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SUMMARY

Sox9 is a master regulator of mucous neck cell differentia-
tion during gastric development. Sox9 also is required for
chief cells to fully reprogram into spasmolytic polypeptide–
expressing metaplasia after injury.

BACKGROUND & AIMS: Acute and chronic gastric injury induces
alterations in differentiation within the corpus of the stomach
called pyloric metaplasia. Pyloric metaplasia is characterized by
the death of parietal cells and reprogramming of mitotically
quiescent zymogenic chief cells into proliferative, mucin-rich
spasmolytic polypeptide–expressing metaplasia (SPEM) cells.
Overall, pyloric metaplastic units show increased proliferation
and specific expansion of mucous lineages, both by proliferation
of normal mucous neck cells and recruitment of SPEM cells. Here,
we identify Sox9 as a potential gene of interest in the regulation of
mucous neck and SPEM cell identity in the stomach.

METHODS: We used immunostaining and electron micro-
scopy to characterize the expression pattern of SRY-box
transcription factor 9 (SOX9) during murine gastric
development, homeostasis, and injury in homeostasis, after
genetic deletion of Sox9 and after targeted genetic mis-
expression of Sox9 in the gastric epithelium and chief cells.

RESULTS: SOX9 is expressed in all early gastric progenitors
and strongly expressed in mature mucous neck cells with mi-
nor expression in the other principal gastric lineages during
adult homeostasis. After injury, strong SOX9 expression was
induced in the neck and base of corpus units in SPEM cells.
Adult corpus units derived from Sox9-deficient gastric pro-
genitors lacked normal mucous neck cells. Misexpression of
Sox9 during postnatal development and adult homeostasis
expanded mucous gene expression throughout corpus units
including within the chief cell zone in the base. Sox9 deletion
specifically in chief cells blunts their reprogramming into SPEM.

CONCLUSIONS: Sox9 is a master regulator of mucous neck cell
differentiation during gastric development. Sox9 also is
required for chief cells to fully reprogram into SPEM after
injury. (Cell Mol Gastroenterol Hepatol 2023;16:325–339;
https://doi.org/10.1016/j.jcmgh.2023.05.009)
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astric cancer (GC) is a leading cause of cancer-related
Abbreviations used in this paper: ATP4B, ATPase HD/KD transporting
subunit beta; cDNA, complementary DNA; CreER, Cre recombinase
fused to estrogen receptor; DOX, doxycycline; E, embryonic day; fl,
flox; GC, gastric cancer; GFP, green fluorescent protein; GIF, Gastric
intrinsic factor; GS-II, Griffonia simplicifolia lectin II; HD, high dose;
tdTomato, tandem dimer Tomato; Ki67, Proliferation marker protein
Ki-67; KLF4, Krüppel-like factor 4; LacZ, b-galactosidase gene; LD,
low dose; ME, misexpression; P, postnatal day; ROSA26, reverse
orientation splice acceptor 26; rtTA.IRES.EGFP, reverse tetracycline-
controlled transactivator, Internal ribosome entry site, green fluores-
cent protein; scRNA-seq, Single cell RNA sequencing; SOX9, SRY-box
transcription factor 9; SPEM, spasmolytic polypeptide expressing
metaplasia; TetO, tetracycline operator; TFF2, Trefoil factor 2.
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Gdeath worldwide. GC most commonly arises in the
context of chronic inflammation driven by Helicobacter
pylori infection. H pylori infection induces altered differen-
tiation patterns within gastric corpus units, termed
pyloric or pseudopyloric metaplasia. Pyloric metaplasia is
characterized histologically by the loss of mature acid-
secreting parietal and digestive enzyme–secreting chief
cell lineages and the emergence of highly proliferative
mucus-producing cell populations.1,2 The basal-most
portion of the expanding mucus-producing cells are spas-
molytic polypeptide–expressing metaplasia (SPEM) cells,
which are thought to be largely derived from mature chief
cells.3–9 The chronic replacement of normal gastric differ-
entiation with H pylori–associated mucous metaplasia is a
major risk factor for progressing toward GC.

The 2 principal mucus-secreting cells in the body of the
stomach at homeostasis are called surface (also pit or
foveolar cells) and mucous neck cells. Mucous neck cells are
sandwiched among parietal cells in the neck region below
the foveolar cells. Mucous neck cells are thought to turn
over every 2 weeks and are replaced constantly by stem
cells located in the isthmus between the neck and foveolar
regions.10,11 The molecular pathways that govern the
normal development of mucous cells in the stomach are not
well understood, and it also is not understood how stem
cells give rise to mucous neck cells in the adult. Whether the
emergence of mucus-generating SPEM cells involves path-
ways that recapitulate the development of mucous cells
from stem cells also is unknown.10–12 In mouse models of H
pylori–induced metaplasia, markers expressed by homeo-
static mucous neck cells, including TFF2 (Trefoil factor 2,
spasmolytic polypeptide) and GS-II lectin become expressed
in the SPEM population arising at the base of the gastric
unit. Mucous neck cell markers also are expressed by the
injury-responsive mucous cells in the neck that proliferate
after parietal cell death because these cells likely arise from
stem cells and existing pre-injury mucous neck cells.13,14

In this study, we show that SRY-box transcription factor
9 (SOX9) is strongly expressed during embryonic develop-
ment of the stomach and is expressed in nonfoveolar mu-
cous cells: namely mucous neck cells and SPEM and the
proliferative neck cells in injury-induced pyloric metaplasia.
We determined that without Sox9, mucous neck cells do not
arise. Thus, SOX9 is an essential factor in specifying mucous
neck cell lineage. Misexpression of Sox9 during either
postnatal life or adulthood alters the chief cell lineage such
that they lose differentiation markers and acquire markers
of mucous cells. Finally, we show that loss of Sox9 in chief
cells blunts the induction of metaplastic features.

Results
During early gastric development, SOX9 is expressed in

all developing gastric epithelial cells (embryonic day [E]13.5
and E15.5) (Figure 1A and B). At the beginning of postnatal
life, progenitors at the surface of the epithelium lose SOX9
expression while all nonsurface epithelial (ie, glandular)
cells maintain SOX9 expression (Figure 1C). In the first week
of postnatal life, SOX9 continues to be expressed throughout
all non-surface progenitor cells of the glandular epithelium,
including cells at the base of prospective corpus units where
gastric chief cells will begin to emerge during the subsequent
transition to adulthood (Figure 1D). Beginning in the second
week of postnatal life, expression of SOX9 becomes sparser
in the base (emerging chief cell zone) of primordial adult
corpus units (Figure 1E). By P21 (Figure 1F) and postnatal
day (P)28 (Figure 1G), SOX9 expression is most enriched in
the neck and subisthmal regions of developing corpus units,
with only minor expression in the base of gastric units.

To explore whether SOX9 expression changes during
gastric injury, we surveyed the expression pattern of SOX9
after acute chemical injury and chronic inflammatory injury.
When delivered at high doses, tamoxifen induces an acute
and reversible organ-wide injury that results in the induc-
tion of pyloric metaplasia by day 3 of injury.15,16 At these
peak metaplasia stages, SOX9 is expressed in the cells in the
neck of the corpus unit as well as the SPEM cells in the base
(Figure 1H). In the TxA23 model of autoimmune
gastritis,17,18 mucus-expressing metaplasia is induced in
mice by 12 weeks of age owing to persistent autoimmune
destruction of parietal cells and resulting inflammatory
signals. In TxA23 animals at 12 weeks, SOX9 also marks all
metaplasia, including the developing basal metaplastic
(SPEM) cells (Figure 1I). To further explore the expression
pattern of SOX9 in adult gastric tissue, we co-stained SOX9
with pit (KLF4, Krüppel-like factor 4), proliferative (Ki67),
mucous neck cell (GS-II, Griffonia simplicifolia lectin II), and
chief cell markers (GIF, Gastric intrinsic factor)
(Figure 1J–M). In adult tissue, we detected nuclear expres-
sion of SOX9 in a subset of these cell populations. We pre-
viously generated single cell RNA sequencing (scRNA-seq)
data sets from corpus tissue during adult homeostasis, after
acute injury, or chronic injury.13,14 In all 3 tissue conditions,
RNA expression of Sox9 can be detected in most major
gastric lineages (Figure 1N and O). Sox9 was not detected in
enterochromaffin-like or endocrine cells and was expressed
only in parietal and tuft cell lineages after injury. In sum-
mary, SOX9 is expressed in early gastric progenitors; in
adulthood, it has broad RNA and protein expression in most
major gastric lineages, but with strong expression in
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isthmus and in mucous neck cells. In acute and chronic
gastric injury models, SOX9 is strongly expressed in meta-
plasia, including SPEM.

Given the broad expression of SOX9 in primordial gastric
progenitors and the expression of SOX9 in mature mucous
neck cells, we sought to determine whether Sox9 plays a
role in controlling the differentiation of the mucous neck
lineage. To remove Sox9 exclusively in the gastric epithelium
in early embryogenesis, we characterized a new model for
embryonic epithelial conditional gene deletion:
Fgf20Cre.GFP.19 Fgf20 expression is specific to the glandular
stomach and is not expressed in the squamous epithelium of
the forestomach (Fgf20LacZ) (Figure 2A and B).20 To un-
derstand Cre recombinase activity under the regulation of
the Fgf20 locus, we crossed Fgf20Cre.GFP to a ROSA26 lineage
tracing reporter (ROSA26tdTomato) and observed that
Fgf20Cre.GFP induces recombination with variable (mosaic)
penetrance that is specific to the expanding embryonic
progenitor cells during early development (E13.5)
(Figure 2C). By late postnatal (P14) (Figure 2D) or adult
stages (Figure 2E), Fgf20Cre.GFP/þ; ROSA26tdTomato/þ animals
showed an all-or-nothing, unit-to-unit recombination
pattern: units in the antrum and corpus were either
completely labeled or had no recombination at all. Thus,
using Fgf20Cre.GFP, we concluded we could induce mosaic
recombination of a Sox9 floxed allele (Sox9fl) in early gastric
progenitors that would then give rise to Sox9-deficient (ie,
Sox9D/D) adult units along with completely wild-type units
that could be used as internal controls.

Consistent with the pattern of expression of the Fgf20-
driven recombination of the ROSA26tdTomato reporter, we
observed that Fgf20Cre.GFP/þ; Sox9fl/fl animals had a subset
of adult corpus units that completely lacked SOX9
(Figure 2F–I). Those units had markedly abnormal neck
regions with a paucity of mature parietal cells and the
complete absence of normal mucous neck cells. We stained
Fgf20Cre.GFP/þ; Sox9fl/fl and control tissues with markers for
the principal gastric lineages including KLF421,22 (pit cells)
(Figure 2J and K), GIF (chief cells) (Figure 2L and M), ATP4B
(ATPase Hþ/Kþ transporting subunit beta, parietal cells)
Figure 1. (See previous page). SOX9 is expressed in progen
and injury. During early development, anti-SOX9 immunohistoch
In late gestation or early postnatal life, SOX9 is (C) lost from ga
throughout all non–surface-associated progenitors in the gland (
at the base becomes less intense and ubiquitous at the base (P1
of mature gastric corpus units. (G) In P28 units, the pattern o
expression in mucous neck cells. (H) Representative units after
(day 3). High SOX9 expression is observed in the neck and base
the TxA23 autoimmune gastritis model after 12 weeks. SOX9 st
Immunofluorescence staining of adult gastric tissue stained with
of (J) prepit/pit cells (KLF4), (K) isthmal cells/proliferative zone (
Nuclear expression of SOX9 is detected in some cells of all line
Analysis of previously published scRNA-seq data collected fro
conditions. (N) UMAP (Uniform manifold approximation and proje
from healthy BALB/c, HDT, and TxA23 mice colored by cluster
identified clusters of the combined healthy and injured scRN
enterochromaffin-like [ECL], and endocrine cells) and both injury
RNA is detected in all major gastric lineages, with the highest e
cells. All immunohistochemistry sections were counterstained w
(Figure 2N and O), chromogranin A (enteroendocrine cells)
(Figure 2P and Q), and TFF2 or GS-II lectin (mucous neck
cells) (Figure 2R–U). Within Sox9D/D units in Fgf20Cre.GFP/þ;
Sox9fl/fl tissue, the distribution of cells marked with KLF4,
GIF, and chromogranin A was similar to that of controls,
indicating that the pit, chief, and enteroendocrine lineages
were unaffected in the absence of Sox9. However, TFF2 and
GS-II lectin staining were absent (GS-II) or nearly absent
(TFF2) in Sox9D/D corpus units in Fgf20Cre.GFP/þ; Sox9fl/fl

tissue, suggesting there were near-total deficits in mucous
neck cell differentiation in the absence of Sox9.

Transmission electron microscopy showed that mucous
neck cells in control animals had the expected morphology
characterized by largely electron-lucent granules filling a
cytoplasm that bulged into the gastric gland lumen11,23

(Figure 3A–C). The mucous neck cells were interspersed,
as expected, with parietal cells. In Sox9D/D units, the
foveolar/surface cells in the region superficial to the
isthmus (also known as the pit) and the chief cells of the
base all appeared similar to the control (Figure 3D–F),
consistent with the staining in Figure 2. In the neck, parietal
cells were markedly under-represented, but the parietal
cells that were present did not appear different from the
control, with the usual expanded basal surface, abundant
mitochondria, and mixtures of intercanalicular and tubulo-
vesicle structures that harbor the abundant acid-pumping
Hþ-Kþ-adenosine triphosphatase pumps (Figure 3E). We
could not identify any cells with mucous neck morphology
in Sox9D/D units. We noted, however, numerous cells in the
neck region that did not have characteristics of any gastric
differentiated cell lineage (Figure 3E and F). Overall, the
results indicate that, in the absence of Sox9, gastric epithelial
embryonic progenitors can generate mature gastric units
with most epithelial cell lineages, but they are specifically
deficient in their ability to differentiate into mature mucous
neck cells. Because most Sox9-deficient gastric units had at
least some normal, mature parietal cells, Sox9 does not
appear to be directly involved in their differentiation.

We next sought to determine if Sox9was sufficient to drive
mucous differentiation in the postnatal gastric epithelium.
itor cells and glandular mucous cells during development
emistry marks all gastric progenitors: (A) E13.5 and (B) E15.5.
stric progenitors near the surface (P0), but (D) still expressed
P7). (E) In the second week of postnatal life, SOX9 expression
4). (F) By P21, SOX9 becomes concentrated in the neck region
f SOX9 expression resembles that of adult units, with high
high-dose tamoxifen (HDT) injury at peak metaplasia stages
of these injured units. (I) Representative basal metaplasia from
rongly marks all inflamed metaplastic cells in these stomachs.
SOX9, a general nuclear marker, and representative markers
Ki67), (L) mucous neck cells (GS-II), and (M) chief cells (GIF).
ages, with most SOX9 being in isthmus and neck. (N and O)
m homeostasis, acute injury, and chronic inflammatory injury
ction) unbiased clustering of gastric cell suspensions isolated
identity. (O) Violin plots of Sox9 gene expression levels in all
A-seq libraries. During homeostasis (except parietal, tuft,
conditions (except ECL and endocrine cells), Sox9messenger
xpression in stem and mucous neck cells and in metaplastic
ith hematoxylin. Scale bars: 20 mm.
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We bred mice carrying alleles for ROSA26rtTA.IRES.EGFP, TetO-
Sox9, and Fgf20Cre.GFP. In these mice, cells expressing Cre
will induce rtTA from the ROSA26rtTA.IRES.EGFP allele.
Thereafter, whenever doxycycline (DOX) is administered, the
rtTA will bind and activate the TetO-Sox9 allele to induce the
expression of Sox9. Fgf20 is dispensable for gastric
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development (unpublished data), and Fgf20Cre.GFP/Cre.GFP mice
are viable and fertile.20 Thus, we analyzed both Fgf20Cre.GFP/þ;
ROSA26rtTA.IRES.EGFP/rtTA.IRES.EGFP; TetO-Sox9 pups and
Fgf20Cre.GFP/Cre.GFP; ROSA26rtTA.IRES.EGFP/rtTA.IRES.EGFP; TetO-Sox9
pups. Fgf20Cre.GFP/Cre.GFP; ROSA26rtTA.IRES.EGFP/rtTA.IRES.EGFP;
TetO-Sox9 pups had increased numbers of units misexpress-
ing Sox9, but were otherwise indistinguishable from
Fgf20Cre.GFP/þ ; ROSA26rtTA.IRES.EGFP/rtTA.IRES.EGFP/; TetO-Sox9
pups. For the remainder of this article, we will refer to
these triple-allele animals as Fgf20Sox9ME. Controls for all
misexpression experiments were biallelic littermates. We
administered DOX in the drinking water starting at P0, and
maintained DOX administration until P21. At P21, in
Fgf20Sox9ME animals, SOX9 was expressed uniformly, pit to
base, throughout a subset of corpus units (Figure 4A and B),
consistent with the mosaic, unit-to-unit recombination pattern
of Fgf20Cre.GFP described earlier. In control mice, most bases
were filled, as expected, with nearly mature chief cells char-
acterized by basal–lateral, hematoxylin-stained, rough endo-
plasmic reticulum and nuclei consistently confined to the
bases of cells24 (Figure 4C and C’). In the Sox9-misexpression
units, some base regions instead comprised cells with foamy,
glassy cytoplasm (Figure 4D and D’), resembling the cyto-
plasm of mucous neck cells or mucous cells in the bases of the
antrum of the stomach. Accordingly, misexpression of SOX9
throughout the gastric unit caused highly increased GS-II
lectin reactivity and TFF2 expression beyond the neck zone,
with basal cells showing marked ectopic expression of mu-
cous neck cell markers (Figure 4E–H). We also stained for
CD44v (ortholog of human CD44v9), which becomes highly
expressed in metaplasia after injury.6,25–27 At P21 in controls,
CD44v was, as expected, largely absent from normal corpus
units (Figure 4I). In contrast, we observed surprisingly strong
expression of CD44v throughout Sox9-misexpression units,
from the pit to the base (Figure 4J). Basal cells misexpressing
SOX9 also failed to induce the bHLH (basic helix-loop-helix)
transcription factor MIST1 (Muscle intestine stomach
expression 1; aslo known as BHLHA15), which is essential for
terminal maturation of chief cells and normally is induced as
fully differentiated chief cells emerge for the first time in
development28,29 (Figure 4K and L). Misexpression of SOX9
Figure 2. (See previous page). Loss of Sox9 prevents muco
Indolyl b-D-Galactopyranoside) staining of whole E18.5 stoma
specifically within the glandular stomach domain of the stom
counterstain on E16.5 Fgf20LacZ/þ tissue. X-gal staining is spec
for nuclei (DRAQ5, blue) and tdTomato (mCherry antibody, red; R
animals, recombination of the ROSA26tdTomato was observed in
glandular stomach progenitors. (D and E) Immunofluorescence s
red; ROSA26tdTomatO), and GS-II lectin (mucous neck cell marke
the ROSA26tdTomato allele in Fgf20Cre.GFP/þ; ROSA26tdTomato/þ f
bination throughout the unit from pit to base or no recombinat
adult units. (F) Representative histology of control 8-week-old c
Sox9-deficient unit (outlined) from Fgf20Cre.GFP/þ; Sox9fl/fl mice
region, but the pit and base regions appear normal. Representa
mice and (I) Fgf20Cre.GFP/þ; Sox9fl/fl mice. Outlined units lack SOX
Fgf20Cre.GFP/þ; Sox9fl/fl for (J and K) KLF4, (L and M) GIF, (N and
and (T and U) TFF2. Control and Fgf20Cre.GFP/þ; Sox9fl/fl mice ha
A, indicating the pit, chief, and enteroendocrine lineages are no
GS-II lectin (S) and TFF2 (U) expression in Sox9-deficient tissu
bars: (A) 1 mm; (B–S), 20 mm.
did not alter cell-cycle behavior in the gastric unit, as indi-
cated by Ki67 expression remaining confined to the isthmus
(Figure 4M and N). These findings show that Sox9 is sufficient
to drive increased mucous neck cell marker expression in the
neck and base, induce metaplasia markers, and suppress the
development of mature chief cells.

Next, we analyzed the effects of misexpression of Sox9 in
adult units. We gave 8-week-old control and Fgf20Sox9ME

animals DOX for 2 weeks and examined gastric morphology
and differentiation. Again, we observed that a subset of
corpus units misexpressed SOX9 from pit to base (Figure 5A
and B). Sox9-misexpression units had a normal distribution
of gastric lineages; however, chief cells were noticeably
smaller, appearing less well differentiated (Figure 5C, D, C’,
and D’). In adult Sox9-misexpression units, we observed the
expansion of GS-II lectin reactivity and TFF2 expression into
base regions (Figure 5E–H). We also observed the expres-
sion of CD44v in the neck regions of misexpression units;
however, this expression did not extend into base regions
(Figure 5I and J). Although we did observe alterations in
base morphology, expression of MIST1 was maintained, and
we observed no alterations in cell-cycle behavior because
Ki67 remained restricted to the isthmal region
(Figure 5K–N). To explore transcriptional changes after
adult misexpression of Sox9, we isolated RNA from the
corpus of Fgf20Sox9ME and control animals and performed
RNA-seq (Figure 5O and P). In Fgf20Sox9ME animals, we
identified several differentially expressed genes (log2 fold
change, >1; false discovery rate, <0.05) (see Supplementary
Table 1 for a complete gene list), including Sox9. We
detected a metaplasia-associated transcript signature
including Cd44, Clu, and Cftr that was up-regulated signifi-
cantly and a set of tuft cell associated genes (Siglecf, Trpm5,
and Dclk1) that were up-regulated after Sox9 misexpression.
Sox9 is expressed in tuft cells after acute and chronic injury
(scRNA-seq data) (Figure 1O), suggesting Sox9 may play an
important role in the tuft cell lineage after gastric injury.

As described in Figure 1, SOX9 is strongly expressed in
metaplasia after acute and chronic injury. To determine
whether Sox9 plays a role in the induction of metaplasia, we
gave control and Fgf20Cre.GFP/þ; Sox9fl/fl animals injury-
us neck cell differentiation. (A) X-gal (5-Bromo-4-Chloro-3-
ch from a Fgf20LacZ/þ animal. X-gal staining was observed
ach. (B) Section-based X-gal staining with nuclear fast red
ific to the gastric epithelium. (C) Immunofluorescence staining
OSA26tdTomato). At E13.5 in Fgf20Cre.GFP/þ; ROSA26tdTomato/þ

a mosaic, salt-and-pepper pattern specifically within epithelial
taining for nuclei (DRAQ5, blue), tdTomato (mCherry antibody,
r, green) at P14 and adult stages. (E) At P14, recombination of
ollows an all-or-nothing pattern: units have complete recom-
ion at all. Identical recombination patterns were observed in
orpus units, hematoxylin and eosin (H&E). (G) Representative
. These units have alterations in cell morphology in the neck
tive SOX9 immunohistochemistry from (H) control 8-week-old
9 expression. Representative staining on control animals and
O) ATP4B, (P and Q) chromogranin A, (R and S) GS-II lectin,
ve similar staining patterns for KLF4, GIF, and chromogranin
t altered in the absence of Sox9. In contrast, there is a loss of
e, indicating aberrant mucous neck cell differentiation. Scale



Figure 3. Transmission electron microscopy of adult control and Sox9-deficient units reveals SOX9 is required for cells
with mucous neck ultrastructure to develop. (A) Representative adult control corpus unit from pit to base. (B) Higher-
magnification images of the neck region of a control unit. Green arrowheads, mucous neck cells; yellow arrowhead, parietal
cells. (C) Higher-magnification image of a single neck cell. (D) Representative Sox9-deficient corpus unit, pit to base from an
adult Fgf20Cre.GFP/þ ; Sox9fl/fl animal. (E) Higher-magnification images of the neck region of a Sox9-deficient unit. Blue ar-
rowheads, primitive cells lacking ultrastructural features of any differentiated lineage; yellow arrowheads, parietal cells. (F)
Higher-magnification image of a single primitive cell in the neck region of a Sox9-deficient unit. Scale bars: (A, B, D, and E) 4
mm; (C and F), 2 mm.
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inducing doses of tamoxifen. After injury, we observed that
control units had the expected dramatic induction of SOX9
throughout the neck and base of corpus units at peak
metaplasia stages. In Fgf20Cre.GFP/þ; Sox9fl/fl animals, a sub-
set of units completely lacked SOX9 (Figure 6A and B). Sox9-
deficient units had significantly reduced GS-II reactivity and
TFF2 expression in both the neck and base after injury
(Figure 6C–F). Neck regions of Sox9 knockout corpus units
could respond to injury, showing the usual injury-induced
proliferation even while lacking mucous neck cell gene
expression (Figure 6G and H). Base regions, however, had
markedly reduced cell-cycle entry, as observed by the lack
of Ki67-positive cells (Figure 6H).

To better explore the role of Sox9 in chief cell recruit-
ment after injury, we crossed the Sox9 floxed allele to Mis-
t1CreER. Careful induction of Mist1CreER with a subinjury
threshold dose of tamoxifen (low dose [LD]) causes
recombination, specifically in mature chief cells,30 allowing



Figure 4. Postnatal misexpression of Sox9 leads to the expansion of mucous cells. (A) Anti-SOX9 at P21 in control animals
shows SOX9 predominately within the isthmus and neck region of corpus units. (B) SOX9 expression in Fgf20SOX9ME animals.
Misexpression units express SOX9 from pit to base. (C) In control animals, H&E shows corpus bases with mature basal (chief
cell) phenotype: polarized localization of nuclei, large apical cytoplasms, and elaborate rough endoplasmic reticulum stained
with hematoxylin beneath the nucleus. (C’) Higher-magnification image is shown. (D) In Fgf20SOX9ME animals, some base
cytoplasm appears clear and foamy, phenocopying corpus mucous neck cells and deep antral mucous cells. (D’) Higher-
magnification image is shown. (E–N) Immunohistochemistry to detect representative markers of gastric lineages with hema-
toxylin counterstain. (E and G) Compared with control animals, Fgf20SOX9ME animals expanded the expression of mucous neck
cell markers (F) GS-II lectin and (H) TFF2 into the base region. (I) During homeostasis, CD44v was not expressed in the corpus.
(J) However, after Sox9 misexpression, we observed significant expression of CD44v throughout the unit from the pit to the
base. (K) At P21, MIST1, a marker of differentiated chief cells, strongly marking all corpus base regions in control animals. (L) In
Fgf20SOX9ME animals, several base regions that misexpress Sox9 have completely lost MIST1 expression. (M) By P21, the
proliferative center of the unit is located in the isthmus, as observed by the location of Ki67-positive cells in that region. (N)
Sox9 misexpression does not alter the proliferative zone in P21 corpus units. Scale bars: (A–N) 20 mm; (C’ and D’) 10 mm.
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for gene deletion without atrophy or metaplasia induction
before acute injury (Figure 6I–L).15,16,31 We administered 7
consecutive days of LD tamoxifen to induce Sox9 deletion in
homeostatic chief cells. After a week of rest, we adminis-
tered injury-inducing doses of tamoxifen (high dose [HD])
and examined mice at peak metaplasia stages. In control
animals, we observed strong induction of SOX9 throughout
the bases of corpus units (Figure 6M). In Mist1CreER/þ;
Sox9fl/fl animals after LD/HD treatment, we observed a
significant reduction of SOX9 expression in gastric bases,
consistent with Mist1CreER-mediated gene deletion
(Figure 6N). In Mist1CreER/þ; Sox9fl/fl mice, base regions
harbored chief cells with reduced induction of GS-II reac-
tivity and proliferation (Figure 6O–R). To quantify the
changes in cell-cycle recruitment after injury, we stained
control and Mist1CreER/þ; Sox9fl/fl tissues for Ki67 and
counted Ki67-negative epithelial cells in the bottom 50 mm
of each unit. After LD tamoxifen treatment only (ie, sub-
injury dosing to induce Cre recombinase activity), both
control and Mist1CreER/þ; Sox9fl/fl animals showed
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essentially no cell proliferation, with both groups having the
same census of approximately 12 Ki67-negative cells (ie,
normal, mitotically quiescent cells) in the base per corpus
unit. After LD/HD treatment, almost all cells in the base
were recruited to the cell cycle, so genotype control units
had, on average, no more than 1 Ki67-negative cell in the
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basal 50 mm. In Mist1CreER/þ; Sox9fl/fl animals we observed a
significant 5-fold increase in Ki67-negative cells in the bot-
tom 50 mm of each unit. In addition, we counted MIST1þ

cells in Mist1CreER/þ; Sox9fl/þ and Mist1CreER/þ; Sox9fl/fl an-
imal after LD/HD treatment. We counted at least 74 units
per animal, 4 mice for each condition. Mist1CreER/þ; Sox9fl/fl

animals had increased levels of MIST1þ cells per unit (3.0
compared with 1.4; P < .05 by unpaired t test). Overall, the
injury experiments showed that loss of Sox9 impaired
downscaling of differentiated chief cell gene expression,
induction of metaplastic gene expression, and cell-cycle
entry.
Discussion
Our findings highlight Sox9 as a master regulator of

mucous neck cell identity. There is little known about the
genes and signaling pathways that control the specification
of glandular stomach lineages. During early development,
Gata4 is the master regulator of glandular stomach identity.
In the absence of Gata4, endoderm in the stomach region
adopts a forestomach-like, squamous, rather than glandular,
fate; thus, Gata4 controls access to all normal epithelial cell
lineages in the corpus and antrum.32 Our findings suggest
that Sox9 acts downstream of Gata4, allowing access to the
mucous neck cell lineage in corpus units. Spdef is important
for deep antral mucous cells, but appears dispensable for
mucous neck cells in the corpus.33 Similar regulating genes
for the enteroendocrine lineages also have been identified,
such as Ngn334,35 and Ascl1.36 There is still no known
gene(s) involved in the specification of the pit, parietal, and
chief cell lineages. Other transcription factors such as
Hnf4a,37 Xbp1,38 Mist1,29 Foxq1,39 and Klf421,22 have been
implicated in the maturation of gastric lineages, but do not
appear to regulate specification, with the possible excep-
tion of Klf4, which does seem to regulate overall fate
allocation even if not being entirely required for a specific
lineage choice. We also observed consistent loss of parietal
cells, to varying degrees, in Sox9-deficient units. It remains
Figure 5. (See previous page). Relative to postnatal misexpre
expansion of mucous cell features. (A) Anti-SOX9 shows that
units. (B) SOX9 expression in Fgf20SOX9ME animals. In a subset
H&E shows that Fgf20SOX9ME units (D, D`) have altered base mor
(C, C`). (E–N) Immunohistochemistry to detect representative ma
G) Compared with control animals, Fgf20SOX9ME animals have
lectin and (H) TFF2, extended in the base region, although less si
Similar to postnatal tissue, CD44v was not expressed in the
expression, we observed marked expression of CD44v throug
marks all corpus base regions in control animals. (L) After adult
cells. (M and N) Adult Sox9 misexpression does not alter the pro
restricted to the isthmus region similar to controls. (O) Analysi
animals treated with doxycycline for 2 weeks compared to con
bulk RNA-seq from adult Fgf20SOX9ME and control animals: The
gene. Blue dots, red dots, and black dots represent down-reg
entially expressed genes, respectively. A total of 150 genes
Fgf20SOX9ME compared with controls, with the thresholds of log
0.05. (P) Heatmap (normalized transcripts per million) of 15 diff
false discovery rate, <0.05) found in our RNA-seq. We detected
(Cd44, Clu, and Cftr) and tuft-cell–associated (Dclk1, Trpm5, and
mm, (C’ and D’) 10 mm. P-val, P value.
unclear, however, how the loss of Sox9 impacts the pari-
etal cell lineage. Future experiments might be able to
decipher between: (1) SOX9 being directly involved in
differentiation from stem cells through bipotent isthmal
progenitors that give rise to mucous neck and parietal
cells; or (2) loss of parietal cells occurring indirectly
owing to loss of mature mucous neck cells. In any case, it
would seem that SOX9 is not involved in the maturation of
parietal cells because although they are rare in Sox9-
deficient units, they do still arise, and, when they are
present, they appear morphologically normal and fully
mature (Figure 3).

In tissues such as the stomach and pancreas, the
recruitment of terminally differentiated cells to partici-
pate in repair is an essential component of tissue ho-
meostasis. Our findings highlight that Sox9 is an essential
mediator of chief cell recruitment to proliferating SPEM
cells after acute gastric injury. Not only was Sox9 neces-
sary for the morphologic and cell identity changes that
occur after injury, but also for the cell-cycle recruitment of
chief cells. These observations are consistent with our
previous findings that the recruitment of chief cells after
acute injury follows an ordered process, which we have
termed paligenosis. In those previous findings, we
observed that downscaling mature chief cell machinery
(through autodegradative pathways) preceded adopting
SPEM cell identity (mucinous expression characteristics),
which in turn preceded cell-cycle entry.4,40,41 Through
treatment with pathway inhibitors and target genetic
tools, we determined that blocking early steps in this
transformation prevented subsequent behaviors. Given
that Sox9-deficient chief cells fail to lose their differenti-
ated architecture, do not adopt the SPEM cell gene
expression identity, and do not begin to proliferate, we can
conclude that SOX9 must be required at the earliest stages.
Perhaps Sox9 can participate in both downscaling (which
involves induction of lysosomes and autophagic path-
ways) and adopting SPEM cell identity, leading to a sub-
sequent robust block in cell-cycle entry. Of note, adult
ssion, adult misexpression of Sox9 causes less-dramatic
SOX9 is largely restricted to the neck region of adult corpus
of adult units, SOX9 is expressed from pit to base. (C and D)
phology with reduced cell size compared with control animals
rkers of gastric lineages with hematoxylin counterstain. (E and
expanded expression of mucous neck cell markers (F) GS-II
gnificantly compared with postnatal misexpression of Sox9. (I)
corpus during homeostasis. (J) However, after Sox9 mis-

hout the pit and neck, but not the base. (K) MIST1 strongly
Sox9 misexpression, MIST1 expression is maintained in chief
liferative center of the unit because Ki67-positive cells are still
s of RNA-seq data from whole adult corpus of Fgf20SOX9ME

trol animals. Volcano plot generated from the comparison of
log2 fold change indicates the mean expression level for each
ulated genes, up-regulated genes, and insignificantly differ-
were up-regulated, and 46 genes were down-regulated in

2 fold change greater than 1 and false discovery rate less than
erentially expressed genes of interest (log2 fold change, >1;
significant up-regulation of Sox9 and a subset of metaplasia
Siglecf) markers in Fgf20SOX9ME animals. Scale bars: (A–N) 20
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chief cells misexpressing Sox9 were reminiscent of chief
cells after acute injury because these chief cells had
downscaled cytoplasm and expression of mucous genes.
However, SOX9 did not induce cells to enter the cell cycle.
We could speculate that SOX9 thus is sufficient to induce
the first 2 stages of paligenosis (downscaling and
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mucinous/SPEM gene expression), but not the final stage
(cell-cycle re-entry).

Thus, SOX9 plays a critical role both in normal mucous
neck cell differentiation and cell transformation into
SPEM. Further investigation will be required to identify
Sox9 target genes that are induced after injury to facilitate
full downscaling of chief cells and initiation of SPEM cell
identity. In addition, it will be important to investigate
mechanisms that regulate Sox9 after injury, such as by the
immune system or by the tissue environment. Further
study could help us identify targetable pathways that can
block or reverse mucinous metaplasia in the stomach by
interfering with or preventing the function or induction of
Sox9.

Material and Methods
Mice and Reagents

Animal experiments followed protocols approved by the
Washington University School of Medicine Animal Studies
Committee. The mouse allele Sox9-flox (Sox9fl/fl),42 TetO-
Sox9,43 ROSA26-rtTA.IRES.EGFP (ROSA26rtTA.IRES.EGFP),44

ROSA26-tdTomato (Ai9; ROSA26tdTomato),45 Mist1-CreER
(Mist1CreER),46 Fgf20-CreGFP (Fgf20Cre.GFP),19 Fgf20-LacZ
(Fgf20LacZ),20 and TxA2317 were described previously. All
mouse experiments were conducted with at least 3 animals
per condition unless otherwise noted, with animals from
both sexes used. To induce gene deletion but not gastric
injury, tamoxifen (1 mg/20 g body weight; Toronto
Research Chemicals) was injected intraperitoneally for 7
consecutive days. To cause acute gastric injury, tamoxifen
(5 mg/20 g body weight) was injected intraperitoneally
for 2 consecutive days.15,31 Tamoxifen was dispersed in
100% ethanol by sonication and then emulsified in
Figure 6. (See previous page). Loss of Sox9 in gastric chief
(A–H) Eight-week-old control and Fgf20Cre.GFP/þ; Sox9fl/fl mice
SPEM formation. (A) In control animals, SOX9 expression expa
lectin and (E) TFF2 expand in the base regions marking SPEM, a
by the broad expression of Ki67 after injury. (B) In Fgf20Cre.GFP/

SOX9. These Sox9D/D units have significantly reduced expressio
Although the neck region of Sox9D/D units are recruited to
Representative histology of (I) Mist1CreER/þ; Sox9fl/þ and (J) Mist
of LD tamoxifen treatment. LD tamoxifen treatment does not lea
staining for nuclei (DRAQ5, blue), tdTomato (mCherry antibody, w
green), and GIF (chief cell marker, red) in Mist1CreER/þ; ROSA2
treatment, recombination of the ROSA26tdTomato allele in Mis
chief cells at the base of corpus units. (L) To induce acute inju
tamoxifen for 7 consecutive days followed by a week of rest. M
to induce injury. Recombination of the ROSA26tdTomato allele in
ically in the base region of injured corpus units. (M-R) Eight-we
high-dose tamoxifen treatment. In control animals, tamoxifen-
lectin, and (Q) Ki67 in the base region of corpus units. In Mis
treatment, have corpus bases with reduced (N) SOX9 expressio
larger, complex architecture and overall have a morphology m
have reduced cell-cycle entry, as shown by the lack of Ki67 pos
cycle entry, we counted Ki67-negative cells in the bottom 50 um
animals. Mist1CreER/þ; Sox9fl/fl animals have significantly increa
animals. Smaller dots are individual counts (glands) per color-co
mice, and error bars are the SEM. ***P < .001, ****P < .0001. S
sunflower oil (Sigma-Aldrich), 9:1 (oil:ethanol). Doxycy-
cline (Sigma-Aldrich) was administered in drinking water,
2 mg/mL. Table 1 lists the primary antibodies used in this
study.
Imaging
Mouse tissues, immunofluorescence, immunohisto-

chemistry, and X-gal (5-Bromo-4-Chloro-3-Indolyl b-D-
Galactopyranoside)staining were prepared as previously
described.4,47 Immunofluorescence images were taken on
a Nikon Eclipse Ti2 Confocal Microscope. Bright-field
images were taken on a Nikon Eclipse 80i. Immunofluo-
rescent and Immunohistochemistry images were ac-
quired and analyzed with the NIS-Element software
package suite (Nikon) and Photoshop (Adobe). For ul-
trastructural analysis, tissue samples were fixed in 2%
paraformaldehyde/2.5% glutaraldehyde (Ted Pella) in
100 mmol/L cacodylate buffer, pH 7.2, for 1 hour at
room temperature, and then overnight at 4�C. Samples
were washed in cacodylate buffer and postfixed in 1%
osmium tetroxide (Ted Pella) for 1 hour. Samples then
were rinsed extensively in dH2O before en bloc staining
with 1% aqueous uranyl acetate (Ted Pella) for 1 hour.
After several rinses in dH2O, samples were dehydrated in
a graded series of ethanol and embedded in Eponate 12
resin (Ted Pella). Sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems),
stained with uranyl acetate and lead citrate, and viewed
on a JEOL 1200 EX II transmission electron microscope
(JEOL USA) equipped with an AMT 8-megapixel digital
camera (Advanced Microscopy Techniques). Individual
high magnificaiton images were stitched together using
Photoshop to generate full-unit images.
cells prevents the acquisition of key metaplasia features.
after high-dose tamoxifen treatment stained for markers of
nds to the base regions of corpus units after injury. (C) GS-II
nd the entire gland gets recruited to the cell cycle, (G) as seen
þ; Sox9fl/fl mice after injury, a subset of units completely lack
n of (D) GS-II and (F) TFF2 in the neck and base regions. (H)
the cell cycle, base regions show reduced Ki67 positivity.
1CreER/þ; Sox9fl/fl corpus tissue stained with H&E after 1 week
d to atrophy or metaplasia induction. (K) Immunofluorescence
hite; ROSA26tdTomatO), GS-II lectin (mucous neck cell marker,

6tdTomato/þ mice after LD treatment only. After only low-dose
t1CreER/þ; ROSA26tdTomato/þ mice was restricted to mature
ry after gene deletion, mice were first treated with low-dose
ice then were treated with 2 doses of high-dose tamoxifen
Mist1CreER/þ; ROSA26tdTomato/þ mice is still enriched specif-
ek-old control and Mist1CreER/þ; Sox9fl/fl mice after low-dose/
induced injury causes the expansion of (M) SOX9, (O) GS-II
t1CreER/þ; Sox9fl/fl mice, after low-dose/high-dose tamoxifen
n and (P) GS-II lectin reactivity. These bases retain cells with
ore similar to control pre-injury bases. (Q) Base regions also
itivity in corpus base regions. To quantify the reduction in cell-
of at least 60 units in control and treatedMist1CreER/þ; Sox9fl/fl

sed numbers of Ki67-negative cells compared with control
ded mouse replicate. Bold dots are the means of the individual
cale bars: 20 mm. TAM, Tamoxifen.



Table 1.Antibodies and Reagents for Immunohistochemistry and Immunofluorescence

Antibody Company Catalog number Concentration

SOX9 Millipore AB5535 1:2000 (IHC) 1:500 (IF)

KLF4 R&D Systems AF3640 1:2000 (IHC) 1:500 (IF)

Chromogranin A DAKO M0869 1:250 (IHC)

GIF Invitrogen MA5-36032 1:1000 (IHC) 1:200 (IF)

TFF2 Abcam ab49526 1:250 (IHC)

GS-II Vector Labs B-1215-2 1:2000 (IHC) 1:500 (IF)

mCherry Abcam ab167453 1:500 (IF)

DAPI Sigma D9542 1:20,000 (IF)

DRAQ5 Cell Signaling 4084 1:20,000 (IF)

Ki67 Abcam ab15580 1:500 (IHC) 1:200 (IF)

CD44v Cosmo Bio CAC-LKG-M002 1:200 (IHC)

MIST1 Cell Signaling 14896 1:1000 (IHC)

ATP4B Abcam ab176992 1:1000 (IHC)

DAPI, 40,6-diamidino-2-phenylindole; DRAQ5, 1,5-bis{[2-(di-methylamino) ethyl]amino}-4, 8-dihydroxyanthracene-9,10-dione;
IHC, immunohistochemistry.
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scRNA-seq and RNA-seq
Uniform manifold approximation and projection (UMAP)

and violin plots were generated using previously published
data and methods as described by Bockerstett et al.14 Raw
data sets can be downloaded from the National Center for
Biotechnology Information BioSample website under the
following accession numbers: BALBc SAMN13152839, TAM
SAMN13152841, and TXA23 SAMN13152840. Briefly, raw
data sets were mapped to a reference mouse genome using
the CellRanger 6.0.2 pipeline (10x Genomics), then pro-
cessed using Seurat to filter low-quality cells, normalize,
scale, and integrate data sets. After identifying cluster
identities, log-normalized per cell Sox9 expression was
measured using the VlnPlot function. Library preparation
for bulk RNA-seq was performed with 500 ng to 1 ug of total
RNA. Ribosomal RNA was removed by an RNase-H method
using RiboErase kits (Kapa Biosystems). Messenger RNA
was reverse-transcribed to yield complementary DNA
(cDNA) using SuperScript III reverse transcriptase (Life
Technologies) and random hexamers. A second-strand re-
action was performed to yield ds-cDNA. cDNA was blunt-
ended, had an A base added to the 3’ ends, and then had
Illumina sequencing adapters ligated to the ends. Ligated
fragments then were amplified for 12–15 cycles using
primers incorporating unique dual index tags. Fragments
were sequenced on an NovaSeq-6000 (Illumina) using
paired-end reads extending 150 bases. Quality control of the
RNA-seq reads was performed using FastQC v.0.10. RNA-seq
reads were mapped to the reference transcriptome and
quantified to GRCm38 (Ensembl release 102) transcriptome
using Salmon v.1.8.0. Differential gene expression was
analyzed using the R package, edgeR.48 Before the analysis,
we filtered the data by excluding genes with the lowest
count per million based on the default setting of edgeR. The
purpose of the filtering was to remove genes from the total
data set that have little or no chance of showing significant
evidence of differential expression while simultaneously
increasing the detection power with a similar false discov-
ery rate.49 Genes with a false discovery rate less than 0.05
and log2-fold change greater than 1 were identified as
differentially expressed genes. A heat map of results was
generated using ComplexHeatmap 2.12.1. Raw data sets for
RNA-seq can be downloaded from the National Center for
Biotechnology Information GEO database: GSE230101.
Quantification and Statistics
For Ki67 quantification, the bottom 50 mm of at least 60

individual unit bases in 20� fields of view were counted
from each animal. Statistics for Ki67 counts were performed
by analysis of variance. Statistically significant differences
among various conditions in analysis of variance were
determined via the Tukey post hoc tests (for multiple
crosswise comparisons of means). For MIST1 quantification,
total MIST1þ cells were counted per unit, and statistics
were calculated using an unpaired t test.
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