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21 Abstract

22 Somatic stem cells are essential for maintenance of cell proliferation-
23 differentiation homeostasis in organs. Despite the importance, how the
24  esophageal epithelium that executes its self-renewal and maintenance remains
25 elusive. In this study, using 5-bromo-2'-deoxyuridine (BrdU) label-chase in rat
26 and rat esophageal keratinocyte cell line-derived organoids together with
27 genome-wide DNA methylation profiling and single-cell RNA sequencing
28  (scRNA-seq), we identify slow cycling/quiescent stem cell population that
29  contain high levels of hemidesmosome (HD)’s and low levels of Wnt signaling
30 localized spatially and randomly at the basal layer of the esophageal epithelium.
31 Pseudo-time cell trajectory from scRNA-seq indicates that cell fates begin from
32 quiescent basal cells (the stem cells) of the basal layer that produce
33 proliferating and/or differentiating cells in the basal layer, which, in turn,
34  progress into differentiating cells in the suprabasal layer, ultimately transforming
35 into differentiated keratinocytes in the differentiated layer. Perturbations of HD
36 component expressions and/or Wnt signaling reduce stem cell in the basal layer
37 of esophageal keratinocyte organoids, resulting in alterations of organoid
38 formation rate, size, morphogenesis and proliferation-differentiation
39 homeostasis. Furthermore, we show that not only high levels of HDs and low
40 levels of Wnt signaling but also an interplay between HD and Wnt signaling
41  defined stem cells of the basal layer in the esophageal squamous epithelium.

42  Hence, HDs and Wnt signaling are the critical determinants for defining stem
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43  cells of the basal layer required for proliferation-differentiation homeostasis and
44  maintenance in the mammalian esophageal squamous epithelium.

45

s Introduction

47 The endoderm-derived esophagus in mammals is an important organ of the
48  digestive system between the oropharynx and the stomach for transporting
49  ingested foods. The mammalian esophagus initially originates from the anterior
50 foregut that also gives rise to the respiratory system during embryonic
51 development. As these organs are specified via a process of respiratory-
52 esophageal separation (RES), the esophageal epithelium forms a simple
53 columnar epithelium and then transforms into a stratified multi-layered
54  epithelium [1-4]. The cellular and molecular mechanisms regulating RES and
55  the esophageal epithelial morphogenesis during embryonic development have
56  been extensively studied in recent years[2, 4-9]. However, it is less clear how
57 the mature esophageal epithelium executes its self-renewal and maintenance
58  of the proliferation-differentiation homeostasis.

59 Adult stem cells are vital for tissue/organ maintenance. Two models, the
60 homogeneity and heterogeneity models, are proposed for self-renewal and
61 maintenance of the proliferation-differentiation homeostasis of the mature
62 esophageal epithelium[4, 10, 11]. The homogeneity model hypothesizes that
63  cells in the basal layer consist of one single population that can function as the

64  stem-like progenitors via the cell division cycle to produce daughter cells. Thus,
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65 these cells choose randomly to remain as progenitors or differentiate into
66  suprabasal cells[12-15]. In contrast, the heterogeneity model offers an
67  alternative possibility where, like other organs such as colon and stomach with
68 a simple columnar epithelium or skin with stratified squamous epithelium, the
69 basal layer of mammalian esophagi has a slow-cycling or quiescent stem cell
70  subpopulation that can be self-renewal, giving rise to fast-dividing progenitor
71 cells in the basal layer and/or all other differentiated lineages in the suprabasal
72 layers and the differentiated layers[11]. In support of this model, asymmetrical
73 cell division and cells with specific stemness related markers were found in the
74  basal layers of mammalian esophagi[16-20]. Tissue-reconstitution and
75 organoid formation indicated that cells isolated with various stemness related
76 markers from mammalian esophagi could efficiently regenerate a completely
77  stratified multi-layered squamous epithelium when compared with cells without
78  these markers [21-24]. As single-cell RNA sequencing (scRNA-seq) pushed
79 identification of cell populations at single cell resolution, Busslinger et al.,
80 recently identified a quiescent Col17a1high KRT15hsh stem/progenitor cell
81 population from the basal cell layer of human esophagi by scRNA-seq [25].
82 Hence, an accumulation of evidence supports the heterogeneity of the basal
83 cells of mammalian esophagi. However, it remains unclear what proportion of
84  basal cells are the stem cells, where the stem cells are located and how the
85 stem cells are defined to maintain proliferation-differentiation homeostasis in

86 the basal layer of the esophageal stratified squamous epithelium.
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87 In this report, we show that 4-7% of slow cycling/quiescent basal cells (QBCs)
88  with the molecular stem characteristics function as the stem cells spatially and
89 randomly located in the basal layers of rat esophagi and normal rat esophageal
90 keratinocyte cell line derived organoids. QBCs represent a unique cell
91  population with unique patterns of DNA methylations and mRNA expressions.
92  Detailed analyses indicate that high levels of hemidesmosomes (HDs) and low
93 levels of Wnt signaling could sever as the critical determinants required for the
94 stem cell maintenance and proliferation-differentiation homeostasis in rat
95 esophageal stratified squamous epithelia.
96
o7 Results
98 Identification of slow cycling/quiescent basal cells (QBCs) in mammalian
99 esophagi
100 We sought to determine if a stem cell subpopulation could be detected in the
101  basal layers of the mammalian esophagi. Esophageal tissues from rat, mouse
102 and human were collected, fixed and stained with hematoxylin-eosin (H&E stain,
103 S1 Fig A) and various cell markers (S1 Fig B-D). While H&E stain revealed the
104  typical stratified squamous epithelia in rat, mouse and human esophageal
105 tissues, the undifferentiated keratinocyte marker, cytokeratin14 (CK14), marked
106 cellsin the basal layer and the differentiated keratinocyte marker, cytokeratin13
107 (CK13) marked cells in the suprabasal layer and the differentiated layer.

108  Stemness-related marker, P63, was detected in basal cells but not suparbasal
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109 cells in these tissues whereas other stemness-related markers, SOX2, BMI1
110 and OCT4 and DNA synthesis marker, PCNA, were stained in both basal and
111 suprabasal cells. Previously, Neurotrophin receptor component P75NTR and
112  hemidesmosome components integrin a6 (ITGa6) and B4 (ITGB4) were
113 indicated as potential stem cell markers of esophageal keratinocytes[18, 21].
114  Immunofluorescence staining showed that P75NTR, ITGa6 and ITGB4 were
115 clearly detected at cell membranes of basal cells (S1 Fig B and D). While
116  P75NTR was stained ubiquitously in the basement membranes of basal cells,
117 ITGa6 and ITGB4 staining showed having subtle variations in the basement
118  membranes of basal cells (S1 Fig B and D). However, quantifications of the
119  staining intensities of ITGa6 and ITGR4 were performed but the results were
120  inconclusive. In sum, these results indicated that these makers could
121 distinguish basal and/or suprabasal cells but could not precisely mark stem
122 cells in mammalian esophagi.

123 Previous studies showed that stem cells in mammalian gastrointestinal track
124 and skin were represented by a subpopulation of relatively slow-
125  cycling/quiescent basal cells[26-29]. Long-term 5-Bromo-2'-deoxyuridine (BrdU)
126  and 5-iodo-2’-deoxyuridine (IdU) label-retaining experiments indicated that
127 slow-cycling/quiescent basal cells were also existed in the mouse and human
128  esophageal epithelia[17, 18]. So, we took a shortcut and applied in vivo BrdU
129 label-chase experiments to identify the potential stem cells in rat esophageal

130  stratified squamous epithelia. A detailed experimental flowchart was shown in
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131  Figure 1A. Sprague-Dawley (SD) rats were given 100 mg/kg BrdU by
132  intraperitoneal injection and BrdU labeled rat esophageal cross-sections were
133  obtained at the indicated time points. These sections were stained with anti-
134  BrdU antibody by immunohistochemistry or immunofluorescence analyses (Fig
135 1B and S2 Fig A-C). The label-chase experiments showed that BrdU labeled
136 cells (BrdU+) were identified mainly in the basal layer in short-labeling times
137  and then detected in the basal layer and the suprabasal layers in long-labeling
138  times (>48 h). Cell counting indicated that BrdU+ cells in the basal layer
139 increased gradually and, ultimately, reached to a maximum level at 48 h
140  labeling time point (Fig 1B and S2 Fig C). Labeling BrdU up to 72-96 h, BrdU+
141  cells remained at the same level in the basal layer (Fig 1C and S2 Fig C). The
142  BrdU+ and BrdU- (BrdU unlabled) cells were ~96% and ~4%, respectively.
143  Similar results were also obtained from BrdU label-chase experiments in
144  BALB/c mice (S2 Fig D and F).

145 We determined the cell cycle profiles of BrdU+ and BrdU- cells isolated from
146 96 h label-chase rat esophagi by fluorescent-activating cell sorting (FACS). The
147  results demonstrated that, indeed, BrdU+ cells were cycling cells whereas
148  BrdU- cells were slow-cycling/quiescent cells at the GO/G1 phase of the cell
149  cycle (Fig 1D). Double staining of BrdU with potential esophageal stemness
150  markers, cytokeratin 15 (CK15), ITGa6, CD34, or P75NTR, and stemness-
151  related markers, SOX2, BMI1 or OCT4, revealed that, consistent with the

152  results shown in Figure S3, the individual cell markers did not specifically and
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153  sufficiently mark BrdU+ cycling cells or BrdU- slow cycling/quiescent cells in the
154  basal layer (S3 Fig B and C). However, we noticed that all BrdU- slow
155  cycling/quiescent cells in the basal layer were co-expressed the stemness-
156  related markers SOX2, BMI1 and OCT4 (S3 Fig D and E). We determined the
157  distribution patterns of BrdU- cells but found that they were randomly located in
158 the basal layer. Taken together, these results indicated that the basal layer of
159 the mammalian esophagus contained slow cycling/quiescent basal cells
160  (QBCs). However, these cells could not be specifically and effectively marked
161 by current known stemness related markers.

162

163  Determination of QBCs as a unique cell population by genome-wide DNA
164  methylation profiling

165 To further define molecular characteristics of QBCs, we decided to perform
166 whole genome bisulfite sequencing (WGBS) profiling experiments as
167  transcriptome analyses could not be done with cells fixed and stained by BrdU
168  antibody. Rats were labeled with BrdU for 4 days and then esophageal epithelial
169  cells were sorted into three populations, BrdU-/CK14+, BrdU+/CK14+ and
170  BrdU+/CK14-, based on BrdU and CK14 antibody staining by FACS (Fig 2A
171 and S3 Fig A). Consistent with immunostaining results (Fig 1C), BrdU-/CK14+
172 cells represented about 4% of CK14+ cells, which were consistent with the
173 immunohistochemistry or immunofluorescence analyses. We renamed BrdU-

174  /CK14+ cells as QBCs (quiescent basal cells), BrdU+/CK14+ cells as PBCs
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175  (proliferating basal cells) and BrdU+/CK14- cells as SPBCs (suprabasal cells).
176 WGBS profiling showed that overall methylation levels of QBCs, PBCs and
177 SPBCs of Rattus norvegicus were similar, especially at CpG sties, which
178  covered >70% methylation sites detected (S4 Fig A-C). However, detailed
179  analyses of the cytosine methylations at none CpG sites, such as CpHpG sites
180 and CpHpH sites (H=A, C and T), revealed different results in QBCs, PBCs and
181  SPBCs. The none CpG methylations in QBCs were significantly lower than
182 those in PBCs and SPBCs (Fig 2B). More importantly, although overall
183  methylation levels of QBCs, PBCs and SPBCs were similar, hierarchical
184  clustering in the methylation sites based on genomic sequence could clearly
185 separate QBCs from PBCs and SPBCs, indicating that epigenetic regulations
186  at DNA levels were distinct in QBCs when compared with those in PBCs and
187  SPBCs (Fig 2C).

188 We defined differentially methylated regions (DMRs) between QBCs and
189  PBCs. Consistent with the results obtained from hierarchical clustering (Fig 2C),
190 heatmaps generated from DMR methylation levels in top-scored gene surround
191 regions clearly displayed the differences in QBCs and PBCs (S4 Fig D and E).
192  Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
193  enrichment analyses were performed in genes with DMRs. As shown in Fig 2D,
194  the highly enriched GO terms were mainly associated with biological processes,
195 such as cell differentiation, regulation of cell shape and regulation of cell

196  proliferation, etc. The highly enriched KEGG terms were mainly associated with
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197 genes involved in regulating focal adhesion, cytoskeletal structure and
198  regulation, adhesion junction and Wnt signaling pathway (Fig 2E). These
199  results indicated that even though QBCs and PBCs were spatially closed in the
200 basal layer of the esophagus, their DNA methylation levels and patterns in
201 genome, especially in gene surrounding regions that controlled gene
202  expressions, were different. The epigenetic characteristics at DNA level (DNA
203  methylations) in QBCs was unique when compared with those of PBCs and
204 SPBCs, thus representing a cell population located spatiotemporally in the
205  esophageal basal layer.

206

207  Existence of the QBCs in normal rat esophageal keratinocyte cell line
208 derived organoids

209 Three-dimension (3D) organoid cultures have been demonstrated as a
210  powerful in vitro system for studying identification, determination, self-renewal
211  trajectory and maintenance of tissue stem cells, formation and proliferation-
212  differentiation homeostasis of organ tissues and carcinogenesis [9, 30-32]. To
213  further characterize QBCs, we generated a human telomere reverse
214  transcriptase (h-tert) immortalized rat normal esophageal keratinocyte cell line
215  (RNE-D3, for detail see Experimental procedures). Like rat esophageal primary
216  epithelial keratinocytes, REN-D3 (D3) cells in Matrigel with conditional culture
217 medium formed normal and typical esophageal organoids with endodermal

218  morphological structures including the basal layer, the suprabasal layers and
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219  the keratin layer in 10 days (S5 Fig A-C).

220 Similar to rat esophageal stratified squamous epithelia, immunofluorescence
221  assay showed that CK14, P75NTR, ITGa6 and ITGB4 were expressed in the
222  basal layer cells while PCNA, BMI1, SOX2 and OCT4 were expressed in the
223  basal and suprabasal layer cells and CK13 was expressed in the suprabasal
224 layer cells and the keratin layer cells in D3 derived organoids (D3-organoids).
225  These results indicated that D3-organoids could be used as a convenient in
226  vitro model for esophageal study (S5 Fig D and E).

227 BrdU label-chase experiments were applied to determine if QBCs were
228  presented in D3-organoids. The concentration of BrdU used in the experiments
229  were determined as 200 uM, which could sufficiently and effectively label cells
230 but not inhibit DNA synthesis in D3-organoids (S6 Fig A-D). Detailed
231  experimental flowchart was shown in Figure 3A. Growing D3-organoids from
232 day 6 to day 9 were labeled with BrdU, respectively, and then the labeled
233 organoids were collected, fixed and analyzed at day 10. Immunostaining
234  showed that D3-organoids labelled with BrdU for 1, 2, 3 and 4 days displayed
235  16%, 42%, 69% and 93% of BrdU+ cells in the basal layer, respectively (S3 Fig
236 B and C). To ensure BrdU labeled cells in the basal layers of D3-organoids
237  reached maximum, we prolonged BrdU labeling time in growing D3-organoids,
238  starting at day 4 for 6 days (Fig 3D). The results showed that, like the results
239  obtained from D3-organoids labeled with BrdU for 4 days, BrdU labeling in

240 growing D3-organoids for 6 days did not further increase BrdU+ cells in their
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241  basal layers. BrdU+ cells were about 93% and BrdU- cells were about 7% in
242  the basal layer (Fig 3E and F). Hence, BrdU label-chase experiments
243  demonstrated that, akin to rat esophageal stratified squamous epithelia, D3-
244  derived normal esophageal organoids also contained QBCs in the basal layer.
245

246  Resolution of QBCs at the single-cell level in rat esophageal organoids
247 We performed single-cell RNA sequencing (scRNA-seq) in D3-organoids to
248 identify QBCs with the distinct RNA expression patterns. D3-organoids grown
249  for 10 days were collected, digested into single-cell suspension, and then
250  processed for scRNA-seq using the sorting and robot-assisted transcriptome
251  sequencing (SORT-seq) protocol. The scRNA-seq analysis resulted in
252  identification of 3413 keratinocytes from D3-organoids that could be classified
253 into 7 distinct but related subpopulations (Fig 4A). Based on the expression of
254  known keratinocyte undifferentiation-differentiation markers, CK74 (also called
255  Krt14) and CK13 (also called Krt13), D3-organoid epithelial cells could be first
256  categorized as two cell populations, CK74"9h population that represented basal
257 cells and CK13Mh population that represented suprabasal cells and
258 differentiated cells (Fig 4B-D). CK13hih population could be further clustered
259 into suprabasal cell subpopulation with high levels of Sox2, Bmi1 and CK5 (also
260 called Krt5) gene expression and differentiated cell subpopulation with high
261 levels of Krt78, Sprria, Cd24, and Cnfn differentiation-related gene expression

262 (Fig 4B and 4E). Moreover, CK14hish population could be clustered into 5
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263  subpopulations where one subpopulation expressed high levels of the cell cycle
264  related genes, such as Ki67, Top2A, Kif4A, Cenpe and Cenpf (Fig 4B and 4E).
265  Although the other four subpopulations all expressed low levels of the cell cycle
266 related genes, two of the subpopulations also expressed high levels of
267 differentiation-related genes, Notch1, and Wnt signaling components, Wnt4
268 and Wnt10a (Fig 4B and 4E). These two subpopulations could be further
269 separated based on expression levels of proliferation related gene, Igfbp3 (Fig
270 4B and 4E), and ROS (reactive oxygen species) related gene, Sic7a11 (Fig 4E).
271  In contrast, the rest of two subpopulations expressed high levels of Wnt
272  signaling negative regulators, Senp2 and Prickle1 and basement membrane
273 markers, Col17a1 (also called Bpag?2), Dst (also called Bpag1), Itgaé6, Itg34 and
274  Col7a1 genes (Fig 4B and 4E). However, one subpopulation expressed these
275  basement membrane markers higher than the other.

276 Based on the results, we named 7 cell subpopulations as QBC1 (quiescent
277  basal cell subpopulation 1), QBC2 (quiescent basal cell subpopulation 2), PBC
278  (proliferating basal cell subpopulation), DBC1 (differentiating basal cell
279  subpopulation 1), DBC2 (differentiating basal cell subpopulation 2), DSC
280 (differentiating suprabasal cell subpopulation) and DC (differentiated cell
281  subpopulation) (Fig 4). We focused on QBC1/2 for further analyses where GO
282 and GSVA (gene set variation analysis) for multi-biological functions were
283 determined these subpopulations [33, 34]. The results showed that the

284  significantly enriched GO terms in QBC1/2, especially QBC1, were cell
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285  differentiation, regulation of cell shape and regulation of cytoskeletal structure,
286  such as hemidesmosome (HD) assembily, cell-cell junction, focal adhesion and
287  microtubule plus-end binding (Fig 5A).

288 GSVA demonstrated that QBC1, QBC2 as well, displayed significant low
289  expressions in genes that controlled the cell cycle progression, ROS and their
290 related phosphorylation regulation pathways when compared with other cell
291  subpopulations, especially PBC (Fig 5B and 5C). GSEA (gene set enrichment
292  analysis) also indicated that QBC1, significant down-regulated of cell cycle and
293  oxidative phosphorylation related genes (Fig 5D and 5E). These results
294  consistent with the cell cycle profiles of QBCs which isolated from rat esophagi
295 by FACS that we mentioned in Figure 1D. The results also demonstrated that
296  QBC1/2 with low cell cycle genes expression pattern led to the phenotype of
297  slow-cycling/quiescent cells at the GO/G1 phase of cell cycle, suggesting that
298 QBC1/2 identified in scRNA-seq and QBCs identified by BrdU label-chase
299  experiments represented the same stemness population in the basal layer of
300 esophagus.

301 Identification of 7 subpopulations from D3-organoids allowed us to perform
302 pseudo-time cell trajectory and determine evolutions of esophageal epithelial
303  cell fates during proliferation-differentiation homeostasis. As shown in Figure 5F,
304 cells in QBC1/2 cells could be positioned as the start points. Pseudo-time cell
305 trajectory indicated that, as the most stemness subpopulation in esophageal

306 basal layer, QBC1/2 produced DBC1 and DBC2, which progressed into DSC,
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307 ultimately, differentiating into DC or QBC1/2 generated PBC cells that, in turn,
308 progressed into DSC and finally differentiated into DC cells.

309 In sum, at the single-cell level, we identified 7 subpopulations in rat
310 esophageal organoids, with individual mRNA expression patterns, 2
311  subpopulations were in suprabasal layers whereas 5 subpopulations, including
312 the most stemness subpopulation QBC1/2, were in basal layer, that indicating
313 the heterogeneity of mammalian stratified squamous epithelium, especially the
314 basal layer of esophagus.

315

316  High levels of HD components marked QBCs in rat esophageal epithelia
317 and organoids

318 Since QBC1/2 and QBCs represented the same stemness population in the
319 basal layer of esophagus, we compared the results obtained from scRNA-seq
320 and WGBS, especially genes identified by scRNA-seq in QBC1/2 and WGBS
321 in QBCs. The results from two sequencing data showed that QBC1 was
322  enriched the expressions of HD components (/tgB4, Col17a1, Dst and PLEC),
323  HD-anchoring extracellular matrix Lamb3, and Wnt pathway negative regulator,
324  Prickle1 (Fig 4B), while hypomethylated sites were also detected in the
325 sequences of these genes and/or the surrounding regions in QBCs (S4 Fig E).
326  Consistent with these results, recent studies showed that the maintenance of
327  Wnt pathway at low level could facilitate the specification of anterior foregut

328 endoderm toward the esophageal progenitor cells lineage[9, 31] while
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329 COL17A1 was required for skin keratinocyte stem cell maintenance[35]. High
330 expression of COL17A1 was also identified as a marker of human esophageal
331 quiescent stem/progenitor cells[5]. Hence, these results suggested that high
332 levels of HD components and Wnt pathway negative regulators could sever as
333 prominent markers of QBCs in the basal layer of the esophageal epithelium.
334 To define if HD and Wnt signaling components marked QBCs in the basal
335 layers of the rat esophagi, we examined their subcellular localizations in the
336 basal layers of the rat esophageal epithelia and D3-organoids. While HD
337 components, ITGa6 and ITGB4, staining showed strong fluorescence in the
338 basement membranes of basal cells (S1 Fig B and D), another HD component
339 PLEC and Wnt pathway negative regulator Prickle1 were stained in both basal
340 and suprabasal cells (S1 Fig E). In contrast, other HD component, COL17A1,
341 displayed obviously cell staining variations in the basement membranes of
342  basal cells (S1 Fig E).

343 To determine if COL17A1 marked QBCs, we examined the expression and
344  subcellular localization of COL17A1 in the basal layers of the esophagi of rats
345 labeled with BrdU for 4 days. High levels of COL17A1 were detected in QBCs
346  when compared with those in PBCs of esophageal epithelia tissues (Fig 6A).
347  Similar results were also obtained in esophageal epithelia D3-organoids
348 labeled with BrdU for 4 days (Fig 6A). Notably, high levels of DST, another
349  component of HD, were also detected in QBCs when compared with those in

350 PBCs (S8 Fig Aand B). Thus, these results demonstrated that HD components,
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351  COL17A1Mg" and DST Midh could be used as prominent markers to mark stem
352 cells in the basal layer of the esophageal epithelium.

353

354 Involvements of hemidesmosome (HD) and/or Wnt signaling in stem cell
355 maintenance and proliferation-differentiation homeostasis in rat
356 esophageal organoids

357 To ascertain that high levels of HD components were not only prominent
358 markers for stem cells but also involved in regulating stem cell maintenance
359  and proliferation-differentiation homeostasis in the basal layer of the esophagus,
360 we perturbed HDs via RNAi depletion in D3 cells and examined organoid
361 formation in HD depleted D3 cells. We first knocked down expression of
362 COL17A1 in D3 cells by transduction of lentivirus expressing Col17a1 shRNA.
363 Immunoblotting analysis showed that lentivirus expressing Col17a1 shRNA in
364 D3 cells could effectively and efficiently ablate endogenous COL17A1
365 expression (Fig 6B). As shown in Figures 6C-E, when COL17A1 depleted D3
366  cells and controls were grown in Matrigel with conditional culture medium for
367 10-12 days and analyzed for organoid formations, ablation of COL17A1
368 expression in D3 cells significantly affected organoid formations including
369 inhibition of organoid formation rate, reduction of organoid size, perturbation of
370 organoid shape and destruction of proliferation-differentiation homeostasis.
371 Immunofluorescence with anti-CK14 and anti-CK13 antibodies or

372 immunohistochemistry with H&E stain showed that, when compared with
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373  control D3-organoids, COL17A1 depleted D3-organoids grew and developed
374  aberrantly, forming disorganized stratified epithelia with non-smooth budding
375 sharps, reduced sizes and abnormal CK14 and CK13 staining (Fig 6F). The
376  ratio of suprabasal layer cells vs basal layer cells was increased significantly in
377  COL17A1 depleted D3-organoids when compared with controls, indicating an
378  imbalance in proliferation-differentiation homeostasis during organoid formation
379 and growth (Fig 6G). In addition, CK14 positive cells was also increased in
380 COL17A1 depleted D3-organoids, suggesting that the imbalance homeostasis
381 might be caused by the insufficient differentiation (Fig 6H). Therefore, we
382 performed BrdU labeled experiments to measure the QBCs (BrdU- cells) in the
383 basal layers of COL17A1 depleted D3-organoids. The results showed that,
384  when compared with 7% of QBCs in D3-organoids labeled with BrdU for 4 days,
385 the QBCs in COL17A1 depleted D3-organoids were significantly reduced to ~4%
386 in the basal layer (Fig 61 and 6J). These results demonstrated that COL17A1,
387 a core component of HD and a QBCs marker, was required for QBC
388 maintenance and esophageal keratinocyte organoid formation.

389 Next, we ablated another HD component, PLEC, which was not only required
390 for type | but also required for type Il of HD formation, in D3 cells by RNAi and
391 examined D3-organoid formation[36]. Consistent with results obtained from
392 COL17A1 depletion, depletion of PLEC resulted in inhibition of the D3-organoid
393 formation rate, reduction of the organoid size, perturbation of the organoid

394  shape and disruption of proliferation-differentiation homeostasis (S7 Fig C-G).
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395 The QBCs in PLEC depleted D3-organoids were significantly reduced to ~3%
396 in the basal layer (S7 Fig H and I).

397 We next examined the role of Wnt signaling in regulating QBCs, the stem
398 cell maintenance and proliferation-differentiation homeostasis in the basal layer
399  of D3-organoids. Since Wnt activities in organoids were difficulty to measure
400 directly, we performed functional assays to determine whether perturbations of
401  Wnt activities would affect stem cell maintenance and proliferation-
402  differentiation homeostasis in the basal cells. To this end, we perturbed Wnt
403  activities by additions of Wnt pathway inhibitors IWP-2[37, 38] and SFRP-2[39,
404  40] or activator CHIR99201[41-43] in organoid culture media and examined
405  organoid formation and morphogenesis. Detailed experimental flowchart was
406  shown in Figure 7A. Growing D3-organoids at day 6 were treated with BrdU
407  plus DMSO (control) or BrdU plus Wnt inhibitor, IWP-2 (2uM) or SFRP-2 (5nM),
408  for additional 4 days and then the organoid morphogenesis and the proportion
409  of QBCs in the basal layer cells were determined by histochemistry analysis or
410  immunofluorescence using anti-BrdU antibody. H&E staining showed that
411  although organoids in control or in Wnt inhibitor treatment obtained at day 10
412  could differentiate into stratified squamous tissue structures with the basal layer,
413  the suprabasal layer and the differentiated layer, organoids treated with Wnt
414  inhibitors were smaller in size than controls (Fig 7B and C). The BrdU label-
415  chase experiments indicated that, when compared with control, D3 organoids

416  treated with Wnt inhibitors, IWP-2 and SFRP-2, displayed dramatically
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417  increased levels of QBCs cells in the basal layers (~7% in controls vs ~16-18%
418  in treatment with IWP-2 or SFRP-2) (Fig 7B and D). Consistently, quantitative
419 RT-PCR (qRT-PCR) analysis of mRNA expressions of Wnt pathway target
420 genes Axin2 and DvI1 in the basal cells of D3-organoids treated with Wnt
421  inhibitors or controls, which were isolated by FACS with anti-ITGB4 antibody,
422  demonstrated that Axin2 and Dvl1 expressions were significantly inhibited by
423 Wnt inhibitor treatments (S7 Fig 7A-C). In contrast, treatment of D3-organoids
424 with Wnt pathway activator CHIR99201 induced morphologic pre-mature
425  differentiations of organoids when compared with control determined by H&E
426  staining (S8 Fig C). Taken together, these results indicated that low levels of
427  Wnt signaling benefited the maintenance of QBCs in the basal layer, required
428  for the stem cell maintenance and proliferation-differentiation homeostasis in
429  the esophageal stratified squamous epithelium.

430 Finally, we explored whether there was a possible cross-talk and/or interplay
431  between HDs and Wnt signaling in controlling the stem cell maintenance and
432  proliferation-differentiation homeostasis in the esophageal stratified squamous
433  epithelium. Therefore, we ablated PLEC expression in D3-organoids and
434  simultaneously treated the organoids with Wnt inhibitor, IWP2. When compared
435  with D3-organoids depleted PLEC alone, IWP2 treatment significantly rescued
436  the amount of QBCs in the basal layer of D3-organoids (Fig 7E and 7F). These
437  results indicated that not only high levels of HDs and low levels of Wnt signaling

438  but also a cross-talk and/or interplay between HD and Wnt signaling defined
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439  QBCs of the basal layer, which were crucial for the stem cell maintenance and
440  proliferation-differentiation homeostasis in the mammalian esophageal
441  epithelium.

442

13 Discussion

444 Despite of extensive research, identification and determination of stem cells
445  in the mammalian esophageal epithelia remained controversial[11]. By genetic
446  means in mouse model system, Doupe et al., showed that the esophageal
447  epithelium contained a single population of cells that divided stochastically to
448  generate proliferating and differentiating daughter cells with equal possibility,
449  thus indicating that a “reserve” slow cycling stem cell pool was not existed in
450  the esophageal epithelium [13]. However, analyses of the human and mouse
451 esophageal epithelium by histological and Ilabel-retaining analyses
452  demonstrated existences of asymmetrically dividing, slow cycling stem cells in
453  the basal layers of the esophageal epithelia[20, 24]. Furthermore, high
454  expressions of many stemness markers, such as SOX2, ITGa6 and ITGB4,
455  were postulated to present in the stem cells of mammalian esophageal stratified
456  squamous epithelia[21, 23]. Although several studies suggested that high
457  expressions of these potential stemness markers in esophageal keratinocytes
458  promoted cell stemness, the results were often inconclusive and controversial,
459  thus meriting further investigations[4, 11].

460 Promoted by the label-retaining experiments where, in the absence of
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461  esophageal stem cell markers, long term (>3 months) tracking DNA
462  syntheses/cell divisions by BrdU/IdU label-retaining in rodent and human
463  esophageal stratified squamous epithelial identified slow-cycling/quiescent
464  stem cell population[19, 24], we decided to take a shortcut by performing label-
465 chase experiments. The BrdU label-chase experiments presented in this study
466  thus allow us to quickly and easily demonstrate that the esophageal epithelia in
467  rats and mice as well as D3-organoids contained the slow cycling/quiescent
468  basal stem cell population (QBCs) that accounted around 4~7% of total basal
469  cells in the basal layers. These QBCs/stem cells were spatially and randomly
470 located in the esophageal epithelial basal layer.

471 Isolation of label (BrdU+) and unlabel (BrdU-) subpopulation from label-
472  chase experiments in rat with omic analyses demonstrated that hierarchical
473  clustering in the methylation sites from WGBS could clearly separate QBCs
474 from PBCs and SPBCs, indicating that although QBCs were spatially and
475  randomly colocalized with PBCs in the basal layer, QBCs were unique in terms
476  of epigenetic regulations at DNA methylation levels. These data were in
477  agreements with previous studies showing that stem cells and differentiation
478  progeny cells had distinct epigenomic landscapes. DNA Methylation would be
479  one of the important epigenomic modifications for the stem cell maintenance,
480  differentiation and reprogramming[44].

481 In contrast to scRNA-seq using esophageal tissues reported recently, which

482  contained epithelial cells and other types of cells [25, 45], our scRNA-seq using
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483  D3-organoids which were composed of only esophageal squamous epithelial
484  cells enabled us to determine squamous epithelial subpopulations in detail.
485  These results together with in vivo DNA methylation profiling indicated that
486  QBCs represented the stem cells with high levels of HDs and low levels of Wnt
487  signaling in the esophageal stratified squamous epithelia. Among them, QBCs
488  expressed not only the basal cell markers but also low levels of cell cycle
489  markers, demonstrating that QBCs represented a group of cells with high levels
490 of HD components (ltga6, ItgB4, Col17a1, Dst and Plec) and Wnt pathway
491 negative regulators (Senp2 and Prickle1) in the esophageal stratified
492  squamous epithelia. Pseudo-time cell trajectory showed that QBCs in the basal
493  layer produced proliferating and/or differentiating cells in the basal layer, which,
494 in turn, progressed into differentiating cells in the suprabasal layer and
495 ultimately transforming into differentiated keratinocytes in the differentiated
496 layer. Thus, these results indicated that QBCs represented the stem cells in the
497  esophageal stratified squamous epithelia.

498 HD components, ITGa6 and ITGB4, were reported as markers of esophageal
499 stem cells in previous studies [17, 21, 23]. It was shown that isolated
500 keratinocytes with SOX2*ITGR4"ITGa6"CD73"°" from the esophagi of mice
501 could form more and larger organoids when compared with cells with
502 ITGR4'°YITGa6'" [21], Using 3D organotypic sphere culture system, cells
503 isolated from mice with CD49f* (also known as ITGa6) CD24°"CD71'°" were

504  shown to enrich esophageal stem cells that could display higher sphere-forming

23


https://doi.org/10.1101/2021.11.11.468184
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468184; this version posted November 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

505 capacity and give rise to differentiated suprabasal cells[23]. Recently, other HD
506 components, such as COL17A1, were also identified as esophageal epithelial
507  stem cell maker by other study where the authors showed that stem cells in the
508 human epithelium expressed high levels of COL17A1[25]. Moreover, studies
509 showed that high expression of COL17A1 in mouse skin marked epidermal
510 stem cells. In that study, expression levels of COL17A1 controlled stem cell
511  competition and orchestrated skin homeostasis and aging[35]. Our results
512  presented here were not only consistent with these data but also further
513 demonstrated that perturbation HD components, COL17A1 and PLEC,
514 inhibited esophageal keratinocyte organoid formation, morphogenesis and
515  proliferation-differentiation homeostasis. Taken together, the results indicated
516  that HDs were not only a prominent marker for the stem cells but also involved
517 in regulating the stem cell maintenance and proliferation-differentiation
518 homeostasis in the basal layer of the esophagus.

519 Our results also revealed that low levels of Wnt signaling had crucial roles in
520 stem cell maintenance and proliferation-differentiation homeostasis in the
521  mammalian esophageal epithelium. Wnt pathway were tightly linked with the
522  stem cell maintenance and differentiation in multiple mammalian tissues [46,
523  47]. In intestinal niches, a gradient of Wnt signaling activities were found along
524  the colonic crypt axis with the highest levels at the crypt bottom to maintain
525 LGRS+ stem cells [48-52]. LGR5+ cells, resident at position +4 in a niche, had

526  the lowest level of Wnt signaling than other LGR5+ cells in the niche, thus
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527  representing a long-lived, slow cycling/quiescent stem cell population[29, 53,
528  54]. As our omic results obtained from the scRNA-seq and WGBS pointed to
529  QBCs that were enriched high expressions of Wnt signaling negative regulators,
530 we manipulated Wnt signaling in D3-organoids, demonstrating that QBCs of
531 esophageal epithelium were required low levels of Wnt signaling for their
532  maintenances.

533 We explored the relationship between HD and Wnt signaling and found that
534  not only high levels of HDs and low levels of Wnt signaling but also their cross-
535  talk(s) and/or interplay(s) defined QBCs of the basal layer although the precise
536  underlying mechanism(s) would be required for further investigations. Based
537  on these studies, we propose that high levels of HDs (numbers) and low levels
538  of Wnt signaling controlled, at least in part, by their components/regulators’
539  expression via epigenetic regulation at DNA level (DNA methylation) and their
540  cross-talks/interplays at the basal cells define the stem cells, which are quired
541  for self-renewal, maintenance and proliferation-differentiation homeostasis in
542  the mammalian esophagus.

543

s« Materials and methods

545  Cell line and culture conditions

546 Human telomere reverse transcriptase (h-tert) immortalized rat normal
547  esophageal epithelial cell line (RNE-D3, D3 for short) was established and

548  preserved by our laboratory. D3 was cultured in DMEM/F12 (3:1) medium
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549  supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 8 ng/mL
550  Cholera Toxin (CELL technologies), 5 ng/mL insulin (CELL technologies), 25
551  ng/mL hydrocortisone (CELL technologies), 0.1 ng/mL EGF (PeproTech) and
552 10 uM Y27632 (Topscience) in a humidified 37°C incubator supplemented with
553 5% COz2. D3-shCol17a1 cell lines were constructed by lentivirus transduction
554  using following sequences: shRNA-1: 5’- GGACCTATCACAACAACATAG-3'.
555 shRNA-2: 5’- GCAGACACATTCTCAACTATA-3'. D3-shPLEC cell lines were
556  constructed by lentivirus transduction using following sequences: shRNA-1: 5’-
557  GCACAAGCCCATGCTCATAGACGAATCTATGAGCATGGGCTTGTGC-3'.
558  shRNA-2: 5-
559 GCGCATTGTGAGCAAGCTACACGAATGTAGCTTGCTCACAATGCGC-3..
560

561  Organoid culture and in vitro BrdU-labeling

562 Generation of organoids was performed as described previously[21]. Briefly,
563 D3 cells, D3-shCOL17A1 cells or D3-shPLEC cells were trypsinized into single
564  cells and resuspended by ice-cold Matrigel (Corning). A droplet of 50 pL cell-
565  Matrigel mixture was seeded into the bottom central of flat 24-well plates. After
566  solidification in incubator, 500 yL medium of advanced DMEM/F12 (Thermo
567  Fisher Scientific) supplemented with 1xpenicillin-streptomycin (Thermo Fisher
568  Scientific), 1xN2 supplement (Thermo Fisher Scientific), 1xB27 supplements
569 (Thermo Fisher Scientific)y, 10 mM HEPES Buffer (CELL technologies),

570  1xGlutaMAX™ (Thermo Fisher Scientific), 1 mM N-acetyl-L-cysteine (Sigma
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571  Aldrich), 100 ng/mL recombinant murine EGF (PeproTech), 100 ng/mL
572  recombinant murine Noggin (PeproTech), 100 ng/mL recombinant human R-
573  Spondin1 (R&D Systems) and 10 uM Y27632 (Topscience) were added to each
574  well. Organoids were grown for 10-12 days at 37°C in a COz2 incubator with the
575 ~medium changed every other day. The organoid formation rate (OFR) was
576  determined by calculating the percentage of the average numbers of organoids
577  to the cell number initially seeded per well.

578 For BrdU labeling assay, 200 uM BrdU (Sigma-Aldrich) was added at 6th to
579  9th day of organoid culture. After 10 days of culture, organoids were collected
580 from Matrigel by cell recovery solution (Corning) digestion. For subsequent
581  BrdU immunofluorescence staining, the collected organoids were fixed in
582  neutral fixative solution and embedded in OCT for following experiment. For
583  Wnt inhibition experiment, Wnt inhibitor IWP-2(TOCRIS) and Srfp-2(R&D
584  Systems)were added with BrdU at the same time on the 6th day of D3-organoid
585  culture or D3-shPLEC-organoids culture and organoids were collected on the
586  day 10. Another experiment with Wnt activator was that CHIR-99021(TOCRIS)
587 was added at the beginning of D3-organoid culture and organoids collection
588  was on day>5, followed by H&E staining.

589

500 Animals and in vivo BrdU-labeling

591 All procedures involving animals were carried out in accordance with the

592  standards approved by ethical committee of National Cancer Center/National
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593  Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of
594  Medical Sciences. Spargue-Dawley (SD) rats and BLAB/C mice, 4-5 weeks old,
505  were purchased from BEIJING HUAFUKANG BIOSCIENCE COMPANY. Rats
506  and mice were housed two and five per cage under standard conditions (24°C
597  +2°C, 20 relative humidity, 12-h light/dark cycles) and given access to standard
598 rodent maintenance feed (Keao Xieli Feed, Beijing, China) and water ad libitum.
599  Hygienic conditions were maintained by weekly cage changes. After completion
600  of experiments, we sacrificed mice and rats by inhalation of anaesthetics with
601  COsa.

602 The animals were intraperitoneally injected with BrdU of 100 mg/kg body
603  weight once per 6 hours for 4 days and sacrificed at designed time points. The
604  entire esophagus was obtained and fixed by 10% formalin overnight, followed
605 by routine histological processing of H&E and immunohistochemistry staining.
606  For immunofluorescence, the entire esophagus was fixed by 10% formalin
607 overnight and dehydrated in 30% sucrose solution. Then the segmented
608 esophagus was embedded in OCT compound and immediately frozen by liquid
609  nitrogen to proceed with cryosection.

610

611  Protein extraction and immunoblotting analysis

612 Cell samples were collected and extracted to obtain proteins according to the
613  manufacturer's requirements. Immunoblotting was performed as described

614  previously [55]. The primary antibodies and dilutions were used against

28


https://doi.org/10.1101/2021.11.11.468184
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468184; this version posted November 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

615 COL17A1(Abcam, 1:1000), PLEC (Abcam, 1:1000) and B-actin (Sigma Aldrich,
616  1:5000), respectively.

617

618 Immunofluorescence

619 The OCT embedded esophagus tissue or organoids were cut into 5-10 ym
620  sections using cryosection system. The sections were blocked with 10% normal
621  goat serum (containing 0.2% TritonX-100) for 1 hour followed by incubation with
622  primary antibodies against BrdU (Abcam, 1:200), BMI1 (Sigma, 1:200), OCT4
623  (Abcam, 1:200), SOX2 (Abcam, 1:500), Cytokeratin14 (Abcam, 1:1000),
624  Cytokeratin13 (SantaCruz, 1:500), PCNA (CST, 1:2400), P63 (Abcam, 1:100),
625 Integrin6 (SantaCruz, 1:500), Integrinf4 (Abcam, 1:100), CD34 (Abcam, 1:100),
626 P75 (Abcam, 1:50), DST (Affinity Biosciences, 1:200) and COL17A1 (Abcam,
627  1:200), respectively. Sections were counterstained with DAPI and sealed with
628 Slowfade Diamond Antifade Mounted solution (ThermoFisher Scientific) for
629  microscopic observation. The image fluorescence intensity was measured by
630  Fiji Image J. All the images were converted to 8 Bit grayscale for plot profile
631 analysis.

632

633 Immunohistochemistry

634 Paraffin-embedded sections (5-10 ym) were deparaffinized and hydrated.
635  Citrate buffer solution (PH 6.0) was used for microwave antigen retrieval for 10

636  minutes. Endogenous peroxidase was blocked by 3% hydrogen peroxide
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637  solution for 20 minutes. The sections were subsequently blocked with 10% goat
638 serum for 1 hour and incubation with primary antibody at 4°C overnight,
639 followed by HRP polymer incubation for 1 hour at room temperature. DAB
640  solution was used for chromogenic reaction under microscopic observation.
641  Then the sections were counterstained with Hematoxylin and sealed with
642  neutral balsam for microscopic observation. The primary antibodies used were
643 BrdU (SantaCruz, 1:200), Cytokeratin14 (Abcam, 1:5000), Cytokeratin13
644  (SantaCruz, 1:500) and PCNA (CST, 1:4000).

645

646  FACS and Cell cycle analysis

647 Epithelial cells were obtained from rat esophagus as described previously[21].
648 Then these cells were fixed with 2% paraformaldehyde and then washed by
649  PBS twice. Cells were penetrated with PBS containing 0.1% TritonX-100 for 5
650  minutes on ice and washed by PBS for 3 times. DNase | (TaKaRa) was added
651 to each sample, incubating for 30 minutes at 37°C in the dark. After Washing,
652  cells were stained with primary antibody anti-rat BrdU (SantaCruz, 1:200) and
653  anti-rabbit CK14 (Abcam, 1:5000) for 30 minutes at room temperature.
654  Subsequently, cells were incubated with goat anti-rat Alexa flour® 488 and
655  donkey anti-rabbit APC (IgG H&L) for 30 mins at room temperature. Then the
656 BD Flow Sorter was used to sort the BrdU+CK14+, BrdU-CK14+ and
657 BrdU+CK14- cells. For cell-cycle assay, the final cell pellet was suspended in

658 400 pl of PBS containing a 1:1000 dilution of propidium iodide (PI) for 30
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659  minutes at 37°C protected from light followed by flow cytometry examination.
660  Obtained data were further analyzed by Flowjo software (version 10).

661

662 ¢-PCR

663 For g-PCR, total RNA was extracted using the Trizol reagent (Ambion, USA)
664 and reverse-transcribed to complementary DNA using the PrimeScript™ RT
665 Reagent Kit (Takara, Dalian, China). Q-PCR was carried out using the SYRB
666  Premix Ex Tag™ Perfect Real-Time system (Takara). The expression levels
667  were normalized to that of the housekeeping gene GADPH. The primers were

668 used following sequences: GAPDH_F: 5'- CATGCCGCCTGGAGAAAC -3

669 GAPDH_R:5'- CCCAGGATGCCCTTTAGT -3'; Axin2_F:5'-
670 GACAGCGAGTTATCCAGCGA -3'; Axin2_R:5'-
671 GTGGGTTCTCGGGAAGTGAG -3'; DvI1_F: 5'-

672 ATGAGGAGGACAACACGAGC -3'; DvI1_R:5-AAGTGGTGCCTCTCCATGTT
673 -3

674

675 MethylC-seq library construction, sequencing and data analysis

676 Samples (BrdU+CK14 +, BrdU-CK14+ and BrdU+CK14- cells) were isolated
677 from the esophagi of rats labeled with BrdU for 4 days as described above.
678  Extracted DNA samples would first be examined for concentration and purity to
679 exclude degradation or contamination. Acegen Bisulfite-Seq Library Prep Kit

680  (Acegen, Cat. No. AG0311) was applied for Whole genome bisulfite sequencing
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681 libraries construction according to the manufacturer’s instruction. In brief, 1 ng
682 unmethylated Lambda DNA was mixed with 1 pg extracted genomic DNA,
683 followed by sonication into approximately 200-500 bp fragments. Then the
684 subsequent end-repaired, 5'-phosphorylation, 3'-dA-taiing and 5-
685 methylcytosine-modified adapter ligation were performed. After being
686  processed by bisulfite, PCR was operated for 10 cycles to amplify the DNA
687  using lllumina 8-bp dual index primers. The constructed WGBS libraries were
688 then analyzed by Agilent 2100 Bioanalyzer and finally sequenced on lllumina
689 platforms using a 150x2 paired-end sequencing protocol. Agilent 2100
690 Bioanalyzer and qPCR was used for analyzing and qualifying the libraries.
691 Illumina HiSeq X10 platforms with a 150%2 paired-end sequencing method was
692  used for final sequencing.

693 The FastQC software (version 0.11.7) was used for quality control of the raw
694 data, and the Trimmomatic software (version 0.36) was used for removal of
695 adapters and unqualified data. The optimized data was mapped to the Rnor_6.0
696 Rattus reference genome using the BSMAP software (version 2.73). Data
697 available for further analysis should comply with this standard: unique aligned
698 reads, methylated cytosines with sequence depth coverage =5. Calculation of
699 individual cytosine methylation level was performed using the ratio of
700 sequenced CpG methylated cytosine depth to total CpG cytosine depth.
701  Differentially Methylated Region (DMR) was established using Metilene

702  software (version 0.2-7), defining 25 cytosine sites in the candidate region no
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703 more than 200bp distance to the neighboring cytosine (30bp for CHH). Average
704  methylation levels differences of CG-DMR, CHG-DMR and CHH-DMR regions
705  were all need to >0.1 between different populations. Finally, regions established
706 as final DMRs should be in accordance with the following principles: 2D KS-test
707  p-value <0.05, BH (Benjamini & Hochberg) corrected p-value < 0.05. To
708  investigate biological process differences involved in DMR-related genes, Gene
709  Ontology (GO) enrichment was performed (Q < 0.05 was considered
710  significantly enriched). Next, annotated genes with DMR overlapped on their
711 gene body or upstream and downstream in 2kb were enriched for Kyoto
712 Encyclopedia of Genes and Genomes (KEGG) functional analysis.

713

714  Single-cell RNA sequencing and data processing

715 D3 organoids were collected from 24-well plate by Cell Recovery Solution
716  digesting on ice for 2 hours. The deposited organoids were scattered by mixture
717  digesting solution (containing 1x collagenase |, 1x collagenase IV, and 1x
718  trypsin), followed by digestion for 30 minutes at 37°C. Then the treated
719  organoids were centrifuged and resuspended as single-cell solution by PBS
720  containing 0.04% BSA for further sequencing.

721 Resuspended single cells were embedded into a single-cell gel beads on a
722 Chromium single cell controller (10x Genomics) with the application of single
723 cell 3 'Library and Gel Bead Kit V3 (10x Genomics, 1000075) and Chromium

724  Single Cell B Chip Kit (10x Genomics, 1000074) following the manufacturer’s
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725 instructions. The wrapped beads containing individual cells, specific barcodes,
726 UMIs (unique molecular identifiers), cell lysis solution and mixture needed for
727  reverse transcription. After reverse transcription, obtained cDNA with specific
728 barcodes and UMIs were mixed together for single-cell RNA-seq library
729  construction using Single Cell 3’ Library and Gel Bead Kit V3. Then the final
730 sequencing was operated using an lllumina Novaseq6000 sequencer with a
731  sequencing depth of at least 100,000 reads per cell with pair-end 150 bp
732 (PE150) reading strategy (performed by CapitalBio Technology, Beijing).

733 FastQC software (version 0.11.2) was used for quality control, and the
734  obtained data was mapped to the Rnor_6.0 Rattus norvegicus reference
735 genome using Cell Ranger software (version 4.0.0). Barcode counting, UMI
736 counting, and cell filtering were performed to achieve feature-barcode matrix
737 and determine clusters using Cell Ranger software. Exclusion criteria for
738  abnormal cell when gene number was less than 200, or gene number ranked
739 in the top 1%, or mitochondrial gene ratio was more than 25%. After UMI
740  normalization, PCA (Principal Component Analysis) and ten principal
741  components were used to perform dimension reduction by K-means algorithm
742  (version 0.17) and graph-based algorithm (version 0.17), respectively.
743  Visualization was realized by t-SNE dimension reduction analysis (version 0.15).
744 Then the enrichment analysis was performed using the top 20 marker genes of
745  each cluster by means of KEGG and GO analysis (KOBAS software). Single-

746  cell trajectories determined as pseudotime were built with Monocle (version
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747 2.4.0). The WGCNA R software package (version 1.51) was used for weighted
748  correlation network analysis. Sub-clusters would be generated from every
749  defined cluster according to above clustering result, expression of genes will be
750  further calculated, and the relative expression level of specific genes were
751  presented as violin plots. Gene Set Enrichment Analysis (GSEA) was
752  processed by GSEA software (version 2.2.2.4), which uses predefined gene
753  sets from the Molecular Signatures Database (MSigDB version 6.2). To further
754 verify the accuracy of cell cluster definition, GSVA (Gene Set Variation Analysis)
755  scores for given biological process (including fatty acid metabolism, G2/M cell
756  cycle, glycolysis, oxidation phosphorylation) and NRF2-regulated redox state
757  were calculated in each cell cluster using GSVA software (version 1.30.0).
758  NRF2 regulated gene set including 469 genes were downloaded from GSEA

759  website (http://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?letter=N).

760

761  Statistical analysis

762 Student’s t-test and Two-way ANOVA were performed for analyzing statistic
763  differences between groups, and p<0.05 was considered of significance. Data
764  were presented as Mean = SD. GraphPad Prism 7.0 was used for analysis.
765

766  Study approval

767 All experiments involving animals were complied with the standards

768  approved by ethical committee of National Cancer Center/National Clinical
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947
948 Figure 1. Rat esophageal basal layer exists a small relatively slow

949  cycling/quiescent cell population. (A) Schematic illustration of BrdU-labeling
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950 experiment. SD rats were injected with BrdU of 100 mg/kg body weight once
951 per 6 hours for 4 days and sacrificed at designed time points. (B)
952  Immunohistochemistry staining of BrdU of the esophageal sections at designed
953 time points. Red triangles indicate BrdU+ cells; the yellow triangles indicate
954  BrdU- cells. Bottom panels represent the magnification of the interest regions
955 indicated by a red rectangle of the top panels. (C) The percentage of BrdU+
956  cells in the basal layer of rat esophageal epithelium at designed time points.
957  (n=5, n represents 5 intact basal layers of esophageal epithelium counted at
958 each time point). (D) Cell cycle profile experiment of BrdU+ cells and BrdU-
959 cells in the basal layer from 96 h label-chase rat esophagi by fluorescent-
960 activating cell sorting (FACS). Dotted line marks the basement membrane.
961 Scale bars: 100 ym. Data are represented as the mean +/- SD for percent

962 analysis (*p < 0.05, **p < 0.01, ***p < 0.001)
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Figure 2. Quiescent basal cells (QBCs) population in the rat esophageal

basal layer have a distinct methylation profile. (A) Three populations, BrdU-

CK14+/quiescent basal cells (QBCs), BrdU+CK14+/proliferating basal cells

(PBCs) and BrdU+CK14-/suprabasal proliferating cells (SPBCs), were sorted

from the esophageal keratinocytes of SD Rats with BrdU-labeling for 96 hours.
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969  (B) Clustering analysis of CpG, CpHpG and CpHpH (H=A, C and T) methylation
970 levels among three populations. (C) Hierarchical clustering in the methylation
971  maps among three populations. (D) Histogram showing the most enriched GO
972 term in QBCs-vs-PBCs. (E) Bubble plot showing the most enriched KEGG
973  pathways in QBCs-vs-PBCs.
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975 Figure 3. The basal layer of rat esophageal organoids derived from D3

976  cells also exists quiescent basal cells (QBCs) population. (A) Schematic
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977 illustration of BrdU-labeling experiment of rat esophageal organoids derived
978  from immortalized normal esophageal keratinocyte cell line D3. 200uM of BrdU
979  concentration was used at different time points in the organoid culture process.
980  (B) The representative images of light field, HE staining and corresponding
981  BrdU immunofluorescence staining of D3-organiods culturing at different BrdU
982 labeling days. (C) The percentage of BrdU+ cells in the basal layer of D3-
983 organoids culturing in different BrdU labeling days. (n=9, n presents nine
984  random microscope fields, 400x). (D) Schematic illustration of BrdU-labeling at
985 4 days and 6 days of D3-organoid culture. (E) The representative images of
986  light field and immunofluorescence staining of BrdU of D3-organoids for BrdU-
987 labeling at 4 and 6 days. Red arrows indicate BrdU- cells in the basal layer of
988 D3-organoids. (F) The percentage of BrdU- cells in the basal layer of D3-
989 organoids at BrdU labeling 4 and 6 days. (n=9, n presents nine random
990  microscope fields, 400x). Scale bars: 100um. Data are represented as the

991  mean +/- SD for percent analysis (*p <0.05, **p < 0.01, ***p < 0.001).
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993 Figure 4. Single cell RNA sequencing analysis of rat esophageal
994 organoids derived from D3 cells. (A) t-SNE plot displaying the scRNA-seq
995 data of rat D3-organoids. Different colors indicated the distinct cell
996  subpopulations. (B) Heatmap showing the selected genes expression from the
997 7 clusters corresponding to the subpopulations of D3-organoids. (C) UMAP
998 plots of Keratin genes expression among the 7 different subpopulations of D3-
999 organoids. (D) Violin plots of Keratin genes expression among the 7 different

1000  subpopulations of D3-organoids. The y-axis represents the expression level of
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1001  genes, and the x-axis represents different subpopulations. (E) Violin plots of
1002  selected genes expression levels among 7 different subpopulations.
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1005  Figure 5. Detailed signatures of QBC1 of single cell RNA sequencing

1006  analysis. (A) GO enrichment analysis in QBC1 (quiescent basal cell
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1007  subpopulation 1) showed significant upregulation of hemidesmosome
1008  component, in accordance with related cell adhesion and cytoskeleton change.
1009  (B) GSVA of genes that controlled the cell cycle progression in 7 different
1010  subpopulations of D3-organoids. (C) GSVA of Nrf2 regulated gene set in 7
1011  different subpopulations of D3-organoids. (D) And (E) GSEA showed significant
1012  downregulation of cell cycle regulating genes (upper panel) and oxidative
1013  phosphorylation regulating genes (lower panel) in QBC1 (quiescent basal cell
1014  subpopulation 1). (F) Pseudotime trajectory ordered 7 different subpopulations
1015  of D3-organoids in a two-dimensional state-space. The x and y axes are two
1016  principal components. The numbers in the black circles represent nodes that
1017  determine different cell states in the trajectory analysis. The black arrows

1018 indicate the evolutions of cell fates.
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1022 esophagus and organoids. (A) COL17A1 expression were significantly higher
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1023 in BrdU- basal cells than that in BrdU+ basal cells in D3 organoids and
1024  esophageal tissue. White arrow and yellow arrow stand for representative
1025 BrdU+ and BrdU- basal cells with COL17A1 expression discrepancies,
1026  respectively. Histograms on the right panel displayed quantifications of
1027 COL17A1 florescence intensity using Fiji Imaged. Scale bars: 50um. (B)
1028  Western Blotting verification of D3-shCol17a1 cell line construction. (C) The
1029  representative images of light field of organoids at day 10. COL17A1
1030  knockdown significantly inhibited organoid formation and growth. Scale bars:
1031 500um. (D) AQuantification of organoid formation rate after COL17A1
1032  knockdown. (E) Quantification of organoid diameter after COL17A1 knockdown.
1033  (F) H&E staining and immunofluorescence staining of intermediate filaments
1034 (CK13 and CK14) of organoids showed significant self-organization
1035  perturbation presented as uneven basal layers and abnormal distribution of
1036  CKs after COL17A1 knockdown. (G) The ratio of suprabasal cells vs. basal cells
1037  of D3-organoids after COL17A1 knockdown. (n=5, n presents six random
1038  microscope fields,400X). (H) The percentage of CK14+ cells, CK13+ cells and
1039 CK14+CK13+ cells of D3-organoids after COL17A1 knockdown. (n=5, n
1040  presents six random microscope fields,400X). 1) Immunofluorescence staining
1041  of BrdU of D3-organoids labeled for 4 days after COL17A1 knockdown. The
1042  yellow arrows indicated the BrdU- cells. Scale bars: 100um. (J) The percentage
1043  of BrdU- cells in the basal layer of D3-organoids after COL17A1 knockdown.

1044  (n=6, n presents six random microscope fields,200X). Data are represented as
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1045  the mean +/- SD for percent analysis (*p < 0.05, **p < 0.01, ***p< 0.001).
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1048  Figure 7. Wnt signaling-HD crosstalk can maintain the stem cell identity
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1049  of quiescent basal cells in esophageal organoids. (A) Wnt inhibitors IWP-2
1050 and sFRP-2 were added on the 6th day of esophageal organoid culture and
1051  BrdU-labeling experiment was performed at the same time. 200umol BrdU,
1052  2umol IWP-2 and 5nmol sFRP-2 were used. (B) The images of light field, HE
1053  staining and corresponding BrdU immunofluorescence staining in (A). (C) The
1054  diameters of esophageal organoids in the groups with Wnt inhibitors IWP-2 and
1055 sFRP-2. (n=5, n presents five random microscope fields,200x). (D) The
1056  percentage of BrdU- cells in the outmost basal layer of esophageal organoids
1057 in the groups with Wnt inhibitors IWP-2 and sFRP-2. (n=10, n presents ten
1058  random microscope fields,400x). (E) Immunofluorescence staining of BrdU of
1059  D3-organoids after PLEC knockdown or/and treated with Wnt inhibitor IWP2 for
1060 4 days. Scale bars: 100um. (F) The percentage of BrdU- cells in the basal layer
1061  of D3-organoids after PLEC knockdown or/and treated with Wnt inhibitor IWP-
1062 2 for 4 days. (n=6, n presents six random microscope fields,400X). Data are
1063  represented as the mean +/- SD for percent analysis (*p < 0.05, **p < 0.01,
1064  ***p<0.001).
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1071 Supporting information

A

E
I COL17A1ZDAPI ” PLEC{DAPI " PRICKLE1/DAPI I

1073  Figure S1. Characterization of rodent and human esophageal epithelium.

1072

1074  (A) H&E staining of normal rodent and human esophagus cross-section.
1075 Rodent esophagus with endodermal structures including basal layer,
1076  suprabasal layers and keratin layer. Human esophagus with endodermal
1077  structures including suprabaseal layers, papillary and interpapillary basal layer.
1078  (B) Immunostaining of CK14, CK13, PCNA, P75, SOX2, OCT4 and BMI1 of
1079  human esophageal sections. (C) Immunostaining of CK14, CK13, PCNA, (D)
1080 P63, ITGao6, ITGBR4, BMI1, SOX2, OCT4 and (E) COL17A1, PLEC and

1081 PRICKLE1 of rat esophageal tissue sections. Dotted line marks the basement

53


https://doi.org/10.1101/2021.11.11.468184
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468184; this version posted November 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

1082 membrane. Scale bars: 100um.
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1085 Figure S2. Rodent esophageal basal layer exists a small relatively slow
1086  cycling/quiescent cell population. (A) Schematic illustration of BrdU-labeling
1087  experiment of SD rats. SD rats were injected with BrdU of 100 mg/kg body

1088  weight once per 6 hours for 96 consecutive hours and sacrificed at five different
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1089 time points. (B) Immunofluorescence staining of BrdU (green) of rat esophageal
1090 sections at listed time points counterstained with DAPI (blue). Red triangle
1091 arrows indicate BrdU+ cells; the yellows indicate BrdU- cells. (C) The
1092  percentage of BrdU+ cells in the basal layer of rat esophageal epithelium at
1093 listed time points. (n=5, n represents 5 intact basal layers of esophageal
1094  epithelium counted at each time point). (D) Schematic illustration of BrdU-
1095 labeling experiment of BLAB/C mice. BLAB/C mice were injected with BrdU of
1096 100 mg/kg body weight once per 6 hours for 96 consecutive hours and
1097  sacrificed at nine different time points. (E) Immunofluorescence staining of
1098  BrdU (green) of mouse esophageal sections at listed time points counterstained
1099  with DAPI (blue). (F) The percentage of BrdU+ cells in the basal layer of mouse
1100  esophageal epithelium at listed time points. (n=5, n represents 5 intact basal
1101 layers of esophageal epithelium counted at each time point) Data are
1102  represented as the mean +/- SD for percent analysis (*p < 0.05, **p < 0.01,
1103 ***p< 0.001). “L” indicates the lumen; dotted line marks the basement

1104 membrane. Scale bars: 100um.
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1106  Figure S3. Rat esophageal slow cycling/quiescent basal cells co-
1107  immunostaining with stemness markers. (A) CK14 (green) and BrdU (red)
1108  co-immunostaining of rat primary esophageal tissue section counterstained
1109  with DAPI (blue). BrdU+ and BrdU- basal cells both expressed CK14 at BrdU-
1110 labelling 48 hours and 96 hours. (B) Colocalization of BrdU (green) with

1111  potential esophageal stemness markers CK15 (red), ITGa6 (red), CD34 (red)
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1112 and P75NTR (red), respectively of the rat esophagus sections of BrdU 96h. (C)
1113  Colocalization of BrdU (green) with stemness-related markers SOX2 (red),
1114  BMI1 (red) and OCT4(red), respectively of the rat esophagus sections of BrdU
1115 96h. (D) The percentage of SOX2+BrdU- cells, BMI1+BrdU- cells and
1116  OCT4+BrdU- cells in the basal layer cells that calculated of co-immunostaining
1117  were ~4%, which were consistent with the percentage of BrdU- cells. (n=3). (E)
1118  The percentage of SOX2+ cells, BMI1+ cells and OCT4+ cells of BrdU- basal
1119 layer cells were almost 100% by manual counting (n=3). Insets panels
1120  represents magnification of regions of interest displayed by white or yellow
1121  rectangles. Yellow triangle arrows indicate BrdU- cells; the reds indicate BrdU+
1122  cells. Dotted line marks the basement membrane. Scale bars: 100 ym. Data
1123  are represented as the mean +/- SD for percent analysis (*p < 0.05, **p < 0.01,

1124  ***p < 0.001).

57


https://doi.org/10.1101/2021.11.11.468184
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468184; this version posted November 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

QBCs PBCs SPBCs

W mCG 81.27%
W mCHG 0.77%
15 mCHH 17.96%

W mCG 73.81%
B mCHG 1.14%
8 mCHH 25.05%

1 mCG 72.87%
B mCHG 0.93%
I mCHH 26.20%

QBCs-vs-PBCs
hyper-dmrs (15868) hypo-dmrs (18798)
& | 1 100%,0%
‘-‘ N .
© _
s °
= o |
2 s
3 = 75% 25%
£ ©
N
o
(=
) ‘lg ‘.‘3 é é 50%
& & g o = total o
= ¢ < & = promoter = 3utr
= upstream2k = downstream2k
= Sutr = cgi
D E = exon = cgi_shore
QBCs-vs-PBCs
QBCs PBCs
Col17a1-dmr1

~ Col7at-dmr1

Col7al-dmr2  Methylation
Dst-dmr1

Dst-dmr2 0.8
~ Dst-dmr3 06
Dst-dmrd

Lamb3-dmr1 04
Lamb3-dmr2 02
Itgbd~-dmr1 l
Itgb4~-dmr2

Itgb4-dmr3

Itga3-dmr1

Itga3-dmr2

Itga3-dmr3

Itga2-dmr1

Itga2-dmr2

Tp63-dmr1

Krtd-dmr1

Top2a-dmr1

i

Cenpf-dmr1
Kifda-dmr1
Wntd-dmr1
Wnt5a-dmr1
Wnt5a-dmr2
Wnt5a-dmr3
‘Wnt5b—-dmr1
Wnt10a-dmr1
Prickle1-dmr1
I, P icke 1-dmr2

Notch2-dmr1

u

Notch2-dmr2
Notch2-dmr3
- Notch2-dmr4
Notch1-dmr1
Notch1-dmr2
Notch1-dmr3
Notch1-dmrd
Jag2-dmr1
Dii1==dmr1
Peg3-dmr1
[
Asap2-dmr1
Asap2-dmr2
Asap2-dmr3

|

i
o1h 51

!’TE’- 18

sy

1125

1126  Figure S4. Differential methylation analysis among QBCs, PBCs and
1127  SPBCs. (A) Distribution map of methylated C sites of each population. Different
1128  colors represent methylated C sites in different contexts, and the size of each

1129 area represents the proportion of methylated C sites in the corresponding
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1130 context. (B) DMR average methylation level distribution violin plot between
1131  QBCs and PBCs. DMR represent the differentially methylated regions. Hyper-
1132 dmrs represent the dmrs that are hypermethylated, and hypo-dmrs represent
1133 the dmrs that are hypomethylated. (C) Genomic functional element methylation
1134  map between QBCs and PBCs. (D) DMR methylation level clustering heat map
1135 between QBCs and PBCs. (E) DMR methylation level heat map of

1136  representative genes between QBCs and PBCs.
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1137

1138  Figure S5. Characterization of rat esophageal organoids derived from
1139 immortalized normal rat esophageal keratinocyte cell line D3. (A) The
1140  expanding course of Immortalized normal rat esophageal keratinocyte cell line
1141 D3 cells with conditional culture to form normal and typical esophageal
1142  organoids. D3 cells in 2D culture were enzymatically dissociated and filtrated

1143  to prepare single-cell suspensions with Matrigel to initiate organoid culture in
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1144 10 days. Scale bars: 100pm. Inset showed the representative image of a normal
1145 and typical rat esophageal organoid derived from D3 cells (D3-organoid) in
1146  bright field. Scale bars: 50um. (B) The representative image of H&E staining of
1147  D3-organoid. Scale bars: 100pum. (C) Immunofluorescence staining of CK14
1148  (green), CK13 (red) and PCNA (red) counterstained with DAPI (blue) of D3-
1149  organoids. Scale bars: 100um. (D) Immunofluorescence staining of esophageal
1150  stemness makers, ITGa6, ITGB4, P75, SOX2, OCT4 and BMI1 of D3-organoids.

1151  Nucleus were counterstained with DAPI (blue). Scale bars: 100um.
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Figure S6. BrdU-labeling experiment of rat esophageal organoids derived
from immortalized normal rat esophageal keratinocyte cell line D3. (A)
Schematic illustration of BrdU-labeling experiment of rat esophageal organoids
derived from D3. (B) The growth of D3-organoids was observed under different
BrdU concentrations and immunofluorescence staining of BrdU was performed.

(C) The diameters of D3-organoids were calculated under different BrdU
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concentrations. (n=5, n presents five random microscope fields,200x). (D) The
percentage of BrdU+ cells in the basal layer of D3- organoids under different
BrdU concentrations. (n=8, n presents eight random microscope fields,400x).
Scale bars:100um. Data are represented as the mean +/- SD for percent

analysis (*p <0.05, **p < 0.01, ***p < 0.001).
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1164
1165 Figure S7. Hemidesmosome (HD) components in stem cell maintenance

1166 and proliferation-differentiation homeostasis of rat esophagus and

1167  organoids. (A) BrdU- basal cells had higher espression of DST expression
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1168  than BrdU+ basal cells by immunofluorescence staining in D3 organoids. Scale
1169  bars:100um. (B) The mean fluorescence intensity of DST expression was
1170  counted corresponds to (A). (C) Western Blotting verification of D3-shPLEC cell
1171  line construction. (D) The representative images of light field of organoids at
1172 day 10. PLEC knockdown significantly inhibited organoid formation and growth.
1173 Scale bars: 500um. (E) Quantification of organoid formation rate after PLEC
1174  knockdown. (F) Quantification of organoid diameter after PLEC knockdown. (G)
1175 H&E staining and immunofluorescence staining of intermediate filaments
1176  (CK13 and CK14) of organoids showed significant self-organization
1177  perturbation presented as uneven basal layers and abnormal distribution of
1178  CKs after PLEC knockdown. (H) Immunofluorescence staining of BrdU of D3-
1179  organoids labeled for 4 days after PLEC knockdown. The yellow arrows
1180 indicated the BrdU- cells. Scale bars: 100pm. (I)The percentage of BrdU- cells
1181  in the basal layer of D3-organoids after PLEC knockdown. (n=6, n presents six
1182  random microscope fields,200X). Data are represented as the mean +/- SD for

1183 percent analysis (*p < 0.05, *p < 0.01, **p< 0.001).
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Figure S8. Wnt inhibition in rat esophageal organoids. (A) Experimental

procedure for obtaining basal cells from organoids Scale bars: 100um. (B)

ITGBR4+ basal cells were sorted from D3- organoids by flow cytometry. (C) The
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mMRNA expression of Wnt downstream target genes in the groups with Wnt
inhibitor IWP-2 and control. (D) The D3-Organoids on day5 showed higher
degree of differentiation treated with Wnt activator CHIR-99021. Scale

bars:100um.

67


https://doi.org/10.1101/2021.11.11.468184
http://creativecommons.org/licenses/by/4.0/

