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SUMMARY

ATG7 contributes to esophageal epithelial homeostasis.
Esophageal basal cells with high level of autophagic vesicles

exhibit limited proliferation and increased self-renewal po-
tential. As these cells generate three-dimensional organoids,
they display enhanced proliferative capacity.

BACKGROUND & AIMS: Autophagy plays roles in esophageal
pathologies both benign and malignant. Here, we aim to define
the role of autophagy in esophageal epithelial homeostasis.

METHODS: We generated tamoxifen-inducible, squamous
epithelial-specific Atg7 (autophagy related 7) conditional
knockout mice to evaluate effects on esophageal homeostasis
and response to the carcinogen 4-nitroquinoline 1-oxide
(4NQO) using histologic and biochemical analyses. We
fluorescence-activated cell sorted esophageal basal cells based
on fluorescence of the autophagic vesicle (AV)-identifying dye
Cyto-ID and then subjected these cells to transmission electron
microscopy, image flow cytometry, three-dimensional organoid
assays, RNA sequencing, and cell cycle analysis. Three-
dimensional organoids were subjected to passaging, single-
cell RNA sequencing, cell cycle analysis, and immunostaining.

RESULTS: Genetic autophagy inhibition in squamous epithe-
lium resulted in increased proliferation of esophageal basal
cells under homeostatic conditions and also was associated
with significant weight loss in mice treated with 4NQO that
further displayed perturbed epithelial tissue architecture.
Esophageal basal cells with high AV level (Cyto-ID"#"Y) dis-
played limited organoid formation capability on initial plating
but passaged more efficiently than their counterparts with low
AV level (Cyto-ID™"). RNA sequencing suggested increased
autophagy in Cyto-ID™8" esophageal basal cells along with
decreased cell cycle progression, the latter of which was
confirmed by cell cycle analysis. Single-cell RNA sequencing of
three-dimensional organoids generated by Cyto-ID**" and
Cyto-IDHigh cells identified expansion of 3 cell populations and

enrichment of G2/M-associated genes in the Cyto-ID"" group.
Ki67 expression was also increased in organoids generated by
Cyto-ID™8" cells, including in basal cells localized beyond the
outermost cell layer.

CONCLUSIONS: Autophagy contributes to maintenance of the
esophageal proliferation-differentiation gradient. Esophageal
basal cells with high AV level exhibit limited proliferation and
generate three-dimensional organoids with enhanced self-
renewal capacity. (Cell Mol Gastroenterol  Hepatol
2024;18:15-40; https://doi.org/10.1016/j.jcmgh.2024.02.018)

Keywords: Esophageal Epithelium; Autophagy; ATG7; Basal Cell
Dynamics; Esophageal Progenitor Cells.

E sophageal epithelium is a stratified squamous tis-
sue. Under homeostatic conditions, basal keratino-
cytes proliferate and then undergo passive migration
toward the luminal surface before desquamating into the
lumen. Creating a proliferation-differentiation gradient at an
exquisite level, the described dynamic process further per-
mits epithelial renewal that occurs over a period of ~2
weeks." Maintenance of the esophageal epithelial
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proliferation-differentiation gradient is critical because
esophageal epithelium is the first-line barrier to prevent
penetration of digestive contents. Disruption of this gradient
is associated with widely prevalent esophageal pathologies,
including esophagitis and cancer, where basal cell hyper-
plasia (BCH) is a common epithelial remodeling event. Mo-
lecular markers defining basal keratinocytes include cell
surface molecules integrin §1 (CD29), integrin a6 (CD49f),
transferrin receptor (CD71), and neurotrophin receptor
p75NTR, cytokeratins KRT5 and KRT14, and transcription
factors p63 and SOX2.””” Single-cell RNA sequencing
(scRNA-Seq) studies in human and murine esophageal
epithelium have revealed marked cellular heterogeneity
within esophageal epithelium and particularly in basal
cells.”'® Several studies have further demonstrated func-
tional heterogeneity among murine esophageal basal cells
linked to expression of specific markers, including CD34,
KRT15, and CD73.'°'® However, studies using lineage
tracing in mice coupled with mathematical modeling have
proposed a single-progenitor model in esophageal epithe-
lium wherein all basal cells have equal capacity to prolif-
erate and differentiate.”"”

Autophagy (macroautophagy) is a catabolic process that
mediates lysosomal degradation of intracellular components
via double-membraned autophagic vesicles (AVs). The role
of autophagy in esophageal biology is an emerging area of
interest. Numerous studies have evaluated autophagy in
relation to esophageal cancer, both esophageal squamous
cell carcinoma (ESCC) and esophageal adenocarcinoma
(EAC).?° Overall, this body of literature supports various
roles for autophagy in esophageal malignancy, including
supporting cancer stem cell (CSC) biology. We have shown
that autophagy promotes expansion of ESCC CSCs in
response to transforming growth factor-beta.’’ The core
autophagy protein autophagy related (ATG)7 has also been
demonstrated to support ESCC CSC maintenance by pro-
moting (-catenin stabilization.”” In addition to roles for
autophagy in cancer, our own findings demonstrate that
autophagy is a critical cytoprotective mechanism in esoph-
ageal epithelium on exposure to stressors relevant to
eosinophilic esophagitis*® and gastroesophageal reflux dis-
ease/Barrett’s esophagus,”* highlighting the potential for
broad functional significance of this evolutionarily
conserved pathway in esophageal biology.

Here, we explore the role of autophagy in esophageal
epithelium under homeostatic conditions. We demonstrate
that genetic depletion of autophagy in vivo disrupts the
homeostatic proliferation-differentiation gradient of esoph-
ageal epithelium and is deleterious in mice exposed to the
oral-esophageal carcinogen 4-nitroquinoline 1-oxide
(4NQO). We show that proliferation is limited in esopha-
geal basal cells with high AV level as compared with their
counterparts with low AV level. Conversely, esophageal
basal cells with high AV level exhibit increased self-renewal
when cultured in three-dimensional (3D) organoid assays.
scRNA-Seq coupled with immunostaining for Ki67 further
demonstrate aberrant proliferation in 3D organoids gener-
ated by basal cells with high AV level. Our in vivo studies
support ATG7 as regulator of the homeostatic proliferation-
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differentiation in esophageal epithelium and a critical factor
in response to 4NQO. On isolation from the murine esoph-
agus, basal cells with high AV levels exhibit limited prolif-
erative capacity as compared with their counterparts with
low AV levels. AV-high esophageal basal cells are then
poised to proliferate and self-renew when grown ex vivo as
3D organoids. Taken together, these findings provide novel
insight into autophagy in relation to esophageal basal cell
biology.

Results

Conditional ATG7 Depletion Disrupts the
Homeostatic Proliferation-Differentiation
Gradient of Murine Esophageal Epithelium

To investigate the functional role of autophagy in
esophageal homeostasis, we generated K5CreERT2WY/mut.
Atg7'"°/P mice with tamoxifen (TAM)-inducible condi-
tional depletion of the essential autophagy gene Atg7 in
Keratin 5 (K5)-expressing cells (ie, basal cells) of squamous
epithelium. After confirming depletion of Atg7, we aimed to
assess effects on autophagy after acute TAM treatment (48
hours) (Figure 14 and B). To that end, we assessed levels of
the AV-identifying dye Cyto-ID and posttranslational modi-
fication of LC3 in mice. In response to TAM, we observed a
decrease in the level of cells exhibiting a high level of Cyto-
ID fluorescence (Figure 1C). Immunoblotting in peeled
esophageal epithelium further demonstrated that TAM-
treated mice displayed decreased expression of LC3-II, the
cleaved and lipidated form of LC3 that incorporates into AVs
(Figure 1D and E).

We continued to investigate effects of ATG7 depletion on
esophageal epithelial tissue architecture. We treated
K5CreERT2"7 ™% Atg 7P/ mice with TAM by oral gavage at
the start of the experiment and documented Atg7 depletion in
peeled esophageal epithelium 2 weeks later (Figure 24 and B).
Using this protocol, we failed to detect any difference in
esophageal epithelial histology or proliferation (Figure 2C-E).
Because of the rapid turnover of murine esophageal epithelium,
we next tested whether an additional pulse of TAM may result
in improved ATG7 depletion and exert a significant impact on
esophageal epithelial histology (Figure 2F). In this experiment
we assessed effects of TAM in both K5CreERT2"Y™
Atg 71 and Atg 7°°*"/*? mice because TAM-induced toxicity
has been identified in the gastrointestinal tract.”>*® We found
no benefit of an additional dose of TAM with regard to Atg7
depletion (Figure 2G) and also failed to identify evidence of
TAM-induced toxicity, with no change in body weight or
esophageal epithelial tissue architecture in TAM-treated
Atg7'?/? mice (Figure 2H and I). However, pathologic re-
view of esophageal epithelium of K5CreERT2"Y™
Atg 7'/ mjce revealed evidence of mild BCH (Figure 16 and
I). As such, we extended the timeline of our experiments;
treating K5CreERT2"Y ™ Atg 7"/ mice were treated with
TAM by oral gavage at the start of the experiment and then
again 2 weeks later and evaluating effects on ATG7 and
esophageal epithelium 6 weeks after the initial TAM treatment
(Figure 3A4). According to this protocol, ATG7 depletion pro-
moted increased thickness of the combined epithelium and
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Figure 1. Effects of genetic ATG7 depletion in esophageal
epithelium on Atg7 and autophagic vesicles. (A) Schematic
overview of experimental design. K5-CrefR72wtmut. ppo7ioxelioxe
mice treated with TAM for 48 hours or vehicle-treated controls
(n = 3; 6-11 weeks old). (B) Dot plot showing relative RNA
expression of Atg7 in peeled esophageal epithelium. Each dot
represents an individual mouse; bars represent mean + standard
error of the mean (SEM). Statistical analysis performed by t test
(n = 3). (C) Level of Cyto-ID""9" cells in esophageal basal cells
from TAM (-) and TAM (+) mice was evaluated by flow cytometry.
(D) Immunobilot for LC3 in peeled esophageal epithelium with
actin as loading control. (E) Densitometry analysis of immunoblot
shown in (D). LC3-Il levels were normalized to actin and are
shown relative to TAM (-). Statistical analysis was performed by
ttest (n = 3).

overlying keratin layer (Figure 3B-D), indicating perturbation
of the homeostatic proliferation/differentiation gradient. Ki67
labeling further confirmed increased number of proliferative
cells in the basal cell layer of esophageal epithelium (Figure 3E
and F). These findings suggest that autophagy contributes to
maintenance of the proliferation-differentiation gradient of
esophageal epithelium under homeostatic conditions.
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ATG7 in Squamous Epithelial Cells Is
Indispensable During Response to 4NQO
Challenge

Although autophagy has been implicated in esophageal
cancer progression and CSC dynamics,”’* the effects of
genetic impairment of autophagy have yet to be explored in
esophageal cancer initiation. Evaluation of scRNA-Seq data
of esophageal epithelial cells from mice treated with
4NQO," a potent ESCC-inducing carcinogen, predicted
down-regulation of autophagy in mice with esophageal
carcinoma in situ (Figure 4A4). In addition, assessment of
ATG?7 levels in esophageal cancer patients in data from the
Cancer Genome Atlas (TCGA) PanCancer Atlas revealed that
genetic alterations in ATG7 are associated with a trend to-
ward decreased 5-year overall survival (Figure 4B and C).
On the basis of these findings, we hypothesized that Atg7
depletion would exacerbate 4NQO-mediated ESCC carcino-
genesis. To test this hypothesis, we planned to challenge
K5CreERT2"Y ™ Atg 7'/ mice with 4NQO for 16 weeks
to assess effects on dysplasia and 24 weeks to assess effects
on carcinoma in situ. However, after only 14 days of 4NQO
treatment (Figure 54), complications arose in TAM-treated
K5CreERT2VY ™1 Atg 7'/ mice, where ATG7 mRNA
depletion was apparent (Figure 5B). Of the 5 TAM-treated
K5CreERT2%Y ™t Atg7°°P/1*P mjce that were administered
4NQO, 2 died abruptly, and the remaining 3 mice exhibited
significant decline in body weight (Figure 5C). Histologic
evaluation further revealed BCH coupled with cytoplasmic
vacuolization of basal cells in 2 (66.6%) of surviving TAM-
treated K5CreERT2"Y™%Atg7"/"P mice that had been
administered 4NQO (Figure 5D). By contrast, BCH was
observed in only 2 of the 5 vehicle-treated K5CreERT2""™;
Atg7"*/1? mice that had been administered 4NQO
(Figure 5D), none of which displayed a change in body
weight (Figure 5C). Despite these findings and a disruption
of esophageal tissue architecture, we did not detect any
significant difference in esophageal proliferation among the
4 groups (Figure 5E). To determine whether alterations in
proliferation may occur at an earlier time point, we used the
same protocol and collected mice as soon as they exhibited
weight loss (Figure 64 and B). Eleven days after initial TAM
treatment, Atg7 was suppressed, and esophageal epithelial
proliferation was increased in mice treated with 4NQO both
with and without TAM-mediated ATG7 depletion
(Figure 6D-F).

Esophageal Basal Cells With High AV Level
Exhibit Diminished Proliferation and Generate 3D
Organoids With Enhanced Self-Renewal
Potential

We have previously demonstrated evidence of AVs in
esophageal basal cells of both humans and mice.”*** These
findings in conjunction with our observation that prolifer-
ation is increased in the basal cell layer of esophageal
epithelium from ATG7-depleted mice led us to investigate
the relationship between AV level and esophageal basal cell
biology. To that end, we used fluorescence-activated cell
sorter to isolate esophageal basal cells with high or low AV
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levels based on the expression of the basal marker Integrin
b1 and the fluorescence of the AV-identifying dye Cyto-ID
(Figure 7A). We confirmed that Cyto-ID"8" esophageal
basal cells displayed increases in both discrete Cyto-ID
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puncta (Figure 7B) and AVs (Figure 7C) as compared with
their Cyto-ID*¥ counterparts. We further detected
increased ATG7 expression in Cyto-ID™&" cells (Figure 7D)
that appeared to be larger than Cyto-ID"°" cells as
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Figure 3. Effects of long-term genetic ATG7 depletion on esophageal epithelium. (A) Schematic overview of experimental
design. K5CrefRT2wi/mut-ptq7oXP/loxe mice were gavaged with vehicle or TAM at indicated time points (n = 9-10, 6-14 weeks
old). Esophagi were harvested 6 weeks after initial dose of TAM. (B) Dot plot showing relative RNA expression of Atg7 in peeled
esophageal epithelium. Each dot represents an individual mouse; bars represent mean + SEM. Statistical analysis was per-
formed by t test. (C) Representative H&E staining of esophageal epithelium. (D) Thickness of epithelium measured for H&E
sections of esophagi cut in the traverse plane. Bar diagram shows mean + SEM for epithelium and overlying keratin layer.
Statistical analysis was performed by t test. (E) Representative Ki67 staining of esophageal epithelium. (F) Dot plot showing
Ki67+ labeling index in esophageal epithelium. Each dot represents mean index for an individual mouse; bars represent mean
+ SEM. Statistical analysis was performed by t test.

evidenced by a significant increase in nucleus:cytoplasm
ratio (Figure 7E). Although both Cyto-ID"*" and Cyto-ID"s"
cells were gated on the basis of positivity for Integrin-G1
(Figure 7A4), Cyto-ID"8" cells exhibited less expression of
this basal cell marker (Figure 1C). This finding coupled with
the increased size of Cyto-ID"€" cells raised the concern that
we may be sorting differentiated cells in the Cyto-ID'i"
population. To address this, we evaluated expression of
involucrin (IVL), a marker of squamous differentiation, in

sorted Cyto-ID"°" and Cyto-ID"'8" cells as well as unsorted
murine esophageal epithelial cells and found that IVL was
undetectable in both sorted populations (Figure 84). We
continued to evaluate AV level in 2 independent primary
mouse esophageal epithelial cell (PMEC) cultures during
calcium-induced squamous differentiation. Although PMECs
exhibited morphologic and molecular features of squamous
differentiation after culturing in high calcium medium
(Figure 8B and (), we failed to detect an increase in AVs as

Figure 2. (See previous page). Effects of short-term genetic ATG7 depletion on esophageal epithelium. Schematic
overview of experimental design for results shown in (B-E). K5CreFiT2w/mut. ptg 7/op/loxe mice were gavaged with vehicle or
TAM at indicated time points (n = 6 mice/group, 6-13 weeks old). (B) Dot plot showing relative RNA expression of Atg7 in
peeled esophageal epithelium. Each dot represents an individual mouse; bars represent mean + SEM. Statistical analysis was
performed by t test. (C) Representative H&E staining of esophageal epithelium. (D) Representative Ki67 staining of esophageal
epithelium. (E) Dot plot showing Ki67+ labeling index in esophageal epithelium. Each dot represents mean index for an in-
dividual mouse; bars represent mean + SEM. Statistical analysis was performed by t test. (F) Schematic overview of exper-
imental design for results shown in (G-I). Atg7/>®"** and K5CrefFT2w/mut. pg 7/oP/1o% mice were gavaged with vehicle or TAM
at indicated time points (n = 3, 10-12 weeks old). Esophagi were harvested 2 weeks after initial dose of TAM. (G) Dot plot
showing relative RNA expression of Atg7 in peeled esophageal epithelium. Each dot represents an individual mouse; bars
represent mean + SEM. Statistical analysis was performed by one-way analysis of variance. (H) Body weight curves. Statistical
analysis was performed by two-way analysis of variance. () Representative H&E-stained sections of esophageal mucosa.
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Figure 4. Evaluation of autophagy and Atg7 in esophageal
carcinoma. (A) Autophagy pathway in 4NQO-induced murine
esophageal carcinoma model. Gene expression in 4NQO-
induced murine esophageal carcinoma was analyzed using
publicly available scRNA-seq data from Yao et al'® and
accessed from the Genome Sequence Archive (BIG Data
Center, Beijing Institute of Genomics, Chinese Academy of
Sciences; http://gsa.big.ac.cn) under the accession number
CRA002118. Pathway Analysis was used to analyze auto-
phagy pathway. Fold change is relative to average expression
across all time points in data set. (B and C) ATG7 expression
in human esophageal carcinoma was analyzed from TCGA,
Pan Cancer Atlas data via cBioPortal. (B) Analysis of TCGA
data to identify frequency of ATG7 mutations in humans with
ESCC and EAC. (C) Overall survival for human esophageal
carcinoma with altered ATG7 (red line) and wild-type (unal-
tered) ATG?7 (blue line). Statistical analysis was performed by t
test. Cl, confidence interval; HR, hazard ratio.

measured by Cyto-ID (Figure 8D) and accumulation of LC3-
II (Figure 8E and F).

We continued to subject sorted Cyto-I and Cyto-
IDie" cell populations to 3D organoid assays. We found that
Cyto-ID"°" cells more readily formed organoids compared
with Cyto-ID™8" cells (Figure 94 and B). We also observed
marked differences in morphology when comparing orga-
noids generated by Cyto-ID"" and Cyto-ID"&" cells
(Figure 9C-E). The majority (80.3%) of organoids generated
by Cyto-ID"Y basal cells displayed 1-4 layers of basal cells
at the smooth outer periphery, several inner layers of cells

DLow

Cellular and Molecular Gastroenterology and Hepatology Vol. 18, Iss. 1

displaying flattened morphology, and a central keratinized
core, consistent with terminal squamous differentiation
(Figure 9C-E). By contrast this “regular” phenotype was
detected in 45.4% of organoids generated by Cyto-ID""
basal cells. Instead, organoids derived from Cyto-ID'i"
basal cells were enriched for “irregular” phenotypes that
included increased basal cell content and the presence of
multiple basal cell-rich areas protruding at the structure’s
outer edges (present in 31.7% organoids) (Figure 9C-E), the
latter of which are reminiscent of “buds” that have been
associated with stemness in intestinal enteroid culture.”’
The 96.9% of organoids generated by Cyto-ID"" cells dis-
played evidence of keratinization, suggesting that these cells
are capable of terminal differentiation. To evaluate self-
renewal capacity, we continued to passage organoids
derived from Cyto-ID"*" and Cyto-ID"'8" esophageal basal
cells. Although Cyto-ID"" cells formed organoids more
readily on initial plating, their ability to form consistently
declined over passaging, with a total loss of detectable
organoids after passage 2 (Figure 94, B, F, and G). Notably,
although we established a cutoff of at least 15% organoid
formation rate (OFR) for successful organoid formation by
Cyto-ID"°" murine esophageal keratinocytes, we found that
the described trends for Cyto-ID"*" and Cyto-ID'8" cells
with regard to organoid generation and passaging were
maintained in experiments in which the initial Cyto-ID"*"
OFR was >5% (Figure 9G). Indeed, regardless of initial OFR
in Cyto-ID"" cells, passaging of organoids generated by
Cyto-ID"°" was successful only to passage 2, whereas
organoids generated by Cyto-ID"®" cells could be passaged
at least 4 times (Figure 9F and G).

We continued to explore the molecular features of Cyto-
IDM&" and Cyto-ID"*" esophageal basal populations by
performing RNA-Seq on these sorted populations. Principal
component analysis (PCA) revealed sample separation
based on Cyto-ID level, but not by sex (Figure 104). We
identified 7102 differentially expressed genes (DEGs) when
comparing Cyto-ID"" and Cyto-ID"&" cells (Figure 10B,
Supplementary File 1). IPA further predicted alterations in
110 pathways (Supplementary File 1), with Autophagy be-
ing among the top 10 up-regulated pathways (Figure 10C).
Cell Cycle Control of Chromosomal Replication and Kineto-
chore Metaphase Signaling Pathway were the top 2 path-
ways predicted to be down-regulated in Cyto-ID"€" cells
(Figure 10C). Because limited cell proliferation may
contribute to the diminished organoid formation capacity
observed in Cyto-ID™8" cells (Figure 94 and B), we next
used flow cytometry analysis for propidium iodide (PI) to
assess cell cycle in Cyto-ID™&" and Cyto-ID"*" esophageal
basal cells. In both populations, cells in the G0/G1 phase of
the cell cycle were predominant (Figure 10D and E), which
is in agreement with published literature in primary
esophageal keratinocytes.”® However, Cyto-ID™&" cells dis-
played an increase in the GO/G1 fraction coupled with
depletion of cells in the S and G2/M phases of the cell cycle
(Figure 10D and E).


http://gsa.big.ac.cn

2024

A

!

!

K5CreERT2"/mt; Atg7oe/ion D)

!

Autophagy and Esophageal Basal Cell Dynamics

21

4NQO
Day -3 0 4 11 14
¥ TAM or Vehicle (i.g)
B P=.038 P=.014
° 24 °
E °
: =
Z
2 o E
= ® 4NQO (-) 4NQO (+)
[7) ° [ ] ); & 3 ‘N >
14 ._:B ﬂ:_. . ' ‘-.“.’ ré c"' 5
0 T T T T " 1 " |
TAM () ) () (¥ O > ; U 4 ! g o
4NQO =/ % &N 3.5 L Y
C (-) (') (+) (+) E L t ‘ s '.: ?} ‘!.\ f ] !1;‘\ 5
5 Yo ' ) \ :ﬂa“’."-‘ § ;‘;
120 - ¢ A '! e y
i %o L
g1 T T
— Pl S P, BR : 7
D 100 == s W N et
é’ 8 T Y 2z,
% 90 | K E .,:0 ¢ .
- =@ =« TAM (-)4NQO (-) % PTE U %€ ;
B 80 | —=—TAMH N0 () = AN g iy 3
e TAM (+) 4NQO (+) Is v P 3 3
70 1= - TAM (-)4NIQO(+) . o'
0 7 14 100 ‘ﬂ
Day

Figure 5. Effects of genetic ATG7 depletion on esoFPha eal epithelium responding to carcinogen for 14 days.

(A) Schematic overview of experimental design. K5Cre”

T2wt,

mut-ptg7'°PP mice were gavaged with vehicle or TAM at

indicated time points. 4NQO was administered for 14 days (n = 3-5, 6-14 weeks old). (B) Dot plot showing relative RNA
expression of Atg7 in peeled esophageal epithelium. Each dot represents an individual mouse, and bars represent mean +
SEM. Statistical analysis was performed by t test. (C) Body weight curves. Statistical analysis was performed by two-way
analysis of variance. (D) Representative H&E-stained sections from esophageal mucosa. (E) Representative Ki67 staining of

esophageal epithelium.

3D Organoids Generated by Esophageal Basal
Cells With High AV Level Feature Increased
Proliferation That Extends Beyond the Outermost
Basal Cell Layer

Because organoids generated by Cyto-ID" and Cyto-
D& esophageal basal cells displayed marked differences
in morphology and passaging capability, we next evaluated

the cellular and molecular heterogeneity of these organoids
cells using scRNA-Seq (Figure 114). We sequenced a total of
15,788 cells derived from 3 independent 3D organoids
cultures generated by Cyto-ID"*" and Cyto-ID'8" esopha-
geal Dbasal cells. After quality control evaluation
(Figure 11B-F), 13,667 cells passed the threshold for sub-
sequent analysis. Using this data set, we identified 13 cell
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Figure 6. Effects of genetic ATG7 depletion in esoFPh Wé;eall epithelium responding to carcinogen for 11 days.
(A) Schematic overview of experimental design. K5CreERT2WVmut: atg7loxp/loxe mice were gavaged with vehicle or TAM at
indicated time points (n = 4-5, 6-14 weeks old). 4NQO was admlnlstered for 11 days. (B) Body weight curves. Statistical
analysis was performed by two-way analysis of variance. (C) Dot plot showing relative RNA expression of Atg7 in peeled
esophageal epithelium. Each dot represents an individual mouse, and bars represent mean + SEM. Statistical analysis was
performed by one-way analysis of variance. (D) Representative H&E-stained sections of esophageal mucosa. (E) Represen-
tative Ki67 staining of esophageal epithelium. (F) Dot plot showing Ki67+ labeling index in esophageal epithelium. Each dot
represents mean index for an individual mouse; bars represent mean + SEM. Statistical analysis was performed by one-way
analysis of variance.
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Figure 7. Characterization of Cyto-ID"°" and Cyto-ID""9" basal cells from murine esophageal epithelium. (4) FACS gating
strategy used to isolate live (DAPI"®9%") Cyto-ID"*" and Cyto-ID"9" basal cells (Integring1°°s""®) from wild-type C57BI6 mice.
(B) Representative images of Cyto-ID-°" and Cyto-ID™9" cells acquired using imaging flow cytometry. Bar, 10 um (n = 3). (C)
Representative transmission electron microscopx images of sorted Cyto—ID"OW and Cyto—IDH'gh cells. (D) Dot plot showing
relative RNA expression of Atg7 in sorted Cyto-ID"°" and Cyto-ID"" basal cells. Each dot represents a biological repeat; bars
represent mean + SEM. Statistical analysis was performed by t test (n = 3). (E) Dot plot showing quantification of nucleus/
cytoplasm ratio of Cyto-ID°" and Cyto-ID"9" basal cells determined using transmission electron microscope. Each dot rep-
resents an individual cell; bars represent mean + SEM. Statistical analysis was performed by t test (n = 20).
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Figure 8. Relationship between AV level and differentiation in murine esophageal epithelial cells. (A) Dot plot showing
relative RNA expression of IVL in Cyto-ID"°" and Cyto-ID"9" basal cells isolated from peeled esophageal epithelium of wild-
type C57BI6 mouse. Unsorted esophageal epithelial cells were used as a control. Statistical analysis performed by one-way
analysis of variance (n = 3). (B-F) PMECs were cultured with 0.6 mmol/L CaCl, to induce squamous differentiation up to 72
hours (3 days). (B) Representative bright-field images of PMECs cultured with CaCl,. (C) Dot plot showing relative RNA
expression of IVL. Dots represent biological replicates, and bars represent mean + SEM. Statistical analysis was performed by
one-way analysis of variance (n = 3). (D) Representative Cyto-ID flow cytometry plots. (E) Immunoblotting for LC3 with actin as
a loading control. (F) Densitometry analysis of immunoblot shown in (E). LC3-II levels normalized to actin are shown relative to
day 0. Statistical analysis performed by one-way analysis of variance (n = 3).
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enrichment of G2/M genes in population basal 3 and S
phase genes in population basal 2 (Figure 14A4). scRNA-Seq
further identified an increase in G2/M genes in organoids
generated by Cyto-ID"8" esophageal basal cells as compared
with those generated by their Cyto-ID"*" counterparts
(Figure 14B). Flow cytometry for PI in organoids derived
from Cyto-ID"°" and Cyto-ID"™" esophageal basal cells
validated increased G2/M cell in the Cyto-ID"8" group
(Figure 14C and D). Ki67 staining was also increased in
organoids derived from Cyto-ID"" esophageal basal cells
(Figure 14E). Furthermore, staining for Ki67 was located
beyond the outermost basal cell layer in organoids derived
from Cyto-ID"&" esophageal basal cells (Figure 14E).

We finally aimed to evaluate autophagy in 3D organoids
generated by Cyto-ID"" and Cyto-ID"8" cells. Autophagy
was predicted to be enriched in Cyto-ID"" esophageal
basal cells; however, it was predicted to be inhibited in 3D
organoids generated by Cyto-ID"" cells (Figure 154,
Supplementary File 1). In line with this prediction, we
detected a trend toward decreased AV level in organoids
generated by Cyto-ID"" cells through evaluation of Cyto-ID
fluorescence and LC3 (Figure 15B-D). Thus, although Cyto-
IDM8" pasal cells within esophageal epithelium exhibit
limited proliferation, the organoids generated by these Cyto-
D& cells feature increased proliferative capability and fail
to maintain elevated AV level.

Discussion

Autophagy is a dynamic cellular process that has cell
type- and context-dependent functions in diverse tissue
types. In the esophagus, we and others have demonstrated
roles for autophagy in pathologic conditions both benign
and malignant. Although such studies suggest the potential
for broad functional significance of this evolutionarily
conserved pathway in esophageal biology, what role, if any,
autophagy plays in the esophagus under homeostatic con-
ditions has remained elusive. Here, we address this critical
knowledge gap, demonstrating that genetic depletion of the
essential autophagy gene Atg7 results in disruption of the
defined esophageal epithelial proliferation-differentiation
gradient, including increased basal cell proliferation.
Although ATG7 null mice exhibit neonatal lethality,*’
genetically engineered mice that allow for conditional
ATG7 depletion have provided insight into the roles of
autophagy in various cell types including squamous

Cellular and Molecular Gastroenterology and Hepatology Vol. 18, Iss. 1

epithelial cells. Although genetic depletion of autophagy has
been shown to limit proliferation of epidermal keratinocytes
in vitro, the role of autophagy in squamous tissues in vivo is
more complex. In the epidermis, conditional depletion of
ATG?7 in basal cells has been shown to increase thickness in
the skin of the back with no effect on differentiation noted.*"
However, an independent study identified epidermal dif-
ferentiation defects in ATG7 depleted mice.*’ Conditional
depletion of ATG7 or ATG5, an essential autophagy gene
that facilitates AV biogenesis along with ATG7,%? in basal
cells has been shown to perturb differentiation in the pre-
putial gland but have no effect on morphology of the
thymus.**** In the skin and thymus, autophagy in basal cells
has been defined as dispensable for organ function under
homeostatic conditions in vivo. We failed to observe evi-
dence of weight loss or food impaction in TAM-treated
K5CreERT2"Y™Atg 7P/ mice; however, direct mea-
surement of esophageal barrier function and food transit is
necessary to determine whether ATG7-dependent auto-
phagy is dispensable for esophageal function. Moreover,
although Cyto-ID"8" cells are reduced in TAM-treated
K5CreERT2YY™1:Atg 7'/ mice, a model in which these
cells are fully abrogated is necessary to define the
dispensability of autophagy in esophageal epithelium.
Because autophagy in stromal cells has been shown to
provide nutrients to local epithelial cells,*” the possibility
that autophagy-proficient non-epithelial cells may compen-
sate in the context of complete epithelial-specific autophagy
attenuation should be explored.

Our in vivo studies further suggest that autophagy is
critical for response to the oral-esophageal carcinogen
4NQO. We unexpectedly observed death and weight loss in
mice with squamous epithelial-specific ATG7 depletion after
4NQO administration. Although 4NQO is a well-established
carcinogen that promotes robust tumorigenesis in the oral
cavity and esophagus with exposure over several months,
acute effects of 4NQO are not well-characterized. Here, we
find that 4NQO induces weight loss on acute exposure, and
this is exacerbated with ATG7 depletion. Expression of
autophagy markers, including ATG7, increases during
4NQO-mediated carcinogenesis in the oral cavity®®; how-
ever, autophagy has not been studied in the context of
4NQO-induced esophageal carcinogenesis. Here, we mined
previously published scRNA-Seq data to demonstrate that
the autophagy pathway is predicted to be inhibited in mice
with 4NQO-induced carcinoma in situ. Although scRNA-Seq

Figure 9. (See previous page). Passa%ing and characterization of organoids generated by Cyto-ID"°" and Cyto-ID"ie"

basal cells. Cyto-ID-°" and Cyto-ID"9

basal cells were sorted from mouse esophageal epithelium and then cultured in 3D

organoid assays for 13-15 days. (A) Representative images of organoids formed either directly after sorting (passage 0) or after
passaging. For passaging, organoids were dissociated after 13-15 days in culture, and resulting single-cell suspensions were
plated in 3D organoid assays. (B) OFR (number of organoids formed/number of cells plated x 100) was determined for Cyto-
ID"°" and Cyto-ID"'9" basal cells at indicated passages. Data are presented as mean + SEM (n = 4). Statistical analysis
performed by t test (*P < .05, ***P < .001, ##P < .01, ###P < .001, where * indicates comparison with Cyto—ID"OW at passage
0 and # indicates comparison with Cyto-IDM" at passage 0. (C) Representative bright-field images of Cyto-ID-°¥ and Cyto-
ID™9" organoids (passage 0). (D and E) H&E-stained organoids were evaluated for morphology. Representative images of
regular and irregular organoids are shown in (D), and bar diagram in (E) shows distribution of regular and irregular organoids
generated by Cyto-ID"°" and Cyto-ID™9" cells. Statistical analysis performed by t test (n = 9). (F and G) Representative data
for individual biological replicates in OFR of passage 0 Cyto-ID"°" cells were high (>15%) (F) or low (<15%) (G).
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data for earlier phases of 4NQO-mediated ESCC carcino-
genesis were not available, our data suggest that autophagy
may be activated during acute exposure to the carcinogen.

A
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After 4NQO exposure, esophageal epithelium of mice with
squamous epithelial-specific ATG7 depletion displayed evi-
dence of BCH and altered basal cell morphology that was
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Figure 11. Quality control metrics for scRNA-Seq data. (A) Schematic overview of experimental design. (B) Transcript
counts for all samples and distribution across the UMAP object are shown. (C) Unique transcript counts for all samples and
distribution across the UMAP object are shown. (D) Percent expression of mitochondrial genes for all samples and distribution
across the UMAP object is shown. (E) Violin plots with sample-based mitochondrial gene expression distribution. (F) Each cell
is colored according to sample from which it was derived, and distribution across the UMAP object is shown.

Figure 10.(See previous page). Transcriptomic analysis and cell cycle evaluation in Cyto-ID*°" and Cyto-ID"'9"
esophageal basal cells. (A-C) Cyto—ID"OW and Cyto—IDH'gh basal cells from 4 independent experiments were sorted from
mouse esophageal epithelium and then subjected to RNA-Seq. (A) PCA showing clusterin%.of samples according to Cyto-ID
level (top) and sex (bottom). (B) Heatmap showing relative expression pattern in Cyto-ID™" vs Cyto-ID"*" cells (P < .01).
(C) Top 10 significantly dysregulated canonical pathways based on Ingenuity Pathway Analysis z-score. Red indicates
enrichment, and blue indicates inhibition. (D and E) Cyto-ID-°" and Cyto-ID"9" basal cells were sorted from mouse esoph-
ageal epithelium and then subjected to DNA content analysis using Pl flow cytometry. (D) Representative histogram of PI
staining. (E) Bar diagram shows average distribution of cells in each phase of the cell cycle. Data are presented as mean +
SEM. Statistical analysis was performed by t test (n = 3).
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Figure 12.Identification of cell populations in 3D organoids generated by Cyto-ID"°" and Cyto-ID""9" murine
esophageal basal cells. (A) Seurat’s UMAP was used to identify 13 cell populations within the scRNA-Seq data set.
(B) Expression z-scores for top 5 most up-regulated genes in each cluster. Red indicates enrichment, and blue indicates
inhibition. (C and D) Log1p normalized expression of the basal marker Krt5 (C) and superficial marker Krt13 (D) across the data
set is shown. Purple indicates enrichment. (E) Seurat’s UMAP was used to assess distinct cell populations in organoids
generated by Cyto-ID"°" and Cyto-ID"9" murine esophageal basal cells. (F) Box plots showing proportion of each cell as a
fraction of all cells for each cluster in Cyto-ID9" organoids compared with Cyto-ID=°", where each dot represents 1 biological
repeat. Statistical analysis was performed by t test.
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defined as cytoplasmic vacuolization, a finding associated
with pathogen-induced cell death in mammalian cells.>’
Xenophagy is a selective form of autophagy that contrib-
utes to host defense via targeting pathogens to AVs where
they are degraded on AV fusion with lysosomes.** *? Future
studies will determine whether 4NQO administration in
TAM-treated K5CreERT2""™";

Atg7'/1* mice promotes pathogen accumulation in
esophageal epithelium to drive weight loss and death.
Because activation of the K5 promoter is not confined to
esophageal epithelium, it is important to consider that

no activity pattern available

organoids generated by Cyto-
ID™" and Cyto-ID"9" basal
cells from mouse esophageal
epithelium. Top 10 cellular
processes predicted to be
significantly altered based on
Ingenuity Pathway Analysis
z-score in indicated cell pop-
ulations (threshold = 1.3). Or-
ange indicates enrichment, and
blue indicates inhibition.
Shading intensity of bars re-
flects z-score (higher z-score
correlates with opacity).

effects of autophagy depletion in other squamous tissues
may contribute to the deleterious effects seen with 4NQO
administration.

Our findings in K5CreERT2""™%:Atg7'P/"* mice along
with our published work demonstrating that there is a
gradient of staining for cleaved LC3, a marker of AVs, in
murine esophageal basal cells,”>** led us to investigate
whether intracellular AV content is associated with molec-
ular attributes and behavior of esophageal basal cells. Ex-
periments in 3D organoids generated by sorted Cyto-ID“*"
and Cyto-ID"8" cells supported this premise with Cyto-ID"&"



2024

cells being less capable of generating 3D organoids. Inter-
estingly, however, organoids generated by Cyto-ID"®" cells
display increased organoid passaging capability indicative of
self-renewal. We further found the transcriptional profiles of

A B
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Cyto-ID"" and Cyto-ID"" cells to be markedly different with
more than 7000 DEGs. To put this finding into context, our
previous study comparing the transcriptional profiles of
Krt15-positive and Krt15-negative esophageal basal cells
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revealed <200 DEGs.'® Consistent with impaired ability to
generate organoids, Cyto-ID"8" cells that were freshly iso-
lated from murine esophageal epithelium exhibited dimin-
ished proliferation compared with their Cyto-ID**"
counterparts. By contrast, organoids generated by Cyto-ID"i"
cells displayed increased cell proliferation as compared with
Cyto-ID"*"-derived organoids. Because autophagy is often
activated as a stress response, it is not surprising that cell
cycle arrest has been shown to positively correlate with
autophagy in mammalian cells."® Investigation of the mech-
anisms that drive the switch in Cyto-ID"" cells from a low
proliferative state in the esophagus to a higher proliferative
state in 3D organoids will be of great interest. Because 3D
organoids generated Cyto-ID"" cells have similar AV content
to those generated by Cyto-ID**" cells, autophagy is likely
dispensable for increased proliferation and self-renewal in
Cyto-ID"&"-derived organoids. Autophagy has been impli-
cated in paligenosis, a process through which fully differen-
tiated cells reenter the cell cycle.*’"* Because organoids
generated Cyto-ID"8" cells display aberrant proliferation in
cells located beyond the outermost basal cell layer, exami-
nation of paligenosis in these organoids is warranted. Pal-
igenosis occurs in response to cell stress that may indeed be
induced as esophageal epithelial cells are grown in ex vivo 3D
organoid culture. Evaluation of transcription factor ATF3,
which marks early paligenosis cells and is required for
autophagy in these cells,”® in 3D organoids generated by
Cyto-IDHigh cells is of particular interest and should be per-
formed during organoid establishment and expansion when
cellular plasticity and autophagy may be most apparent.
There has been great interest and controversy in exam-
ining basal cells as esophageal stem/progenitor cells. Pan
et al** tracked 5-iodo-2'-deoxyuridine label-retaining cells
with features of stem cells (long-lived, slow-cycling, uncom-
mitted, multipotent) residing primarily in the basal cell layer
of normal human esophageal epithelium. Consistent with the
presence of a slow-cycling label-retaining cells with self-
renewal capacity have been identified in the esophageal
basal layer where they are marked by positivity for CD34 or a
combination of high expression of integrin a6 and low
expression of CD71.>'” Giroux et al'® further demonstrated
that long-lived K15-positive basal cells display self-renewal
and tissue regeneration capacity. We have recently identi-
fied a population of slow-cycling, CD73-positive cells in the
basal and suprabasal layers of human esophageal epithelium
that contributes to epithelial renewal.* By contrast, work by
DeWard et al'® suggested that an actively proliferating subset
of basal cells defined by positivity for CD73 and high
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expression of integrin 84 exhibits the greatest stem cell po-
tential in murine esophageal epithelium. The described
studies suggesting that esophageal basal cell are functionally
heterogeneous are at odds with studies using lineage tracing
in mice coupled with mathematical modeling to propose a
single-progenitor model wherein all basal cells have equal
capacity to proliferate and differentiate.”*® Because auto-
phagy is a dynamic cellular process it likely that AV level is
reflective of a cell state rather than serving as a marker for a
defined subset of esophageal basal cells. We propose a model
(Figure 16) wherein esophageal basal cells have high levels of
AVs when they are directed by internal and/or external cues
to suppress proliferation. These same cells may then
decrease their AV context should the need to proliferate and/
or differentiate arise. When we take Cyto-ID"" cells from
their local tissue microenvironment, they are poised to pro-
liferate and differentiate, thus giving rise to typical esopha-
geal organoids. By contrast, Cyto-ID"8" cells are in a state of
cell cycle arrest when they are exposed to growth factor-rich
3D organoid medium. In this context, Cyto-ID"€" cells reenter
the cell cycle, albeit in an aberrant fashion with cells outside
of the outermost basal cell layer exhibiting markers of pro-
liferation, and also acquire self-renewal capability. In relation
to our in vivo studies in K5CreERT2"Y™";Atg7!P/"*P mice,
depletion of ATG7 limits the ability of AVs to accumulate in
esophageal basal cells, thereby allowing for enrichment of
cells with low levels of AVs. We postulate that this shift in AV
level within basal cells is then associated with increased
proliferation, and this phenotype is likely exacerbated with
4NQO challenge. It is further possible that 4NQO may pro-
mote a local microenvironment that activates the self-
renewal potential of Cyto-ID"®" cells, similar to our find-
ings in 3D organoids. In the intestine, we have recently
demonstrated that high AV level prospectively identifies
facultative stem cells that contribute to the DNA damage
response after ionizing radiation exposure.*® It remains to be
determined whether facultative stem cells marked by high AV
level contribute to esophageal response to stressors
including 4NQO.

In summary, we report previously unappreciated roles
for autophagy in esophageal homeostasis and response to
4NQO challenge. We show that esophageal basal cells with
high AV level exhibit limited proliferation yet have the
ability for self-renewal in the context of ex vivo 3D organoid
culture. Because these studies are solely conducted in mice,
it will be of great interest to determine the relevance of
Cyto-ID"8" esophageal basal cells in human physiology.
Notably, we have previously demonstrated that esophageal

Figure 14.(See previous page). Assessment of proliferation in organoids generated by Cyto-ID'°" and Cyto-ID'9"

esophageal basal cells. Cyto-ID-°" and Cyto-ID"9

basal cells were sorted from mouse esophageal epithelium and cultured

in 3D organoid assays for 15 days. (A and B) scRNA-Seq analysis generated Seurat’s UMAP onto which expression of genes
associated with each cell cycle phase was projected in (A). In (B), box plots show predicted portion of cells from Cyto-ID-%
and Cyto-ID™9" organoids in each cell cycle phase. Each dot represents 1 biological repeat. Statistical analysis was performed
by t test (n = 3). (C-E) Cyto-ID"°" and Cyto-ID"'9" basal cells were cultured in 3D organoid assays for 15 days. Organoids were
dissociated and then subjected to DNA content analysis via Pl flow cytometry, with representative histogram shown in (C) and
bar diagram of average distribution of cells in each phase of the cell cycle shown in (D). Data in (D) are presented as mean +
SEM. Statistical analysis was performed by t test (n = 7). Organoids co-stained for Ki67 and SOX2 by immunofluorescence are
shown in (E).
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(A) Comparison analysis of bulk and sc-RNA-Seq. (B and C)
Passage 0 organoids were dissociated at day 15 and stained
for Cyto-ID with representative flow plots shown in (B) and
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epithelial cells with Cyto-ID fluorescence can be detected in
human subjects with normal esophageal pathology and that
Cyto-ID fluorescence increases in eosinophilic esophagitis pa-
tients.”* Our understanding of the mechanisms regulating
esophageal basal cell remains quite limited despite the potential
of this knowledge to guide novel approaches for diagnosis,
monitoring, and therapy of widely prevalent esophageal dis-
eases. Autophagy is a particularly attractive candidate in this
regard because several Food and Drug Administration—
approved drugs have been shown to impact this pathway.

Materials and Methods

Cell Culture

PMEC were isolated from young wild-type C57BL/6 mice
and passaged several times before use in experiments as
previously described.*” PMECs were cultured in complete
mouse keratinocyte serum-free medium (KSFM) that was
generated by supplementing KSFM without calcium chloride
(10725-018, Gibco, Waltham, MA) with recombinant
epidermal growth factor (1 ng/mL), bovine pituitary extract
(50 mg/mL), penicillin/streptomycin (1% v/v, 15140-122,
Gibco), and 0.018 mmol/L CaCl, (349610025, Acros Organics,
Geel, Belgium). PMECs were maintained in humidified atmo-
sphere containing 5% CO, at 37°C. Medium was changed
every other day. Ten umol/L Y27632 (1254, Tocris, Bristol,
UK) was added every time PMECs were split to limit cell death.

Murine Studies

All murine studies were performed in accordance with a
protocol approved by the Temple University IACUC (Pro-
tocol Number: 5018). Experiments were conducted in
accordance with institutional guidelines for animal research.
Atg7'°®/P  (Strain#  RBRC02759; RIKEN  BRO),
K5CreERT2"Y™t (Strain# 029155; Jackson Labs), and
C57BL/6 (Strain# 007909; Jackson Labs) mice were main-
tained under controlled conditions with 12-hour light/dark
cycle. K5CreERT2"Y ™ Atg7!/1*? mjce were administered
TAM (T5658, Sigma-Aldrich; 250 ug/g body weight dis-
solved in peanut oil) by oral gavage to induce Cre-mediated
excision of exon 14 of Atg7 in cells in which the Krt5 pro-
moter is active.”’ Vehicle controls, designated TAM (-), were
gavaged with an equal volume of peanut oil. 4NQO
(203790050, Thermo Fisher Scientific;100 ug/mL in 2%
propylene glycol) was administered via drinking water.
Vehicle controls, designated 4NQO (-), were administered
2% propylene glycol. Body weight of mice was monitored at
least once/week during all experiments. All treatments were
initiated in 6- to 14-week-old mice. Numbers of animals in
each experimental group are noted in corresponding figure
legends. Both males and females were included in all
animal studies. To evaluate the effect of tamoxifen toxicity,

quantification of Cyto-ID fluorescence shown in (C), with each
dot representing 1 biological repeat. Statistical analysis was
performed by t test (n = 3). (D) Representative images of
immunoblot for ATG7 and LC3 in Cyto-ID"°" and Cyto-ID"9"
organoids. Actin serves as loading control.
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Figure 16.Proposed model. In murine
esophageal epithelium, basal cells with

1 Self-renewal i
high AV levels (Cyto-ID™9") are largely non-

3D Organoid Culture

proliferative, whereas those with low AV
levels (Cyto-ID"°%) readily proliferate, sto-
chastically giving rise to basal cells or
executing squamous differentiation. Basal
cells with high and low levels of AVs may
interconvert. When Cyto-ID'°% cells are
removed from their local tissue microenvi-
ronment, they are poised to proliferate and

-
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differentiate, thus giving rise to typical
esophageal organoids. When Cyto-ID-%
cells are placed into 3D organoid culture,
they continue to proliferate and differen-
tiate. When growth-arrested Cyto-IDHo"
cells are placed into 3D organoid culture,
they exhibit aberrant proliferation yet
remain capable of differentiating Cyto-
ID"9" cells and also gain self-renewal
capability in 3D organoid culture.

/

Atg7'P/" and K5CreERT2"Y™; Atg7'*"/"* mice (n = 3,
10- to 12-week-old) were administered TAM (250 ug/g
body weight dissolved in peanut oil) by oral gavage at day
0 and day 7 and collected at day 14. Vehicle controls,
designated TAM (-), were gavaged with an equal volume of
peanut oil.

Flow Cytometry and Cell Sorting

Murine esophagi were dissected from 3- to 4-month-old
functionally wild-type C57BL/6 (Strain# 007909; Jackson
Labs) mice, and peeled epithelial-enriched layer was enzy-
matically digested.""'? To isolate Cyto-ID*** and Cyto-ID"e"
esophageal basal cells, the resulting single cell suspension was
incubated at 37°C for 30 minutes with Integrin 31 antibody
(APC anti-mouse/rat CD29; 102216; Biolegend) at 1:100
dilution. Cells were washed, pelleted at 1000 RPM for 5 mi-
nutes, and incubated at 37°C for 30 minutes with Cyto-ID
(ENZ-51031-K200; Enzo Life Sciences) at 1:1000 dilution. Af-
ter washing, cells were resuspended in fluorescence-activated
cell sorter buffer (1% of bovine serum albumin in phosphate-
buffered saline [PBS]), and 2 ug/mL DAPI (D1306; Invitrogen)

was added immediately before sorting using FACS Aria Cell
Sorter (BD Biosciences). Total live esophageal epithelium cell
compartment (DAPI™8"¢; Integrin b1P°*"®) was sorted on
the basis of Cyto-ID fluorescence into 2 populations, Cyto-
ID**" and Cyto-ID' ", For image flow cytometry, single cell
suspension from mouse esophagi was incubated at 37°C for 30
minutes with Integrin b1 antibody (PE anti-mouse/rat CD29;
102207; Biolegend) at 1:200 dilution. Then cells were stained
with Cyto-ID as described above. Two ug/mL DAPI was added
immediately before analysis by Amnis ImageStream imaging
flow cytometer, Program Ideas version 6.2. Analysis was per-
formed by trained staff at the University of Pennsylvania Flow
Cytometry Core. For cell cycle analysis, single cell suspension
from mouse esophagi or 3D organoids collected at day 15
passage 0 fixed for at least 2 hours at 4°C using 66% ice cold
ethanol in PBS. After fixation, cells were equilibrated to room
temperature and stained with PI for 30 minutes at 37°C using
Propidium Ilodide Flow Cytometry Kit (ab139418; Abcam)
according to the manufacturer’s protocol and incubated at
37°C in the dark for 30 minutes. Flow cytometric analysis was
done using a BD LSR II (BD Biosciences) and analyzed with
Flow]o software (Tree Star).
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Electron Microscopy

Electron microscopy was performed as previously
described.”****® Briefly, sorted Cyto-ID"*" and Cyto-ID""
cells were fixed in cacodylate-buffered 2.5% (w/v) glutar-
aldehyde, post-fixed in 2.0% osmium tetroxide, and then
embedded in epoxy resin and ultrathin sections post-stained
in the University of Pennsylvania Electron Microscopy
Resource Laboratory. Images were obtained using a JEOL-
1010 transmission electron microscope fitted with a
Hamamatsu digital camera and AMT Advantage imaging
software. Nucleus:cytoplasm ratio was calculated for each
cell using the quotient of the measured nucleus area and the
total cell area by using Image] software.

3D Esophageal Organoid Assays

Freshly isolated and sorted Cyto-ID*" and Cyto-ID"i&"
murine esophageal basal cells from 3- to 4-month-old
functionally wild-type C57BL/6 (Strain# 007909; Jackson
Labs) were resuspended in mouse KSFM and mixed with
90%-95% Matrigel (354234; Corning). Using 24-well
plates, 500-1000 cells were seeded per well in 50 uL
Matrigel. After solidification, 500 uL. Advanced DMEM/F12
(12634-101; Gibco) supplemented with 1x Glutamax
(35050-061; Gibco), 1x HEPES (15630-080; Gibco), 1% v/v
penicillin-streptomycin ~ (15140-122; Gibco), 1x N2
Supplement (17502-001; Gibco), 1x B27 Supplement
(17504-044; Gibco), 0.1 mmol/L N-acetyl-L-cysteine (616-
91-1; Fisher Chemical), 50 ng/mL human recombinant EGF
(10450-013; Gibco), 3.0% Noggin/R-Spondin-conditioned
media, and 10 umol/L Y27632 (1254; Tocris Bioscience)
were added to each well. After 13-15 days of culture,
organoids were imaged and collected for histology and/or
passaging. For passaging, single cells were isolated from
organoids via incubation for 5 minutes with 1x Dispase
(354235; Corning) in Hank’s balanced salt solution, fol-
lowed by incubation for 1 hour at 37°C with shaking at 1000
RPM in 0.25% Trypsin-EDTA (25-510; Genesee Scientific)
supplemented with 10 umol/L Y27632. Cells were then
forced through a cell strainer (70 wm) into a tube containing
4 mL 250 upg/mL soybean trypsin inhibitor (17975-209;
Gibco) in PBS. Cells were pelleted and then resuspended in
complete mouse KSFM: KSFM without calcium chloride
(10725-018, Gibco) with recombinant epidermal growth
factor (1 ng/mL), bovine pituitary extract (50 mg/mL), 1%
penicillin/streptomycin (15140-122; Gibco), and 0.018
mmol/L CaCl, (349610025; Acros Organics). Single cells
were then replated into Matrigel. For scRNA-Seq of disso-
ciated 3D organoids, single-cell suspension was enriched for
live cells using Dead Cell Removal kit (130-090-101; Mil-
tenyi Biotec) according to the manufacturer’s protocol.

Differentiation Assay

Cell lines were maintained in humidified atmosphere
containing 5% CO, at 37°C. PMECs were cultured in com-
plete mouse KSFM that was generated by supplementing
KSFM without calcium chloride (10725-018, Gibco) with
recombinant epidermal growth factor (1 ng/mL), bovine
pituitary extract (50 mg/mL), penicillin/streptomycin (1%
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v/v, 15140-122, Gibco), and 0.018 mmol/L CaCl,
(349610025, Acros Organics, Geel, Belgium) as previously
described.'? The 75,000 cells were seeded in 6-well plate
with 2 mL mouse KSFM with 10 umol/L Y27632 (1254,
Tocris). After 24 hours, cells were treated with 0.018 or 0.6
mmol/L CaCl, for an additional 24 or 72 hours to induce
differentiation. After 72 hours we took a microscopic picture
to check shape of cells. Then, cells were trypsinized and
stained for Cyto-ID as described above. Flow cytometric
analysis was done using a BD LSR II (BD Biosciences) and
analyzed with FlowJo software (Tree Star). RNA was iso-
lated by using RNeasy Mini Kit (74104; Qiagen) by adding
1% [-mercaptoethanol (444203; EMD Millipore Corpora-
tion) into RLT lysis buffer. To isolate protein, cells were
lysed in cell lysis buffer (9830S, Cell Signaling Technology)
containing protease/phosphatase inhibitor cocktail (58728,
Cell Signaling).

Immunoblotting

Epithelium-enriched portion of murine esophagus was ho-
mogenized in 300 uL of a solution of 1 x lysis buffer (9803S, Cell
Signaling Technology, Danvers, MA), 1x Protease/Phosphatase
Inhibitor Cocktail (58725, Cell Signaling Technology) in PBS.
Cell lysates were centrifuged at 17,000g for 15 minutes at +4°C.
Supernatant was collected, and protein was quantified by the
Qubit Protein Assay Kit (Q33211, Invitrogen, Waltham, MA)
using Qubit 4 Fluorometer (Q33238, Thermo Fisher Scientific).
Fifteen ug of protein samples was diluted in Tris-Glycine SDS
sample buffer (LC2676, Novex by Life Technologies, Carlsbad,
CA), reducing agent (NP0009, Invitrogen), and deionized water
to a final volume of 30-40 uL. Samples were then heated to
95°C for a total of 5 minutes. Proteins were resolved by gel
electrophoresis on a precast 16% Tris-Glycine gel
(XP00160BOX, Invitrogen) with spectra protein ladder (26634,
Thermo Fisher Scientific) and run using Tris-Glycine SDS
running buffer (0.025 mol/L Tris Base, 0.192 mol/L Glycine,
0.0035 mol/L SDS). Proteins were transferred to an Immobilon-
P PVDF membrane (IPVH00010, Millipore Sigma, Burlington,
MA) using Tris-Glycine transfer buffer (0.006 mol/L Tris Base,
0.048 mol/L Glycine). The membranes were then blocked in 5%
milk (LP0031, Thermo Fisher Scientific) in PBS-T for 1 hour at
room temperature. Then, blots were incubated overnight at 4°C
with primary antibodies. Blots were washed 3x for 5 minutes
each with PBS-T and then were incubated with horseradish
peroxidase-conjugated secondary antibody for 1 hour and
washed 3x for 5 minutes each with PBS-T before developing
with ECL Western Blotting Analysis System (17621152, Cytiva,
Amersham, Buckinghamshire, UK) and imaging by Invitrogen
iBright CL1000 Imaging System (Thermo Scientific). A list of
antibodies with used dilutions is provided in Table 1. Densi-
tometry was performed using Image] software. -Actin served
as a loading control.

Histologic Analysis

Whole esophagi were dissected and fixed in 10% neutral
buffered formalin for 12 hours at 4°C. Tissues were washed
with PBS and then stored in 70% ethanol at 4°C before
paraffin embedding. Organoids were grown for 12-15 days
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Table 1.Antibodies for Immunohistochemistry, Immunofluorescence, and Flow Cytometry IF, immunofluorescence; IHC,

immunohistochemistry

Antibody Source Catalog number Application (dilution)
Ki-67 Abcam Cat #ab16667 IHC (1:200)
Ventana OmniMap anti-rabbit detection kit Ventana Cat# 760-4311 IHC for Ki-67
Ki-67 Cell Signaling Cat #9192 IF (1:400)
SOX2 Thermo Fisher Scientific Cat #14-9811-82 IF (1:200)
Alexa Fluor 488 donkey anti-rabbit Invitrogen Cat #A21206 IF (1:600)
Alexa Fluor 568 anti-rat Invitrogen Cat #A11077 IF (1:600)

Hoechst Thermo Fisher Scientific Cat #333342 IF (20 umol/L)
Cyto-ID ENZO Cat #ENZ-51031-K200 Flow cytometry (1:1000)
APC anti-mouse/rat CD29 Biolegend Cat #102216 Flow cytometry (1:100)
DAPI (4',6-diamidino-2-phenylindole) Invitrogen Cat #D1306 Flow cytometry (2 pg/mL)
PE anti-mouse/rat CD29 Biolegend Cat #102207 ImageFlow (1:200)
Atg7 Cell Signaling Cat #2631S WB (1:1000)

LC3B Cell Signaling Cat #2775S WB (1:1000)
B-Actin Invitrogen Cat #MA1-744 WB (1:10,000)
Anti-rabbit IgG, HRP-linked Cell Signaling Cat #7074P2 WB (1:3000)
Goat-anti-mouse IgG (H+L) HRP Prometeus Cat #20-304 WB (1:5000)

IF, immunofluorescence; IHC, immunohistochemistry.

before recovering from Matrigel with Dispase I and fixing
overnight in 4% paraformaldehyde (J19943-K2; Thermo
Scientific). Specimens were embedded in 2.0% Bacto-Agar:
2.5% gelatin before paraffin embedding. Sectioning and
hematoxylin-eosin staining were performed at the Fox
Chase Cancer Center Histopathology Core. On the basis of
morphologic structure organoids were classified into 2
groups, regular and irregular. Regular organoids displayed
1-4 layers of basal cells at the smooth outer periphery,
several inner layers of cells displaying flattened
morphology, and a central keratinized core, consistent with
terminal squamous differentiation. Keratinization was
measured by presence of keratinized core. Irregular orga-
noids have features of increased basal cell content and the
presence of multiple basal cell-rich areas protruding at the
structure’s outer edges. Immunohistochemical staining was
performed on a VENTANA Discovery XT automated staining
instrument (Ventana Medical Systems) using VENTANA re-
agents according to the manufacturer’s instructions. Tissue
sections were incubated with anti-Ki67 antibody overnight
at 4°C, followed by incubation with corresponding second-
ary antibody. Normal rabbit immunoglobulin G was used as
a negative control for Ki-67 staining. Samples were devel-
oped using DAB Substrate Kit, Peroxidase (with Nickel) (SK-
4100, Vector Laboratories) or VENTANA ChromMap DAB
detection kit (760-159). Immunostained slides were scan-
ned using an Aperio ScanScope CS 5 slide scanner (Aperio,
Vista, CA) and were viewed with Aperio’s image viewer
software (ImageScope, version 11.1.2.760, Aperio). Selected
regions of interest were outlined manually by a pathologist
(Andres ]. Klein-Szanto, Kathy Q. Cai). The Ki-67 quantifi-
cations were performed with Aperio V9. Four lesions of
interest were selected for each case. Pathologist (Andres J.

Klein-Szanto, Kathy Q. Cai) blinded to treatment parameters
quantified Ki67 staining as percentage of Ki67-positive
basal cells out of 200-300 and measured thickness of
esophageal epithelium. Slides were imaged using Leica DM
1000 LED microscope. A list of antibodies with used di-
lutions is provided in Table 1.

Immunofluorescence

Tissue sections were deparaffinized, washed with PBS,
and blocked with StartingBlock 20 blocking buffer (37539,
Thermo Scientific) for 30 minutes and in 5% Donkey serum
buffer in PBS (D9663, Sigma-Aldrich) for 1 hour. Sections
were then incubated overnight with primary antibody and
for 1 hour with secondary. A list of antibodies with used
dilutions is provided in Table 1. Sections were incubated for
15 minutes with Hoechst before mounting with ProLong
Gold antifade reagent (P10144, Invitrogen). Images were
captured with a LEICA SP8 Lacer Scanning Microscope and
analyzed using LAS X Life Science Microscope Software.

Quantitative Real-Time Polymerase Chain
Reaction

Epithelium-enriched portion of murine esophagus was
transferred to 1 mL RNAlater Solution (AM7020; Invi-
trogen) and stored at room temperature for up to 24 hours.
Tissue was homogenized on ice in RLT buffer (74104; Qia-
gen, Hilden, Germany) with 1% (-mercaptoethanol
(444203; EMD Millipore Corporation), and RNA was iso-
lated by using RNeasy Mini Kit (74104; Qiagen) according to
the manufacturer’s protocol. cDNA was synthesized from
approximately 100-300 ng total RNA using the Maxima
First Strand cDNA Synthesis Kit for RT-qPCR (K1642;
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Table 2.Primer Sequences Used

Gene

Forward primer 5’ to 3

Reverse primer 5 to 3

Primers for genotyping

Atg7 TGGCTGCTACTTCTGCAATGATGT GTGTCCTTGCAATCTCAGTG

K5CreERT2 + mutant GCAAGACCCTGGTCCTCAC ACCGGCCTTATTCCAAGC

K5CreERT2 + internal control GCAAGACCCTGGTCCTCAC GGAGGAAGTCAGAACCAGGAC
Primers for RT-gPCR

Mouse $-actin TGTTACCAACTGGGACGACA ACCAGAGGCATACAGGGACA

Mouse Atg7 CCTGTGAGCTTGGATCAAAGGC GAGCAAGGAGACCAGAACAGTG

Mouse IVL CATCTGAGACAGCACCAGGA TGCTGCTTTTCTCCTGGAAT

Thermo Fisher Scientific) according to the manufacturer’s
protocol. Quantitative polymerase chain reaction (qPCR)
was performed using SYBR Green Master Mix (A46109;
Applied Biosystems) and was analyzed using MiniAmp Plus
Thermal Cycler (A37835; Applied Biosystems). Gene targets
and primer sequences used are listed in Table 2.

Bulk RNA-Seq and Data Analysis

RNA was isolated from sorted Cyto-ID“*" and Cyto-ID"&"
murine esophageal basal cells using RNeasy Mini Kit (74104;
Qiagen) according to the manufacturer’s protocol. Library
construction, quality check, quantification, and RNA-Seq
were performed by Genomics Facility at Fox Chase Cancer
Center. Briefly, to make stranded mRNA-Seq library, 500 ng
total RNA from each sample was used to make library ac-
cording to the product guide of stranded mRNA library kit
(E4720L; NEBNext Ultra Directional RNA Library Prep Kit for
[llumina). In short, mRNAs were enriched twice via poly-T
based RNA purification beads and subjected to fragmenta-
tion at 94°C for 15 minutes via divalent cation method. The
first strand cDNA was synthesized by reverse transcriptase
and random primers at 42°C for 15 minutes, followed by
second strand synthesis at 16°C for 1 hour. A single ‘A’
nucleotide was added to the 3’ ends of the blunt fragments at
37°C for 30 minutes. Adapters with [lluminaP5, P7 sequences
as well as indices were ligated to the cDNA fragment at 30°C
for 10 minutes. After purification using SPRIselect Beads
(B23318;Beckman Coulter), a 13-cycle PCR reaction was
used to enrich fragments. PCR was set at 98°C for 10 seconds,
60°C for 30 seconds, and extended at 72°C for 30 seconds.
Libraries were again purified using SPRIselect Beads. Quality
check was performed on Agilent 2100 bioanalyzer using
Agilent high sensitive DNA kit (5067-4626). Quantification
was performed with Qubit 3.0 fluorometer (Q33216, Thermo
Fisher Scientific) using Qubit 1X dsDNA HS Assay Kit
(Q33230). Sample libraries were subsequently pooled and
loaded to Nextseq 500. Samples were sequenced 50-200
bases pair-end on Nextseq 500 machine with 30 million read
depth. FASTQ files were obtained at Illumina Base Space.
Sequencing reads were aligned to the mouse genome
GRCm38, and gene counts were calculated using STAR v2.7.3
aligner. Differential expression analysis was performed in R
using the DESeq2 package. DESeq2 calculates differential
expression by median of ratios method. DESeq2 calculated
fold changes and significance. Sample-specific gene ratios are
calculated as the gene count over the geometric mean for

each specific gene. P values are adjusted for multiple testing
by Benjamin-Hochberg. Then, PCA was used to visualize the
samples’ grouping according to their sex and Cyto-ID status.
After alignment and normalization (calculating relative
values based on the total amount of counts in the sample), we
found 55,276 genes, among which 8641 genes were signifi-
cantly differentially expressed in Cyto-ID"€" cells compared
with Cyto-ID"Y cells (P adjusted value <.05). To improve the
quality of data processing we further analyzed genes with
P adjusted <.01. This resulted in 7102 genes. These genes
were visualized by heatmap using Pheatmap package, and
pathway analysis was performed using Ingenuity Pathway
Analysis (Qiagen) core and comparison analysis. Without
adding additional cutoffs, 6782 of 7102 were mapped and
resulted in 110 significantly dysregulated pathways. The top
10 most significantly up- and down-regulated IPA pathways
were ranked on the basis of z-score.

ScRNA-Seq and Data Analysis

3D organoids were dissociated to generate sc suspension
as described above. Single-cell droplets were generated with
chromium sc controller using Chromium Next GEM Single
Cell 3’/ Kit v3.1 (1000121; 10x Genomics). Then 5000-7000
cells were collected to make cDNA at the sc level. Full-length
cDNA with unique molecular identifiers was synthesized via
reverse-transcription in the droplet. After PCR amplification
and purification, cDNA was fragmented to around 270 bp,
and Illumina adapters with index were ligated to frag-
mented cDNA. After PCR, purification, and size selection, sc
RNA libraries were 450bp in length and sequenced on
[llumina sequencer at R1 =28bp, R2=91 bp.

Deconvolution of scRNA-Seq reads followed 10X Geno-
mics Cell Ranger (v6.0.0) pipeline.*” Massively parallel
digital transcriptional profiling of single cells was per-
formed using command ‘cellranger count’ with FASTQ files
as input from each sample. For cellranger count, R1 and R2
were trimmed to 28 and 91 bp, respectively, to remove PCR
adapters. The mouse genome mm10 (GENCODE vM23/
Ensembl 98) was used as the reference for genome align-
ment and feature counting. From the output, the filtered
matrices were used for downstream analyses.

Matrices for each murine peeled epithelium sample were
imported and transformed into Seurat (v4) objects for
further processing. Cells with over 10% transcripts con-
sisting of mitochondrial genes, less than 1500 unique genes,
more than 6000 unique genes, or more than 60,000 total
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unique molecular identifiers were excluded to remove
doublets or dead/dying cells. There were 13,667 of 15,788
cells that passed this threshold. Analysis of the filtered
matrices follows Seurat integration workflow described by
Stuart et al*’ using SCTransform function, which normalizes
counts while accounting for read depth and subsequently
searches for the top 2000 most variable features per sample
with corrected counts for integration. Reciprocal PCA was
then used to find integration transcript anchors between all
matrices. Genes used for integration were ranked by the
number of matrices they appear in. From this point on,
dimensionality reduction used genes and values that were
pre-processed using the integration workflow. However,
raw and normalized counts were stored for downstream
differential expression tests. The resulting data set was then
reduced via PCA, resulting in 30 principal components. An
elbow plot was generated to examine the standard de-
viations of each component, which verified that the first 30
principal components contain most of the sources of varia-
tion in the data set. To capture all the sources of variation in
the data set, all principal components were then used as
input to the Uniform Manifold Approximation and Projec-
tion (UMAP) dimensionality reduction procedure
(arXiv:1802.03426). Because of our interest in the rela-
tionship between cell cycle phases and cell fates, we opted
not to regress cell cycle genes in our dimensionality
reduction steps. A Shared Nearest Neighbor graph was then
constructed with the principal components of PCA by first
determining the nearest neighbors for each cell and subse-
quently creating the Shared Nearest Neighbor guided by
neighborhood overlap between each cell and its nearest
neighbors. Clusters were then determined by a modularity
optimization algorithm by Waltman and van Eck.°’ To
choose an optimal clustering resolution, a clustering tree
was generated with the R package cluster that depicts
movement of cells across clusters as resolution is increased
from 0.1 to 1 with 0.1 increments. Resolution 0.4 was cho-
sen because it is the earliest resolution that created several
clusters that were stable as the resolution was increased, as
well as having a minimal number of clusters that were
composed of multiple clusters from the next lowest
resolution.

For each cluster, DEGs were calculated by comparing
expression of genes within the cells of the cluster over the
expression of the genes in all other clusters. The statistical
workflow to determine differential expression was Seurat’s
implementation of Wilcoxon signed-rank test. Significance
cutoff for DEGs is a Bonferroni-adjusted P value of .05, and
the fold change cutoff is below —0.25 or above 0.25 natural
log fold change. To compare each clusters’ proportional size
between the 2 Cyto-ID groups, each sample’s cluster pro-
portions were calculated, and a Wilcoxon signed-rank test
was performed to compare mean cluster proportions be-
tween the 2 Cyto-ID groups. Log normalized expression of
Krt5 vs normalized log;, expression of Krt13 expression
was plotted for all populations identified in the scRNA-Seq
data set. Populations falling within the strip defined by
lines with a slope of 1 passing through points (0, —15) and
(0, 15) were defined as suprabasal. Populations falling
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below this strip were defined as basal, and those above this
strip were identified as superficial. Cell populations were
imported into QIAGEN IPA for core analysis.

The Seurat function CellCycleScoring was used to predict
cell cycle phase of each cell. The function takes as input a list
of S phase up-regulated genes and G2/M up-regulated genes
and outputs the score for each phase. The S and G2/M phase
genes were provided within the Seurat package as objects
“cc.genes.updated.2019$s.genes”  and  “cc.genes.upda-
ted.2019%$g2m.genes”, respectively. The cell cycle phase is
determined by the dominating score. Cells with weak scores
for both phases are classified as GO/G1 phase cells. To
compare each clusters’ proportional size between the
different Cyto-ID groups, each sample’s cluster proportions
were calculated, and a Wilcoxon signed-rank test was per-
formed to compare the mean cluster proportions between
the 2 Cyto-ID groups.

ATG7 Expression in Human and Mouse
Esophageal Carcinoma

ATG7 expression in human esophageal carcinoma was
analyzed from TCGA, Pan Cancer Atlas data and was
accessed via cBioPortal.”’*®* The TCGA Esophageal Carci-
noma (Nature 2017)°° data set was selected and queried for
ATG7 mutation frequency. ATG7 expression in 4NQO-
induced murine esophageal carcinoma was analyzed using
publicly available scRNA-seq data from Yao et al'® and
accessed from the Genome Sequence Archive (BIG Data
Center, Beijing Institute of Genomics, Chinese Academy of
Sciences; http://gsa.big.ac.cn) under the accession number
CRA002118. Sequencing was performed on mice at 6
distinct time points throughout carcinogenesis, including no
cancer, precancer, and frank carcinoma. Sequencing read
counts were derived from CD45- cells from the entire mu-
rine esophagus and normalized using Seurat v4.3.0.1 on R.
Pathway analysis was performed using QIAGEN Ingenuity
Pathway Analysis.

Statistical Analysis

Statistical analyses were performed as described in
corresponding figures. Tests were performed using R and
GraphPad Prism (GraphPad Software, La Jolla, CA). Analysis
of variance was performed on all experiments with more
than 2 groups. P <.05 was used as the threshold for sta-
tistical significance. All experiments presented were con-
ducted at least in triplicate to ensure reproducibility of
results.

Supplementary Material

Note: To access the supplementary material accompanying
this article, go to the full text version at http://doi.org/10.
1016/j.jcmgh.2024.02.018
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