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The lack of reliable molecular markers for normal
differentiated epithelial cells limits understanding of
human gastric carcinogenesis. Recognized precursor
lesions for gastric adenocarcinoma are intestinal
metaplasia and spasmolytic polypeptide expressing
metaplasia (SPEM), defined here by ectopic CDX2 and
TFF2 expression, respectively. In mice, expression of
the bHLH transcription factor MIST1, normally re-
stricted to mature chief cells, is down-regulated as
chief cells undergo experimentally induced metapla-
sia. Here, we show MIST1 expression is also a specific
marker of human chief cells. SPEM, with and without
MIST1, is present in human lesions and, akin to mu-
rine data, likely represents transitional (TFF2*/
MIST1" = “hybrid”-SPEM) and established (TFF2*/
MIST1~ = SPEM) stages. Co-visualization of MIST1 and
CDX2 shows similar progressive loss of MIST1 with a
transitional, CDX2*/MIST1~ hybrid-intestinal meta-
plasia stage. Interinstitutional analysis and compari-
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son of findings in tissue microarrays, resection spec-
imens, and biopsies (n > 400 samples), comprising
the entire spectrum of recognized stages of gastric
carcinogenesis, confirm MIST1 expression is re-
stricted to the chief cell compartment in normal
oxyntic mucosa, rare in established metaplastic le-
sions, and lost in intraepithelial neoplasia/dysplasia
and carcinoma of various types with the exception of
rare chief cell carcinoma (~1%). Our findings impli-
cate MIST1 as a reliable marker of mature, healthy
chief cells, and we provide the first evidence that
metaplasia in humans arises at least in part from the
chief cell lineage. (AmJ Pathol 2010, 177:1514—1533; DOI:
10.2353/ajpath.2010.100328)

The mainstays of therapy in gastric carcinoma are early
recognition, resection, and neoadjuvant or adjuvant ther-
apy. However, gastric cancer remains the second largest
cause of cancer-related mortality worldwide,” which
drastically illustrates our lack of understanding of the
sequence and progression of preneoplastic conditions.
The traditional linear progression model of cellular
changes, such as (Helicobacter-mediated) inflammation,
atrophy, intestinal metaplasia (IM), dysplasia, and carci-
noma,®>* does not apply to all cases and does not allow
incorporation of more recently recognized entities. For
example, there are distinct types of IMs, not all carrying
definitive preneoplastic potential, and some authors have
argued that IM in general is a paraneoplastic condition
because the earliest gastric carcinomas arise from gas-
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Table 1. Primary Antibodies and Staining Pattern
Name Host Antigen characteristics Clone or catalog no.; Source IF; IHC 1: Cell-type; Pattern Reference
MISTA Rb; p  Synthetic human polypeptide a-hMIST1-NOD-405; Jason C. 200; 400 CC, PIC; Nuclear  Present article
devoid of bHLH-/DNA Mills, St. Louis, MO
binding domain
Mist1 Rb; p  Synthetic polypeptide a-Mist1 2054; Stephen F. 250 CC PIC; Nuclear  Pin et al'”
corresponding to 12 N- Konieczny, West Lafayette,
terminal AA of murine Mist1 N
CDX2 Rb; m  Synthetic polypeptide ab76541 (Cell Marque Clone 100; 50 Neg, IM; Nuclear D’Amour et al'®
corresponding to AA near EPR2764Y); Abcam,
the N terminus of human Cambridge, MA
CDX2
TFF2 Ms; m  Carboxy-terminal human Sir Nicholas Wright; London, 10 MNC, SPEM, Elia et al'®
spasmolytic polypeptide UK Cytoplasmic
CPB1 Rb; p  Full length human H1360-D01P; Novus 200 CC; Cytoplasmic  Bunnett et al®®
carboxypeptidase B1 Biologicals, Littleton, CO
protein
H/K-ATPase Rb; p  Synthetic peptide from AA3- HK9; Michael Caplan; New 1000 PC; Cytoplasmic  Gottardi and
23 of rat gastric H/K- Haven, CT Caplan?'
ATPAse
PPSG Sh; p  Full length human ab9013; Abcam 15,000 CC; Cytoplasmic  Dennis et al®?
pepsinogen Il
MUC6 Ms; m  Synthetic peptide of human  CLH5; ab49462; Abcam 100 MNC, SPEM; Reis et al*®
gastric mucin tandem Cytoplasmic
repeat sequence
VEGFB Gt; p  Epitope mapping at the C- sc-1876; Santa Cruz 100 PC; Cytoplasmic  Capoccia et al'®;
terminus of human VEGFB Mills et al?
GIF Gt/R; p Full length recombinant St. Louis, MO; David Alpers 2000/10,000 PC;* Cytoplasmic  Howard et al®®
human intrinsic factor
Gastrin Rb; p  Synthetic poplypeptide ab16035; Abcam 200 GC;T Cytoplasmic ~ Stave and
corresponding to N Brandtzaeg?®
terminal AA1-13 of human
gastrin
CHRM Ms; m  Unprocessed central domain LK2H10; Ventana Medical Predil ECL;* Cytoplasmic Degorce et al?”
AA145-245 of human Systems
chromogranin
GS-lI N/A Lectin; Griffonia simplicifolia-1 Invitrogen and EY 1000 MNC, SPEM; Ramsey et al®®
Laboratories (San Mateo, Cytoplasmic

CA)

CHRM, chromogranin; CC, chief cells; ECL, endocrine(-like) cells; GC, gastrin-producing cells (G-cells); GIF, gastric intrinsic factor; Gt, goat; IF,
immunofluorescence; IHC, immunohistochemistry; m, monoclonal; MNC, mucous neck cell; Ms, mouse; Neg, not normally expressed in gastric unit; p,
polyclonal; PIC, plasma cells; Predil, predilute (used as recommended); Rb, rabbit; and Sh, sheep.

*Stains parietal cells in human but chief cells in mouse (Figure 2G).

TPresence of predominantly gastrin® endocrine cells is indicative of antral-type mucosa.>®
*Predominance of chromogranin* endocrine cells in the absence of G-cells is indicative of fundic-type mucosa.

tric, not intestinalized, glands.>~'© Also, traditional mod-
els do not take into account that atrophy of the corpus is
almost always concomitant with pseudopyloric or spas-
molytic polypeptide expressing metaplasia (SPEM; see
below)'"'? and neglects evidence that this type of meta-
plasia may have closer links to eventual development of
dysplasia or carcinoma.'® Recently, mouse models have
argued for even more unexpected routes to the develop-
ment of cancer, with a critical role of transdifferentiation of
gastric epithelial cancer progenitors from migrating mes-
enchymal stem cells.’'® All these lines of evidence ar-
gue strongly for fundamental changes in the way we
interpret gastric carcinogenesis.

One limiting factor in the conceptualization of a more
appropriate gastric carcinogenesis model is the dearth of
reliable molecular markers for gastric epithelial differentia-
tion in humans'® (Table 1)."¢~28 For example, the discovery
of spasmolytic polypeptide (later renamed to trefoil factor 2
or TFF2) enabled recognition of ectopic TFF2-expression in
the basal compartment of oxyntic mucosa known as
SPEM. 32930 Normally, TFF2-expressing mucous neck cell
progenitors in mid portion of the oxyntic mucosa differenti-
ate into chief cells (TFF2-negative).®'>* This transition in-
volves expression of the bHLH transcription factor MISTT,
and genetic ablation in mice has demonstrated MIST1 as
critically important for the structural features of the mature
chief cell, including basal nuclear polarity and formation of

large digestive enzyme containing granules.?®3* In animal
models, chronic Helicobacter colonization induces loss of
parietal cells (ie, oxyntic atrophy) and concomitant meta-
plasia of the basally located chief cells.’"3"3537 Specifi-
cally, chief cells regain proliferative potential and start re-
expressing progenitor markers such as TFF2, MUC6, and
the epitope for the lectin Griffonia Simplificolia, GS-11.%8 Thus,
in animals, initial stages of SPEM are characterized by
ectopic TFF2 expression in mature chief cells in addition to
markers of normal chief cell differentiation (murine intrinsic
factor, Pepsinogen C [PGC]; Carboxypeptidase B
[CBP1]; MIST1)."" Progression of early SPEM (ie,
TFF27/MIST1" SPEM) leads to fully metaplastic chief
cells that turn off expression of MIST1'":3" as they lose
their characteristic acinar exocrine secretory structure
(ie, established SPEM is TFF2*/MIST1).'23" Thus, mu-
rine SPEM arises, at least in part, from a metaplastic
chief cell lineage, and over time mice infected with
Helicobacter sp. develop gastritis cystica profunda as
well as dysplasia.'#37:%°

These findings triggered demonstration of SPEM in
humans'"2°:30 and, importantly, cancer association rates
clearly exceed those reported for IM.'® However, be-
cause lineage tracing and sequential analysis of differ-
entiation cannot be easily performed in humans,®'“° the
cellular origins of human SPEM have not been estab-
lished. Given the paucity of molecular tools to study the
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progression of lesions in human gastric carcinogenesis'®
and that MIST1 expression has been a reliable marker for
tracing the cellular origins of metaplasia in mice, we de-
cided to investigate MIST1 as a biomarker of gastric differ-
entiation in humans. We demonstrate that MIST1 is re-
stricted to the normal human chief cell compartment and is
lost during progression toward gastric cancer. Moreover,
using a gastric tissue microarray (TMA) comprising hun-
dreds of normal, metaplastic, dysplastic, and neoplastic
tissue, we observe that MIST1 is expressed in all normal
oxyntic-type samples but lost in adenocarcinoma. In short,
our results demonstrate that MIST1 expression correlates
with gastric mucosal health. Examination of MIST1 in IM and
SPEM indicates that metaplasia strongly correlates with al-
terations in chief cell differentiation. These findings are in
accord with animal data and thus indicate that metaplasia in
humans might, at least in part, arise from transdifferentiation
of the chief cell lineage. Until now, the chief cell compart-
ment has been neglected in the assessment of intact gas-
tric glandular differentiation. Our results argue for using
MIST1 staining as an aid in the assessment of intact oxyntic-
type mucosa in clinical practice.

Materials and Methods
Regulatory Approval

The Human Studies Committee at Washington University
Medical Center approved testing of all human aspects of
this study, including examination of existing pathological
specimens as well as sampling of fresh gastric tissues
obtained postoperatively. The Washington University
School of Medicine Animal Studies Committee approved
all animal procedures. The ethics committee of the insti-
tutional review board of Chungbuk National University
Hospital approved tissue microarray studies.

Generation of Mist1-eGFP plasmid was performed by
using the restriction site-free PCR method of riboclon-
ing.*"*2 The coding region of hMist1 cDNA (Open Biosys-
tems, Huntsville, AL; Image ID: 8322448) followed by a 30
amino acid peptide linker was added in-frame to the amino
terminus of EGFP in pEGFP-C1 (Clontech Laboratories,
Inc., Mountain View, CA) by the restriction site-free PCR
method of ribocloning®'*? by using Klentag-LA enzyme
(Wayne Barnes, Washington University) and accurate PCR
conditions. The riboprimers (ribose base, lowercase) used
did not match the vector or target products, so they were
first elongated on longer bandaid primer templates. PCR
was performed on the vector region by using primers
DNABZas; 5'-GGCAATTCCACCACACTGGACTAGH-3" and
pEGFP-DNA3sb; 5'-CGCTACCGGTCGCCAC CAC-
TAGTCCAGTGTGGTGGAATTGCC-3" with V5s; 5'-GGTA-
AGCCTATCCCTAACCCTCTc-3" and EGFP-Vb5asb
5'-CTCCTCGCCCTTGCTCACCATGAGAGGGTTAGGFGA-
TAGGCTTACC-3" on pEGFP-C1 DNA. The hMIST1 target
was PCR amplified by using DNA3s; 5-ACTAGTCCAGTGT
GGTGGAATTGCc-3" and hMIST1-DNA3b, 5'-GGGG-
CCGGTTCTTGGTCTTCATAACGGCAATT CCACCA-
CACTG GACTAGTG-3' with Vbas; 5'-GAGAGGGTTAGG-
GATAGGCTTACc-3' after sequential elongations on bandaids

hMIST1-V5b3; 5-GAGGGCCCGCGGTTCGAAGGTAA GC-
CTATCCCTAACCCTCTC-3’, hMIST1-V5b2; 5'-CTGCA-
GATATCCAGCACAGTGGCGGCCGCT CGAGTCTA-
GAGGGCC CGCGGTT-3’, and hMIST1-V5b1; 5'-
CAGCTTCCGAGAGGGCACCA AGGGCAATTCTGC-
AGATATCCAGC-3'. The construct coding region pMT6-5
was verified by DNA sequencing.

Homology Determination

Class Il bHLH protein sequences were retrieved from
publicly available databases (National Center for Bio-
technology Information, Swissprot) and aligned by using
Vector NTI (Invitrogen, Carlsbad, CA) to determine where
MIST1 shows the highest homology with other class Il
bHLH transcription factors (Figure 1). To minimize poten-
tial cross-reactivity with other bHLH transcription factors,
we generated an RFP-EK-hMIST1 devoid of amino acids
(AA) 81-127 (see below).

Generation of RFP-EK-hMIST1 Construct

The RFP-EK-hMIST1(lacking AA 81-127) construct
(MT25-2) was made in three ribocloning steps.*? First an
enterokinase (EK) cleavage (DDDDK) site was added to
the C-terminus of a N-terminal His-tagged and mu-
tagenized ds-Red Escherichia coli expression vector
(pWB536*2) by using riboprimers V4139-26rc (5’-GCTT-
TCTTCCCTTCCTTTCTCGCCA-riboC-3") and T4164-26rc
(5'-GTGGCGAGAAAGGAAGGGAAGAAAG-riboC-3") and
bandaid RStuEKb (5’-GCCACCACCTgT TCCTcgccgac-
gatgacgaCaaggcctGCTTTCTTCCCTTCCTTTCTCv) that
adds a unique Stul site along with the EK site. Next, this
plasmid (MT19-1) was cut with Stul and PCR amplified
with riboprimers V4139-26rc and REKas (5'-GTCGT-
CATCGTCGGCGAGGAA-riboC-3’) to fuse proteins to the
C-term of the EK site. The entire hMIST1 coding region
was added by PCR amplifying with riboprimer REKs (5'-
GTTCCTCGCCGACGATGACGA-riboC-3") and bandaid
hMIST1-EKRb  (5'-TGGGGGCCGGTTCTTGGTCTTCTT-
GTCGTCATCGTCGGCGAGGAAC-3') along with ribo-
primer T4164-26rc and bandaid (5’-CGTCGTGACAG-
CAGCATCCAGTAGGCTT TCTTCCCTTCCTTTCTCGC-
CAC-3’) using a hMIST1 cDNA plasmid template (Image
ID-8322448). Annealed ribonuclease-treated PCR prod-
ucts were electroporated into BL21-ZYM cells (gift of
Wayne Barnes). Positive clones were selected for their
red color with UV (earlier) or visible light (later) on lactose
containing autoinducing ZYM-505-Amp100 pg/ml
plates. EcoRV restriction pattern, DNA sequences, and
NUPAGE-MES gels (Invitrogen) were used to confirm
DNA, sequence, and protein size of the construct. Based
on sequence alignment (Figure 1), AA 81-127 were re-
moved from this hMIST1 plasmid (MT22-1) by a two-step
PCR. In the first step an N-term fusion region and sec-
ondly, a C-term region lacking AA 18-127 was amplified
in separate tubes by using the REKs riboprimer and the
antisense bandaid hMISTNoDas (5'-CTGCTGGACATG-
GTCAGGATGGTCTGGATGCTGCTGTCACGACG-3')
that spans the deletion in one and the T4164-26rc ri-
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Figure 1. Sequence alignment of class II bHLH transcription factors to design immunogen with minimal cross-reactivity. Alignment is ordered by unweighted
clustering according to sequence similarity. Amino acid position corresponding to complete BHLHB8 (MIST1, also known as BHLHA15) sequence is indicated on
top. Gaps of alignment are marked by hyphen, amino acids are highlighted in turquoise when more than 50% conserved across proteins, highlighted in green
when representing similar amino acids and displayed as green font when weakly similar to consensus sequence (last row); region omitted from MIST1
immunogenic peptide by ribocloning is indicated by pink pounds (labeled BHLB8_#).

boprimer and the sense primer hMISTNoDs (5’-cgtcgtga-
cagcagcatccagACCATCCTGACCATGTCCAGCAG-3)
spanning the deletion in the second. After eight cycles
using BssHI cut MT22-1 as template, the tubes were mixed
and diluted 1:10 in a new PCR reaction that had only REKs
and T4164-26rc riboprimers. The resulting 454-bp product
was then ribocloned into the same plasmid region used for
MT22-1 above; all constructs were verified by DNA
sequencing.

Human Anti-MIST1 Antibody Generation

An anti-human-MIST1 rabbit polyclonal antibody (hMIST1-
NOD-405) was made by immunizing rabbits (Covance
Immunology Services, Denver, PA) with the N-His7-red flu-
orescent protein-enterokinase-hMIST1 fusion protein pro-
duced in E. coli (25 ml) from the RFP-EK-hMIST1 (lacking AA
81-127) plasmid almost exclusively as inclusion bodies by
autoinduction.** Pelleted red inclusion bodies were solubi-
lized in ~5 ml of 8.0 M urea, 50 mmol/L Tris-HCI pH 8.0
buffer by heating to 50°C. The soluble protein was diluted in
half with binding buffer (500 mmol/L NaCl, 5 mmol/L imida-
zole, 20 mmol/L Tris pH 8.0) and bound to a NiCl, charged
iminoacetic acid-agarose column (Sigma-Aldrich Co., St.
Louis, MO) that was washed with 500 mmol/L NaCl, 20
mmol/L imidazole, pH 8.0, and eluted with 500 mmol/L
NaCl, 100 mmol/L imidazole, pH 8.0. Antisera from multiple
bleeds were tested for titer and specificity by using enzyme-
linked immunosorbent assay to the immunogen peptide as
well as Western blot against cells stably expressing MIST1
(Figure 2A).

Patient Samples

The study includes analysis of a total of 459 de-identified
samples comprising 128 samples from the Lauren V.

Ackerman Laboratory of Surgical Pathology at Barnes-
Jewish Hospital (Washington University Medical Center,
St. Louis, MO) and 331 samples from the Department of
Pathology of Chungbuk National University Hospital,
Seoul, Korea. US samples consisted of two study sets: 90
resection samples (including four fast-fixed normal stom-
ach samples) and 38 samples in the biopsy set. The
fast-fixed normal stomach samples were derived from
one autopsy (myocardial infarction, postmortem time 4
hours), two prophylactic gastrectomies, and one gastrec-
tomy as part of a Whipple procedure for pancreatic
adenocarcinoma (stomach not involved). Resection sam-
ples were selected via text queries of original pathologi-
cal diagnosis recorded in the pathology laboratory infor-
mation system (2000-2007). After review, the following
samples were included as the resection set: no his-
topathological abnormality (oxyntic n = 7; antrum n = 8);
fundic gland polyp (n = 3 biopsies); hyperplastic polyp
(n = 4 biopsies); chronic active gastritis (n = 10), atrophy
[n = 4; included as SPEM (n = 3) and IM (n = 1), see
diagnostic criteria], intestinal metaplasia (n = 15; see
below), (pseudo-)pyloric metaplasia (n = 2; see below);
low-grade intraepithelial neoplasia/dysplasia (n = 3);
high-grade intraepithelial neoplasia/dysplasia (n = 3),
intestinal-type adenocarcinoma (n = 18; including three
early gastric carcinoma), diffuse-type (signet ring cell)
carcinoma (n = 5).

The biopsy set comprised 38 consecutive oxyntic sam-
ples with chronic active and chronic inactive gastritis,
selected as consecutive samples from routine biopsy
material*®; clinicopathologic characteristics (eg, Diagno-
sis, Helicobacter pylori status) and 3-year-follow up were
available. Samples from cardia and oxynto-antral transi-
tional type mucosa were excluded and oxyntic origin was
determined morphologically (proportion of pit to gland
ratio and parietal cells) as well as by chromogranin- and
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Figure 2. New rabbit-anti-human MIST1 antibody is a specific marker for human zymogenic (chief) cells. A: Western blot from HGC cells transfected with eGFP
alone (lane 2) and with the MIST1-eGFP construct (lane 3); the latter shows a single band with the expected molecular weight (~50 kD = MIST1+eGFP) when
compared with the size-control (lane 1). B: HGC-27 cells transiently transfected with the MIST1-eGFP construct show nuclear eGFP fluorescence. C: Normal
human gastric mucosa with lumen at top. Luminal surface (foveolar or pit) cells are labeled with conjugated lectin DBA (Alexafluor-594, red), parietal cells in the
neck-zone with VEGFB (Alexafluor-488, green), and nuclei with Hoechst 33258 (blue). The rabbit anti-human MIST1 antibody (Alexafluor-647, magenta) stains
exclusively nuclei at the base of the gastric unit corresponding to chief cells. The inset demonstrates round, basally located MIST1-positive nuclei. Few
interspersed parietal cells (VEGFB-positive) lack MIST1 expression. D: Marker distribution along the pit-base axis (MIST1 + H"-K*-ATPase + Hoechst). After
orientation, merged channels (top) were separated (eg, middle) and subsequently merged by using a customized pixel algorithm that also allows visualization
(bottom). Merged images of at least 45 gastric units were quantified and are plotted as relative fluorescent intensity after normalization to the brightest pixel. Note
that parietal cells concentrate in the neck (midportion) of the unit, whereas MIST1™ chief cells cluster at the base. E: Antral-type mucosa shows no epithelial MIST1
expression. Inset shows pyloric-type glandular cells with basal and flat MIST1-negative nuclei; arrow shows MIST1-positive plasma cells that serve as internal
positive controls. F: The rabbit-anti-human MIST1 antibody also demonstrates chief-cell specific staining in oxyntic-mucosa of the mouse (Mist71"/™" ) that is absent
in Mist1~/"-animals. Scale bars = 20 pum in B, inset in E; 100 um in C and E; and 50 pm in F.

gastrin-immunostaining according to established proto- that were missing, or otherwise uninterpretable, were
cols*®; see Table 1.16-28 not included in the analysis (n = 41), resulting in a total
number of 331 cases. Thus, the microarray analysis
consisted of 139 cases of adenocarcinoma, 73 cases

Tissue Microarray (Korea) of early gastric cancer, 14 cases of diffuse-type gastric

De-identified, archival cases of gastric carcinoma and cancer, 28 cases of high-grade dysplasia, 27 cases of
related conditions on seven formalin-fixed paraffin em- low-grade dysplasia, 50 cases of intestinal metaplasia,
bedded TMAs were analyzed for their expression of 41 cases of chronic gastritis, and 37 cases of normal
MIST1. Details of the arrays have been previously pub- stomach.

lished.*” Briefly, samples were originally diagnosed by
two of the authors (S.H.K. and Y.K.S.) by using diag-

A ey _ Diagnostic Criteria
nostic criteria as stated below. Clinical information and

follow-up were available and all patients underwent Diagnostic criteria applied here follow established mor-
surgical operations but no previous adjuvant chemo- or phological, histopathological, and immuno-phenotypic
radiation therapy. Each of the 12 arrays (total = 384 features.*®®" Normal fundic-type mucosa (also-known
spots) contained one tonsilar sample for orientation as oxyntic- or corpus-type mucosa) shows the following:

and as positive controls (see Results). Tissue cores (1) foveolar (pit) to gland ratio of <1:4, (2) relatively



straight, tubular glands with a mixture of (3) parietal/
oxyntic cells or parietal-cell markers in normal distribution
and (4) chief/zymogenic cells or chief-cell markers in
normal distribution, and (5) no Gastrin-positive endocrine
cells. Parietal/oxyntic cells are located mainly in the up-
per half of the glandular compartment and are vaguely
triangular (pyramidal) with the base located on the base-
ment membrane, a round central nucleus with evenly
distributed chromatin and deep-pink/eosinophilic cyto-
plasm on H&E stained sections. Chief/zymogenic cells
are cuboidal with a basally situated nucleus with one or
more small nucleoli and pale purple-gray cytoplasm. Nor-
mal antral-type mucosa (also-known as pyloric- or pre-
pyloric-type mucosa) shows the following: (1) foveolae
(pit) to gland ratio >1:2, (2) short coiled pyloric-type
glands (see below) with (3) rare parietal/oxyntic cells
(so-called antral-oxyntic mucosa or transitional mucosa),
and (4) gastrin-positive endocrine cells (G-cells). It is
uncommon to see chief/zymogenic cells in antral-type
mucosa. Pyloric glands resemble duodenal Brunner’s
glands and the cuboidal to columnar cells show (1) ill-
defined borders with (2) a basally located, dense, oval to
flat nucleus and (3) bubbly to foamy, pale (flocculent)
pink/eosinophilic to clear cytoplasm on H&E stained sec-
tions. Mucous neck cells show an irregular cone shape
with the tip located toward the basement membrane, a
basally located dense nucleus and apical (TFF2-positive)
secretory granules. Mucous neck cells are present
mainly in the fundic-type but also in the pyloric-type
mucosa, are arranged in clusters or as single cells be-
tween parietal cells in the neck of the glandular units and
in lesser numbers in the isthmic portion of the glands of
both the fundic-type and also the pyloric-type mucosa.
Gastritis was assessed by routine H&E and definitions
followed established principles.®?° For statistical evalu-
ation, we separated between active (chronic-active gas-
tritis) and nonactive (chronic inactive) gastritis. H. pylori
immunohistochemistry (IHC; prediluted polyclonal rabbit-
anti H. pylori antibody; Ventana Medical Systems, Tuc-
son, AZ) or Steiner stains confirmed the presence of H.
pylori in the biopsy set.*® Intestinal metaplasia was de-
fined as replacement of gastric epithelial cells with small
intestinal lineages, specifically, goblet cells or CDX2 ex-
pressing epithelial cells. SPEM was defined as the pres-
ence of mucosa that phenotypically resembled antrum
(with TFF2™" basal cells) interspersed in anatomically cor-
pus/fundic-type mucosa. Thus, we consider SPEM func-
tionally indistinguishable from the term “pseudopyloric
metaplasia,” although the former has traditionally been
defined based on TFF2 positivity and the latter has been
defined by H&E appearance.'®5%55 All samples identi-
fied by the search term “atrophy” represented “chronic
atrophic gastritis.” Although individual fundic glands in
these cases also demonstrated regional nonmetaplastic
atrophic gastritis [= oxyntic atrophy: as assessed in sec-
tions stained for H/K-ATPase and arbitrarily defined as a
decrease in parietal cell density to less than 1/3 of the
gland length (= 2/9 of the total mucosal height)], all
cases of “chronic atrophic gastritis” contained sizeable
regions of complete replacement of fundic glands by
either intestinal or pyloric-type glands. According to es-

MIST1 Is a Marker of Healthy Chief Cells 1519
AJP September 2010, Vol. 177, No. 3

tablished definitions, ie, atrophy = metaplasia,®' cases

were assigned based on their predominant metaplastic
pattern (SPEM = 3; IM = 1) to the corresponding meta-
plasias. Here, we define the term hybrid-metaplasia and
refer to lesions that demonstrate a mixed pattern with
either MIST1"/TFF2™ or MIST1"/CDX2". Fundic gland
polyps are composed of cystically dilated and architec-
turally irregular fundic glands. Hyperplastic polyps are
architecturally distorted, irregular, and cystically dilated
and elongated foveolar epithelial lesions with foveolar
cells that have abundant mucinous cytoplasm. Low-
grade intraepithelial neoplasia/dysplasia was defined as
glands with minimal architectural distortion, lined by en-
larged columnar cells with minimal or no mucin and ho-
mogeneously blue vesicular, rounded or ovoid nuclei
without nucleoli. High-grade intraepithelial neoplasia/
dysplasia was defined as crowding and branching
glands without stromal invasion but pleomorphic, hyper-
chromatic, cigar-shaped nuclei with prominent ampho-
philic nucleoli.®® Invasion into the lamina propria is diag-
nostic of carcinoma, and we distinguished between
intestinal- and diffuse-type carcinoma, whereby the
former has recognizable glands and the latter consists of
poorly cohesive cells diffusely infiltrating the gastric wall
with little or no gland formation (“signet-ring cell tumor”);
other morphological variants were not included. Early
gastric cancer is by definition limited to the mucosa or
submucosa, regardless of nodal status. Differentiation
and TNM staging was assessed according to the pro-
posed guidelines by the World Health Organization*® and
the system established by the American Joint Committee
on Cancer,*® respectively.

Fixation

Fast-fixed specimens were obtained fresh, pinned down,
and sectioned parallel to the lesser curvature according
to a predefined map. Alternate 2- to 3-mm thick sections
of gastric wall from all anatomical regions were preserved
snap-frozen in liquid nitrogen, or fixed either in 4% neu-
tral-buffered paraformaldehyde (Merck, Whitehouse Sta-
tion, NJ) or in freshly-prepared methacarn fixative®®; the
latter was followed by transfer into absolute alcohol after
1 hour fixation. Specimens from all other study sets were
originally fixed in 4% to 10% neutral-buffered formalde-
hyde and embedded in paraffin according to standard
procedures. All paraffin-embedded specimens were cut
at 3 to 5 um, using conventional histological techniques
and transferred to charged/silane- or glycine-coated
slides (Sigma-Aldrich Co.).

Immunofluorescence

Sections were washed for 5 minutes (xylene X3, 100%
ethanol X2, 95% ethanol X1, 70% ethanol X1, and PBS
X1). Sections were boiled in Trilogy (Cell Marque, Hot
Springs, AR) for antigen retrieval, rinsed in de-ionized
water for 15 minutes, and washed with PBS.57-°8 Sections
were blocked in 1% bovine serum albumin, 0.3% Triton
X-100 PBS, incubated with combinations of the antibod-



1520 Lennerz et al
AJP September 2010, Vol. 177, No. 3

ies listed in Table 1, and visualized with appropriate
secondary antibodies conjugated to Alexa 488 (green),
596 (red), 647 (magenta)—all 1:500—in combination
with Hoechst 33258 staining (blue). Sections were
mounted after PBS washes in glycerol:PBS.

Immunohistochemistry (TMA)

Sections were deparaffinized as stated above and sub-
sequently immersed in 3% H,O, to quench endogenous
peroxidase activity. Sections were microwaved for 20
minutes in 40 mmol/L borate buffer (pH 8.3) [or citrate-
buffer (pH 6.0)] supplemented with 1 mmol/L EDTA and 1
mmol/L NaCl for antigen retrieval.>*€° Avidin and biotin
were applied consecutively to prevent endogenous biotin
related background staining. Sections were incubated
with 1:100 rabbit-anti-human MIST1 for 60 minutes, fol-
lowed by three successive rinses with 0.1% Tween-20
and incubation for 20 minutes with biotinylated goat anti-
rabbit Abs (Dako, Glostrup, Denmark). After rinsing
(0.1% Tween-20), tissue sections were incubated with
horseradish peroxidase-conjugated streptavidin (Dako)
for 20 minutes at room temperature. Slides were washed
(0.1% Tween-20), and the chromogen was developed for
5 minutes with liquid 3,30-diaminobenzidine (DiNonA,
Seoul, Korea) before counterstaining with Meyer’'s hema-
toxylin. After dehydration sections were mounted in Can-
ada balsam.

Immunohistochemistry (Other Than TMA)

IHC staining was performed automatically with a Ventana
Benchmark XT automated slides stainer (Ventana Medi-
cal Systems). The protocol consisted of a pretreatment
with CC1, pH 8.0 (Ventana Medical Systems), followed by
incubation with the primary antibodies at the indicated
dilutions (Table 1). Antigen-antibody complexes were de-
tected with an IVIEW-DAB (diaminobenzidine) detection
system (catalog number 760-500; Ventana Medical Sys-
tems) including ultra View Universal DAB inhibitor, ultra
View Universal HRP Multimer, ultra View Universal DAB
Chromogen, ultra View Universal DAB H,O,, and ultra
View Universal DAB Copper. For dual-color IHC, the ultra
view Universal Alkaline Phosphatase Red Detection kit
(catalog number 760-501, Ventana Medical Systems) in-
cluding ultra View Red Alkalone Phosphatase, ultra View
Red Enhancer, ultra View Red Naphthol, ultra View Red
Fast Red A, and Fast red B were used. Standard proto-
cols were modified to keep temperature at 37°C between
washes and antigen retrieval; incubations with antibodies
were also performed at 37°C.

Staining Controls

For most antibodies the staining properties and specific-
ity have previously been established, and the specific
conditions and modifications of staining protocols are
provided, when applicable (Table 1). Specificity of the
IHC/IF reactions was verified by omission of primary and
secondary antibodies and replacing them with Tris-buff-

ered saline or normal serum, respectively. In case of the
newly raised rabbit-anti-human MIST1 antibody, the
specificity was assessed by using six different con-
trols®'34: (1) examination of staining properties in murine
oxyntic mucosa and comparison with previously estab-
lished MIST1 antibodies?®®! (comparison control); (2)
staining pattern of rabbit-anti-human MIST1 in Mist? /-
mice (knock-out control); (3) we performed pre-absorp-
tion controls with the MIST1 antibody (1:100) combined
with the MIST1-RFP peptide (1:10), against which the
antibodies were raised (preabsorption control); (4) the
secondary antibody was used without primary antibody
in the first incubation (negative control); (5) we performed
normal serum controls by replacing the primary antibody
by normal (rabbit) serum (normal serum control) using
1:10 and 1:20 concentrations; and (6) we examined
specificity via Western blots of cell lysates (see below).

Cell Culture, Transfection, and Western Blot

Human gastric cancer (HGC) cell line HGC-27 (HPACC,
Porton Down, UK) cells were maintained and stable
MIST1-expressing lines generated as previously de-
scribed.®* For Western blot, HGC-27 cells (otherwise
MIST1-null) were transfected to stably express either
MIST1-eGFP or eGFP alone (control). HGC-27 with stable
expression of cytoplasmic eGFP were rinsed with ice
cold PBS twice, harvested (~10° cells per experiment),
and pelleted at 200 g for 5 minutes. The cell pellets were
lysed in 400 wl of lysis buffer (50 mmol/L Tris-HCI, pH 7.5,
150 mmol/L NaCl, 1% NP40, 1% sodium deoxycholate,
Roche (Indianapalis, IN) protease inhibitor cocktail tablet),
incubated at 4°C for 20 minutes, and then spun at 14,000
rpm for 20 minutes (all procedures performed on ice or at
4°C). The supernatant was collected and mixed with 4X
SDS loading buffer, boiled for 5 minutes, and separated by
electrophoresis on a 4% to 12% NuPage gradient polyacryl-
amide gel (Invitrogen). Western transfer followed standard
protocols with rabbit anti-human MIST1 (1:1000) and IRDye
800 conjugated donkey anti-rabbit IgG (Rockland, Gilberts-
ville, PA) to detect bands.

Microscopy

Initial analysis of H&E and IHC was performed by using
an Olympus AX70 epi-fluorescence microscope or Olym-
pus BX51 light microscope connected to a 12 Mpixels
Olympus DP70 digital camera (Olympus America, Center
Valley, PA). For multicolor fluorescence, we used a Zeiss
Axiovert 200 inverted fluorescence microscope (Zeiss,
Maple Grove, MN) with photomicrographs obtained via
Axiocam MRM camera with Apotome optical sectioning
filter (output as TIFF files; 1.4 megapixel: 1388 X
1040). TMA-, all IHC-, and routine-stained sections
were scanned by using a Scancope XT system (Aperio,
Vista, CA).

Histological evaluation consisted of five stages. (1)
Independent evaluation by the original pathologists
(United States/Korea) combined with case selection by
four of the authors (United States: J.K.L. and J.C.M;



Korea: S.H.K. and Y.K.S.). (2) The fast-fixed study set
was used to determine staining properties of all antibod-
ies. This examination includes performance characteris-
tics of the newly raised MIST1 antibody and review was
performed by five of the authors (J.K.L., E.J.O., AB.J,,
X.T., and J.C.M.). (8) TMA-staining, performed in Korea,
was initially reviewed and evaluated by two of the authors
(SHK. and Y.K.S). (4) MIST1-stained TMA-sections
were scanned and electronically separated into individ-
ual images by using a customized link between several
software platforms (Adobe Photoshop CS3, Adobe Sys-
tems, San Jose, CA; Aperio ImageScope 10.0/TMALab;
ImageJ version 10.2). Specifically, the link was created
by using AutolT (version 3.2.12.0 by Jonathan Bennett), a
freeware BASIC-like scripting language for automating
the Microsoft Windows GUI. Subsequently, (5) images
were evaluated by using an automated (ImageJ) thresh-
old function.®2 Examination of all visual data was per-
formed by J.K.L. and J.C.M. and both independently
selected representative regions, followed by circula-
tion of electronic documents among all authors and
final selection of photomicrographs.

Quantification and Merging Functions

Quantification was performed by using digital image pro-
cessing via Imaged (version 1.37v; http://rsb.info.nih.gov/
i/, last accessed July 21, 2010) and Photoshop CS3
(Adobe Systems) according to previously established
semiautomatic protocols.?®3"62 Briefly, for quantifica-
tions along the gastric units, three images containing at
least 10 well-oriented gastric units were taken from each
normal sample. Each channel was first converted into an
eight-bit grayscale image. After manual isolation of gas-
tric units, their height was normalized to 1388 pixels and
all units overlaid (total number = n samples X 30 units
per marker [three images X 10 units]). To allow spatial
projection of gastric units on top of each other and sub-
sequent quantification of “optical summation” images, we
multiplied the inverse of each pixel value of the merged
image with the corresponding pixel value of the base
image. The resulting color per merge is always lighter
and visually similar to projecting slides on top of each
other (black leaves the color unchanged and white pro-
duces white). Merged images were quantified along the
foveolar-base axis (unitary axis) by using a binned pixel
algorithm. Specifically, the mean fluorescence intensity
for each line of pixels perpendicular to the unitary axis
was extracted, providing 1388 data points (lines) that
were averaged as bins of 10 lines, resulting in 139 values.
After normalization to the brightest individual point in all
images (set to 100), values were plotted as relative fluo-
rescent intensity versus unitary (foveolar-base) axis. To
enable merged-overlay of traditional IHC stains (ie, on
subsequent levels), we first synchronized virtual slides,
extracted and manually merged fields and then per-
formed blending of layers by selecting only the darker
pixel. Specifically, pixels lighter than the blend color are
replaced and pixels darker than the blended color do not
change.
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Statistical Testing

Statistical analyses were conducted by using Fisher’s
exact test or Cohen’s kappa,®® when appropriate. P val-
ues of <0.05 were regarded as statistically significant. All
data were analyzed by using Prism 5.0b (GraphPad Soft-
ware Inc., La Jolla, CA), Microsoft Excel 2008 (version
12.1.9; Microsoft Corporation, Redmond, WA), or the on-
line statistical toolbox of the Chinese University of Hong
Kong by Professor A. Chang (http.//department.obg.cuhk.
edu.hk/researchsupport/statmenu.asp; last accessed July
21, 2010).

Results

We raised a new rabbit-anti-human MIST1 (also known as
BHLHB8 or BHLHA15) antibody by combining bioinfor-
matics and ribocloning approaches. Using publicly avail-
able databases (National Center for Biotechnology Infor-
mation, Swissprot) we extracted and aligned class Il
bHLH protein sequences® 7 to determine the region of
highest homology to MIST1 (Figure 1). To minimize cross-
reactivity with other bHLH proteins, we omitted the
bHLH-/DNA-binding domain (amino acids 81-127) of hu-
man MIST1 by using a ribocloning strategy and immu-
nized rabbits with the resulting recombinantly expressed
protein hMIST1-NOD-405 (Figure 1, BHHLHB8#). En-
zyme-linked immunosorbent assay and Western blot con-
firmed titers and reactivity against the recombinant pro-
tein (not shown). The antibody showed reactivity only
against MIST1-transfected HGC-cells, confirming speci-
ficity (Figure 2A). MIST1-eGFP transfections demonstrate
fluorescence signals restricted to the nucleus, confirming
nuclear expression pattern of transfected human MIST1
(Figure 2B).

MIST1 Expression in Normal Gastric Mucosa

We used the newly raised rabbit-anti-human MIST1 anti-
body to study the immunostaining pattern in human oxyntic-
and antral-type mucosa by using multiple approaches.
Chief-cell specific expression was demonstrated via co-
localization immunofluorescence (Figure 2C). In addition,
we used a merged-overlay pixel algorithm on synchro-
nized virtual slides stained with conventional IHC to show
that MIST1-positive cells on one section were also posi-
tive for the chief cell markers CBP1 and PGC on subse-
quent sections (not shown). Furthermore, quantification
of mean fluorescent intensity across multiple gastric units
[MIST1: n = 90 units; H"/K*- ATPase: n = 78 units;
vascular endothelial growth factor B (VEGFB)'®: n = 45
units; Hoechst (nuclei): n > 90 units] along the foveolar-
base axis (unitary axis) by using a binned pixel algorithm
(see Materials and Methods) demonstrated the highest
density of MIST1 expression at the chief cell-populated
base of the gastric unit (Figure 2D). In contrast, the
parietal and foveolar (surface/pit) cell compartments do
not express MIST1 (Figure 2, C and D). There was no
MIST1 expression in any of the 14 antral samples (Figure
2E), and no difference in MIST1 expression between
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Table 2. Overview of MIST1-Staining in Resection (RS) and Tissue Microarray (TMA) Specimen
RS (United States) TMA (Korea) Total
Group Subgroup MIST1* /total % MIST1 +/total % P value MIST1* %
NormalP® Antrum 0/8 0 0/6 0 1.00 0/14 0
Fundus 7/7 100 16/16 100 1.00 23/23 100
Polyps FGP* 3/3 100 — — — 3/3 100
HP* 0/4 0 — — — 0/4 0
Gastritis®® CAG 8/10 80 16/31 51.6 0.15 24/41 58.5
Metaplasia®® SPEM* 49ep/5 80 — — — 4/5 80
IM 49°P/16 25 6/34 17.6 0.71 8/50 16
Dysplasia Low-grade 0/3 0 4/24 16.6 1.00 4/27 14.8
High-grade 0/3 0 3/25 12 1.00 3/28 10.7
Carcinoma AdCa 0/13 0 2/126 1.6 1.00 2°¢9/139 1.4
EGC 1/13 7.7 0/60 0 1.00 1¢09/73 1.4
DT 0/5 0 0/9 0 1.00 0/14 0
Total 90 331 421

AdCa, intestinal-type adenocarcinoma; CAG, chronic active gastritis; DT, diffuse-type gastric carcinoma (signet-ring cell type); EGC, early gastric
carcinoma; FGP, fundic gland polyp; HP, hyperplastic polyp; MIST1*, epithelial nuclear MIST1 positivity; P values determined by two-tailed Fisher's

exact test; RS, resection set; Total, sum of RS and TMA.
*Not assessed in TMA specimen.
PSAlso assessed in biopsy set (Table 3; Figure 5).

cedCorresponds to very rare chief-cell differentiation [observed in 3 of 226 carcinomas (~1.3%)].
dePDistinct expression pattern in adjacent gastric units of SPEM and IM with or without TTF2 and CDX2, respectively (Figure 4, J and K; 5C; 6,

D and E).

samples stained in labs in the United States and those
stained in Korea was noted (Table 2). Moreover, the
newly developed MIST1 antibody labeled chief cells in
mice with no colocalization in GS-ll (mucous neck) or
VEGFB-positive (parietal) cells but with colocalization
with gastric intrinsic factor, a chief cell-specific marker in
mice (Figure 2F). As expected, Mist1~'~ mice showed no
reactivity (Figure 2F). Similarly, the omission of the pri-
mary or secondary antibody as well as preabsorption and
normal serum controls showed absence of staining,
whereas reversal of fluorophores as well as comparison
of immunoperoxidase and immunofluorescence staining
showed identical expression pattern (Figure 2, C-E, and
not shown). Thus, epithelial MIST1 expression in humans,
as in mice, is restricted to chief cells.28"

In addition to epithelial labeling, we noted nuclear
MIST1 staining in plasma cells in the lamina propria.
Colocalization studies demonstrate strong cytoplasmic
Syndecan/CD138-positivity in these cells (Figure 3A), ad-
ditionally confirmed by in situ hybridization for kappa and
lambda light-chains on adjacent sections (Figure 3B). As
plasma cells were present in all stomach sections, the
plasma cell staining serves as an internal control (ie,
when epithelial-MIST1 is lost) as well as a marker for the
degree of chronic inflammation (eg, Figure 3C). A more
detailed study of MIST1 in plasma cells is in preparation
(Mills et al, unpublished observations).

MIST1 Expression in Hyperplastic and
Inflammatory Gastric Lesions

We next used MIST1 to label a spectrum of human le-
sions separated in diagnostic groups in a multi-institu-
tional/national setting (Table 2). First, we assessed immu-
nostaining in 10 samples of a gastric resection set with
previously diagnosed chronic active gastritis (United
States) and found normal MIST1 labeling in 8 of 10 cases.

The remaining two cases showed multifocal absence of
MIST1 in areas of deep glandular damage, as identified
by intraepithelial neutrophils with or without epithelial cell
degeneration or loss. In both cases, the deeper, nondam-
aged glandular aspects as well as the surrounding non-
damaged mucosa still showed preservation of normal
MIST1 labeling. The proportion of MIST1 staining in the
cases of chronic-active gastritis in another set of cases
collected in the Republic of Korea and assembled on a
TMA was slightly lower (51.6%); however, statistical com-
parison showed no discernable difference (P = 0.15,
Fisher's exact test), and MIST1 negativity was likely in-
creased due to more limited tissue sampling per case in
a TMA core. The TMA-core gastritis set included a more
heterogeneous spectrum of diagnoses with active,
chronic nonactive, and chronic gastritis. The overall pat-
tern across all inflammatory lesions was that 17 of the 31
cases (~55%) showed at least focal MIST1 loss in areas
of deep glandular damage. We also examined a third set
comprising 25 oxyntic biopsy samples (United States)
with chronic active gastritis (18 H. pylori-positive) and
nine samples of chronic inactive gastritis (lack of neutro-
phils; all H. pylori-negative); these showed neither asso-
ciation of MIST1 labeling with activity status (Table 3A)
nor association of MIST1 labeling with H. pylori status
(Table 3B). In total, we determined MIST1 labeling in 75
cases of gastritis, 20 of which showed focal loss of MIST1
in areas of deep glandular damage. Superficial dam-
age was not associated with loss of MIST1. The resec-
tion set (United States) also contained seven benign
polyps, and we found isolated MIST1-positive nuclei in
deeper aspects of cystically dilated gastric units in the
three examined fundic gland polyps (Figure 3D). In
contrast, all four examined hyperplastic polyps showed
no MIST1 staining in the expanded foveolar epithelial
compartment (Figure 3E).
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Figure 3. MIST1 in plasma cells, gastritis and gastric polyps. A: Lamina
propria shows colocalization of nuclear MIST1-staining (green) and Hoechst
(blue), resulting in the merged color turquoise in CD138-positive (syndecan,
cytoplasmic, red) plasma cells (arrows). Note that not all CD138-positive
cells are MIST1-positive (open arrows). B: Presence of plasma cells con-
firmed by #n situ hybridization of kappa and lambda (not shown) on a
subsequent tissue section. C: Helicobacter pylori (HP) gastritis (= chronic
active gastritis) with deep glandular injury (region of intraepithelial neutro-
phils and plasma cells in mesenchyme encircled) demonstrates preserved
nuclear MIST1-expression in basal cells (arrowheads). D: Individual MIST1-
positive nuclei (arrowheads) in cystically dilated fundic glands. E: Fundic
hyperplastic polyp is MIST1 negative. Scale bars = 20 um in A; 50 um in B;
and 100 um in C-E.

MIST1 and Relationship to TFF2 in Normal
Gastric Units

In normal gastric units, isolated MIST1-positive cuboidal
cells were present in the neck region. The majority of
MIST1-positive cells were TFF2-negative (81%; n = 491
of 600 cells counted in the transition zone of three sam-
ples, see below), and additional spatial separation was
achieved by interspersed MIST1 7 /TFF2~ parietal cells.
On low-power magnification, this organization as well as
separated foveolar-, neck- and basal zones could be
appreciated (oxyntic tricolor; Figure 4A). Specifically,
TFF2 was found in the neck/mid-zone of the gastric-unit
and confined to GS-II- or MUC6-positive mucous neck
cells (not shown) that were MIST1-negative (Figure 4C).
Morphometric and quantitative analysis of the neck-base
transition demonstrated an average height of 9.3 cells
(range, 8 to 14; ~135 to 225 um; n = 58 gastric units in
three samples) with an average of 1.8 cells (range, 0 to 5)
colabeling with MIST1 and TFF2 (Figure 4D). This corre-
sponded to 0.5% of cells in the glandular aspect of the
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gastric unit (n = 1655 cells counted). Similarly, individual
cells in the upper aspect of the base showed rare MIST1
labeling chief cells with apical cytoplasmic TFF2 (Figure
4E, asterisk). The separation of compartments with rare
cells that demonstrated MIST1/TFF2 co-labeling was
compatible with the separation observed in rodents and
interpreted as immunophenotypic evidence for transition-
ing of mucous neck cells to chief cells.?®3"

MISTT1 in Gastric Metaplasia

We examined a total of 55 metaplastic lesions consisting
of 21 resection samples (United States) and 34 TMA-
samples (Korea). In resection specimens, with much
more abundant tissue, diagnostic classification was
based on the predominant pattern and we assigned 16
cases to the IM group, and classified five cases as SPEM.
By definition, SPEM appears histologically as a basal
band of pseudopyloric metaplasia (H&E), PAS-, or TFF2
positivity (Figure 4B). In two of the five SPEM cases,
extensive metaplasia was present and extended over
multiple millimeters (Figure 4B) with either complete loss
or only focal retention of standard chief cell markers
(PGC or CBP1, eg, Figure 4F). Colocalization studies in
SPEM demonstrated the absence of MIST1 in the basal
aspects of these pyloric-type glands (Figure 4G). Cyto-
logically, human SPEM cells are approximately triangular
shape, with apical flocculent cytoplasm and a flat basally
located, regular nucleus without prominent nucleolus or
hyperchromasia; nuclear orientation is parallel to the
basement membrane. We confirmed the absence of in-
testinal metaplasia by using the intestine-specific tran-
scription factor CDX2; five of five cases of human SPEM
were CDX2™ (Figure 4H). In four of five cases there was
significant gland-to-gland heterogeneity and we noted
focal retained MIST1 labeling in ~2 of 50 gastric units
(Figure 4H, asterisk). Quantification in 500 glands (100
glands/case) demonstrated that this pattern of focal
MIST1 positivity was more common than initially appre-
ciated, with a total of 70 glands (14%) with MIST1/TFF2
co-labeling (n = 8, 9, 12, 17, and 24 affected glands;
range, 8% to 24%). From experimentally induced SPEM
in mice, we know that basal co-labeling of TFF2 with
MIST1 is present in the earliest forms of SPEM. Early
MIST1 expression in experimental SPEM and lineage
tracing studies indicate that SPEM in mice arises in
part from chief cells. Thus, MIST1/TFF2 co-labeling in
the base of the gastric unit is consistent with initial
SPEM.11’31'68

Based on the strong association of SPEM/pyloric meta-
plasia with distinct immunophenotypic and morphologi-
cal features (see below), we refer to these transitional
SPEM lesions as “hybrid,” an established term for gastric
lesions with mixed features (see Discussion). Analysis of
human MIST1/TFF2 expression in hybrid-SPEM shows at
least three features different from established SPEM: (1)
in ~60% of hybrid-SPEM, basal TFF2 labeling is present
in addition to a TFF2-positive neck zone (Figure 4, |-K).
This is in contrast to established SPEM (which is morpho-
logically identical to the term “pseudopyloric metaplasia”;
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Table 3. Evaluation of MIST1 Staining Pattern in Routine Biopsy Material
Comparison of Diagnosis Diagnosis Summary Statistics
Gastritis Chronic active Chronic inactive Sum (% all) P value
MIST1* 24 7 31(91.2)
MIST1~ 1 2 3(8.8) 0.164
H. pylori status Positive Negative Sum (% all) P value
MIST1" 17 14 31(91.2)
MIST1~ 1 2 3(8.8) 0.59
Chief cell pattern CBP1*/TFF2~ CBP1*/TFF2* CBP17/TFF2* Cohen’s Kappa
(Diagnosis) (Normal) (hybrid-SPEM) (SPEM)
MIST1"/TFF2- (Normal) 21 0 0
MIST1*/TFF2* (hybrid-SPEM) 0 10 0
MIST1~/TFF2" (SPEM/PM) 0 1* 2 k = 0.96
H. pylori status Positive (+ previous) Negative (— previous) Sum (% all) P value (previous)
MIST1"/TFF2~ (Normal) 8(9) 13 (12) 21
MIST1*/TFF2* (hybrid-SPEM) 7(9) 3(1) 10 0.13(0.02)

Summary of evaluation performed on 34 consecutive oxyntic biopsy samples assessed for inflammatory activity (gastritis) and H. pylori status.
TFF2/CBP1 pattern correlated with MIST1/TFF2 pattern. There is no significant association of current H. pylori status with hybrid SPEM; however,
when prior H. pylori infections are accounted for (in parentheses), a trend is noted (ie, indicative of regression; see Discussion and Figure 8B).

*A discrepant case.

Figure 4B) where the TFF2-positive neck zone is lost.
(2) TFF2 labeling in MIST1*-chief cells occurs without com-
plete extension of the existing TFF2*-neck zone toward the
base of the gastric unit (Figure 4, | and J, asterisk, K). Thus,
MIST1*/TFF2~ cells are often observed side-by-side or at
the base of hybrid-SPEM lesions (MIST1¥/TFF27). (3) In
one of the five cases, the neck-zone of individual glands
overlying hybrid-SPEM lesions showed co-labeling of
cone-shaped, vaguely vertical or horizontal oriented
MIST1-positive nuclei with apical TFF2 expression (Fig-
ure 4, M-0); this pattern is not observed in SPEM.
Despite these differences, similarities of hybrid-SPEM
with SPEM are as follows: (1) both occur as unitary
lesions interspersed with glands that demonstrate a
different expression pattern (Figure 4, | and K); (2) both
are CDX2-negative (Figure 4L); and (3) both can be
identified by routine H&E (example of hybrid-SPEM,
Figure 4P) or PAS staining (not shown).

We evaluated the feasibility of hybrid-SPEM assessment
in 38 consecutive samples obtained in surgical pathology
practice. Additional sectioning (for confirmation of oxyntic
origin [chromogranin/gastrin] and assessment of H. pylori
status [by IHC/Steiner stain]) or poor orientation of the sam-
ple (sectioning parallel to the luminal surface; n = 2) pre-
cluded definitive assessment in four cases, and we deter-
mined the analytical sensitivity in the biopsy set as 89% (n =
34 of 38). When assessed by MIST1 or CBP1 staining in
combination with TFF2 (Figure 5), 21 cases showed normal
and 13 abnormal staining patterns (Table 3C). There was
almost perfect agreement when double-stains were com-
pared microscopically (Figure 5; Table 3C: k = 0.9604).
Surprisingly, hybrid-SPEM was identified at least focally in
nearly a third of the biopsies (Table 3C) and in two of three
samples with pyloric metaplasia (confirmed by H&E and
IHC; Figure 5, D and H). The median follow-up time for the
biopsy samples was 3.7 years (range, 0 to 4.7 years; aver-
age: 2.9) and six patients died. After exclusion of 16 pa-
tients without follow-up biopsy, the clinicopathologic fea-
tures of hybrid-metaplastic samples were compared with

those from patients with normal MIST1*/TFF2~ pattern. In
the latter (n = 11; median follow-up time: 3.67) there was
one patient with previous history of H. pylori gastritis, and
one patient developed low-grade B-cell lymphoma (+3.9
months). In the hybrid metaplasia group (MIST1*/TFF2™;
n = 7, median follow-up time: 3.9), two patients had a
history of H. pylori gastritis, one of chronic nonspecific gas-
tritis (—12 months prior), one patient subsequently devel-
oped atrophic gastritis (+33 months), and another devel-
oped a gastric ulcer (+65.5 months). Although follow-up
was limited, there was no difference in terms of average
age, sex, or association with H. pylori (Table 3D) when
hybrid SPEM was compared with the normal TFF2/MIST1
expression pattern. However, when we included prior H.
pylori status, there was a significant association of hybrid
SPEM with previous or current H. pylori positivity (Table 3D,
brackets; P = 0.02; Fischer's exact test).

Given the limited follow-up availability, the biopsy set was
most useful in illustrating practical feasibility of using these
markers for assessment of differentiation state. TFF2 illus-
trated expansion of the neck cell compartment (Figure 5, C,
F, and G), and ectopic expression at the base of oxyntic
units (Figure 5, D and H) indicated pseudopyloric metapla-
sia (SPEM). MIST1 was particularly advantageous as a nu-
clear stain that provided better contrast with cytoplasmic
TFF2 (Figure 5, E-H) than previously used cytoplasmic
chief cell markers PGC (not shown) or CBP1 (Figure 5,
A-D). Taken together our data indicate that atrophy with
initial SPEM is characterized by re-expression of neck-cell
(ie, chief cell progenitor) markers in MIST1-positive chief
cells; findings identical to those observed in rodents.

IM is morphologically recognized by intestinalization of
the gastric units (ie, goblet cells, brush border) and ex-
pression of CDX2 (the caudal-type homeobox gene, im-
portant in early differentiation and maintenance of intes-
tinal epithelium).®®="2 In the resection samples (United
States) we included 16 cases of IM, most of which were
MIST1 negative (n = 12; 75%). Similarly, the TMA-sam-
ples (Korea) showed complete absence of MIST1 in 28 of
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Figure 4. MIST1 in human SPEM. A: Normal oxyntic mucosa shows MIST1 (brown) at base, TFF2 (red) in neck-zone, and hematoxylin background stain (blue)
in foveolar epithelium, appearing as well demarcated foveolar-, neck-, and basal zone (oxyntic tricolor). B: In SPEM, oxyntic mucosa shows reversal of the TFF2
(red) staining pattern; the latter is located at the base resulting in a red basal band on low-power magnification. C: Medium-power views show overlap of TFF2"
(red) and MIST1™" (brown) zones in the mid-glandular region (insets D and E). D: Despite spatial aggregation in the basal neck zone, TFF2" (red) and MIST1"
(brown) cells represent separate populations with very few cells demonstrating colocalization of both markers (~0.5%; n = 1655 cells; arrowheads). E: The
uppermost base shows abrupt loss of cytoplasmic TFF2-positivity (red, asterisk shows trace residual TFF2). Note the MIST1-negative parietal cell (open
arrowhead). F: SPEM shows colocalization of CBP1 and TFF2 at the base of oxyntic-type mucosa. Note the lack of CBP1-positivity in parietal cells (open
arrowhead). G: SPEM is MIST1-negative (open arrowhead). H: SPEM demonstrates absence of epithelial positivity for CDX2 (brown) and MIST1 (red). In ~2
of 50 bases, individual cells with slight MIST1-positivity were noted (asterisk); MIST1-positive nucleus in lamina propria (plasma cell) serves as internal control
(arrow). Morphologically, SPEM cells show a flocculent cytoplasm and predominantly basally located, flat nuclei (~60%), whereas basally located round nuclei
(~35%) or centrally located round nuclei (~5%; open arrowhead) are rarely observed. Note the oval and flat nuclear shape in the MIST1" cell (asterisk). I:
Medium-power magnification shows focal overlap of TFF2 (red) and MIST1 (brown) positivity at the base (inset M). Note TFF2 labeling in MIST1" chief cells
occurs without complete extension of the TFF2 compartment toward the base. J: Multifocal extension of TFF2 (red) into the MIST1-positive basal compartment
(insets N and O). K: Unitary variation of MIST1 (brown) and TFF2 (red) presenting as normal pattern (left), SPEM (basal TFF2; middle), and hybrid-lesion
(hybrid-SPEM) with multicellular colocalization of TFF2*/MIST1™" (right). Note presence of TFF2 at the base with overlying MIST1"/TFF2™ chief cells (asterisk).
L: Hybrid-SPEM is CDX2-negative and shows multifocal retention of MIST1 staining (arrowhead) adjacent to MIST1-negative nuclei (open arrowhead). Note
flattened MIST1-negative nuclei (asterisk) and round to oval MIST1+ nuclei (red). M: High-power magnification of hybrid lesion (I) shows cytoplasmic TFF2 in
MIST1-positive chief-cells. Note MIST1-negative parietal cells (open arrowhead). N: High-power magnification of upper base (J) shows cytoplasmic TFF2 in
MIST1-positive cells (observed very focally in one of five cases) wedged in between MIST1-negative parietal cells. O: High-power magnification of base
(J) shows MIST1"/TFF2"-coexpressing cells with round to flattened nuclei (asterisk). P: H&E-stained sections of oxyntic-type mucosa show normal chief
cells (CC) and normal parietal cells (PC) admixed with glandular epithelial cells that show hybrid metaplasia. H&E features are the flocculent cytoplasm
(distinct from CC) and basally located oval to flat nuclei (asterisk). Scale bars = 500 wm in A and B; 50 um in C, F, G, P, and M; 20 um in D, E, H, N,
and O; and 100 um in I, J, K, and L.
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Figure 5. MIST1 in routine biopsy material. A: Overview, illustrating limited sampling and orientation of typical biopsy specimen. B: Normal oxyntic-type mucosa
shows separation of CBPI-positive chief cells (brown) from TFF2-positive neck cells (red) and double-negative parietal- and foveolar cells (pale blue,
hematoxylin). C: Mixture of normal (left), SPEM (middle), and hybrid-SPEM lesion (right). The latter shows admixture with basally located TFF2~/CBP1" cells
(arrowhead). Note the presence of parietal cells (open arrowhead). D: Band-like basal TFF2 expression (red) in SPEM without evidence of distinct areas of
CBP1-positivity. E: Normal oxyntic-type mucosa with separate TFF2 (red) and MIST1 (brown) compartments in neck and base, respectively. Note MIST1™/TFF2™~
parietal cells (open arrowheads). F and G: Two examples of hybrid-SPEM with different census of MIST1"/TFF2* chief-cells (F<G); cytoplasmic TFF2* (red)
is localized in cells with nuclear MIST1 (brown; arrowheads). Note MIST1™ /TFF2~ parietal cells (open arrowheads). H: SPEM shows band-like basal
TFF2-positivity (red). Note the absence of isolated MIST1"/TFF2~ cells on the right (open arrowhead) and the mostly flat, basal nuclei (inset, asterisk). Scale

bars = 1 mm in A; 50 wm in B-H.

34 samples with IM (= 82%; Figure 6, A-C). In the re-
maining 10 samples (n = 4 United States; 6 Korea),
individual gastric units were partially intestinalized and
demonstrated focal preservation of MIST1 (scored as
MIST1*; Figure 6D). In the cases with partial intestinal-
ization, we observed (1) preservation of MIST1 at the
base of an otherwise intestinalized gastric unit (Figure
6D); (2) presence of co-labeled (MIST1/CDX2) nuclei in
proximity to MIST1-only and CDX2-only labeling nuclei at
the base (Figure 6, F-J); or (3) presence of MIST1* nuclei
interspersed with CDX2* nuclei at the base of the gastric
unit (Figure 6, | and J). Architecturally, and similar to
SPEM, the intestinalized glands demonstrated gland-to-
gland heterogeneity (Figure 6, D and E) with often alter-
nating normal and metaplastic lesions. In contrast to SPEM,
IM cells showed elongated and vertically oriented—per-

pendicular to the basement membrane—nuclei (ob-
served in ~40% of IM). Accordingly, the nuclei of hybrid
IM (MIST1"/CDX2™") were elongated and oriented in a
similar direction. We noted that columnar (MIST1"/
CDX2™") nuclei in the base were frequently interspersed
by either round, basally located MIST1" nuclei or elon-
gated MIST1"/CDX2™" nuclei (Figure 6J). The findings are
consistent with basal acquisition of CDX2 expression in
MIST1-positive cells. Overall, we identified 8 of 50 IM
cases (16%), or, when including SPEM, 12 out of 55
metaplastic cases that were at least partially MIST1-pos-
itive (= 21.8%; Table 2). We never observed TFF2 colo-
calization with CDX2 (not shown). Based on these data,
we surmised that presence of MIST1 is a useful marker of
healthy gastric epithelial differentiation (ie, chief-cells)
and, conversely, loss of MIST1 would be a molecular
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Figure 6. MIST1 in human IM. A: Low-power magnification of oxyntic-type mucosa replaced by goblet cell-rich intestinal metaplastic mucosa in a sample from
a patient also given a diagnosis of chronic atrophic gastritis (inset B); MIST1 (brown). B: High-power magnification of intestinalized glands with goblet cells and
absence of epithelial nuclear MIST1 positivity; MIST1* plasma cells serve as internal control (arrow). Note the elongation of MIST1-negative nuclei (open
arrowheads). C: CDX2-positive goblet cells (brown) are MIST1 (red) negative (open arrowhead). MIST1" plasma cells serve as internal control (arrowhead).
D: Low-power magnification shows unitary variation of CDX2 (brown) in normal (left), hybrid-SPEM (middle, Figure 4L), and IM (right); insets F, G, and H.
Note presence of at least focal MIST1 (red) at base of all units. E: Low-power magnification of subsequent section to D showing unitary variation of CBP1 (brown)
in normal (left; IM not present on subsequent levels), hybrid-SPEM (middle), and IM (right). TFF2 (red) is absent in IM and the extent of TFF2 in hybrid-SPEM
precludes definitive assessment of CBP1 (compare with region in D; Figure 4L). F: IM shows vertically oriented, elongated, CDX2" nuclei, involving left half of
the gastric gland, whereas right half shows predominantly oval to round MIST1" nuclei (inset G). G: High-power magnification shows presence of
MIST1"/CDX2™" coexpressing nuclei (arrowhead). H: High-power magnification of basal aspects of otherwise completely intestinalized units (D, CDX2-positive)
demonstrating interspersed MIST1-expressing chief cells (red). I: Medium-power magnification of normal chief-cells (MIST1*, red) with overlying IM (CDX2™,
brown); inset J. J: MIST1" chief cells with round basally located nuclei are interspersed with CDX2" intestinal-type cells with elongated, vertically oriented nuclei.
Note individual MIST1"/CDX2" nuclei (arrowhead). Scale bars = 100 wm in A, D, and E; 20 wm in B, G, and J; and 50 um in C, F, and H.
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Figure 7. MIST1 in epithelial neoplasia. A: Medium-power magnification of low-grade intraepithelial neoplasia (dysplasia) demonstrates almost exclusively
MIST1™ nuclei open arrowhead; inset B. B: High-power magnification of low-grade dysplasia (A) shows focal preserved MIST1-expression (brown;
arrowhead); representing one of seven dysplastic lesions scored as MIST1-positive (Table 2). C: Medium-power magnification of so-called early-gastric carcinoma
with focally retained epithelial MIST1-expression (arrowheads); MIST1" plasma cells serve as internal control (arrow). D: Diffuse-type gastric adenocarcinomas
are MIST1-negative; MIST1™ plasma cells serve as internal control (arrows). E: Low-power magnification of diffuse-type gastric adenocarcinoma shows infiltration
of MUC6™/MIST1™ tumor cells within the lamina propria (inset F). F: High-power magnification of MUC6*/MIST1 ™ tumor cells between preserved gastric units
(scattered red cells are erythrocytes; note lack of nuclear stain). G: Example of moderately-differentiated intestinal type gastric adenocarcinoma without MIST1
expression. MIST1" plasma cells serve as internal control (arrow). Note tumor cells show faint cytoplasmic staining (asterisk). H: MUC6" /MIST1 ™ intestinal-type
adenocarcinoma. I: Three adenocarcinomas showed multifocal MIST1-positivity, and had features consistent with chief-cell differentiation (so-called “chief-cell
carcinomas”). Scale bars = 100 um in A, E, and H; 20 wm in B; and 50 um in C, D, F, and G.

indicator of progression to more advanced stages of
aberrant epithelial differentiation.

MISTT1 in Epithelial Neoplasia

Given gradual loss of MIST1 coincident with onset of
either of the two common types of metaplasia, we hypoth-
esized loss of MIST1 would characterize progression to
neoplasia. We examined MIST1 staining in 281 dysplastic

and carcinomatous lesions (Table 2). In the resection set,
there was no epithelial MIST1 in the neoplastic lesions.
We noted focal pencil-shaped MIST1-positive nuclei (on
average one to three per dysplastic gland) in four of the
low-grade and three of the high-grade intraepithelial neo-
plastic lesions in the TMA (dysplasia; Figure 7, A and B);
these were scored as MIST1-positive. There was no signif-
icant difference between MIST1-positivity in low- versus
high-grade intraepithelial neoplasia (P = 0.68; Fisher’s



exact test). We examined 73 early gastric adenocarcino-
mas (n = 13 United States; n = 60 Korea) and found a
single case with focally retained epithelial MIST1 (Figure
7C). The 14 diffuse-type gastric adenocarcinomas
showed no MIST1-positivity (Figure 7, D-F). Invasive (in-
testinal-type) adenocarcinoma was almost uniformly
MIST1-negative; however, it was not uncommon to ob-
serve faint cytoplasmic positivity; the significance of this
finding is uncertain (Figure 7, G-I). Two of the advanced
(pT3NOMx; pT2N2Mx) and one early gastric carcinoma
(pPTINOMx) showed multifocal MIST1-positivity. The pa-
tients were a 67-year-old man and a 55- and 74-year-old
woman with 2.4-, 3.7-, and 1.5-cm tumors, respectively.
The histomorphology and clinico-pathological character-
istics were compatible with cases reported as extremely
rare chief cell carcinomas, possibly explaining the pres-
ence of residual MIST1 expression.”®

Taken together, our observations in the resection,
TMA, and biopsy set indicate that (1) MIST1 was present
in the vast majority of preneoplastic states (normal &
gastritis ~80%), whereas (2) MIST1 was lost in neoplasia.
The separation effect between non-neoplasia and neo-
plasia (Figure 8A) is striking despite the stringent scoring
criteria (ie, we defined “focal loss” as “MIST1-negative”
versus “focal presence” as MIST1-positive).

Discussion

Here, we show that MIST1 is a reliable human chief cell
marker that is lost early in the progressive stages of
gastric carcinogenesis. We describe aberrant differenti-
ation with either CDX2-labeling (IM) or TFF2-labeling
(SPEM) in the MIST1 compartment and name these le-
sions hybrid metaplasias of either SPEM or IM subtypes.
Our data confirm animal findings'">® and indicate that
metaplasia in humans is—at least in part—derived from
the chief cell lineage. Therefore, we employ MIST1 to
demonstrate a previously unrecognized role of human
chief cells in gastric carcinogenesis with direct implica-
tions for assessment in diagnostic practice.

In gastric carcinogenesis, loss of parietal cells—and
all parietal cell markers—in humans and in experimental
animals correlates robustly with aberrant oxyntic-type dif-
ferentiation in the early stages of carcinogenesis. How-
ever, the role of chief cells in human carcinogenesis has
been neglected for several possible reasons. Chief cells
are digestive-enzyme producing secretory factories that
develop from mucous neck cells without an intermediate
proliferating progenitor and have therefore generally
been considered postmitotic and terminally differentia-
ted.?8:3274 Despite progress in pyloric epithelial dynam-
ics,”® in human oxyntic mucosa, all proliferation is
thought to derive from stem cells in the isthmus as op-
posed to the base where chief cells reside.”® Possibly the
most important reason for chief cell neglect is the lack of
reliable human chief cell markers that would allow study
of their differentiation during metaplasia and neoplasia.””

The data we present here, combined with previous
studies in experimental animals, indicate that chief cells
deserve considerably more attention. MIST1 immuno-
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Figure 8. Summary of MIST1 as a marker for healthy chief-cells (A) and key
features of hybrid metaplasia in SPEM and IM (B). A: Summary of MIST1
staining in the different diagnostic groups (Dgn) shows the proportion of
staining (N™) expressed in percentage of the total number of cases per group
(N). Asterisk denotes the three MIST1-positive carcinomas (= 1.3%) are
considered chief-cell carcinomas (see Figure 71). Cases here include 421
resection/TMA cases (Table 2) plus 34 cases in the biopsy set, but exclude 14
antral samples and four hyperplastic polyps. B: Cytological and immunophe-
notypic features of normal chief cells (1), hybrid metaplasia (2,3), SPEM (4a),
and IM (4b, 5b) displayed as presumed morphological sequence but not
necessarily linear progression (double arrows a, b indicate that hybrid
lesions could also regress to normal). In all cells, nuclei are nondysplastic and
basal nuclear position (polarity) is maintained, whereas apical differentiation
and immunophenotype differs. Note elongated nuclei in SPEM are oriented
parallel to the basement membrane (4a), whereas IM demonstrates vertical
nuclei [displayed as a goblet cell (4b) and an absorptive enterocyte (5b;
apical differentiation = brush border)].

staining illustrates the presence of human chief cells with
aberrant differentiation (Figures 40; 5, F and G; and 6, G
and J). These cells resemble those in mouse metaplasia
models where chief cells have been shown to transdiffer-
entiate into proliferative, metaplastic cells.'"3" Specifi-
cally, in gastrin knockout mice, after only 1 day of treat-
ment with DMP-777 (a cell-permeant neutrophil elastase
inhibitor), chief cells that are positive for both the murine
chief cell marker intrinsic factor and Mist1 start re-ex-
pressing TFF2."" The DMP-777 results are consistent
with a relatively large literature showing that loss of pari-
etal cells induces changes in chief cell lineage differen-
tiation.3%78=81 |ineage tracing analysis using a pedigree
of mice expressing Cre-recombinase knocked into the
Mist1 locus®® crossed to an R26R reporter background
(to trace cells where Cre has been expressed) has shown
that loss of parietal cells directly induces chief cell de-
differentiation (Goldenring et al, unpublished observa-
tions). In humans, we observe the same phenomenon:
that atrophy of parietal cells is coincident with corre-
sponding changes in chief cell differentiation. Hybrid
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metaplastic lesions show co-labeling of MIST1 and TFF2
or CBP1 and TFF2 (Figures 4 and 5). Human cell-fate
mapping is obviously not possible, thus, we correlated
findings with histological stages and cytomorpology
characterized in mouse models.'":31:36.54

We offer a simple model (Figure 8B) that encompasses
the basic cytological and immunophenotypic features of
the transitions we observe and propose the term hybrid
metaplasias to identify the transitional states. The name
and classification follows established terminology®®®* in
the context of intraepithelial as well as invasive gastric
neoplasia, where the mixed patterns of intestinal and
gastric phenotypes are referred to as “hybrid-dysplasia”
and “hybrid-carcinoma,” respectively.®”#° Furthermore,
the term “hybrid” avoids temporal connotations and is
fitting since it refers to a mixed-lesional pattern in the
MIST1 compartment that demonstrates either intestinal
(CDX2*, vertical nuclei, intestinal apical differentiation) or
gastric features (= pseudopyloric metaplasia/SPEM:
TFF2™, horizontal nuclei, pyloric apical differentiation).
Temporal connotations should be avoided as it remains
to be determined whether hybrid lesions indicate pro-
gression to metaplasia or regression from metaplasia to
normal pattern of differentiation; both may occur and
exhibit the same hybrid features.

IM has been extensively studied as a premalignant
condition, 10128691 Kbt despite wide acceptance, ques-
tions regarding the pathogenesis and relationship to can-
cer remain. For example, goblet cells by themselves are
not reliable indicators of progression,'®92°¢ and only
certain subtypes show unequivocal association with car-
cinoma.%%8897 Ag a result, the term paracancerous has
been introduced to characterize IM lesions.’®9%%° The
cellular origin of IM in an organ otherwise devoid of
intestinal-type cells poses certain experimental prob-
lems.®>'? Nonetheless, animal data support what we
present here: strong indications for contributions of the
chief cell lineage to the origin of intestinal metaplastic
cells. Chronic gastritis and chronic atrophic gastritis are
the lesions most commonly accompanied by IM.>" MIST1
staining assesses both lesions (the former via plasma cell
staining, the latter indirectly via visualization of metaplas-
tic changes in MIST1-positive chief cells and loss of
MIST1-negative parietal cells). The demonstration of spa-
tial heterogeneity in IM also validates animal find-
ings®”7299 and expands the concept of gland-to-gland
heterogeneity, established in the context of human
esophageal dysplasia,'®® into the realm of metaplastic/
paracancerous lesions. Accordingly, CDX2+/MIST1+
hybrid nuclei likely represent an initial/intermediate stage
of aberrant intestinal-like differentiation. As for SPEM, we
cannot currently determine whether these lesions always
represent progression toward IM or whether, in some
cases, reversion of IM to normal tissue might occur with
accumulation of hybrid forms. The very short follow-up
time in our biopsy set imposes a substantial limitation that
prevents us from speculating, though there was some
trend in hybrid forms toward association with prior or
current Helicobacter status. Overall, currently the stron-
gest evidence for biological implications of hybrid-meta-

plasias is their association with definitive metaplastic le-
sions (ie, implying a field-effect).

Differentiation of chief cells is achieved by progressive
neck cell transcriptome alterations along the gland axis
(eg, neck- to chief cell axis).?®3" Ultrastructurally, normal
developing chief cells have to mount abundant basal
rough-endoplasmic reticulum to built copious amounts of
apical secretory vesicles, both features responsible for
the granular appearance and characteristic pale purple-
gray appearance on routine H&E stains (Figure 4P). In
Mist1-ablated mice, the entire chief cell secretory appa-
ratus is malformed as characterized by smaller secretory
granules with reduced secretory capacity.?®°"** Based
on the restriction of Mist1 expression to mature chief
cells,?® MIST1-positive chief cells in experimental mice
give rise to TFF2-expressing, proliferative, metaplastic
cells at the bases of gastric units as they slowly down-
regulate Mist1 expression''3" (Goldenring and co-work-
ers, unpublished observations). Although the exact me-
diators of initial to established metaplasia remain to be
determined, our findings indicate maintenance of MIST1
(and resulting structural integrity) as one of the factors that
prevents metaplastic progression in humans. This notion is
supported by the propensity of Mist? ™/~ mice to develop
pancreatic acinar to duct metaplasia and a presumptive
role for MIST1 as a tumor suppressing factor in develop-
ment of Pancreatic intraepithelial neoplasia (PanIN).2?

Based on our findings in dysplasia and carcinoma,
diagnostic application of MIST1 as a biomarker for nor-
mal (healthy) chief cells holds great promise. The con-
cept of markers for normality can be referred to as the
“canary in the coal mine” principle whereby the muting of
a singing canary at the bottom of a coal mine signals a
poisonous gas leak early enough to allow immediate
evacuation of miners.’" Examples of this principle in
diagnostic pathology include a variety of basal cell mark-
ers (eg, p63, Kb, K14, SMA), the presence of which
argues strongly against malignancy in a variety of lesions
in the breast,'%*'%® salivary glands,'®*'%% and pros-
tate.’@""" Although gastric chief cells are distinct from
basal or myoepithelial cells (not present in gastrointesti-
nal epithelium), MIST1 expression allows determination of
an intact chief cell compartment on an individual gland
basis. From a practical perspective, our demonstration of
technical and practical feasibility in routine biopsy sam-
ples should allow prompt introduction into clinical
diagnostics.
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