
The origin of pre-neoplastic metaplasia in the stomach: Chief
cells emerge from the Mist

James R. Goldenring1, Ki Taek Nam1, and Jason C. Mills2

1Nashville Department of Veterans Affairs Medical Center, Nashville, TN, USA Departments of
Surgery and Cell and Developmental Biology, Epithelial Biology Center Vanderbilt University
School of Medicine, Nashville, TN, USA
2Divison of Gastroenterology, Departments of Medicine, Pathology, and Developmental Biology,
Washington University School of Medicine, St. Louis, MO

Abstract
The digestive-enzyme secreting, gastric epithelial chief (zymogenic) cell is remarkable and
underappreciated. Here, we discuss how all available evidence suggests that mature chief cells in
the adult, mammalian stomach are postmitotic, slowly turning over cells that arise via a relatively
long-lived progenitor, the mucous neck cell, The differentiation of chief cells from neck cells does
not involve cell division, and the neck cell has its own distinct pattern of gene expression and
putative physiological function. Thus, the ontogeny of the normal chief cell lineage exemplifies
transdifferentiation. Furthermore, under pathophysiogical loss of acid-secreting parietal cell, the
chief cell lineage can itself trasndifferentiate into a mucous cell metaplasia designated Spasmolytic
Polypeptide Expressing Metaplasia (SPEM). Especially in the presence of inflammation, this
metaplastic lineage can regain proliferative capacity and, in humans may also further differentiate
into intestinal metaplasia. The results indicate that gastric fundic lineages display remarkable
plasticity in both physiological ontogeny and pathophysiological pre-neoplastic metaplasia.
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Normal Chief Cell Location and Function
The gastric epithelium is organized as a series of roughly funnel-shaped invaginations from
the gastric lumen known as gastric units. In the glandular portion of the stomach (known in
most species as the corpus or body) each gastric unit is broadest where it adjoins the gastric
lumen proper. This broad pit region is lined by simple columnar, mucus-secreting
epithelium. Below the pit zone, the gastric unit narrows into one or multiple glandular
branches. In mammals, proliferative activity and the presumptive stem cell are located
where the pit narrows into each gland in a small region known as the isthmus [1, 2]. The
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glands secrete both digestive enzymes and acid, a function that can be performed by a single
oxyntico-peptic cell in birds [3, 4], whereas in mammals, these functions are divided into
two autonomous lineages: acid-secreting parietal cells and digestive-enzyme (zymogenic)
producing chief cells. Even in mammals, parietal and chief cells likely develop from a
common progenitor [5, 6]. Chief cells occupy most of the base of a gastric gland, the upper
ones organized as simple cuboido-columnar cells, the lower ones outpouching into an acinar
configuration at the very base [7]. Parietal cells can occur throughout the gastric unit, but the
vast majority are located in the neck of the gland, between the isthmus and the base [8, 9].

Normal Chief Cell Maturation Requires XBP1 and MIST1
The chief cell is a large cell with an extensive network of lamellar rough endoplasmic
reticulum (rER), concentrated around the basally oriented nucleus, and numerous, large,
apical exocrine secretory granules filled with digestive enzymes. Recent studies have
identified the transcription factors regulating this specialized cellular architecture.
Conditional deletion of X-Box Binding Protein 1, XBP1, in mice leads to small chief cells
with only scattered, scant rER [10], consistent with the known role of XBP1 in inducing
cellular rER formation. XBP1 directly induces the basic Helix-Loop-Helix (bHLH)
transcription factor MIST1 (Figure 1). MIST1 (BHLHA15) is required for the basal
localization of the nucleus and the maintenance of substantial apical cytoplasm filled with
abundant, large vesicles [11]. Thus, chief cell structure is seemingly completely dependent
on an XBP1 to MIST1 sequence, wherein XBP1 directly induces the extensive rER network
(for translation of all the digestive enzymes), and MIST1 in turn regulates the development
of vesicles containing the digestive enzymes and the secretory machinery to store and
release them in a regulated fashion.

Chief Cells Normally Arise by Transdifferentiation
Normal chief cells do not derive directly from gastric epithelial progenitor cell lineages, but
rather through an intermediate cell type, characterized by abundant mucinous vesicles in the
neck of the gland (Figure 1). These Mucous Neck Cells do differentiate directly from the
normal gland stem cell via recognizable precursor (“pre-neck”) forms, thereafter migrating
basally in amongst parietal cells in the neck until they rapidly transition into chief cells as
they reach the base [12]. Mucous neck cells differ from chief cells in that they have their
own distinct pattern of gene expression (e.g., Gkn3, Tff2, Muc6), a distinct morphology (they
have thin projections to the basement membrane and broad apices facing the gastric unit
lumen), and presumably thus a separate physiological function (to secrete mucins).
However, there is little if any published evidence that demonstrates what the purpose of their
mucus secretion, if it occurs, is. Nucleotide analog (3H-thymidine, Bromodeoxyruidine)
uptake experiments indicate that neck cells survive for 9-16 days [11, 13]. Therefore,
mucous neck cells appear to represent a separate lineage and, if they are progenitors for
chief cells, this differentiation pattern of a long-lived cell with one phenotype from a
relatively long-lived cell type with its own gene expression and morphology pattern is quite
remarkable and may involve a number of heretofore unappreciated cellular differentiation
mechanisms [12].

Because the process of mucous neck cell to chief cell differentiation does not require cell
division, it represents an example of transdifferentiation. The evidence for this
transdifferentiation from mucous neck to chief cell is extensive. First, as mentioned,
nucleotide analog tracing shows that cells with chief and pre-chief cell morphology or
marker expression, rarely, if ever, divide. Rather, it takes several days following nucleotide
analog administration before the analogs are found in chief cells, indicating that chief cells
arise from a precursor or intermediate [7, 11]. In such studies, the nuclear-analog-positive
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cells that first appear are those with features hybrid between the chief and neck cells, and
those hybrid cells are found at the transition between the neck and the base. Second, in
almost every gland, there are cells at the transition between the neck and the base that co-
express neck and chief cell markers [8, 11] and, on electron microscopy and immune
electron microscopy, have secretory granules containing both mucin and digestive enzymes
[11, 13, 14]. Third, the first mature chief cells arise late in development, and a full
complement is achieved only around the time of weaning in rats and mice. Immature glands
are populated instead by cells with mixed neck-chief cell characteristics that gradually
resolve into distinct neck and chief cell populations [15]. Similarly, injury [16] and
transplantation [17] studies, not to mention studies of metaplasia that will be discussed later
in this review, all indicate that cells with mucous neck cell and chief cell phenotypes are
inter-convertible and hence simply two different manifestations or stages of the same
lineage. Fourth, the transcription factor MIST1 is expressed only in chief cells and in about
half of the cells with hybrid neck-chief cell characteristics in the transition between the neck
and base zones. In Mist1–/– mice, there are significantly more cells of neck-chief hybrid
phenotype, suggesting that loss of MIST1 causes a delay in the normal transition [11]. Chief
cells arising after XBP1 -- which induces MIST1 and is thus further upstream in chief cell
differentiation -- is conditionally deleted, all show hybrid neck-chief cell characteristics.

In summary, nucleotide analog, morphological, developmental, pathophysiological, and
molecular data support the remarkable conclusion that the chief cell lineage exhibits a
dramatic phenotypic transition as part of its normal homeostasis. Furthermore, this
differentiation pattern appears remarkably malleable, which we will examine further in
subsequent sections.

Loss of parietal cells leads to transdifferentiation of mature chief cells into
SPEM

While controversy exists as to the sequence and connection of mucosal lineage changes
associated with increased risk for gastric cancer, there is general agreement that the loss of
acid secreting parietal cells, also known as oxyntic atrophy, is a prerequisite for induction of
metaplasia [18]. A number of investigators over the past decade have therefore sought to
identify aspects of the cascade of lineage changes associated with parietal cell loss. A
seminal advance was the characterization of the H. felis infection model in C57BL/6 mice
by Fox and Wang [19, 20]. C57BL/6 mice infected with H. felis demonstrate progressive
loss of parietal cells over 4-6 months of infection and the gastric mucosa is replaced with a
mucous cell metaplasia in the gastric fundus with sparing of the gastric antrum. These
metaplastic mucous cells express TFF2, also known as spasmolytic polypeptide, leading to
the designation of this lineage as spasmolytic polypeptide-expressing metaplasia or SPEM
[20, 21]. SPEM was also identified in the mucosa surrounding intestinal type gastric cancers
in humans [22]. This mucous cell lineage, which also expresses MUC6, is morphologically
similar to the deep gland cells of the antrum or the Brunner's gland cells. Importantly,
C57BL/6 mice infected with H. felis for over 9-12 months showed progression of the
metaplasia to gastritis cystica profunda, with dysplastic glands penetrating into the
submucosa and muscularis layers of the stomach wall [19, 20]. These results indicated that,
in the face of chronic parietal cell loss and inflammation, metaplastic glands could progress
towards dysplasia.

In addition to this chronic model, methods for induction of acute oxyntic atrophy became
available in 2000. Treatment of mice and rats with the neutrophil elastase inhibitor
DMP-777 caused rapid loss of parietal cells from the gastric mucosa over 3-4 days of daily
dosing [23, 24]. This drug causes direct parietal cell death due to its action as a parietal cell-
specific apical membrane protonophore, which allows entry of acid into parietal cells and
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specific cell toxicity. The effects of DMP-777 are ameliorated by pretreatment with
omeprazole [25]. Following initial parietal cell loss, after 7-10 days of daily treatment,
SPEM emerges from the bases of glands coincident with the appearance of scattered
proliferative cells at the bases of fundic glands [23, 24]. No significant changes are observed
in the antrum. Importantly, while metaplastic lineages are maintained in mice and rats dosed
for over a year with DMP-777, no evidence of gastritis cystica profunda or dysplasia
develops, suggesting that inflammation is required for progression of metaplasia to
neoplasia [23].

More recently we have examined the effects of a variant of DMP-777, designated L-635,
which still possess strong parietal cell protonophore activity, but does not show any
inhibition of neutrophil elastase [26]. Like DMP-777, treatment of mice with L-635 leads to
a rapid loss of parietal cells within 2-3 days of daily dosing. However, unlike DMP-777, the
loss of parietal cells is accompanied by an exuberant inflammatory response. In L-635
treated mice, we observed development of prominent SPEM after only 3 days of treatment
and the SPEM was highly proliferative. Indeed, the SPEM elicited by only 3 daily doses of
L-635 induced a phenotype remarkably similar to that observed in mice infected with H.
felis for 6-9 months [26]. Unfortunately, it remains unclear whether chronic dosing with
L-635 would lead to dysplastic changes, as seen with H. felis, because of the very limited
availability of the compound.

While all of these studies clearly linked the loss of parietal cells to the induction of SPEM,
the question remained as to the origin of this metaplastic mucous cell lineage. Previous
biases have suggested that metaplasias and dysplasias would arise from professional resident
progenitor cells that alter their program of differentiation. However, a number of
observations called into question the derivation of SPEM from normal progenitor cells,
which are located above the neck of the gland, in the isthmus region. First, treatment with
DMP-777 led to induction of SPEM initiated from the bottoms of gastric glands rather than
from the isthmus [24]. Second, after 10-14 days of DMP-777 treatment, one can observe two
groups of BrdU positive cells, one in the isthmus below foveolar hyperplastic surface
mucous cells and one at the bases of fundic glands [23, 24]. These results suggested that a
second population of proliferative cells was induced following loss of parietal cells. While
no Ki-67 staining was observed in normal chief cells, after induction of SPEM with acute
parietal cell loss, Ki-67-staining were observed in the bases of fundic glands. Third, in the
context of acute oxyntic atrophy, we observed cells at the bases of fundic glands with
immunostaining for both TFF2 and intrinsic factor in separate secretory granules [24].
Electron microscopy analysis of these cells demonstrated the presence of zymogen granules
and vesicles with mucous granule phenotype as well as other small clear vesicles. These
findings contrast with those for pre-zymogenic cells, where hybrid granules containing both
zymogens and mucins are observed [11]. Fourth, in the gastrin-deficient mouse model,
where induction of SPEM is markedly accelerated in response to acute oxyntic atrophy, in
mice treated for 1-2 days with DMP-777, we observed cells that were dually positive for
both MIST1 and TFF2 [27]. All of these studies led to an initial impression that SPEM was
evolving from MIST1-positive chief cells.

To evaluate this novel hypothesis for the origin of metaplasia from a mature post-mitotic
lineage, we pursued a lineage mapping approach utilizing Mist1-CreERT2;Rosa26R(LacZ)
mice [26]. Treatment of these mice with tamoxifen caused induction of Cre recombinase
only in mature chief cells and resulted in the marking of these cells with the expression of
bacterial β-galactosidase. After resting the mice for 10 days without treatment, the mice
were then subjected to one of the three models of oxyntic atrophy and SPEM induction with
acute treatment with DMP-777 for 14 days, acute treatment with L-635 for 3 days or
infection with H. felis for 6 months. Remarkably, all three models demonstrated derivation
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of SPEM from mature chief cells marked with β-galactosidase expression [26]. However,
the most dramatic lineage mapping was observed in the acute and chronic models of oxyntic
atrophy associated with inflammation (L-635 treatment and H. felis infection, respectively),
where essentially the entire SPEM lineage was derived from chief cells. These results
indicate that the loss of parietal cells can induce transdifferentiation of chief cells into SPEM
and that this metaplasia can undergo expansion under the influence of acute or chronic
inflammatory infiltrates.

The relationship of SPEM to intestinal metaplasia
In humans, both SPEM and intestinal metaplasia are observed in the stomachs of gastric
cancer patients. While SPEM possesses the characteristics of antral metaplasia, including
expression of TFF2 and MUC6, intestinal metaplasia demonstrates clear lineage
characteristics of the duodenum of intestines, with expression of TFF3 and MUC2 [28].
Nevertheless, while both metaplasias do exist in humans, it has been difficult to discern the
relationship of these metaplasias because Helicobacter infection in mice does not result in
intestinal metaplasia. Nevertheless, H. pylori infection of other species, such as Mongolian
gerbils, does induce intestinal metaplasia and eventually dysplasia and cancer [29-33]. A
recent study by Nomura and colleagues addressed the relationship of SPEM and intestinal
metaplasia through a detailed examination of the histopathological changes associated with
H. pylori infection in the Mongolian gerbil [33]. After three weeks of H. pylori infection,
gerbils developed SPEM in the presence of parietal cell loss. While extension and expansion
of SPEM was observed over the following weeks, after 24 weeks intestinal metaplasia arose
from sites surrounded by mucosa with pre-existing SPEM. In single gland units these
investigators observed goblet cell containing intestinal metaplasia (as marked by expression
of MUC2) luminal to SPEM lineages expressing TFF2 [33]. In these glands, cells at the
transition between SPEM and intestinal metaplasia expressed markers of both SPEM and
intestinal metaplasia (e.g. MUC2 and TFF2).

While no intestinal metaplasia has been observed in Helicobacter sp.-infected mice, older
amphiregulin mutant mice develop intestinal metaplasia and dysplasia in the setting of pre-
existing SPEM [34]. As with the gerbils, SPEM developed spontaneously in amphiregulin-
deficient mice after 9 months of age. In addition, MUC2-expressing intestinal metaplasia
developed within glands also expressing SPEM markers after one year of age. As in the
gerbils, hybrid cells expressing both MUC2 and TFF2 were observed in transition zones
within dysplastic regions [34]. These results supported the concept that SPEM is the first
metaplasia arising after induced oxyntic atrophy, and then, with subsequent on-going
chronic inflammation, intestinal metaplasia arises as a second metaplastic transition (Figure
2).

A similar relationship between SPEM and intestinal metaplasia likely exists in humans [35,
36]. In the stomach, we have observed the presence of compound glands that demonstrate
SPEM at their bases and intestinal metaplasia towards the surface. These studies support the
concept that intestinal metaplasia evolves directly from pre-existing SPEM. However,
another interpretation is also possible. It may be that loss of parietal cells is necessary but
not sufficient for intestinal metaplasia, whereas loss of parietal cells is sufficient for SPEM.
Thus, SPEM will always be present when there is new oxyntic atrophy and will also be
present in the vicinity of any newly induced intestinal metaplasia. Recent evidence using
MIST1, TFF2, and CDX2 as markers suggested SPEM and intestinal metaplasia in humans
might also arise independently from transdifferentiating chief cells during parietal cell loss
[37].
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If intestinal metaplasia does arise directly from SPEM, it would be similar to the evolution
of mucous cell metaplastic lineages reported by Wright and colleagues in the context of
mucosal restitution in inflammatory bowel disease [38]. This induction of a second
metaplastic transition may reflect the severity and chronicity of mucosal damage as well as
indicate an increased risk for neoplastic transformation. Interestingly, recent studies by
McDonald and colleagues have suggested that intestinal metaplasia glands are clonal [39].
However, a comparison of mutations in intestinal metaplasia glands and adjacent dysplasia
identified mapping of mutations in less than 10% of samples. It therefore remains uncertain
whether SPEM also gives rise to dysplastic lineages or whether the presence of mixed
metaplasia is indicative of an unstable genetic milieu that gives rise to neoplastic
transformation.

Summary
The gastric fundic mucosa demonstrates processes of transdifferentiation in both
physiological lineage derivation as well as in the pathophysiology of mucous cell
metaplasia. In the normal adult fundic mucosa, mucous neck cells transdifferentiate into
chief cells as they migrate towards the bases of fundic glands. This mucous cell to zymogen
cell transition occurs without any intervening cell division to produce a chief cell population
that by all standard criteria is postmitotic. Nevertheless, in the presence of significant
parietal cell loss, chief cells can go through a process for zymogen cell to mucous cell
transdifferentiation that leads to the formation of mucous cell metaplasia. This
pathophysiological transdifferentiation, especially in the presence of inflammatory
influences can lead to recrudescence of proliferative capacity. While previous studies have
indicated that transdifferentiation of chief cells into SPEM is associated with upregulation of
a number of proteins associated with DNA unwinding (e.g. MCM proteins) [27] . However,
overall, the cellular and molecular pathways used to reshape lineage secretory profiles, both
physiologically and pathophysiologically, largely remain a mystery investigated by only a
handful of studies to date. If we are to understand the process of gastric carcinogenesis, we
must understand both how SPEM is induced by parietal cell loss and the relationship of
SPEM to intestinal metaplasia and ultimately dysplasia. Future studies should give new
insights into the cellular mechanisms responsible for the remarkable plasticity of gastric
fundic lineages.

Acknowledgments
Dr. Goldenring and Dr. Mills have both been supported by the AGA Funderburg Award in Gastric Biology Related
to Cancer. Dr. Goldenring is also supported by grants from a Department of Veterans Affairs Merit Review Award,
RO1 DK071590 from the National Institutes of Health,and by core resources of the Vanderbilt Digestive Disease
Center, P30 DK058404. Dr. Mills is also supported by DDC-115769 from the American Cancer Society and R01
DK-079798 and P30 DK052574 (the Washington University DDRCC), both from the National Institute of Diabetes
and Digestive and Kidney Disease.

Literature Citations
1. Mills JC, Shivdasani RA. Gastric epithelial stem cells. Gastroenterology. 2011; 140:412–424.

[PubMed: 21144849]
2. Karam SM, Leblond CP. Dynamics of epithelial cells in the corpus of the mouse stomach. I.

Identification of proliferative cell types and pinpointing of the stem cells. Anat.Rec. 1993; 236:259–
279. [PubMed: 8338232]

3. Toner PG. The Fine Structure of Resting and Active Cells in the Submucosal Glands of the Fowl
Proventriculus. Journal of anatomy. 1963; 97:575–583. [PubMed: 14064100]

4. Yasugi S. Pepsinogen-like immunoreactivity among vertebrates: occurrence of common antigenicity
to an anti-chicken pepsinogen antiserum in stomach gland cells of vertebrates. Comp Biochem
Physiol B. 1987; 86:675–680. [PubMed: 2438084]

Goldenring et al. Page 6

Exp Cell Res. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Quante M, Marrache F, Goldenring JR, Wang TC. TFF2 mRNA transcript expression marks a gland
progenitor cell of the gastric oxyntic mucosa. Gastroenterology. 2010

6. Lee ER, Trasler J, Dwivedi S, Leblond CP. Division of the mouse gastric mucosa into zymogenic
and mucous regions on the basis of gland features. Am.J.Anat. 1982; 164:187–207. [PubMed:
7124652]

7. Karam SM, Leblond CP. Dynamics of epithelial cells in the corpus of the mouse stomach. III.
Inward migration of neck cells followed by progressive transformation into zymogenic cells.
Anat.Rec. 1993; 236:297–313. [PubMed: 8338234]

8. Bredemeyer AJ, Geahlen JH, Weis VG, Huh WJ, Zinselmeyer BH, Srivatsan S, Miller MJ, Shaw
AS, Mills JC. The gastric epithelial progenitor cell niche and differentiation of the zymogenic
(chief) cell lineage. Dev Biol. 2009; 325:211–224. [PubMed: 19013146]

9. Karam SM. Dynamics of epithelial cells in the corpus of the mouse stomach. IV. Bidirectional
migration of parietal cells ending in their gradual degeneration and loss. Anat.Rec. 1993; 236:314–
332. [PubMed: 8338235]

10. Huh WJ, Esen E, Geahlen JH, Bredemeyer AJ, Lee AH, Shi G, Konieczny SF, Glimcher LH, Mills
JC. XBP1 controls maturation of gastric zymogenic cells by induction of MIST1 and expansion of
the rough endoplasmic reticulum. Gastroenterology. 2010; 139:2038–2049. [PubMed: 20816838]

11. Ramsey VG, Doherty JM, Chen CC, Stappenbeck TS, Konieczny SF, Mills JC. The maturation of
mucus-secreting gastric epithelial progenitors into digestive-enzyme secreting zymogenic cells
requires Mist1. Development. 2007; 134:211–222. [PubMed: 17164426]

12. Hanby AM, Poulsom R, Playford RJ, Wright NA. The mucous neck cell in the human gastric
corpus: a distinctive, functional cell lineage. J Pathol. 1999; 187:331–337. [PubMed: 10398088]

13. Suzuki S, Tsuyama S, Murata F. Cells intermediate between mucous neck cells and chief cells in
rat stomach. Cell Tissue Res. 1983; 233:475–484. [PubMed: 6194886]

14. Ge YB, Ohmori J, Tsuyama S, Yang DH, Kato K, Miyauchi M, Murata F. Immunocytochemistry
and in situ hybridization studies of pepsinogen C-producing cells in developing rat fundic glands.
Cell Tissue Res. 1998; 293:121–131. [PubMed: 9634604]

15. Keeley TM, Samuelson LC. Cytodifferentiation of the postnatal mouse stomach in normal and
Huntingtin-interacting protein 1-related-deficient mice. Am J Physiol Gastrointest Liver Physiol.
2010; 299:G1241–1251. [PubMed: 20813912]

16. Townsend SF. Regeneration of gastric mucosa in rats. Am J Anat. 1961; 109:133–147. [PubMed:
13922210]

17. Matsuyama M, Suzuki H. Differentiation of immature mucous cells into parietal, argyrophil, and
chief cells in stomach grafts. Science. 1970; 169:385–387. [PubMed: 5450374]

18. El-Zimaity HMT, Ota H, Graham DY, Akamatsu T, Katsuyama T. Patterns of gastric atrophy in
intestinal type gastric carcinoma. Cancer. 2002; 94:1428–1436. [PubMed: 11920498]

19. Fox JG, Li X, Cahill RJ, Andrutis K, Rustgi AK, Odze R, Wang TC. Hypertrophic gastropathy in
Helicobacter felis-Infected wild type C57BL/6 mice and p53 hemizygous transgenic mice.
Gastroenterology. 1996; 110:155–166. [PubMed: 8536852]

20. Wang TC, Goldenring JR, Dangler C, Ito S, Mueller A, Jeon WK, Koh TJ, Fox JG. Mice lacking
secretory phospholipase A2 show altered apoptosis and differentiation with Helicobacter felis
infection. Gastroenterology. 1998; 114:675–689. [PubMed: 9516388]

21. Wang TC, Dangler CA, Chen D, Goldenring JR, Koh T, Raychowdhury R, Coffey RJ, Ito S, Varro
A, Dockray GJ, Fox JG. Synergistic interaction between hypergastrinemia and Helicobacter
infection in a mouse model of gastric cancer. Gastroenterology. 2000; 118:36–47. [PubMed:
10611152]

22. Schmidt PH, Lee JR, Joshi V, Playford RJ, Poulsom R, Wright NA, Goldenring JR. Identification
of a metaplastic cell lineage associated with human gastric adenocarcinoma. Lab.Invest. 1999;
79:639–646. [PubMed: 10378506]

23. Goldenring JR, Ray GS, Coffey RJ, Meunier PC, Haley PJ, Barnes TB, Car BD. Reversible drug-
induced oxyntic atrophy in rats. Gastroenterology. 2000; 118:1080–1093. [PubMed: 10833483]

24. Nomura S, Yamaguchi H, Wang TC, Lee JR, Goldenring JR. Alterations in gastric mucosal
lineages induced by acute oxyntic atrophy in wild type and gastrin deficient mice. Amer.J.Physiol.
2004; 288:G362–G375.

Goldenring et al. Page 7

Exp Cell Res. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Ogawa M, Nomura S, Car BD, Goldenring JR. Omeprazole treatment ameliorates oxyntic atrophy
induced by DMP-777. Dig Dis Sci. 2006; 51:431–439. [PubMed: 16614949]

26. Nam KT, Lee H-J, Sousa JF, Weis VG, O'Neal RL, Finke PE, Romero-Gallo J, Shi G, Mills JC,
Peek RM, Konieczny SF, Goldenring JR. Mature chief cells are cryptic progenitors for metaplasia
in the stomach. Gastroenterology. 2010; 139:2028–2037. [PubMed: 20854822]

27. Nozaki K, Ogawa M, Williams JA, LaFleur BJ, Ng V, Drapkin RI, Mills JC, Konieczny SF,
Nomura S, Goldenring JR. A molecular signature of gastric metaplasia arising in response to acute
parietal cell loss. Gastroenterology. 2008:511–521. [PubMed: 18242217]

28. Goldenring JR, Nomura S. Differentiation of the gastric mucosa III. Animal models of oxyntic
atrophy and metaplasia. Am J Physiol Gastrointest Liver Physiol. 2006; 291:G999–1004.
[PubMed: 17090722]

29. Hirayama F, Takagi S, Kusuhara H, Iwao E, Yokoyama Y, Ikeda Y. Induction of gastric ulcer and
intestinal metaplasia in mongolian gerbils infected with Helicobacter pylori. J Gastroenterol. 1996;
31:755–757. [PubMed: 8887049]

30. Honda S, Fujioka T, Tokieda M, Gotoh T, Nishizono A, Nasu M. Gastric ulcer, atrophic gastritis,
and intestinal metaplasia caused by Helicobacter pylori infection in Mongolian gerbils. Scand J
Gastroenterol. 1998; 33:454–460. [PubMed: 9648982]

31. Watanabe T, Tada M, Nagai H, Sasaki S, Nakao M. Helicobacter pylori infection induces gastric
cancer in mongolian gerbils. Gastroenterology. 1998; 115:642–648. [PubMed: 9721161]

32. Honda S, Fujioka T, Tokieda M, Satoh R, Nishizono A, Nasu M. Development of Helicobacter
pylori-induced gastric carcinoma in Mongolian gerbils. Cancer Res. 1998; 58:4255–4259.
[PubMed: 9766647]

33. Yoshizawa N, Takenaka Y, Yamaguchi H, Tetsuya T, Tanaka H, Tatematsu M, Nomura S,
Goldenring JR, Kaminishi M. Emergence of spasmolytic polypeptide-expressing metaplasia in
Mongolian gerbils infected with Helicobacter pylori. Lab Invest. 2007; 87:1265–1276. [PubMed:
18004396]

34. Nam KT, Lee HJ, Mok H, Romero-Gallo J, Crowe JE Jr. Peek RM Jr. Goldenring JR.
Amphiregulin-deficient mice develop spasmolytic polypeptide expressing metaplasia and
intestinal metaplasia. Gastroenterology. 2009; 136:1288–1296. [PubMed: 19230855]

35. El-Zimaity HMT, Ramchatesingh J, Saeed MA, Graham DY. Gastric intestinal metaplasia:
subtypes and natural history. J. Clin. Pathol. 2001; 54:679–683. [PubMed: 11533073]

36. Goldenring JR, Nam KT, Wang TC, Mills JC, Wright NA. SPEM and IM: Time for re-evaluation
of metaplasias and the origins of gastric cancer. Gastroenterolgy. 2010 In Press.

37. Lennerz JKM, Kim S, Oates EL, Huh WJ, Dherty JM, Tian X, Bredemeyer AJ, Goldenring JR,
Lauwers GY, Shin GY, Mills JC. The transcription factor MIST1 is a novel human gastric chief
cell marker whose expression is lost in metaplasia, dysplasia and carcinoma. Amer. J. Pathol.
2010; 177:1514–1533. [PubMed: 20709804]

38. Wright NA, Pike C, Elia G. Induction of a novel epidermal growth factor-secreting cell lineage by
mucosal ulceration in human gastrointestinal stem cells. Nature. 1990; 343:82–85. [PubMed:
2296294]

39. Gutierrez-Gonzalez L, Graham TA, Rodriguez-Justo M, Leedham SJ, Novelli MR, Gay LJ,
Ventayol-Garcia T, Green A, Mitchell I, Stoker DL, Preston SL, Bamba S, Yamada E, Kishi Y,
Harrison R, Jankowski JA, Wright NA, McDonald SA. The clonal origins of dysplasia from
intestinal metaplasia in the human stomach. Gastroenterology. 2011; 140:1251–1260. e1256.
[PubMed: 21223968]

Goldenring et al. Page 8

Exp Cell Res. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. The cellular lineage ontogeny of normal gastric chief cells
A. Scheme for the origin of chief cell lineages from mucous neck cells. B. Transcription
factor cascade responsible for maturation of normal chief cells.
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Figure 2. Current model for the origin and progression of gastric metaplasias
The preponderance of data indicates that chief cell transdifferentiation into SPEM is
triggered by loss of parietal cells in the fundic mucosa. In the face of inflammation, SPEM
can expand into a proliferative metaplasia. With continued chronic inflammation, intestinal
metaplasia evolves in the setting of pre-existing SPEM and can come to dominate the
entirety of the glands.
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