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mTORC2 suppresses cell death induced by
hypo-osmotic stress by promoting sphingomyelin
transport
Yumiko Ono, Kenji Matsuzawa, and Junichi Ikenouchi

Epithelial cells are constantly exposed to osmotic stress. The influx of water molecules into the cell in a hypo-osmotic
environment increases plasma membrane tension as it rapidly expands. Therefore, the plasmamembrane must be supplied with
membrane lipids since expansion beyond its elastic limit will cause the cell to rupture. However, the molecular mechanism to
maintain a constant plasma membrane tension is not known. In this study, we found that the apical membrane selectively
expands when epithelial cells are exposed to hypo-osmotic stress. This requires the activation of mTORC2, which enhances the
transport of secretory vesicles containing sphingomyelin, the major lipid of the apical membrane. We further show that the
mTORC2–Rab35 axis plays an essential role in the defense against hypotonic stress by promoting the degradation of the actin
cortex through the up-regulation of PI(4,5)P2 metabolism, which facilitates the apical tethering of sphingomyelin-loaded
vesicles to relieve plasma membrane tension.

Introduction
Epithelial cells are exposed to interstitial fluid on the basement
membrane side and to the external environment on the apical
membrane side. While the basal membrane experiences an al-
most constant osmotic pressure (270–300 mOsm/liter), the ap-
ical membrane is perpetually exposed to osmotic stress because
liquids of varying osmolarity exist in the external environment
(fresh water, ∼10 mOsm/liter; saliva, ∼30 mOsm/liter).

In a hypo-osmotic environment, the influx of water mole-
cules into the cell induces cell expansion and up-regulates
plasma membrane tension. To prevent cell rupture, it is neces-
sary to supply lipids to buffer the increased membrane tension
(Pietuch et al., 2013). Several mechanisms to decrease the plas-
ma membrane tension on hypotonic stress are reported (Pontes
et al., 2017). First, the plasma membrane is reserved in the form
of membrane folds that unfurl under tension to absorb the in-
crease in cell volume. The invaginated membrane structure of the
caveolae is a notable example, and it exerts a direct palliative effect
against mechanical stress (Sinha et al., 2011). Second, exocytosis
contributes to the expansion of the plasma membrane area by
adding lipids; conversely, endocytosis arrest can also mitigate the
effect of increased plasma membrane tension (Dai and Sheetz,
1995). On the other hand, increased membrane tension acts
as an inhibitor of actin polymerization to reduce protrusive

membrane structures and cell surface area (Diz-Muñoz et al.,
2016). However, the details of how these molecular mechanisms
are coordinated in adapting to hypo-osmotic stress are unclear.

The apical membrane of the epithelial cells is enriched with
sphingolipids, such as glycolipids and sphingomyelin (Gerl et al.,
2012; Ikenouchi et al., 2012). We have shown that sphingolipids
are abundant, especially in themicrovilli of the apical membrane
(Ikenouchi et al., 2013). In this study, we found that the apical
membrane selectively expanded when epithelial cells were ex-
posed to hypo-osmotic stress. This selective expansion of the
apical membrane is caused by the enhanced transport of vesicles
containing components of the apical membrane, such as sphin-
gomyelin. Furthermore, we clarified that the mTORC2–Rab35
axis plays essential roles in adapting to hypo-osmotic stress by
promoting apical transport to the supply membrane and by re-
ducing the actin cortex to decrease plasma membrane tension.

Results
The morphological changes of epithelial cells induced by
hypo-osmotic stress
The influx of water into cells upon exposure to hypo-osmotic
fluids increases the cell volume and consequently the plasma
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membrane tension. To avoid rupture, cells must reduce mem-
brane tension immediately. In most previous studies, molecular
mechanisms of adaptation to hypo-osmotic stress were studied
using non-epithelial cells that lack tight junctions (TJs), such as
HeLa cells (Le Roux et al., 2019; Sinha et al., 2011). In the absence
of TJs, the entire cell expands by disrupting invaginated mem-
brane structures such as the caveolae, which functions as a
reservoir of the plasma membrane (Kozera et al., 2009). Indeed,
hypo-osmotic stress induces plasmamembrane rupture in caveolin-
deficient non-epithelial cells, such as fibroblasts ormuscle fiber cells
(Sinha et al., 2011).

Since epithelial cells are located on the surface of organs and
exposed to drastic osmotic changes, we decided to investigate
how they avoid cell death due to hypo-osmotic stress. We first
sought to examine the source of the expanding membrane in the
canine proximal tubule-derived epithelial cell line MDCK II.
Apical and basolateral membranes were respectively visualized
by staining for podocalyxin and E-cadherin. WhenMDCK II cells
were exposed to a hypo-osmotic medium (150mOsm/liter) from
the apical side, the boundary between apical and basolateral
membranes shifted to the basal side within 10 min (Fig. 1 A). We
quantified the apical and basolateral surface areas and scored
their relative enrichment under hypo-osmotic stress. The ratio
of hypo-osmotic surface area (SHypo) to isotonic surface area
(Siso) was increased only in the apical membrane, indicating that
the expanding membrane is selectively derived from the apical
membrane (Fig. 1 B). We also quantified the changes in the fluo-
rescence intensities of E-cadherin (Fig. 1 C) and podocalyxin
(Fig. 1 D). Strikingly, the fluorescence intensity of podocalyxinwas
not diluted by the surface area expansion, which suggests that
there is a mechanism to rapidly deliver components of the apical
membrane in response to the hypo-osmotic challenge (Fig. 1 D).

We wondered whether hypo-osmotic stress could trigger
both apical membrane expansion and the delivery of apical
membrane components to other epithelial cells. The mouse
mammary gland-derived EpH4 cells, stably expressing either
GFP-tagged podocalyxin or YFP-tagged E-cadherin, were sub-
jected to hypo-osmotic stress (Fig. 1 E). As in MDCK II cells, the
fluorescence intensity of podocalyxin was constant despite the
expansion of the apical membrane, indicating that the targeted
delivery of apical membrane proteins during apical membrane
expansion is a conserved strategy in epithelial cells (Fig. 1, F
and G).

We previously showed that sphingomyelin is abundant in the
apical membrane (Ikenouchi et al., 2012). Therefore, we exam-
ined whether the expansion of apical membrane by the hypo-
osmotic stress changes the lipid composition of the apical
membrane. When we probed the distribution of sphingomyelin
in cells under hypo-osmotic stress by using Lysenin, a
sphingomyelin-binding toxin derived from earthworms
(Yamaji et al., 1998), we found that the amount of GFP–Lysenin
bound to the apical membrane increased correspondingly with
the apical membrane expansion, suggesting that hypoosmotic
stimulation augments sphingomyelin at the apical membrane
(Figs. 1, H and I).

Next, we examined changes in the subcellular localization
of caveolin, which is involved in the expansion of plasma

membranes, induced by hypo-osmotic stress in the non-
epithelial cells (Kozera et al., 2009). Cav-1 and Cav-2, two ma-
jor isoforms of caveolin expressed in EpH4 cells, were localized
at the basolateral membrane in EpH4 cells (Fig. S1, A and B).
Furthermore, the subcellular localization of GFP-tagged Cav-2
was unchanged by the treatment with hypo-osmotic medium
(Fig. S1, C and D). Therefore, it is unlikely that caveolae con-
tribute to the expansion of the apical membrane after hypo-
osmotic challenge in EpH4 cells. In MDCK II cells, Cav1 was
localized at the apical membrane (Fig. S1 E). Hypo-osmotic stress
actually caused a slight decrease in the amount of Cav1 at the
plasma membrane, but the amount of membrane supply due to
the decrease in Cav1 was considerably smaller than the ex-
panded surface area of the apical membrane (Fig. S1, F and G).
These observations suggest that there may be additional mo-
lecular mechanisms that regulate apical expansion induced by
hypo-osmotic stress, besides the supply of membrane provided
by disrupting caveolae.

Visualization of apical membrane transport vesicles
containing sphingomyelin
Based on the above observations, we hypothesized that the ex-
pansion of the apical membrane after hypo-osmotic challenge is
due to the increased transport of vesicles containing apical
membrane components such as sphingomyelin. Therefore, we
first sought to visualize the apical transport of sphingomyelin
using Lysenin (Lys). We constructed an artificial probe named
SS-GFP-Lys by fusing the preprotrypsin signal sequence peptide
(MSALLILALVGAAVAFPVD) and EGFP to non-toxic Lys. As
controls, a construct lacking a secretion signal (GFP-Lys) and a
construct incorporating a mutation into an amino acid essential
for binding to sphingomyelin (SS-GFP LysWA) were prepared
(Fig. 2, A and B; Kiyokawa et al., 2004). We expressed these
constructs in EpH4 cells and established stable cell lines (Fig. 2
C). There was no significant difference in the ratio of sphingo-
myelin to total phospholipids between wild-type and SS-GFP-
Lys cells, which lead us to conclude that the expression of the
probe is unlikely to affect sphingomyelin metabolism (Fig. 2 D).
SS-GFP-Lys co-localized with GM130, a Golgi-apparatus marker
protein, whereas neither GFP-Lys nor SS-GFP LysWA did so
(Fig. 2 E). We examined the co-localization of SS-GFP-Lys with
other organelle marker proteins. The cytoplasmic dots of SS-
GFP-Lys co-localized with trans-Golgi network protein (TGNP),
another Golgi-apparatus marker protein, but not with other
organelle markers, such as the endoplasmic reticulum marker
protein (Sec61β), the lysosomal marker protein (LAMP-1), en-
dosomal marker proteins (Rab5 or Rab7A), or the mitochondrial
marker protein (Mito-7; Fig. S2, A and B). These observations are
consistent with the finding that the synthesis and accumulation
of sphingomyelin occur in the lumen of the Golgi-apparatus
(Futerman et al., 1990; Deng et al., 2016). Furthermore, when
EpH4 cells stably expressing SS-GFP-Lys were treated with
Myriocin, an inhibitor of sphingomyelin biosynthesis, or HPA-
12, an inhibitor of ceramide transport, the fluorescence intensity
of SS-GFP-Lys was attenuated in accordance with the reduced
amount of sphingomyelin (Fig. 2, F and G). We quantified the
fluorescence of cytoplasmic vesicles containing SS-GFP-Lys and
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Figure 1. Selective expansion of apical membrane of epithelial cells induced by hypo-osmotic stress. (A)Wild-type MDCK cells were treated with hypo-
osmotic buffer (150 mOsm/liter) for indicated times. Cells were stained with anti-GP135/podocalyxin mAb (green) and anti-E-cadherin mAb (red). Scale bar,
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confirmed that both inhibitors significantly decreased cyto-
plasmic SS-GFP-Lys-positive vesicles (Fig. 2 H). Based on the
above results, we concluded that SS-GFP-Lys can be used as a
probe to visualize the intracellular transport of sphingomyelin
from the Golgi-apparatus to the plasma membrane.

Next, we examined whether specific proteins are incorpo-
rated into the sphingomyelin-containing vesicles that emerge
from the trans-Golgi network (TGN). We established EpH4 cells
expressing SS-GFP-Lys with either E-cadherin-mCherry as a
marker for basolateral membrane transport or podocalyxin-
like1(PODXL1)-mScarlet as a marker for apical membrane
transport (Fig. 3 A). We previously reported that podocalyxin-1
preferentially partitions into sphingomyelin-enriched mem-
brane domains of the apical membrane in epithelial cells
(Ikenouchi et al., 2013). Consistently, SS-GFP-Lys and PODXL1-
mScarlet co-localized in cytoplasmic vesicles; GPI-mScarlet also
co-localized with SS-GFP-Lys. In contrast, SS-GFP-Lys and
E-cadherin-mCherry consistently localized in separate vesicles
(Fig. 3 B). The fact that apical marker proteins specifically co-
localized with SS-GFP-Lys in cytoplasmic vesicles supports the
notion that sphingomyelin-rich transport vesicles are delivered
to the apical membrane in polarized epithelial cells. We tested
whether the vesicles containing SS-GFP-Lys were delivered to
the apical membrane or the basolateral membrane by culturing
the epithelial cells expressing SS-GFP-Lys in a two-chamber
Transwell filter system and quantifying the amount of SS-
GFP-Lys protein secreted into each chamber (Fig. 3 C). SS-GFP-
Lys was released exclusively into the apical chamber, strongly
suggesting that sphingomyelin-containing vesicles are selec-
tively transported to the apical membrane (Fig. 3 D).

Inhibition of the mTORC2 pathway impairs apical transport
of sphingomyelin
We next sought to elucidate the signaling pathways involved in
the polarized transport of sphingomyelin by performing an in-
hibitor library screening (the Screening Committee of Anti-
cancer Drugs [SCADS] Inhibitor kit III, containing 384 kinase
inhibitors) to identify inhibitors that altered the subcellular
distribution of SS-GFP-Lys. Among them, we identified Torin-1
and Ku0063794, which increased the number of SS-GFP-Lys-
positive vesicles in the cytoplasm (Figs. 4 A and S2 C for low
magnification images). We quantified SS-GFP-Lys fluorescence

in the cytoplasm to confirm that both the inhibitors significantly
increased cytoplasmic SS-GFP-Lys vesicles (Fig. 4 B). Further-
more, co-localization between SS-GFP-Lys and Giantin sig-
nificantly diminished under treatment with both inhibitors,
indicating that the increased SS-GFP-Lys fluorescence reflects
the cytoplasmic and not the unbudded, Golgi-tethered pool
(Fig. 4 C). Interestingly, both are inhibitors of the mammalian
target of rapamycin (mTOR) signal pathway. Therefore, we
focused on the roles of mTOR signaling pathway in the fol-
lowing experiments.

To exclude the possibility that the effect observed by these
mTOR inhibitors is due to the off-target effect and to narrow
down which of the mTORC1 and mTORC2 pathways is respon-
sible for the transport of sphingomyelin, we established EpH4
cells in which either Raptor or Rictor, essential scaffold proteins
of mTORC1 or mTORC2 respectively, were knocked down (Liu
and Sabatini, 2020; Fig. 4 D). The phosphorylation level of Akt
Ser473was significantly decreased in Rictor KD cells, as reported
previously (Guertin et al., 2006; Fig. 4 D). In Rictor KD cells, but
not in Raptor KD cells, the number of vesicles containing
sphingomyelin in the cytoplasm increased significantly, as in the
case of cells treated with mTOR inhibitors (Fig. 4, E–G). There-
fore, we concluded that inhibition of the mTORC2 pathway in-
creases intracellular transport vesicles containing sphingomyelin
toward the apical membrane.

Why doesmTORC2 inhibition increase sphingomyelin-containing
in the cytoplasm? We hypothesized three possibilities: (1) inhibition
of mTORC2 pathway up-regulated sphingomyelin biosynthesis; (2)
inhibition ofmTORC2 pathway enhanced budding of sphingomyelin-
containing vesicles from the TGN; and (3) inhibition of mTORC2
pathway impaired the delivery of sphingomyelin containing vesicles
to the apical membrane.

We first examined whether the biosynthesis of sphingomy-
elin increased undermTORC2 inhibition.We quantified the total
amount of sphingomyelin in control wild-type EpH4 cells (WT),
cells treated with mTORC inhibitors, and Rictor KD cells. Inhi-
bition of mTORC2 pathway did not change the percentage of
sphingomyelin in total phospholipids in whole cells, indicating
that the biosynthesis of sphingomyelin was unaffected by mTORC2
inhibition (Fig. S3, A and B).

Next, we investigated whether inhibition of the mTORC2
pathway accelerates the formation of sphingomyelin-containing

10 µm. (B) Quantification of the changes of apical plasma membrane area stained with anti-GP135/podocalyxin mAb (red line) and lateral plasma membrane
area stained with anti-E-cadherin mAb (blue line). The ratio of surface area under hypo-osmotic stress (SHypo) to surface area under iso-osmotic stress (SIso)
from N = 3 independent experiments were plotted. Surface rendering of the plasma membrane area (S) by each antibody staining was performed using Imaris
9.6 software (Bitplane, Inc.). (C) Quantification of E-cadherin fluorescence intensities in (A) under iso-osmotic and hypo-osmotic (2 min) conditions. N = 3
independent experiments; error bar, SD; ns, not significant by Student’s t test. (D)Quantification of podocalyxin fluorescence in A under iso-osmotic and hypo-
osmotic (2 min) conditions. N = 3 independent experiments; error bar, SD; **, P = 0.0016 by Student’s t test. (E) EpH4 cells expressing GFP-tagged podocalyxin
or YFP-tagged E-cadherin were treated with hypo-osmotic buffer (150 mOsm/liter) for 6 mins. Scale bar, 7 µm. (F) Quantification of the change of the surface
area positive for GFP-tagged podocalyxin (red line) or YFP-tagged E-cadherin (blue line). The ratio of surface area at indicated time (S) to surface area at time
point = 0 (S0) were plotted from N = 6 independent experiments for GFP-tagged podocalyxin and N = 7 independent experiments for YFP-tagged E-cadherin.
Surface rendering of the plasmamembrane area (S) by each antibody staining was performed using Imaris 9.6 software (Bitplane, Inc.). (G) Time course change
in the ratio of fluorescence intensity (F) under hypo-osmotic stress to fluorescence intensity at time point = 0 (F0) of GFP-tagged podocalyxin (red line) or YFP-
tagged E-cadherin (blue line) from data obtained with (Fig. 1 E). (H) Time-lapse imaging of EpH4 cells stained with purified GFP-Lysenin. Hypo-osmotic buffer
(150 mOsm) containing the same concentration of purified GFP-Lysenin as in iso-osmotic medium was added at time 0:00. Scale bar, 5 µm. (I) Time course
change in the fluorescence intensities of GFP-Lysenin normalized to the value at t = 0 min. Cells cultured in iso-osmotic medium were exposed to 150 mOsm
medium at t = 1 min. Frames were taken every 10 s. Means with standard deviations from N = 3 independent experiments are shown.
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Figure 2. Visualization of transport vesicles to apical membrane containing sphingomyelin. (A) A schematic diagram of the construct to visualize in-
tracellular trafficking of sphingomyelin. SS means the preprotrypsin signal peptide (MSALLILALVGAAVAFPVD). (B) SS-GFP-Lys is expected to reside in the
Golgi apparatus or the transport vesicles budding from TGN due to the binding to sphingomyelin synthesized and accumulated in the Golgi apparatus. When
transport vesicles were fused with the plasmamembrane, SS-GFP-Lys is released into the medium. (C) Total cell lysate of EpH4 cells stably expressing SS-GFP-
Lys, GFP-Lys, and SS-GFP-LysWA were resolved by SDS-PAGE and immunoblotted with anti-GFP mAb and anti-alpha-tubulin mAb. (D) Total lipids were
extracted from parental EpH4 cells and EpH4 cells expressing SS-GFP-Lys by Bligh and Dyer method. The ratio of the amount of sphingomyelin (mg/dl) to the
total amount of phospholipids (mM) were plotted for both samples. N = 3 from independent experiments; error bar, SD; ns, not significant by Student’s t test.
(E) EpH4 cells stably expressing SS-GFP-Lys, GFP-Lys, and SS-GFP-LysWA were fixed and stained with anti-GM130 mAb (red). Only SS-GFP-Lys co-localized
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vesicles from the TGN (Fig. S3). We first incubated WT cells or
Rictor KD cells at 20°C for 2 h to block vesicle budding from the
TGN, which resulted in the accumulation of SS-GFP-Lys in the
Golgi apparatus and consequent depletion of SS-GFP-Lys in
the cytoplasm. Importantly, the release of the 20°C-block by
incubating the cells at 37°C for just 15 min induced the re-
appearance of SS-GFP-Lys-containing vesicles in the cytoplasm.
While the rate of vesicle formation did not significantly differ
betweenWT and Rictor KD cells during the early phase of vesicle
release from the TGN, there was a conspicuous accumulation of
SS-GFP-Lys-positive vesicles over time only in the Rictor KD
cells (Fig. S3 C). These observations strongly endorse the third
possibility that the mTORC2 pathway regulates the delivery of
sphingomyelin-containing vesicles to the apical membrane. We
further tested this idea by enzymatically degrading sphingo-
myelin with bSMase and comparing its recovery at the apical
membrane between WT and Rictor KD EpH4 cells. Sphingo-
myelin was visualized using the recombinant RFP-Lysenin
protein (Fig. 5 A). Restoration of sphingomyelin at the apical
membrane was observed from about 24 h after bSMase treat-
ment in WT cells but not until around 72 h in Rictor KD cells,
indicating that the delivery of sphingomyelin-containing vesi-
cles to the apical membrane requires mTORC2 activity (Fig. 5 B).

Suppression of mTORC2 pathway reduces the amount of
sphingomyelin in the apical membrane and impairs
microvilli formation
Since the supply of sphingomyelin to the apical membrane is
reduced in Rictor KD cells, we examined whether the amount of
sphingomyelin in the apical membrane is constantly lower in
Rictor KD cells as compared to WT cells. We isolated the apical
membrane from both the cells by utilizing the nitrocellulose
membranemethod (Gerl et al., 2012). As expected, the amount of
sphingomyelin in the apical membrane was significantly de-
creased in Rictor KD cells as compared to WT cells (Fig. 5 C). As
sphingomyelin is enriched in the transport vesicles containing
podocalyxin family proteins (Fig. 3 A), we examined whether
the apical transport of podocalyxin was also impaired by the
inhibition of mTORC2 pathway. As expected, podocalyxin failed
to accumulate at the apical membrane in cells treated with
Torin-1 (Fig. 5 D).

We previously reported that the removal of sphingomyelin
from the apical membrane by treatment with bSMase causes the
elimination of microvilli (Ikenouchi et al., 2013). Therefore, we
examined whether microvilli formation is impaired in Rictor KD
cells by scanning electron microscopy (SEM; Fig. 5 E). Indeed,
microvilli were absent from the apical surface of Rictor KD cells
to a degree similar to cells treated with bSMase, indicating
that the amount of sphingomyelin transported to the apical

membrane in Rictor KD cells is insufficient to support microvilli
formation. Taken together, we concluded that the activation of
mTORC2 pathway plays essential roles in microvilli formation
by promoting the intracellular transport of sphingomyelin to the
apical membrane.

mTORC2 plays essential roles in the epithelial cyst formation
by promoting apical transport of vesicles containing
sphingomyelin and podocalyxin
Considering that sphingomyelin co-localizes with podocalyxin at
the apical membrane (Ikenouchi et al., 2013) and that SS-GFP-
Lys localizes in vesicles containing podocalyxin at a very high
rate (Fig. 3 B), it appears that mTORC2 controls the polarized
transport of vesicles containing apical membrane components.
To examine the generality of this mechanism, we investigated
the involvement of the mTORC2 pathway in the epithelial cyst
formation of MDCK II cells. Podocalyxin plays an important role
in both epithelial lumen and vascular endothelial lumen for-
mation (Meder et al., 2005; Strilić et al., 2009). During the early
phase of epithelial cyst formation, single MDCK II cells or dou-
blets have inverted polarity such that podocalyxin is found at
the ECM-abutting surface but excluded from cell–cell contacts.
Integrin-mediated ECM sensing induces endocytosis of podo-
calyxin and transcytosis to the apical membrane initiation site
(AMIS), a zone at the cell–cell contact of doublets (Bryant et al.,
2014). As inhibition of the mTORC2 pathway impairs the
transport of vesicles containing sphingomyelin and podoca-
lyxin to the apical membrane in the two-dimensional culture of
EpH4 cells (Fig. 5, A and D), we tested whether mTORC2 in-
hibition or reduction of sphingomyelin impairs transcytosis of
podocalyxin to the apical membrane in three-dimensional
MDCK II cysts (Fig. S4 A). Treatment with either HPA-12, an
inhibitor of sphingomyelin biosynthesis, or Torin-1, an mTOR
inhibitor, impaired the apical transport of podocalyxin and led
to abnormal multi-lumen formation (Fig. S4, A and B). Based on
these results, we concluded that the regulation of sphingomy-
elin transport to the apical membrane by mTORC2 is important
for the formation of the epithelial lumen.

Then, how does the loss of mTORC2 activity impair the apical
transport of sphingomyelin-containing vesicles? We noted that
the phenotype of cyst formation in MDCK II cells treated with
mTOR inhibitors was similar to those in which Rab35 activity is
down-regulated (Klinkert et al., 2016; Mrozowska and Fukuda,
2016). Furthermore, Rab35 is reported to interact directly with
the cytoplasmic region of podocalyxin and tether the transport
vesicles containing podocalyxin to the apical membrane
(Klinkert et al., 2016; Mrozowska and Fukuda, 2016). Therefore,
we next examined whether Rab35 functions as an effector of
the mTORC2 pathway in the regulation of apical transport of

with GM130. Scale bar, 10 μm. (F) EpH4 cells were treated with DMSO (control) or 40 µM HPA-12 or 50 μMMyriocin for 36 h. Then, total lipids were extracted
by Bligh and Dyer method and the amount of total phospholipids (mM) and sphingomyelin (mg/dl) were quantified. N = 3 from independent experiments; error
bar, SD; *, P = 0.0162; and ns, not significant by one-way ANOVA with Tukey’s post-hoc test. (G) EpH4 cells stably expressing both SS-GFP-Lys and mScarlet-
Giantin were treated with DMSO (control) or 40 µM HPA-12 or 50 μMMyriocin for 36 h. Scale bar, 5 μm. (H) The quantification of the cytoplasmic SS-GFP-Lys
vesicles in cells treated with DMSO (control) or 40 µM HPA-12 or 50 μMMyriocin for 36 h. Icytosol was calculated as (total area of SS-GFP-Lys − the area of SS-
GFP-Lys that is colocalized with Giantin)/Total area of GFP. N = 3 from independent experiments; error bar, s.d.; ****, P < 0.0001; and ns, not significant by
one-way ANOVA with Tukey’s post-hoc test. Source data are available for this figure: SourceData F2.
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Figure 3. SS-GFP-Lys is transported together with podocalyxin to the apical membrane. (A) EpH4 cells stably expressing SS-GFP-Lys were transfected
with one of GPI-mScarlet, E-cadherin-mCherry, or Podocalyxin-like-1-mScarlet (PODXL1-mScarlet). Living cells were observed with a confocal microscope at
37°C. GPI-mScarlet and PODXL1-mScarlet showed co-localization with SS-GFP-Lys dots, but E-cadherin-mCherry did not. Scale bar, 5 μm. (B) The degree of
co-localization between SS-GFP-Lys and one of GPI-mScarlet, E-cadherin-mCherry, or PODXL1-mScarlet was analyzed by Pearson’s correlation coefficient in
colocalization (ImageJ). N = 3 independent experiments; error bar, SD; ***, P = 0.0005; *, P(Podocalyxin-like-1) = 0.0143; and *, P(E-cadherin) = 0.0170 by one-
way ANOVA with Tukey’s post-hoc test. (C) EpH4 cells stably expressing SS-GFP-Lys were cultured on a two-chamber filter and grown to confluence. After
48 h of culture, the medium of the apical side and that of the basolateral side were collected and concentrated 30-fold. (D) Samples obtained as in Fig. 3 C were
resolved by SDS-PAGE and immunoblotted with anti-GFP mAb. Arrowhead indicates the expected molecular weight of SS-GFP-Lys. Source data are available
for this figure: SourceData F3.
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Figure 4. Inhibition of the mTORC2 pathway impairs apical transport of sphingomyelin. (A) EpH4 cells stably expressing SS-GFP-Lys and mScarlet-
Giantin were treated with DMSO (Control), 250 nM Torin-1, or 3 μM Ku-0063794 for 12 h. Treatment with mTOR inhibitors increases the dot-like cytoplasmic
SS-GFP-Lys vesicles without changing morphology of the Golgi apparatus. Scale bar, 10 μm. (B) Quantification of the cytoplasmic SS-GFP-Lys vesicles in cells
treated with DMSO (Control), 250 nM Torin-1 or 3 μM Ku-0063794 for 24 h. N = 3 independent experiments; error bar, SD; **, P(Torin-1) = 0.0029; **, P(Ku-
0063794) = 0.0052; and ns, not significant by one-way ANOVA with Tukey’s post-hoc test. (C) Quantification of Pearson’s correlation coefficient between
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vesicles containing sphingomyelin and podocalyxin. Intrigu-
ingly, the expression of the dominant active form of Rab35
(Rab35–Q67L) enhanced the delivery of sphingomyelin-containing
vesicles to the apical membrane, even in cells treated with mTOR
inhibitors, as the SS-GFP-Lys-positive vesicles disappeared in cells
expressing mScarlet-Rab35–Q67L, but not in cells expressing
mScarlet only (Fig. 5 F). Moreover, cells expressing mScarlet-
Rab35–Q67L were insensitive to Torin-1 treatment and exhibited
normal podocalyxin transport to the apical membrane (Fig. S4 C).
Thus, the activation of Rab35 can overcome the apical transport
block induced by mTORC2 inhibition. Although the detailed mo-
lecular link between mTORC2 and Rab35 activation is unclear,
these findings suggest that Rab35 is activated downstream of the
mTORC2 pathway. Therefore, we further examined the functional
relationship between the mTORC2–Rab35 axis and apical
transport.

mTORC2–Rab35 axis promotes apical transport of
sphingomyelin by reducing the actin cortex
To confirm that active Rab35 promotes apical transport of
sphingomyelin, we examined whether expression of the domi-
nant active form of Rab35 could restore sphingomyelin level at
the apical membrane in Rictor KD cells after bSMase treatment
(Fig. 6, A and B). GFP-Lysenin staining was observed 24 h after
treatment with bSMase in Rictor KD cells expressing mScarlet-
Rab35–Q67L, similar to WT cells, but not in cells expressing
mScarlet only, indicating that expression of dominant active
Rab35 up-regulates the recovery of sphingomyelin level at the
apical membrane.

Next, we established cells in which Rab35 was knocked out to
examine whether Rab35 is essential for the transport of sphin-
gomyelin to the apical membrane (Fig. S5, A and B). In Rab35 KO
cells, the number of vesicles containing sphingomyelin in the
cytoplasm increased (Fig. S5 C). Apical transport of podocalyxin-1
was also impaired (Fig. S5 D). Restoration of sphingomyelin at the
apical membrane after bSMase treatment was significantly
delayed in Rab35 KO cells, indicating that the delivery of
sphingomyelin-containing vesicles to the apical membrane
requires Rab35 (Fig. S5, E and F). Furthermore, the formation
of microvilli was severely diminished in Rab35 KO cells,
which strongly supports the notion that Rab35 is required for
the apical transport of sphingomyelin (Fig. S5 G).

Then, how does the mTORC2–Rab35 axis promote the apical
transport of sphingomyelin? When we carefully observed Rictor
KD cells, we found that the amount of actin cortex at the apical
membrane was significantly increased compared with WT cells
(Fig. 6, C and D). Notably, the expression of Rab35–Q67L

significantly reversed the accumulation of the actin cortex in the
apical membrane of Rictor KD cells (Fig. 6, E and F). The actin
cortex is known to function as a barrier that prevents the de-
livery and fusion of transport vesicles to the plasma membrane.
Therefore, we reasoned that mTORC2–Rab35 pathway facilitates
apical transport by decreasing the amount of the actin cortex.

Roles of mTORC2–Rab35 axis in the hypotonic stress response
Finally, we examined the functional importance of mTORC2–
Rab35 axis in the expansion of the apical membrane as an
adaptation to hypo-osmotic stress. First, we found that hypo-
osmotic stress steadily increased the phosphorylation level of
Akt at S473, an indicator of mTORC2 activation (Fig. 7, A and B).
The increase in Akt phosphorylation was canceled by Torin-1
treatment, indicating that mTORC2 is activated by hypo-
osmotic stress (Fig. 7, C and D). We also confirmed that the
hypo-osmotic condition of this study does not activate apoptosis,
as assessed by examining caspase activation using FlipGFP
(Fig. 7, E and F).

Having established that hypo-osmotic stress activates
mTORC2, we examined if the mTORC2–Rab35 axis is involved
in the adaptation to hypo-osmotic stress. Exposure to a hypo-
osmotic medium caused a significantly higher rate of cell death
by rupturing the Rictor KD and Rab35 KO cells compared with
WT cells (Fig. 7, G–I). Importantly, the over-expression of
Rab35–Q67L suppressed cell death of Rictor KD cells exposed to
hypo-osmotic medium, suggesting that Rab35 activation
downstream of mTORC2 is essential for the adaptation to hypo-
osmotic stress (Fig. 7 J, Video 1, and Video 2). Therefore, we
tested whether Rab35 is activated in response to hypo-osmotic
stress.

The F-actin monooxygenase molecule interacting with CasL
protein (MICAL) is a Rab35 effector with a well-characterized
Rab binding domain (RBD) that binds to GTP-bound Rab35
(Fukuda et al., 2008). The FLAG-tagged RBD of MICAL-3
(1,826–1,993 aa) was expressed in HEK293 cells and used to pull
down active Rab35 from EpH4 cells stably expressing either WT
Rab35 or Rab35–Q67L. Treatment with the hypo-osmotic me-
dium increased the amount of active Rab35, which was sup-
pressed in cells pre-treated with the mTOR inhibitors (Fig. 7, K
and L). When expressed in WT cells, the GFP-tagged RBD of
MICAL-3 was predominantly localized at the apical membrane,
but treatment with Torin-1 significantly impaired its localization
(Fig. 7, M and N). While the RBD of MICAL-3 protein has been
shown to bind to the closely related Rab1 and Rab8 in addition to
Rab35 (Rai et al., 2016), our biochemical and localization data
considered together reasonably support the notion that mTORC2

SS-GFP-Lys and Giantin in cells treated with DMSO (Control), 250 nM Torin-1, or 3 μM Ku-0063794 for 12 h. N = 7 from independent experiments; error bar,
SD; ***, P = 0.0002; *, P = 0.0157; and ns, not significant by one-way ANOVA with Tukey’s post-hoc test. (D) Total cell lysates of wild-type EpH4 cells (WT),
Raptor knockdown (KD) and Rictor KD EpH4 cells were resolved by SDS-PAGE and immunoblotted with indicated antibodies. In Rictor KD cells, the level of Akt
(Ser 473) phosphorylation are reduced as compared to wild-type EpH4 cells as described previously (Guertin et al., 2006). (E) Raptor or Rictor was knocked
down in EpH4 cells stably expressing SS-GFP-Lys and mScarlet-Giantin. The cytoplasmic dots of SS-GFP-Lys were significantly increased in Rictor KD cells.
Scale bar, 10 μm. (F) Quantification of the cytoplasmic SS-GFP-Lys vesicles in WT cells, Raptor KD cells and Rictor KD cells. (N = 8 from independent ex-
periments; error bar, SD, one-way ANOVA; ***, P = 0.0003; ****, P < 0.0001). (G) Quantification of Pearson’s correlation coefficient between SS-GFP-Lys and
Giantin inWT cells, Raptor KD cells and Rictor KD cells. N = 8 independent experiments; error bar, SD; *, P(WT) = 0.0243; *, P(Raptor KD) = 0.0232; and ns, not
significant by one-way ANOVA with Tukey’s post-hoc test. Source data are available for this figure: SourceData F4.
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Figure 5. Suppression of mTORC2 pathway reduces the amount of sphingomyelin in the apical membrane and impairs microvilli formation. (A)Wild
type EpH4 cells and Rictor KD cells were treated with bSMase to degrade sphingomyelin at the apical membrane. Then, bSMase was washed out and cultured
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activation is necessary to maintain a pool of active Rab35 at the
apical membrane. Altogether, we conclude that mTORC2 regu-
lates epithelial cell adaptation to hypo-osmotic stress by acti-
vating Rab35 to promote vesicle transport to the apical
membrane.

However, it is still unclear how the mTORC2–Rab35 axis
actually exerts its protective effect, particularly with regard to
the apical actin cortex. We found that treatment with hypo-
osmotic medium significantly reduced the actin cortex of the
apical membrane while hardly altering that of the basolateral
membrane (Fig. 8, A and B, see the cross-sections and Fig. 8 A
and Video 3). Intriguingly, this was accompanied by a rapid
decrease of PI(4,5)P2 at the apical membrane (Fig. 8, C and D;
and Video 4); this was suppressed by treatment with Torin-
1 (Video 1 and Video 2), suggesting that mTORC2 is involved in
PI(4,5)P2 turnover (Fig. 8 D).

PI(4,5)P2 is enriched in the apical membrane of epithelial
cells (Martin-Belmonte et al., 2007) and is an important regu-
lator of actin assembly by mediating the anchorage of the actin
network to the plasma membrane through linker proteins, such
as ezrin/radixin/moesin (ERM) family proteins (Janmey et al.,
2018). Additionally, the inositol polyphosphate 5-phosphatase
OCRL-1 (also known as Lowe oculocerebrorenal syndrome pro-
tein) is a Rab35 effector molecule (Dambournet et al., 2011).
Therefore, reduction of PI(4,5)P2 may be the downstream event
in the mTORC2–Rab35 pathway that induces the reduction of
the actin cortex at the apical membrane to facilitate vesicle
tethering. To test this possibility, we examined whether forced
reduction of PI(4,5)P2 is sufficient to enable the adaptive re-
sponse to hypo-osmotic stress. When we expressed a chimeric
construct, Src-INPP5E-Scarlet, in which the lipid modification
motif of c-Src was fused to the catalytic domain of inositol pol-
yphosphate-5-phosphatase E (INPP5E), the SS-GFP-Lys-positive
vesicles that accumulated in the cytoplasm disappeared from
Torin-1-treated cells (Fig. 8 E). Furthermore, the expression of
Src-INPP5E-GFP suppressed cell rupture of Rictor KD cells
caused by hypo-osmotic stress, suggesting that the reduction of
PI(4,5)P2 is an essential adaptive response to hypo-osmotic
stress initiated by mTORC2 (Fig. 8, F and G). Rab35 is also
known to bind to and activate the redox enzyme MICAL family
proteins and F-actin disassembly factors (Frémont et al., 2017).
Therefore, it is possible that the oxidation-mediated depoly-
merization of actin filaments by MICAL family proteins is in-
volved in the rapid reduction of the actin cortex at the apical
membrane by hypo-osmotic stress. Thus, we propose that Rab35
initiates a two-pronged approach to reduce cortical actin at the
apical membrane and thereby promote the transport of vesicles

containing apical membrane components, one through OCRL-
1 to decrease the amount of PI(4,5)P2 and destabilize the plasma
membrane-actin tether, and the other through the MICAL
family proteins to locally disassemble F-actin (Fig. 8 H).

Taken together, mTORC2–Rab35 activation by hypo-osmotic
stress not only promotes apical transport of sphingomyelin to
the supply membrane but also decreases the actin cortex un-
derlining the apical membrane by reducing PI(4,5)P2 to facilitate
the expansion of the apical membrane (Fig. 8 H).

Discussion
Our understanding of how apical membrane components such
as sphingomyelin are transported is limited. In this study, we
showed that mTORC2 regulates the transport of sphingomyelin
to the apical membrane possibly through the activation of
Rab35. Furthermore, we clarified that the promotion of apically-
targeted post-Golgi vesicle transport by activation of mTORC2–
Rab35 is essential to prevent plasma membrane rupture in the
hypotonic stress response of epithelial cells. Thus, we revealed
that the maintenance of homeostasis of the apical membrane of
epithelial cells is a previously uncharacterized function of
mTORC2.

These conclusions are in good agreement with previously
reported phenotypes in mice deficient for key components of
mTORC2 signaling. For example, it was reported that one of the
microvillar transporter, Na+/H+ exchanger 3 (NHE3), was mis-
localized to the cytoplasm in small intestinal epithelial cells of
mTOR conditional KO mice, which led to the dysfunction of
microvilli and severe diarrhea (Yang et al., 2015). In addition,
the phenotypes of conditional KO mouse of Raptor
(RapΔTubule), Rictor (RicΔTubule), and both Raptor/Rictor
(RapRicΔTubule) in the proximal tubule epithelial cells were
also related to the dysfunction of apical membranes
(Grahammer et al., 2017). In these KO mice, the morphology of
microvilli in tubular epithelial cells was abnormal. In Rap-
RicΔTubule mice, the amount of glucose and phosphate lost in
urine increased 3.3-fold and 5-fold over the wild type, respec-
tively, indicating that the resorption of the nutrients from
urine was impaired. Although the reduction in both length and
number of microvilli was observed in all of RapΔTubule,
RicΔTubule, and RapRicΔTubule mice, RapRicΔTubule mice
showed the most severe phenotype, suggesting that both
mTORC1/mTORC2 signaling pathways are likely to contribute
to the formation of microvilli additively, as more pronounced
microvilli abnormalities were observed in double knockout
mice compared to their respective single knockout mice. These

in a normal medium, and the recovery rate of sphingomyelin to the apical membrane of each cell was evaluated by the number of cells to which His-RFP-
Lysenin binds. Scale bar, 20 μm. (B) The time-course change of number of cells stained with His-RFP-Lysenin after washing out bSMase in wild-type EpH4 cells
and Rictor KD cells. N ≥ 3 independent experiments; error bar, SD; ****, P < 0.0001; ***, P < 0.0003; and ns, not significant by Student’s t test. (C) The apical
membrane fractions of wild-type EpH4 cells and Rictor KD cells were isolated and the amount of sphingomyelin (mg/dl)/total phospholipid (mM) were
quantified. N = 3 independent experiments; error bar, SD; *, P = 0.0327 by Student’s t test. (D)Wild-type EpH4 cells stably expressing podocalyxin-GFP were
treated with either DMSO (control) or 250 nM Torin-1 for 24 h. Cells were stained with anti-GFP mAb and anti-E-cadherin mAb. Scale bar, 10 µm. (E) Scanning
electron microscopy of wild-type EpH4 cells, bSMase treated wild-type EpH4 cells and Rictor KD cells. Scale bar, 5 µm. (F) EpH4 cells stably expressing SS-
GFP-Lys were transfected with either mScarlet only or mScarlet-tagged-Rab35 dominant active mutant (Q67L) expression vectors and treated with DMSO
(Control), 250 nM Torin-1 or 3 µM Ku-0063794 for 24 h. Transfected cells are indicated by the white-dotted line. Scale bar, 10 μm.
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Figure 6. Activation of Rab35 promotes apical transport of sphingomyelin via reduction of actin cortex of apical membrane. (A) EpH4 wild-type (WT)
cells and Rictor KD cells stably expressing either mScarlet only or mScarlet-tagged-Rab35 Q67L were treated with bSMase. bSMase was washed out and cells
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studies on knockout mice clearly indicate the necessity of
mTOR signaling in the formation of apical membrane struc-
tures; however, the underlying mechanisms remained unclear.
In light of our finding, it is important to investigate whether
apical transport of sphingomyelin is affected in the epithelial
tissues of these knockout mice in future studies.

We revealed that activation of the mTORC2–Rab35 pathway
by hypo-osmotic stress promotes the apical transport of sphin-
gomyelin and enables rapid expansion of the apical membrane.
Notably, in mTORC2 (Rictor) KD or Rab35 knockout cell lines,
the formation of apical membrane structures such as microvilli
was impaired and the transport of sphingomyelin apical membrane
was delayed, suggesting that sustained activity of the mTORC2–
Rab35 pathway is required to maintain epithelial cell morphology
and function even in steady-state epithelial cells. Furthermore,
under iso-osmotic condition, RBD of MICAL-3, a reporter of acti-
vated Rab35, constitutively localizes to the apical membrane, and
its localization is impaired by pharmacological inhibition of
the mTORC2 pathway, suggesting a constitutive role for the
mTORC2–Rab35 axis at the apical membrane of polarized epi-
thelial cells (Fig. 7 M). Therefore, in addition to the molecular
mechanismbywhich hypo-osmotic stress induces further activation of
the mTORC2–Rab35 pathway, elucidation of the upstream signaling
pathway responsible for the constitutive activity of mTORC2–Rab35 in
polarized epithelial cells is a topic of immediate interest.

In this study, we found that mTORC2 regulates the apical
transport of sphingomyelin in mammalian cells. Curiously, in
Saccharomyces cerevisiae, the activation of TORC2 regulates
sphingolipid biosynthesis. In yeast, TORC2 is activated by vari-
ous stresses in the plasma membrane, such as increased mem-
brane tension. TORC2 was reported to up-regulate sphingolipid
biosynthesis by several pathways. TORC2 activates Ypk1 and
Ypk2 kinases, which are homologs of Akt and the human serum
glucocorticoid-induced kinase SGK, respectively. Ypk1 acts
downstream of TORC2 to phosphorylate Orm1/Orm2 and an-
tagonize their activity as negative regulators of sphingolipid
synthesis (Berchtold et al., 2012; Niles et al., 2012; Roelants et al.,
2011). In addition, Ypk1 positively regulates the synthesis of
ceramides, precursors of complex sphingolipids, by phosphor-
ylating ceramide synthase (Muir et al., 2014). In yeast, Slm1 and
its redundant paralog Slm2 were identified as upstream com-
ponents of the TORC2-Ypk1 pathway. When the plasma mem-
brane tension is increased by hypotonic shock, Slm1/2 is
recruited to the plasma membrane region containing TORC2
(Berchtold and Walther, 2009), and it potentially activates
TORC2-Ypk1 signaling by recruiting Ypk1 to TORC2 for activa-
tion (Berchtold et al., 2012). The activation of TORC2-Ypk1 leads
to the increased production of sphingolipids, which reduces

plasma membrane tension (Riggi et al., 2018). Therefore, one of
the important roles of TORC2-Ypk1 signaling pathway is to
maintain plasma membrane tension homeostasis. On the other
hand, our study revealed that mTORC2 regulates the vesicular
transport of sphingomyelin to the apical membrane in mam-
malian epithelial cells without affecting sphingomyelin biosyn-
thesis. Membrane stretch is reported to similarly induce
mTORC2 signaling in mammalian cells (Diz-Muñoz et al., 2016),
suggesting that TORC2 activation by increased plasma mem-
brane tension is evolutionally conserved. Although the mam-
malian homolog of the membrane stress sensors Slm1 and Slm2
are not identified so far, it is necessary to investigate whether
the sensing mechanisms of sphingomyelin levels at the plasma
membrane and the regulatory mechanisms to maintain the
homeostasis of sphingomyelin levels with by TORC2 activity
are evolutionally conserved in future studies.

Materials and methods
Reagents
EpH4 cells were grown in DMEM supplemented with 10% FCS.
The cDNA encoding Lysenin (161–298 aa) was amplified by PCR,
supplemented with preprotrypsin signal peptide (MSALLI-
LALVGAAVAFPVD) and GFP tag, and ligated into pCAGGS-Neo
vector. EpH4 cells were transfected with expression vectors of
SS-GFP-Lys, GFP-Lys, or SS-GFP-LysWA in OPTI-MEM (Thermo
Fisher Scientific) using Lipofectamine 3000 (Thermo Fisher
Scientific). After a 2-wk selection in growth medium containing
G418, we established EpH4 cells stably expressing these vectors.
Raptor KD and Rictor KD EpH4 cells were established by
transfecting pLKO mouse shRNA 1 raptor (Plasmid#21339 from
Addgene) and pLKOmouse shRNA 1 Rictor (Plasmid #21341 from
Addgene) vectors, respectively. E-cadherin-mCherry expressing
EpH4 cells were established by transfecting pLL5.0 E-cadherin
shRNA/mE-cadherin-mCherry (Plasmid #101282 from Addgene).
Human podocalyxin-like-1 (PODXL1) cDNA and Human MICAL-3
were amplified by PCR using the cDNA library of CaCO-2 cells as a
template. The amplified fragment supplemented with mScarlet
was sub-cloned into the pLenti CMV Neo DEST vector (Plasmid
#17392 from Addgene). pmScarlet-H_Giantin_C1 (Plasmid
#85049), Myc-Rab35 WT (Plasmid #47433), Myc-Rab35 Q67L
(Plasmid #405909), and pcDNA3-FlipGFP (Casp3 cleavage seq)
T2A mCherry (Plasmid #124428) were obtained from Addgene.
For each construct, more than three independent clones were
established and it was confirmed that all clones showed the
same phenotypes.

His-RFP-Lysenin (161–298 aa) or His-GFP-Lysenin was ex-
pressed in Escherichia coli and purified by affinity chromatography

were cultured in normal medium for an additional 24 h. Recovery of sphingomyelin at the apical membrane was imaged by recombinant GFP-Lysenin. Scale bar,
10 μm. (B) Time course change in the number of GFP-Lysenin-positive cells at the apical membrane was quantified. N ≥ 3 independent experiments; error bar,
SD. (C) EpH4 wild-type (WT) cells and Rictor KD cells were stained with phalloidin. Scale bar, 10 μm. (D) Quantification of the fluorescent intensity of
phalloidin at the apical and basolateral membrane in wild-type EpH4 cells (black) and Rictor KD cells (red). N = 5 from independent experiments; error bar, SD,
two-way ANOVA; *, P = 0.0476; ****, P < 0.0001. (E) EpH4 wild-type (WT) cells and Rictor KD cells stably expressing either mScarlet only or mScarlet-Rab35
Q67L were stained with phalloidin. Scale bar, 10 μm. (F) Quantification of the fluorescence intensities of phalloidin at the apical membrane in mScarlet only
expressing Rictor KD cells and mScarlet-Rab35 Q67L expressing Rictor KD cells. N = 10 independent experiments; error bar, SD; **, P = 0.0048 by Student’s
t.test.
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Figure 7. mTORC2–Rab35 activity is required for the adaptation to increased apical plasma membrane tension under hypo-osmotic stress. (A and
B) mTORC2 activity under hypo-osmotic condition (150 mOsm/liter) were assessed by phosphorylation level of Akt Ser473 in EpH4 cells. N = 6 independent
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using TALON metal affinity resin (Clontech) as described
previously (Ikenouchi et al., 2012). Bacterial sphingomyeli-
nase (bSMase) from Staphylococcus aureuswas purchased from
Sigma-Aldrich. Myriocin (CAY 63150), Torin 1 (CAY 10997),
and Ku-0063794 (CAY 13597) were obtained from Cayman
Chemical. HPA-12 (H1553) was obtained from Tokyo Chemical
Industry Co., Ltd.

The following primary antibodies were used for immuno-
fluorescence microscopy and immunoblotting: mouse anti-
Podocalyxin/GP135 mAb (3F2/D8; Developmental Studies Hybrid-
oma Bank); mouse anti-Caveolin-1 mAb (2297), mouse anti-GM130
mAb (610822; BD Transduction Laboratories); rabbit anti-Rictor
pAb, rabbit anti-Akt (pan) mAb (C67E7), rabbit anti-phospho-Akt
(Ser473) mAb (D9E; Cell Signaling Technology); mouse anti-GFP
mAb (clones 7.1 and 13.1; Roche; for immunostaining); mouse anti-
DYKDDDK tag mAb (1E6; Wako); and rat anti-E-cadherin (ECCD-
2 mAbs; TaKaRa). Rat anti-GFP mAb (JFP-5), rabbit anti-RFP pAb
and mouse anti-α-tubulin mAb (12G10) were produced in house.

Secondary antibodies were as follows: Cy2-conjugated don-
key anti-rat-IgG antibody (712-225-150), anti-mouse-IgG anti-
body (715-225-151), and anti-rabbit-IgG antibody (711-225-152);
Cy3-conjugated donkey anti-rat-IgG antibody (712-165-153), anti-
mouse-IgG antibody (715-165-150), and anti-rabbit-IgG antibody
(711-165-152) (Jackson ImmunoResearch Inc.); and HRP-conjugated
anti-rat-IgG antibody (HAF005; R&D Systems), anti-mouse-IgG
antibody (A90-516P; Bethyl Laboratories), and anti-rabbit-IgG an-
tibody (4030-05; Southern Biotech). F-actin was visualized with
either Alexa-Fluor-488 Phalloidin (A12379) or Alexa-Fluor-594
Phalloidin (A12381) (Invitrogen). Nucleus was visualized with 49,6-
diamidino-2-phenylindole (DAPI; 049-18801; Wako Pure Chemical
Industries). EpH4 cells were treated with anti-Fas antibody (SY-
001) purchased fromMBL, and cycloheximide was purchased from
Sigma-Aldrich to induce apoptosis.

Inhibitor library screening
Inhibitor library was obtained from Screening Committee of
Anticancer Drugs supported by Grant-in-Aid for Scientific Re-
search on Innovative Areas, Scientific Support Programs for
Cancer Research, from The Ministry of Education, Culture,

Sports, Science and Technology. EpH4 cells expressing SS-GFP-
Lys are seeded at 1.0 × 104 cells/well on a 96 well glass-bottom
plate, and after 12 h of incubation, each inhibitor is added to a
final concentration of 20 μM. After treatment with each inhib-
itor for 24 h, the medium was changed to Hepes-buffered saline
and the cells were observed at 37°C with a confocal microscope
(LSM700; Carl Zeiss MicroImaging, Inc.) equipped with a Plan-
APO objective (63/1.40 N.A. oil-immersion).

Fluorescence microscopy
Immunofluorescence microscopy was performed as described
previously (Shiomi et al., 2015). In brief, cells cultured on cov-
erslips were fixed with 3% formalin prepared in PBS for 10 min
at RT, treated with 0.4% Triton X-100 prepared in PBS for 5 min,
and washed with PBS. Fixed cells were blocked with 5% BSA
prepared in PBS for 30min at RT. Antibodies were diluted in this
blocking solution. Cells were incubated with primary antibodies
for 1 h at RT and with secondary antibodies for 30 min at RT.
Specimens were observed at RT with a confocal microscope
(LSM700; Carl Zeiss MicroImaging, Inc.) equipped with a Plan-
APO objective (63/1.40 N.A. oil-immersion) with appropriate
binning of pixels and exposure times. Images were analyzed with
ZEN 2012 (Carl Zeiss MicroImaging, Inc.). To visualize the sub-
cellular localization of sphingomyelin, living cells were stained
withHis-RFP-Lysenin orHis-GFP-Lysenin prepared in serum-free
DMEM and observed after washing out unbound protein with
serum-free DMEM. NucBlue Live Ready Probes (R37605; Thermo
Fisher Scientific) was used to stain the nuclei of live cells. All living
cells were observed on a stage heater at 37°C or 20°C (Fig. S3 C).

Isolation of the apical membrane fraction
The apical membrane fraction was isolated from EpH4 cells
using the method of Gerl et al. (2012). Briefly, the apical mem-
brane was physically isolated from cultured epithelial cells using
a nitrocellulose membrane.

Lipid analysis
Cells were cultured to confluence in a 100-mm diameter plastic
dish, and total lipids were extracted by Bligh and Dyer method.

experiments. (C) Total cell lysates of wild-type EpH4 cells under iso- (Iso) and hypo-osmotic (Hypo) conditions, the latter treated with either DMSO or Torin-
1 were resolved by SDS-PAGE and immunoblotted with indicated antibodies. (D) Quantification of C. N = 3 independent experiments; error bar, SD; **, P =
0.0019; ***, P = 0.0002; and ****, P < 0.0001 by one-way ANOVA with Tukey’s post-hoc test. (E) EpH4 cells expressing a GFP-based fluorogenic caspase-3
reporter, FlipGFP(casp3)-T2A-mCherry (Zhang et al., 2019), were treated with either iso- (Iso) or hypo-osmotic (Hypo) buffer. Cells treated with anti-Fas-
antibody serve as the positive control for apoptosis. Scale bar, 10 µm. (F) Quantification of the rate of cells that undergo apoptosis under the conditions
described in E. N = 3 independent experiments; error bar, SD; ***, P = 0.0003 and ns, not significant by one-way ANOVA with Tukey’s post-hoc test. (G)Wild-
type EpH4 cells (WT), Rictor KD cells, and Rab35 KO cells were treated with hypo-osmotic buffer (30 mOsm/liter) for 30 min and stained with PI (red; nucleus
of dead cells) and Calcein-AM (green; cytosol of live cells) to evaluate live and dead cells. Scale bar, 20 µm. (H) Quantification of the ratio of dead cells to total
cells under the conditions described in G. N = 5 independent experiments; error bar, SD; ****, P < 0.0001 by one-way ANOVA with Tukey’s post-hoc test.
(I) Scanning electron microscopy wild-type EpH4 cells under iso-osmotic buffer (Iso) and wild-type (WT), Rictor KD and Rab35 KO cells treated with hypo-
osmotic buffer (30 mOsm/liter) for 10 min. Scale bar, 10 µm. (J)Quantification of the ratio of live cells to total cells in Rictor KD cells stably expressing mScarlet
only or mScarlet-Rab35 Q67L and stained with Calcein-AM. Cells were treated with hypo-osmotic buffer (30 mOsm/liter) for 40 min. N = 5 independent
experiments; error bar, SD; ****, P < 0.0001 by Student’s t test. This data is related to Videos 3 and 4. (K) Immunoblot of active, GTP-Rab35 purified by pull-
down with the Rab-binding domain (RBD) of the Rab35 effector MICAL-3 in samples prepared from EpH4 cells stably expressing either wild-type or Q67L
mScarlet-Rab35. Cells were maintained in iso-osmotic medium (-) and exposed to hypo-osmotic medium (Hypo, 150 mOsm/liter) for 2 min before lysis.
(L) Quantification of K. N = 3 independent experiments; error bar, SD; P values indicated are from one-way ANOVA with Tukery’s post-hoc test. Data from
Q67L was considered as outliers and excluded from comparison. (M) Localization of the GFP-tagged RBD of MICAL-3 in wild-type EpH4 cells stably expressing
wild-type mScarlet-Rab35 treated with DMSO (Control) or 250 nM Torin-1 for 24 h. Scale bar, 5 µm. (N) Quantification of M. N = 3 independent experiments;
error bar, SD; *, P = 0.0189 by Student’s t test. Source data are available for this figure: SourceData F7.
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Figure 8. Reduction of PI(4,5)P2 by the activation ofmTORC2–Rab35 axis is essential for the adaptation to hypo-osmotic stress. (A and B) Time-lapse
imaging and quantification of EpH4 cells stably expressing GFP-Lifeact. Hypo-osmotic buffer (150 mOsm/liter) was added at time 0:00. Fluorescence
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Briefly, after the medium was washed several times with ice-
cold PBS, cells were scraped from the plastic dish with 2 ml of
methanol using a cell scraper, and 1 ml of chloroform and 0.8 ml
of ultra-pure water were added to methanol and mixed well.
Thereafter, 1 ml of chloroform and 1 ml of ultra-pure water were
added, mixed well, and centrifuged to separate a chloroform
layer. The concentration of total phospholipid was estimated by
phosphorus determination through an acidic digestion. For the
quantification of sphingomyelin, Sphingomyelin Assay Kit
(STA-601; CBL Cell Biolabs, Inc.) was used.

Lumen formation of MDCK II cells
MDCK cysts were grown in 3D Matrigel cultures (BD), as de-
scribed previously (Bryant et al., 2010). Drugs were added at the
indicated final concentrations at the time of cell seeding. Cells
were grown for 6–48 h before fixation in 4% paraformaldehyde.
The number of cysts with a single lumen ormultiple lumens was
measured and quantified as a percentage of the total number of
measurements.

Cell viability assay
After applying hypo-osmotic stress (diluted HBSS by a factor of
10; 30 mOsm/liter) for 15 min, the cells were stained using
Cellstain Double Staining Kit following the manufacturer’s in-
structions. The total period of exposure to hypo-osmotic stress
was designed to be 30 min. The cytoplasmic green fluorescence
signals of Calcein-AM were observed only in the living cells. On
the other hand, the red fluorescence of propidium iodide (PI)
signal indicates dead cells.

Rab35 activity assays
Lysates from EpH4 cells stably expressing either WT or Q67L
mScarlet-Rab35 and from HEK293 cells transiently ex-
pressing FLAG-MICAL3-RBD were prepared in lysis buffer
(50 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10 mM MgCl2,
1% NP-40, 5% glycerol) and incubated with anti-DYKDDDK
tag antibody beads (Wako, 018-2783) for 40 min. The beads
were washed three times in lysis buffer and the bound
proteins were eluted in SDS sample buffer. Samples were
analyzed by immunoblotting with anti-RFP pAb and anti-
DYKDDDK tag mAb.

Online supplemental material
Fig. S1 shows changes in subcellular localization of caveolins
after hypo-osmotic stress. Fig. S2 shows co-localization of SS-
GFP-Lys containing vesicles with various organelle marker
proteins. Fig. S3 shows that inhibition of mTORC2 activity did

not affect the biosynthesis of sphingomyelin or the formation of
transport vesicles of sphingomyelin from TGN. Fig. S4 shows
that mTORC2 plays essential roles in the epithelial cyst forma-
tion by promoting apical transport of vesicles containing
sphingomyelin and podocalyxin. Fig. S5 shows that depletion of
Rab35 affects the apical transport of sphingomyelin. Video
1 shows that exposure to hypo-osmotic medium causes cell
rupture in Rictor KD cells. Video 2 shows that the over-
expression of Scarlet–Rab35–Q67L suppresses cell death of Ric-
tor KD cells exposed to hypo-osmotic medium. Video 3 shows
that treatment with hypo-osmotic medium rapidly reduces the
actin cortex of the apical membrane. Video 4 shows that treat-
ment with hypo-osmotic medium leads to the reduction of
PI(4,5)P2 at the apical membrane.
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Figure S1. Changes of subcellular localization of caveolins after hypo-osmotic stress (related to Fig. 1). (A) Wild-type EpH4 cells stained with anti-
Claudin-3 pAb and anti-Caveolin-1 mAb. The lower panels show the snapshots in the z-axis direction. Scale bar, 10 µm. (B) Wild-type EpH4 cells stably
expressed cGFP-tagged Caveolin-2. The lower pictures show the snapshot in the z-axis direction. Scale bar, 5 µm. (C) Time-lapse imaging of EpH4 cells stably
expressing Caveolin-2-GFP. Hypo-osmotic buffer (150 mOsm/liter) was added at time 0:00. Scale bar, 5 µm. (D) Fluorescence intensities normalized to the
value at t = 0 min and shown as the mean line. N = 3 independent experiments. (E)Wild-type MDCK cells stained with anti-Caveolin-1 mAb. The lower panels
show the snapshots in the z-axis direction. Scale bar, 10 µm. (F)Wild-type MDCK cells treated with hypo-osmotic buffer (150 mOsm/liter) for indicated time
were fixed and stained with anti-Claudin-3 pAb and anti-Caveolin mAb. Scale bar, 10 µm. (G) Quantification of the ratio of fluorescence signal of caveolin-1
staining of the apical membrane to that of the basolateral membrane in wild-type MDCK cells treated with hypo-osmotic buffer (150 mOsm/liter) for indicated
time. N = 4 independent experiments; error bar, SD; ns, not significant by one-way ANOVA with Tukey’s post-hoc test.
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Figure S2. Examination of co-localization of SS-GFP-Lys containing vesicles with various organelle marker proteins (related to Fig. 3 and Fig. 4).
(A) EpH4 cells expressing SS-GFP-Lys were transfected with mScarlet-Giantin, mCherry-TGNP, mCherry-Sec61β, mRFP-LAMP1, mCherry-Rab5, mCherry-
Rab7A andmCherry-Mito-7 expression vectors. Scale bar, 5 μm. (B) EpH4 cells expressing SS-GFP-Lys and the proteins as described in A were treated with 250
nM Torin-1 for 24 h. Scale bar, 5 μm. (C) Treatment with inhibitors of mammalian target of rapamycin signal pathway increased the number of SS-GFP-Lys
positive vesicles. Low magnification images of Fig. 4 A. Scale bar, 10 µm.
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Figure S3. Loss of mTORC2 activity did not affect biosynthesis of sphingomyelin or formation of transport vesicles of sphingomyelin from TGN
(related to Fig. 4). (A)Wild-type EpH4 cells were treated with DMSO (Control), 250 nM Torin-1 (mTOR inhibitor) or 3 μM Ku-0063794 (mTOR inhibitor) for 72
h. Total cellular lipids were extracted by Bligh and Dyer method. The total amount of phospholipid (mM) and the amount of sphingomyelin (mg/dl) were
quantified. N = 3 independent experiments; error bar, SD; *, P = 0.0140; and ns, not significant by one-way ANOVA with Tukey’s post-hoc test. (B) Total
phospholipids of wild type EpH4 cells (WT) and Rictor KD cells were extracted by Bligh and Dyer method. Total amount of phospholipids (mM) and the amount
of sphingomyelin (mg/dl) were quantified. N = 3 from independent experiments; error bar, SD; ns, not significant by Student’s t test. (C)Wild-type EpH4 cells
(WT) and Rictor KD cells (Rictor KD) co-expressing SS-GFP-Lys and mScarlet-mGiantin were cultured at 20°C for 2 h to block export from the TGN. This
incubation resulted in depletion of cytoplasmic signals of SS-GFP-Lys and accumulation of SS-GFP-Lys in the Golgi apparatus. Release of the 20°C block by
incubating the cells at 37°C for just 15 min resulted in the reappearance of SS-GFP-Lys containing vesicles in the cytoplasm. No significant difference was
observed in the number of SS-GFP-Lys positive vesicles from Golgi bodies between wild-type EpH4 cells and Rictor KD cells. Scale bar, 5 μm.
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Figure S4. mTORC2 plays essential roles in the epithelial cyst formation by promoting apical transport of vesicles containing sphingomyelin and
podocalyxin. (A) Representative immunofluorescence images showing development of apical lumen in wild-type MDCK cysts incubated with DMSO (Control),
40 µM HPA-12 or 1 µM Torin-1. After plating indicated time, cysts were fixed and stained with phalloidin (red), mAb against GP135/podocalyxin (green) and
DAPI (blue). Scale bar, 5 μm. (B) Quantification of cysts with normal lumens or multiple lumens in cells treated with indicated inhibitors at 48 h. (Control, N =
490; HPA-12, N = 507; Torin-1, N = 510 cysts from five independent experiments). (C) EpH4 cells stably expressing GFP-podocalyxin were transfected with
mScarlet only or mScarlet-tagged-Rab35 dominant active mutant (Q67L) expression vectors and treated with 250 nM Torin-1 or 3 µM Ku-0063794 for 24 h.
Transfected cells are indicated by the white-dotted line. Scale bar, 10 μm.
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Figure S5. Rab35 is required for the apical transport of sphingomyelin. (A) Wild-type EpH4 cells stably expressing Scarlet-Occludin and Rab35 KO cells
were cultured together and stained with anti-Rab35 antibody (Green). Scale bar, 10 µm. (B) Total cell lysate of Rab35 KO cells was resolved by SDS-PAGE and
immunoblotted with anti-Rab35 mAb and anti-alpha-tubulin mAb. (C) Subcellular localization of SS-GFP-Lys expressed in wild-type EpH4 cells and Rab35 KO
cells. Scale bar, 10 µm. (D) Subcellular localization of GFP-tagged podocalyxin expressed in wild-type EpH4 cells and Rab35 KO cells. Scale bar, 10 µm.
(E) EpH4 wild-type (WT) cells and Rab35 KO cells were treated with bSMase. bSMase was washed out and cells were cultured in normal medium for the
indicated times. Recovery of sphingomyelin at the apical membrane was evaluated by staining with RFP-Lysenin. Scale bar, 20 μm. (F) Quantification of the
number of RFP-Lysenin-positive cells at the apical membrane based on E. N ≥ 12 independent experiments; error bar, SD; *, P = 0.1008; ***, P = 0.0001; and
****, P < 0.0001 by Student’s t test. (G) Scanning electron microscopy of wild-type EpH4 cells and Rab35 KO cells. Scale bar, 5 µm. Source data are available
for this figure: SourceData FS5.
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Video 1. Exposure to hypo-osmotic medium causes cell death by rupturing in Rictor KD cells. (Related to Fig. 7 J) Time-lapse imaging of cells stained
with Calcein-AM after co-culture of Rictor KD EpH4 cells and Rictor KD cells stably expressing mScarlet only. Hypo-osmotic buffer (30 mOsm/liter) was added
at time 0:00. Frames were taken every 2 min. Scale bar, 5 µm.

Video 2. Over-expression of Rab35-Q67L suppresses cell death of Rictor KD cells exposed to hypo-osmotic medium. (Related to Fig. 7 J). Time-lapse
imaging of cells stained with Calcein-AM after co-culture of Rictor KD EpH4 cells and Rictor KD cells stably expressing mScarlet-Rab35 Q67L. Hypo-osmotic
buffer (30 mOsm/liter) was added at time 0:00. Frames were taken every 2 min. Scale bar, 5 µm.

Video 3. Treatment with hypo-osmotic medium rapidly reduces the actin cortex of the apical membrane. (Related to Fig. 8 A) Time-lapse imaging of
EpH4 cells stably expressing GFP-Lifeact. Hypo-osmotic buffer (150 mOsm/l) was added at time 0:00. Frames were taken every 30 s. Scale bar, 10 µm.

Video 4. Treatment with hypo-osmotic medium leads to the reduction of PI(4,5)P2 at the apical membrane. (Related to Fig. 8 C) Time-lapse imaging of
EpH4 cells stably expressing GFP-PHPLCδ. Hypo-osmotic buffer (150 mOsm/l) was added at time 0:00. Frames were taken every 30 s. Scale bar, 10 µm.
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