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Spatiotemporal dynamics of lineage-specific  
epithelial maturation in the developing mouse stomach
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ABSTRACT	 At birth, the gastric epithelium is immature and progressively matures during postnatal 
development to establish adult tissue architecture and function. Although this process has been inves-
tigated at functional, proteomic and transcriptomic levels, the precise temporal and spatial dynamics by 
which individual epithelial lineages initiate differentiation, exit proliferative states and establish adult 
homeostasis remain incompletely understood. Here, we performed a comprehensive immunofluores-
cence analysis of the mouse stomach from mid-gestation through adulthood, examining fetal markers, 
lineage-specific functional epithelial markers, and the proliferation marker KI67. By integrating functional 
epithelial marker expression with proliferative status, we delineated distinct maturation trajectories 
for pit, parietal, and chief cell lineages. Notably, parietal and chief cells exhibited a robust proliferative 
phase from late gestation to early postnatal stages, followed by a marked decline in proliferative activ-
ity, whereas pit cells showed the emergence of proliferative progenitors primarily during later postnatal 
stages. Moreover, we identified region-specific differences in the timing of maturation between the 
corpus and the antrum. Together, our study establishes a spatiotemporal in situ atlas of gastric epithe-
lial maturation and provides a framework for understanding lineage- and region- specific mechanisms 
governing postnatal gastric development.
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Introduction

The mouse glandular stomach is composed of two regions, the 
corpus and the antrum. The corpus glands contain a diverse array 
of epithelial cell lineages, including acid-secreting parietal cells, 
enzyme-secreting chief cells, mucus-producing pit and neck cells, 
and several endocrine cell types, whereas the antrum glands con-
tain few parietal and chief cells (Kim and Shivdasani, 2016). As in 
humans, differentiation of these epithelial cells begins before birth, 
with the expression of lineage-specific mature functional markers 
detectable in late gestation (McCracken et al., 2017; Walthall et al., 
2005; Willet and Mills, 2016). Nevertheless, the newborn stomach 
remains highly immature, characterized by short length of gastric 
glands and the epithelial cells that retain fetal-like morphology. 
After birth, the glands elongate and the numbers of functional 
epithelial cells progressively increase as the stomach undergoes 
structural and functional maturation (Keeley and Samuelson, 2010).

Previous histological, proteomic, and transcriptomic studies 
have demonstrated that the stomach undergoes a major functional 
transition during the suckling-to-weaning period, when dietary intake 
shifts from milk to solid food around three weeks after birth. This 
transition is accompanied by marked changes in the functional 
components of gastric epithelium. For example, the expression 
of prochymosin, a pepsinogen involved in milk-clotting activity 
(Kageyama, 2002; Yoneda et al., 2001), is high from late gestation 
through early postnatal stages but declines by approximately three 
weeks after birth (Li et al., 2018). Similarly, the fatty acid recep-
tors GPR84 and GPR120, which are implicated in sensing high-fat 
content of maternal milk, are highly expressed during the suckling 
period and then decrease during weaning (Widmayer et al., 2017). 
In contrast, mature functional markers, including the chief-cell-
derived pepsinogen PGC and the parietal-cell-specific proton pump 
subunits ATP4A and ATP4B, are sharply upregulated around three 
weeks after birth (Li et al., 2018), coinciding with a pronounced 
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increase in mature chief and parietal cell numbers (Keeley and 
Samuelson, 2010). These observations indicate that differentia-
tion and maturation of gastric epithelial cells accelerate markedly 
during the weaning period. However, emerging evidence suggests 
that postnatal maturation does not proceed uniformly across all 
gastric epithelial lineages. For example, recent transcriptomic 
profiling of mucus-secreting pit cells has revealed multiple discrete 
postnatal transitions at weeks 1–2, 2–3, and 3–4, characterized 
by stepwise changes in gene expression, suggesting that pit cells 
follow a maturation program distinct from those of other gastric 

epithelial lineages (Wei et al., 2023). Despite these insights, the 
detailed timing and sequence by which each functional epithelial 
lineage initiates, progresses and completes differentiation and 
maturation have not been fully clarified.

In addition to differentiation, precise regulation of epithelial 
proliferation is essential for proper gastric development. In the 
adult corpus, KI67-positive proliferating stem cells are confined 
to the isthmus region, where they differentiate into pit, neck, and 
parietal cells and thereby maintain epithelial homeostasis (Han et 
al., 2019; Matsuo et al., 2021). In contrast, during mid-gestation, 
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Fig. 1. Spatiotemporal expression of 
SOX9 and SOX2 in the corpus and 
antrum. (A–D) Representative immu-
nofluorescence images showing SOX9 
(green) and SOX2 (red) expression, with 
nuclei counterstained with DAPI (blue). 
(A,B) Embryonic expression in the cor-
pus (A) and antrum (B). (C,D) Postnatal 
expression in the corpus (C) and antrum 
(D). Images are representative of n = 3 
embryos or mice per stage. Scale bars, 
100 μm. E, embryonic day; P, postnatal 
day; W, week. This convention is used 
throughout for all figures. (E) Comparison 
of epithelial length between the corpus 
and the antrum. At early developmental 
stages before gland formation, epithelial 
thickness was measured at seven posi-
tions per embryo, whereas gland length 
was measured in seven glands per mouse 
at later stages (n = 3 embryos or mice 
per stage). Statistical analysis was per-
formed using two-way ANOVA followed 
by Šídák’s multiple comparisons test. ns, 
not significant; *, p < 0.05; **, p< 0.01; ***, 
p< 0.001; ****, p< 0.0001.
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KI67-positive cells are broadly distributed throughout the gastric 
epithelium (Kim et al., 2011). Even during the suckling-to-weaning 
period when differentiation of multiple lineages is ongoing, KI67-
positive cells are not yet confined to the isthmus region, but remain 
widely distributed along the glands (Mesquita da Silva et al., 2021). 
However, it remains unclear how the timing of loss of proliferative 
activity relates to the onset of lineage-specific functional marker 
expression during these developmental stages.

Here, we performed comprehensive immunofluorescence 
analysis of fetal and lineage-specific functional epithelial markers 
in the stomach from mid-gestation to adulthood, in combination 
with a proliferation marker KI67. By mapping the onset of lineage 
marker expression, the downregulation of fetal markers, and the 
temporal dynamics of proliferative activity within lineage-positive 
cells, we identified distinct developmental sequences across pit, 
parietal, chief, and endocrine cell lineages. Moreover, we found 
region-specific differences in maturation between the corpus and 
the antrum. Together, these analyses establish a spatiotemporal 
framework for lineage- and region-specific development of the 
gastric epithelium from fetal, postnatal to adult stages.

Results

Fetal marker expression in the developing stomach
SOX2 and SOX9 are transcription factors prominently expressed 

in the embryonic gastric epithelium and serve as key regulators 
of epithelial growth and differentiation. SOX2 is essential for 
gastric growth, as evidenced by the reduced stomach size in 
SOX2-deficient mice (Francis et al., 2019; Teramoto et al., 2020), 
while SOX9 deletion leads to the absence of neck cells in the adult 
stomach (Willet et al., 2023). In our immunostaining analysis, both 

SOX2 and SOX9 were detectable in epithelial cells of corpus and 
antrum as early as E12.5 (Fig. 1 A,B). Interestingly, from E14.5 
onward, SOX2 and SOX9 exhibited opposing yet non-exclusive 
expression gradients along the gland axis in both corpus and an-
trum: SOX2 was enriched in the luminal side, whereas SOX9 was 
mainly detected in the bottom of the developing gastric glands 
(Fig. 1 A,B and Fig. S1). This complementary expression pattern 
was transient in the corpus: SOX2 expression weakened after 
P7, while SOX9 expression at the gland base diminished after P7 
and subsequently shifted toward the middle part of the glands 
(Fig. 1C). In contrast, the antrum maintained this complementary 
expression pattern up to 10 weeks, although SOX2 expression at 
the gland surface became attenuated from P7 (Fig. 1D). Notably, 
during embryonic development, the antral epithelium tended to be 
thicker than that of the corpus, reaching statistical significance at 
multiple mid-to-late embryonic stages, and also exhibited earlier 
formation of immature gland-like structure at E14.5, although the 
corpus ultimately develops longer glands than the antrum in the 
adult stomach tissue (Fig. 1E).

Cytokeratin-7 (CK7), a fetal marker of the human and mouse 
gastric epithelium (Kirchner et al., 2001; Sankoda et al., 2021), was 
detectable in the corpus epithelium as early as E12.5, followed by 
partial reduction at P2 (Fig. 2 and Fig. S2). From P7 onward, CK7 
expression was restricted to a small subset of epithelial cells. In 
the antrum, CK7 was also detected at E12.5; however, unlike in 
the corpus, CK7 expression persisted in the upper and intermedi-
ate regions of the glands until adulthood, while being lost at the 
gland base from P2 onward.

Collectively, these findings revealed that the fetal-to-adult tran-
sition, as reflected by the decline of fetal type markers, occurs 
between P2–P14 in the corpus. In contrast, the antrum retains the 
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Fig. 2. Spatiotemporal ex-
pression of CK7 in the cor-
pus and antrum. Represen-
tative immunofluorescence 
images showing CK7 (red). 
Nuclei were counterstained 
with DAPI (blue). Images 
are representative of n = 3 
embryos or mice per stage. 
Scale bars, 100 μm.
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expression of fetal markers, implying the presence of region-specific 
maturation programs in the developing stomach.

Differentiation and maturation of surface pit cells
Previous proteomics and transcriptomic studies have shown a 

developmental transition in mucin expression in surface pit cells: 
an embryonic pit cell-associated mucin MUC5B is expressed from 
E17.5 to P14, whereas an adult pit cell-associated mucin MUC5AC 
becomes upregulated from P21 (Li et al., 2018; Wei et al., 2023). Our 
immunofluorescence analysis showed that MUC5B was expressed 
in the most superficial epithelial cells of both the corpus and antrum 
from E16.5 (Fig. 3A and Fig. S3). MUC5B became undetectable by 
P14 in the antrum and by P21 in the corpus, demonstrating faster 
maturation of the antrum pit cells. In parallel, GKN2, a mature pit 

cell marker, emerged at E17.5 in the antrum and at P0 in the cor-
pus, marking the onset of mature pit cell maturation (Fig. 4A and 
Fig. S4). Thus, both the decline of MUC5B and the onset of GKN2 
expression occurred earlier in the antrum glands.

In the adult stomach, rapid pit cell turnover is associated with 
the presence of proliferating pit cell progenitors at the isthmus 
region, which exhibit nuclear KI67 expression together with apical 
GKN2 expression (Fig. 4A, 10W, orange arrowheads). Therefore, 
we next examined the emergence and dynamics of proliferating 
pit cell populations during development. KI67+/MUC5B+ cells 
were observed at E16.5–E18.5 and were absent at later stages, 
indicating that proliferating fetal-type pit cells are restricted to very 
late fetal phase (Fig. 3 A,B). Notably, because MUC5B expression 
at E16.5 was variable and undetectable in one of three embryos, 
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Fig. 3. Spatiotemporal ex-
pression of MUC5B and 
KI67 in the corpus and an-
trum. (A) Representative im-
munofluorescence images 
showing MUC5B (green) 
and KI67 (white) expression. 
Nuclei were counterstained 
with DAPI (blue). Images 
are representative of n = 3 
embryos or mice per stage. 
Orange arrowheads indicate 
MUC5B+ cells. Scale bars, 100 
μm. Boxed regions (orange) 
indicate areas shown as 
enlarged views in the cor-
responding panels labeled as 
“Enlarged”. This convention is 
used throughout all figures. 
Brightness and contrast 
of MUC5B channel were 
adjusted uniformly across 
all images for clarity. (B) 
Percentage of KI67-positive 
cells among MUC5B-positive cells in the corpus (left) and antrum (right). E16.5 was excluded from quantitative analysis because MUC5B expression 
was undetectable in one of three embryos, although KI67+/MUC5B+ cells were detected in MUC5B-positive samples. At stages where MUC5B+ cells were 
present, but no KI67+/MUC5B+ cells were detected, the proportion was plotted as 0. Each data point represents quantification from a single representative 
image per mouse (n = 3 mice per stage). Data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA followed by Tukey’s 
multiple comparisons test. Groups not sharing the same letter are significantly different (p < 0.05).
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this stage was excluded from quantitative analysis. In contrast, 
KI67+/GKN2+ cells were not detected between P0 and P7 but first 
appeared by P14 at the isthmus in both the corpus and antrum 
(Fig. 4 A,C), coinciding with an increase in the number of GKN2+ 
cells per gland (Fig. 4B). These findings suggest that adult-type 
pit cell renewal activity is established by P14.

These findings indicate that surface pit cells undergo an em-
bryonic-to-adult transition characterized by a transient presence 
of fetal-type proliferating progenitor cells during late fetal stages, 
followed by a postnatal period lacking proliferative pit cell pro-
genitors, and subsequently the emergence of proliferating GKN2+ 
progenitors at the isthmus by P14 (Fig. 3, 4, 10).
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Fig. 4. Spatiotemporal expression of GKN2 and KI67 in the corpus and antrum. (A) Representative immunofluorescence images showing GKN2 (red) and 
KI67 (green) expression. Nuclei were counterstained with DAPI (blue). Images are representative of n = 3 embryos or mice per stage. White arrowheads 
indicate weakly GKN2+ cells at P0 in the corpus and E17.5 in the antrum. Orange arrowheads indicate KI67+/GKN2+ cells. Scale bars: 100 μm. (B) Devel-
opmental changes in the number of GKN2+ cells per gland. (C) Percentage of KI67-positive cells among GKN2-positive cells. GKN2+ cells were present 
but no KI67+/GKN2 + cells were detected; the proportion was thus plotted as 0. For (B) and (C), each data point represents the mean of seven glands per 
mouse (n = 3 mice per stage). Data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple 
comparisons test. Groups not sharing the same letter are significantly different (p < 0.05).
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Differentiation and maturation of parietal cells
Upon food intake, the adult stomach secretes gastric acid from 

parietal cells, resulting in a low intragastric pH. In contrast, the 
neonatal stomach exhibits a relatively high pH, which gradually 
decreases during postnatal development (Walthall et al., 2005; 
Yoneda et al., 2001). In our analysis, ATP4B, a parietal-specific 
proton pump subunit, was weakly detectable at E15.5 and be-
came clearly visible by E16.5 (Fig. 5A and Fig. S5). The number 
of ATP4B+ cells increased markedly at P14 (Fig. 5C), indicating 
substantial expansion of the parietal cell population postnatally. 

In adult gastric tissue, parietal cells exhibit a slow turnover 
rate of approximately 54 days (Karam, 2010), and accordingly, 
KI67+/ATP4B+ cells were rarely observed. In contrast, our analysis 
revealed that around 60% of ATP4B+ cells express KI67 at E15.5, 
indicating that they are in a proliferative and immature state at 
this stage (Fig. 5D). The proportion of KI67+/ATP4B+ cells declined 
significantly at P14 (Fig. 5D), showing the maturation toward an 
adult-type homeostatic state. Because SOX9 is broadly expressed 
in embryonic gastric progenitors (Fig. 1A), we next examined 
the proportion of SOX9+/ATP4B+ cells as an additional indicator 
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Fig. 5. Spatiotemporal expres-
sion of ATP4B, KI67, and SOX9 
in the corpus.  (A) Representa-
tive immunofluorescence im-
ages showing ATP4B (red) and 
KI67 (green) expression. (B) 
Representative immunofluores-
cence images showing ATP4B 
(white) and SOX9 (green) ex-
pression. For (A) and (B), nuclei 
were counterstained with DAPI 
(blue). Images are representa-
tive of n = 3 embryos or mice per 
stage. Scale bars: 100 μm. Yel-
low arrowheads indicate KI67+/
ATP4B+ cells (A) and SOX9+/
ATP4B+ cells (B). (C) Develop-
mental changes in the number 
of ATP4B+ cells per gland. Each 
data point represents the mean 
of seven glands per mouse (n = 3 
mice per stage). (D) Percentage 
of KI67-positive cells among 
ATP4B-positive cells. Each data 
point represents the mean of 
seven glands per mouse (n = 3 
mice per stage). (E) Percentage 
of SOX9-positive cells among 
ATP4B-positive cells. Each data 
point represents quantification 
from a single representative im-
age per mouse (n = 3 mice per 
stage). For (C–E), data are pre-
sented as mean ± SD. Statistical 
analysis was performed using 
one-way ANOVA followed by 
Tukey’s multiple comparisons 
test. Groups not sharing the 
same letter are significantly 
different (p < 0.05).
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of parietal cell immaturity. More than half of ATP4B+ cells coex-
pressed SOX9 at E15.5 (Fig. 5 B,E), and this proportion declined 
sharply by P7, preceding the reduction in KI67+/ATP4B+ cells. 

Adult parietal cells have been proposed to arise from multiple 
progenitor populations, including pre-pit cells, pre-neck cells, 
and isthmus stem cells (Karam and Leblond, 1993; Kataoka and 
Sakano, 1984). To examine one aspect of this multilineage con-
tribution, we focused on pre-pit derived parietal cells, identified 
by coexpression of ATP4B and the pit cell marker GKN2 (Fig. 6A 
and Fig. S6). These double-positive cells first appeared at P14 
and persisted through 10 weeks (Fig. 6 A,B), indicating that pre-
pit–derived parietal cell differentiation is initiated by P14. 

Taken together, these findings indicate that parietal cell dif-
ferentiation is initiated prenatally with the emergence of ATP4B+ 
cells, followed by a robust proliferative phase dominated by KI67+/
ATP4B+ cells through early postnatal stages (Fig. 10). This phase 
is subsequently followed by a marked decline in the proportion of 
KI67+/ATP4B+ by P14, coinciding with the onset of multilineage 
contribution to the parietal cell population, as exemplified by the 
emergence of pre-pit–derived cells.

Differentiation and maturation of chief cells
In mice, chief cells secrete gastric intrinsic factor (GIF), which 

is required for vitamin B12 absorption (Alpers and Russell-Jones, 
2013; Shao et al., 2000), as well as pepsinogen C (PGC), the pre-
dominant pepsinogen in the adult stomach. Our immunofluores-
cence analysis showed that GIF expression was first detected at 
the base of corpus glands at E17.5 (Fig. 7A and Fig. S7), and the 
number of GIF+ cells significantly increased at P14 (Fig. 7C). At 

E17.5, approximately 50% of GIF+ cells coexpressed KI67, which 
express GIF at lower levels, suggesting that a substantial fraction 
of GIF-expressing cells were in a proliferative and immature state 
(Fig. 7D). The proportion of KI67+/GIF+ cells declined significantly 
at P21 (Fig. 7D), suggesting the postnatal maturation of the chief 
cell lineage. In addition, more than 80% of GIF+ cells coexpressed 
SOX9 at E17.5, further supporting their immature status, and this 
SOX9+/GIF+ population was markedly reduced by P21 (Fig. 7B,E). 

PGC expression was first detected at the gland base from 
E16.5 and persisted only limited number of PGC+ cells until 
P0 (Fig. 8A and Fig. S8). PGC expression became transiently 
undetectable at P2 and P7, but reappeared by P14. By P21, PGC 
expression extended from the neck region to the gland base, a 
pattern similar to that observed in adult corpus glands (Fig. 8A), 
and this spatial change coincided with a significant increase in 
the number of PGC+ cells (Fig. 8B). At E16.5, approximately 70% 
of PGC+ cells are KI67+, and this proportion declined significantly 
by P28 (Fig. 8C).

These findings indicate that chief cell differentiation is initiated 
prenatally by E16.5, followed by a distinct early postnatal phase 
characterized by transient loss of PGC expression, and subse-
quently by a postnatal expansion associated with proliferative 
immature cells after P7, ultimately culminating in an adult-type 
homeostatic state with reduced proliferative activity (Fig. 10).

Differentiation of endocrine cells
The gastric epithelium contains five major endocrine cell types 

that secrete gastrin, somatostatin, ghrelin, histamine, and serotonin. 
Among these, gastrin-secreting G cells, which stimulate gastric 
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acid secretion, are observed in the antrum. In our analysis, gastrin 
(GAST) expression was first detected at E14.5, preceding the ap-
pearance of other functional epithelial cell markers (Fig. 9A and 
Fig. 10). Previous studies have suggested that gastrin promotes 
epithelial proliferation and parietal cell differentiation (Jain and 
Samuelson, 2006; Koh et al., 1997); therefore, its very early onset 
of expression may reflect a broader developmental role for gastrin 
during embryogenesis. Other endocrine lineage makers showed 
later onset; somatostatin (SST), which suppresses gastric acid 
secretion, was detected in the corpus by E17.5 (Fig. 9B and Fig. 

S9A), while ghrelin (GHRL), an appetite-regulating hormone, was 
detected by E16.5 (Fig. 9C and Fig. S9B). The number of GAST+, 
SST+, and GHRL+ endocrine cells per gland increased significantly 
by P14 (Fig. 9 D–F).

In contrast to other functional epithelial lineages including 
ATP4B+ parietal cells and PGC+ chief cells, endocrine cells showed 
no detectable overlap between hormone expression and cell-cycle 
activity. KI67+/GAST+, KI67+/SST+ and KI67+/GHRL+ cells were not 
observed at any developmental stages examined, from embryonic 
to adult tissue. These findings suggest that endocrine cells exit 
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Fig. 7. Spatiotemporal expres-
sion of GIF, KI67 and SOX9 in 
the corpus.  (A) Representative 
immunofluorescence images 
showing GIF (red) and KI67 
(green) expression. (B) Repre-
sentative immunofluorescence 
images showing GIF (green) 
and SOX9 (white) expression. 
For (A) and (B), nuclei were 
counterstained with DAPI (blue). 
Images are representative of n 
= 3 embryos or mice per stage. 
Scale bars: 100 μm. Orange 
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cells (B). (C) Developmental 
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cells per gland. Each data point 
represents the mean of seven 
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positive cells. Each data point 
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represents quantification from a 
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the cell cycle upon acquisition of functional hormone expression, 
which is distinct from other epithelial cell lineages that exhibit 
transient populations of KI67+ cells co-expressing terminal dif-
ferentiation markers.

Discussion

Postnatal maturation of the stomach, which coincides with the 
transition from milk ingestion to solid food intake, has been well 
documented in both humans and mice. However, the detailed cel-
lular events underlying this developmental transitions, particularly 
at the level of individual epithelial lineages, remain incompletely 
understood. In this study, through systematic immunofluores-
cence analysis across embryonic, postnatal, and adult stages, 
we visualized the temporal and spatial sequence through which 
each epithelial lineage initiates differentiation, downregulates 
fetal programs, and acquires a mature identity (Fig. 10). This in 
situ developmental atlas not only extends previous proteomic 
and transcriptomic studies by providing cell-type-specific insight 
into gastric epithelial maturation but also provides an anatomical 
framework for future investigations into gastric development.

By analyzing the dynamics of KI67+ proliferating epithelial cells, 
we found that epithelial lineages undergo maturation with mark-
edly distinct kinetics. ATP4B+ parietal cells and GIF+ chief cells 
retained a substantial KI67+ population during early postnatal 

stages, with this progenitor fraction decreasing markedly by P14 
and P21, respectively (Fig. 5D, 7D). In contrast, GKN2+ pit cells 
showed little to no detectable KI67+ proliferating population during 
early postnatal periods but acquired proliferative activity from P14 
onward (Fig. 4C). These lineage-specific differences prompt the 
question of how postnatal maturation is differentially regulated 
across epithelial lineages. One possible mechanism promoting 
postnatal gastric maturation is corticosterone signaling, which 
rises sharply during the suckling-to-weaning transition and induces 
tissue-wide upregulation of mature functional markers, including 
Muc5ac in pit cells, Atp4a and Atp4b in parietal cells, and Pgc in 
chief cells (Ghizoni et al., 2014; Henning, 1978; Wang et al., 1996; 
Zulian et al., 2017). However, its broad mode of action is unlikely to 
fully account for the lineage-specific maturation kinetics observed 
in this study, thereby implicating the involvement of additional 
lineage-restricted regulatory mechanisms. In this context, it is 
noteworthy that epithelial lineage differentiation in adult homeo-
stasis is regulated by distinct signaling pathways. EGFR signaling 
promotes pit cell differentiation, TNFSF12 signaling promotes 
progenitor cell proliferation, BMP signaling induces parietal cell 
differentiation, and suppression of both EGF and BMP signaling 
facilitates chief cell differentiation (Takada et al., 2023; Wölffling 
et al., 2021). Together, these findings suggest that lineage-specific 
maturation programs are driven by the coordinated and spatially 
restricted action of multiple signaling pathways. Elucidating these 
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Fig. 8. Spatiotemporal expression of PGC and KI67 in the corpus. (A) Representative immunofluorescence images showing PGC (red) and KI67 (green) 
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sharing the same letter are significantly different (p < 0.05).
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programs will require future spatial transcriptomic approaches to 
map the expression of signaling ligands, receptors, antagonists, 
and downstream effectors across developmental stages.

Although GIF+ chief cells and ATP4B+ parietal cells display a 
relatively high KI67+ proportion from embryonic stages through 
P7, their numbers per gland remain largely unchanged (Fig. 5 and 
7). This likely reflects rapid gastric growth accompanied by an 
increase in gland number, such that increases in GIF+ and ATP4B+ 
cell numbers are more apparent at the organ level than within indi-
vidual glands. In addition, studies in the pancreas have shown that 
early postnatal growth involves high proliferative activity coupled 
with extensive elimination of differentiated cells via apoptosis 
(Stolovich-Rain et al., 2023). Analogously, during embryonic and 
early postnatal stages of the stomach, GIF+ and ATP4B+ cells may 
not yet be stably maintained, and cell loss may limit net accumula-
tion. In contrast, after P7, GIF+ and ATP4B+ cells accumulate within 
individual glands without an accompanying increase in the propor-
tion of KI67+ cells, suggesting postnatal acquisition of long-term 
maintenance of these differentiated cells.

We identified a unique PGC expression pattern marked by a 
transient loss during early postnatal stages (Fig. 8 A,B). Although 
previous studies have described a developmental shift in pepsino-
gen composition, with chymosin predominating during the suckling 
period and PGC expression increasing around weaning (Li et al., 
2018), the temporally disappearance of PGC expression has not 
been explicitly reported. Our findings therefore suggest that early 
postnatal regulatory mechanisms transiently suppress PGC expres-
sion. During this period, the gastric epithelium is directly exposed 
to luminal factors derived from maternal milk. Notably, maternal 

milk has been reported to contain EGF (Dvorak, 2010), and EGF 
signaling has been shown to suppress PGC expression in gastric 
epithelial cells (Takada et al., 2023; Wölffling et al., 2021), raising 
the possibility that milk-derived factors contribute to the timing of 
chief cell maturation. Further studies will be required to determine 
whether, and to what extent, maternal milk-derived factors regulate 
gastric epithelial maturation.

The timing of pit cell maturation was not uniform between the 
corpus and antrum. Both the loss of fetal pit-cell marker MUC5B 
and the emergence of the adult marker GKN2 occurred earlier in the 
antrum (Fig. 3A, 4A, 10), indicating accelerated pit cell maturation 
in the antrum. Consistent with this temporal difference, the antral 
mucosa also thickened and formed gland-like structures earlier than 
the corpus during midgestation (Fig. 1 A,B), highlighting broader 
region-specific differences in gastric development. This regional 
asynchrony conceptually parallels proximal-to-distal developmental 
waves described in the small intestine, where villus formation and 
the expression of enterocytes markers such as fatty acid-binding 
proteins and apolipoproteins emerge earlier in proximal regions 
(Kolev and Kaestner, 2023; Rubin et al., 1989; Walton et al., 2012). 
In the intestine, proximal-to-distal villus formation waves have been 
associated with Hedgehog signaling-mediated mesenchymal pat-
terning and its subsequent refinement by BMP signaling (Walton 
et al., 2012; Walton et al., 2015). Whether analogous regionally 
patterned mechanisms operate in the stomach to drive regional 
differences in gastric gland formation and epithelial maturation 
remains unknown and will require further investigation.

In summary, our work delineates lineage- and region-specific 
trajectories of gastric epithelial maturation. This comprehensive 

: The proportion of KI67+/Marker+ cells : >0–25% : >25–50% : > 50%

Fig. 10. Schematic overview of fetal and functional marker expression and the proportion of KI67-positive cells. Colored boxes indicate detectable 
expression of the indicated markers at each developmental stage. For MUC5B at E16.5, expression was undetectable in one of three embryos; therefore, 
the corresponding box is half-shaded to indicate variable expression. For mature lineage markers, darker shading indicates stages at which the number 
of marker-positive cells per gland was significantly increased compared with the stage of initial marker appearance. PGC expression was transiently un-
detectable during early postnatal stages (P2–P7) and is therefore not shown as colored boxes. Colored boxes for “SOX9/SOX2” indicate developmental 
stages during which complementary expression patterns of SOX9 and SOX2 were observed. “Fetal” indicates markers preferentially expressed in immature 
gastric epithelial cells during embryonic and early postnatal stage. The number of black dots indicates the proportion of KI67-positive cells. For SOX2/
SOX9 and CK7, the proportion of KI67-positive cells was not quantified and in therefore not indicated by black dots.
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in situ immunofluorescence analysis will facilitate future studies 
of the regulatory mechanisms underlying gastric development, 
maturation and disease-associated remodeling accompanied by 
reactivation of fetal-like programs.

Materials and Methods

Animals
All animal experiments were conducted in accordance with the 

guidelines approved by the Animal Welfare and Ethical Review 
Panel of the Nara Institute of Science and Technology (approval 
numbers 1702 and 2201). ICR mice were purchased from Japan 
SLC or CLEA Japan and were maintained under specific pathogen-
free conditions. Mice were housed under a 12-h light-dark cycle at 
an ambient temperature of 23–24 °C and 50–70% humidity, with 
ad libitum access to food and water.

Tissue preparation and sectioning
For E12.5–P14 samples, whole stomachs were embedded and 

sagittal sections were prepared to include the forestomach, corpus, 
and antrum extending to the duodenal boundary within a single 
section. For P21, P28, and 10W samples, stomachs were bisected 
longitudinally and sagittal sections were prepared to include the 
forestomach, corpus, antrum up to duodenal boundary within a 
single section. For analysis, corpus regions on the forestomach 
side and antrum regions on the duodenum side were examined, 
while the intermediate region was excluded.

Immunofluorescence staining
For immunofluorescence staining, stomach samples were fixed 

in 4% paraformaldehyde in PBS at 4°C for overnight, washed with 
PBS at 4°C for 1 hour, and cryoprotected by sequential incubation 
in 10%, 20% and 30% sucrose solutions at 4°C for 1 hour each. 
Samples were then embedded in O.C.T. compound, and frozen 
sections were prepared at a thickness of 5 μm using a Cryostat 
CM1860 (Leica Microsystems, Nussloch, Germany). For antigen 
retrieval, sections were incubated in 10 mM citrate buffer (pH 6.0) at 
95°C for 15 min using a cooker. Sections were then permeabilized 
with PBS containing 0.2% Triton for 10 min and blocked with PBS 
containing 5% fetal bovine serum at room temperature for 1 hour. 
Sections were incubated with primary antibodies at 4°C overnight, 
washed three times with PBS for 10 min each, and then incubated 
with appropriate secondary antibodies at room temperature for 1 
hour. Nuclei were counterstained with DAPI (Sigma-Aldrich, D9542). 
Immunofluorescence images were acquired using a confocal laser 
scanning microscope (LSM710, Carl Zeiss, Oberkochen, Germany). 
The following primary antibodies were used: anti-ATP4B (Santa 
Cruz, sc-374094, 1:3000), anti-Gastrin (Proteintech, 18143-1-AP, 
1:1000), anti-Ghrelin (Proteintech, 13309-1-AP, 1:1000), anti-GIF 
(Santa Cruz, sc-161643, 1:400), anti-GKN2 (Abcam, ab188866, 
1:800), anti-KRT7(Abcam, ab181598, 1:800), anti-MKI67 (home-
made, 1:1000), anti-MKI67 (Thermo Fisher, 14-5698-82, 1:1000), 
anti-MUC5B (Atlas Antibodies, HPA008246, 1:200), anti-PGC (Ab-
cam, ab255826, 1:400), anti-SOX2 (Invitrogen, 14-9811-37, 1:400), 
anti-SOX9 (Abcam, ab185230, 1:1000), and anti-Somatostatin 
(Santa Cruz, sc-7819, 1:800). The following secondary antibodies 
were used: Donkey anti-Goat IgG(H+L) Alexa Fluor 488 (Invitrogen, 
A-11055, 1:1000), Donkey anti-Rabbit IgG(H+L) Alexa Fluor 488 
(Invitrogen, A-21206, 1:1000), Donkey anti-Rat IgG(H+L) Alexa Fluor 

488 (Invitrogen, A-21208, 1:1000), Donkey anti-mouse IgG(H+L) 
Alexa Fluor 488 (Invitrogen, A-21202, 1:1000), Donkey anti-Rabbit 
IgG(H+L) Alexa Fluor 555 (Invitrogen, A-31572, 1:1000), Donkey 
anti-Rat IgG(H+L) Alexa Fluor 555 (Invitrogen, A78945, 1:1000), 
Donkey anti-Rabbit IgG(H+L) Alexa Fluor 647 (Invitrogen, A-31573, 
1:1000), and Donkey anti-mouse IgG(H+L) Alexa Fluor 647 (Invit-
rogen, A-31571, 1:1000).

Quantification and statistical analysis
Quantification of immunofluorescence images, including 

counting of KI67/marker or SOX9/marker double-positive cells, 
was performed manually using Fiji (National Institutes of Health). 
Statistical analyses were conducted using GraphPad Prism (version 
10.6.1). The specific statistical tests applied, as well as sample 
sizes (n), are indicated in corresponding figure legends.
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