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Abstract

Objectives: Intestinal type gastric adenocarcinoma arises in a field of pre-existing metaplasia.
While biomarkers of cancer and metaplasia have been identified, the definition of dysplastic
transition as a critical point in the evolution of cancer has remained obscure. We have evaluated
Trop2 as a putative marker of the transition from metaplasia to dysplasia in the stomach.
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Design: Trop2 immunostaining was evaluated in multiple mouse models of metaplasia induction
and progression. TROP2 expression in human samples was evaluated by immunostaining of tissue
microarrays for metaplasia, dysplasia and gastric cancer. Dysplastic mouse organoids were
evaluated /n vitro following shRNA knockdown of Trop2 expression.

Results: In mouse models, no Trop2 was observed in the normal corpus and Trop2 was not
induced in acute models of metaplasia induction with either L635 or DMP-777. In Mist1-Kras
mice, Trop2 expression was not observed in metaplasia at one month after Kras induction, but was
observed in dysplastic glands at 3—4 months after Kras induction. In human tissues, no Trop2 was
observed in normal corpus mucosa or SPEM, but Trop2 expression was observed in incomplete
intestinal metaplasia, with significantly less expression in complete intestinal metaplasia. Trop2
expression was observed in all dysplastic and 84% of gastric cancer lesions, although expression
levels were variable. Dysplastic mouse organoids from Mist1-Kras mice expressed Trop2 strongly.
Knockdown of Trop2 with shRNA markedly reduced organoid growth and budding behavior and
induced the upregulation of apical villin expression.

Conclusion: Trop2 is upregulated in the transition to dysplasia in the stomach and promotes

dysplastic cell behaviors.
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INTRODUCTION

Gastric cancer is the third leading cause of cancer death worldwide [1], with particularly
high incidence rates in men and in Asian, Central/Eastern European, South American, and
developing countries [2]. Intestinal-type gastric adenocarcinoma develops in the context of
oxyntic atrophy and pre-existing metaplasia [3]. Spasmolytic Polypeptide (TFF2)
Expressing Metaplasia (SPEM) represents the earliest metaplastic process associated with
atrophy, which then evolves into intestinal metaplasia in the setting of chronic inflammation
associated with chronic Helicobacter pyloriinfection, and ultimately predisposes to
adenocarcinoma [4-6].

Recent studies have supported the concept that activation of the Ras/Raf/MEK/ERK
(MAPK/ERK) pathway is important in gastric cancer progression [7,8], and chronic Kras
activation in transgenic mice induces the full spectrum of SPEM and IM phenotypes in the
gastric mucosa [9]. After 4 months of active Kras(G12D) expression in the stomach, focal
areas of dysplastic cells can be identified, and dysplastic organoids with unique stem cells
properties have been described recently [10]. Still, the transition points between metaplasia
and dysplasia leading to adenocarcinoma remain elusive.

Trop2 is a transmembrane glycoprotein encoded by the tumor-associated signal transducer 2
(tacstd?) gene, and was first discovered as a trophoblast surface marker [11-14]. Trop2 is
also known as trophoblast antigen 2, TACSTD2, membrane component 1 surface marker
(M1S1), epithelial glycoprotein 1 (EGP-1), and gastrointestinal antigen 733-1 (GA733-1)
[13,14]. Trop2 shares 50% sequence homology with EpCAM. Importantly, Trop2 has been
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shown to promote tumor pathogenesis by activating the MAPK/ERK pathway [15-17], and
has been identified as a possible therapeutic target in epithelia carcinomas [18]. Trop2 is
upregulated in many epithelial human cancers, including breast, colon, non-small-cell lung,
gastric, pancreatic, oral and esophageal squamous cell, cervical, ovarian, and gallbladder,
and is associated with tumor aggressiveness, metastasis, and worse prognosis [14,16,19-34].
Inhibition of Trop2 with siRNA decreases tumor growth /n vitro in low Trop2 expression
colon and high Trop2 expression mammary cancer cells [27]. Treatment with sacituzumab
govitecan (IMMU-132), an antibody drug conjugate SN-38 (topoisomerase | inhibitor) that
is coupled to anti-Trop2 monoclonal antibody, had promising results for patients with
refractory metastatic triple-negative breast cancer [35].

Previous studies have suggested that Trop2 overexpression overall predicts worse prognosis
in human gastric cancer. In intestinal-type gastric cancer in an Austrian patient population,
Trop2 overexpression was an independent prognostic marker for poor disease free survival
(DFS) irrespective of lymph node involvement [29]. Additionally, for all gastric cancer types
in this Austrian cohort, Trop2 overexpression was predictive for poor DFS and overall
survival in lymph node positive patients. In Chinese populations, overexpression of Trop2 is
similarly associated with poor prognosis, which worsens when co-expressed with
amphiregulin [33,34]. However, the mechanistic role of Trop2 in gastric pre-neoplasia
progression is not well understood, and Trop2 expression in other Asian or North American
gastric cancer populations have not been investigated.

Trop2 is present in mouse stomach during fetal development and absent in adult mice except
after epithelial injury [36]. In Immortomice stomach cell lineage lines, the 7TacstdZ2 gene was
upregulated almost 60-fold in ImMSPEM compared to ImChief cells in gene microarrays [37].
These results suggested that Trop2 expression may be up-regulated at transitions of lineage
conversion. We have hypothesized that up-regulation of Trop2 may contribute to the lineage
behavioral changes attendant with the transition from metaplasia to dysplasia. We have now
investigated the patterns of Trop2 expression in mouse models of gastric pre-neoplasia as
well as in human metaplasia, dysplasia and early cancer. In mice, Trop2 is not expressed in
SPEM, but is highly upregulated in dysplastic glands in Mist1-Kras mice. In humans, Trop2
is absent in SPEM, but is upregulated in incomplete intestinal metaplasia and dysplasia.
Trop2 knockdown in mouse dysplastic organoids leads to a decrease in organoid growth and
amelioration of the dysplastic phenotype. The findings suggest that Trop2 is upregulated in
the transition from metaplasia to gastric dysplasia.

METHODS

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

Mouse metaplasia models

Mist1-Kras mouse stomachs.—We studied Trop2 staining in Mist1-CreERT2;| S|_-K-
Ras(G12D) (Mist1-Kras) mice, which express the constitutively active form of Kras
(Kras(G12D)) in gastric chief cells when treated with tamoxifen. All samples were from
archival blocks from our previous investigations, specifically, eight week old Mist1-Kras
mice were treated with 5 mg subcutaneous tamoxifen for 3 doses to induce expression of
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Kras(G12D) in chief cells [9]. Mist1-Kras mice developed SPEM, IM, and invasive/
dysplastic lesions at 1, 3, and 4 months post-tamoxifen treatment, respectively [9]. Control
Mist1-Kras mice were sacrificed 4 months after corn oil administration. Stomachs from all
mice were fixed in 4% paraformaldehyde (PFA), and paraffin embedded with standard tissue
processing. All samples were in triplicate.

Oxyntic atrophy models of metaplasia.—Archival paraffin blocks of stomachs from
mice were used to evaluate Trop2 expression in established mouse models of SPEM
induction [38]. For acute models of oxyntic atrophy, samples were obtained from mice
treated with L635 for 0 and 3 days (SPEM with inflammation) or DMP-777 for 0 and 14
days (SPEM without inflammation). To investigate chronic SPEM induction model with
inflammation, samples were obtained from mice after infection with Heliobacter felis for 6
or 12 months. All samples were performed in triplicate. All mouse stomachs were fixed in
4% PFA, paraffin embedded, and prepared for histology. Samples were stained with
immunofluorescence for Ki67, Trop2, and CD44v9.

Trop2 knockdown Meta4 organoids

We have recently reported on the characterization of dysplastic organoids derived from
Mist1-Kras mice, designated Meta4 [10]. Meta4 mouse organoids were harvested from
Mist1-Kras mice 4 months after induction with tamoxifen [10]. Meta4 organoids, as
previously described, were plated in 30 pul of Matrigel (Sigma) per well in a 48-well tissue
culture plate and incubated in Mouse Intesticult media (StemCell Technologies) with
penicillin/streptomycin with refeeding every 3 days.

To investigate Trop2 as a functional driver of pre-neoplastic progression, Meta4 organoids
were transfected using lentivirus to knock down Trop2. Three shRNA vectors, designated 1,
2 and 3 (see Supplemental Table 3), as well as a scrambled control sShRNA were utilized to
prepare lentivirus in HEK cells as previously described [39]. Vectors were transfected into
HEK cells for 48 hours and media was collected with packaged lentivirus, and the virus was
concentrated. Meta4 organoids were split 2 days prior to infection. Two wells of organoids
per viral group were washed with PBS and spun at 300g for 5 min. TrypLE (Thermo Fisher)
was added to the organoids and the organoids were incubated for 3 minutes at 37°C and then
washed with DMEM/F12 (Thermo Fisher) with 10% FBS and spun down at 300g for 5
minutes. Pellets were directly resuspended onto a 48-well plate with 350 pul of Mouse
Intesticult media with penicillin/streptomycin, mycozap, Y27632, 0.64 pl of 5 mg/ml
polybrene and 50 pl of virus per well. Plates were spinoculated at 32°C at 600g for 1 hour
and incubated overnight without Matrigel. Organoids were split, washed, and spun down
twice with 10 ml of DMEM-F12 with 10% FBS and then plated in 30 pl of Matrigel per well
in a 48-well plate and fed with 300 ul of Mouse IntestiCult media. Organoids were fed every
3-4 days and split when appropriate. Transfected organoids were selected for Trop2
knockdown constructs with puromycin 2 pg/ml added to media, cultured for 30 days, and
then harvested.

The whole well images of Meta4 and the three sShRNA Trop2 knockdown organoid lines
were captured at day 0, 6, 9 and 14 in 3D cultures using the JuLl™ Stage (NanoEntek). Two
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to four wells of each organoid line were captured and the experiments were repeated twice.
For quantitation of budding rates, a total 20 to 300 organoids were considered from each
image taken at day 14 and the number of organoids which formed budding structures were
manually counted. For measurement of organoid diameters, images taken at day 14 were
used and a total of 50 organoids were considered from each experiment for each organoid
line. The diameters were manually measured for each organoid. Statistical differences were
analyzed by Student’s t-test compared with the control Meta4 line.

The organoids were harvested by fixing with 4% PFA for 30 minutes at room temperature,
washed, resuspended in HistoGel, and paraffin embedded by standard tissue processing.
Paraffin sections of organoids were stained for H&E and processed for immunofluorescence
staining with antibodies for Trop2, Villin and Hoechst for nuclear staining.

Western blot analysis

Proteins were extracted from control Meta4 organoids as well as three ShRNA Trop2
knockdown lines using M-PER lysis buffer (Thermo Fisher) with protease and phosphatase
inhibitor cocktails. The Direct Detect IR spectrometer (Millipore) was used to measure
protein concentration. For protein separation, 7 g of total protein were loaded onto a Mini-
Protean TGX Precast Gel (Bio-Rad). The separate proteins were transferred to a
nitrocellulose membrane (Bio-Rad) for protein detection. The membranes were incubated
with the Odyssey blocking solution (LI-COR Biosciences) for 1 hour at room temperature
for blocking and incubated overnight at 4°C with Trop2 anti-goat (R&D systems AF1122,
1:2,000) and B-Actin anti-mouse (Sigma A5316, AC-74, 1:5,000) diluted in the Odyssey
blocking solution supplemented with 0.2% Tween-20. After washing with TBS-T three
times, the membranes were incubated with IRDye 800CW donkey anti-goat (LI-COR
Biosciences 926-32214, 1:10,000) and IRDye 680LT donkey anti-mouse secondary
antibody (LI-COR Biosciences 926-68022, 1:10,000) for 1 hour at room temperature. The
membranes were washed with TBS-T three times and imaged with an Odyssey imaging
system (LI1-COR Biociences).

Immunofluorescence staining for mouse gastric tissue and Meta4 organoids

Paraffin embedded slide sections were deparaffinized with Histoclear, hydrated and antigen
retrieved with 1x pH®6 citrate buffer (stock solution: Dako Target Retrieval Solution 10x)
using a pressure cooker for 15 minutes. Slides were cooled, washed, and then protein
blocked (Dako Protein Block Serum-Free solution) for 1.5 hours at room temperature.
Primary antibodies (see Supplemental Table 2) were incubated overnight at 4°C in Dako
Antibody Diluent with Background Reducing Components. Slides were washed three times
and then species-specific secondary antibodies (see Supplemental Table 2) were incubated
with Cy2, Cy3 and Cy5 secondary antibodies (1:500) for 1 hour at room temperature in
Dako Antibody Diluent followed by another three washes. Nuclear staining was performed
with DAPI or Hoechst with exact concentrations noted in figure legends. Slides were washed
three times and coverslipped with Prolong Gold (Thermo Fischer Scientific).
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Image analysis for mouse gastric tissue and Meta4 organoids

All bright field and immunofluorescent slides were scanned using a Lieca SCN400 or a
Leica Versa 200 imaging system in the Digital Histology Shared Resource (DHSR).
Immunofluorescence staining of mouse stomach and Meta4 organoids was imaged using a
Nikon A1R confocal microscope. All phase contrast images of organoids were obtained
using the JuL1™ Stage imaging microscope (Nanoentek). Images were analyzed in Adobe
Photoshop CC (version 19.1.3).

Korean human gastric dysplasia and gastric cancer arrays.

One tissue array was assembled from dysplastic adenomas at Seoul National University
Hospital (SNUH). Two separate human gastric cancer array sets were constructed with
specimens obtained from SNUH and Jeju National University Hosptial (JNUH) in Korea.
The Korean Cancer arrays contained de-identified patient demographic, staging, histologic
characteristics and survival data. In total, 19 tissue arrays containing normal antral and
fundic glands, intestinal metaplasia (1IM), dysplastic adenomas and early or advanced gastric
cancers were generated from SNUH samples. In a second set, 8 tissue arrays containing
normal antral and fundic glands, IM and early gastric cancers were constructed from JNUH
samples.

Fluorescence staining in Korean Dysplasia Array from SNUH

One tissue array slide with 30 cores total (23 adenomas and 7 cores with no dysplasia as
controls) was stained for immunofluorescence. Using multiplex imaging, slides were
processed using staining protocol described above until after protein block, at which point
the array was wet mounted with a Hoechst 1:1000 solution with for imaging on Cytell
microscope with GE CellDive software for digital H&E. The array slide was de-
coverslipped in PBS and primary antibodies for human Trop2, TFF3 and CD44v9 were
incubated overnight at 4°C following staining protocol as described above. Species-specific
secondary antibodies were incubated for 1 hour at room temperature for Cy2 and Cy3. The
slide underwent nuclear staining with Hoechst 1:1000 wet mount and was imaged with the
Cytell microscope for whole slide fluorescent scanning. The array was imaged and
individual channels from individual cores were reassembled in Adobe Photoshop. Digital
H&E images were analyzed individually by Dr. Jang, who annotated specifically dysplastic
areas within the tissue.

Fluorescence staining in Korean Early Gastric Cancer Array from JNUH

Eight array slides with 192 cores were stained with immunofluorescence. Using multiplex
imaging, slides were processed using the staining protocol above until after protein block, at
which point arrays were wet mount with 50/50 glycerin/PBS and 1:5000 DAPI for imaging
on a Leica Versa 200 to create digital H&E with a whole slide fluorescent scanning
platform. Slides were decoverslipped in PBS and primary antibodies for TFF3, Trop2,
CD44v9, and PCNA were incubated overnight at 4°C following staining protocol as
described above. Species-specific secondary antibodies were incubated for 1 hour at room
temperature for Cy2, Cy3, Cy5, and Alexa 750. Slides were wet mounted with
glycerin/PBS/Hoechst solution and imaged on the Leica Versa 200 imager for
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immunofluorescence. Three cores were lost during the staining process. Staining index in
cancer regions for Trop2, CD44v9 and TFF3 images was stratified as follows: 0 = no
staining, 1 = staining in up to 25% of cells, 2 = in 25-50% of cells, 3 = staining in greater
than 50% of cells.

Immunohistochemical staining in Korean Gastric Cancer Array from SNUH

Immunohistochemistry was conducted on a 4-um tissue array section using a BOND-MAX
automated immunostainer and a Bond Polymer Refine Detection kit (Leica Microsystems,
Wetzlar, Germany) according to the manufacturer’s instructions. The primary antibody used
was anti-Trop2 (R&D Systems, Minneapolis, MN, USA; 1:800). The expression of Trop2
was determined by examining the cell membrane and the intensity and percentage of cells
expressing Trop2 were evaluated. Histology index (H index) was calculated by multiplying
the intensity score (0 = negative; 1 = weak; 2 = moderate; 3 = strong) and percentage of
positive cells (range = 0-100), to obtain a score range from 0 to 300.

Dysplastic Adenomas from McGill University, Canada

Sections from four deidentified cases of dysplastic adenomas were stained for CD44v9 and
Trop2 along with DAPI as above. Sections were imaged on the Lecia Versa 200 using a 20X
objective.

Statistical analysis

RESULTS

Student’s t-test was used to calculate statistical differences between control Meta4 line and
the three sShRNA Trop2 knockdown organoid lines. For analysis Trop2 immunostaining in
early gastric cancer arrays, H indexes were compared by ANOVA with post hoc comparison
of significant means with Tukey’s test (Prism). For analysis of survival based on H indexes
for Trop2 immunostaining, Kaplan-Meier method was used with the PASW 18.0 statistical
software program (IBM SPSS Statistics, Chicago, IL, USA).

Trop2 expression in mouse models of metaplasia and dysplasia

We have recently reported that Mist1-Kras mice develop the full range of metaplastic
changes from SPEM to IM and then dysplasia over a four month period after tamoxifen
induced expression of dominant-active Kras(G12D) in Mist1-expressing chief cells in the
gastric corpus [9]. We therefore sought to examine the expression of Trop2 during the
initiation and progression of metaplasia in Mist1-Kras mice. We first examined Trop2
expression in the normal mouse stomach. While we observed strong plasma membrane
staining in the mouse forestomach, no staining was detected in the corpus or antral epithelial
cells (Figure 1A). At one month after Kras(G12D) induction where the mucosa is
predominantly replaced with pyloric-type SPEM glands, prominent upregulation of CD44v9
and hyperproliferation were observed (Figure 1A). However, no staining for Trop2 was
present in any sample. At three months after active Kras induction, a point when intestinal
metaplasia is observed [9], scattered Trop2 positive cells were observed in 23% of glands
(Figure 1A and B). By four months after induction, when intestinal metaplasia predominates
and scattered dysplastic glands were observed, prominent expression of basolateral Trop2
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was found throughout the metaplastic mucosa in over 50% of corpus glands (Figure 1A and
B). In general, we observed that cells showing strong staining for Trop2 exhibited reduced
staining for CD44v9, a marker of SPEM. In addition, the cells that strongly expressed
basolateral CD44v9 at the bases of glands showed little or no staining for Trop2. The Trop2-
expressing lineages appeared in association with and luminal to the zone of proliferation.

To evaluate whether Trop2 was up-regulated in other models of metaplasia development in
the mouse stomach, we evaluated staining in sections from mice treated with DMP-777 or
L635 to induce acute parietal cell loss and SPEM, as well as in sections from 6-month and
12-month H. felis-infected mice (Supplemental Figure 1). While we observed prominent
staining of Trop2 in the forestomach, no basolateral Trop2 staining was observed in SPEM
induced by acute oxyntic atrophy. Similarly, SPEM in 6 month or 12 month H. felis-infected
mice also did not express Trop2 (Figure 2). These results suggested that SPEM was not
significantly associated with Trop2 expression.

TROP2 expression in human patient stomach tissues.

We sought to evaluate the relevance of our results in the mouse models in human patient
tissues. We first performed immunohistochemical staining to evaluate TROP2 expression in
the normal human stomach and pathological tissues in a set of tissue arrays from patients at
Seoul National University Hospital (Supplemental Table 1). No significant specific staining
for TROP2 was observed in normal human corpus and only occasional basolateral TROP2
staining was observed in cells at the bases or at the surface of individual antral glands
(Figure 2A). We next evaluated expression of TROP2 in intestinal metaplasias and gastric
cancers. Quantitation of immunohistochemical staining demonstrated significantly higher
labeling indices for TROP2 in incomplete intestinal metaplasia compared to either normal
stomach samples or complete intestinal metaplasia (Figure 2A). Figure 2B demonstrates the
presence of basolateral Trop2 staining in regions of incomplete intestinal metaplasia, but not
in complete intestinal metaplasia.

We also evaluated the expression of TROP2 in gastric adenomas and gastric cancers. While
tubular adenomas demonstrated mild elevations in the levels of TROP2 staining, gastric
cancers expressed significantly higher levels of TROP2. Intestinal-type, diffuse and mixed
cancers all showed similar levels of TROP2 staining (Figure 2A and Supplemental Figure 2).
We also examined whether TROP2 protein expression was prognostic for survival in patients
with gastric cancer. Figure 2C demonstrates that TROP2 expression was not predictive of
survival in any of the case groups. We additionally evaluated whether a complete absence of
TROP2 had any influence on survival, and again no significant effect was observed (data not
shown).

Since our initial findings demonstrated an up-regulation of TROP2 in incomplete intestinal
metaplasia, we next examined in greater detail the topology of TROP2 expression in early
gastric cancer arrays comparing TROP2 expression to expression of TFF3 as an intestinal
metaplasia marker and CD44v9 as a marker of SPEM. In the early gastric cancer samples, a
number of cores contained regions with metaplasias, intramucosal dysplasia and invasive
cancer. Figure 3A shows one such region where submucosal invasive gastric cancer was
strongly positive for membrane-associated TROP2. Within the mucosa regions of SPEM
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were positive for CD44v9, but negative for TROP2. In contrast, we were able to identify
regions of complete or incomplete intestinal metaplasia which were negative for CD44v9.
Glands with complete intestinal metaplasia showed strong TFF3 expression, but no TROP2
(Figure 3A, arrowheads). In contrast, regions with incomplete intestinal metaplasia showed
smaller granules and more diffuse TFF3 expression associated with strong membrane
staining for TROP2.

To compare the expression of TROP2 with CD44v9, a strong marker of SPEM, and TFF3, a
marker of intestinal metaplasia, we compared staining patterns for these proteins in 166
cores containing early gastric cancers. Figure 3B demonstrates that while greater than 80%
of cancers showed prominent staining for TROPZ2, a similar percentage of tumors showed an
absence of very weak staining for CD44v9. Similarly, TFF3 was relatively less prominent in
the early gastric cancers. Overall staining indices for TROP2 were significantly higher in the
cancers than staining for either CD44v9 or TFF3 (Figure 3C).

We further evaluated staining for TROP2 in a tissue array assembled from specimens of
intramucosal dysplasia. 100% of the 23 tissue cores with dysplasia showed basolateral
TROP2 staining. None of the cores without dysplasia showed any TROP2 staining. Figure
4A demonstrates the typical pattern of dysplasia expressing TROP2 with an adjacent region
of SPEM that expressed CD44v9, but not TROP2. No detectable CD44v9 staining was
observed in 22/23 dysplasia samples. Only one out of the 23 cases showed CD44v9
expression retained in TROP2-positive dysplastic cells (Figure 4B). Many samples showed
TROP2 positive dysplasia completely replacing the mucosal lineages (Figure 4C). Since
there has been some controversy over whether the carcinogenic cascade is the same among
western and Asian patients, we also examined staining for TROP2 and CD44v9 in for cases
of dysplasia identified at McGill University in non-Asian patients. Supplemental Figure 3
demonstrates staining in two of the patients with strong TROP2 staining in dysplasia
adjacent to CD44v9 positive, TROP2 negative SPEM. All these results support the concept
that TROP2 expression increases in the context of incomplete intestinal metaplasia and
dysplasia.

Trop2 expression in mouse Meta4 dysplastic organoids

We have recently developed dysplastic organoids isolated from Mist1-Kras mice 4 months
after the induction of Kras(G12D) expression with tamoxifen [10]. These organoids display
a number of dysplastic properties, including aggressive budding formation, multilayered
growth and growth in soft agar. We stained the Meta4 organoids for Trop2 and found high
levels of expression in the basolateral membranes of Meta4 cells (Figure 5B). To evaluate
the impact of Trop2 on dysplastic organoid behavior, we infected Meta4 organoids with 3
different lentiviral ShRNA constructs targeting Trop2. The lentiviral ShRNAs induced
varying levels of knockdown of Trop2 expression by both western blot and Trop2
immunostaining (Figure 5A and 5B). To evaluate the effects of sShRNA knockdown of Trop2
on organoids growth and behavior, we cultured control Meta4 organoids and the 3 Trop2
knockdown organoid lines for 2 weeks in Matrigel (Figure 5C). Remarkably, the Trop2
knockdown lines exhibited markedly slower growth with significantly smaller organoids
diameters in the Trop2 shRNA-expressing lines (Figure 5D). In addition, we observed a

J Pathol. Author manuscript; available in PMC 2021 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rieraetal.

Page 10

change in the morphology of the organoids with Trop2 knockdown with assumption of more
spherical structures that generally showed single layers of cells in contrast with the budding
and multilayered phenotype in control Meta4 organoids (Figure 5E). We have previously
shown that Meta4 organoids treated with a MEK inhibitor showed reduced organoid growth
and budding and up-regulation of villin at the apical membranes of organoid cells, consistent
with the differentiation of cells toward an absorptive enterocyte phenotype [10]. We
therefore examined the pattern of villin expression in Meta4 organoids and in two of the
shRNA-expressing lines. While Meta4 cells showed no detectable expression of villin at
their apical membranes, the Trop2 shRNA-expressing organoids showed strong apical villin
expression (Figure 5F) in 26/31 organoids examined (84%). These results indicate that
down-regulation of Trop2 expression can lead to induction of a more benign differentiated
phenotype in Meta4 organoids.

DISCUSSION

Since intestinal type gastric cancer arises within a field of pre-existing metaplasia, recurrent
surveillance endoscopy is the standard of care for those with extensive metaplasia in the
stomach, even after H. pylorieradication. At the heart of any surveillance program for
gastric cancer is a focus on identifying early cancer or intramucosal dysplastic lesions that
are amenable to curative endoscopic or surgical resection. Since it is assumed that dysplastic
lesions arise from within regions of metaplasia, the identification of markers within
metaplasia that indicate risk for transition from metaplasia to dysplasia has been a major
focus over the past years [40]. It is known that incomplete intestinal metaplasia is a major
increased risk factor, especially compared with complete intestinal metaplasia [41]. But
patients often have a mixture of complete and incomplete intestinal metaplasia and SPEM
lesions that are often not clearly delineated in biopsies with hematoxylin and eosin stains.
Previous studies have suggested that expression of CD44v9 is characteristic of SPEM
lineages, with declining expression in intestinal metaplasia and cancer [42—44]. The present
investigations demonstrate that expression of TROP2 develops strongly in association with
incomplete intestinal metaplasia and is highly characteristic of dysplastic lesions and early
gastric cancers.

An understanding of the process of gastric carcinogenesis has been hampered by a lack of
mouse models that recapitulate the patterns for progressive development of metaplasia,
dysplasia and adenocarcinoma. We have demonstrated that Mist1-Kras mice develop SPEM
with 1 month after induction of Kras(G12D) expression in chief cells [9]. By 3 months after
induction, Mist1-Kras mice develop TFF3 and Muc2-expressing intestinal metaplasia and at
4 months after induction dysplastic glands are observed [9]. At present the Mist1-Kras
mouse represents the only mouse model that demonstrates the full spectrum of progression
of metaplastic lineages from SPEM to intestinal metaplasia to dysplasia. The glands in
Mist1-Kras mice at 4 months post-induction are dominated with intestinal metaplasia
lineages expressing TFF3 [9], but they do not contain Paneth cells or CCK-expressing
enteroendocrine cells. Thus, these glands may display lineage patterning more characteristic
of incomplete intestinal metaplasia. These findings in the mouse model would therefore be
consistent with our observation of up-regulation of Trop2 in human incomplete intestinal
metaplasia.
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We have recently reported the development of Meta4 organoid lines from Mist1-Kras mice 4
months after induction that display many features of dysplastic behavior, including piling of
cells, growth in soft agar and the ability to engraft in the stomach wall [10]. These Meta4
organoids strongly express Trop2. Importantly, the knockdown of Trop2 in these dysplastic
organoids not only reduced organoid growth, but also changed organoid morphology with
adoption of a single layer spheroid pattern, which is more characteristic of benign organoids.
Furthermore, as in the case of MEK inhibitor treatment [10], knockdown of Trop2
expression in Meta4 organoids led to marked up-regulation of apical villin expression,
characteristic of the assumption of a well-differentiated intestinal absorptive cell. Trop2
expression was not observed in SPEM lesions and was upregulated in intestinal metaplasia
and dysplastic glands in Mist1-Kras mice at 3 to 4 months after induction. Thus, these
studies in mouse models support the concept that Trop2 expression rises at a critical point at
the junction between metaplasia and dysplasia and may be responsible in part for the
adoption of more aggressive and invasive behaviors associated with dysplasia. Previous
investigations have linked Trop2 expression with increases in phospho-ERK [15], so
upregulation of Trop2 may be acting as a promoter of Ras activation.

A number of previous studies have noted the up-regulation of Trop2 in gastric cancers
[29,33,34]. These prominent increases have led to targeting of Trop2 with specific antibodies
with bifunctional properties to induce targeted tumor destruction [45]. It is similarly possible
that such strategies could be used to detect and even treat dysplastic lesions that may be
present within patients with extensive metaplasia. We have recently suggested that treatment
of rodents with extensive metaplasia with MEK inhibitors can arrest metaplasia and allow
repopulation of the gastric mucosa with normal lineages [9,46]. It therefore seems possible
that inhibition of MEK and targeting of Trop2-expressing lineages may provide novel
therapeutic approaches to reducing risk for developing cancer in patients with extensive
incomplete intestinal metaplasia and dysplasia in the stomach.

In conclusion, the present studies have shed light on Trop2 as a critical biomarker that is
upregulated in the transition from metaplasia to dysplasia. Thus, expression of Trop2 within
regions of intestinal metaplasia may be an indicator of increased risk. Prospective trials will
be required to examine this association in patients with multiple screening biopsies to assess
the utility of this marker as a prognostic indicator of gastric cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Trop2 expression isup-regulated 3to 4 months after induction of Kras(G12D)
expression in Mist1-Kras mice.

A. Sections of mouse stomach from uninduced Mist1-Kras mice (Control Wild type) and
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mice 1, 3 and 4 months after Kras(G12D) induction with tamoxifen treatment were stained

for CD44v9 (blue), Ki67 (green) and Trop2 (red) along with nuclear staining with DAPI

(greyscale). Scale bar = 100 pm. B. The percentage of glands with Trop2 positive cells was
quantified (50 glands per mouse) in the corpus of Mist1-Kras mice 3 or 4 months after

tamoxifen induction (n=3 mice). No glands were positive in mice (n=3) at 1 month after

induction. Data are shown as mean+S.D. *<0.05 by Mann-Whitney U.
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Figure 2: TROP2 expression ishigher in incompleteintestinal metaplasia (IM), adenoma and
cancer.

A. Tissue arrays containing normal, metaplastic, adenomatous and cancer lesions were
stained with antibodies against TROP2 with immunohistochemistry: antrum (n = 11), corpus
(n = 13), incomplete IM (n = 8), complete IM (n = 7), tubular adenoma (n = 71), intestinal
type gastric cancer (n = 289), diffuse type gastric cancer (h = 334), mixed type gastric cancer
(n =111). Staining was quantified for each core by histology index (H Index). Data are
shown for mean+SD. Significance by Tukey’s test was *p<0.01 versus normal or complete
intestinal metaplasia; **p<0.001 versus all non-cancer samples. B. Examples of TROP2
immunostaining in complete and incomplete IM. Serial sections were stained with
hematoxylin and eosin (H&E) and TROP2 immunohistochemistry. Higher magnification of
the delineated region is shown for hematoxylin and eosin and TROP2
immunohistochemistry (far right). Basolateral TROP2 staining was prominently present in
incomplete 1M, but was absent in complete IM. C. Kaplan-Meyer survival curves for gastric
cancers based on TROP2 staining.
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Figure 3: Expression of TROP2 in a cancer, dysplastic lineagesand IM.
A. representative core from tissue microarrays of early gastric cancers. The slides were

stained for TROP2 (red), CD44v9 (green) and TFF3 (blue) as well as PCNA (green) and
DAPI (blue). Single channel images are shown in grayscale for all, with triple composite
overlays as noted. Higher magnification images are shown in the second row. A pseudo-
H&E image is shown at the left. Arrowhead marks the position of a gland with intestinal
metaplasia and strong TFF3 staining goblet cells without TROP2 expression, while the TFF3
expressing glands to the left have small granules and strong TROP2 staining. Bars = 100 pym.
B and C. Staining indexes for TROP2, CD44v9 and TFF3 were calculated for 166 early
gastric cancer cores represented on the arrays. B. Data are represented showing the
distribution of staining index for each of the three markers. C. Date are represented as mean
+SEM for each of the markers. The staining for TROP2 in the early cancers was
significantly higher than for either TROP2 or CD44v9 (*p<0.001).
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Figure 4: Expression of TROP2 in human metaplasia and dysplasia.
Representative staining of cores from tissue microarrays of samples of intramucosal

dysplasia. Slides were stained for TROP2 (red), CD44v9 (green) and DAPI (blue). A higher
magnification image is shown at the right. A pseudo-H&E stain image is shown at the left.
Regions of dysplasia, SPEM and IM are noted in the H&E. A. An example of TROP2-
positive dysplasia arising above CD44v9-positive SPEM. B. A rare case of TROP2-positive
dysplasia observed in only 1 out of 60 cores that also showed strong positivity for CD44v9.
C. An example of intramucosal dysplasia that is positive for only TROP2.
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Figure 5: Knockdown of Trop2 in dysplastic organoids decreases growth and normalizes
mor phology.

A. Western blot for Trop2 demonstrates strong expression of Trop2 in Meta4 organoids, with
decreased expression in organoids lines stably infected with 3 different sShRNA lentiviral
vectors (shTrop2-1, shTrop2-2 and shTrop2-3). B. Representative H&E stains and
immunofluorescence staining for Trop2 (green) and Hoechst nuclear stain (blue) in Meta4
organoids, shTrop2-1, shTrop2-2 and shTrop2-3. Bar = 100 pum. Note the growth of
knockdown organoids as single layer spheres compared with the complex multilayered
structures in Meta4 organoids. C. Phase contrast imaging of live Meta4 and shRNA Trop2
knockdown organoids growing in Matrigel culture for 0, 6, 9 and 14 days. Note the reduced
growth and budding formation in the Trop2 knockdown organoids, shTrop2-1, shTrop2-2
and shTrop2-3. Black box insets display a representative organoid at Day 0 and 14. Red
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arrowheads indicate enlarged area. Bar = 500 pm. D. Diameters (um) of Meta4 (n=100),
shTrop2-1 (n=100), shTrop2-2 (n=100) and shTrop-3 (n=77) measured after 14 days in 3D
cultures. Data are shown for mean + SD. The p values were calculated using Mann-Whitney
test. ****p<0.0001. E. Quantitation of the average budding rate in Meta4 organoids and the
3 shRNA Trop2 knockdown organoid lines, shTrop2-1, shTrop2-2 and shTrop2-3, after 14
days in 3D cultures. Data are shown for mean = SD. The p values were calculated using
unpaired t-test. ****p<0.0001. F. Immunofluorescence staining for Trop2 (green), Villin
(red) and Hoechst nuclear stain (blue) in Meta4, shTrop2-1 and shTrop2-2 organoids. Bar =
100 pm.
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