phosphorylation.
(A) Time-series phosphoproteomics of hSAECs in response to TGFβ stimulation in the 

presence or absence of BMS-345541. (B)-(I) Time-series profile of phosphorylated NFKB1-

S903/S907, ATF2-T51, JUN-S63, IRS2-S388/S391, JUN-S73, RPS6KA4-T681, RPS6KA1-

S277, and MAPK3-T202/Y204. The solid circle and line is the time-series profile of 

phosphopeptides in the absence of IKK inhibitor; the open circle and dot line is the 

time-series profile of phosphopeptides in the presence of IKK inhibitor; error bar, standard 

error. (J) Panther signaling pathways regulated by both TGFβ and IKK. Green bar, signaling 

pathways activated in day 1; blue bars, signaling pathways activated in day 3; +, significance 

level of enrichment analysis (FDR corrected p-value).
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Figure 3. IKK-independent protein phosphorylation in the early stage of EMT.
(A)-(F) Time-series profile of phosphorylated SNAI2-S87, ITGB4-S1069, JUN-T239/S243, 

MED1-S770/S771/S774, RPS6KA3-S369, and JUND-T259. The solid circle and line is 

the time-series profile of phosphopeptides in the absence of IKK inhibitor; the open circle 

and dot line is the time-series profile of phosphopeptides in the presence of IKK inhibitor; 

error bar, standard error. (G) Panther signaling pathways activated by TGFβ in an IKK-

independent manner. Green bar, signaling pathways activated in day 1; blue bars, signaling 

pathways activatied in day 3; +, significance level of enrichment analysis (FDR corrected 

p-value).
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Figure 4. IKKβ phosphorylates XBP1s-T48 and regulates XBP1-mediated UPR.
The hSAECs were treated with TGFβ for 1 and 3 d in the presence or absence of 

BMS-345541. (A) MS/MS spectrum of phosphorylation of XBP1s-T48. (B) The level of 

phosphorylated XBP1s-T48. (C) and (D) IP-SRM analysis of of XBP1s and IKKβ. The 

XBP1-IKKβ was immunoprecipitated using XBP1 antibody, and the level of XBP1s and 

IKKβ were measured with SID-SRM-MS. (E) Western blot of XBP1s in the nucleus. 

Nuclear fractions were prepared. Lower band, HDAC1 staining demonstrates equivalent 

abundance of nuclear proteins in each lane. (F) SRM measurement of nuclear XBP1s. t-test 

p-value: *, p<0.05; **, p<0.01; ***, p <0.001. Native/SIS ratio, SRM intensity of native 

peptide derived from sample/SRM intensity of stable-isotope labeled peptide.
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Figure 5. TGFβ- and IKK-mediated protein profiles.
(A) Time-series proteomics of hSAECs in response to TGFβ stimulation in the presence 

or absence of IKK inhibitor. (B) GOBP annotation enrichment of proteins that were 

upregulated after 3 d of TGFβ treatment and blocked by BMS-345541 (the proteins in 

Cluster 3 in Fig. 5A; and only UPR and HBP related annotations are shown, the full list of 

GO annotation are listed in Supplemental Table S11). (C)-(E) Time-series protein profiles 

of some IRE1-XBP1 mediated genes. The solid circle and line, the time-series profile of 

phosphopeptides in the absence of IKK inhibitor; the open circle and dot line, the time-series 

profile of phosphopeptides in the presence of IKK inhibitor; error bar, standard error. (F)-(H) 

Time-series protein profiles of some genes involved in ERAD.
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Figure 6. Activation of HBP pathway and protein N-glycosylation.
(A) Lectin staining of glycoproteins in hSAECs treated with TGFβ in the presence or 

absence of IKK inhibitor. The fixed cells were stained with DAPI for nuclei (blue) and 

lectin for glycoproteins (green) (magnified ×63). (B) Quantiification of lectin staining (n=6). 

(C)-(E) Time-series protein profiles of some HBP enzymes. The solid circle and line, the 

time-series profile of phosphopeptides in the absence of IKK inhibitor; the open circle and 

dot line, the time-series profile of phosphopeptides in the presence of IKK inhibitor; error 

bar, standard error. (F) Intracellular level of UDP-GlcNAc. t-test p-value: * p<0.05; **, p 

<0.01. (G)-(I) Time-series profiles of proteins regulating protein N-glycosylation.
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Figure 7. 
IKK-XBP1-mediated glucose metabolism reprogramming regulates proteostasis and ECM 

production.
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