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SUMMARY

This work reveals a novel role of cortactin in the malignant

transformation of dysplastic cells, thereby contributing to
the understanding of undiscovered cellular mechanisms in
early gastric cancer biology.

BACKGROUND & AIMS: Epithelial cancer onset occurs through
sequential stages of cell lineage conversion and functional dys-
regulation. Dysplasia is a precancerous lesion defined as a direct
precursor to cancer and is histologically defined as a transition
stage between pre-cancer and cancer, but molecular and biolog-
ical mechanisms controlling its transformation to malignancy are
underdetermined. Here, we discover the crucial role of the actin
stabilization and exosome secretion-regulatory protein cortactin
in dysplastic cell transformation to adenocarcinoma.

METHODS: We engineered a CRISPR/Cas9-based cortactin
knock-out (KO) dysplasia organoid model established from
dysplastic tissue and examined malignant roles of cortactin
during gastric cancer development in vitro and in vivo.

RESULTS: Although dysplastic cell identity remained un-
changed, the cortactin KO organoids exhibited a decrease in
cellular organization and multicellular protrusions, which are
considered aggressive features when observed in vitro. When
injected into the flank of nude mice, cortactin KO cells failed
malignant transformation into adenocarcinoma and solid tumor
formation with reduced recruitment of fibroblasts and macro-
phages. In addition, cortactin KO cells showed diminished
exosome secretion levels, and adenocarcinoma development
was impaired when exosome secretion was inhibited in cor-
tactin wild-type dysplastic cells.

CONCLUSIONS: These data suggest that cortactin is a func-
tional element of membrane dynamics, malignant changes, and
exosome secretion in dysplastic cells, and solid gastric tumor
formation associated with alteration of the tumor microenvi-
ronment. (Cell Mol Gastroenterol Hepatol 2025;19:101490;
https://doi.org/10.1016/j.jcmgh.2025.101490)
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U nderstanding the biology of pre-cancer has been
identified as one of the top challenges in early
cancer detection research. Gastric cancer is the fifth leading
cause of cancer-related deaths worldwide' and arises
through a series of carcinogenic stages including metaplasia
and dysplasia.” Dysplasia has been described as the last
stage in epithelial gastric carcinogenesis, which occurs
before invasive carcinomas develop and is often observed in
metachronous cancers in patients.3'4 Recent investigations
by our group suggest that a stem cell population, first pre-
sent in dysplasia, can drive malignant changes in precan-
cerous lesions and the development of adenocarcinoma.”®
Although understanding the mechanism of malignancy can
provide opportunities for early detection of precancerous
lesions and identification of possible pathways for
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intervention, the precise molecular mechanism for the
evolution of precancerous dysplastic cells into cancer in the
stomach is largely unknown.

In our previous work, we generated dysplastic organoid
lines, termed as Meta4, derived from dysplastic glands in the
stomach of mice with an activated Kras gene capable of
driving gastric carcinogenesis.®® These dysplastic organoid
lines exhibit common cytological features seen in dysplastic
tissues, including disorganized cellular patterning and
complex budding structures, which are protrusions outward
from the organoid composed of a single layer of cells
forming a “bud” in 3-dimensional (3D) culture.” Moreover, a
stem cell population in Meta4 organoids can evolve to
adenocarcinoma in vivo when injected subcutaneously,
accompanied by the recruitment of surrounding tumor
microenvironment.® Additionally, we found high expression
of the actin-binding protein, cortactin, localized to the apical
membrane of the dysplastic organoids.®*’

Cortactin is a prominent regulator of the branched actin
network,'! and its overexpression is closely associated with
poor prognosis in many epithelial cancers.'*"'® Cortactin
binds to filamentous actin (F-actin) and the actin-nucleating
Arp2/3 complex to stabilize branched actin networks,
allowing the formation of actin-rich cellular protrusions
such as lamellipodia and invadopodia, which are crucial to
the aggressive behavior of cancer cells."”*®"*? At actin-rich
membrane sites, cortactin promotes docking of multi-
vesicular bodies (MVBs), leading to enhanced release of
small extracellular vesicles (EVs) known as exosomes.'®
This release of exosomes transfers biomolecules to the
surrounding microenvironment”’ and enhances lamellipo-
dia and invadopodia stability and function, cell migration
and invasion, and tumor metastasis.>’>* We have previ-
ously shown the accumulation of cortactin in the apical
membrane of 3D-cultured dysplastic organoids and in the
cell membrane protrusion at the leading edge of 2-
dimensional (2D)-cultured dysplastic cells.® However, the
function of cortactin in malignant transformation of
dysplastic cells has not yet been investigated.

In this study, we investigated the role of cortactin in
malignant transformation of dysplastic cells using dysplastic
organoids. We found that cortactin knock-out (KO)
dysplastic cells in 3D organoid cultures show a reduction in
aggressive budding formation, multilayer growth and exo-
some secretion. In vivo, cortactin KO dysplastic cells failed to
evolve into adenocarcinoma concomitant with a failure to
recruit macrophages and fibroblasts to the microenviron-
ment. These results collectively suggest a significant role for
cortactin in modulating tumorigenicity of dysplastic cells
during adenocarcinoma development.

Results
Cortactin is Differentially Expressed in Gastric
Precancer and Cancer

To examine cortactin expression levels in each stage of
gastric carcinogenesis, we immunostained for cortactin in a
series of gastric tissues including normal, precancerous with
metaplastic and dysplastic lesions, and cancerous. Cortactin
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protein was found diffusely in the cytoplasm and lowly
expressed in the membrane of many normal gastric cells,
while completely absent in metaplastic lesions (Figure 14).
In contrast, cortactin was highly expressed in the apical and
basal membranes of glandular cells in dysplastic and
cancerous tissues. Because cortactin in the cell periphery is
known to promote lamellipodial dynamics and invadopo-
dium formation,'®*>“® high levels of cortactin expression in
the cell membranes of dysplastic glands may suggest the
potential contribution of cortactin to membrane dynamics
and functional changes in gastric dysplastic and cancer cells.

Inhibition of Cortactin Activation Alters the
Aggressive Morphology of Dysplastic Organoids

To assess the significance of cortactin in dysplastic orga-
noid behavior, we conducted a long-term treatment of Meta4
organoids with curcumin, a naturally occurring compound
known to have a cortactin deactivation effect.”” It is known
that cortactin is functionally active when a tyrosine residue
(Tyr421) is phosphorylated and inactivated by direct inter-
action with PTPN1, a tyrosine phosphatase that de-
phosphorylates Tyr421.?”*® Although Meta4 organoids
treated with DMSO develop into complex, densely packed
structures with outward buds at 3 weeks, which are common
behavioral features of dysplastic organoids,”® Meta4 organo-
ids treated with curcumin for 2 weeks remained as cyst-like
spheroids (Figure 1B). Seventy-four percent of dimethyl sulf-
oxide (DMSO)-treated Meta4 organoids developed outward
budding structures, whereas only 13.3% of organoids exhibi-
ted cyst-like structures with inward budding (Figure 1C and
D). In contrast, Meta4 organoids treated with curcumin
resulted in a significant increase in inward budding formation,
with more than 40% of the organoids having inward budding
at a 50-uM dose of curcumin (Figure 1D). Hematoxylin and
eosin (H&E) staining confirmed that bud tips mostly pro-
truded outward from the organoids treated with DMSO,
whereas curcumin-treated organoids were primarily found
protruding into the hollow lumen (Figure 1E). Both DMSO-
and curcumin-treated organoids displayed enlarged and
disorganized nuclei, indicating that curcumin treatment only
changed the behavior of dysplastic organoids and not the
cytological characteristics of dysplasia (Figure 1E). Immuno-
staining for cortactin in paraffin-embedded organoid sections
confirmed that peripheral enrichment of cortactin was
decreased at the apical and lateral membranes and bud tips of
organoids treated with curcumin (Figure 1F and G). In addi-
tion, the outward budding was significantly reduced
(Figure 1H). These findings suggest that cortactin activity may
be associated with the complex budding process of dysplastic
organoids, which is considered an aggressive phenotype in 3D
dysplastic organoid culture.”®

Cortactin Determines the Aggressive Morphology
of Dysplastic Organoids Without Disrupting
Dysplastic Cell Identity

To directly investigate the role of cortactin (Cttn) in the
dynamic behaviors of dysplastic cells, we utilized a CRISPR-
Cas9 method in Meta4 organoids and generated an isogenic
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organoid line. All surviving spheres after the CRISPR-Cas9 was successfully established with a 19-nucleotide deletion
transfection were clonally expanded. A total of 49 clonal in exon 4 of the Cttn gene (Figure 2A4). Loss of both Cttn
lines were expanded and screened, and one Cttn KO clone mRNA expression and protein were confirmed by
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quantitative polymerase chain reaction (QPCR) and Western
blot, respectively, confirming the loss of the Cttn gene and
protein expression in the isogenic organoid line (Meta4-Cttn
KO) compared with control Meta4 line (Meta4-Cttn wild-
type [WT]) (Figure 2B and C). Both Meta4-Cttn WT and
KO organoids grew into cyst-like structures within a week in
3D culture and formed advanced structures by 2 weeks
(Figure 34). The Meta4-Cttn KO organoids did not show any
significant difference in growth rate and maintained
dysplastic cell characteristics by sustained expression of a
proliferation marker Ki-67 and dysplastic cell marker
TROP2Z (Figure 3B). Changes in mRNA expression for pro-
liferation and genes associated with other gastric cell types
were mostly unchanged (Figure 3C and D). At 2 weeks, more
than 50% of Meta4-Cttn WT organoids formed outward
budding structures, whereas fewer than 20% of Meta4-Cttn
KO organoids formed such structures (Figure 3E and F, left).
Additionally, Meta4-Cttn KO organoids exhibited a signifi-
cant 2-fold increase in the number of organoids with inward
buds compared with Meta4-Cttn WT organoids (Figure 3F,
right), which is similar to the observed changes in curcumin
treatment of Meta4 organoids. Therefore, these results
suggest that cortactin is not involved in dysplastic cell
growth or cellular identity but plays a critical role in the
budding formation and cellular organization of dysplastic
organoids.

Cortactin Controls Multicellular Protrusion and
Apical Membrane Composition

Given that cortactin is a key molecule governing cell
membrane dynamics by controlling actin branching in many
types of cells including cancer cells,"” we aimed to further
understand the effect of cortactin on actin-dependent pro-
cesses in precancerous cells. Transmission electron micro-
scope (TEM) imaging of the organoids revealed a notable
difference in microvilli formation after cortactin KO
(Figure 44 and C). In addition, both y-actin and phosphor-
ylated ezrin/radixin/moesin (pERM), which are markers for
actin-based microvilli stabilization and protrusion, are
strongly upregulated at the plasma membrane of Meta4-
Cttn WT cells and dramatically decreased in Meta4-Cttn
KO cells (Figure 4B). However, mRNA levels of genes asso-
ciated with actin and membrane formation, such as Corolb,
Actg2, Myo5a, Myo5b, Ezrn, Stx3, Epcam, Cdh1, Espn, and
Itga2 were unchanged (Figure 4D). These data confirm that
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cortactin primarily functions for membrane composition
and protrusion formation in dysplastic cells.

To further assess alterations in epithelial growth behavior,
we introduced an air-liquid interface (ALI) culture method,
which allowed us to mimic the gastric epithelial environment
in vitro, using Meta4-Cttn WT and KO organoids (Figure 54).
Dysplastic cells dissociated from Meta4-Cttn WT organoids
formed a complicated multilayer structure with polypoid
protrusions 4 weeks after initiation of the ALI culture
(Figure 5B and C, yellow arrowheads), resembling the histo-
logic phenotype of dysplasia observed in human patients.”” In
contrast, the loss of cortactin in Meta4 cells resulted in the
formation of monolayer columnar cells without polypoid
protrusions (Figure 5B and C). The top-down (or apical-basal)
view of whole mount staining in ALI-cultures showed robust
apical and intercellular F-actin staining in the Meta4-Cttn WT
culture; however, this tumorigenic phenotype was diminished
in the monolayered Meta4-Cttn KO cells (Figure 5D). More-
over, tight junctions labeled with zonula occludens-1 (Z0-1)
and (-catenin were assembled in 4 weeks of ALI cultures of
Meta4-Cttn KO cells (Figure 5D). These results suggest that
multilayers and polypoid protrusions observed in long-term
culture of dysplastic cells may be formed through cortactin-
induced defects in apical-basal polarity, collectively consid-
ered an outcome of malignant transformation, and that cor-
tactin is a regulator of the actin-mediated stabilization of
multilayered structures.

We additionally examined the cellular dynamics of
Meta4-Cttn WT and KO cells in 2D culture and found that
cortactin expression was highly concentrated at the leading
edge of WT cells where the cell membrane protruded
(Figure 5E). However, the lamellipodia was not fully pro-
jected in dysplastic cortactin KO cells. Therefore, these data
indicate that cortactin is a regulator in construction of both
multilayered structures and polypoid protrusions, which
may influence the histological structures of dysplasia
observed in human stomach tissues.

Cortactin Facilitates Adenocarcinoma
Development, Concomitant With
Microenvironmental Cell Recruitment

In our previous studies, we demonstrated that ex vivo
Meta4 organoids maintain the cellular characteristics of
precancer when implanted back into the stomach wall of
C57BL/6 mice. Furthermore, these organoids can progress

Figure 1. (See previous page). Expression pattern and effect of cortactin inhibition in gastric dysplasia. (A) H&E or IF
stained images of human gastric tissues with multiple carcinogenic stages; normal, metaplasia, dysplasia, and cancer. Dotted
boxes denote enlarged areas. (B) Phase contrast images of Meta4 organoids treated with or without 50 uM of curcumin for 2
weeks. Yellow arrows indicate the bud tips, and dotted box indicates the enlarged area shown next to it. (C and D) Quanti-
fication of the outward (C) or inward (D) budding ratio of Meta4 organoids after treatment with 10, 25, and 50 M curcumin for 3
weeks. (E) H&E-stained images of Meta4 organoids treated with DMSO (vehicle) or 50 uM curcumin for 3 weeks. Yellow arrows
indicate the bud tips, and dotted boxes indicate enlarged areas. (F) IF staining for cortactin in 50-uM curcumin treated Meta4
organoids. The nuclei were counterstained with Hoechst. White dotted boxes denote the enlarged areas. (G and H) Quanti-
fication of relative intensity of cortactin (G) or the number of outward buds per 10* um? area (H) in Meta4 organoids treated with
or without curcumin. Nine randomly selected images were used for analysis. All data are presented as mean + SD (N = 3 if not
stated). An unpaired 2-tailed t-test was used to assess P-value (*P < .05 and ***P < .001). Scale bars: 100 um (A and E), 500
um (B, total views), 200 um (B, enlarged images) and 50 um (F).
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Figure 2. Establishment of cortactin KO Meta4 organoids. (A) Strategies of generation of an isogenic Meta4-Cttn KO line
based on the CRISPR-Cas9 method. 19 nucleotides (red sequence) were deleted in the KO line; therefore, frameshift and early
termination near the transcription start site occurred. (B) Relative cortactin mRNA expression in Meta4-Ctin KO Meta4
organoids to WT normalized to the expression of Thp. (C) Western blot analysis for cortactin in Meta4-Cttn WT or KO
organoids. All data are presented as mean + SD (N = 3). Paired two-tailed t-test was used to assess P-value (*P < .05).

toward gastric adenocarcinoma when subcutaneously
injected in immunodeficient nude mice.” Notably, we
observed consistent expression of cortactin in the apical
membranes of nearly all cells in Meta4 organoids.® To
investigate the direct impact of cortactin on tumor forma-
tion ability, we conducted subcutaneous implantation using
the Meta4-Cttn WT and KO organoids under the flanks of
immunodeficient nude mice and examined their efficiency in
initial engraftment formation. Six weeks after implantation,
all implantation sites with Meta4-Cttn WT organoids had
formed engraftments, whereas only 25% of Meta4-Cttn KO
sites developed a small, engrafted lesion (Figure 6A4). The
engraftments derived from Meta4-Cttn WT organoids grew
significantly in size over the 6 weeks, displaying fibrosis and
cyst-like histology (Figure 6B and C).

However, the engraftment derived from Meta4-Cttn KO
organoids remained very small and maintained dysplastic
histology with no further growth or progression (Figure 6B
and C). Furthermore, immunofluorescence staining of
platelet-derived growth factor receptor o (PDGFRa), a
fibroblast marker, showed that fibroblast cells were in close
proximity to the epithelial-cell cysts in the Meta4-Cttn WT
engraftments, but not around the Meta4-Cttn KO engraft-
ment (Figure 6D). Additionally, the F4/80" macrophages
were found close to the epithelial cells in engraftment of
Meta4-Cttn WT and KO organoids (Figure 6D).

We further evaluated whether Meta4-Cttn KO organoids
delay tumor development by monitoring the engraftment
for a longer period of 13 weeks. Although Meta4-Cttn WT
organoids progressed into bigger solid tumors, which
reached humane endpoint in all mice, only 40% of Meta4-
Cttn KO organoids developed small engraftments with the

size of less than 5 mm?®, and none formed gross tumors
(Figure 7A and B). The engraftments from Meta4-Cttn KO
organoids did not continuously grow, and gross solid tumor
formation was abrogated. Although many PDGRFa™ fibro-
blasts and F4/80" macrophages were located adjacent to
epithelial cells derived from Meta4-Cttn WT organoids, both
fibroblasts and macrophages were highly reduced in Meta4-
Cttn KO-derived engraftment and were not closely infil-
trated to the epithelial cell area (Figure 7C-F). Furthermore,
20% of Meta4-Cttn WT tumors developed high-grade
tubular adenocarcinoma with prominent stromal cells, but
no adenocarcinoma was observed in Meta4-Cttn KO en-
graftments (Figure 7G). Additionally, the number of Ki-67"/
PDGRFa™ cells, which were characterized as proliferative
fibroblasts, decreased in the Meta4-Cttn KO engraftments
(Figure 7H and I). To further confirm the effect of cortactin
KO in dysplastic cells on fibroblast proliferation, we per-
formed an indirect co-culture of fibroblasts isolated from
dysplastic mucosa in Mist1-Kras mouse stomachs’ with cells
dissociated from Meta4-Cttn WT or KO organoids. The fi-
broblasts were immunostained for Ki-67 48 hours after the
co-culture, and they were less proliferative in co-culture
conditions with Meta4-Cttn KO cells. Consequently, the to-
tal number of fibroblasts was lower (Figure 7] and K). These
results therefore support that cortactin promotes fibroblast
proliferation, likely via cortactin-mediated secreted factors.

Collectively, these data reveal that cortactin is associated
with solid tumor formation and adenocarcinoma develop-
ment. The reduction in fibroblast and macrophage proximity
to epithelial cells and the reduction in fibroblast prolifera-
tion following cortactin KO additionally suggests a role for
cortactin in tumor microenvironment alterations.

101490



6 Guenther et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 6

A WT KO B Ki-67 TROP2 Hoechst

1 week

2 weeks

1.5- = WT = WT
= 1 == KO c 57 mm KO
(]
o o "
@ @ 4-
o et
%1.0— % * *
) b| o o 34 i M
AN
o g 2+
@ 0.5 e J
s 2 ﬁ X
© = 14
[ i)
14 [)
0.0 . . @ oLy | -

Ki-67 Pcna Cd44vd Aqp5 Hed T2  TH3 Vil Trop2 Cldn7

E F

80 % 40— *
—
x 2 1 2
[ .a — Y
: T 60 'T' 3 30-
b 3
= ol 2
& 40 T 20- 'T'
£ RS
£ O 204 % 10
g . e
= 2 EN
h 0 ' 0 .
WT KO WT KO

Figure 3. Changes in budding structure of Meta4 organoids after cortactin depletion. (A) Phase contrast images of
Meta4-Cttn WT or KO organoids captured at 1 and 2 weeks after plating in ECM gel. (B) IF staining for Ki-67 and TROP2 in
Meta4-Cttn WT or KO organoids. The nuclei were counterstained with Hoechst. (C) gPCR analysis of Ki-67 and Pcna
expression assessed in Meta4-Cttn WT or KO organoids. (D) Representative well-differentiated absorptive cell (Vil), meta-
plastic (Cd44v9, Aqp5, He4, and Tff2) and dysplastic (Trop2 and Cldn7) lineage markers were quantified by gPCR assay in
Meta4-Cttn WT or KO organoids. (E) H&E-stained images from Meta4-Cttn WT or KO organoids fixed at 1 or 2 weeks. Yellow
arrows indicate the budded structures. (F) Quantification of outward (left) or inward (right) budding rate of Meta4-Cttn WT or KO
organoids at 2 weeks. All data are presented as mean + SD (N = 3). Paired two-tailed t-test was used to assess P-value (*P <
.05). Scale bars: 1 mm (A), 50 um (B), and 100 um (E).

Cortactin Mediates Precancer Exosome activity might account for the reduced recruitment of

Secretion stromal cells in the in vivo microenvironment of Meta4-
We previously showed that cortactin promotes docking Cttn KO organoids.’® To test whether there is a differ-
of MVBs and release of exosomes from cancer cells.?' This ence in exosome secretion in Meta4-Cttn WT and KO
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Figure 4. Cortactin-mediated regulation of microvilli protrusions and membrane composition in dysplastic organoids.
(A) TEM images obtained from Meta4-Cttn WT or KO organoids. (B) IF staining for phosphorylated ERM, y-actin, and cortactin
of 3D-cultured Meta4-Cttn WT or KO organoids. The apical surface of the cells is oriented upwards in the images. All data are
presented as mean + SD. Paired (A) or unpaired (C) 2-tailed t-test was used to assess P-value (**P < .001). (C) The bar graph
indicates the quantification of microvilli- like protrusions in Meta4-Cttn WT or KO organoids (N = 5). (D) Relative expression of
representative actin and membrane dynamics-related genes analyzed by gPCR in Meta4-Cttn WT or KO organoids (N = 3).

Scale bars: 1 um (A) and 20 um (B).

organoids, we carried out several experiments focused on
exosome levels. By qPCR, we did not observe any signif-
icant differences in gene expression levels of exosome
membrane markers Cd9, Cd63, and Cd81 (Figure 84-C). In
addition, both CD9 and CD63 were localized in intracel-
lular punctate compartments (Figure 8B), consistent with
our previous finding that cortactin does not affect exo-
some biogenesis.*" We also observed no changes in both
Alix and Tsg101 gene and protein levels (Figure 8D and E),
which are components of the endosomal complexes
known to be involved in exosome biogenesis and required
for transport by (ESCRT)-1.°>? We next examined changes
in markers associated with endosomal trafficking and
exosome secretion in dysplastic organoids. A late endo-
somal compartment, the MVB containing intraluminal
vesicles (ILVs) can either follow a lysosomal degradation
pathway, or an exocytosis pathway leading to ILV release
to extracellular area as exosomes.’® Key factors of this
process include Ras-associated binding protein 7 (RAB7),
which directs late endosomes to merge with lysosomes,**
lysosomal associated membrane protein 1 (LAMP1),
which is a main component of lysosomal membrane,*> and
RAB27A, which is involved in the docking of MVBs to the
plasma membrane.*'*® The expression of Lampl and

Rab7 genes was slightly increased in Meta4-Cttn KO
organoids, and a prominent increase of LAMP1 and/or
RAB7-positive puncta was also observed (Figure 8F and
G). However, the Rab27a gene expression was decreased,
and co-localization of RAB27A with cortactin at the api-
colateral membrane was also abolished in Meta4-Cttn KO
organoids, suggesting that cortactin stabilizes branched
actin at the apicolateral membrane to enhance MVB
docking by synchronizing with RAB27A (Figure 8F and H).
Expression of other markers found in these secretion
pathways were unaffected (Figure 81 and J). These data
collectively suggest that the pathway related to exosome
secretion may be altered in Meta4-Cttn KO organoids.

To determine whether exosome/small EV release is
affected by cortactin KO, we performed TEM imaging us-
ing the organoids embedded in ECM gel, and the TEM
images revealed that membranous vesicles were basolat-
erally secreted and trapped within ECM gel surrounding
Meta4-Cttn WT organoids (Fig 94 and B). In contrast, we
observed a reduction in secreted vesicles around the
basolateral lumen in Meta4-Cttn KO organoids (Figure 94
and B). The secreted vesicles were lipid bilayered and cup-
shaped, and the size distribution was between 80 and 120
nm, which are typical morphologic features of exosomes.*’
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We also directly quantified small EV secretion from the analysis, the conditioned media was collected for 4 weeks,
ALI culture of Meta4-Cttn WT and KO cells by collecting and large and small EVs containing exosomes were iso-
the conditioned media. To obtain enough material for lated through differential centrifugation. Western blots
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Figure 6. Characterization of dysplastic cell behavior in vivo according to cortactin expression at 6 weeks. (A) Gross
images of tumor tissues 6 weeks after injection with Meta4-Cttn WT or KO organoids into nude mice. The dotted area rep-
resents the implant. (B) Growth over 6 weeks of engrafted tumors from injected Meta4-Cttn WT or KO organoids (N = 4). (C)
H&E staining of tumor tissue from nude mice injected with Meta4-Cttn WT or KO organoids after 6 weeks. Yellow arrows
indicate enlarged views. (D) IF staining for F4/80, PDGFRa«, and p120 of tumor tissues excised at 6 weeks. All data are
presented as mean + SD. Unpaired 2-tailed t-test was used to assess P-value (***P < .001). Scale bars: 1 mm (C, top) and 100
um (C, bottom and D).

with TSG101 and CD63, well-known small EV markers, or
golgi matrix protein 130 (GM130), which is absent in
exosomes,>® validated the presence of small EVs in the
conditioned media (Figure 9C). We found no difference in

the quantity of large vesicles between the conditioned

Exosome Secretion From Dysplastic Cells
Mediates Fibroblast Recruitment and

Adenocarcinoma Development
To further examine how cortactin-mediated exosome
secretion influences the tumorigenicity of dysplastic cells

media from either Meta4-Cttn WT and KO cells, but the
number of small EVs, indicating exosome-enriched frac-
tion, from Meta4-Cttn KO cells was significantly decreased
(Figure 9D-F). Therefore, these data collectively show that
cortactin contributes to regulation of exosome release
from dysplastic cells.

and the recruitment of cells in the microenvironment, we
inhibited exosome secretion during the dysplasia evolution
in vivo. Because we already observed a significant decrease
in RAB27 gene expression and a disruption in its specific
localization at the apicolateral membrane in Meta4-Cttn KO
organoids (Figure 8F and H), we utilized a small compound

Figure 5. (See previous page). Cortactin-mediated regulation of multicellular protrusions and membrane composition in
ALI culture. (A) Schematic of ALI culture strategy and CM collection for secreted exosome study. (B) Phase contrast images in
top-down (apical-basal) view captured at 2 or 4 weeks of Meta4-Cttn WT or KO organoids in ALI culture. Dotted boxes imply
enlarged regions, and yellow arrows indicate protrusions. (C) Bright field images of thick sections from ALI cultured Meta4-Cttn
WT or KO cells. Yellow arrows indicate protrusions, and red dashed lines indicate the cell plasma membrane. (D) Top-down
(apical-basal) view of whole mount staining for F-actin, ZO-1, or g-catenin in ALI cultured Meta4-Cttn WT or KO cells with
corresponding Z-axis images. (E) IF staining for cortactin and F-actin in monolayer-cultured Meta4-Cttn WT or KO cells. The
dotted box indicates the enlarged area, and yellow arrows indicate protrusions of plasma membrane. The nuclei were
counterstained with Hoechst. Scale bars: 300 um (B), 20 um (C and D), and 50 um (E).
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Meta4-Cttn WT or KO organoids injected groups to analyze average gaps. (G) Tubular adenocarcinoma area of the Meta4-Cttn
WT organoid-injected group stained with H&E and Masson’s trichrome. (H) IF staining of PDGFRe, F4/80, Ki-67, and p120 of
13 weeks tumor tissues from Meta4-Cttn WT or KO organoid injections. White arrows denoted cells co-positive with PDGFR«
and Ki-67. (/) Quantification of number of PDGFRa™ or F4/80™ cells that are co-positive with Ki-67 per each 20x field. Fifteen
images randomly selected IF images were analyzed. (J) Phase contrast (PC) image overlayed with IF staining of Hoechst and
Ki-67 of fibroblasts after 2 days of indirect co-culture with Meta4-Cttn WT or KO cells on top of the Transwell. (K) Quantifi-
cation of number of total fibroblasts or Ki-67 positive fibroblasts per 10x field. Three independent experiments conducted. All
data are presented as mean + SD. Unpaired 2-tailed t-test was used to assess P-value (*P < .05; *P < .01; and **P < .001).
Scale bars: 1 mm (C, Top), 100 um (E, G, H and bottom images of C), and 200 um (J).
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inhibitor, Nexinhib20, that blocks the docking of RAB27A- organoids after 3 days (Figure 104 and B). Conditioned
containing endosomes to the plasma membrane.’? We first media from ALI-cultured Meta4 cells, treated with or
treated Meta4 organoids with 5 uM Nexinhib20 and without Nexinhib20, were collected over 2 weeks and
observed no significant changes in morphology and size of centrifuged at 100,000 x g. A nanoparticle tracking analysis
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of Nexinhib20-treated media revealed a nearly 2-fold
reduction in exosome numbers (Figure 10C), suggesting
that Nexinhib20 inhibits exosome secretion from dysplastic
cells without affecting organoid growth. To examine the
effects of secreted exosomes in vivo, Meta4 dysplastic
organoids were first subcutaneously injected into the flanks
of nude mice. At 4 weeks after the injection, the nude mice
were intraperitoneally administered with 2.5 mg/kg Nex-
inhib20 for 6 weeks. Solid tumor sizes were significantly
smaller in the Nexinhib20-treated group (Figure 10D and
E), and H&E staining confirmed reduced recruitment of
stromal cells to cystic or adenocarcinoma lesions
(Figure 10F and I). Although F4/80" macrophages did not
show any significant changes, PDGFRa™ fibroblasts were
located significantly farther from p120* epithelial cysts in
the Nexinhib20-treated group (Figure 10G and H). These
results support the in vivo results from Meta4-Cttn KO
(Figures 6 and 7) but suggest a different mechanism by
which cortactin affects macrophage recruitment. Although
all solid tumors displayed the histologic features of
tubular adenocarcinoma, the area size of tubular adeno-
carcinoma lesions was significantly reduced in the solid
tumors treated with Nexinhib20 with the reduction in
fibrosis (Figure 101 and J). Taken together, these findings
suggest that decreased exosome secretion after Nex-
inhib20 treatment impairs solid tumor growth and the
ability of dysplastic cells to recruit PDGFRa™ fibroblasts.
Nevertheless, the persistent tumorigenicity and presence
of tubular adenocarcinoma lesions in the Nexinhib20-
treated group suggest a complex role of cortactin in
dysplastic cell evolution and tumorigenesis beyond the
regulation of exosome secretion.

Discussion

Cell behavioral changes through membrane dynamics
and recruitment of stromal and immune cells in carcino-
genesis have been recognized as pivotal factors in the pro-
gression to cancerous stages.’’ In this study, we identified
cortactin as an important factor that regulates dysplastic
cell function to acquire malignancy in the stomach, leading
to the evolution of pre-cancerous dysplastic cells into
adenocarcinoma. Although cortactin has been studied pri-
marily in cancer for its role in promoting cancer cell
migration and invasion,'®*1"** here, we observed the

Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 6

increased expression and localization of cortactin to plasma
membranes in dysplastic cells, compared with normal
gastric and metaplastic cells (Figure 14). We also found that
cortactin promotes aberrant architecture (Figure 3E, 44,
and 5C) and exosome secretion (Figure 9) of dysplastic cells.
In addition, in vivo cortactin KO dysplastic cells recruited
fewer macrophages and fibroblasts to their environment
and failed to transform into adenocarcinoma and to develop
solid tumors (Figures 6 and 7).

We leveraged an organoid model system to monitor al-
terations in cellular and multicellular phenotypes of
dysplastic cells within a 3D-cultured environment. Both
inhibition of cortactin activation and endogenous knock-out
of cortactin in dysplastic organoids significantly reduced
outward budding formation, which is achieved by protru-
sion into the ECM gel matrix, a common behavioral feature
of dysplastic organoids (Figures 1E and 3E). These results
align with a reduction in membrane protrusions (Figure 5E)
that serves as an initiating stage for cell migration. The
observed inward budding into the lumen was presumably
due to the loss of protrusions into the ECM gel matrix by
cortactin KO in dysplastic organoids. Although cortactin KO
cells did not display changes in mRNA levels of actin and
membrane-associated genes, the cells displayed significant
loss of microvilli formation, and changes in the protein
composition of the membrane as expected because cortactin
is not a transcriptional regulator (Figure 44-D). Therefore,
cortactin is likely a major contributor to dysplastic cell
membrane function and behavior.

The dysplastic cells also exhibit polypoid projections
with irregular multilayered cell structures in ALI cultures.*’
However, in cortactin KO dysplastic cells, these projections
were absent, with cells forming monolayers with distinct
apical and basolateral orientations (Figure 5B-D). Because
aberrant control of membrane dynamics is highly associated
with aggressive behaviors of cancer cells,*”* these findings
indicate that many abnormal behavioral features that define
the dysplastic stage”’ are governed, at least partially, by
cortactin. It should be noted that only a single cortactin KO
clone was used to examine multiple roles of cortactin during
dysplasia evolution to adenocarcinoma, which is a potential
limitation of this study as the possibility of clonal variation
cannot be fully ruled out. Therefore, further studies using
transgenic animal models are required to fully understand
the roles of cortactin in dysplastic cells.

Figure 8. (See previous page). Examination of exosome related markers in cortactin WT and KO dysplastic cells. (A)
Relative expression of exosome membrane markers (Cd9, Cd63, and Cd87) quantified by gPCR assay in Meta4-Cttn WT or
KO organoids. (B) IF staining for CD63 and CD9 in Meta4-Cttn WT or KO monolayer cells. Dotted boxes indicate enlarged
areas. (C) Western blots of CD63 in Meta4-Cttn WT or KO organoids. §-actin as a house-keeping gene control. (D) Relative
expression of exosome formation markers (Alix and Tsg707) in Meta4-Cttn WT or KO organoids, as examined by gPCR and
normalized to the expression of Tbp. (E) Western blots of ALIX and TSG101 in Meta4-Cttn WT or KO organoids. GAPDH as a
house-keeping gene control. (F) Relative expression of lysosomal marker (Lamp7), vesicle trafficking markers (Rab7 and
Rab27a) quantified by gPCR assay in Meta4-Cttn WT or KO organoids. (G) IF staining for LAMP1 and RAB7 in Meta4-Cttn WT
or KO monolayer cells. Dotted boxes indicate enlarged views. The nuclei were counterstained with Hoechst. (H) IF staining for
cortactin and RAB27A in Meta4-Cttn WT or KO organoids. Dotted boxes indicate enlarged views. The nuclei were counter-
stained with Hoechst. (/) gPCR analysis of representative expression of vesicle trafficking-related genes in Meta4-Cttn WT or
KO organoids. (J) gPCR analysis of Rab27b, Rab11a, and Rab35 in Meta4-Cttn WT or KO organoids. All data are presented as
mean + SD (N = 3). Paired 2-tailed t-test was used to assess P-value (*P < .05 and **P < .01). Scale bars: 50 um (B and G), 100

um (H).
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Figure 9. Quantification of exosome secretion from cortactin WT and KO dysplastic cells. (A) TEM images of exosomes
secreted from Meta4-Cttn WT or KO organoids in 3D culture. Red dashed lines in top panels indicate the boundaries of cells,
and black dotted boxes indicate enlarged areas. Red arrows in enlarged images indicate the secreted exosomes. (B) Quan-
tification of exosomes trapped in ECM gel from TEM imaging. Exosomes were quantified by counting number per um of cell
membrane in areas containing exosomes. (C) Western blot performed for the expression of TSG101, CD63, and GM130 in
secreted EVs from Meta4-Cttn WT or KO ALl cultures. TCL, total cell lysates; 10K, pellets from 10,000 x g centrifugation for 30
minutes; 100K, pellets from 100,000 x g centrifugation for overnight. (D) Quantification of number of secreted large EVs or
small EVs from the CM of ALI-cultured Meta4-Cttn WT (black dots) or KO (red dots). (E and F) Nanoparticle tracking analysis of
10,000 x g (E) or 100,000 x g (F)-centrifuged CM collected from Meta4-Cttn WT or KO ALI cultures. All data are presented as
mean + SD (N = 3). An unpaired (B) or paired (D) 2-tailed t-test was used to assess P-value (*P < .05 and ***P < .001). Scale
bars: 400 nm (A, top) and 100 nm (A, bottom).

We also found that cortactin KO in dysplastic cells
significantly inhibited not only solid tumor formation but
also adenocarcinoma development in vivo upon injection
subcutaneously into mice (Figures 64 and B, 7A and B). As
cortactin has no effects on the proliferative activity or
identity of the dysplastic cells (Figure 3B-D), we sus-
pected a cell-non-autonomous effect. Moreover, even
when cystic engraftments developed after Meta4-Cttn KO
cell injection, recruitment of fibroblasts and macrophages
were notably reduced around the lesions (Figures 6D, 7E

and F). Stromal cells facilitate tumor progression by
providing an optimal niche, including structural support
and an immune-suppressive environment.*® One mecha-
nism by which tumor cells communicate with cells in their
microenvironment, including stromal cells and macro-
phages, is via EVs.*°®' Consistent with our previous
finding that cortactin affects MVB docking and exosome
secretion,®! here, we found that loss of cortactin results in
a decrease in the number of small EVs released from
dysplastic cells. We also found that cortactin KO led to
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alterations in the gene expression level and localization of
the MVB docking factor RAB27A (Figure 8F and H),
further suggesting perturbation of exosome secretion.
Because exosomes facilitate tumor growth and recruit-
ment of stromal cells,”® cortactin-mediated exosome
secretion may be a crucial factor in dysplastic cell evo-
lution to adenocarcinoma in vivo. The in vivo inhibition of
exosome secretion by Nexinhib20 also reduced fibroblast
recruitment and decreased tubular adenocarcinoma
development (Figure 10D-J). However, Nexinhib20 treat-
ment did not fully replicate the effects seen in the cor-
tactin KO experiments, which suggests that cortactin may
have multiple roles contributing to the progression of
dysplasia to adenocarcinoma. In addition, the Nexinhib20
treatment did not impact macrophage recruitment in vivo
(Figure 10G and H). Although it is known that macro-
phages can be recruited to the tumor regions via exosomal
cargos,”® our data may suggest an additional function of
cortactin in macrophage recruitment that is separate from
exosome signaling. It needs to be noted that tumor size
variability occurred between the cortactin KO injection
(Figure 6) study and the Nexinhib20 injection study
(Figure 10), due to the varying number of cells in indi-
vidual organoids. Still, tumors between experiments were
histologically identical, and statistically significant differ-
ences were found in both, validating our findings.

Conclusion

Our study suggests that cortactin is an essential pro-
tein in the evolution of dysplastic cells to adenocarci-
noma in the stomach. Cortactin is critical for dysplastic
cells to exhibit abnormal cellular organization and ar-
chitecture, including multicellular protrusions, membrane
composition, and complex outward budding structures.
Notably, cortactin plays a pivotal role in establishing a
pro-tumor microenvironment and promoting the pro-
gression of precancerous cells to malignancy, potentially
through an exosome-mediated cell communication
mechanism. Thus, our findings elucidate several of the
biological mechanisms of cancerous cell lineage evolution
from dysplastic cells and suggest that cortactin localiza-
tion and/or expression may serve as a marker of
dysplastic cells with high risk for conversion to
malignancy.

Cttn Mediates Malignancy in dysplastic cells 15

Methods

Immunofluorescence staining

Stomach tissues were collected from patients with
gastric cancer who underwent surgery at Seoul National
University Hospital, Seoul, Korea (IRB No. H-1209-037-424).
Tissues were fixed in 10% neutral buffered formalin for 5 to
7 days at room temperature (RT). Organoids grown in
Matrigel were fixed in 4% paraformaldehyde (PFA) for 30
minutes at RT and embedded in HistoGel (Thermo Fisher
Scientific). The fixed tissues and organoids were embedded
in paraffin and sectioned at 5-um thickness following a
standard protocol at the Translational Pathology Shared
Resource (TPSR) core facility at Vanderbilt University
Medical Center. Tissue or organoid sections were depar-
affinized in Histoclear and rehydrated in ethanol. Antigen
retrieval was performed in a pressure cooker in Target
Retrieval Solution (Dako) and sections were then blocked
with Protein Block Serum-Free solution (Dako) for 1.5 hours
at RT. Sections were applied with primary antibodies
diluted in Antibody Diluent (Dako) at 4 °C overnight and
washed in phosphate buffered saline (PBS). Alexa-
conjugated secondary antibodies (Life Technologies,
1:500) diluted in Antibody Diluent (Dako) were then
applied for 1 hour at RT, washed in PBS, and nuclear stained
with Hoechst (Thermo Fisher Scientific, 1:10,000). The
fluorescence images were acquired with a ZEISS Axio
Imager M2 microscope. Antibodies used for immunostaining
are listed in Table 1.

Organoid Culture and Treatment

All organoid-related experiments were performed using
established dysplastic organoid lines, Meta4, isolated from
Mist1-Kras mouse stomachs, cultured as previously
described.® Briefly, Meta4 was passaged in ECM gel (Sigma-
Aldrich) with IntestiCult Intestinal Organoid Growth Me-
dium (Mouse, StemCell Technology) containing 1% peni-
cillin/streptomycin (Gibco) and incubated in 37 °C
humidified chamber. To culture Meta4 dysplastic cells into
2D monolayer, the organoids were dissociated with TrypLE
Express Enzyme (Gibco) for 5 minutes at 37 °C and passed
through a 100-um cell strainer. Dissociated cells were
plated on an 8-well tissue culture plate (Ibidi) treated with
collagen I at 5000 cells per well and maintained with Mouse
IntestiCult media.

Figure 10.(See previous page). Examination of roles of exosomes in dysplastic cells tumorigenicity in vivo using
exosome secretion inhibitor Nexinhib20. (A) Phase contrast images of Meta4 organoids treated with or without 5 uM
Nexinhib20 for 3 days. (B) Quantification of diameter of 50 organoid sphere after 3 days of vehicle or Nexinhib20 treatment. (C)
Nanoparticle tracking analysis of 100,000 x g-centrifuged CM collected from the pooled 3 samples of Meta4 ALI cultures
treated with vehicle or Nexinhib20 for 2 weeks. (D) Bright field images of tumor tissues after 4 weeks of Meta4 organoid in-
jection followed by 6 weeks of vehicle or Nexinhib20 injection (N = 7). (E) Tumor growth measured over 10 weeks in nude mice
(N = 7). (F) H&E-stained images of tumor at 10 weeks. Yellow and orange arrows denote enlarged views in F and /, respectively.
(G) IF staining for PDGFR«, F4/80, and p120 of tumor tissues excised at 10 weeks. (H) Quantitation of average gap between
p120 and each marker. Fifteen of epithelial cell areas were randomly selected from each of vehicle or Nexinhib20 injected
groups to analyze average gaps. (/) Tubular adenocarcinoma area of the vehicle or Nexinhib20 injected group stained with H&E
and Masson’s trichrome. Black dotted boxes denote enlarged views. (J) Proportion of tubular adenocarcinoma developed
regions per each tissue section area (N = 7). All data are presented as mean + SD. An unpaired 2-tailed t-test was used to
assess P-value (*P < .05 and **P < .01). Scale bars: 200 um (A),1 mm (F, top), 100 um (G and enlarged images in F and /), and
300 um (/, top).
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To evaluate the effect of cortactin deactivation in the
organoids, curcumin, reconstituted in DMSO, was added at a
final concentration of 50 uM to the Mouse IntestiCult media
without Y-27632, 1 or 2 days after plating. Media containing
either DMSO or 50 uM of curcumin was replaced every 3
days for 2 weeks. To examine the proliferative activity of
fibroblasts co-cultured with cortactin WT or KO Meta4 cells,
single-cell-dissociated Meta4 cells were plated on top of the
collagen-coated Transwell until they became confluent. Af-
ter 3 days, 10,000 fibroblasts established from the stomachs
of Mistl-Kras mice (see detailed procedure below) were
plated in a 24-well plate and indirectly co-cultured with
Meta4-plated Transwell for 2 days. To test cytotoxicity of
Nexinhib20 on Meta4 cells, DMSO or 5 uM Nexinhib20-
containing Mouse IntestiCult media was treated to 3D-
cultured Meta4 for 3 days (Figure 104 and B). To inhibit
exosome secretion from Meta4 cells, air-liquid interface
(ALI)-cultured Meta4 cells (see detailed method below)
were treated with DMSO or for 5 uM Nexinhib20 for 2
weeks (Figure 10C). Phase-contrast images were captured
using an EVOS M7000 (Invitrogen) inverted microscope.

Fibroblast Isolation

Fresh mouse stomach tissues were harvested from
Mist1-Kras-mTmG mice,7 and stomach mucosa was sepa-
rated from the muscle layer using a cell scraper. A grid
pattern was scored in wells in a 6-well plate using a sterile
razor blade, and minced mucosa was moved to the wells.
The plate containing minced mucosa was incubated at 37 °C
for 30 minutes, then Dulbecco’s Modified Eagle Medium
(DMEM) F12 (Corning) with 10% fetal bovine serum (FBS)
added to each well. After the fibroblasts crawled out from
the anchored mucosa, the remaining mucosa was removed,
and the fibroblasts were maintained in DMEM F12 supple-
mented with 10% FBS.

Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 6

Generation of Cortactin KO Organoids

Meta4 organoids were plated and grown for 4 days in a
48-well plate. The organoids were first broken into small
pieces, followed by a PBS wash, and the organoid chunks
were centrifuged at 300 x g for 5 minutes. The pellets were
resuspended in TrypLE (Gibco) supplemented with 0.1% Y-
27632 and incubated for 5 minute at 37 °C for single-cell
dissociation. The dissociated cells were centrifuged at
300 xg for 5minutes, followed by a PBS wash. Cell
numbers were counted using a TC20 Automated Cell
Counter (BioRad), and 10,000 viable cells were resuspended
in Opti-MEM reduced serum-free media (Gibco). Trans-
fection of TrueGuide Synthetic single guide RNA (sgRNA) for
the mouse Cttn gene (Invitrogen) and TrueCut Cas9 Protein
v2 (Invitrogen) was carried out using the Lipofectamine
CRISPRMAX Reagent kit (Invitrogen). The mixture of sgRNA
for Cttn, Cas9 protein, and the lipofectamine reagents was
added to cells resuspended in the Mouse IntestiCult media
supplemented with 1% of penicillin/streptomycin and 0.1%
of Y-27632. As a control, the same number of cells were
transfected with Cas9 protein and lipofectamine reagents
without sgRNA. Each cell suspension was plated in 1 well of
a 48-well plate. After 24 hours of incubation at 37 °C, the
cells were centrifuged at 600 x g for 5 minutes and plated
with ECM gel. Once the single cells grew into spheres, in-
dividual spheres were manually isolated using a pipette and
plated in a 96-well plate. Spheres were split and transferred
to a 48-well plate to expand the spheres from the same
clone. Genomic DNA was extracted with lysis buffer con-
taining proteinase K, precipitated and washed using iso-
propanol and 70% ethanol, respectively. gDNA PCR was
performed using the Platinum II Hot-Start PCR Master Mix
(Invitrogen). The deletion of the targeted sequences (5'-
TGCTAAAACCGTGCAGGGATCGG) was confirmed by Sanger
sequencing using the forward primer. A schematic diagram

Table 1.Antibody List

Antibody Reference number Source Concentration Assay
TSG101 ab30971 Abcam 1:1,000 WB
CD63 ab68416 Abcam 1:500 wB
GM130 610822 BD-Biosciences 1:250 WB
Cortactin 05-180-1 Millipore 1:1,000 IF
TROP2 AF650 R&D Systems 1:500 IF
Ki-67 652402 Biolegend 1:250 IF
F-actin A30107 Invitrogen 1:1,000 IF
PDGFR« 31645 Cell Signaling 1:500 IF
F4/80 MF48000 Invitrogen 1:500 IF
p120 610133 BD Biosciences 1:100 IF
CD9 ab92726 Abcam 1:500 IF
CD63 NBP2_32830 Novus 1:200 IF
LAMP1 1D48 DHSB 1:100 IF
RAB7 9367 Cell Signaling 1:200 IF
RAB27A A1934 ABclonal 1:200 IF

IF, immunofluorescence; WB, Western blot.
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of KO strategies is shown in Figure 24. Of 49 clones, 1
contained deletion of the targeted sequence. Loss of cor-
tactin gene and protein expression was confirmed by PCR
and Western blot, respectively.

Quantitative Real-time PCR

Total RNA was extracted from cortactin WT and KO
Meta4 organoids using TRIzol (Thermo Fisher Scientific)
with 0.2% glycogen. cDNA synthesis from the extracted total
RNA was performed using iScript Reverse Transcriptase
Supermix (Bio-Rad). qPCR was performed using SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad) and
CFX96 Real-Time PCR Detection System (Bio-Rad) under
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manufacturer’s protocol. Relative gene expression was
quantified according to 222" method, and gene level of
TATA-binding protein (Thp) was used for normalization.
Primer sequences are listed in Table 2.

Western blot Analysis

Protein extraction was done using M-PER lysis buffer
(Thermo Fisher Scientific) with protease and phosphatase
inhibitors. Protein concentration was checked using a Pierce
BCA Protein Concentration assay (Thermo Fisher Scientific).
Samples were diluted in lysis buffer and 2x Laemmli
Sample Buffer (Bio-Rad) and boiled at 95 °C for 5 minutes
before 20 ug of sample was loaded onto a 4% to 20% Mini-

Table 2.Primer List

Gene Forward (5'-3') Reverse (5'-3')

Cttn TAGGCATGAGAGTACTACATATT AATGAAGATGGTTAGGGTCCA
Cd9 CTGTGGCATAGCTGGTCCTTTG AGACCTCACTGATGGCTTCAGG
Cd63 GGAATCCACTATCCATACCCAGG CTCTTCACCAGACAGCAGGAGA
Cds1 CCACCATACTGAGGAACAGCCT CCACCATACTGAGGAACAGCCT
Alix GGACTCCATCCAATGACCTGTAC CGGCTTACACAGAAGTGCGATG
Tsg101 GGTTATCCTGGCTGTCCTTACC GCACGGATAGTGTCCTCACTGA
Lamp1 CCAGGCTTTCAAGGTGGACAGT GGTAGGCAATGAGGACGATGAG
Rab7 GAGCGGACTTTCTGACCAAGGA CAATCTGCACCTCTGTAGAAGGC
Rab27a GAGCAAAGTTTCCTCAATGTCCG CTTTCACTGCCCTCTGGTCTTC
Ki-67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT
Pcna GCGTGAACCTCACCAGTATGT TCTTCGGCCCTTAGTGTAATGAT
Cd44v9 GGAGATCAGGATGACTCCTTCT AGTCCTTGGATGAGTCTCGATC
Aqp5 TTATCCATTGGCTTGTCGGTCA GTCCTCCTCTGGCTCATATGTG
He4 TGCCTGCCTGTCGCCTCTG TGTCCGCACAGTCCTTGTCCA
T2 TGCTTTGATCTTGGATGCTG GGAAAAGCAGCAGTTTCGAC
Tff3 TTGCTGGGTCCTCTGGGATAG TACACTGCTCCGATGTGACAG
Villin TCAAAGGCTCTCTCAACATCAC GGTGCTGGAAGGAACAGG
Trop2 CTGACCTAGACTCCGAGCTG CGGCCCATGAACAGTGACTC
Cldn7 CTGCCTTGGTAGCATGTTCCTG CCAGCCGATAAAGATGGCAGGT
Coro1b CAGCCCGAAATGTGCTTCTCAG GCAAAAGAGGCTGCCATTGTGG
Actg2 CATTGCTGACAGGATGCAGAAGG AGCCGCCAATCCAGACTGAGTA
Myo5a TTGTGGAGCAGGCGAAGGAGAT GCCTCTCATCATTCAGGTCAAGC
Cd40 ACCAGCAAGGATTGCGAGGCAT GGATGACAGACGGTATCAGTGG
Atgh CTTGCATCAAGTTCAGCTCTTCC AAGTGAGCCTCAACCGCATCCT
Lamp2 GAGCAGGTGCTTTCTGTGTCTAG GCCTGAAAGACCAGCACCAACT
Lc3b CCATTCACCAGGAGGAAGAAGG GCCTGAAAGACCAGCACCAACT
Flot1 CACTCGTTAGGAAAGGCTCGCA CACTGTGCAGATACCTTCTCCTG
Rab27b CCTCACCAGTCAACAGAGCTTC GCCGTTCATTGACTTCCCTTTGG
Rab11a CAAGAAGCATCCAGGTTGATGGG AAGGCACCTACTGCTCCACGAT
Rab35 GGTGGTAGAGACAGAAGATGCC TCTTTGCTCGCAGAACCAGCTC
Tbp CAAACCCAGAATTGTTCTCCTT ATGTGGTCTTCCTGAATCCCT
Espn TCGTTCCTCGTCTTCTACTGGC TCGTTCCTCGTCTTCTACTGGC
Ezr TCGTTCCTCGTCTTCTACTGGC CGGAGCATCTGCTCCTTTTCTC
Stx3 CAACAGATGAGGAGCTGGAAGAG ATGCTGCTCTCCAGCCTTACGA
Itga2 TACAGACGTGCTCCTGGTAGGT CCGAGCATTTCCAGTGCCTTCT
Cadht GGTCATCAGTGTGCTCACCTCT GCTGTTGTGCTCAAGCCTTCAC
Epcam GAGTCCGAAGAACCGACAAGGA GATGTGAACGCCTCTTGAAGCG
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Protean precast gel (Bio-Rad). Transfer was performed at
100 V for 1 hour at 4 °C. The membrane was blocked with
5% non-fat milk in Tris-buffered saline with Tween-20
(TBST) and primary incubation with corresponding anti-
bodies overnight. Membranes were washed 3 times with
TBST and incubated with HRP-conjugated secondary anti-
bodies for 1 hour at RT. Membrane was treated with Super
Signal West Femto (Thermo Fisher Scientific) before being
imaged with Amsheram Imager 680 (GE Healthcare). Anti-
bodies used are listed in Table 1.

Transmission Electron Microscopy

For TEM preparation, Meta4 organoids were washed in
0.1 M cacodylate buffer and fixed in 2% PFA, 2.5% glutar-
aldehyde, and 0.1 M cacodylate buffer at RT for 1 hour, then
overnight at 4 °C. Organoids were washed with 0.1 M
cacodylate buffer at RT for 10 minutes, treated with 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 hour, and
washed with 0.1 M cacodylate buffer for 10 minutes, then
with distilled water for 10 minutes at RT. Samples were
treated with 2% uranyl acetate for 30 minutes and sub-
jected to ethanol dehydrations from 30% and 100%, with a
final incubation in 100% ethanol and propylene oxide (PO)
for 5 min followed by two washes of pure PO. The organoids
were infiltrated with Epon 812 resin (Electron Microscopy
Sciences) and PO (1:3) for 30 minutes at RT, and then
infiltrated with Epon 812 resin and PO (1:1) for overnight at
RT. The next day, samples went through a resin:PO (3:1)
exchange for 3 to 4hours and were then incubated with
pure epoxy resin overnight. Organoids were incubated in 2
more changes of pure epoxy resin and allowed to poly-
merize at 60 °C for 48 hours. Ultrathin sections (70- to 80-
nm thick) were cut and collected on 300-mesh copper
grids. The sections were stained with 2% uranyl acetate and
then with Reynold’s lead citrate. The organoids were
observed using a Philips/FEI T-12 Tecnai T12 electron mi-
croscope in 100 kV. Samples were prepared, processed, and
imaged by Vanderbilt Cell Imaging Shared Resource (CISR)
Core (Vanderbilt University).

Immunocytochemistry

Two-D cultured cells were fixed in 4% PFA for 30 mi-
nutes and permeabilized in 0.1% saponin (Sigma-Aldrich) in
3% bovine serum albumin (BSA) for 15 minutes at RT. Cells
were incubated with primary antibodies diluted in 0.05%
saponin in 3% BSA for 1 hour. Alexa-conjugated secondary
antibodies diluted in 3% BSA were incubated for 1 hour,
and Hoechst (1:5,000) was added to each well. After 5 mi-
nutes of incubation, cells were washed in Dulbecco’s
phosphate-buffered saline (DPBS, Corning) 3 times and
mounted in Prolong Gold Antifade Mountant (Thermo
Fischer Scientific).

In Vivo Tumorigenicity Assay

Cortactin WT and KO Meta4 organoids were collected
using wide bore tips, maintaining the 3D spherical struc-
tures. About 400 to 500 organoid spheres resuspended in
100 uL of ECM gel, 3 days after the split, were
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subcutaneously implanted into female Nu/J mice at 6 weeks
of age (Jackson Laboratory) using a 1-mL syringe with a 19-
gauge needle. Cortactin WT organoids were implanted into
the left flanks, and KO organoids were implanted into the
right flanks of the mice. Engraftment and tumor sizes were
measured using a caliper twice a week, and tumor volume
was calculated by length (L) x width (W).” The developed
engraftments and tumors were collected at 6 and 13 weeks,
respectively. To examine the roles of exosomes in the
tumorigenicity of dysplastic cells, 10% DMSO and 90% corn
oil (Sigma-Aldrich) (vehicle) or 2.5 mg/kg Nexinhib20 dis-
solved in vehicle was intraperitoneally injected into mice 4
weeks after the Meta4 organoid injection, 3 times a week for
6 weeks. Tumor sizes were measured once a week. The
collected tissues were fixed in 4% PFA overnight at 4 °C,
embedded in paraffin, and sectioned for histologic exami-
nation and immunostaining. The care, maintenance, and
treatment of mice used in this study were approved by the
Institutional Animal Care and Use Committee of Vanderbilt
University.

Air-liquid Interface Culture and Whole Mount
Staining

Cortactin WT or KO Meta4 organoids in ECM Gel were
dissociated using TrypLE reagent (Gibco), and 30,000 cells/
well dissociated cells resuspended in IntestiCult media were
plated on top of Transwells (Corning) coated with type I
collagen (2.7 mg/cm?). IntestiCult media supplemented
with Y-27632 was added to both top and bottom of well.
Three days after plating, the media on the Transwell was
removed to expose dysplastic cells to air, and only the media
at the bottom of wells were maintained. The ALI culture was
maintained for 1 month by replacement of 300 uL of
IntestiCult media supplemented with Y-27632 every other
day, and conditioned media was collected and frozen
at —80 °C for further exosome isolation experiment. Fluid
build-up from the cell layer was removed every day,
excluding weekend days. The same protocol was applied to
Meta4 ALI cultures to treat with either DMSO or 5 uM
Nexinhib20 for 2 weeks. To stain the ALI-cultured samples,
filters excised from the Transwells were fixed in 4% PFA for
30 minutes at RT, followed by 3 washes in PBS. Blocking
was performed with 0.3% Triton X-100 in 10% normal
donkey serum. Primary antibodies were diluted in Antibody
Diluent (Dako) and applied to each well for overnight in-
cubation at 4 °C. After 3 washes in PBS, samples were
incubated in secondary antibodies in Antibody Diluent
(Dako) for 4 hours at RT and mounted in Prolong Gold
Antifade Mountant containing Hoechst (1:10,000). Images
were captured under ZEISS LSM710 confocal microscopy.

EV Isolation and quantification

Frozen conditioned media from the ALI cultures was
thawed at 4 °C; 3 independent samples per group were
combined in a tube and centrifuged at 300 x g for 10 mi-
nutes and 2,000 x g for 30 minutes to eliminate cells and
cell debris. The supernatants were serially centrifuged at
10,000 x g for 30 minutes (10,249 rpm in MLA-55 rotor,
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Beckman Coulter) and 100,000 x g for 18 hours (32,410
rpm in MLA-55 rotor). The pellets from 10,000 x g and
100,000 x g centrifugation were resuspended in PBS, re-
centrifuged at 10,000 x g for 30 minutes and 100,000 x g
for 18 hours, respectively, using TLA-110 rotor (13,499 rpm
and 42,687 rpm, respectively, Beckman Coulter), and
resuspended in PBS. Resuspended large and small EVs
(pellets from 10,000 x g and 100,000 x g centrifugation,
respectively) were used for nanoparticle tracking analysis
(NTA) or Western blot analysis. NTA was performed by
analyzing the concentration and size distribution of EV
samples using ZetaView (Particle Metrix). EVs were diluted
in PBS and measured in a scattered mode by a 488-nm laser.
Camera sensitivity was set at 80 for both large and small
EVs. Camera frame rate was 7.5 and 30 for large and small
Evs, respectively. Large Evs were measured at 85 and small
Evs at 70 of the camera shutter level.

Statistical Analysis

To analyze growth behaviors of organoids, 3D cultures in
ECM gel containing at least 20 organoid spheres were used
in each experiment. Outward or inward budding was
quantified based on the phase contrast images obtained
from EVOS M7000. Average gaps between epithelial cells
and microenvironmental cells were quantified according to
the strategy shown in Figure 7D, using Image] (National
Institutes of Health). The area of the closest stromal cells to
the epithelial cell region was divided by the perimeter of the
epithelial cell region. The number of secreted exosomes in
TEM images was normalized to the lateral membrane length
of the secreting cells using Image]. All authors had access to
the study data and had reviewed and approved the final
manuscript. All experiments, not otherwise indicated, were
repeated at least 3 times, and data on graph were presented
as mean + standard deviation (SD). Data were analyzed by
2-tailed Student’s t-test using GraphPad Prism 9 (GraphPad
Software, Inc), as described in each figure legend (*P < .05;
**p < .01; and ***P < .001).
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