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Significance

When epithelial cells detach from 
the basal substratum and are 
extruded into the apical lumen, 
they will be subjected to physical 
stresses including the increased 
reactive oxygen species (ROS) 
and eventually undergo 
apoptosis. Oncogenically 
transformed epithelial cells often 
become resistant to apoptosis 
upon apical extrusion; however, 
the underlying molecular 
mechanisms still remain obscure. 
Here, we demonstrate that 
ANXA2 (Annexin A2) accumulates 
in apically extruded transformed 
cells. In addition, ANXA2 
contributes to resistance to 
ROS-mediated apoptosis by 
suppressing p38MAPK, a 
stress-activated protein kinase, 
thereby promoting the formation 
of multilayered epithelia. Thus, 
ANXA2 is a potential therapeutic 
target to prevent the 
development of precancerous 
lesions.
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In various epithelial tissues, the epithelial monolayer acts as a barrier. To fulfill its 
function, the structural integrity of the epithelium is tightly controlled. When normal 
epithelial cells detach from the basal substratum and delaminate into the apical lumen, 
the apically extruded cells undergo apoptosis, which is termed anoikis. In contrast, 
transformed cells often become resistant to anoikis and able to survive and grow in the 
apical luminal space, leading to the formation of multilayered structures, which can 
be observed at the early stage of carcinogenesis. However, the underlying molecular 
mechanisms still remain elusive. In this study, we first demonstrate that S100A10 and 
ANXA2 (Annexin A2) accumulate in apically extruded, transformed cells in both vari-
ous cell culture systems and murine epithelial tissues in vivo. ANXA2 acts upstream of 
S100A10 accumulation. Knockdown of ANXA2 promotes apoptosis of apically extruded 
RasV12-transformed cells and suppresses the formation of multilayered epithelia. In 
addition, the intracellular reactive oxygen species (ROS) are elevated in apically extruded 
RasV12 cells. Treatment with ROS scavenger Trolox reduces the occurrence of apoptosis 
of apically extruded ANXA2-knockdown RasV12 cells and restores the formation of 
multilayered epithelia. Furthermore, ROS-mediated p38MAPK activation is observed 
in apically delaminated RasV12 cells, and ANXA2 knockdown further enhances the 
p38MAPK activity. Moreover, the p38MAPK inhibitor promotes the formation of 
multilayered epithelia of ANXA2-knockdown RasV12 cells. These results indicate that 
accumulated ANXA2 diminishes the ROS-mediated p38MAPK activation in apically 
extruded transformed cells, thereby blocking the induction of apoptosis. Hence, ANXA2 
can be a potential therapeutic target to prevent multilayered, precancerous lesions.

annexin A2 | S100A10 | apical extrusion | RasV12-transformed | apoptosis

In a variety of epithelial tissues such as gut, lung, pancreas, and mammary gland, the 
epithelial monolayer plays a crucial role as a barrier to block the pathogens or harmful 
substances from invading the inside of the body (1, 2). The formation of apicobasal polarity 
is one of the characteristics of the monolayered epithelial cells; the apical side of epithelial 
cells faces the lumen of the epithelium, whereas the basal side adheres to the basement 
membrane and underlying matrix (3). The apical cell extrusion is one of the important 
homeostatic mechanisms for the maintenance of epithelial integrity. For example, at high 
cell density, cells are often apically extruded to alleviate the overcrowding condition (4, 
5). In addition, when oncogenic transformation occurs within the epithelium, the newly 
emerging transformed cells are extruded from the apical side of the epithelial monolayer 
through cell competition with the surrounding normal cells (6, 7). Upon apical extrusion, 
cells will lose the attachment with the basement membrane and basal matrix proteins, 
leading to a loss of survival signaling through integrin-based adhesions (8, 9). Apically 
extruded cells will be also subjected to physical stresses including the increased reactive 
oxygen species (ROS) (10). Accordingly, apically extruded normal epithelial cells undergo 
apoptosis, which is termed anoikis (11–14). In contrast, transformed cells often become 
resistant to anoikis (13, 15, 16) and able to survive and grow in the apical luminal space, 
leading to the formation of multilayered structures (17–20). However, it is not clearly 
understood which molecules or signaling pathways are modulated in apically transformed 
cells to prevent the induction of apoptosis.

Annexin A2 (ANXA2) is a member of the annexin family, a group of calcium-dependent 
membrane-bound molecules composed of a variable N-terminal domain and conserved 
C-terminal annexin core domains (21, 22). ANXA2 interacts with S100A10, a member of 
the S100 protein family characterized by the EF-hand motifs and helix-loop-helix motifs (23, 
24). Two ANXA2 molecules and a homodimer of S100A10 form a heterotetrameric complex, 
and the absence of ANXA2 posttranscriptionally destabilizes S100A10 (25). The AXAN2/
S100A10 complex localizes to the plasma membrane by binding the core domains of ANXA2 
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with membrane phospholipids (24). ANXA2/S100A10 are involved 
in multiple cellular processes, including membrane trafficking, 
cytoskeletal organization, proliferation, and cell death (21, 26, 27). 
Expression of ANXA2 and S100A10 is elevated in various types of 
cancer (28, 29). Several studies have reported that the upregulated 
expression of ANXA2 or S100A10 induces antiapoptotic properties, 
which can lead to resistance against cancer treatment (30–34). 
However, the role of ANXA2/S100A10 at the early stage of carcino-
genesis remains largely unknown.

In this study, we demonstrate that ANXA2 and S100A10 
accumulate in apically extruded, transformed cells. The accumu-
lated ANXA2/S100A10 suppress the ROS-mediated apoptosis, 
thereby promoting the multilayered, transformed epithelial 
structures, which is often observed at the earlier stage of cancer 
development.

Results

S100A10 Accumulates in Transformed Cells That Are Apically 
Extruded from the Epithelial Monolayer. To identify proteins 
that are involved in the apical extrusion of transformed cells, 
we performed phage antibody display screening using normal 
and RasV12-transformed Madin–Darby canine kidney (MDCK) 
epithelial cells (Fig. 1A). After a series of screenings, we isolated 
one antibody (1D2) that recognized some of RasV12 cells under 
the coculture condition with normal cells (white arrowheads) 
(Fig. 1B). Confocal microscopic analyses revealed that the 1D2 
antibody specifically recognized apically extruded RasV12 cells 
that had detached from the basal substratum, but not RasV12 
cells remaining within the epithelial monolayer (Fig. 1 C and D). 
1D2 antibody immunoprecipitated a protein of 11 kDa that was 
detected by western blotting with 1D2 (Fig. 1 E and F; white 
and black arrowheads), and mass spectrometric analysis revealed 
that the 11-kDa protein was S100A10. We then established 
MDCK-RasV12 cells stably expressing S100A10-shRNA. 
Knockdown of S100A10 strongly diminished the 11-kDa band 
in western blotting which was detected by 1D2 antibody or 
commercially obtained anti-S100A10 antibody (Fig.  1G), 
validating that 1D2 indeed recognizes S100A10. Similarly, 
1D2 immunofluorescence in apically extruded RasV12 cells was 
profoundly reduced by S100A10-knockdown (Fig. 1H). During 
apical extrusion, RasV12 cells first change their morphology; 
the height of RasV12 cells along the apicobasal axis becomes 
higher than that of the surrounding normal cells, with their 
nucleus apically shifted (Fig.  1C and SI  Appendix, Fig.  S1A) 
(6). The accumulation of S100A10 was observed in RasV12 
cells that completely detached from the basal substratum and 
translocated into the apical lumen but not in RasV12 cells 
that showed morphological changes but still attached to the 
basal matrix (SI Appendix, Fig. S1A). This result suggests that 
the detachment from the basal substratum is required for the 
accumulation of S100A10. Apical delamination of transformed 
cells also occurs, though less frequently, when transformed cells 
are cultured alone for a long duration (18). Accumulation of 
S100A10 was observed in apically extruded RasV12 cells under 
the single culture condition of RasV12-transformed MDCK or 
human pancreatic ductal epithelial (HPDE) cells (Fig. 1 I and 
J and SI Appendix, Fig. S1 B–D). When cells were cultured in 
a nonconfluent condition where extrusion did not occur, the 
expression level of S100A10 was comparable between normal 
and RasV12 cells (SI  Appendix, Fig.  S1E). Accumulation of 
S100A10 was also observed in apically extruded Src-transformed 
cells (SI Appendix, Fig. S1 F and G). In addition, the comparable 
S100A10 accumulation was detected in apically delaminated 

human pancreatic adenocarcinoma PANC-1 and AsPC-1 cells 
that were cultured alone (Fig. 1 K and L and SI Appendix, Fig. S1 
H and I). Immunofluorescence of β-catenin, E-cadherin, or 
gp135, other membrane-anchored or transmembrane proteins, 
was not elevated in apically extruded RasV12 cells (SI Appendix, 
Fig. S1J). Furthermore, in CK19-RasV12 cell competition model 
mice (35), S100A10 was accumulated in RasV12-expressing 
cells that were apically extruded from the pancreatic ductal and 
lung bronchial epithelia (Fig. 1M and SI Appendix, Fig. S1K). 
Collectively, these data indicate that the accumulation of 
S100A10 in apically delaminated transformed cells is a prevalent 
process that was observed both in vitro and in vivo.

ANXA2 Also Accumulates in Apically Extruded Transformed 
Cells and Acts Upstream of S100A10. We next analyzed the 
localization and expression of ANXA2, which binds and 
cofunctions with S100A10, in apically extruded transformed cells. 
Immunofluorescence analysis showed that similarly to S100A10, 
the fluorescence intensity of ANXA2 was significantly elevated in 
apically extruded RasV12-transformed cells from the monolayer 
of normal MDCK epithelial cells, which was diminished by 
ANXA2-knockdown (Figs. 2 A and B and 3A). The accumulation 
of ANXA2 was also observed in apically delaminated RasV12 
cells under the single culture condition (Fig. 2 C and D). When 
cells were cultured in a nonconfluent condition, the expression 
level of ANXA2 was comparable between normal and RasV12 
cells (SI Appendix, Fig. S2A). ANXA2 colocalized with S100A10 
mainly at the plasma membrane of the apically extruded cells 
(Fig. 2E). Accumulation of ANXA2 was also observed in apically 
delaminated RasV12-transformed HPDE cells, PANC-1 cells, or 
AsPC-1 cells (Figs. 2 F and G and 3C and SI Appendix, Fig. S2 B 
and C). Moreover, ANXA2 was accumulated in apically extruded 
RasV12-expressing cells in the pancreatic and bronchial epithelium 
of CK19-RasV12 mice (Fig. 2H and SI Appendix, Fig. S2D). Thus, 
both S100A10 and ANXA2 accumulated in apically extruded 
transformed cells under the various experimental conditions.

Furthermore, we showed by western blotting that the protein 
expression levels of S100A10 and ANAX2 increased as 
RasV12-transformed cells started forming multilayered structures 
after longer incubations (SI Appendix, Fig. S3 A and B). Using 
RT-qPCR, we found that the mRNA of both S100A10 and 
ANAX2 increased in RasV12 cells when they formed bilayered 
epithelia (SI Appendix, Fig. S3 C and D). The analyses with 
RNAscope also confirmed that the expression of S100A10 and 
ANXA2 was elevated in apically extruded PANC-1 cells at the 
mRNA level (SI Appendix, Fig. S3 E and F). Similarly, ANXA2 
mRNA increased in apically extruded RasV12 cells in the lung 
bronchial epithelium (SI Appendix, Fig. S3G). Thus, the expres-
sion of S100A10 and ANXA2 is up-regulated at both mRNA and 
protein levels in apically extruded transformed cells. Next, we 
cultured RasV12 cells under the nonadherent condition and found 
that the mRNA level of S100A10 and ANXA2 was not signifi-
cantly different between adherent and nonadherent RasV12 cells 
(SI Appendix, Fig. S3 H and I), suggesting that the detachment 
from the basal substratum is not sufficient to trigger the upregu-
lation of S100A10 and ANXA2 and that the attachment to the 
underlying epithelial cells may also be required.

Under the crowded condition, normal cells can also be apically 
extruded, a process termed crowding-induced extrusion (4, 5). 
When normal MDCK cells are cultured alone at high cell density, 
apical extrusion occasionally occurs, and apically extruded normal 
cells eventually die (4). We then cultured normal cells at high den-
sity in the presence of cell death inhibitors and found that either 
S100A10 or ANXA2 accumulated in apically extruded normal cells 
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Fig. 1. S100A10 is accumulated in apically extruded, transformed cells. (A) Schematics for phage antibody display screening to identify antibodies that bound to 
molecules of which expression or membrane localization is up-regulated under the coculture condition of normal and RasV12-transformed MDCK cells. (B and C) 
Immunofluorescence images of RasV12 cells with 1D2-single chain Fv (scFv) (B) or 1D2-IgG (C). The phage antibody isolated by the screening is 1D2-scFv. 1D2-IgG 
was generated by adding the constant regions of IgG to 1D2-scFv, which was used in the following immunofluorescence analyses. MDCK-pTR GFP-RasV12 cells were 
cocultured with normal MDCK cells at the indicated ratio. After 24 h of doxycycline treatment, cells were stained with1D2-scFv (red) (B) or 1D2-IgG (red) (C), Hoechst (blue), 
and/or Alexa Fluor 647-conjugated phalloidin (gray). (B) White and yellow arrowheads indicate RasV12 cells with and without intense 1D2-scFv immunofluorescence, 
respectively. (D) Quantification of the 1D2-IgG fluorescence intensity in (C). Values are expressed as a ratio relative to Not extruded. Data are mean ± SD. ****P < 0.0001 
(Mann–Whitney test); n = 98 and 124 cells from three independent experiments. (E and F) Identification of S100A10 by immunoprecipitation. Lysates from normal 
MDCK cells were subjected to immunoprecipitation with 1D2-IgG, followed by western blotting with 1D2-IgG (E) or silver staining (F). The black arrowhead indicates 
the band analyzed by mass spectrometry. (G and H) Validation of S100A10 as an epitope protein of 1D2 antibody. (G) Lysates from MDCK-pTR GFP-RasV12 Luc-shRNA, 
S100A10-shRNA1, or S100A10-shRNA2 cells were analyzed by western blotting with 1D2-IgG, commercially obtained anti-S100A10 antibody, or anti-GAPDH antibody. (H) 
MDCK-pTR GFP-RasV12 Luc-shRNA or S100A10-shRNA1 cells were cocultured with normal cells, and cells were stained with 1D2-IgG (red), Alexa Fluor 647-conjugated 
phalloidin (gray), and Hoechst (blue). (I–L) Immunofluorescence analyses of S100A10. (I and K) Immunofluorescence images of S100A10 in apically delaminated RasV12 
cells (I) and PANC-1 cells (K) under the single culture condition. MDCK-pTR GFP-RasV12 (I) or PANC-1 (K) cells were cultured alone and stained with 1D2-IgG (red), Hoechst 
(blue), and/or Alexa Fluor 488-conjugated phalloidin (green). (J and L) Quantification of the fluorescence intensity of S100A10 in (I) and (K). Values are expressed as a 
ratio relative to Not extruded. Data are mean ± SD. ****P < 0.0001 (Mann-Whitney test); (J) n = 201 and 206 cells and (L) n = 103 and 131 cells from three independent 
experiments. (M) Immunofluorescence images of S100A10 in apically extruded RasV12-expressing cells in the murine pancreatic epithelium. At 7 d after the induction 
of RasV12 expression by tamoxifen administration, the pancreatic tissue samples from CK19-RasV12-GFP mice were stained with anti-S100A10 (red), anti-GFP (green), 
and anti-E-cadherin (gray) antibodies, and Hoechst (blue). The asterisks indicate RasV12-expressing cells. [Scale bars, 50 μm (B) and 10 μm (C, H, I, K, and M).]
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to a similar extent to apically extruded RasV12 cells (SI Appendix, 
Fig. S4 A–D), suggesting that oncogenic signals are not required 
for the accumulation of S100A10 or ANXA2 and that the process 
of apical cell extrusion per se triggers their accumulation.

Previous studies have demonstrated that S100A10 forms a het-
erotetrameric complex with ANXA2 and that the absence of ANXA2 
posttranscriptionally destabilizes S100A10 (25). Accordingly, we 

showed by western blotting that knockdown of ANXA2 strongly 
reduced the expression of S100A10 in RasV12-transformed MDCK 
cells or PANC-1 cells (Fig. 3 A and C). In contrast, knockdown of 
S100A10 did not affect the expression level of ANXA2 (Fig. 3 B 
and D). In addition, immunofluorescence analyses demonstrated 
that knockdown of ANXA2 profoundly diminished S100A10 
immunofluorescence in apically extruded MDCK-RasV12 cells or 
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Fig. 2. ANXA2 is accumulated in apically extruded, transformed cells. (A) Immunofluorescence images of ANXA2 in apically extruded RasV12 cells. MDCK-pTR 
GFP-RasV12 Luc-shRNA or ANXA2-shRNA2 cells were cocultured with normal MDCK cells. After 24 h of doxycycline treatment, cells were stained with anti-
ANXA2 antibody (red), Alexa Fluor 647-conjugated phalloidin (gray), and Hoechst (blue). (B) Quantification of the fluorescence intensity of ANXA2 in MDCK-pTR 
GFP-RasV12 Luc-shRNA cells in (A). Values are expressed as a ratio relative to Not extruded. Data are mean ± SD. ****P < 0.0001 (Mann–Whitney test); n = 103 
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delaminated RasV12 cells (C and E) and PANC-1 cells (F) under the single culture condition. MDCK-pTR GFP-RasV12 (C and E) or PANC-1 cells (F) were cultured alone 
and stained with anti-ANXA2 antibody (red), Hoechst (blue), and/or Alexa Fluor 488-conjugated phalloidin (green). (E) Cells were also stained with anti-S100A10 
antibody (cyan) to examine the colocalization of ANXA2 and S100A10. (D) Quantification of the fluorescence intensity of ANXA2 in MDCK-pTR GFP-RasV12 Luc-
shRNA cells in (C). Values are expressed as a ratio relative to Not extruded. Data are mean ± SD. ****P < 0.0001 (Mann–Whitney test); n = 171 and 130 cells from 
three independent experiments. (G) Quantification of the fluorescence intensity of ANXA2 in HPDE-pTRE3G GFP-KRasV12, PANC-1, and AsPC-1 cells. Values are 
expressed as a ratio relative to Not extruded. Data are mean ± SD. ****P < 0.0001 (Mann–Whitney test); n = 100 and 104 cells for HPDEC-RasV12, n = 121 and 
167 cells for PANC-1, n = 133 and 152 cells for AsPC-1 from three independent experiments. Representative images of HPDE-pTRE3G GFP-KRasV12 and AsPC-1 
cells are shown in SI Appendix, Fig. S2 B and C. (H) Immunofluorescence images of ANXA2 in apically extruded RasV12-expressing cells in the murine pancreatic 
epithelium. At 7 d after tamoxifen administration, the pancreatic tissue samples from CK19-RasV12-GFP mice were stained with anti-ANXA2 (red), anti-GFP 
(green), and anti-E-cadherin (gray) antibodies, and Hoechst (blue). [Scale bars, 10 μm (A, C, E, F, and H).]

http://www.pnas.org/lookup/doi/10.1073/pnas.2307118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307118120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307118120#supplementary-materials
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PANC-1 cells, whereas knockdown of S100A10 did not substan-
tially influence ANXA2 staining (Fig. 3 E–J). Collectively, these 
results indicate that ANXA2 is required for and thus acts upstream 
of S100A10 accumulation and that the accumulation of S100A10 
is regulated at both transcriptional and post-translational levels.

Knockdown of ANXA2 Promotes Apoptosis of Apically Extruded 
RasV12-Transformed Cells. While analyzing the effect of ANXA2 
knockdown in MDCK cells, we realized that ANXA2-knockdown 
RasV12 cells often died after apical extrusion. To examine the 
occurrence of apoptosis, we used NucView, a fluorescence apoptosis 
sensor, to monitor caspase activity in live images (36). We found that 
knockdown of ANXA2 in RasV12 cells significantly increased the 
NucView-positive ratio in apically extruded RasV12 cells under the 

coculture condition with normal cells (Fig. 4 A and B). In addition, 
the NucView-positive ratio was profoundly elevated in apically 
delaminated ANXA2-knockdown RasV12 cells under the single 
culture condition (Fig. 4 C and D). Accordingly, knockdown of 
ANXA2 in RasV12 cells substantially diminished the area of the 
bilayered epithelium bearing apically delaminated cells (Fig. 4 E and 
F). Similarly, knockdown of S100A10 also suppressed the formation 
of the bilayered regions (Fig. 4 E and F). When normal MDCK 
cells were cultured alone at high cell density, all analyzed apically 
extruded normal cells were NucView-positive (n = 20) (SI Appendix, 
Fig. S5A), and the bilayered regions were not observed (Fig. 4F). 
Together with SI Appendix, Fig. S4 A–D, these results suggest that the 
accumulation of ANXA2 and S100A10 is not sufficient to prevent 
apically extruded cells from undergoing apoptosis; instead, oncogenic 
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Fig. 3. ANXA2 acts upstream of S100A10. (A–D) Immunoblotting analyses for the effect of knockdown of ANXA2 (A and C) or S100A10 (B and D) on the expression 
of ANXA2 and S100A10. MDCK-pTR GFP-RasV12 Luc-shRNA, ANXA2-shRNA1 or 2 (A), or S100A10-shRNA1 or 2 (B) cells, or PANC-1 cells transfected with control-
siRNA, ANXA2-siRNA1 or 2 (C), or S100A10-siRNA1 or 2 (D) were cultured alone. Cell lysates were analyzed by western blotting with anti-ANXA2, anti-S100A10, or 
anti-GAPDH antibody. (E–J) Immunofluorescence analyses for the effect of knockdown of ANXA2 or S100A10 on the accumulation of S100A10 or ANXA2 in apically 
extruded transformed cells. (E–H) MDCK-pTR GFP-RasV12 Luc-shRNA, ANXA2-shRNA2 (E and F), or S100A10-shRNA1 (G and H) cells were cocultured with normal 
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signals are also required. Knockdown of either ANXA2 or S100A10 
did not suppress proliferation of RasV12 cells (SI Appendix, Fig. S5 B 
and C), implying that the effect of knockdown on bilayered structures 
is not due to decreased cell proliferation. When ANXA2-knockdown 
RasV12 cells were treated with apoptosis inhibitor Z-VAD-FMK, the 
formation of bilayered epithelial structures was restored (Fig. 4G). In 
contrast, the treatment with ferroptosis inhibitor Ferrostatin had no 
effect (Fig. 4G). These results suggest that the accumulated ANXA2 
suppresses apoptosis of apically extruded RasV12-transformed cells.

Apically Extruded ANXA2-Knockdown RasV12-Transformed 
Cells Undergo ROS-Mediated Apoptosis through p38MAPK 
Activation. Previous studies have demonstrated that the level of 
intracellular ROS increases in apically extruded cells from the 
epithelial monolayer (10). The increased ROS induce anoikis in 
apically extruded normal cells (37). In contrast, transformed cells 
are resistant to the ROS-mediated stress and able to survive upon 
apical extrusion (10). We then examined the ROS level using 
CellROX Orange, a cumulative fluorescence probe of intracellular 
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Fig. 4. Knockdown of ANXA2 promotes apoptosis of apically extruded RasV12-transformed cells. (A–D) NucView analyses for apically extruded RasV12 cells. MDCK-
pTR GFP-RasV12 Luc-shRNA or ANXA2-shRNA2 cells were cocultured with normal MDCK cells (A) or cultured alone (C) and stained with NucView 530 (red). Yellow and 
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shifted/extruded RasV12 cells in (A) and (C). (B) Note that the number of NucView-positive surrounding normal cells is very few. Only NucView-positive GFP-RasV12-
expressing cells were analyzed. Data are mean ± SD from three independent experiments. *P < 0.05 (paired two-tailed Student’s test). The total number of analyzed 
extruded cells is 1,043 and 766 (B) or 491 and 257 (D) from three independent experiments. (E) XZ-images of MDCK-pTR GFP-RasV12 Luc-shRNA, ANXA2-shRNA2, 
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MDCK, MDCK-pTR GFP-RasV12 Luc-shRNA, ANXA2-shRNA1 or 2, or S100A10-shRNA1 or 2 cells were cultured alone, and the bilayered regions were quantified from 
XZ-images. Data are mean ± SD from three independent experiments. *P < 0.05 and **P < 0.01 (one-way ANOVA with Dunnett’s test). (G) Effect of cell death inhibitors 
on the formation of bilayered epithelia of ANXA2-knockdown RasV12 cells. MDCK-pTR GFP-RasV12 ANXA2-shRNA1 or 2 cells were cultured alone and treated with 
Z-VAD-FMK or Ferrostatin-1. Data are mean ± SD. *P < 0.05; ns, not significant (one-way ANOVA with Dunnett’s test). [Scale bars, 50 μm (A and C) and 10 μm (E).]
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ROS. The fluorescence intensity of CellROX was substantially 
elevated in apically extruded RasV12 cells compared with 
nonextruded RasV12 cells (Fig. 5 A and B). The CellROX intensity 
was further moderately increased in ANXA2-knockdown RasV12 
cells (Fig. 5 A and B), suggesting that ANXA2 suppresses the ROS 

level in apically extruded RasV12 cells. Next, we examined the 
effect of the ROS scavenger Trolox. First, we confirmed that the 
Trolox treatment diminished CellROX fluorescence in apically 
extruded RasV12 cells (Fig. 5C). Trolox significantly reduced the 
NucView-positive ratio in apically extruded ANXA2-knockdown 
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cells from three independent experiments. (H) Effect of p38MAPK inhibitor or JNK inhibitor on the formation of bilayered epithelia of ANXA2-knockdown RasV12 
cells. MDCK-pTR GFP-RasV12 ANXA2-shRNA1 or 2 cells were cultured with p38MAPK inhibitor (SB203580) or JNK inhibitor (SP600125). Data are mean ± SD from 
three independent experiments. *P < 0.05; ns, not significant. One-way ANOVA with Dunnett’s test. [Scale bars, 10 μm (A, C, and F).]
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RasV12 cells (Fig. 5D). Furthermore, the Trolox treatment, at least 
partially, restored the formation of bilayered epithelia of ANXA2-
knockdown RasV12 cells (Fig. 5E). Trolox did not influence the 
accumulation of ANXA2 or S100A10 in apically delaminated 
RasV12 cells (SI Appendix, Fig. S6 A and B). These data indicate 
that the increased ROS contribute to the induction of apoptosis 
in apically extruded ANXA2-knockdown RasV12 cells.

We next explored the molecular mechanism of how increased 
ROS induce apoptosis in ANXA2-knockdown RasV12 cells. 
Previous studies reported the functional link between ANXA2 and 
several stress-response regulators including p38MAPK, c-Jun 
N-terminal kinase (JNK), and p53 (38, 39). We found that phos-
phorylation of p38MAPK was enhanced in apically delaminated 
RasV12 cells, which was further promoted in ANXA2-knockdown 
RasV12 cells (Fig. 5 F and G). The Trolox treatment significantly 
diminished the level of phosphorylation of p38MAPK in apically 
extruded RasV12 cells (Fig. 5G and SI Appendix, Fig. S6C). 
Moreover, p38MAPK inhibitor SB203580, but not JNK inhibitor 
SP600125 or p53 inhibitor Pifithrin-α, significantly promoted the 
formation of bilayered epithelia of ANXA2-knockdown RasV12 
cells (Fig. 5H and SI Appendix, Fig. S6D). Collectively, these data 
suggest that accumulated ANXA2 suppresses the p38MAPK activity 
in apically extruded transformed cells, thereby blocking the induc-
tion of apoptosis (Fig. 6).

Discussion

In this study, we demonstrate that ANXA2 and S100A10 accumulate 
in apically extruded transformed cells from the epithelial monolayer, 
which can be observed in multiple experimental systems, including 
RasV12- or Src-transformed MDCK cells, RasV12-transformed 
HPDE cells, pancreatic cancer cells, and mouse pancreatic ductal 
and lung bronchial epithelia. Thus, the accumulation of ANXA2/
S100A10 is a general phenomenon that occurs both in vitro and 
in vivo. However, it still remains obscure how ANXA2/S100A10 
accumulate in the apically extruded transformed cells. Trolox treat-
ment does not suppress the accumulation of ANXA2/S100A10, 

suggesting that the upregulation of ANXA2/S100A10 is not caused 
by the increased ROS. Previous studies have demonstrated that 
ANXA2/S100A10 preferentially localize at cholesterol-rich lipid rafts 
(40–42). Using fluorescence-conjugated lysenin that specifically 
bound to lipid rafts, we have found that the formation of lipid rafts 
is promoted in apically extruded RasV12 cells that are surrounded 
by normal cells (SI Appendix, Fig. S7A) or cultured alone 
(SI Appendix, Fig. S7B). Treatment with methyl-β-cyclodextrin 
(MβCD) that disrupts lipid rafts by removing cholesterol from the 
plasma membrane diminishes the lysenin fluorescence in the apically 
extruded cells (SI Appendix, Fig. S7B). The MβCD treatment 
induces the release of ANXA2 or S100A10 from the plasma mem-
brane to the cytosol but does not reduce the up-regulated expression 
of ANXA2/S100A10 (SI Appendix, Fig. S7 C–F). These data indicate 
that lipid rafts regulate the membrane localization of ANXA2/
S100A10 in apically extruded cells, but their accumulation is medi-
ated by other upstream regulators. The accumulation of ANXA2/
S100A10 is observed in apically extruded cells but not in apically 
extruding cells. In addition, the mRNA expression level of ANXA2/
S100A10 is comparable under the adherent and nonadherent con-
ditions. Hence, the detachment from the basal substratum is required 
but not sufficient for the upregulation of ANXA2/S100A10. 
Furthermore, the ANXA2/S100A10 accumulation occurs not only 
in apically extruded transformed cells but also in apically extruded 
normal cells, suggesting that not the oncogenic signals but the pro-
cess of apical extrusion per se triggers the accumulation of ANXA2/
S100A10. Apical cell extrusion is a complex phenomenon that com-
prises multiple processes including the detachment from the basal 
substratum, a loss of intercellular adhesions with neighboring cells, 
the attachment to the apical surface of the underlying cells, and 
exposure to the physical insults within the apical luminal space. The 
upstream regulators for ANXA2/S100A10 still remain to be 
identified.

The results shown in this study indicate that accumulated 
ANXA2/S100A10 suppress ROS-mediate apoptosis in extruded 
transformed cells. Knockdown of ANXA2 moderately increased the 
ROS level in apically extruded transformed cells, which is compatible 
with previous studies that ANXA2 can quench ROS (43). 
Additionally, knockdown of ANXA2 substantially increases phos-
phorylation of p38MAPK; it is thus plausible that ANXA2 not only 
affects the ROS level but also somehow suppresses the ROS-mediated 
activation of p38MAPK. Previous studies have demonstrated that 
ROS can induce p38MAPK phosphorylation through activation of 
apoptosis signal-regulating kinase (ASK)1 (44, 45). However, knock-
down of ASK1 did not significantly suppress the phosphorylation 
of p38MAPK in extruded ANXA2-knockdown RasV12 cells 
(SI Appendix, Fig. S8 A and B). Although the negative result with 
ASK1 siRNA oligos could be caused by incomplete knockdown of 
ASK1, it is possible that other upstream kinases are involved in the 
ROS-mediated activation of p38MAPK, potentially working in 
combination. It needs to be further examined how ANXA2 regulates 
the ROS-p38MAPK pathway in apically extruded cells.

It has been recently reported that the cell detachment from 
the basal substratum can induce not only apoptosis but also 
ferroptosis (46–48). In a previous study, we have shown that 
the expression of COL17A1 and CD44 is profoundly 
up-regulated at the upper layers of multilayered, transformed 
epithelia (18). Depletion of COL17A1 or CD44 suppresses the 
occurrence of ferroptosis of the apically delaminated trans-
formed cells, suggesting that the accumulated COL17A1 and 
CD44 suppress ferroptosis at the upper layer of the multilayered 
epithelial structures. As shown in SI Appendix, Fig. S9 A and 
B, knockdown of CD44 does not affect the accumulation of 
ANXA2/S100A10, and vice versa. Taken together, those results 
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Fig.  6. Schematics for the functional role of ANXA2 in apically extruded 
transformed cells. Accumulated ANXA2 suppresses the ROS-mediated 
activation of p38MAPK and induction of apoptosis, leading to the formation 
of multilayered epithelia.
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imply that upon apical extrusion, cancerous cells could be 
endowed with both antiapoptotic and antiferroptotic machin-
eries, facilitating the formation of multilayered epithelia.

Expression of ANXA2 and S100A10 is often up-regulated in var-
ious types of cancer including pancreatic, colorectal, breast, and 
ovarian cancer (28, 29). The higher expression level of ANXA2/
S100A10 is correlated to poor prognosis (49–51). The increased 
expression of ANXA2/S100A10 confers antiapoptotic properties on 
malignant tumor cells, potentially leading to resistance against 
chemotherapy or radiotherapy (30, 38, 39, 52, 53). Here, we demon-
strate that ANXA2/S100A10 positively regulate the formation of 
multilayered and transformed epithelia that are often observed at the 
earlier stage of carcinogenesis. Hence, ANXA2/S100A10 can be 
potential therapeutic targets to prevent the development of precan-
cerous lesions. In future studies, the molecular mechanisms of 
ANXA2/S100A10 accumulation in apically delaminated trans-
formed cells need to be further explored, which would lead to the 
establishment of novel cancer preventive treatments.

Materials and Methods

Materials, cell culture and RNA interference, phage antibody display screening, 
immunofluorescence and western blotting, immunoprecipitation and mass 

spectrometry, quantitative real-time PCR, in  situ hybridization assay, CellROX 
assay, NucView imaging, mice, and quantification and statistical analysis are 
described in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. All study data are deposited in the following reposi-
tory https://molonc.researcherinfo.net/Statistical source data.xlsx and available 
upon request.
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