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SUMMARY

At the early stage of cancer development, oncogenic mutations often cause multilayered epithelial structures.
However, the underlying molecular mechanism still remains enigmatic. By performing a series of screenings
targeting plasma membrane proteins, we have found that collagen XVII (COL17A1) and CD44 accumulate in
RasV12-, Src-, or ErbB2-transformed epithelial cells. In addition, the expression of COL17A1 and CD44 is
also regulated by cell density and upon apical cell extrusion. We further demonstrate that the expression of
COL17A1 and CD44 is profoundly upregulated at the upper layers of multilayered, transformed epithelia
in vitro and in vivo. The accumulated COL17A1 and CD44 suppress mitochondrial membrane potential and
reactive oxygen species (ROS) production. The diminished intracellular ROS level then promotes resistance
against ferroptosis-mediated cell death upon cell extrusion, thereby positively regulating the formation of multi-
layered structures. To further understand the functional role of COL17A1, we performed comprehensive metab-
olome analysis and compared intracellular metabolites between RasV12 and COL17A1-knockout RasV12 cells.
The dataimply that COL17A1 regulates the metabolic pathway from the GABA shunt to mitochondrial complex |
through succinate, thereby suppressing the ROS production. Moreover, we demonstrate that CD44 regulates
membrane accumulation of COL17A1 in multilayered structures. These results suggest that CD44 and
COL17A1 are crucial regulators for the clonal expansion of transformed cells within multilayered epithelia,
thus being potential targets for early diagnosis and preventive treatment for precancerous lesions.

INTRODUCTION from monolayered to multilayered structures is one of the charac-

teristic morphological alterations, which occurs at the relatively
Various types of tumors arise from monolayered epithelia, such  early stage of carcinogenesis. The multilayered transformed
as pancreas, mammary gland, lung, and intestine. The transition  epithelia are often observed in precancerous lesions in a variety
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of mouse cancer models and human pathological specimens.'™

This oncogenic process can be also manifested in cultured cells
as the foci formation of transformed cells.® When normal epithe-
lial cells grow and reach high density, they stop cell division, a
process termed contact inhibition of proliferation (CIP).” In
contrast, when an oncogenic mutation occurs in the epithelial
monolayer, the newly emerging transformed cells continue prolif-
erating even at high density and are apically extruded from the
cell layer, eventually forming multilayered foci structures, which
is called the loss of CIP phenotype. Indeed, several oncogenic
mutations, such as Ras, Src, and ErbB2, can induce multilayered
structural changes in epithelia.®~'°

The transition from monolayer to multilayer can involve multi-
ple cellular processes, including uncontrolled cell proliferation
and loss of cell polarity. In addition, apical cell extrusion is
another crucial process that can potentially trigger the formation
of multilayered epithelia. Upon apical extrusion, cells are
exposed to distinct chemical and physical surroundings. For
instance, the detachment from basement membranes leads to
loss of integrin-based cell survival signals and elevation of reac-
tive oxygen species (ROS).""'? In the apical lumen, cells are sub-
ject to increased shear stress by the flow of several substances,
such as urine and stool. The release from the compacted epithe-
lial layer would alter the static pressure of plasma membranes.
Under such harsher conditions, apically extruded cells are often
destined to death; cell death mediated by detachment from the
basal substratum is termed “anoikis.” ' However, it still remains
elusive how oncogenically mutated cells circumvent anoikis after
apical cell extrusion, eventually leading to multilayered, trans-
formed epithelia.

CD44 is a single-transmembrane glycoprotein. The role for
CD44 at the late stage of carcinogenesis has been demonstrated
by a number of studies; CD44 expression is often upregulated,
playing positive roles in tumor invasion and metastasis.'"'®
The expression of CD44 is also increased at the premalignant
stage in multiple types of epithelial tissues.'®'® However, its
role at the early stage of carcinogenesis remains largely un-
known, though a previous study suggested that CD44 acts as
a regulator for CIP.?® COL17A1 is a type-ll, single-transmem-
brane protein. In multilayered epithelial tissues, such as skin,
COL17A1 is mainly expressed in epithelial cells at the basal layer
and involved in the formation of the hemidesmosomes that
anchored to the underlying basement membrane.?’ In contrast,
it has not been explored whether and how COL17A1 plays a role
in monolayered epithelial tissues.

In this study, we demonstrate that CD44 and COL17A1 posi-
tively regulate the formation of multilayered, transformed
epithelia by enhancing resistance against cell death after apical
cell extrusion.

RESULTS

Expression of RasV12 promotes the membrane
accumulation of COL17A1

To identify membrane proteins of which membrane localization
is promoted in transformed cells, we performed phage antibody
display screening using normal and RasV12-transformed Madin-
Darby canine kidney (MDCK) epithelial cells (Figure S1A). After a
series of screenings, we obtained two hit antibody clones, 1C10
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and 20C5, which preferentially recognized RasV12-expressing
cells to normal cells (Figure 1A). Immunoblotting analyses
demonstrated that both 1C10 and 20C5 antibodies recognized
a protein with a size of 180 kDa, whose expression was strongly
enhanced by H-RasV12 or K-RasV12 (Figure 1B). Immunopre-
cipitation with 1C10 or 20C5 antibody and mass spectrometric
analysis revealed that either 20C5 or 1C10 binds to the identical
protein, COL17A1 (Figure 1C, arrowhead). COL17A1 is a type-lI
membrane protein with a single-transmembrane domain (Fig-
ure 1D). Using the commercially available COL17A1 antibody,
we confirmed that RasV12 expression induced the accumulation
of COL17A1 at the plasma membrane in MDCK cells (Fig-
ure S1B). The upregulated COL17A1 expression by RasV12
was also observed in human pancreatic duct epithelial cells (Fig-
ure S1C). In addition, we established COL17A1-knockout cell
lines and further confirmed that the hit clone antibody recognizes
the COL17A1 protein (Figures S1D-S1F). Collectively, these data
indicate that expression of RasV12 enhances the expression and
membrane accumulation of COL17A1 in epithelial cells.

Oncogenic transformation, cell density, or cell extrusion
influences COL17A1 expression
We further examined how RasV12 upregulates the expression of
COL17A1. The mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K) pathways are the major
downstream targets of Ras. We found that either the mitogen-
activated protein kinase kinase (MEK) inhibitor U0126 or the
PI3K inhibitor LY294002 canceled the RasV12-mediated upregu-
lation of COL17A1 (Figure S2A), suggesting the involvement of the
MAPK and PI3K pathways. The COL17A mRNA level was not sub-
stantially altered by RasV12 expression (Figure S2B). By blocking
protein synthesis with cycloheximide, we showed that the
COL17A1 proteins were profoundly stabilized by RasV12 expres-
sion (Figure S2C). Treatment with the lysosomal inhibitor chloro-
quine, the proteasome inhibitor MG132, or the MMP inhibitor
Marimastat did not affect the expression level of COL17A1 pro-
teins (data not shown). These results suggest that RasV12 regu-
lates the expression of COL17A1 at a post-translational level by
the major degradation machinery-independent mechanisms.
Next, we explored whether other types of transformation
induce the accumulation of COL17A1. The expression of the
oncogenic mutant form of Src or ErbB2 substantially increased
the membrane localization of COL17A1, whereas the expression
of Rap1V12, a constitutively active form of the Ras-related, non-
oncogenic small guanosine triphosphatase (GTPase), did not
(Figure 2A). The expression of either oncogenic mutant, Ras,
Src, or ErbB2 can induce the loss of CIP phenotype, leading to
multilayered epithelial structures.”>?* Thus, we examined
whether COL17A1 is involved in this oncogenic process. In
normal cells, the expression of COL17A1 profoundly decreased
as cells were subjected to compaction at the high-density con-
dition (Figures 2B-2D). In RasV12-transformed cells, the cell-
density-dependent regulation of COL17A1 was also moderately
observed, though the expression level was higher than normal
cells (Figures 2B-2D). Moreover, the increased membrane
accumulation of COL17A1 was also observed in RasV12-trans-
formed cells undergoing apical extrusion from the transformed
epithelial layer (Figures 2E and 2F). We further examined
whether COL17A1 is regulated upon crowding-induced cell
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Figure 1. Expression of RasV12 promotes the membrane accumulation of COL17A1

(A) Immunofluorescence images of clone 1C10 and 20C5 antibody staining. MDCK cells were cultured alone or co-cultured with tetracycline-inducible MDCK-
pTR GFP-H-RasV12 cells at a ratio of 50:1, or MDCK-pTR GFP-H-RasV12 cells were cultured alone. Cells were stained with 1C10 or 20C5 antibody (red) and
Hoechst (blue). Scale bars, 20 um. The presented images are representative from four independent experiments.

(B) Western blotting analysis with clone 1C10 or 20C5 antibody. Cell lysates from parental MDCK-pTR, MDCK-pTR GFP, MDCK-pTR GFP-H-RasV12, or MDCK-
pTR GFP-K-RasV12 cells were examined.

(C) Silver staining of immunoprecipitated proteins with clone 1C10 or 20C5 antibody. The arrowhead and asterisk indicate the band for COL17A1 and heavy
chains of immunoglobulin G (IgG), respectively.

(D) A schematic for the domain structure of COL17A1. The amino acid numbers correspond to the canine COL17A1 protein.
See also Figure S1.
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(A) The expression of COL17A1 in various types of
transformed cells. GFP, GFP-RasV12, GFP-
Rap1V12, GFP-cSrcY527F, or HA-ErbB2V659E
was transiently expressed in the monolayer of
normal MDCK cells, followed by immunofluores-

cence with anti-COL17A1 (20C5) antibody (red)
and Hoechst (blue).

(B-D) Cell-density-dependent regulation of
COL17A1 in normal and RasV12-transformed

cells.
(B) Normal MDCK or MDCK-pTR GFP-RasV12
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presented images are representative from three
(A) or six (B) independent experiments.
(C and D) Cell lysates were examined by western
blotting with anti-COL17A1 antibody.
- (D) Quantification of the band intensity of
COL17A1. Values are expressed as a ratio relative
to normal cells at low cell density. Data are mean +
SD from three independent experiments. *p < 0.05
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—_— cultured for 24 h and stained with anti-COL17A1
(20C5) antibody (red), Alexa Fluor 647-phalloidin
(gray), and Hoechst (blue). The arrowheads indi-
cate extruded cells.
(F) Quantification of COL17A1 fluorescence in-
tensity in not extruded or extruded RasVi2-
0
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We then explored whether COL17A1 is
involved in the formation of multilayered
structures in transformed epithelia.
extrusion.”>?® When compaction forces were applied to the When cultured for longer times (48 h), normal epithelial cells
monolayer of RasV12 cells cultured on the stretchable PDMS increased cell density but still kept a monolayer where
membrane, the frequency of apical cell extrusion was profoundly  COL17A1 expression was only weakly observed (Figures 3A-
promoted, demonstrating the occurrence of crowding-induced 3C and S3C). In contrast, RasV12-transformed cells formed
cell extrusion (Figure S2D). Moreover, under the compacted multilayered, often more than three-layered, structures (Figures
condition, membrane localization of COL17A1 was substantially = 3A-3C and S3C). In the multilayered regions, expression of
elevated in extruded cells (Figures S2E and S2F), suggestingthat COL17A1 was strongly enhanced in the upper layers of
crowding-induced cell extrusion induces COL17A1 accumula- RasV12 cells (Figure 3A). Similarly, upregulation of COL17A1
tion. Taken together, these data indicate that cell density and was also observed within Src- or ErbB2-transformed, multilay-
cell extrusion can regulate COL17A1. ered epithelia (Figure S3A). During carcinogenesis, the formation
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Figure 3. Increased expression of
COL17A1 in transformed cells plays a posi-
tive role in the formation of multilayered
epithelial structures

(A) Immunofluorescence images of COL17A1 in
the multilayered, RasV12-transformed epithelium.
Normal MDCK or MDCK-pTR GFP-RasV12 cells
were cultured for 48 h, followed by immunofluo-
rescence with anti-COL17A1 (20C5) antibody
(red), Alexa Fluor 647-phalloidin (gray), and
Hoechst (blue).

(B and C) Effect of COL17A1 knockout on the
multilayered structures of RasV12-transfromed
cells.

(B) Normal MDCK, MDCK-pTR GFP-RasV12
cells, or MDCK-pTRE3G GFP-RasV12 COL17A1-
knockout cells were cultured for 48 h, followed by
immunofluorescence with Alexa Fluor 647-phal-
loidin (gray) and Hoechst (blue). The dotted lines
delineate the border between the second and
third cell layers.

(C) Quantification of three or more multilayered
regions. Data are mean + SD from three inde-
pendent experiments. *p < 0.05 (paired two-tailed
Student’s t tests). n = 15 xz images from 5
randomly selected fields (212 x 212 um) for each
cell type in each experiment.

(D-F) Effect of COL17A1 knockout on cell death
after apical extrusion.

(D) The xz-immunofluorescence images of SY-
TOX-stained, extruded cells from the epithelial
layer. Cells were cultured for 12 h and, after
staining with SYTOX (red) and SiR-Actin probe
(gray), further incubated for 12 h. The arrowheads
indicate extruded cells.

(E) Quantification of the SYTOX-positive ratio in
extruded cells. Data are mean + SD from four in-
dependent experiments. *p < 0.05 (paired two-
tailed Student’s t tests). n = 5 fields (317 x
317 um) for each cell type in each experiment.
(F) Quantification of the number of SYTOX-nega-
tive extruded cells. The number of SYTOX-nega-
tive extruded cells from the cell layer was
analyzed in randomly selected fields (317 X
317 um). Data are mean + SD from four inde-
pendent experiments. *p < 0.05 (paired two-tailed
Student’s t tests). n = 5 fields for each cell type in
each experiment.

(G) Effect of COL17A1 knockout in RasV12-transformed MDCK cells on the SYTOX-positive cell number in the upper layers of multilayered epithelia. GFP-RasV12
or GFP-RasV12 COL17A1-knockout cells were cultured for the indicated times. Cells were analyzed by SYTOX (red) and phase contrast (differential interference
contrast [DIC]). Images are extracted from a representative time-lapse analysis.
(H) Effect of the ferroptosis inhibitor Fer-1, the ROS scavenger Trolox, or the apoptosis inhibitor Z-VAD-FMK on the number of SYTOX-positive cells. Normal,
RasV12, or RasV12 COL17A1-knockout cells were cultured for 48 h in the absence or presence of the inhibitor. The ratio of SYTOX-positive cells at the upper
layers was analyzed in randomly selected fields (2,048 x 2,048 pixels). Data are mean + SD from all analyzed fields. n = 10 fields for each analysis in six (normal,
RasV12, and vehicle) or three (Fer-1, Trolox, and Z-VAD-FMK) independent experiments. *p < 0.05 (one-way ANOVA with Tukey’s test).

(A, B, and D) Scale bars, 20 um. (G) Scale bar, 100 um. The presented images are representative of more than ten (A) or five (G) independent experiments. See also

Figure S83.

of multilayered structures can be observed at the early precan-
cerous stage in various epithelial tissues, including PanIN
(pancreatic intraepithelial neoplasia) lesions in the pancreas.”’
We thus examined whether COL17A1 expression is upregulated
in multilayered, precancerous lesions in the KPC mice. KPC is a
pancreatic cancer mouse model where mutations in K-Ras and
p53 genes are induced in pancreatic ductal epithelia.® At post-
natal 8-10 weeks, PanIN-like precancerous lesions are

frequently observed within the lumen of pancreatic epithelial
ducts. In the wild-type mice, COL17A1 expression was not
clearly observed within the monolayer of a pancreatic ductal
epithelium (Figure S3B). In contrast, in the KPC mice, expression
of COL17A1 was increased in some of the multilayered precan-
cerous lesions (Figure S3B). These data imply that expression of
COL17A1 is upregulated in multilayered precancerous lesions
in vivo as well. To investigate the functional involvement of
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COL17A1 in the formation of multilayered structures, we exam-
ined the effect of COL17A1 knockout in RasV12-transformed
cells. We found that the formation of multilayered structures
was substantially suppressed in COL17A1-knockout RasV12
epithelia; more than three-layered structures were not frequently
observed, compared with RasV12-transformed epithelia (Fig-
ures 3B, 3C, and S3C), indicating that COL17A1 plays a crucial
role in the formation of multilayered, transformed epithelia.

The organization of multilayered lesions is frequently observed
in monolayered epithelial tissues during cancer development.'™
The formation and maintenance of multilayered epithelial struc-
tures can involve multiple underlying molecular mechanisms:
(1) uncontrolled cell proliferation; (2) loss of cell polarity; (3) mi-
soriented spindle formation during mitosis; (4) enhanced crowd-
ing-induced cell extrusion; and (5) resistance against anoikis. We
then analyzed whether these processes are influenced by the
expression of RasV12 or COL17A1. EdU incorporation was pro-
moted by RasV12 expression, which was not substantially
affected by COL17A1 knockout (Figure S3D). Localization of
cell polarity markers was not affected by RasV12 expression or
COL17A1 knockout (Figure S3E). In addition, spindle orientation
was not disrupted by RasV12 expression or COL17A1 knockout
(Figure S3F). Next, we examined the frequency of apical cell
extrusion and the following cell death. We first analyzed the api-
cal extrusion from the epithelial monolayer that reached high
density after 24 h of plating. Under the crowded condition,
RasV12 cells were more frequently extruded than normal cells,
but the number of extruded COL17A1-knockout RasV12 cells
was comparable to that of extruded RasV12 cells (Figures S3G
and S3H). We further analyzed the occurrence of cell death
upon apical extrusion using the cell death fluorescence-indicator
SYTOX. Nearly half of extruded normal cells were stained with
SYTOX, indicating cell death, whereas only 10% of extruded
RasV12 cells were SYTOX positive (Figures 3D and 3E).
COL17A1 knockout in RasV12 cells significantly elevated the
death ratio of extruded cells (Figures 3D and 3E) and substan-
tially diminished the appearance of SYTOX-negative (alive)
extruded RasV12-transformed cells from the monolayer (Fig-
ure 3F). To further elucidate the role for COL17A1 in the mainte-
nance of multilayered epithelial structures, we examined SYTOX
staining where RasV12 cells had formed multilayered regions
after 48 h of plating. COL17A1 knockout in RasV12 cells pro-
foundly increased the number of SYTOX-positive cells in the up-
per layers of multilayered epithelia (Figures 3G and 3H). In
contrast, COL17A1 knockout in normal cells did not induce cell
death (Figure S3I). Collectively, these data indicate that
COL17A1 positively regulates the formation and maintenance
of multilayered transformed epithelia by suppressing extrusion-
induced cell death. It should be noted that the number of
extruded COL17A1-knockout RasV12 cells shown in Figure S3H
could be underestimated because of the increased cell death
upon cell extrusion; we cannot thus exclude the possibility that
apical extrusion is upregulated by COL17A1 knockout in trans-
formed epithelia.

Cells that have been detached from the basal substratum are
destined to death via apoptosis or ferroptosis.'?® We found that
the ferroptosis inhibitor ferrostatin (Fer)-1 strongly suppressed
the number of SYTOX-positive COL17A1-knockout RasV12 cells
at the upper layers of multilayered epithelia, although the
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apoptosis inhibitor Z-VAD-FMK had only moderate effect (Fig-
ure 3H). Ferroptosis is caused by accumulation of peroxidized
lipids. Indeed, the ROS scavenger Trolox profoundly suppressed
the death ratio of COL17A1-knockout RasV12 cells (Figure 3H),
suggesting that COL17A1 suppresses ROS-mediated ferropto-
sis during the formation of multilayered structures.

COL17A1 negatively regulates mitochondrial

membrane potential, thereby suppressing the
production of ROS

Next, we explored molecular mechanisms whereby COL17A1
regulates the ROS-mediated cell death. C11-BODIPY acts as a
fluorescent proxy for radical-mediated lipid peroxidation.?® We
found that, under the monolayered culture conditions, COL17A1
knockout in RasV12 cells substantially elevated cytoplasmic
C11-BODIPY staining (Figure 4A), which was suppressed by the
lipophilic antioxidant Fer-1 (Figure S4A), suggesting that
COL17A1 suppresses lipid peroxidation within the monolayered,
transformed epithelium, even prior to the formation of multilay-
ered structures. Mitochondria are one of the major sources for
ROS production. Using MitoSOX, an indicator for mitochondrial
superoxide production, we demonstrated that COL17A1
knockout in RasV12 cells significantly promoted MitoSOX fluo-
rescence intensity (Figures 4B and 4C). TMRM (tetramethylrhod-
amine methyl ester) is a positively charged red fluorescent dye
that is incorporated into mitochondria according to the mem-
brane potential gradient across their inner membranes. We found
that the TMRM fluorescence was strongly increased in COL17A1-
knockout RasV12 cells (Figures 4D and 4E). The TMRM fluores-
cence was suppressed in the upper layers within multilayered
RasV12 epithelia although promoted in COL17A1-knockout
RasV12 epithelia (Figure 4F). CCCP (carbonyl cyanide m-chloro-
phenyl hydrazone) is a mitochondrial oxidative phosphorylation
uncoupler, which reduces mitochondrial membrane potential.
The treatment of CCCP strongly suppressed the C11-BODIPY,
MitoSOX, and TMRM intensities in COL17A1-knockout RasV12
cells (Figures 4A-4E), indicating that the increased mitochondrial
membrane potential results in the ROS production.

To further analyze the effect of COL17A1 knockout on meta-
bolic pathways, we performed comprehensive metabolome anal-
ysis and compared intracellular metabolites between RasV12 and
COL17A1-knockout RasV12 cells (the whole metabolome anal-
ysis data are shown at https://molonc.researcherinfo.net/
metabolome.pdf). In COL17A1-knockout RasV12 cells, the
amounts of a battery of metabolites in the TCA cycle decreased,
whereas the level of succinate was upregulated (Figures S4B and
S4F). Incorporation of glucose analog 2-NBDG or the level of anti-
oxidant glutathione was not altered in COL17A1-knockout
RasV12 cells (Figures S4C and S4D). Succinate can be generated
by the glutamate-GABA pathway (GABA shunt) in addition to the
TCA cycle (Figure S4F).%° In COL17A1-knockout RasV12 cells,
the level of GABA was profoundly suppressed and the mRNA
levels of glutamate decarboxylase 2 (GAD2) and 4-aminobutyrate
aminotransferase (ABAT) were significantly increased (Figures
S4B, S4E, and S4F), suggesting that the production of succinate
is elevated through the GABA shunt pathway. Despite the
increased TMRM, the ATP level was decreased in COL17A1-
knockout RasV12 cells (Figure S4B). Furthermore, treatment
with rotenone, a selective inhibitor for mitochondrial complex |,
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diminished the MitoSOX intensity in COL17A1-knockout RasV12
cells (Figure 4C). Collectively, these data imply that COL17A1
knockout might promote the generation of ROS by the reverse
electron transport in the mitochondrial complex |, accompanied
by the increased succinate level (Figure S4F)."32

CD44 regulates membrane accumulation of COL17A1 in
multilayered epithelia

By another screening approach with Cell Surface Marker
Screening Panel (BD Biosciences), we identified CD44 as
another membrane protein whose membrane localization was
promoted by RasV12 expression (M. Sekai, unpublished data).
It has been also reported by other groups that RasV12 expres-
sion induces the upregulation of CD44.%*%% Using MDCK
epithelial cells, we demonstrated that expression of RasV12 or

RasV12-COL17A1-KO1
Vehlcle
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Figure 4. COL17A1 negatively regulates
mitochondrial membrane potential, thereby
suppressing the production of ROS

(A) Effect of COL17A1 knockout in RasV12-trans-
formed cells on the level of intracellular lipid
peroxidation. Normal MDCK, MDCK-pTRE3G
Myc-RasV12, or MDCK-pTRE3G Myc-RasV12
COL17A1-knockout cells were cultured for 24 h in
the absence or presence of CCCP, followed by
incubation with C11-BODIPY. The level of lipid
peroxidation was assessed by the ratio of oxidized
to non-oxidized C11-BODIPY staining. Values are
expressed as a ratio relative to normal cells. Data
are mean + SD from three independent experi-
ments. “p < 0.05 (paired two-tailed Student’s t
tests); n =417, 362, 394, and 349 cells.

(B and C) Effect of COL17A1 knockout on the
production of mitochondrial superoxide. Cells
were cultured for 24 h in the absence or presence
of CCCP or rotenone, followed by staining with
MitoSOX (red).

(C) Quantification of the fluorescence intensity of
MitoSOX. Values are expressed as a ratio relative
to normal cells. Data are mean + SD from seven
(normal, RasV12, and vehicle), four (CCCP), or
three (rotenone) independent experiments. *p <
0.05 (unpaired two-tailed Student’s t tests); n =
916, 834, 875, 865, 420, 438, 157, and 166 cells.

(D and E) Effect of COL17A1 knockout on the
mitochondrial membrane potential. Cells were
cultured for 24 h in the absence or presence of
CCCP, followed by staining with TMRM (red).

(B and D) Scale bars, 20 um.

(E) Values are expressed as aratio relative to normal
cells. Data are mean + SD from three (normal,
RasV12, and vehicle) or two (CCCP) independent
experiments. *p < 0.05 (unpaired two-tailed Stu-
dent’s t tests); n = 379, 309, 309, and 203 cells.

(F) Quantification of the fluorescence intensity of
TMRM in multilayered regions. Cells were cultured
for 48 h, followed by staining with TMRM. Values
are expressed as a ratio relative to RasV12 cells in
the first layer. Data are mean + SD from three
(RasV12 and RasV12-COL17A1-KO1) or two
(normal and RasV12-COL17A-KO2) independent
experiments. n = 197, 3, 345, 187, 66, 287, 105, 9,
184, 113, and 12 cells. *p < 0.05 (unpaired two-
tailed Student’s t tests).

See also Figure S4.

RasV12-COL17A1-KO1
Vehlcle CcccpP

Ccccp

RasV12-
COL17A1-KO1

Src, but not Rap1V12, enhanced the membrane localization of
CD44 at the cell-cell adhesion sites (Figure 5A). CD44 has
been reported to be involved in CIP.?° In normal cells, expres-
sion of CD44 was diminished at the high-density condition,
whereas in RasV12 cells, the cell-density-dependent regulation
of CD44 was only moderately observed (Figure S5A). Thus,
expression of CD44 can be regulated by expression of onco-
genic mutants or cell density, similarly to that of COL17A1.
Indeed, CD44 expression was prominently promoted in
RasV12- or Src-transformed multilayered epithelia (Figures 5B
and S5B). The expression of CD44 was also profoundly elevated
in the multilayered PanIN-like lesions in the pancreas of KPC
mice (Figure S5C). Moreover, knockdown of CD44 in RasV12
cells significantly decreased the formation of multilayer regions
(Figures 5B and 5C). CD44 knockdown did not significantly
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(E) Effect of CD44 knockdown on the SYTOX-
positive ratio in extruded cells. Data are mean +
SD from three independent experiments. *p < 0.05
(paired two-tailed Student’s t tests). n = 152, 603,
636, and 512 cells from 15 randomly selected
fields (317 x 317 um).

(F and G) Effect of CD44 knockdown on COL17A1
expression. Cell lysates from the indicated cells
were examined by western blotting with anti-
COL17A1 or anti-CD44 antibody.

(G) Quantification of the band intensity of
COL17A1. Values are expressed as a ratio relative
to normal cells. Data are mean + SD from three
independent experiments. *p < 0.05 (paired two-
tailed Student’s t tests).

RasV12-CD44-KD

COL17A1 / Nuclei

(H) Effect of CD44 knockdown on COL17A1 expression in the multilayered RasV12 cells. Cells were cultured for 48 h, followed by immunofluorescence with anti-
COL17A1 (20C5) antibody (red) and Hoechst (blue). The same samples as (B) were used for the anti-COL17A1 immunofluorescence analysis.
(A, B, D, and H) Scale bars, 20 pum. The presented images are representative from more than three (A) or four (B and H) independent experiments. See also

Figure S5.

affect cell proliferation, cell polarity, or spindle orientation during
mitosis (Figures S5D-S5F). In contrast, CD44 knockdown sub-
stantially elevated the SYTOX-positive ratio of RasV12 cells
undergoing apical cell extrusion (Figures 5D and 5E), demon-
strating that CD44 and COL17A1 play a comparable role in
the formation of multilayered structures in transformed
epithelia. In addition, CD44 knockdown in RasV12 cells
elevated the MitoSOX and TMRM intensities, which were dimin-
ished by CCCP (Figures S5G and S5H). We also demonstrated
that CD44 knockdown in RasV12-transformed cells substan-
tially suppressed the upregulated expression and membrane
accumulation of COL17A1 in multilayered epithelia (Figures
5F-5H). COL17A1 knockout in RasV12 cells suppressed CD44
expression but did not substantially influence CD44 accumula-
tion in multilayered epithelia (Figures S5I-S5K). Collectively,
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these data suggest that CD44 regulates membrane accumula-
tion of COL17A1 in transformed, multilayered structures.

DISCUSSION

Oncogenic transformations often cause the transition from
monolayered to multilayered epithelial structures at the early or
middle stage of carcinogenesis prior to the acquisition of malig-
nant phenotypes. To attain clonal expansion during cancer evo-
lution, transformed cells need to gain sufficient space by
escaping from the compacted epithelium; hence, transformed
cells proceed into the apical lumen via cell extrusion, leading to
the formation of multilayered epithelia. However, the apically
extruded cells would be subject to various physical and chemical
stresses in the new environment. For instance, in the apical
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lumen, cells are often exposed to shear stress by the flow of a
variety of substances, such as urine or stool. In addition, the
detachment from the basement membrane leads to loss of integ-
rin-based survival signals. But the underlying molecular mecha-
nisms had remained elusive how transformed cells acquire resis-
tance against cell death under such harsher conditions. In this
study, we have demonstrated that the CD44/COL17A1 pathway
is involved in the formation and maintenance of transformation-
mediated multilayered epithelia. CD44 and COL17A1 share
several common features and functions. First, the expression of
CD44 or COL17A1 is enhanced by RasV12 expression. Second,
the expression of CD44 or COL17A1 can be regulated by cell
density. Third, the expression of CD44 or COL17A1 is elevated
in the upper layers of transformed, multilayered epithelia. Fourth,
CD44 or COL17A1 plays a positive role in the formation of multi-
layered epithelia. Fifth, the expression of CD44 or COL17A1 sup-
presses the cell death after apical cell extrusion. In addition,
CD44 and COL17A1 mutually regulate their expression, though
immunoprecipitation analyses have not shown the physical inter-
action between CD44 and COL17A1 (data not shown). The
increased expression of CD44 or COL17A1 is also observed in
multilayered PanIN lesions in KPC mice. In contrast to the prom-
inent accumulation of CD44 at most of RasV12-transformed,
multilayered epithelia, increased expression of COL17A1 can
be observed less frequently in some of the multilayered PanlN le-
sions. There may be certain molecular mechanisms that nega-
tively regulate COL17A1 expression in vivo.

How does cell density control CD44/COL17A1 expression? A
previous report has shown that CD44 is involved in CIP,?° though
the molecular mechanism remains obscure. At the upper layers in
multilayered RasV12-transformed epithelia, nuclear localization of
YAP/TAZ was not observed (data not shown), suggesting that the
well-known regulators of CIP, YAP/TAZ,* are not involved in the
regulation of CD44/COL17A1. The more detailed molecular mech-
anism of how expression of CD44/COL17A1 is regulated at multi-
layered epithelia needs to be clarified in future studies.

Recent studies have brought about a new concept: crowding-
induced cell extrusion; at high cell density, under the compacted
condition, cells can be apically extruded from a monolayer of the
epithelium.?>*® Crowding-induced cell extrusion is not merely
caused by mechanical forces but can involve signaling events,
such as reduced ERK signaling and caspase activation.***” How-
ever, to date, crowding-induced extrusion of transformed cells
has not been mechanistically linked to the formation and/or main-
tenance of multilayered epithelial structures. Our data in this
study imply a notion that CD44/COL17A1 are crucial regulators
that influence the cell fate upon crowing-induced cell extrusion,
thereby modulating the formation of multilayered epithelia. The
expression of CD44/COL17A1 is suppressed under the com-
pacted, high-cell-density condition. Thus, upon crowding-
induced cell extrusion, cells are released from the compacted
epithelia, which would cause the elevated expression of CD44/
COL17A1; the alteration in physical circumstances might regulate
CD44/COL17A1 in the upper layers of multilayered epithelia. We
also demonstrate that COL17A1 membrane localization is pro-
moted when stretching forces are applied to the monolayer of
normal cells cultured on the stretchable PDMS membrane (Fig-
ure S5L), further confirming the mechanical regulation of
COL17A1. The knockdown of E-cadherin can induce the
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multilayered epithelia with frequent apoptotic events, but the level
of CD44/COL17A1 was not increased at the upper layers (Fig-
ure S5M), suggesting that not only multilayered structures but
also oncogenic mutations and probably other unknown factors
are required for upregulation of CD44/COL17A1.

Previous studies have shown that, when RasV12-transformed
cells are surrounded by normal epithelial cells, RasV12 cells are
apically extruded via cell competition with the surrounding
normal cells and eventually eliminated from epithelial tis-
sues.’®**° These results indicate that normal epithelia have
anti-tumor activity that does not involve immune systems; this
tumor-suppressive mechanism is termed EDAC (epithelial de-
fense against cancer).”’ Thus, extrusion of RasV12-transformed
cells in EDAC or in the formation of multilayered structures plays
an opposite role, suppressing or promoting, in tumor develop-
ment. One possibility is that the fate of apically extruded trans-
formed cells can be substantially affected by the underlying
cells. When RasV12-transformed cells are apically extruded
from the monolayer of normal cells, the extruded RasV12 cells
and the underlying normal cells just weakly adhere or tend to
be segregated,*®*? often leading to the dissociation of trans-
formed cells into the apical lumen. In contrast, when RasV12-
transformed cells are apically extruded from the monolayer of
RasV12 cells, the extruded RasV12 cells maintain cell-cell adhe-
sions with the underlying RasV12 cells and keep attaching to the
epithelium. These mechanistic and functional differences high-
light versatile roles of cell extrusion in cancer development.

In stratified epithelia, such as skin, the expression level of
COL17A1 is high in the basal layer, especially at the hemidesmo-
somes, and low or none in the upper layers. In contrast, in mono-
layered epithelial tissues, the expression of COL17A1 is quite low
and not localized at the hemidesmosomes, and as described in
this study, the COL17A1 expression is substantially elevated in
the upper layers within transformed, multilayered structures.
These data suggest that the functional role of COL17A1 is
distinct between monolayer and multilayer epithelial tissues.

By thoroughly examining the effect of COL17A1 knockout in
RasV12 cells, we demonstrate that COL17A1 is involved in
cellular metabolism. In COL17A1-knockout RasV12 cells, the
level of ROS is upregulated. The intracellular ROS level can be
regulated by the balance between the ROS production and the
antioxidants-mediated reduction. A previous study has shown
that expression of a splice variant of CD44 induces the higher
level of glutathione whereby promoting anti-oxidation activity.**
However, COL17A1 knockout does not affect the glutathione
level (Figure S4D). So far, we have not found antioxidants of
which level is profoundly affected by COL17A1 knockout.
Instead, our data indicate that COL17A1 knockout promotes
the production of ROS at mitochondria. In COL17A1-knockout
RasV12 cells, the superoxide level and membrane potential in
mitochondria are elevated. Treatment with CCCP suppresses
mitochondrial superoxide, indicating that the increased mito-
chondrial membrane potential causes the higher level of intracel-
lular ROS, whereby promoting cell death. A selective inhibitor for
mitochondrial complex | rotenone substantially suppresses the
ROS production in mitochondria (Figure 4C). Previous reports
have demonstrated that the increased level of succinate and
mitochondrial membrane potential can trigger the production
of ROS through the reverse electron transport via mitochondrial
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complex 1.°"*? Indeed, the metabolome analysis has revealed
that, in COL17A1-knockout RasV12 cells, the level of succinate
is elevated, whereas that of GABA is decreased, implying that
COL17A1 regulates the metabolic pathway from the GABA shunt
to mitochondrial complex | through succinate, thereby sup-
pressing the ROS production (Figure S4F). In addition to the
pathway from the GABA shunt to mitochondrial complex I,
various metabolic changes are observed in COL17A1-knockout
RasV12-transformed cells, such as elevated kynurenine and
decreased tryptophan (https://molonc.researcherinfo.net/met
abolomel.pdf). Hence, the molecular mechanisms of how
CD44/COL17A1 regulate those cellular metabolisms are not
yet fully understood, which need to be further elucidated in future
studies.

Multilayered epithelial structures are observed in certain types
of precancerous lesions, such as PanlIN in the pancreas. During
the development of pancreatic cancer, the mutation in the Ras
gene frequently occurs at the initial stage; most of PanIN lesions
carry Ras mutations.** Pancreatic cancer patients suffer from an
extremely low 5-year survival rate due to the occurrence of early
and frequent metastasis into distant organs.**™*" Thus, early
detection and eradication are necessary to improve the poor
prognosis. We expect that CD44 would be a potential target
for the establishment of early diagnosis and preventive treatment
for precancerous tumors.
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mouse anti-GAPDH antibody Millipore Cat#MAB374; RRID: AB_2107445

mouse anti-GAPDH antibody Santa Cruz Biotechnology Cat#sc32233; RRID: AB_627679

mouse anti-y-tubulin antibody Abcam Catt#ab11316; RRID: AB_297920

rabbit anti-COL17A1 antibody Abcam ab186415

rabbit anti-phospho p44/42 MAPK (Erk1/2)
antibody

rabbit anti-p44/42 MAPK (Erk1/2) antibody
rabbit anti-Akt antibody

rabbit anti-phospho-Akt (Ser473) antibody
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rat anti-HA antibody

rat anti-E-cadherin antibody

Cell Signaling Technology

Cell Signaling Technology
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Roche
Roche
Life Technologies

Cat#4370; RRID: AB_2315112
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rabbit anti-pericentrin antibody BioLegend Cat#923701; RRID: AB_2565440
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rat anti-CD44 antibody Invitrogen Cat#14-0441-82; RRID: AB_467246
rat anti-CD44 antibody TONBO Cat#70-0441; RRID: AB_2621494
rabbit anti-CD44 antibody Bethyl Laboratories Cat#A303-872A; RRID: AB_2620223
mouse anti-FLAG antibody Sigma-Aldrich Cat#F3165; RRID: AB_259529
human anti-COL17A1 (1C10) antibody This paper N/A

human anti-COL17A1 (20C5) antibody This paper N/A

Alexa Fluor-568-conjugated phalloidin Life Technologies A12380

Alexa Fluor-647-conjugated phalloidin Life Technologies A22287

Chemicals, peptides, and recombinant proteins

u0126 Promega V1121

Cycloheximide Sigma-Aldrich 01810

Ferrostatin (Fer)-1 Sigma-Aldrich SML0583

CCCP Sigma-Aldrich C2759

Rotenone Sigma-Aldrich R8875
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Trolox Cayman Chemical 10011659
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doxycycline Sigma-Aldrich D3447
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Trizol Thermo Fisher Scientific 15596026
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Type | collagen Nitta Gelatin N/A

MycoAlart Lonza LTO7-118

Nucleofector 2b Kit L Lonza VACA-1005

Lipofectamine 2000 Life Technologies 11668019
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RNeasy Mini Kit QIAGEN 74104
QuantiTect Reverse Transcription Kit QIAGEN 205311
GeneAce SYBR gPCR Mix NIPPON GENE 319-07683
TMRM Thermo Fisher Scientific T668
MitoSOX Thermo Fisher Scientific M36008
2-NBDG Cayman Chemical 11046
SYTOX Orange Molecular Probes S11368
C11-BODIPY Molecular Probes D3861
Click-iT EdU Cell Proliferation Kit Invitrogen C10340
STB-100 cell stretcher system Strex STB-100
Deposited data

Metabolome analysis data This paper https://molonc.researcherinfo.net/

metabolome.pdf.

Experimental models: cell lines

MDCK Dr. W. Birchmeier N/A
MCF10A Dr. K Semba N/A
HPDE Cell Biologics Inc H-6037
Experimental models: organisms/strains

KPC mice Dr. A. Enomoto N/A
Mice, wildtype Dr. A. Enomoto N/A
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CD44-shRNA-1 forward: 5'-ATCTGCTCCACC This paper N/A
TGAAGAGGATTGTACTCGAGAACAA

TCCTCTTCAGGTGGAGCTTTTTC-3

CD44-shRNA-1 reverse: 5'-CGAGAAAAAGCTC This paper N/A
CACCTGAAGAGGATTGTTCTCGAGTA

CAATCCTCTTCAGGTGGAGCA-3’

CD44-shRNA-2 forward: 5'-ATCTGACCACGAC This paper N/A
TCATCGGTTCACACTCGAGAGTGA

ACCGATGAGTCGTGGTCTTTTTC-3

CD44-shRNA-2 reverse: 5'-TCGAGAAAAAGA This paper N/A
CCACGACTCATCGGTTCACTCTCGA

GTGTGAACCGATGAGTCGTGGTCA-3'

COL17A1-sgRNA1 sequence: This paper N/A
5'-CCCGCCATGGAACATACGA-3'

COL17A1-sgRNA2 sequence: This paper N/A
5-TCCTCGGAAGGAGTTCGGT-3'

Primer, COL17A1-sgRNA1 forward: This paper N/A
5-TTCAAGCCAGTCCGAAGTGC-3'

Primer, COL17A1-sgRNA1 reverse: This paper N/A
5-GTCTCTCCTTCTCCCTTTGTCC-3

Primer, COL17A1-sgRNA2 forward: This paper N/A
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Primer, COL17A1-sgRNA1 reverse: This paper N/A
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Primer, COL17A1 forward: This paper N/A
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Primer, COL17A1 reverse: This paper N/A
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Primer, ABAT forward: This paper N/A
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Primer, ABAT reverse: This paper N/A
5-CTCAGACTGGATGGGCTCC-3'

Primer, ALDH5A1 forward: This paper N/A
5-GGCGTGGCTGCAGTCATCAC-3

Primer, ALDH5A1 reverse: This paper N/A
5-GACAGTACAGCCGGCTGCCA-3’

Primer, GAD2 forward: This paper N/A
5'-AAGCGGAGGTCAACTATGCG-3

Primer, GAD2 reverse: This paper N/A
5-CATCACAGGCTGGCAGCAG-3’

Primer, B-actin forward: This paper N/A
5'-GGCACCCAGCACAATGAAG-3'

Primer, B-actin reverse: This paper N/A

5'-ACAGTGAGGCCAGGATGGAG-3
Recombinant DNA

pCDH-EF1-Hygro-sgRNA vector Maruyama et al.*® N/A
pCDH-EF1-COL17A1 sgRNA This paper N/A

Software and algorithms

Metamorph Molecular Devices https://www.moleculardevices.co.jp/systems/
metamorph-microscopy-automation-and-image-
analysis-software

ImageJ NIH Image https://imagej.nih.gov/ij/download.html

GraphPad Prism 7 GraphPad Software https://www.mdf-soft.com/products/
graphpad_prism8.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yasuyuki
Fujita (fujita@monc.med.kyoto-u.ac.jp).

Materials availability
This study did not generate new unique reagents. Plasmids or cell lines generated in this study will be made available on request, but
we may require a payment and/or a completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
The metabolome analysis data generated during this study are available at https://molonc.researcherinfo.net/metabolome1.pdf. All
the other data associated with the paper is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MDCK, MCF10A, and HPDE cells were used in this study. The parental MDCK cells were a gift from Dr. Walter Birchmeier. Mycoplasma
contamination is regularly tested for all cell lines using a commercially available kit (MycoAlert, Lonza). MCF10A Tet-on Ad ErbB2V659E
cells are a gift from Dr. Kentaro Semba and were cultured in DMEM/F12 (Life Technologies) containing 5% horse serum (Life technology),
20 ng mI"' EGF (BD bioscience), 0.5 ug mlI™ Hydrocortisone (Sigma-Aldrich), 100 ng miI™ Cholera Toxin (List Biological Laboratories),
10 pg mI™! Insulin (Sigma-Aldrich), 0.5 ng mli™' G418 (Calbiochem), and 1% penicillin/streptomycin (Life Technologies). HPDE cells
were from Cell Biologics, Inc. and cultured in DMEM/F12 (Life Technologies) containing 2 mg mI™ bovine serum albumin (Wako), Insulin
(10 pg mI™")-Tranferrin (5.5 pg mI™)-Selenium (6.7 ng mI™") (ITS) (Life Technologies), 1 x Antibiotic-Antimycotic (Life Technologies), 5 mM
Nicotinamide, 50 ng ml~' recombinant human EGF, and 25 ng mlI™' recombinant human FGF10 at 37°C in 2 3% O, incubator.

METHOD DETAILS

Antibodies, Plasmids, and Materials
The following primary antibodies were used in this study: mouse anti-B-actin (MAB1501) and mouse anti-GAPDH (MAB374) anti-
bodies from Merck Millipore, mouse anti-GAPDH (sc32233) antibody from Santa Cruz Biotechnology, mouse anti-y-tubulin
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(@ab11316) and rabbit anti-COL17A1 (ab186415) antibodies from Abcam, rabbit anti-phospho p44/42 MAPK (Erk1/2) (#4370), rabbit
anti-p44/42 MAPK (Erk1/2) (#4695), rabbit anti-Akt (#9272), and rabbit anti-phospho-Akt (Ser473) (#9271) antibodies from Cell
Signaling Technology, mouse anti-GFP (11814460001) and rat anti-HA (11867423001) antibodies from Roche, rat anti-E-cadherin
(13-1900) antibody from Life Technologies, rabbit anti-pericentrin (923701) antibody from BioLegend, rabbit anti-ZO-1 (61-7300)
antibody from ZYMED, rat anti-CD44 antibody from Invitrogen (14-0441-82) or TONBO (70-0441), rabbit anti-CD44 (A303-872A) anti-
body from Bethyl Laboratories, mouse anti-FLAG (F3165) antibody from Sigma-Aldrich. Mouse anti-GAPDH (MAB374) or mouse
anti-GAPDH (sc32233) antibody was used for Figures S1E and S5I or Figures 1B, 2C, 5F, S1C, and S2A, respectively. Rat anti-
CD44 (14-0441-82) or rat anti-CD44 (70-0441) antibody was used for immunofluorescence or immunohistochemistry for Figures
5B, S5B, S5K, and S5M or Figures 5A, S5A, and S5C, respectively. Rabbit anti-CD44 antibody was used for western blotting. Mouse
anti-gp135 antibody was kindly provided by Dr. George Ojakian. Alexa Fluor-568- and —647-conjugated phalloidin (Life Technolo-
gies) were used at 1.0 U ml™". Alexa Fluor-488-, —568-, and —647-conjugated secondary antibodies were from Life Technologies.
Hoechst 33342 (Life Technologies) was used at a dilution of 1:5,000 for immunofluorescence. U0126 (10 pM) was from Promega.
Cycloheximide (50 uM), Ferrostatin (Fer)-1 (20 uM), CCCP (5 uM), and Rotenone (5 uM) were from Sigma-Aldrich. LY294002
(50 uM) and Z-VAD-FMK (50 uM) were from Calbiochem. Trolox (1 mM) was from Cayman Chemical. The SiR-Actin Kit (far-red silicon
rhodamine (SiR)-Actin fluorescence probe) was obtained from SPIROCHROME for live imaging of F-actin and was used according to
the manufacturer’s instructions.

Establishment of Cell Lines

MDCK cells stably expressing GFP (MDCK-pTR GFP), GFP-H-RasV12 (MDCK-pTR GFP-H-RasV12), GFP-K-RasV12 (MDCK-pTR
GFP-K-RasV12) or GFP-cSrcY527F (MDCK-pTR GFP-cSrcY527F) in a tetracycline-inducible manner were established and cultured
as previously described®®“°. To establish CRISPR/Cas9-mediated COL17A1-knockout MDCK cells, guide sequences of COL17A1
single-guide RNA (sgRNA) targeting Canis COL17A1 were designed on exon 4 or 5 as described previously®’. COL17A1-sgRNA
sequence (COL17A1-sgRNA1: 5'-CCCGCCATGGAACATACGA-3' or COL17A1-sgRNA2: 5-TCCTCGGAAGGAGTTCGGT-3') was
introduced into the pCDH-EF1-Hygro-sgRNA vector. First, MDCK cells were infected with lentivirus carrying pCW-Cas9 as
described*® and were cultured in the 500 ng ml™' puromycin-containing medium. The tetracycline-inducible MDCK-Cas9 cells
were transfected with pCDH-EF1-COL17A1-sgRNA1 or 2 by nucleofection, followed by selection in the medium containing
200 pg ml™' of hygromycin, and subjected to limiting dilution. Indels on the COL17A1 exons in each monoclone were analyzed by
direct sequencing using the following primers (for COL17A1-sgRNA1: 5-TTCAAGCCAGTCCGAAGTGC-3 and 5'-
GTCTCTCCTTCTCCCTTTGTCC-3' or for COL17A1-sgRNA2: 5'-CCACAACTGTGTCCAGCAGG-3' and 5'-GCCTGAGCCTTGTGT-
GAATAAC-3'). To generate MDCK-pTRE3G GFP-RasV12 COL17A1-knockout or MDCK-pTRE3G Myc-RasV12 COL17A1-knockout
cells, the complementary DNA of GFP-H-RasV12 or Myc-H-RasV12 was cloned into BamHI/EcoRl sites of pPB-TRE3G-MCS-CEH-
nTA3-IP%°, pPB-TRE3G GFP-H-RasV12 or pPB-TRE3G Myc-H-RasV12 was introduced into the COL17A1-depleted cells by nucle-
ofection and antibiotic selection (blasticidin, 5 ug ml™"). For COL17A1-knockout RasV12 cells, MDCK-pTRE3G Myc-RasV12
COL17A1-knockout cells were used in Figures 4A, S4A, and S4C, while MDCK-pTRE3G GFP-RasV12 COL17A1-knockout cells
were used in the other experiments. MDCK-pTR GFP-H-RasV12 cells stably expressing CD44-short hairpin RNA (shRNA) were
established as follows: CD44-shRNA oligonucleotides (CD44-shRNA-1: 5'-GATCTGCTCCACCTGAAGAGGATTGTACTCGAGAA-
CAATCCTCTTCAGGTGGAGCTTTTTC-3 and 5'-TCGAGAAAAAGCTCCACCTGAAGAGGATTGTTCTCGAGTACAATCCTCTTCAGG
TGGAGCA-3' or CD44-shRNA-2: 5-GATCTGACCACGACTCATCGGTTCACACTCGAGAGTGAACCGATGAGTCGTGGTCTTTIT
TC-3' and 5'-TCGAGAAAAAGACCACGACTCATCGGTTCACTCTCGAGTGTGAACCGATGAGTCGTGGTCA-3') were cloned into
the Bglll/Xhol sites of pSUPER.neo (Oligoengine). MDCK-pTR GFP-H-RasV12 cells were transfected with pSUPER.neo CD44-
shRNA using Lipofectamine 2000, followed by selection in the medium containing 5 pg ml™ blasticidin, 400 ng ml™" Zeocin, and
800 ng ml™' G418. To generate HPDE-pTRE3G GFP-K-RasV12 cells, the complementary DNA of GFP-K-RasV12 was cloned into
BamHI/EcoRlI sites of pPB-TRE3G-MCS-CEH-rtTA3-IP. pPB-TRE3G GFP-K-RasV12 was introduced into HPDE cells by nucleofec-
tion and antibiotic selection (blasticidin, 10 pg ml™).

Immunofluorescence and Western Blotting

For immunofluorescence at low, middle, or high cell density, 1.0 x 10% 6.5 x 10%, or 1.0 x 10° cells were plated respectively onto
collagen gel-coated coverslips in a 12-well dish (Falcon). For most of experiments for immunofluorescence, 6.5 x 10° cells were
plated if not indicated. After incubation for 24ch, cells were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) and permeabilized as previously described®’. Type-I collagen (Cellmatrix Type I-A) was obtained from Nitta Gelatin and
was neutralized on ice to a final concentration of 2cmgeml™ according to the manufacturer’s instructions. All primary antibodies
were used at 1:100, except for human anti-COL17A1 (1C10 or 20C5) antibody at 1:1,000. All secondary antibodies were used at
1:200. Immunofluorescence images were analyzed with the Olympus FV1000 or FV1200, or ZEISS LSM700 system and Olympus
FV10-ASW or ZEISS ZEN software. Images were quantified with the MetaMorph software (Molecular Devices) and Imaged. For tran-
sient expression of GFP, GFP-RasV12, GFP-Rap1V12, GFP-cSrcY527F, or HA-ErbB2V659E, normal MDCK cells were transfected
with  pcDNA4/TO-EGFP, pcDNA4/TO-EGFP-RasV12, pCS2-EGFP-Rap1V12, pcDNA4/TO-EGFP-cSrcY527F, or pB-EF1-
ErbB2V659E-HA using Lipofectamine 2000 as previously described”’. For quantification of multilayered structures of MDCK cells,
15 xz sections of immunofluorescence images of MDCK cells from 5 randomly selected fields (212 x 212 um) were analyzed for
each condition. From the xz section of immunofluorescence images, the horizontal length of the 1st, 2nd, and more than 3rd layer
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was quantified. The ratio of multilayered regions was calculated as a relative ratio to the total length. For measuring spindle angles
during mitosis, cells were plated on a coverslip and grown to confluence for 24 h. Pericentrin and y-tubulin were used to indicate
spindle pole positions. The spindle angle between the axis of spindle poles and the surface of coverslip was calculated with ImageJ.
Fifty mitotic spindles were scored in each experiment. To monitor the mitochondrial membrane potential or superoxide production,
cells were cultured for 24 h after seeding and then loaded with 50 nM TMRM (Thermo Fisher Scientific) or 5 uM MitoSOX (Thermo
Fisher Scientific) respectively for 30 min, followed by microscopic observation as previously described®. The 2-NBDG (Cayman
Chemical) uptake was examined by incubating cells in glucose-free DMEM for 2 h followed by incubation with 100 uM 2-NBDG
for 30 min as previously described®®. For quantification of the frequency of cell death during crowding cell extrusion, cells were incu-
bated for 12 h after plating and stained with SYTOX Orange and SiR-Actin probe. After culturing for 12 h, SYTOX-positive or -negative
extruded cells that detached from the basal layer were analyzed in 5 randomly selected fields (317 x 317 um) with the Olympus
FV1000 or FV1200 system. For quantification of the frequency of cell death in multilayered structures, cells were incubated for
36 h and stained with SYTOX Orange (Molecular Probes) to label dead cells according to the manufacturer’s instructions. After 12
h, ten randomly selected fields (2,048 x 2,048 pixels) at the upper layers were photographed (x60) under a phase-contrast micro-
scope. To measure lipid peroxidation, MDCK cells were cultured for 24 h after seeding and then fluorescently labeled with C11-BOD-
IPY (Molecular Probes) according to manufacturer’s instructions. The level of lipid peroxidation was determined by quantitating the
ratio of fluorescence intensities (oxidized form at 488-nm channel to non-oxidized form at 590-nm channel). For EAU incorporation
assay, EdU incorporation into newly synthesized DNA was measured using a Click-iT EAU Cell Proliferation Kit (Invitrogen) according
to manufacturer’s instructions. Forimmunofluorescence of incorporated EdU, cells were cultured for 48 h, followed by treatment with
50 uM EdU for 1 h and fixation with 4% PFA. The fixed samples were processed for the EAU Click-iT reaction, and additional immu-
nofluorescence was carried out with anti-E-cadherin antibody and Hoechst. For quantification of EAU incorporation ratio in multilay-
ered structures of MDCK cells, 15 xz sections of immunofluorescence images from 5 randomly selected fields (212 x 212 um) were
analyzed for each cell type in each experiment by the Olympus FV1200. Western blotting was performed as previously described”?.
Primary antibodies were used at 1:1,000. Western blotting data were analyzed using ImageQuant LAS4010 (GE healthcare) or Chem-
iDoc Touch Imaging System (Bio-Rad Laboratories).

Phage Antibody Display Screening

Phage antibody libraries containing FLAG-tagged single chain Fvs (scFvs) were generated at the KAN Research Institute, Inc. For
pre-blocking of cells and preclear/selection steps, 2% skim milk/DMEM was used. For the preclear step, 1.0 x 10 MDCK cells
were cultured alone in a 10-cm dish. Cells were then incubated with phage antibodies at 4°C for 1 h on a shaker. The preclear
step was repeated twice at every round, and the unbound phage antibodies were used for the selection step. For the selection
step, 9.1 x 10° MDCK cells were co-cultured with 9.0 x 10° MDCK-pTR GFP-RasV12 cells in a 10-cm dish. The mixture of cells
was first incubated at 37°C for 8 h until a monolayer was formed, and the culture medium was exchanged for a new medium con-
taining 2 ng ml™ tetracycline to induce expression of GFP-RasV12, followed by incubation for 16 h. Cells were then incubated with the
unbound phage antibodies at 4°C for 2 h on a shaker. The unbound phage antibodies were removed, and the cells with bound phage
antibodies were washed 5 times with 0.05% Tween 20/PBS. Then, 1.0 mL of 100 mM triethylamine was added to the cell pellets to
elute bound phage antibodies, which was neutralized immediately by adding 0.5 mL of 1.0 M Tris-HCI, pH 8.0. The eluant was added
to exponentially growing E. coli TG1 (ODggo ~0.5) and incubated without shaking at 37°C for 30 min. The infected E. coli were plated
on LB/ampicillin/glucose plates and incubated at 30°C overnight. The E. coli were collected from the plates, amplified and purified
with polyethylene glycol according to the reported protocol®®. The purified phage antibodies were used for the next round. After three
rounds, individual colonies of E. coli infected with phage antibodies were picked up into 96-well microtiter plate wells containing 2X
YT/ampicillin/glucose and grown with shaking at 37°C (ODggo ~0.5). IPTG (isopropy! B-D-thiogalactopyranoside) was added to the
E. coli culture to a final concentration of 1 mM and incubated at 30°C overnight to induce FLAG-tagged scFvs. For immunofluores-
cence screening, 4.0 x 10* MDCK cells were mixed with 1.3 x 10> MDCK-pTR GFP-H-RasV12 cells and seeded into a 96 well of Half
Area High Content Imaging Film Bottom Microplate (Corning), followed by the induction of GFP-RasV12 expression as described
above. Cells were then incubated with FLAG-tagged scFvs for 1 h, fixed with 1% PFA for 10 min, incubated with anti-FLAG antibody
for 1 h, and then stained with Alexa-568-conjugated anti-mouse IgG and Hoechst for 1 h. The images of cells were captured by
confocal inverted microscope Eclipse Ti (Nikon) using the Revolution XD system (Andor), followed by the analysis of scFv staining
with the MetaMorph Imaging software.

Immunoprecipitation and Mass Spectrometry

For immunoprecipitation, the indicated 1.0 x 107 cells were seeded in a 10-cm dish and cultured for 24 h. Cells were then washed
with ice-cold PBS and lysed for 30 min in M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) containing
cOmplete Protease Inhibitor Cocktail (Roche). After centrifugation of the cell lysates at 15,000cg for 5cmin, the supernatants
were subjected to immunoprecipitation for 1 h with Protein A/G Magnetic Beads (Pierce) conjugated with 5 ng of clone 1C10
or clone 20C5 antibody. Immunoprecipitated proteins were subjected to SDS-PAGE, followed by silver staining (2D-Silver Stain
Reagent Il kit from COSMO BIO) according to the manufacturer’s instructions. Protein bands were excised from the gel, and
the protein was identified by LC/MS/MS analysis. Briefly, protein bands were cut into pieces and digested in-gel by Lys-C
(Wako) and subsequently by modified trypsin Porcine (Promega) after reductive S-alkylation with dithiothreitol and iodoacetamide.
After incubation at 37°C overnight, tryptic peptides were purified by tip column packed with Empore C18 and dried. Peptides were
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dissolved with 0.1% TFA-5% acetonitrile and analyzed by Q Exactive HF mass spectrometry (Thermo Fisher Scientific). The raw
data were analyzed using Proteome Discoverer Ver 2.2 (Thermo Fisher Scientific), and proteins were identified against canis fa-
miliaris database (UniProt) on SEQUEST.

Compression or Stretching Assay

Mechanical compaction and stretching experiments were performed using the STB-100 cell stretcher system (Strex) for cells
cultured on a flexible silicone membrane PDMS (polydimethylpolysiloxane) (20 mm x 20 mm)°>*. For compression assay, before
cell seeding, silicone membranes were stretched (20 mm x 25 mm) and coated with 5 pg ml™' fibronectin (Sigma-Aldrich) at 37°C
for 1 h. Then, 1.0 x 10° RasV12-transformed MDCK cells were plated onto the stretched silicone membrane, grown to confluence,
and then released from the stretched states, thereby inducing an overcrowded condition. After 16 h of releasing, epithelial mono-
layers were fixed with 4% PFA and analyzed by immunofluorescence. For stretching assay, before cell seeding, silicone membranes
were coated with 5 ug ml™ fibronectin at 37°C for 1 h. Then, 8.0 x 10° normal MDCK cells were plated onto a silicone membrane and
grown to confluence. To stretch membranes with the STB-100 cell stretcher system device, the silicone membrane was fixed in the
device, and the one side of the membrane clamped to a movable shaft was pulled out from 20 mm to 24 mm, resulting in stretch of
20%, and kept for 5 min. Epithelial monolayers were fixed with 4% PFA and analyzed by immunofluorescence after releasing silicone
membranes from the stretcher system device.

Quantitative Real-Time PCR

MDCK cells were cultured at a density of 6.5 x 10° cells in a 12-well dish. After incubation for 24ch, total RNA was extracted from the
isolated cells using Trizol (Thermo Fisher Scientific) and RNeasy Mini Kit (QIAGEN) and was reverse-transcribed using a QuantiTect
Reverse Transcription Kit (QIAGEN). GeneAce SYBR gPCR Mix (NIPPON GENE) was used to perform gPCR using the StepOne sys-
tem (Thermo Fisher Scientific). We used B-actin as a reference gene to normalize data. COL17A1: 5-ACTACTCAGAGCTGGCAAGC-
3’ and 5'-CAGCCACAATGTCCTCCGTAG-3'; ABAT: 5-AGCAAGAAGAAGCCCGCTGC-3' and 5-CTCAGACTGGATGGGCTCC-3';
ALDH5A1: 5'-GGCGTGGCTGCAGTCATCAC-3' and 5-GACAGTACAGCCGGCTGCCA-3’; GAD2: 5-AAGCGGAGGTCAACTAT
GCG-3' and 5-CATCACAGGCTGGCAGCAG-3'; B-actin: 5'-GGCACCCAGCACAATGAAG-3' and 5'-ACAGTGAGGCCAGGATG-
GAG-3'.

Mouse Pancreatic Cancer (KPC) Model and Immunohistochemistry

Animal protocols were approved by the Animal Care and Use Committee of Nagoya University Graduate School of Medicine. The
KPC mouse model (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre) was established as described previously®. Tissue sections
prepared from early PanIN lesions at 8-10 weeks of age were subjected for immunohistochemistry. For immunohistochemistry on
formalin-fixed, paraffin-embedded tissues, sections were deparaffinized with xylene and rehydrated with tap water, followed by im-
mersion in an antigen retrieval buffer (Epitope Retrieval Solution pH 9.0, Leica) for 30 min at 98°C. The sections were washed three
times in PBS and incubated in blocking buffer (X0909, Dako) for 30 min, followed by incubation with human anti-COL17A1 (20C5)
(1:10,000) or rat anti-CD44 (1:100) antibody diluted with antibody diluent buffer (1% BSA, 0.1% NaNz in PBS) overnight at 4°C.
The sections were washed three times with PBS and immersed in 0.5% H,0, in methanol for 15 min for the inactivation of endog-
enous peroxidase. The sections were washed three times in PBS, followed by the incubation in EnVision+ System-HRP Labeled Poly-
mer Anti-Mouse (Dako) for 30 min at room temperature. The sections were washed in PBS, incubated with Liquid DAB+ Substrate
Chromogen System (Dako) for 5 min at room temperature, dehydrated in ethanol and cleared in xylene, followed by mounting with
xylene-based mounting media Entellan new (Merck Millipore).

Metabolome Analysis

For metabolome analysis, 6.5 x 10° MDCK-pTR GFP-RasV12 or MDCK-pTRE3G GFP-RasV12 COL17A1-knockout 1-3 cells were
first plated into a 10-cm dish. For each condition, cells were cultured in three dishes as triplicate. Upon plating, tetracycline was
added to induce GFP-RasV12 expression. After incubation for 24 h, cells were washed twice with ice-cold 5% mannitol solution
and covered with 1.0 mL of methanol containing 25 uM internal standards for 10 min. The resulting extracts were mixed with
200 pL of Milli-Q water and 400 pL of chloroform. The aqueous phase was then subjected to ultrafiltration. Metabolites of cells
were quantified in each sample using CE-MS (Agilent Technologies, Santa Clara, CA) as previously described> %, Briefly, to analyze
cationic compounds, a fused silica capillary (50 pm i.d. x 100 cm) was used with 1 M formic acid as the electrolyte. Methanol/water
(50% v/v) containing 0.01 pM hexakis(2,2-difluoroethoxy)phosphazene was delivered as the sheath liquid at 10 L min™'. ESI-TOFMS
was performed in positive ion mode, and the capillary voltage was set to 4 kV. Automatic recalibration of each acquired spectrum was
achieved using the masses of the reference standards ([13C isotopic ion of a protonated methanol dimer (2 MeOH+H)]+, m/z 66.0632)
and ([hexakis(2,2-difluoroethoxy)phosphazene +H]+, m/z 622.0290). To identify metabolites, relative migration times of all peaks
were calculated by normalization to the reference compound 3-aminopyrrolidine. The metabolites were identified by comparing their
m/z values and relative migration times to the metabolite standards. Quantification was performed by comparing peak areas to cali-
bration curves generated using internal standardization techniques with methionine sulfone. The other conditions were identical to
those described previously®®. To analyze anionic metabolites, a commercially available COSMO(+) (chemically coated with cationic
polymer) capillary (50 um i.d. x 105 cm) (Nacalai Tesque, Kyoto, Japan) was used with a 50 mM ammonium acetate solution, pH 8.5 as
the electrolyte. Methanol/5 mM ammonium acetate (50% v/v) containing 0.01 uM hexakis(2,2-difluoroethoxy)phosphazene was
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delivered as the sheath liquid at 10 uL min™'. ESI-TOFMS was performed in negative ion mode, and the capillary voltage was setto 3.5
kV. For anion analysis, trimesate and CSA were used as the reference and the internal standards, respectively. The other conditions
were identical to those described previously®’. CE-TOFMS raw data were analyzed using our proprietary software Master Hands (ver,
2.17.0.10). Briefly, the data processing for each experiment included data conversion, binning data into 0.02 m/z slices, baseline
elimination, peak picking, integration, and elimination of redundant features to yield the all possible peaks lists. Data matrices
were generated by an alignment process based on corrected migration times, and metabolite names were assigned to the aligned
peaks by matching m/z and the corrected migration times of our standards library. Relative peak areas were calculated based on the
ratio of peak area divided by those of internal standards, and metabolite concentrations were calculated based on the relative peak
area between the sample and standard mixture.

Quantification of Glutathione

For quantification of glutathione, cells were incubated and treated under the same condition as metabolome analysis except that
metabolites were extracted with 80% methanol. After removing the insoluble fractions by centrifugation, the supernatants were
collected and dried using a SpeedVac at 30-45°C. Sample preparation was performed based on a previous study®®. Briefly,
TCEP solution was added to cell samples and incubated for 30 min at room temperature. After centrifugation, the supernatant
was derivatized with ammonium 7-fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) for 60 min at 60°C. For Bio-thiols separation,
Inertsil ODS-4V (3.0 x 250 mm, GL Sciences, Tokyo, Japan) was used as the stationary phase. Mobile phase was 100 mM acetate
buffer, pH 4.0/MeOH (97.5/2.5, v/v) at a flow rate of 0.4 mL min™'. The SBD-thiols were detected by fluorescence with excitation and
emission wavelengths of 375 and 510 nm, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS
For data analyses, paired two-tailed Student’s t tests, unpaired two-tailed Student’s t tests, Mann-Whitney test, or one-way ANOVA

with Tukey’s test were used to determine P values. P values less than 0.05 were considered to be significant. No statistical method
was used to predetermine sample size.
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