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Lysyl oxidase (LOX) re-established impaired epithelial homeostasis via activation of 71 

BMP pathway in esophagus. The LOX/BMP axis may be a promising approach for 72 

eosinophilic esophagitis. 73 

 74 

  75 
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Abstract 76 

Background & Aims 77 

Epithelial disruption in eosinophilic esophagitis (EoE) encompasses both impaired 78 

differentiation and diminished barrier integrity. We have shown that lysyl oxidase (LOX), 79 

a collagen cross-linking enzyme, is upregulated in the esophageal epithelium in EoE. 80 

However, the functional roles of LOX in the esophageal epithelium remains unknown. 81 

Methods 82 

We investigated roles for LOX in the human esophageal epithelium using 3-dimensional 83 

organoid and air-liquid interface cultures stimulated with interleukin (IL)-13 to 84 

recapitulate the EoE inflammatory milieu, followed by single-cell RNA sequencing, 85 

quantitative reverse transcription-polymerase chain reaction, western blot, histology, and 86 

functional analyses of barrier integrity. 87 

Results 88 

Single-cell RNA sequencing analysis on patient-derived organoids revealed that LOX 89 

was induced by IL-13 in differentiated cells. LOX-overexpressing organoids 90 

demonstrated suppressed basal and upregulated differentiation markers. Additionally, 91 

LOX overexpression enhanced junctional protein genes and transepithelial electrical 92 

resistance. LOX overexpression restored the impaired differentiation and barrier function, 93 

including in the setting of IL-13 stimulation. Transcriptome analyses on LOX-94 

overexpressing organoids identified enriched bone morphogenetic protein (BMP) 95 

signaling pathway compared to wild type organoids. Particularly, LOX overexpression 96 

increased BMP2 and decreased BMP antagonist follistatin. Finally, we found that BMP2 97 

treatment restored the balance of basal and differentiated cells. 98 

Conclusions 99 
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Our data support a model whereby LOX exhibits non-canonical roles as a signaling 100 

molecule important for epithelial homeostasis in the setting of inflammation via 101 

activation of BMP pathway in esophagus. The LOX/BMP axis may be integral in 102 

esophageal epithelial differentiation and a promising target for future therapies. 103 

 104 

Keywords 105 

Lysyl oxidase; Organoid; BMP; Eosinophilic esophagitis 106 
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Introduction 108 

The stratified squamous epithelium of the esophagus is the first line of protection 109 

against luminal contents including food, bacteria, and other pathogens. Epithelial barrier 110 

disruption as well as impaired epithelial differentiation are universal histologic findings 111 

in eosinophilic esophagitis (EoE), a chronic allergic disease that affects children and 112 

adults (1,2). Patients with EoE have chronic swallowing issues, vomiting, weight loss and 113 

overtime develop esophageal fibrosis and strictures. A better understanding of the 114 

perturbations that occur in the epithelial barrier of the esophagus may prevent progression 115 

of symptomatology and lifelong esophageal dysfunction. 116 

In our previous publication, we found that lysyl oxidase (LOX), a collagen cross 117 

linking enzyme, was increased in the esophageal epithelium of patients with EoE, and to 118 

a larger degree in patients with fibrostenosis (3). LOX catalyzes extracellular collagen to 119 

form inter- and intramolecular cross-links, thus forming collagen fibers (4). LOX is a 120 

requisite for normal tissue structure and integrity with global murine deletion causing 121 

perinatal fatality due to aortic aneurysms and pulmonary abnormalities (5,6). In the 122 

setting of inflammation, enhanced cross linking within tissue has been shown to promote 123 

tissue stiffness in the context of liver fibrosis, cardiovascular disease, and breast cancer 124 

(7–9). While its role in perpetuating fibroblast activation and tissue stiffness has been 125 

described, little is known about the functional role of LOX outside of extracellular matrix 126 

remodeling and tissue stiffness. 127 

LOX has been shown to have non-crosslinking effects in bone, skin, muscle and 128 

blood through effects on chemotaxis, gene regulation and differentiation (10–12). It has 129 

been shown to be both pro-and anti-tumorigenic, making the organ and the context 130 

particularly important in its evaluation (13). In the skin, LOX expression has been 131 
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demonstrated specifically in differentiated keratinocytes. LOX silencing inhibits 132 

keratinocyte differentiation in vitro and causes decreased expression of terminal 133 

differentiation markers filaggrin (FLG) and keratin 10 (KRT10) (13–15). While it seems 134 

to have a role in squamous differentiation, the function of LOX in the esophageal 135 

epithelium is unknown. LOX is upregulated in the EoE epithelium, however its role 136 

beyond collagen crosslinking in the esophagus has never been explored. 137 

Herein, we sought to determine the role of LOX in the epithelium in the context 138 

of EoE inflammation using 3-dimensional (3D) organoid and air-liquid interface cultures. 139 

We evaluate the effect of LOX on epithelial differentiation and barrier integrity and 140 

describe a novel cytoprotective role for LOX within the inflamed esophageal epithelium. 141 

 142 

 143 

Results 144 

IL-13 induces LOX in the differentiated epithelium in human esophagus. 145 

To recapitulate the EoE milieu in vitro and to determine the characteristics of 146 

LOX in human esophageal epithelium, we performed single-cell RNA sequencing on 147 

patient-derived organoids (PDOs) treated with interleukin (IL)-13. Three dimensional 148 

esophageal epithelial organoids allow for evaluation of the esophageal epithelial 149 

dynamics in vitro (16–18). Our prior work demonstrated that stimulation with IL-13, the 150 

major effector cytokine in EoE, recapitulates the epithelial reactive changes (such as basal 151 

cell hyperplasia) seen in EoE (16–18). PDOs were derived from 3 control subjects (18) 152 

and we performed single-cell RNA sequencing on each line in the presence and absence 153 

of IL-13. The integrated analysis identified 9 esophageal cell populations in the uniform 154 

manifold approximation and projection (UMAP). The 9 clusters were then categorized 155 
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into 4 groups: quiescent basal, proliferating basal, suprabasal, and superficial, based on 156 

the expression of known epithelial makers collagen type VII alpha 1 chain (COL7A1), 157 

dystonin (DST), marker of proliferation Ki-67 (MKI67), DNA topoisomerase II alpha 158 

(TOP2A), tumor protein p63 (TP63), involucrin (IVL), FLG, and desmoglein 1 (DSG1) 159 

(19,20) (Figure 1A). As expected, high TP63 expression and low IVL, FLG, and DSG1 160 

expression were observed in the basal cluster. We detected COL7A1 and DST transcripts 161 

in the quiescent basal, and MKI67 and TOP2A transcripts in the proliferating basal cluster, 162 

respectively. In contrast, IVL, FLG, and DSG1 were highly expressed in the differentiated 163 

cluster group (Figure 1B). We further constructed progression mapping of cell cycle 164 

phases. In agreement with expression profiling, the majority of proliferating basal 165 

populations and differentiated populations were located in G2/M and G1 cell cycle phase, 166 

respectively (Figure 1C). 167 

Although LOX expression was low in nontreated samples, it was markedly 168 

upregulated by IL-13 treatment. Interestingly, cells expressing LOX mainly emerged in 169 

the differentiated clusters in the UMAP (Figure 1D). Pseudotime analysis was performed 170 

to determine developmental relationships between the epithelial populations in human 171 

esophagus. Inferred trajectories identified 2 unique cell fates for the quiescent cell cluster 172 

in response to IL-13 treatment: (1) toward the proliferating basal cluster and (2) toward 173 

the terminally differentiated cluster (Figure 1E). Relative expression values of LOX were 174 

plotted along pseudotime axis (Figure 1F). The increased expression of LOX at the late 175 

pseudotime suggests that IL-13 upregulates LOX in differentiated populations within 176 

human esophageal epithelium. We further focused on heterogeneity of LOX expressing 177 

cells in the differentiated clusters (Figure 1D). Only 10% of the superficial cells were 178 

expressing LOX in IL-13-stimulated PDOs. To reveal features of the LOX expressing 179 
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cells, we performed differentially expression gene (DEG) analysis between LOX 180 

expressing (LOX+) cells and LOX non-expressing (LOX-) cells in the IL-13-treated 181 

superficial population. Expression patterns of the top 10 upregulated and downregulated 182 

DEGs are shown in Figure 1G. The most highly DEG in the LOX+ cells compared to the 183 

LOX- cells was keratin 1, followed by keratin 13, and KRT10 which are known as a 184 

differentiation marker. Gene Ontology analysis using DEGs demonstrated that 185 

heterogeneity of the LOX+ and LOX- cells was related to regulation of cell migration, 186 

squamous cell differentiation, and cytoskeleton in IL-13-stimulated PDOs (Figure 1H). 187 

 188 

LOX promotes cell differentiation in esophageal epithelium. 189 

To investigate the impact of induced LOX in the esophageal epithelium, we 190 

overexpressed LOX in the immortalized nontransformed normal human esophageal 191 

epithelial cell line (EPC2-hTERT) (3,17,18,21). Green fluorescent protein-transduced 192 

(GFP) cells were used as a control. Quantitative reverse transcription-polymerase chain 193 

reaction (qRT-PCR) and immunoblotting confirmed increased expression in LOX 194 

overexpressing EPC2-hTERT (LOX OE) cells compared to GFP cells in monolayer 195 

culture (Figure 2A and 2B). 196 

We next evaluated 3D organoid cultures (16,17) stimulated with IL-13 (22,23). 197 

Ectopic LOX expression resulted in decreased expression of basal cell marker genes 198 

SRY-box transcription factor 2 (SOX2), keratin 14 (KRT14), and TP63, and increased 199 

expression of differentiation marker genes IVL, FLG, and loricrin (LOR), in both 200 

nontreated and IL-13-treated organoids (Figure 2C). We also assessed organoid 201 

morphology. Hematoxylin and eosin stain (H&E) staining revealed that LOX OE 202 

organoids had advanced inner core hyperkeratosis compared to GFP organoids. IL-13-203 
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treated GFP organoids had expansion of the basal cell population, as seen in EoE (1), 204 

with thickening of the outer basaloid layer. However, this effect was attenuated in IL-13-205 

treated LOX OE organoids (Figure 2D). Immunohistochemistry and immunofluorescence 206 

staining demonstrated elevation of TP63 and depression of IVL and FLG levels by IL-13 207 

in GFP organoids. On the other hand, LOX OE organoids demonstrated reduced 208 

expression of TP63 and enhanced expression of IVL and FLG in both untreated and IL-209 

13 conditions compared to GFP organoids (Figure 2D). These findings support the 210 

conclusion that LOX partially mitigates the disrupted cellular gradient caused by IL-13 211 

stimulus. 212 

Since only basaloid cells (and not terminally differentiated cells) are capable of 213 

forming organoids, we assessed organoid formation rate (OFR) to confirm whether LOX 214 

OE cell has reduced OFR due to enhanced differentiation. Although OFR did not 215 

significantly change after seeding from 2D basaloid-monolayers into organoids (P0), it 216 

was significantly decreased in passaged LOX OE organoids (P1), suggesting that LOX 217 

OE organoids comprise more differentiated cells than GFP organoids (Figure 3A and 3B). 218 

Taken together, these results confirm that overexpressing LOX promotes epithelial 219 

differentiation. 220 

 221 

LOX improves barrier integrity in esophageal epithelium. 222 

Disturbed squamous cell differentiation alters epithelial barrier integrity (24,25). 223 

This disruption is crucial in the pathogenesis of EoE (26–28). Thus, we sought to 224 

elucidate if LOX is implicated in barrier regulation. DSG1 and desmocollin-1 (DSC1), 225 

members of the desmosomal cadherin family, are required for adhesive intercellular 226 

junctions and maintenance of epithelial homeostasis (29,30). Interestingly, while IL-13 227 
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treatment decreased transcript levels of DSG1 and DSC1 in organoids, LOX 228 

overexpression increased their expression at baseline and partially rescued the effect of 229 

IL-13 (Figure 4A). 230 

To directly assess the effect of LOX on barrier function, we used the ALI system 231 

which mimics an in vivo epithelial environment and measured transepithelial electrical 232 

resistance (TEER) (31) (Figure 4B). IL-13 treatment increased barrier permeability in the 233 

epithelium as measured by TEER. Conversely, LOX overexpression improved the IL-13-234 

induced barrier deficiency by 1.4-fold compared to GFP cells (Figure 4C). H&E staining 235 

of GFP cultures also showed impaired squamous stratification in response to IL-13. 236 

However, LOX overexpression counteracted the disruption caused by IL-13. We 237 

performed staining for TP63, IVL, FLG, and DSG1 in ALI cultures. As seen in organoids, 238 

although IL-13 stimulation prevented differentiation and barrier-related protein 239 

expression in the epithelium, LOX overexpression enhanced IVL, FLG and DSG1 in both 240 

untreated and IL-13 stimulated cultures. Collectively, these data show that LOX promotes 241 

normal cell differentiation and supports epithelial integrity including in the setting of IL-242 

13 stimulation. 243 

 244 

Transcriptome profiling reveals pathways associated with LOX expression in 245 

esophageal epithelium. 246 

To understand the mechanism by which LOX regulates epithelial integrity, we 247 

performed RNA sequencing on LOX OE organoids. DEG analysis using DESeq2 (32) 248 

identified 2446 upregulated (P < 0.05 and log2(fold change) ≥ 0.585) and 2923 249 

downregulated (P < 0.05 and log2(fold change) ≤ -0.585) genes in LOX OE organoids 250 

compared to GFP organoids (Figure 5A and 5B). Gene Ontology analysis of DEGs 251 
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revealed that cell differentiation and keratinization-related terms were enriched in LOX 252 

OE organoids (Figure 5C). By contrast, cell proliferation-related terms were decreased 253 

(Figure 5D). Furthermore, Gene Set Enrichment Analysis (GSEA) on the Pathway 254 

Interaction Database (PID) (33) revealed that gene signatures associated with bone 255 

morphogenetic protein (BMP), transforming growth factor-β (TGFβ), and WNT 256 

pathways, were significantly enriched in LOX OE organoids (false discovery rate; FDR 257 

< 0.25; Figure 5E). These results are consistent with our previous results showing a role 258 

for LOX in modulating esophageal epithelial differentiation. 259 

 260 

BMP signaling pathway is activated in LOX overexpressing organoids. 261 

Recent studies demonstrated that BMP pathway is essential for esophageal 262 

progenitor cell differentiation and disrupted BMP signaling results in basal cell 263 

hyperplasia in EoE (34,35). Therefore, we postulated that BMP signaling pathway could 264 

be integral in LOX-supported differentiation (Figure 6A). We investigated BMP ligands 265 

and BMP receptors (BMPRs) from the PID gene sets presented in Figure 5E and 6A. 266 

BMP2, BMP6, BMPR1B, and BMPR2 were significantly elevated in LOX OE organoids 267 

compared to GFP organoids (by 2.5-fold, 18.3-fold, 4.8-fold, and 1.2-fold, respectively). 268 

Intriguingly, we found that the BMP antagonist follistatin (FST) was significantly 269 

decreased by 0.36-fold in LOX OE organoids (Figure 6B). 270 

We validated these findings by qRT-PCR, western blot, and 271 

immunohistochemistry in the setting of IL-13 stimulation (Figure 6C-F). Transcript levels 272 

of BMP2 were increased by 4.0-fold and 3.2-fold in untreated and IL-13-stimulated LOX 273 

OE organoids compared to GFP organoids, respectively. IL-13 stimulus led to increased 274 

expression of FST in GFP organoids, while LOX overexpression reduced this effect by 275 
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0.62-fold and 0.21-fold in untreated and IL-13-stimulated LOX OE organoids, 276 

respectively (Figure 6C). Protein levels of BMP2 and downstream transcription factor 277 

phospho-SMAD1/5/9 (p-SMAD1/5/9) were also increased in LOX OE organoids (Figure 278 

6D). FST, which was robustly expressed in IL-13 stimulated organoids, was decreased in 279 

the setting of LOX overexpression (Figure 6E and 6F). These data support a model in 280 

which overexpression of LOX inhibits FST leading to increased BMP signaling. 281 

 282 

BMP2 promotes cell differentiation in esophageal epithelium. 283 

Finally, we investigated whether BMP2 is involved in esophageal epithelial 284 

differentiation and barrier integrity. Treatment with recombinant BMP2 led to decreased 285 

TP63 mRNA expression and increased IVL, FLG, DSG1, and DSC1 mRNA expression 286 

in monolayer-cultured EPC2-hTERT cell (Figure 7A). Immunoblotting demonstrated 287 

similar results with increased p-SMAD1/5/9, IVL, and DSG1 in BMP2-treated cells 288 

(Figure 7B). Consistent with the results in monolayer culture, BMP2-treated organoids 289 

showed decreased expression of basal genes (SOX2 and TP63) and increased expression 290 

of differentiation and junctional protein genes (IVL, FLG, LOR, DSG1, and DSC1) 291 

(Figure 7C and 7D). BMP2 treatment also reduced organoid formation capacity, further 292 

supporting the notion that BMP2 enhances differentiation and reduces the basal 293 

population (Figure 7E). In summary, our findings suggest that LOX has a protective role 294 

in the esophageal epithelium in which it acts to restore homeostasis in EoE via activation 295 

of BMP signaling. 296 

 297 

 298 

Discussion 299 
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Lysyl oxidase is an extracellular matrix remodeling enzyme, which acts to cross 300 

link collagen thereby enhancing tissue stiffness. LOX is expressed in the epithelium of 301 

the prostate, retina, and skin as well as other locations (36–38), however its role in the 302 

esophageal epithelium in homeostasis and disease is unknown. Herein, we describe a non-303 

canonical role for LOX in the esophageal epithelium and a potential protective role in 304 

epithelial differentiation and barrier integrity. Building upon our previous work 305 

demonstrating that LOX was upregulated in the EoE epithelium, we now show that LOX 306 

is expressed in the differentiated esophageal epithelium where it has non-collagen-307 

crosslinking roles. LOX overexpression models demonstrate enhanced differentiation and 308 

barrier integrity even in the setting of IL-13 stimulation in the esophageal epithelium. 309 

Utilizing unbiased transcriptomic approaches, we found that the BMP pathway was 310 

enriched in LOX OE cells and that LOX OE cells have increased expression of BMP2, 311 

while BMP antagonist follistatin is decreased. This effect is maintained despite IL-13 312 

stimulation. These results help to elucidate the contribution of LOX-supported 313 

differentiation and barrier integrity both in homeostasis and in the context of allergic 314 

insult. 315 

Epithelial changes in EoE disrupt the mucosal barrier which normally provides 316 

protection from acid and food particles during normal swallows. Current treatment 317 

strategies are aimed at decreasing the invasion of inflammatory cells into the esophagus. 318 

However, we have found that epithelial changes persist even in patients in remission with 319 

low eosinophil counts (2). Thus, determining mechanisms to restore homeostasis to the 320 

esophageal epithelium represents an unexplored avenue of research with therapeutic 321 

potential. We now highlight a novel role for LOX in restoration of epithelial homeostasis. 322 

LOX silencing has been shown to impair keratinocyte differentiation of the skin (36). In 323 
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fact, in vitro skin models show that LOX expression is increased in early differentiation 324 

and knockdown inhibits terminal differentiation. Taken together, these results suggest 325 

that increased LOX in the setting of inflammation may serve to re-establish differentiation 326 

and barrier during injury in the squamous mucosa. 327 

Fibrosis is a major complication in EoE, and since LOX is a collagen crosslinker, 328 

it would be tempting to use LOX inhibitors to prevent fibrosis. However, our data 329 

demonstrating the protective roles of LOX in the esophageal epithelium in the context of 330 

Th2 inflammation would suggest that global LOX inhibition would have detrimental 331 

effects on the epithelial barrier. It would therefore be advantageous to target the 332 

crosslinker activity of LOX without effecting its non-crosslinking functions or vice versa. 333 

In that regard, our identification of the beneficial role of the LOX/BMP axis in the 334 

esophageal epithelium may represent a new approach to mitigating EoE, which could be 335 

employed via a topical approach. Topical steroid preparations are often employed in EoE  336 

to spare the negative consequences of systemic treatment with steroids (39,40). 337 

Furthermore, recombinant human BMP2 is currently approved by the Food and Drug 338 

Administration to promote bone healing in orthopedics (41–43). Building off of this and 339 

our in vitro findings of the protective role of BMP2 in the setting of IL-13 stimulation 340 

(Figure 7), it may be possible to employ preparations of BMP2 agonists to enhance 341 

esophageal epithelial barrier integrity. 342 

BMP2, a member of the TGFβ superfamily, is essential for embryogenesis and 343 

development of the gut, and the BMP pathway affects morphogenesis of esophageal 344 

epithelial progenitor cells (44–47). We revealed that overexpression of LOX results in 345 

increased expression of BMP2 and increased squamous differentiation in esophageal 346 

organoids. Interestingly, downregulated BMP2 expression by fibroblast growth factor 9, 347 
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which is upregulated in patients with EoE, has been proposed as the mechanism of 348 

hyperplasia in EoE (48). Furthermore, basal cell hyperplasia in the EoE epithelium, 349 

specifically in the setting of IL-13 stimulation, is associated with inhibition of the BMP 350 

pathway in human disease and murine models (34). Herein, we demonstrate the role of 351 

LOX specifically in differentiated cells to maintain barrier integrity and restore 352 

homeostasis. Future work will interrogate the mechanism by which LOX activates the 353 

BMP pathway to exert these protective roles. One possibility is downregulation of the 354 

BMP antagonist follistatin (49) by LOX. We demonstrated decreased follistatin levels in 355 

LOX OE organoids, even in the setting of IL-13 stimulation (Figure 6). Interestingly, IL-356 

13/STAT6 pathway directly upregulates follistatin, and its increased levels have been 357 

reported in EoE patients and murine models (34). Correspondingly, knockdown of 358 

follistatin accelerates epithelial differentiation in esophageal cells. To date, although 359 

reactive oxidative stress has been shown to mediate the differentiation by the activated 360 

BMP in EoE (34), the specific mechanism remains to be elucidated. 361 

One weakness of this study is that we rely on cell culture techniques as there is no 362 

in vivo model of LOX overexpression. LOX knock out mouse models would complement 363 

this work, however, these models are embryonic lethal and tissue specific knock out 364 

mouse strains do not exist. To contend with these limitations, we utilize 3D cultures 365 

(organoid and ALI culture) to replicate the proliferation and renewal patterns in vitro. 366 

Another potential weakness is that while LOX is upregulated in EoE, our model may be 367 

inducing higher overexpression levels than observed in vivo. However, the benefit of this 368 

model is that it allows for evaluation of the mechanistic effects of LOX without the 369 

secondary effects of inflammatory cytokines. 370 

The esophageal epithelial barrier is maintained by an exquisitely regulated 371 
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proliferation and differentiation gradient. The perturbations lead to symptoms as well as 372 

inflammation. Herein, we describe a novel role for LOX involving maintenance of 373 

differentiation and barrier integrity independent of its effects in subepithelial matrix 374 

remodeling. Epithelial LOX may serve to re-establish homeostasis in the setting of 375 

inflammation via BMP activation, underscoring the diverse functions of LOX in the 376 

esophagus. Investigation of the LOX-BMP pathway may provide novel insights into the 377 

pathogenesis and be a promising therapeutic approach for EoE. Further, elucidating these 378 

mechanisms may have implications for epithelial disruption in disorders beyond EoE, 379 

including caustic ingestions and gastroesophageal reflux disease. 380 

 381 

 382 

Methods 383 

Cell line and monolayer culture 384 

EPC2-hTERT cells were cultured in keratinocyte-serum free medium with  0.09 mM Ca2+ 385 

(KSFM; Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with bovine 386 

pituitary extract (50 μg/ml), human recombinant epidermal growth factor (1 ng/ml), and 387 

1% penicillin-streptomycin. The cells were incubated at 37°C in a 5% humidified CO2 388 

atmosphere (50,51). 389 

 390 

3-dimensional esophageal organoid culture 391 

EPC2-hTERT organoids were cultured as described previously (16–18). Briefly, EPC2-392 

hTERT cells were dissociated into a single cell suspension and placed into Matrigel 393 

basement membrane matrix (Corning Inc., Corning, NY, USA) under KSFM modified 394 

with 0.6 mM Ca2+. Organoids were grown for 7 days, followed by treatment with 10 395 
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ng/ml IL-13, 10 ng/ml recombinant BMP2 protein (R&D Systems, Inc., Minneapolis, 396 

MN, USA), or vehicle (phosphate-buffered saline for IL-13 and hydrochloride for BMP2) 397 

for 4 days. We then used the day 11 organoids for further analyses. OFR was defined as 398 

the number of organoids ≥ 50 μm divided by the total seeded cells in each well (17,18). 399 

 400 

Air-liquid interface culture 401 

EPC2-hTERT cells were seeded on transwell permeable supports with 0.4 μm pore (3470; 402 

Corning) and grown with KSMF (0.09 mM Ca2+) for initial 3 days to confluency. Cultures 403 

were then switched to high-calcium KSFM (1.8 mM Ca2+) for 5 days. The media was 404 

removed from the apical compartment on day 8 to induce epithelial differentiation and 405 

stratification. 10 μg/ml IL-13 (or vehicle) was applied in the basolateral compartment 406 

from day 9 to 14. In order to assess epithelial barrier integrity, TEER was measured with 407 

Epithelial Volt/Ohm (TEER) Meter (World Precision Instruments, Sarasota, FL, USA). 408 

The day 14 ALI-cultured epithelium was used for TEER measurement and histology. 409 

 410 

Bioinformatic analysis of single-cell RNA sequencing data 411 

PDOs were stimulated with vehicle or IL-13 (10 μg/ml) from day 7 to day 11 and the day 412 

11 PDOs were then dissociated into a single cell suspension for single-cell RNA 413 

sequencing (18). Dead Cell Removal Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) 414 

was used to guarantee cell viability. The raw count matrix with barcode and feature 415 

information for each sample were imported and transformed to Seurat (version 4.2.0) 416 

objects for further processing. Genes expressed in 3 or fewer cells were excluded from 417 

analysis. To eliminate dead cells or doublets, cells with the expression of less than 700 or 418 

over 6000 genes, respectively, were excluded. Additionally, cells with over 10% of their 419 
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transcripts consisting of mitochondrial genes were excluded. Seurat integration workflow 420 

was used to integrate the top 3000 variable genes, as anchors, across cells for control 421 

samples (52). After integration, dimensionality reduction used the genes and values that 422 

were pre-processed using the integration workflow. Principal component analysis was 423 

used for initial dimensionality reduction and later for clustering, resulting in 20 principal 424 

components. The components were then used as input to the UMAP dimensionality 425 

reduction procedure using 20 neighbors for local neighborhood approximation and 426 

embedding into 2 components for visualization. Clustering was initialized with a Shared 427 

Nearest Neighbor (SNN) graph by first determining 20 nearest neighbors for each cell, 428 

and then determined by a modularity optimization algorithm by Waltman and van Eck 429 

(53). Cell type annotations for each cluster are based on the expression of marker genes 430 

and DEGs. To better compare the IL-13 treated samples to the control data, IL-13 data 431 

were projected to control data after filtering and integration using Seurat projection/query 432 

workflow. For DEG analysis on the IL-13 treated PDOs, cells with a LOX expression 433 

greater than 0 were defined as LOX+ cells and cells with a LOX expression of 0 were 434 

defined as LOX- cells in the superficial cluster. 435 

 436 

Trajectory analysis 437 

Monocle 3 (version 1.0.0) was used to infer the trajectory analysis based on the single-438 

cell RNA sequencing data. Seurat objects from upstream analysis were converted to 439 

Monocle objects, and then reversed graph embedding was applied to yield principal graph 440 

that is allowed to branch from the reduced dimension space (54). Pseudotime trajectory 441 

are defined and derived by selecting the specific cells as roots based on the prior 442 

knowledge of the cell type. 443 
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 444 

Bulk mRNA sequencing and gene expression analysis 445 

GFP and LOX OE organoids were grown for 11 days and then harvested for RNA 446 

sequencing. Sequencing libraries were constructed from total RNA (1 μg) using a TruSeq 447 

Stranded mRNA Library Prep (Illumina Inc., San Diego, CA, USA). RNA sequencing 448 

was performed on Illumina HiSeq2000 platform. We used kallisto (55) and human 449 

reference genome hg38 for alignment. Mapped reads were analyzed with DESeq2 (32). 450 

DEGs were determined as P < 0.05 and log2(fold change) ≥ 0.585 or ≤ -0.585. Using 451 

DEGs, Gene Ontology enrichment analysis was provided by topGO package (56). Top 5 452 

enriched or depleted terms with the lowest FDR values in LOX OE organoids were 453 

selected. The ‘stat’ output field from DESeq2 was then used as input for GSEA (57,58) 454 

preranked analysis to identify enriched pathways from the PID. 455 

 456 

Lentivirus-mediated gene transfer 457 

Lentiviral vectors pLX304-eGFP and pLX304-LOX were constructed by Gateway LR 458 

reaction of entry clones pENTR223-LOX (HsCD00378945, PlasmID Harvard Medical 459 

School) and pDONR221-eGFP (Addgene vector 25899) with destination vector pLX304 460 

(Addgene vector 25890). VSV-g coated lentiviral particles were prepared by transfecting 461 

293T cells with 9 μg of psPAX, 0.9 μg of pMD2.G, and 9 μg of overexpression vector 462 

using Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific Inc.). EPC2-463 

hTERT cells were transduced by spinfection and selected with 10 μg/ml blasticidin (59). 464 

 465 

Quantitative reverse transcription-polymerase chain reaction 466 

RNA extraction and reverse transcription were carried out as described previously 467 
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(21,51).  Real-time qRT-PCR was performed with TaqMan Gene Expression Assays 468 

(Thermo Fisher Scientific Inc.) for LOX (Hs00942480_m1), SOX2 (Hs01053049_s1), 469 

KRT14 (Hs03044364_m1), TP63 (Hs00978340_m1), IVL (Hs00846307_s1), FLG 470 

(Hs00856927_g1), LOR (Hs01894962_s1), BMP2 (Hs00154192_m1), FST 471 

(Hs01121165_g1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 472 

Hs02786624_g1) using the StepOnePlus Real-Time PCR System (Thermo Fisher 473 

Scientific Inc.). Relative mRNA levels of each gene were normalized to GAPDH levels 474 

as a housekeeping control. 475 

 476 

Western Blot 477 

Whole-cell lysates from cells in monolayer culture and 3D organoids were prepared as 478 

described previously (17). Equivalent amounts (20-40 μg) of protein were loaded into a 479 

NuPAGE 4 to 12% Bis-Tris gel. Following electrophoresis, transfer to a polyvinylidene 480 

difluoride membrane, and blocking with 5% bovine serum albumin or non-fat milk, 481 

membranes were incubated with primary antibodies at 4°C overnight. The primary 482 

antibodies used were follows: anti-LOX (1:500; NB100-2527; Novus Biologicals, 483 

Centennial, CO, USA), anti-TP63 (1:1000; ab124762; Abcam, Cambridge, UK), anti-484 

IVL (1:1000; I9018; Millipore Sigma, Burlington, MA, USA), anti-DSG1 (1:1000; sc-485 

137164; Santa Cruz Biotechnology, Dallas, TX, USA), anti-BMP2 (1:1000; ab214821; 486 

Abcam), anti-phospho-SMAD1/5/9 (1:1000;13820S; Cell Signaling Technology, 487 

Danvers, MA, USA), and anti-β-actin (1:5000; A5316; Millipore Sigma). Immunoblots 488 

were detected with an appropriate horseradish peroxidase (HRP)-conjugated secondary 489 

antibody (1:2000; NA934 or NA 931; Amersham BioSciences, Buckinghamshire, UK) 490 

by ECL detection (Bio-Rad Laboratories, Hercules, CA, USA). β-Actin served as a 491 
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loading control. 492 

 493 

Immunohistochemistry and immunofluorescence 494 

Organoids were fixed and embedded as described previously (16,17), and subjected to 495 

hematoxylin and eosin staining, immunohistochemistry, and immunofluorescence. 496 

For immunohistochemistry, after deparaffinization and rehydration, antigens were 497 

retrieval by high-pressure cooking, Following, peroxidase quenching and blocking with 498 

an appropriate serum (Jackson ImmunoResearch), sections were incubated with primary 499 

anti-TP63 monoclonal antibody (1:1000; ab124762; Abcam) and anti-follistatin 500 

monoclonal antibody (1:50; MAB669; R&D Systems, Inc.) at 4°C overnight and then 501 

with an appropriate biotinylated secondary antibody (1:200; Vector Laboratories, 502 

Burlingame, CA, USA). The signal was detected with VECTASTAIN Elite ABC-HRP 503 

Kit (PK-6100; Vector Laboratories). DAB Substrate Kit (SK-4100; Vector Laboratories) 504 

was used for color reaction. For follistatin staining, slides were quantified with following 505 

score: 1 is negative to weak, 2 is weak to moderate, 3 is moderate to strong, and 4 is 506 

strong staining. Ten organoids per condition were used for the evaluation. 507 

For immunofluorescence, sections were stained with primary anti-IVL monoclonal 508 

antibody (1:100, I9018; Millipore Sigma), anti-FLG monoclonal antibody (1:100; MA5-509 

13440; Thermo Fisher Scientific Inc.), and anti-DSG1 monoclonal antibody (1:100; sc-510 

137164; Santa Cruz Biotechnology) at 4°C overnight and then with Cy2 or Cy5-511 

AffiniPure Donkey Anti-Mouse IgG (H+L) secondary antibody (1:500; 715-225-150 or 512 

715-175-150; Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 513 

1 h. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; 17985-50; Electron 514 

Microscopy Sciences, Hatfield, PA, USA). Images were taken with an All-in-One 515 
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Fluorescence Microscope BZ-X710 (KEYENCE Corp., Osaka, Japan). The images were 516 

evaluated in 5 different locations in high-power field per condition, and representatives 517 

are shown. 518 

 519 

Statistical analysis 520 

Data are presented as means ± standard deviations (SDs). Continuous variables were 521 

analyzed by two-tailed Student’s t-test for two independent groups or analysis of variance 522 

for multigroup. All statistical analyses were conducted with GraphPad Prism (GraphPad 523 

Software, San Diego, CA, USA). A P value of less than 0.05 was considered statistically 524 

significant. 525 

 526 

All authors had access to the study data and had reviewed and approved the final 527 
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Figure 2. LOX overexpression promotes cell differentiation in esophageal epithelium.
(A) Quantitative RT-PCR for LOX of monolayer-cultured EPC2-hTERT cells overexpressing GFP or LOX (LOX OE) (n = 3). (B)
Representative images of immunoblot for LOX of the monolayer-cultured GFP and LOX OE cells. (C and D) Alterations of aberrant LOX
expression in EPC2-hTERT organoids. GFP and LOX OE organoids were stimulated with or without IL-13 (10 μg/ml) from day 7 to 11
and then harvested at day 11. (C) Quantitative RT-PCR for SOX2, KRT14, TP63, IVL, FLG, and LOR of the GFP and LOX OE organoids
(n = 3). (D) Representative images of hematoxylin and eosin (H&E) staining, immunohistochemistry for TP63, and immunofluorescence
staining for IVL (red) and FLG (green) of the GFP and LOX organoids. DAPI (blue). Scale bar, 50 μm. Data are representative of three
independent experiments and expressed as means ± SDs. Two-tailed Student’s t-test (A) and one-way analysis of variance (C) were
performed for statistical analyses. *P < 0.05, **P < 0.01.
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Figure 3. LOX overexpression attenuates organoid formation capacity.
(A) Representative phase contrast images of EPC2-hTERT organoids overexpressing GFP or LOX
(LOX OE) at day 11. Organoid formation rate (OFR) was assessed at day 11 (P0) and they were then
passaged. OFR was assessed again at day 11 (P1). Scale bar, 50 μm. (B) OFR was defined as the
number of organoids (≥ 50 μm) divided by the total seeded cells. Data are representative of three
independent experiments and expressed as means ± SDs (n = 6). Two-tailed Student’s t-test was
performed for statistical analyses. **P < 0.01.
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Figure 4. LOX overexpression improves epithelial barrier integrity.
(A) Quantitative RT-PCR for DSG1 and DSC1 of EPC2-hTERT organoids overexpressing GFP or LOX (LOX OE). GFP and LOX OE
organoids were stimulated with or without IL-13 (10 μg/ml) from day 7 to 11 and then harvested at day 11 (n = 3). Data are representative
of three independent experiments. (B) Schematic of air-liquid interface (ALI) model. GFP and LOX OE EPC2-hTERT cells were cultured
in low-calcium (0.09 mM Ca2+) media for 3 days, followed by high-calcium media (1.8 mM Ca2+) for 5 days, and then brought to ALI
at day 8. ALI-cultured cells were stimulated with or without IL-13 (10 μg/ml) from day 9 to 14. (C) Transepithelial electrical resistance
(TEER, Ω * cm2) in the GFP and LOX OE EPC2-hTERT ALI-cultures (n = 5). (D) Representative images of hematoxylin and eosin
(H&E), immunohistochemistry for TP63, and immunofluorescence staining for IVL (red), FLG (green), and DSG1 (green) of the GFP
and LOX OE EPC2-hTERT ALI-cultures. DAPI (blue). Scale bar, 50 μm. Data are representative of two independent experiments and
expressed as means± SDs. One-way analysis of variance (A) and two-tailed Student’s t-test (C) were performed for statistical analyses.
*P < 0.05, **P < 0.01. NT, nontreated.
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Figure 5. Transcriptome analysis identifies the functional roles of LOX in esophageal epithelium.
(A) Heatmap and (B) volcano plot of differentially expressed genes (DEGs) based on RNA sequencing data from EPC2-hTERT
organoids overexpressing GFP or LOX (LOX OE). GFP and LOX OE organoids were cultured for 11 days and subjected to RNA
sequencing analysis. Upregulated and downregulated DEGs in LOX OE organoids are shown with red and blue, respectively. (C and D)
Top 5 enriched (C) and depleted (D) terms in LOX OE organoids based on Gene Ontology analysis. (E) Gene Set Enrichment Analysis
based on the Pathway Interaction Database (PID). Top 10 enriched pathways in LOX OE organoids are shown. Dot size and color
represent the number of core enrichment genes and normalized enrichment score (NES) in the pathway, respectively. FDR, false
discovery rate.
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Figure 6

Figure 6. BMP signaling pathway is activated in LOX overexpressing organoids.
(A) Gene Set Enrichment Analysis for BMP pathway in the Pathway Interaction Database (PID) based on the LOX
overexpressing (LOX OE) organoids RNA sequencing data. (B) Expression of BMP and BMP receptor (BMPR) genes
which relevant to the BMP pathway gene set, plotted as reads per kilobase per million (RPKM) (n = 3). (C-F)
Validation of the BMP activation in EPC2-hTERT organoids. GFP and LOX OE organoids were cultured with or
without IL-13 (10 μg/ml) from day 7 to 11 and then harvested at day 11. (C) Quantitative RT-PCR for BMP2 and FST
of the GFP and LOX OE organoids (n = 3). (D) Representative images of immunoblot for BMP2 and phospho-
SMAD1/5/9 (p-SMAD1/5/9) and (E) immunohistochemistry staining for FST of the GFP and LOX OE organoids.
Scale bar, 50 μm. (F) FST protein levels were quantified with the scoring described in the method (n = 10). Data are
representative of three independent experiments and expressed as means ± SDs. Two-tailed Student’s t-test (B) and
one-way analysis of variance (C and F) were performed for statistical analyses. **P < 0.01. FDR, false discovery rate;
NES, normalized enrichment score; NT, nontreated.
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Figure 7. BMP2 treatment induces cell differentiation in esophageal epithelium.
(A and B) BMP2 treatment in monolayer culture of EPC2-hTERT cells. EPC2-hTERT cells were treated with
recombinant BMP2 protein (10 μg/ml) for 72 h in high-calcium (1.8 mM Ca2+) media. (A) Quantitative RT-PCR for
TP63, IVL, FLG, LOR, DSG1, and DSC1 in the EPC2-hTERT cells (n = 3). (B) Representative images of
immunoblot for TP63, IVL, DSG1, and phospho-SMAD1/5/9 (p-SMAD1/5/9) of the EPC2-hTERT cells. (C-E)
EPC2-hTERT organoids were treated with recombinant BMP2 protein (10 μg/ml) from day 7 to 11 and then
harvested at day 11. (C) Quantitative RT-PCR for SOX2, KRT14, TP63, IVL, FLG, LOR, DSG1, and DSC1 in the
EPC2-hTERT organoids (n = 3). (D) Representative images of hematoxylin and eosin (H&E) staining,
immunohistochemistry for TP63, and immunofluorescence staining for IVL (red) and FLG (green) of the EPC2-
hTERT organoids. DAPI (blue). Scale bar, 50 μm. (E) Organoid formation rate (OFR) was assessed at day 11 (P0)
and they were then passaged. OFR was assessed again at day 11 (P1). OFR was defined as the number of organoids
(≥ 50 μm) divided by the total seeded cells (n = 6). Data are representative of three independent experiments and
expressed as means ± SDs. Two-tailed Student’s t-test (A, C, and E) was performed for statistical analyses. *P <
0.05, **P < 0.01. NT, nontreated.
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