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SUMMARY

CDKN2A-p16 deletion in LGR5" stem cell progenitors in the
stomach squamocolumnar junction triggers increased
mucous-gland hyperplasia/metaplasia. Oncogenic KRAS¢*?P

synergizes with p16-deletion resulting in higher-grades of
glandular dysplasia, supporting a functional role of p16 and

KRAS in the progression of Barrett's-like lesions to
dysplasia.

BACKGROUND & AIMS: Barrett’s esophagus is the precursor of
esophageal dysplasia and esophageal adenocarcinoma.
CDKN2A-p16 deletions were reported in 34%-74% of patients
with Barrett’s esophagus who progressed to dysplasia and
esophageal adenocarcinoma, suggesting that p16 loss may drive
neoplastic progression. KRAS activation frequently occurs in
esophageal adenocarcinoma and precancer lesions. LGR5" stem
cells in the squamocolumnar-junction (SCJ) of mouse stomach
contribute as Barrett's esophagus progenitors. We aimed to
determine the functional effects of p16 loss and KRAS activation
in Barrett’s-like metaplasia and dysplasia development.

METHODS: We established mouse models with conditional
knockout of CDKN2A-p16 (p16K0) and/or activated KRAS®'2P
expression targeting SC] LGR5™ cells in interleukin 1b trans-
genic mice and characterized histologic alterations (mucous-
gland hyperplasia/metaplasia, inflammation, and dysplasia) in
mouse SCJ]. Gene expression was determined by microarray,
RNA sequencing, and immunohistochemistry of SC] tissues and
cultured 3-dimensional organoids.

RESULTS: p16KO mice exhibited increased mucous-gland hy-
perplasia/metaplasia versus control mice (P = .0051). Com-
bined p16KO+KRAS®!?P resulted in more frequent dysplasia
and higher dysplasia scores (P = .0036), with 82% of
p16KO+KRAS®!?P mice developing high-grade dysplasia. SCJ
transcriptome analysis showed several activated pathways in
p16KO versus control mice (apoptosis, tumor necrosis factor-
a/nuclear factor-kB, proteasome degradation, p53 signaling,
MAPK, KRAS, and G1-to-S transition).

CONCLUSIONS: p16 deletion in LGR5™ cell precursors triggers
increased SCJ mucous-gland hyperplasia/metaplasia. KRAS®'2P

synergizes with p16 deletion resulting in higher grades of SCJ
glandular dysplasia, mimicking Barrett’s high-grade dysplasia.
These genetically modified mouse models establish a functional
role of p16 and activated KRAS in the progression of Barrett’s-
like lesions to dysplasia in mice, representing an in vivo model
of esophageal adenocarcinoma precancer. Derived 3-
dimensional organoid models further provide in vitro
modeling opportunities of esophageal precancer stages. (Cell
Mol Gastroenterol Hepatol 2024;17:769-784; https://doi.org/
10.1016/j.jcmgh.2024.01.014)

Keywords: Barrett’s metaplasia, CDKN2A-p16, KRAS, Dysplasia,
Esophageal adenocarcinoma, Murine genetic models, 3D orga-
noids, Transcriptomics.

he molecular mechanisms that drive trans-

formation of the normal lining of the esophagus
into Barrett's esophagus (BE) metaplasia and dysplasia,
the precursor lesions of esophageal adenocarcinoma
(EAC), have been explored at the genomic level, revealing
alternative driver pathways and combinations of alter-
ations that arise early in precancer metaplastic lesions."
However, molecular biomarker testing of BE tissues taken
during BE surveillance remains mostly limited to research
protocols, indicating that better understanding of cellular
and molecular alterations is warranted.”” EAC incidence
has continued to rise for the past 4 decades in western
countries.”®

Abbreviations used in this paper: 3D, 3-dimensional; BA, bile acid; BE,
Barrett’s esophagus; Cl, confidence interval; EAC, esophageal
adenocarcinoma; FDR, false discovery rate; IL1b, interleukin 1 beta;
MAPK, mitogen activated protein kinases; RNASeq, RNA sequencing;
SCJ, squamocolumnar-junction; scRNASeq, single-cell RNASeq;
UMAP, uniform manifold approximation and projection.
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The interleukin 1 beta (IL1b) transgenic mouse model
that reproduces human BE, dysplasia, and adenocarcinoma
sequence of alterations provides a tool to decipher the roles
of distinct molecular drivers from early metaplastic lesions
to advanced dysplasia/EAC.° In these mice, development of
BE, dysplasia, and EAC was accelerated by exposure to bile
acids (BA) and/or nitrosamines and was inhibited by IL6
deficiency. Kunze et al” reported that Lgr5™ gastric cardia
stem cells present in BE were able to lineage trace the early
BE lesion, suggesting that BE and EAC arise from gastric
progenitors caused by a tumor-promoting IL1G/IL6
signaling cascade and DLL1-dependent Notch signaling.
Stachler et al® reported 2 main pathways of progression
from Barrett's metaplasia to dysplasia and EAC, 1 involving
early loss of CDKN2A and the other inactivation of TP53 and
genome doubling. Our published studies showed that
CDKN2A-p16 inactivation occurred in 69% of patients with
Barrett’s metaplasia 1 or more years before development of
dysplasia and/or adenocarcinoma, versus 21% of patients
with Barrett’s metaplasia who did not progress to dysplasia
or EAC.* However, how pl6 may promote esophageal
metaplastic precancer lesions and enhance the risk of
dysplasia has not been modeled or demonstrated by func-
tional in vivo studies.

CDKN2A-p16 (p16) is a member of the INK4 family of
cyclin-dependent kinase inhibitor proteins that negatively
regulate progression through the G; phase of the cell cycle
by binding to and inhibiting cyclin D/CDK4-6 complexes.’
Inactivation of pl16 confers increased susceptibility to
many human malignancies, including pancreatic, esopha-
geal, and other carcinomas.'’"'? P16 inactivation has been
reported to occur frequently not only in EAC, but also in
preneoplastic BE metaplasia and dysplastic precursor
lesions.>** "' In addition, p16 has been shown to play key
roles in cellular senescence and aging.'® Oncogenic KRAS
driven cancer was shown to require ablation of p16 to
overcome oncogene-associated senescence in a mouse
model of pancreas cancer.'” Despite these advances, a
mechanistic understanding using in vivo models of stepwise
esophageal carcinogenesis driven by loss of p16 and KRAS
activation has not been reported.

Here, we leverage conditional Lgr5" cell lineage p16
knockout (p16KO0) and knock-in (KRAS“*?P) to advance
the understanding of the roles of p16 and oncogenic KRAS
in the development of esophageal mucous gland hyper-
plasia/metaplasia and dysplasia in the IL1b mouse model.
Furthermore, we performed transcriptome analysis of
genes and pathways affected by p16KO in comparison with
pl6 wild-type (p16WT) squamocolumnar junction (SCJ])
mucous gland tissue samples and from established 3-
dimensional (3D) organoids to model the molecular land-
scape that occurs in the BE precancer as a consequence of
p16 inactivation. These 3D organoid in vitro models may
be useful for future manipulation of their genetic makeup
to replicate multiple genomic landscapes of esophageal
precancer.
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Results

Mucous Gland Hyperplasia-Metaplasia,
Dysplasia, and Inflammation in the
Squamocolumnar Junction of Mouse Stomachs
With CDKN2A-p16 Deletion in LGR5-Progenitor-
Derived Cells

In this study we first tested the hypothesis that p16 loss
in LGR5-progenitor derived cells contributes to hyperplasia-
metaplasia and may enhance dysplasia in the cardia-type
mucous gland metaplasia in a mouse model. In this phase
of the study, we induced conditional CDKN2A-p16 deletion
targeted to LGR5-expressing progenitor cells to generate
p16KO mice (Lgr5-Cre™"; IL1BY; p16/"°7°%) after tamoxifen
injection at 6-8 weeks every 48 hours for a total of 3 in-
jections and compared with control (p16WT: Lgr5-Cre*’;
IL1B%; p16""") mice. All mice expressed the IL1B trans-
gene and were treated with oral deoxycholate, previously
reported to be a model of Barrett's-like lesions in the
mouse SCJ.°

Examination of open mouse stomachs showed that SC] of
p16KO mice was associated with thickened SC] with
enhanced nodular appearance (Figure 14 and B). Mucous
gland hyperplasia/metaplasia in the SCJ of p16KO mice was
associated with thickened SC] with enhanced nodular
appearance (Figure 1). SC] histology was examined on he-
matoxylin and eosin-stained sections revealing that the SC]
of p16KO mice exhibited larger areas of hyperplastic/
metaplastic cardia-type mucous glands compared with
pl6WT mice, showing more complex architecture with
higher numbers of mucous glands, often emerging from
individual mucous/cardia-like gland units (Figure 1E and F).
In mice carrying the ROSA26-tdTomato/RFP gene, tamoxifen
treatment resulted in expression of tdRFP as a marker of
Lgr5-Cre-induced recombination in SCJ glands derived from
LGR5™" progenitor cells (Figure 1j-L). P16KO mice exhibited
reduced expression of pl6 in cardia-type mucous glands
compared with p16WT mice, by immunohistochemistry for
p16 protein expression (Figure 1M and N).

Overall, median SC] mucous gland numbers were
significantly higher in the p16KO mice (13.0) as compared
with p16WT mice (8.0) (P = .0051) (Figure 24). P16KO
mice of age groups 4, 9, and 15 months showed higher
scores of mucous gland hyperplasia/metaplasia than
p16WT, but the difference only reached significance (P =
.029) for mice in the 9-month age group (Figure 24). Ki67
expression quantified by quantitative multispectral immu-
nofluorescence showed increased proliferation in cardia-
type glands at the SC] of p16KO as compared with p16WT
mice performed in representative mice at age 9 months
(Figure 10-Q; P = .042).

Overall, 46% of p16WT mice had no gland dysplasia
compared with 23% of p16KO mice, and grade 2 dysplasia
was only noted in the p16KO group (Figure 2B). Although
mice with p16KO had higher dysplasia scores, this did not
reach statistical significance (P = .14; Figure 2B), and no
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significant differences in dysplasia were seen at 4, 9, or 15 however, this did not reach statistical significance (P =
months (P = .49, P = .20, and P = .37, respectively). .053), and no significant differences in inflammation were

Overall, p16KO mice had higher inflammation scores seen at 4, 9, or 15 months (P = .21, P = .14, and P = 1),
versus p16WT mice, with 100% of p16KO mice showing respectively. There was a positive correlation between
inflammation scores of 2 or 3, whereas only 70% of p16WT inflammation and hyperplasia/metaplasia (R = .44, P =
mice had inflammation scores of 2 or 3 (Figure 2C); .026; Figure 2D).
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In addition to analysis of proportions, we performed
ordinal logistic regression, which does not depend on
balanced numbers of mice in each age group, on a set of 23
p1l6WT and 22 p16KO mice of ages ranging from 3.6 to 22
months, and showed that the deletion of p16 is associated
with a 2.62 (confidence interval [CI], 1.41-3.97) increase in
gland hyperplasia-metaplasia (P = 5.3e-5), 2.05 (C],
0.7-3.68) increase in inflammation (P = .0055), and 2.11
(CI, 0.75-3.67) increase in dysplasia (P = .0042).
Hyperplasia-metaplasia and dysplasia increased with age in
both groups: for each month of age, there was a 0.18
(CI, 0.08-0.29) increase in gland hyperplasia-metaplasia
(P = .00086) and a 0.33 (CI, 0.19-0.51) increase in
dysplasia (P = 4.7e-05).

KRASC®"2P Synergizes With CDKN2A-p16
Deletion in LGR5-Derived Cells Enhancing
Glandular Dysplasia in the Mouse Stomach

Squamocolumnar Junction

Given our observation that p16KO in the IL1b driven
inflammation field was not sufficient to significantly
enhance dysplasia in SCJ cardia-type glandular epithelium in
age-matched mice up to 15 months, we tested whether
KRAS®?P activation alone or in combination with p16
deletion would affect SCJ gland dysplasia, hyperplasia/
metaplasia, and inflammation. Mice in this experiment had
to be euthanized by 12-13 months of age because they
developed skin cancers by that age. We examined mice in 2
age groups, 1 at ages 6-7 months and the end point age of
12-13 months (Figure 3). In this second phase of our study,
we hoped to increase hyperplasia and dysplasia using 3
tamoxifen injections at 6-8 weeks of age and then 1 dose
every 2 months; however, hyperplasia-metaplasia, inflam-
mation, and dysplasia alterations were similar to those
observed in the first phase of experiments described pre-
viously for p16KO versus p16WT mice.

There were significant differences in grades of dysplasia
among the different models (P = 4e-06 overall, P = .00016
at 6-7 months, and P = .041 at 12-13 months; Figure 34-C).
Mice carrying both p16KO+Kras12D had the highest fre-
quency of higher-grade dysplasia (post-hoc pairwise
adjusted P-values of pl6KO+Kras12D compared to:
p1l6WT+KrasWT, or p16KO, or Kras12D were P = .0036
overall, P = .017 at 6-7M, and P = .16 at 12-13M). Kras12D
mice had significantly more dysplasia than control animals
at age 6-7 months (P = .017) but did not reach statistical
significance at age 12-13 months. Overall, only mice
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carrying both p16K0+Kras12D had grade 3 dysplasia (82%,
P = .0004), and only pl6WT+KrasWT mice had no
dysplasia (33%). These data support the notion that
KRAS®'?P synergizes with CDKN2A-p16 loss of expression
in LGR5-derived cells enhancing glandular dysplasia.

The analysis showed increased mucous gland hyperpla-
sia/metaplasia scores compared with control p16WT/
KrasWT mice in p16KO+KrasWT (P = 4.02e-03), Kras12D
(P = 4.02e-03), and albeit there was increased hyperplasia/
metaplasia in p16KO+Kras12D mice it did not reach sig-
nificance (P = .11). There were no significant differences in
glandular hyperplasia-metaplasia scores between p16KO,
Kras12D, and p16KO+Kras12D mice (Figure 3D-F).

Deletion of p16 was also associated with increased SC]J
inflammation scores in p16KO (50% were 3+) and
p16KO+Kras12D (27% were 3+) as compared with p16WT
and KrasWT mice where 0% had 3+ inflammation scores,
but there was no statistical significance among the various
models (P = .18).

To demonstrate that KRA was expressed in the
nodular areas of hyperplasia and dysplasia we attempted
immunohistochemistry; however, the available commercial
antibody was not able to specifically detect KRAS“**® pro-
tein. We therefore tested the expression of phospho-ERK
(pERK) phospho-p42 and p44, respectively phosphory-
lated at residues T?°2/Y?°* and T'®°/Y'®” by MEK1 and
MEK2 kinases downstream of Ras, by immunohistochem-
istry and could detect increased pERK protein in SC] glan-
dular tissues of mice carrying Kras12D genotype versus
control (Figure 1R and S). Furthermore, in subsequent ex-
periments where we performed RNA sequencing (RNASeq)
transcriptomic analysis of 3D organoids isolated from the
SCJ] segment of the stomach of mice carrying Kras12D ge-
notype and treated with tamoxifen, we detected 8%-13% of
Kras transcripts with the G12D mutation, confirming
expression of oncogenic Kras.

There were no statistically significant differences between
males and females in gland hyperplasia/metaplasia (P = .12;
BF10 = 0.75) and dysplasia (P = .4; BF10 = 0.44) for all
models, consistent with previous data on the p16WT mice.’
The Bayes’ factor BF10 was less than 1 for all comparisons,
which provides evidence for the null hypothesis that there are
no significant differences between males and females. Simi-
larly, Bayesian analysis showed substantial evidence in favor
of the null hypothesis that there were no significant differ-
ences between age groups (BF10 = 0.1 for the single-injection
4-, 9-, and 15-month age groups and BF10 = 0.005 for the
multiple-injection 6-7 and 12-13 month groups).

G12D
S

Figure 1. (See previous page). Gross lesions and histologic alterations in mice squamocolumnar junction and stomach.
(A) p16WT/KrasWT, (B) p16KO/KrasWT, (C) p16WT/Kras12D, and (D) p16KO/Kras12D. Progressively increasing thickening of SCJ
is seen from p16WT/KrasWT to p16KO/Kras12D. Scales are in millimeter. Hematoxylin and eosin-stained SCJ sections at 200x
original magnification. p16WT/KrasWT mice show small numbers of cardia-type mucous glands (E), whereas larger numbers of
mucous glands indicate increased mucous gland hyperplasia/metaplasia in p16KO/KrasWT mice (F). Low-to-moderate-grade
dysplasia (grade 1-2) was the maximum dysplastic phenotype of SCJ glandular epithelium in most p16WT, p16KO, and
Kras12D mice (G), whereas high-grade dysplasia (grade 3) was seen in Kras12D+p16KO mice (H and /). Sections of the SCJ of
p16KO mice imaged for ROSA26-tdRFP (J), LGR5-IRIS-GFP (K), and merged tdRFP and GFP (L). (M, N) Immunohistochemistry for
p16 in p16WT and p16KO SCJ glandular epithelium. (O, P) Quantitative multiplex immunofluorescence imaging of Ki67 in p16WT
and p16KO SCJ glandular epithelium visualized in “Pathology View” mode simulating immunohistochemistry staining. (Q)
Increased Ki67 proliferation rates in p16KO mice SCJ glandular tissue as assessed by quantitative multiplex immunofluorescence
digital image analysis with Inform (Akoya). (R, S) Immunohistochemistry for pERK in p16WT and p16KO SCJ.
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Figure 2. SCJ mucous gland hyperplasia and metaplasia in p16 deleted (p16KO) versus nondeleted mice (p16WT) mice.
Histologic sections from the SCJ of p16WT mice and p16KO mice ages 4, 9, and 15 months were examined, and the hy-
perplasia/metaplasia score was calculated based on the number of mucous glands in the SCJ. (A) The data show overall
significantly increased mucous gland hyperplasia/metaplasia associated with deletion of p16 in the SCJ (P = .0051), which
was also statistically significant in mice in the 9-month-old group (P = .029). (B) Dysplasia scores in p16KO versus p16WT
mice, scored for dysplastic features with a scale of 0-3, showed more frequent and higher grades of dysplasia in the p16KO
mice but this did not reach statistical significance (P = .14). (C) Inflammation was scored with a scale of 0-3 in p16KO and
p16WT mice. No mice showed absence of inflammation. p16KO mice had higher inflammation scores but this did not reach
statistical significance (P = .053). (D) Significant Spearman correlation between the inflammation score and the mucous gland

hyperplasia/metaplasia scores (P = .026).

No significant alterations were seen in the stomach,
small intestine, or colon of 18 p16KO and 7 p16WT mice.
Alterations of antral stomach and intestine in KRAS%!2P
mice are being reported elsewhere.

In Vivo Bioluminescence Measurement of p16
Expression in the Stomach Area of Mice With p16
Deletion in LGR5™" Cells

The luciferase signal in pl6Luc mice reflects pl6
expression, which can increase in proliferative, hyperplastic
cells and therefore serve as a surrogate marker of the size
and growth of SCJ lesions.'® We crossed p16FF with p16Luc
mice to generate conditional Lgr5-Cre-mediated homozy-
gous p16 knockout (p16FLuc) mice. P16FLuc mice express
firefly luciferase instead of p16 under the control of the p16
promoter in 1 allele and on tamoxifen treatment delete the
endogenous pl6 exon 1 in LGR5™ cells in the other allele,
resulting in loss of p16 expression, similar to p16KO mice.
In addition, we crossed p16FLuc mice with Kras12D mice to
measure the in vivo effects of combined p16 deletion and

KRAS®'?P activation in the SCJ LGR5"-derived lineages. All
mice were given BA in drinking water to resemble human
reflux disease as described in Materials and Methods. The
mice were imaged from the age of 4 months once every
other month until 15 months of age. Localized expression of
luciferase was confirmed by immunofluorescence and real-
time polymerase chain reaction of RNA extracted from the
SCJ, stomach, small intestine, and colon (not shown).
P16FLuc mice treated with tamoxifen and BA (resulting
in p16KO and loss of pl16) compared with control BA
treatment alone (expressing pl6 from 1 allele) showed
significantly increased luciferase expression driven by the
p16 promoter (Figure 4). In addition, like p16KO+Kras12D
mice, pl6FLuc+Kras12D mice showed a synergistic in-
crease in pl6-driven luciferase expression in the stomach
area consistent with increased size of SC] lesions. The
average amount of p16 promoter-driven luciferase expres-
sion increased with age, particularly in tamoxifen-treated
pl6FLuc and p16Fluc+Kras12D mice. These results are
consistent with the observed synergistic effect of pl6
deletion and KRAS activation in driving SCJ gland dysplasia.
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Figure 3. Effect of p16 deletion (p16K0O), KRAS activation (Kras12D), and the combination of p16 deletion and Kras
activation (Kras12D/p16K0) compared with control mice (p16WT/KrasWT) in SCJ glandular dysplasia scores (A-C) and
SCJ mucous gland hyperplasia/metaplasia scores (D-F), in mice of 2 age groups: 6-7 months or 12-13 months.

Transcriptome Analysis of SCJ Lesions and
Derived Organoids

We first performed transcriptome microarray and
RNASeq analysis of SCJ from both p16WT and p16KO mice.
Separate areas of SCJ glandular or squamous tissue were
used after microdissection for microarray assays. Compari-
son of squamous versus SCJ glandular expression in both
pl6WT and p16KO mice showed upregulation of genes
associated with gastric and intestinal glandular cell differ-
entiation (eg, Mucl, Mucé6, Krt7/8/18/19/20, Tff2) and
downregulation of genes associated with squamous
epithelium (eg, Krt1/4/5/6a/6b/10/13, Dsglb/1c, Dsc1)
(Supplementary Table 1).

Differential expression analysis (Supplementary Tables 2
and 3) showed substantial overlap in microdissected glan-
dular tissues with differentially expressed genes and path-
ways reported by Quante et al® in the SCJ of IL1b mouse
model and in human BE as compared with the corre-
sponding squamous epithelium including Krt18, Cldn18, and
Muc5AC, supporting that it models human Barrett's meta-
plasia. Our microarray data showed evidence of gastric
metaplasia (high expression of Tffl, Tff2, Muc6, Muc5ac,
Gkn3) and evidence of limited intestinal differentiation,

including expression of Itin1, Muc4, Muc5b, Muc13, Spink4,
and low level Tff3, but showed no evidence of expression of
goblet cell markers Cdx1, Cdx2, Guca2a, or Muc2 in either
p16KO or p16WT mice SCJ.

Similarly, differentially expressed pathways that char-
acterize the glandular metaplastic process in the SCJ of IL1b
mice, p16WT, and p16KO mice include MAP kinase, WNT,
cholesterol metabolism, and oxidative stress pathways
(Supplementary Table 3).

Differential transcriptome analysis of microdissected SC]J
glands (Supplementary Table 4) showed several pathways
enriched in differentially expressed genes in p16KO SCJ as
compared with p1l6WT mice using either TAC software
(Supplementary Table 5) or subnetwork pathway enrich-
ment with the pathfindR package (Supplementary Table 6).
The top WikiPathway 20 clusters enriched in p16KO versus
pl6WT SC] are shown in Figure 5 and the differentially
expressed gene network for the top 20 WikiPathways
enriched in p16KO SCJ are illustrated in Figure 6. Signifi-
cantly enriched pathways in p16KO SCJ include apoptosis
(subnetwork enrichment P = 1.6e-5), proteasome degra-
dation (P = 5.8e-11), DNA damage response via ATM (P =
1.8e-9), tumor necrosis factor-«a signaling (P = 5.2e-6), p53
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network (P = .002), EGF/EGFR signaling (P = 3.3e-12),
ErbB signaling pathway (P = 3.2e-7, clustered with mitogen
activated protein kinases (MAPK) cascade (P = 5.4e-6), RAS
signaling (P = 7.1e-9), and G1 to S control (P = 6.1e-11;
clustered with cell cycle pathway, P = 6.6e-11). The genes
altered in the cell cycle pathway include known targets of
p16 controlling the G1 to S transition that were upregulated
in microdissected SC] glands with p16 deletion (Cdk4, Cdkeé,
Ccnd2, and Ccnel), whereas genes associated with G2 and M,
such as Cenpf, Aurka, and Bub1, were not upregulated by
pl6 deletion.

RNASeq of whole SCJ of p16WT and p16KO mice was
also performed (Supplementary Table 7). Comparison of
overlapping RNASeq differentially expressed genes with the
microarray analysis (Supplementary Table 8) shows upre-
gulation in p16KO of cyclin D2, antiapoptosis/nuclear fac-
tor-kB target Bcl3, and various genes enriched in gastric
mucosal cells, including Vnn3, Slc35c1, and Tmc7; and
downregulation of several genes including WNT receptor
Fzd2, immune regulator (d200, ketogenesis enzyme
Hmgcs2, proapoptosis regulators Cyfip2 and Casp4, chap-
erone Cryab, and desmin-associated protein Synm. Note that
the SC] samples for RNASeq included columnar epithelium,
mucous glands, squamous epithelium, stroma, and muscu-
laris components of the stomach wall and therefore it is
difficult to distinguish gene expression changes in the
glandular versus other tissues, whereas microarray samples
examined highly enriched microdissected SC] mucous
glands and columnar epithelium.

To establish in vitro culture models of BE precursor cells
and tissues with well-defined genetic backgrounds we iso-
lated organoids from the SCJ of p16KO and p16WT mice
(Figure 7A). Single-cell RNA sequencing (scRNASeq) was
performed on isolated organoids and UMAP density plots of
normalized data showed similar clusters in p16KO and
pl6WT mice (Figure 7B). p16KO and pl6WT organoids
expressed glandular cell markers, such as Krt7, Krt19, Krt20,
and Mucl, and gastrointestinal progenitor cell markers, such
as Lgr5 in rare cells (Figure 7E), and Msi, CD44, Bmil,
Proml1, and CD44, but showed no evidence of terminal
gastric or intestinal differentiation (Supplementary Table 9).
Cdkn2a expression, which includes p16 and p19 transcripts,
was distributed throughout the organoids, with highest
expression in clusters 1, 4, and 8 in p16WT; furthermore,
Cdkn2a expression was reduced in clusters 1, 4, and 8 in
p16KO compared with p16WT organoids (Figure 7C and D).
In addition, transcript analysis of Cdkn2a gene expression
with the integrated genome viewer showed a reduction of
the average ratio of p16 exon 1a to p19 exon 1b in p16KO
(21%) compared with p16WT (44%), supporting the
conclusion that there was effective deletion of p16 in the SCJ
from which p16KO organoids were derived.

Clusters 4 and 8 represent cells with the highest
expression of CdknZa, progenitor cell marker Lgr5, and
glandular differentiation markers, including Krt19/20 and
Mucl. Genes differentially expressed between p16KO and
pl6WT in clusters 4 and 8 included S100a4, Adamts5,
Renbp, Pletl, Pros1, Heyl, Hoxal, Hoxa4, 1l13ra2, Rbp1, and
Slc16a3 (Figure 7E and Supplementary Table 10).
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Pathway analysis of p16KO SC] organoids compared with
p1l6WT with pathfindR showed various altered pathways also
identified by microarray analysis in the SCJ glands in vivo,
including EGF/EGFR (P = .0002), RAS (P = .006), and MAPK
(P =.006) signaling, cell cycle (P =.003), G1 to S control (P =
.006), ATM signaling (P = .004), Rb in cancer (P = 6.8e-6),
apoptosis (P = .03), tumor necrosis factor-a signaling
(P = .008), and Parkin-ubiquitin proteasomal system
(P = .001) pathways (Supplementary Table 11). Additional
pathways differentially altered in pl16KO versus pl6WT
organoids included cell differentiation (P = .0003), ectoderm
differentiation (P = .01), preimplantation embryo (P = 9.5e-
5), Hippo signaling regulation (P = .0002), transforming
growth factor-g receptor signaling (P = 1.7e-4), transforming
growth factor-g8 signaling for epithelial-mesenchymal transi-
tion (P = 2.7e-5), and epithelial-mesenchymal transition in
colorectal cancer (P = .004) pathways.

The transcriptomic data in mouse SCJ glands and orga-
noids, combined with the observed enhanced SC] gland
hyperplasia/metaplasia and alterations in the targets of p16,
both in SCJ in vivo and SCJ-derived organoids of p16KO mice,
represent functional evidence for a role of pl6 in SCJ
glandular hyperplasia/metaplasia as a stage of Barrett’s like
metaplasia.

Discussion

Here, we report the effects of conditional LGR5" cell
lineage-specific p16KO and KRAS®'?? knock-in on the
development of BE-like esophageal glandular hyperplasia/
metaplasia and dysplasia in the IL1b mouse model. Earlier
work showed that the IL1b mouse model reproduced hu-
man BE alterations that were accelerated by exposure to BA
and/or nitrosamines, progressing to dysplasia and adeno-
carcinoma,® and that BE and EAC may arise from LGR5"
gastric progenitors.7

Our data demonstrate that CDKN2A-p16 deletion in
LGR5" cell precursors is associated primarily with
increased mucous gland hyperplasia/metaplasia. SC] his-
tology of p16KO mice exhibited larger areas of hyperplastic/
metaplastic mucous glands compared with p16WT mice,
with higher numbers of mucous glands showing more
complex glandular architecture, supporting a role for p16 in
the early development of Barrett’s metaplasia. These data
are consistent with our findings in human Barrett’s, where
we found an increased prevalence of CDKN2A genomic al-
terations in 69% of patients with nondysplastic BE 1 or
more years before they progressed to esophageal dysplasia,
compared with 21% of patients with BE that did not prog-
ress to dysplasia or EAC.?

In human EAC, RAS amplification or activating mutations
are present in 18%-40% of cases.””*" We tested whether
KRAS®'?P activation alone or in combination with p16
deletion would affect SCJ gland hyperplasia/metaplasia and
dysplasia in the mouse model. We found that oncogenic
KRAS activation alone could drive SC] gland hyperplasia/
metaplasia and dysplasia in IL1b mice with bile acid injury.
KRAS®'?P expression resulted in significantly increased SCJ
glandular dysplasia scores as compared with p16WT mice
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Figure 4. In vivo detection of bioluminescence with IVIS instrument, reflecting expression of luciferase driven by the
CDKN2A-p16 promoter in mice with homozygous floxed p16 (p16™™), mice with 1 floxed p16 allele and 1 p16 allele
replaced with luciferase (p16"“°), or mice with 1 LoxP-Stop-LoxP-KrasG12D allele (Kras®'2"). All mice were treated with
BA to simulate bile reflux. After treatment with tamoxifen, p16 is deleted and Kras®'2 is expressed in Lgr5-positive cells
expressing Lgr5-Cre. Mice without p16-luciferase (P1 6"™ and mice treated only with BA (P16FLuc) were used as control
animals. (Bottom) Boxplots of quantitative measurements of luciferase luminescence in the stomach area (red square) from
p16™'UC treated with BA alone (p16FLuc) as compared with p16™“° (P16KOLuc) and p16™“°Kras®'2P (p16KOLuc-+KRAS®'12D)
treated with BA plus tamoxifen. Shaded areas surrounding each line represent 95% confidence intervals. For each age group,
the P values in black represent significant differences among the 3 groups (nonparametric 1-way ANOVA) and the P values in
red represent statistically significant pairwise differences between the 2 groups indicated by the red lines (FDR-adjusted Dunn

test).

and mice carrying the combination of KRAS activation and
pl6 deletion showed the highest frequency and grades of
dysplasia, with 82% of p16KO+Kras12D mice developing
grade 3 (high-grade) dysplasia. Furthermore, high-grade
dysplasia developed earlier and could be observed in the
SCJ of p16KO+Kras12D mice by 6 months of age, but not in
either single-alteration model alone. P16 loss and KRAS*?P
were not sufficient to induce the development of invasive
adenocarcinomas in the mouse models. The data indicate
that KRAS activation and P16 deletion are synergistic in the
development of SC] glandular dysplasia and accelerate the
development of lesions seen in the early stages of esopha-
geal carcinogenesis and suggest that additional alterations
are required for invasive cancer development.

To further our understanding of the molecular mecha-
nisms underlying the hyperplasia and dysplasia in mouse
SCJ glandular tissues and in derived 3D organoids we per-
formed transcriptome analyses. Among the most significant
transcriptome alterations we found that CDKN2A-pl6
deletion is associated with increased G1 to S transition,
and decreased apoptosis and senescence mRNA expression
signatures. This is consistent with the known roles of
CDKNZ2A as a negative regulator of the cell cycle, particu-
larly: transition from GO to G1, through inhibition of Rb-
phosphorylation by CDK4/CDK6/CyclinD1/D2 complexes;
and transition from G1 to S transition, by inhibiting the
CDK2/CyclinE complex.”*”* In addition to these post-
transcriptional roles of pl6, our transcriptome analyses
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showed that cyclin D2, cyclin E, Cdk4, and Cdké6 transcripts
were increased by p16 deletion, possibly as a consequence
of increased numbers of cells in the G1 and S phases.

In normal cells, on mitotic stimulation, predominantly
through receptor tyrosine kinases, Ras, and MAPK, failure of
cells to progress to S and G2 phases triggers senescence
checkpoints  involving pl6—Rb and CDKN2A/
p19—TP53—CDKN1A/p21.2*> Our pl6Luc mice data
further suggests that KRAS®™?” induces p16 promoter

1 2 3 4
Fold Enrichment

activity in SCJ lesions, consistent with the known role of
oncogenic KRAS in activating p16 and oncogene-induced
senescence.”* In our transcriptome analyses of mouse SCJ
lesions, p16 deletion resulted in decreased activity of
senescence and apoptosis pathways, consistent with the
known role of pl6 in these pathways and suggests that
bypass of oncogene-induced senescence and apoptosis in
the absence of p16 may be a mechanism for our observed
synergy of p16 deletion and KRAS activation in promoting
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Figure 6. Network graph of the top 20 WikiPathways differentially enriched in the SCJ of p16KO versus p16WT mice.
In this graph, each dark blue node represents a WikiPathway, and the size of the WikiPathway node is inversely proportional to
the P value. The differentially expressed genes are connected to each pathway by a line and are labelled in red if increased in
p16KO versus p16WT SCJ, and in green if decreased in p16KO versus p16WT SCJ.

SCJ dysplasia. Furthermore, as p16KO resulted in activation
of MAPK and RAS pathways, this might have provided an
increment of these pathways as they are constitutively
activated by KRAS®'?P, underlying the synergistic effect of
p16 deletion and oncogenic KRAS on dysplasia progression.

Future studies of transcriptome alterations in the SC]
and derived organoids of the activated KRAS mouse models
may provide further details of the interplay between p16
and KRAS pathways in adaptive cellular responses that
result in uncontrolled cellular proliferation and dysplasia.

In summary, the mouse models described here,
combining inflammatory injury through IL1b pathway acti-
vation, bile acid injury, deletion of p16, and activation of
KRAS, accelerated Barrett's-like glandular hyperplasia/
metaplasia and dysplasia in the squamocolumnar region of
mice, reproducing human Barrett's progression to high-
grade dysplasia. These in vivo models may be useful for
preclinical studies targeting KRAS activation and p16-
regulated CDK4/6, which may be explored as potential
therapeutic interception approaches to prevent esophageal
adenocarcinoma development in humans, and to further
study the functional outcomes of complex genomic alter-
ations that replicate the multiple genomic landscapes of
esophageal precancer.

Materials and Methods

All authors had access to the study data and reviewed
and approved the final manuscript.

Mouse Models

We have established 6 mouse models carrying targeted
genetic alterations to study the role of CDKN2A-p16 and
activated Kras®'? in epithelial glandular cells derived from
LGR5 progenitor cells in mouse SCJ. The genotypes of
our 6 established mouse models are as follows: p16WT:
Lgr5-Cre™", IL1BY; p16"/%; p16FF: Lgr5-Cre™”, IL1BY;
p16/"7°% n16FLuc: Lgr5-Cre™”, IL1B%; p16/°%/", Kras12D:
Lgr5-Cre™”, IL1B'Y; p16"™"; Kras“S%1?P, p16FF+Kras12D:
Lgr5-Cre™”, IL1BY; p16/"%1°%, KrqstSt-612D and p16FLuc+
Kras12D: Lgr5-Cre'/", IL1BY; p16™™¢, Kras“S:612P In
addition to these genetic alterations, some mice also carried
a tomato red fluorescent protein (tdRFP) reporter gene
(ROSA26-flox-STOP-flox-tdRFP), as a marker of Cre-mediated
recombination.*”

To establish our mouse models we bred mice with the
following  genotypes:  Lgr5-Cre™”  (Lgr5-EGFP-IRES-
creERT2), IL1B  (Tg[ED-L2-ILIRN/IL1B]), p16"//ox
(CDKN2A-LOX-Exon1A-LOX), p16™° (CDKN2A-LUC-SV40pA,
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Figure 7. Histology and scRNA analysis of SCJ organoids derived from p16WT and p16KO mice. (A) Organoid histology:
3D culture of organoids derived from the SCJ of p16KO mice. A1: 3D culture in Matrigel visualized by phase contrast microscopy. A2,
A4: Hematoxylin and eosin stain of cell block preparations. A3: Alcian blue stain of a cellular smear prepared from p16KO organoids.
(B-D) Organoid scRNASeq. (B) UMAP dimensional plots of cell clusters from p16WT and p16KO organoids. (C) Violin plot of Cdkn2a
expression in UMAP clusters 0-9, showing reduced Cdkn2a transcripts in clusters 1, 4, and 8 in p16KO (red) compared with p16WT
(blue) organoids. (D) UMAP visualization of Cdkn2a-expressing cells colored by level of Cdkn2a expression, in p16KO (left) and
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genes showing significant differential expression in both cluster 4 and cluster 8 between p16KO and p16WT organoids.
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inserted into Cdkn2a Exon 1a), and LSL-Kras®?P (LoxP-
STOP-LoxP- Kras®?" inserted into the endogenous Kras
gene; Kras®?? expression requires Cre-mediated recombi-
nation). The original breeder mouse lines were Lgr5-EGFP-
IRES-creERT2,*° IL1B",° and LSL-Kras®*?,*” kindly given by
the laboratory of Dr Timothy Wang; p16™,'® kindly given by
Dr Ned Sharpless laboratory, and p16™/°%'7 kindly given
by Dr Gloria Su’s laboratory.

To inactivate p16, we used a p16 conditional knockout
model'” with exonla of Cdkn2a flanked by loxP sites. On
treatment with tamoxifen at age 6-8 weeks Cre-mediated
recombination occurs in LGR5' cells, creating tissue-
specific p16 knockout mice.”® Mouse studies were
approved by the George Washington University IACUC pro-
tocol committee. All mice were fed standard irradiated feed
(LabDiet 5V75) and bedded in corn cob bedding (1/8” Bed-0O-
Cob) in individually ventilated cages (Tecniplast emerald
line). Interventions were done during the light cycle.

Treatment of Mice With Tamoxifen and Bile Acid

Mice were treated with tamoxifen to induce Cre-
mediated recombination resulting in tissue-specific p16
deletion and/or KRAS®'?P expression. At the age of 6-8
weeks, 133 mg/kg of tamoxifen (Sigma-Aldrich, St Louis,
MO) was administered to mice via intraperitoneal injection
every 48 hours, for a total of 3 injections to induce Cre-
activity in Lgr5" cells. Thereafter, tamoxifen injections
were administered every 2 months. In a subset of mice, we
performed only the first set of 3 injections as indicated in
the Results section. Starting at the age of 3 months, mice
were given 0.2% sodium deoxycholate bile acid (BA)
(Sigma-Aldrich) in their drinking water ad libitum.® Mice
were sacrificed from 4-22 months of age to track disease
progression. SCJ and stomach tissues were harvested and
used to prepare formalin-fixed paraffin embedded and fresh
frozen tissue blocks to be used for histologic analysis and
other experiments.

Histopathology and Scoring of SCJ
Inflammation, Glandular Hyperplasia/Metaplasia,
and Dysplasia

Harvested SCJ area tissue was fixed in neutral-buffered
10% formalin, paraffin embedded, and 5-um sections were
stained with hematoxylin and eosin for histopathology.
Hematoxylin and eosin sections were evaluated for inflam-
mation, gland hyperplasia/metaplasia, and dysplasia in the
SCJ area. Inflammation was scored as grade 1, 2, or 3, based
on the presence of inflammatory cells (lymphocytes, plasma
cells, and neutrophils) in the squamocolumnar space: grade
1, rare inflammatory cells; grade 2, small clusters of in-
flammatory cells; and grade 3, large clusters of inflamma-
tory cells. Gland hyperplasia/metaplasia was quantified by
counting the numbers of cross-sectional mucous gland
profiles at the SCJ; dysplasia grades were 0 (no dysplasia), 1
(focal low-grade), 2 (extensive low-grade), or 3 (high-
grade), based on nuclear alterations and architectural
complexity of the glandular growth at the SCJ. Pathology
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scoring was performed by a gastrointestinal pathologist
(ARS).

Fluorescence Imaging and
Immunohistochemistry of Mouse

Squamocolumnar Junction

To detect tdRFP fluorescence, which is a marker of Cre-
mediated recombination in mice with the ROSA26-flox-STOP-
flox-tdRFP genotype, freshly dissected mouse SCJ was fixed
in 4% paraformaldehyde-phosphate-buffered saline at 4°C
overnight, followed by 30% sucrose overnight. Tissue was
then embedded in O.C.T. compound (FSC22 Frozen Section
Comp, Leica Biosystems, Muttenz, Switzerland), to create a
frozen block. Then, 5-um sections were cut and mounted
with Vectashield with DAPI (Vector Laboratories, Newark,
CA). Slides were imaged using a Revolve-Discover fluores-
cence microscope (Echo Laboratories Inc, San Diego, CA).

To detect p16 in mouse tissues, the p16INK4a mouse
monoclonal antibody (1E12E10; Thermo Fisher Scientific)
was used at 1:100 dilution, and incubated overnight at 4°C,
after blocking the slides at room temperature with blocking
reagent (Polyview IHC Kit, Enzo Life Sciences). For visuali-
zation, the Bond Polymer Refine Detection Kit (Leica Bio-
systems) was used, and slides were counterstained with
hematoxylin.

To detect pERK, the phospho-p44/42 MAPK (Erk1/2)
(137F5) Rabbit mAb (Cell signaling Technology) was used
at 1:500 dilution, overnight at 4°C. For visualization, the
Bond Polymer Refine Detection Kit (Leica Biosystems) was
used, and slides were counterstained with hematoxylin.

To detect KI67 expression in epithelial cells, we per-
formed quantitative multispectral immunofluorescence us-
ing the Vectra system (Akoya Biosciences, Marlborough,
MA). Briefly, sections of SC] were stained with a cocktail of
primary antibodies including anti-cytokeratin 19 (Abcam
ab133496, at 1/200 dilution), to label epithelial cells, and
anti-KI67 (Abcam ab15580, at 1/100), to label proliferating
cells, followed by several rounds of tyramide signal ampli-
fication using horseradish peroxidase-conjugated secondary
antibodies, in the OpalTM multiplex 6-plex kits according to
the manufacturer’s protocol (PerkinElmer-Akoya). Slides
were scanned with the Vectra 3.0 Automated Quantitative
Pathology Imaging System (PerkinElmer-Akoya Biosciences)
and SCJ cells expressing cytokeratin 20 were quantified for
the presence of KI67 expression using digital image analysis
with inForm Tissue Finder software version 2.4.10 (Perki-
nElmer-Akoya Biosciences).

In Vivo Imaging of p16 Promoter Driven
Luciferase Activity

Bioluminescence images were obtained using an IVIS
Lumina K instrument (PerkinElmer, Waltham, MA). Mice
were anesthetized with isoflurane and abdominal fur was
removed by applying hair-removal cream or shaving. Im-
ages were taken 10 minutes after intraperitoneal injection
(150 mg/kg) of the bioluminescent substrate D-luciferin
(PerkinElmer). After injection, mice were transferred to the
light-sealed imaging cabinet of the IVIS instrument and
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positioned in a nose cone to maintain anesthesia. Biolumi-
nescence images were acquired using a charge-coupled
device camera cooled to -80°C to achieve maximum sensi-
tivity. Images were acquired 10 minutes postsubstrate in-
jection with the exposure time of 60 seconds, medium
binning, F/stop = 1, and EM gain off. Image data were
analyzed with Xenogen Living Image software (Perki-
nElmer) as described in the Data Analysis and Statistics
section.

LCM, RNA Extraction, and Microarray Gene
Expression

SCJ tissues were frozen in FSC22 frozen section com-
pound (Leica Biosystems, Richmond, IL). Mucous glands and
columnar epithelium in p16WT and p16KO as well as squa-
mous epithelium in p16WT mice samples were micro-
dissected from SCJ tissue sections with LCM using the
MicroBeam System (P.A.L.M. Microlaser Technologies GmbH,
Germany), equipped with Axiovert 200M microscope (Carl
Zeiss Microscopy GmbH, Germany) to harvest at least 1000
cells from the selected SC] mucous gland areas. The cells of
interest were collected in AdhesiveCap 500 opaque tubes
(Carl Zeiss) and immediately used for RNA extraction. Total
RNA was extracted with the RNeasy plus Micro Kit (QIAGEN,
Germantown, MD) following the manufacturer protocol.

Gene expression profiling was performed using the mouse
Clariom D Pico assay (Thermo Fisher, Waltham, MA), previ-
ously known as GeneChip Mouse Transcriptome Array 1.0
(Affymetrix, Santa Clara, CA) as recommended by the
manufacturer. Briefly, 0.3 ng of purified total RNA was used
for reverse transcription initiated at the poly-A tail and
throughout the entire length of RNA to capture both coding
and multiple forms of noncoding RNA. RNA amplification was
achieved using low-cycle polymerase chain reaction followed
by linear amplification using T7 in vitro transcription tech-
nology. Then, the cRNA was converted to biotinylated sense-
strand DNA hybridization targets for unbiased coverage of
the transcriptome. The fragmented and labeled sense-strand
DNA was hybridized to the GeneChip mouse WT Array for 16
hours at 45°C and 60 rpm. After hybridization, arrays were
washed, stained, and scanned. Data were initially analyzed
with Transcriptome Analysis Console 4.0 software (Affyme-
trix), as described in the Data Analysis and Statistics section.

RNASeq

For RNASeq, total RNA was isolated using RNeasy Plus
Micro Kit (QIAGEN). RNA quality was assessed by Agilent
2100 Bioanalyzer and RNA samples with RIN >6.5 were
used for sequencing. Briefly, total RNA was used to generate
cDNA using Clontech SMART-Seq v4 Ultra Low Input RNA
Kit (Takara Bio USA Inc, Mountain View, CA) that uses
SMART (Switching Mechanism at 5° End of RNA Template)
technology and allows ultra-low RNA inputs. cDNA quality
was analyzed using High Sensitivity D5000 ScreenTape
(Agilent) and cDNA quantification was performed using
Invitrogen Qubit dsDNA HS Assay (Invitrogen, Waltham,
MD). To create the library, we used 150 ng of the cDNA and
performed DNA fragmentation, tagging with sequencing
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adapters, followed by library amplification, clean up, and
normalization using Nextera XT DNA Library Prep Kit
(Ilumina Inc, San Diego, CA),) and following the kit protocol.

SCJ 3D Organoid Cultures

The mouse SCJ organoid cultures were established based
on the procedure described previously.”’ The stomachs
from pl6WT and pl6KO mice were opened along the
greater curvature, washed, and placed flat on a hard surface
and the area of SCJ] (~1 cm length and 1.5-2 mm width)
along the line between the forestomach and cardia/transi-
tion to stomach oxyntic segment was dissected for culture in
Matrigel (Corning, Corning, NY). Cell pellets were resus-
pended in Matrigel (Corning), seeded onto a preheated 24-
well plate (~10°-2 x 10° cells in 50 uL Matrigel per
well). After 30 minute solidification, 0.5 mL of growth me-
dium (Wnt-conditioned medium supplemented with growth
supplements 1:50 B27 [Gibco], 1:100 N2 [Gibco], 50 ng/mL
mEGF [Peprotech, Cranbury, NJ], 50 mM N-acetylcysteine
[Sigma-Aldrich], 5 pug/mL gentamicin [BioWhittaker], 0.5
ug/mL fungizone [Gibco]) was added to each well. Condi-
tioned medium was derived from L-Wnt-3A (CRL-2647,
ATTC, Manassas, VA) cell line cultured in advanced DMEM/
F12 (Gibco) supplemented with 10 uM HEPES (Gibco),
1:100 Glutamax (Gibco), and penicillin/streptomycin. The
organoids were cultured in a humidified incubator at 37°C
and 5% CO,, the growth medium was changed every 2 to 3
days. The organoids were split 1:2 to 1:4 depending on their
number and size, every 5 to 10 days.

ScRNASeq

For scRNASeq experiments we used Chromium Next
GEM Single Cell 3° GEM, Library & Gel Bead Reagent Kit v3.1
(10x Genomics Inc, Pleasanton, CA) following the manufac-
turer protocol. Organoid cell suspensions in phosphate-
buffered saline with 0.04% bovine serum albumin were
adjusted to 10° cells/mL; about 8 x 10> cells were loaded
onto Chromium Next GEM Chip G Single Cell and processed
in the Chromium Controller instrument for Gel Beads-in-
Emulsion generation and followed by barcoding of tar-
geted ~5 x 10° cells. Produced barcoded full-length cDNA
was purified using silane magnetic beads (Dynabeads
MyOne SILANE) and amplified via polymerase chain reac-
tion to generate sufficient mass for library construction as
described in the manufacturer protocol. The final libraries
comprised standard Illumina paired-end constructs, that
contained the P5 and P7 primers used in [llumina bridge
amplification and the i7 sample index sequences. The
generated libraries were sequenced using the following
sequencing configuration: Illumina ~350M PE reads
(~105GB) 10X using the Illumina HiSeq 4000 instrument.
Data analysis was performed with CellRanger 3.1.0 Software
(10x Genomics) and R as detailed next.

Sequencing of Total RNA From Organoids
Cardia/SC] organoids from p16WTKrasG12D mice were

cultured as described previously and RNA extracted with

the RNeasy plus Micro Kit (QIAGEN) following the
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manufacturer protocol. RNA integrity was tested in Bio-
analyzer and only samples with RIN >7 were used for
sequencing with [llumina HiSeq and at 2 x 150 bp sequence
length, ~350M PE reads (~105GB), and single index per
lane. The resulting FASTQ files were aligned to the GRCm39
version of the mouse genome with Star,?° and visualized
with the Integrative Genome Viewer.*’

Data Analysis and Statistics

Summarized statistical methods are presented in each
figure.
Histopathology data analysis. Data were analyzed using
the ggstatsplot package version 1.0.3.>' Continuous data,
such as the gland metaplasia/hyperplasia score, were bin-
ned into age groups and analyzed using the nonparametric
Mann-Whitney test for differences among groups and
plotted with the ggbetweenstats function. Ordinal pathology
scores (inflammation and dysplasia) were binned into age
groups and analyzed using the Pearson chi-square test and
plotted with the ggbarstats function. P values were adjusted
for multiple comparisons using the false discovery rate
(FDR) method of Benjamini and Hochberg.’** Correlation
between continuous and ordinal variables was analyzed
using Spearman rank correlation and the ggscatterstats
function. In addition, we performed ordinal logistic regres-
sion between inflammation and dysplasia with mouse age at
death comparing the different models using the polr func-
tion from the MASS package,®” using the formulas polr(In-
flammation ~ Genotype + AgeatDeath) and polr(Dysplasia
~ Genotype + AgeatDeath).
In vivo imaging of p16 promoter driven luciferase
activity. Image data were analyzed with Xenogen Living
Image software version 4.5.4 (PerkinElmer). A 1 cm? square
region of interest corresponding to the SC] area was
manually defined in the scan images. Radiance flux counts
(photons/second) were averaged over the region of interest
and adjusted for time, binning, and radiation losses to define
absolute average surface radiance in photons/second/cm?/
steradian. Results were aggregated by model genotype and
age at time of measurements, and the results analyzed for
each age group with the grouped ggbetweenstats function
using nonparametric Kruskal-Wallis 1-way analysis of
variance for differences among the 3 groups (pl16WT,
p16KO, pl6WT+p16KO) and pairwise comparisons be-
tween 2 groups were further examined using the Dunn test
with FDR adjustment for multiple hypothesis testing.
Microarray data analysis. Microarray data was analyzed
with Transcriptome Analysis Console 4.0 (TAC) software
version 4.0.2.15 (Applied Biosystems/Thermo Fisher). First,
data were normalized, summarized, and distributions
adjusted for GC content and compression effects using the
Signal Space Transformation-Robust Multichip Analysis al-
gorithm.** All samples were considered as passed after ex-
amination of all QC metrics. For all samples, all
hybridization controls performed as expected. Principal
component analysis with 3 components showed excellent
separation between glandular and squamous samples.
Comparisons of differentially expressed genes between
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groups were performed using the Empirical Bayes (eBayes)
analysis of variance method.*” A probeset (gene or exon)
was considered expressed if >50% of the samples had
"detected above background" scores lower than the detec-
ted above background threshold of <0.05. Microarray
expression differential was further processed using custom
R code as described next.

Mouse SC] RNASeq data analysis. Real-time analysis
(RTA, Nllumina) was used for base calling and bcl2fastq2
(version 2.20) for converting BCL files to fastq format,
coupled with adaptor trimming. We performed a pseudoa-
lignment to a kallisto index created from the mouse
GRCm38 transcriptome using kallisto (0.44.0).>° We tested
for differentially expressed genes under various conditions
using sleuth, an R package designed to compute transcript
and gene-level differential expression from kallisto abun-
dance files.?” Differential expression was tested for statis-
tical significance using the Wald test, and the P values were
FDR-adjusted.*” The direction and magnitude of differential
expression was indicted by the beta value, a biased estimate
of log2 fold-change. We selected genes significantly
decreased with the following criteria: (FDR <0.1 and beta
<-0.2) or (unadjusted P < .05 and beta <-1). For signifi-
cantly increased genes, we used (FDR <0.1 and beta >0.2)
or (unadjusted P < .05 and beta >1). To determine differ-
entially expressed genes overlapping between RNASeq and
microarray data, we included all genes that had unadjusted
P < .05 in both RNASeq and microarray measurements.
scRNASeq data analysis. The sequencing raw data was
processed using CellRanger software version 3.1.0 (10X
Genomics, Pleasanton, CA) to generate FASTQ files, align
reads, and generate feature-barcoded matrices, and pre-
liminary visualization of gene expression was performed
using the Loupe Cell Browser (10X Genomics). Subsequent
analyses were performed using R. First, the Seurat pack-
age”® was used to normalize scRNASeq data. The raw matrix
expression data h5 files were read into a Seurat object using
the CreateSeuratObject function. Data from cells with >18%
mitochondrial genes and distinct transcript count <150
were excluded. Cell doublets were excluded using the scds
package.’’ Integration and normalization was performed
using the SCTransform approach.”® Principal component
analysis and uniform manifold approximation and projec-
tion (UMAP) were performed with Seurat. The clustree
package was used to visualize the optimum number of
clusters*’ and the UMAP clusters were visualized with an
integrated shared nearest neighbor threshold of 0.3.
Differentially expressed genes were identified between all
cells of p16KO versus pl6WT SCJ organoids using the
likelihood ratio test as implemented in the edgeR pseudo-
bulk procedure of the Libra package (https://github.com/
neurorestore/Libra, accessed 12/26/2023), with default
settings, using the organoid ID as the replicate_col argument
to adjust for differences between replicates and minimize
false-positive results.*” We also compared each UMAP
cluster (0-9) between p16KO and p16WT SC] organoids to
look for cluster-specific differential gene expression, using
the Libra edgeR procedure and the cluster ID for the cell -
type_col argument.
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Plotting of single-cell expression according to UMAP clusters

was performed using the scCustomize (https://CRAN.R-project.
org/package=scCustomize, accessed 12/27/2023) and Nebu-
losa™® extensions of the Seurat package. Cell cycle scoring was
performed with the CellCycleScoring function of the Seurat
package using the default settings.
Gene set and pathway analysis. For microarray data,
pathway analysis was performed using the TAC software and
WikiPathways** (wikipathways.org) as a source of pathway
data. The Fisher exact test was used to compare the frequency of
genes passing the filtering criteria in each pathway versus the
overall frequency of genes that pass the filtering criteria.
Filtering criteria for each gene were differential expression P <
.05, absolute fold-change >1.5, and average log2 expression >4.
Pathways with Fisher exact test P < .05 were considered
differentially altered between conditions.

We further analyzed the microarray data from laser-
captured SC] of p16KO and p16WT and scRNASeq data
from p16KO and p16WT organoids by subnetwork enrich-
ment analysis using the R package pathfindR'® with 692
WikiPathways downloaded from wikipathways.org and
from the MiSigDb database.”” Pathways are ranked by
pathfindR based on the occurrence of subnetworks deter-
mined from known protein-protein interactions of the
differentially expressed genes, and then grouped into clus-
ters using hierarchical clustering of differentially expressed
genes common to multiple pathways. For this analysis, a
gene was considered differentially expressed if the unad-
justed P < .05, and pathways were discarded from further
analysis if the pathway enrichment P > .05.

Supplementary Material

Note: To access the supplementary material accompanying
this article, go to the full text version at https://doi.org/10.
1016/j.jcmgh.2024.01.014.
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