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Tuberous sclerosis complex 1 (Tsc1) is a tumor suppressor that
functions together with Tsc2 to negatively regulate the mechanistic
target of rapamycin complex 1 (mTORC1) activity. Here, we show
that Tsc1 has a critical role in the tight junction (TJ) formation of
epithelium, independent of its role in Tsc2 and mTORC1 regulation.
When an epithelial cell establishes contact with neighboring cells,
Tsc1, but not Tsc2, migrates from the cytoplasm to junctional
membranes, in which it binds myosin 6 to anchor the perijunctional
actin cytoskeleton to p-catenin and ZO-1. In its absence, perijunc-
tional actin cytoskeleton fails to form. In mice, intestine-specific or
inducible, whole-body Tsc1 ablation disrupts adherens junction/TJ
structures in intestine or skin epithelia, respectively, causing Crohn’s
disease-like symptoms in the intestine or psoriasis-like phenotypes
on the skin. In patients with Crohn’s disease or psoriasis, junctional
Tsc1 levels in epithelial tissues are markedly reduced, concomitant
with the TJ structure impairment, suggesting that Tsc1 deficiency
may underlie TJ-related diseases. These findings establish an essen-
tial role of Tsc1 in the formation of cell junctions and underpin its
association with TJ-related human diseases.
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pithelium is a thin tissue covering the body surface, lining
alimentary spaces, and other structures inside the body. It is
composed of a layer of attached epithelial cells, such that it
blocks the paracellular diffusion of solutes and water, as well as
preventing infectious microorganisms entering the body (1). This
paracellular blockage is achieved by a tripartite apical junctional
complex, which constitutes tight junctions (TJs), adherens junc-
tions (AJs), and desmosomes arranged in sequential order, from
the apical end to the basal end of the junction. In this arrange-
ment, TJs establish barrier functions. Consequently, TJ dys-
function is associated with a myriad of human diseases, including
Crohn’s disease, ulcerative colitis, celiac disease (leak-flux diar-
rhea), cystic fibrosis, atopic dermatitis (AD), and psoriasis (1-3).
TJs are composed of networks of strands formed by trans-
membrane proteins. The extracellular domains of these membrane
proteins are tethered together, and their cytoplasmic domains are
anchored to the actin cytoskeleton via cytoplasmic scaffolding
proteins. More than 40 different proteins have been found in TJs,
including transmembrane proteins, claudins, junctional adhesion
molecules, coxsackie adenovirus receptors, and TJ-associated
marvel proteins, such as occludin, tricellulin, marvelD3 proteins,
and cytoplasmic scaffolding proteins of the ZO family (4-7). While
AlJ and TJ structural components and organization are well stud-
ied, the mechanisms controlling their assembly and stability of
established adhesive contacts remain unclear. Several studies have
shown that AJ formation precedes TJ and is essential for TJ for-
mation (8, 9). The attachment of the cadherin a-catenin—f-catenin
adhesion complex to perijunctional cortex actin filaments estab-
lishes AJs (10, 11). The subsequent recruitment of ZO-1 to the
a-catenin—p-catenin complex is believed to initiate TJ formation
from the existing AJs (12).
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Tscl (hamartin) is a tumor suppressor protein encoded by
TSCI, a causative gene for tuberous sclerosis complex (TSC)
syndrome (13-16). Tscl functions with Tsc2, a GTPase-activating
protein (GAP), to restrict Rheb activation, a Ras-like small
GTPase and activator of mechanistic targets of rapamycin com-
plex 1 (mTORCI). Tscl binds Tsc2 directly to stabilize the latter,
preventing it from proteasomal degradation (17, 18). The GAP
activity of Tsc2 leads to Rheb inactivation and subsequent
mTORCI inhibition (19, 20). mTORCI is a central signaling hub
controlling cell growth, metabolism, survival, and autophagy in
response to nutrient availability and growth factors (21-25). Its
abnormal activation in Tscl- and Tsc2-deficient cells is believed to
be the main pathogenic cause behind TSC syndrome (20, 26, 27).

While studying the function of Tscl in intestinal epithelial cells,
we serendipitously observed that intestinal, epithelial-specific Tscl
ablation caused symptoms and histopathological alterations in
mice, commonly associated with TJ defects (28, 29). This obser-
vation led us to investigate a previously unknown role of Tscl in
TJs. Here, we show that Tscl is a key regulator of cell-cell ad-
hesion that controls TJ formation independent of its role in
mTORCI1 regulation. Reduced Tscl levels at the junctional
membrane are associated with TJ-related diseases in humans.

Significance

The epithelium barrier is vital for sealing body surface and ali-
mentary spaces, preventing paracellular material diffusion and
pathogen invasion. We describe here that tuberous sclerosis
complex 1 (Tsc1) controls tight junction (TJ) formation to create
and maintain the epithelial barrier, independent of its conven-
tional role in mTOR regulation. We found that Tsc1 loss is as-
sociated with TJ destruction in patients with TJ-related human
diseases, such as inflammatory bowel disease and psoriasis, a
common skin disorder. Tsc1 knockout in epithelial cells drives TJ
dysfunction, causing Crohn’s disease-like and psoriasis-like signs
and symptoms in mice. This function of Tsc1 has significant im-
plications to understand how epithelial cells form TJ to protect
us from these diseases.
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Results

Epithelial Tsc1 Ablation Disrupts AJ/T) Structures and Induces Crohn’s
Disease— and Psoriasis-Like Phenotypes in Mice. To investigate the
role of mTORCI in both the small and large intestine, we gen-
erated a genetic mouse model, in which Tscl was ablated specif-
ically in villi and crypt epithelial cells (Villin-Cre;TSCI¥“"™,
knockout [KO]) (SI Appendix, Fig. S14). As expected, Tscl
immunostaining was greatly reduced in small intestine sections of
Villin-Cre; TSCI™ " mice (SI Appendix, Fig. S1B). When com-
pared to control littermates (TSCIFUFL), Villin-Cre; TSCIFYFE
mice showed an increased death rate at ~3 wk. At this time point,
Villin-cre; Tsc1¥“F- mice also experienced significant weight loss
(Fig. 14) and appeared leaner and smaller than control mice
(Fig. 1B). They also excreted watery diarrhea. An examination of
intestinal tracts from the KO mice revealed a markedly shortened
intestinal length (Fig. 1C), increased bleeding (Fig. 1D), and his-
topathological impairments, such as crypt epithelial degeneration,
reductions in goblet cells, and neutrophil infiltration in small in-
testine and colon sections (Fig. 1E). These phenotypes are com-
monly found in mice with intestinal barrier dysfunction (28, 29),
indicating that Tscl ablation disrupts epithelial barriers. To de-
termine how Tscl loss affected intestinal epithelium in Villin-
Cre;TSCITYF mice, we analyzed the ultrastructure of cell—cell
contacts in KO and control intestinal sections using transmission
electron microscopy (TEM). Intercellular spaces at both TJs and
Als were significantly widened in Villin-Cre;TSCI™~™" mice, in
comparison with control mice. Additionally, TJ shortening was
accompanied by AJ lengthening (Fig. 1F), suggesting a role of
Tscl in AJ and TJ formation. Consistent with the AJ defects,
E-cadherin, which directly bridges neighboring epithelial cells and
nucleates AJ formation (11), was markedly decreased at cell-cell
contacts (Fig. 1G). Similarly, proteins involved in TJ formation,
including occludin, claudin 1, and ZO-1, were also reduced at
these sites (Fig. 1G). To examine whether Tscl was also involved
in AJ and TJ assembly at other epithelial tissues, a whole-body
Tscl KO was induced by treatment with 4-hydroxytamoxifen in
mice expressing Cre-ERT2 fused to floxed 7SCI under the control
of the human ubiquitin C promoter (Cre-ERT2;TSCI™™F%) (SI
Appendix, Fig. S1C). Similar reductions in E-cadherin and ZO-1
levels at cell-cell contacts in colon epithelia (Fig. 1H) and skin
(stratum granulosum) (Fig. 17) were observed in the deletion mice
(SI Appendix, Fig. S1D). The skin of deletion mice displayed his-
topathological alterations typical for psoriasis (e.g., thick, exten-
sive cutaneous plaques; epidermal hyperplasia; and parakeratosis)
(Fig. 1J). Importantly, these phenotypes of TJ disruption in in-
testinal and skin epithelia could not be reversed by oral rapamycin
treatment, despite a down-regulated mTOR activity, as indicated
by dramatically reduced phosphorylation of ribosome protein S6
(S235/236), a widely accepted marker of mTOR activity (SI Ap-
pendix, Fig. S2). These findings demonstrate that Tscl plays a role
in AJ/TJ assembly and barrier establishment in the epithelia of
multiple organs, likely in an mTOR-independent manner.

Tsc1 Localizes to Epithelial Junctions. Tscl localizes to the cytoplasm
and lysosome surface (30). However, given the effect of Tscl on
Als and TJs, we examined Tscl localization in the epithelia of
human skin and colon samples. Confocal imaging revealed that
Tscl colocalized with the TJ marker ZO-1 at cell-cell contacts in
the epithelia of skin (stratum granulosum) (Fig. 24) and colon
(Fig. 2B), in which TJs play fundamental physiological roles. The
colocalization of Tscl with TJ marker claudin-1 in skin (Fig. 2C)
and colon epithelia (Fig. 2D) was confirmed by another antibody
against Tscl. The specificity of these two antibodies in immuno-
fluorescence staining was further confirmed using intestinal and
skin epithelia of the Cre-ERT2;TSCI*"™ mice induced for whole-
body Tscl KO, as well as in Caco-2 cells silenced by Tscl short
hairpin (shRNA) (SI Appendix, Fig. S3 A-C).
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To further characterize Tscl localization in vivo, skin and in-
testinal epithelia from C57BL/6J mice were examined using
confocal microscopy. Tscl was localized at cell-cell contacts of
epithelial tissues in the small intestine (Fig. 2E), the colon, and
the epidermis (stratum granulosum) (SI Appendix, Fig. S3D).
Unexpectedly, Tsc2, the partner of Tscl in mTORCI regulation,
was not observed at cell-cell contacts in the epithelia of the same
tissues. Instead, Tsc2 exhibited a diffused cytoplasmic distribu-
tion, without significant colocalization with ZO-1, occludin, and
claudin-1, when compared to Tscl (Fig. 2F and SI Appendix, Fig.
S3E). Likewise, while Tscl and Tsc2 largely colocalized with
each other in Caco-2 cells before the establishment of cell—cell
junctions, they exhibited little colocalization in the Caco-2
monolayer, as well as in these epithelial tissues (SI Appendix,
Fig. S4 A-D). Collectively, these data suggested that Tscl may
have a Tsc2-independent function at epithelial junctions in vivo.

Tsc1 Translocates from the Cytoplasm to Junctional Membranes When
Adjacent Cells Establish Contact. Dynamic changes in Tscl and
Tsc2 localization were traced during the formation of intestine-
like Caco-2 monolayers (31, 32). Before forming monolayers,
Tscl was observed mainly in the cytoplasm with a punctate
pattern, consistent with previous observations (33). However,
after cells formed monolayers (11 d after seeding), Tscl was
localized primarily to cell-cell junctions, colocalizing with
B-catenin, occludin, and claudin-1 (Fig. 34), as revealed by
confocal imaging. This junctional localization of Tscl in Caco-2
cells was also confirmed by another Tscl antibody (SI Appendix,
Fig. S5). However, Tsc2 was mainly localized to the cytoplasm of
Caco-2 cells, regardless of monolayer formation status (Fig. 3B).
Ultrastructural analyses using immunoelectron microscopy fur-
ther revealed that Tscl moved from lysosome-like vesicles to
both AJs and TJs at junctional membranes when cells established
contact (Fig. 30).

Interestingly, Tscl protein expression was significantly enhanced
after monolayer formation, suggesting that an up-regulation of
Tscl is required to establish cell-cell contact (Fig. 3D). This in-
creased protein level of Tscl may be attributed to increased syn-
thesis or stability, since no significant alteration in its messenger
RNA (mRNA) expression was observed (Fig. 3E). In contrast,
Tsc2 protein expression was markedly decreased after monolayer
formation (Fig. 3D), correlated with a dramatic reduction of Tscl
binding to Tsc2 (Fig. 3F), indicating that after Tscl translocation to
junctional membranes, the lack of Tscl binding led to Tsc2 de-
stabilization and degradation. However, the reduction in Tsc2 was
not accompanied by increased mTORCI activity. Instead, a dra-
matic reduction in mMTORCI activity was observed after monolayer
formation, as evident from phosphorylation levels of the ribosome
protein S6 (S235/236) (Fig. 3D). This decrease in mTORCI activity
may have been caused by reduced PI-3K/Akt activity, as shown by
phosphorylation of Akt (T308) (Fig. 3D). Consistently, we ob-
served a dramatic increase in the level of Tscl in the membrane
fraction (plasma membranes and organelle membranes), concom-
itant with its marked decrease in the cytosol fraction, as revealed by
fractionation analysis (Fig. 3D). In contrast, Tsc2 was barely de-
tectable in the membrane fraction before or after monolayer
formation (Fig. 3D).

To confirm whether there exists a Tsc2-independent population
of Tscl, lysates from Caco-2 cells before or after monolayer for-
mation were subjected to sucrose density gradient assay. Consis-
tent with results obtained by membrane fractionation, a Tsc2-free
population of Tsc-1 appeared in low-density fractions (fraction 3
to 5) after monolayer formation (Fig. 3G). Consistently, similar
Tsc2-independent Tscl pools (fraction 3 to 5) were found in cell
extracts from both intestinal and skin epithelia of C57BL/6J mice
(Fig. 3H). Collectively, these results suggest that a proportion of
Tscl is translocated to the junctional membranes, independent of
Tsc2 when epithelial monolayer is established.
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Fig. 1. TSC7 ablation in epithelia results in barrier dysfunction and disorganization of AJs/TJs in mice. Control (Ctrl) mice or mice with TSCT ablation in
intestinal villi and crypt epithelial cells (Villin-Cre; TSC1FYF- [KO]; SI Appendix, Fig. S1) were evaluated for body weight and length (A), general nutrition (B),
intestinal length (C), and intestinal bleeding and swelling (D). ***P < 0.0001 (n = 6). (E) Hemotoxylin-eosin (HE) staining of small intestinal sections from
indicated mice. ***P < 0.0001 (n = 6). (F) The ultrastructure of cell-cell contacts in intestinal sections from Ctrl and KO mice were analyzed by TEM. TJs and Als
are indicated by white arrows (Left), with their width and length quantitated (Right). (Scale bar, 20 nM.) Error bars denote the means + SEM ***P < 0.0001
(n = 6). (Left) Small intestinal (G) and colon sections (H) from these mice were analyzed for the indicated AJ and TJ markers by fluorescence confocal mi-
croscopy. (Scale bar, 10 um.) (Right) The relative intensity of the immunofluorescence signals at cell-cell contacts were analyzed using ImageJ software. Data
are expressed as ratios of normalized junctional fluorescence intensities (against DAPI) per cell. Error bars denote the means + SEM, ***P < 0.0001, **P < 0.01,
and *P < 0.05 (n = 6). Cre-ERT2;TSC1™™ mice were treated with 4-hydroxytamoxifen to induce whole-body Tsc1 KO. (/) Tissue sections from the skin were
analyzed for p-catenin and ZO-1 expression and localization using confocal microscopy. (Scale bar, 10 pm.) (J) HE staining of colon and skin sections from
indicated mice.
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Fig. 2. Tsc1, but not Tsc2, is localized to epithelial junctions in humans and mice. The subcellular localization of Tsc1 and TJ ZO-1 in human skin (A) and colon

(B) specimens was analyzed by fluorescent confocal microscopy. The localizati
way using another primary Tsc1 antibody. The subcellular localization of Tsc1

on of Tsc1 in human skin (C) and colon (D) specimens was analyzed the same
(E) and Tsc2 (F), with indicated AJ/TJ markers in small intestinal sections from

wild-type C57B/6 mice, were analyzed by fluorescent confocal microscopy. (Scale bar, 10 um.) (A-F, Right) Manders' coefficient was used to calculate the
colocalization of Tsc1 and Tsc2 with indicated AJ/TJ markers at membrane (Mem) or cytosol (Cyt). Error bars denote the means + SEM, ***P < 0.0001, **P <
0.01, and *P < 0.05 (n = 6). NS, not significant. Enlarged Insets are shown at the upper left corner of A-E.

To verify that the junctional localization of Tscl was medi-
ated through AJ and TJ associations, we performed a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis
of the interacting proteins of ZO-1 (gene name TJP1), a key scaffold
TJ protein, before and after monolayer formation in Caco-2 cells.
Analysis of ZO-1-interacting proteins specific for Caco-2 monolayer
confirmed the association of ZO-1 with other AJ/TJ proteins and
Tscl (SI Appendix, Fig. S6A). Increased ZO-1 interaction with Tscl,
after Caco-2 monolayer formation, were further confirmed by im-
munoprecipitation (IP) analysis (S Appendix, Fig. S6B). These re-
sults indicated a physical association of Tscl with TJs.

Epithelial Tsc1 Maintains TJ Barrier Function In Vitro. TJs prevent the
flux of most hydrophilic solutes, as well as seal the paracellular or

40f 12 | PNAS
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shunt pathway between cells (4). To determine the role of Tscl
in this TJ function, we analyzed transepithelial electrical resis-
tance (TER) and the paracellular permeability of Tscl-depleted
cells. Depletion of Tscl by shRNA in Caco-2 cells resulted in
significantly reduced TER (Fig. 44, Left), as well as a marked
increase in paracellular large-molecule permeability, as demon-
strated by the transwell FITC-dextran assay (Fig. 44, Middle).
The defect in the paracellular permeability of Tscl depletion
cells was not rescued by rapamycin treatment (Fig. 4B, Left and
Middle), suggesting that the role of Tscl in TJ function was
mTORCI independent. In contrast, Tsc2 depletion had little
effect on either TER or paracellular permeability (Fig. 4C, Left
and Middle), further suggesting that Tscl controls TJ function,
independent of Tsc2. The effects of Tscl and Tsc2 knockdown,
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Fig. 3. Tsc1 translocates from the cytoplasm to junctional membranes when adjacent cells establish contact. (A) The subcellular localization of Tsc1 with
indicated AJ/T) markers before (2 d after seeding) or after Caco-2 monolayer formation (11 d after seeding) was analyzed by fluorescent confocal microscopy.
(B) The subcellular localization of Tsc2 with the indicated TJ markers before and after Caco-2 monolayer formation was analyzed as in A. (A and B, Right)
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(n = 3). NS, not significant. (C) Tsc1 localization at Caco-2 cell-cell contacts before and after monolayer formation was examined by immunoelectron mi-
croscopy using immunogold labeling. (D) Whole-cell (Total), cytoplasmic (Cyt) and membrane (Mem) fraction proteins from Caco-2 cells, before and after
monolayer formation, were extracted and analyzed by Western blotting (WB). (E) Total RNA of the Caco-2 cells before and after monolayer formation were
extracted and analyzed for Tsc1 mRNA expression using RT-qPCR. (F) Caco-2 cells before or after monolayer formation were lysed. The cell lysates were
precipitated with anti-Tsc1 antibody. The levels of Tsc2 coprecipitated with Tsc1 were examined by WB. Lysates of Caco-2 cells before and after monolayer
formation (G), of small intestine (H, Left), or of skin epithelia (H, Right) were subjected to sucrose density fractionation, followed by fractions 1 to 10 (from top
to bottom) analyzed for the indicated protein by WB.
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Fig. 4. Depletion of Tsc1 impairs epithelial TJ barrier function in vitro. Control (Ctrl) or Tsc1 shRNA was transfected into Caco-2 cells using a lentiviral vector.
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FITC-dextran (Middle). ***P < 0.0001 (n > 3). (C) Ctrl or Tsc2 shRNA was transfected into Caco-2 cells and analyzed as in A. NS, not significant. Parallel wells of
Caco-2 cells treated as in A-C were analyzed for phosphorylation of ribosome protein S6 to evaluate the efficiency of Tsc1/2 depletion or rapamycin treatment
(A-C, Right). Caco-2 cells were stably transfected with either Tsc1 (or Tsc2) shRNA encoded by a GFP-lentiviral vector or Ctrl shRNA encoded by the same
lentiviral vector lacking GFP. These cells were mixed and cocultured until monolayer formation, with phosphorylation of ribosome protein S6 at $235/236
before monolayer formation (D) and TJ marker expression after monolayer formation (E) analyzed by fluorescence confocal microscopy (Upper) and the
immunofluorescence signals at cell-cell contacts quantitated by Image) software (Lower). Data are presented as normalized junctional fluorescence intensity
(against DAPI) per cell. Error bars denote the means + SEM, ***P < 0.0001 (n = 100). NS, not significant. (Scale bar, 10 pm.) ctrl, control; KD, knockdown.

as well as that of rapamycin treatment, on mTORCI activity
were confirmed by assay of S6 phosphorylation (Fig. 4 A-C,
Right). To further determine the effects of Tscl on cell adhesion,
Caco-2 cells were stably transfected with either Tscl shRNA
encoded by a GFP-lentiviral vector or control shRNA encoded
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by the same lentiviral vector lacking GFP. To observe the effect
of Tscl depletion on TJ protein expression within the same
microscopic field of view (34), the cells were mixed in a 1:1 ratio
and cocultured until monolayer formation. The knockdown ef-
ficiency of Tscl was indicated by increased mTORCI1 activity, as
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reflected by enhanced S6 phosphorylation in FITC-labeled cells
before cell contact was established (Fig. 4D). After cells estab-
lished contact, those transfected with Tscl shRNA exhibited
reduced levels of ZO-1 and claudin 1 at cell-cell contacts, in
comparison with those cells in which Tscl was not inhibited by
shRNA (Fig. 4E). In contrast, Tsc2-depleted cells were examined
in the same way; no defect was observed in junctional protein
distribution (Fig. 4F).

Tsc1 Retains f-catenin and ZO-1 at AJ/TJ by Myo6-Dependent Perijunctional
F-actin Stabilization. To determine the mechanism underlying the
role of Tscl in AJ/TJ formation, we examined Tscl-interacting
proteins before and after Caco-2 monolayer formation by Coo-
massie blue staining (SI Appendix, Fig. S7A). After confirming
immunoprecipitated TSC1 and TBC1D?7, a third subunit of TSC
complex (35) by Western blotting (SI Appendix, Fig. S7B), these
proteins were then analyzed using an LC-MS/MS approach.
Evaluation of Tscl-interacting proteins specific for Caco-2 mono-
layer revealed that Tscl became associated with AJ/TJ proteins
upon epithelial cell-cell contact (SI Appendix, Fig. STC). These
junctional proteins included p-catenin (CTNNBI), a critical scaf-
fold protein bridging intercellular junctions and the perijunctional
cytoskeleton (11), and ZO-1, which interacts with claudin-1 (12).
Additionally, Tscl became associated with Myo6, an unconven-
tional myosin that binds f-catenin in vitro and is required to
maintain perijunctional actin cytoskeleton connections with both
AlJs and TJs (36, 37) (SI Appendix, Fig. STC). The enhanced in-
teraction of Tscl with Myo6, p-catenin, and ZO-1 after monolayer
formation was verified by co-IP assays (Fig. 54). In line with the
findings, only a small amount of Myo6 cofractionated with Tscl
(in fractions 5 to 7) before monolayer formation. However, the
amount of Myo6 cofractionated with Tscl was markedly increased
(in fractions 3 to 5) after monolayer formation (Fig. 5B). Likewise, a
significant portion of Myo6 was cofractionated with Tscl in ex-
tracts from intestine epithelia and epidermis (Fig. 5C). These
data collectively suggest that the colocalization of Tscl and Myo6
is strengthened to enhance their interaction after epithelial cells
establish cell-cell junctions.

To determine if Tscl controlled AJ and TJ through Myo6, we
examined how Tscl affected Myo6 binding with $-catenin and ZO-
1. We observed that Tscl depletion did not affect p-catenin and
Myo6 protein levels (Fig. SD). However, Tscl depletion greatly
reduced association of Myo6 with both p-catenin and ZO-1. In
contrast, Tsc2 depletion had little effect on the association
(Fig. SE). Conversely, when Myo6 was depleted, the association of
Tscl with p-catenin and ZO-1 was also dramatically reduced
(Fig. 5F). Consistent with the reduced association of p-catenin with
Myo6 in Tscl-depleted cells, the localization of both B-catenin and
Myo6 at cell-cell contacts was markedly reduced after monolayer
formation. In Myo6-depleted cells, Tscl and fB-catenin displayed
similar distribution defects at intercellular contacts (Fig. 5G).
These data suggested that Tscl and Myo6 were mutually depen-
dent in their association with f-catenin and ZO-1 and that the
association with Tscl and Myo6 was essential for correct p-catenin
and ZO-1 localization at cell-cell contacts. Consistent with these
in vitro data, a marked reduction in p-catenin localization at
cell-cell contacts was observed in small intestinal sections of Villin-
Cre;TSCI™™™ mice, when compared to control mice (Fig. 5H),
suggesting that Tscl recruits or retains f-catenin at cell-cell con-
tacts. Since Myob6 is required to stabilize the perijunctional actin
cytoskeleton (37), the effect of Tscl depletion on perijunctional
F-actin was analyzed by confocal microscopy. As expected, both
Tscl and Myo6 deficiency disrupted perijunctional F-actin orga-
nization (Fig. 5I). Taken together, these results suggested that Tscl
acts together with Myob6 to retain ZO-1 and p-catenin at intercel-
lular contacts and, consequently, stabilizes perijunctional actin
cytoskeleton.

Lai et al.
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Tsc1 Directly Binds to Myo6. To verify whether Tscl directly bound
to B-catenin and Myo6, the GST-Tscl cassette was cloned into a
mammalian-expressing vector, expressed and purified from hu-
man embryonic kidney 293 lysates, and incubated with p-catenin
or Myo6 translated using the TNT in vitro translation system.
GST-Tscl bound to Myo6 but not B-catenin (Fig. 64), suggesting
that Tscl does not bind p-catenin directly but may associate with
B-catenin via Myo6. To identify the Tscl regions responsible for
binding with Myo6, various Tscl truncation mutants were con-
structed and expressed as GST-fusion proteins. Tscl contains a
Tsc2-binding domain (BD) (amino acids 302 to 430) and a short
hydrophobic sequence (HS) predicted to be a potential trans-
membrane domain (38, 39). We observed that Tscl truncation
mutants lacking the Tsc2-BD (TSC2 BD mutant) were unable to
bind Myo6 (Fig. 6B), suggesting that this domain in Tscl medi-
ates its interaction with Myo6. This raises a possibility that Myo6
competes with Tsc2 for the binding of Tscl. Consistent with this
notion, an addition of Myo6 into a binding reaction containing
Tscl and Tsc2 reduced their binding to each other (Fig. 6C). In
Caco-2 cells, like the Tscl HS mutant, the Tsc2-BD mutant failed
to translocate to intercellular contacts after monolayer formation
(Fig. 6D). This observation suggests that Tscl binding to Myo6 is
required for Tscl localization at junctional membranes.

Several pathologic mutations of 7SC! identified in TSC pa-
tients, including 593 to 595del ACT;N198_F199delinsI (39) and
1122delCA;Q3011£s-302x (40), result in the production of Tscl
protein unable to bind Tsc2. Interestingly, these two mutants were
also unable to bind to Myob6, as revealed by the GST pull-down
assay (S Appendix, Fig. S8). These results raise the possibility that
the pathogenic mutations of Tscl may affect formation of TJ.

Epithelial Junctional Tsc1 Is Reduced in TJ-Related Human Diseases.
As Tscl-deficient mice exhibited symptoms associated with TJ-
related diseases, we examined whether Tscl deficiency is asso-
ciated with TJ-related diseases in human. Tscl expression at the
mRNA level was analyzed in TJ-related diseases using data from
Gene Expression Omnibus. The analysis revealed that Tscl
mRNA was significantly reduced in Crohn’s disease and psoriasis
(Fig. 74). In addition, Tscl mRNA was modestly decreased in
nonlesional AD but markedly decreased in lesional AD (Fig. 74).
Epithelial tissue sections from patients with these diseases and
control subjects were examined to verify the down-regulation of
Tscl protein in epithelia of these patients. When the expression of
Tscl in the epithelia of the colon from patients with Crohn’s
disease was compared with those from healthy subjects, a marked
decrease was observed in the patient samples in comparison with
control samples (SI Appendix, Fig. S94). Confocal imaging further
showed the drastic reduction of Tscl at the epithelial junctional
membrane in the patient samples, concomitant with a significant
reduction in the TJ marker ZO-1 (Fig. 7B). A similar reduction of
Tscl was observed in the skin samples of patients with AD or
psoriasis (SI Appendix, Fig. S9C). The levels of Tscl and ZO-1 at
the epithelial junctional membranes of the patient samples were
also reduced (Fig. 7C). In all the tissues samples examined in
Fig. 7 B and C, a compromised epithelial integrity was evident (S/
Appendix, Fig. S9 B and D). These results suggest that a reduced
level of junctional Tscl is associated with impaired epithelial
structures in human epithelial tissues.

Taken together, our results suggest that Tsc1 plays a critical role
in AJ/TJ formation, independent of its role in mTORCI regula-
tion. At the junctional membrane during epithelial AJ/TJ forma-
tion, Tscl, in complex with Myo6, stabilizes perijunctional actin
and p-catenin/ZO-1 associations. Conversely, the loss of junctional
Tscl results in disorganization of perijunctional actin and AJ/TJ.

Discussion

Tscl has long been known for its role in Tsc2-dependent regu-
lation of mTORCI. Its inactivation causes hyperactive mTORC1

PNAS | 7 of 12
https://doi.org/10.1073/pnas.2020891118

www.manaraa.com

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020891118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020891118

Downloaded at Palestinian Territory, occupied on November 28, 2021

8of 12 | PNAS
https://doi.org/10.1073/pnas.2020891118

A IP: Tsci

WB: Input
2D 11D 1gG 2D 11D

Myo6

Tsc] === ==
Beta-catenin w== s=

density

ZO-10m ms . w—
Tscles=

Occludin & &=

fraction:t1 2 3 4 5 6 7 8 910

Tsc1 . - —
My06 .. L =
2D
(@ density e ]

fraction:1 2 3 4 5 6 7 8 910

Tsc1 — - — —— ——

Myos -

Ctrl _Tsc1 KD

Tscl o w— -

MyoE e &= = =

Beta-catenin === =5 ==

G

a-tubulin ————

Beta-catenin

Small intestine

EIP Myo6 Inpu? . ,f?
s dedd
Z0-1 -
MyoB s s —
Tsc1 === -
Beta-catenin = = == - —~

Merge

Beta-catenin Merge

IP: Myo6

Input 1P WB: nput 1P
2D 11DIgG 2D 11D 2D 11D1gG 2D 11D
MyoB === s - -

—— Tec1 == . — -

. a Beta-catenin s s — —
density s
fraction:1 2 3 4 5 6 7 8 910

Tsc1 - rT e e
Myo6 - —
11D
density ————————— |
fraction:1 2 3 4 5 6 7 8 910
Tse1 e -
Skin
mputes P o
. N £ Q Q
TS s Fo s Wieer PO 1P

G LG G A2 WE- >3 S0 & _§’

L [ —— eSS o F
Z0-1+ - —

Myoc i 6 hand Tsc1 - .

Tsc2 = MyO06 s -

Beta-catenin == == —_—— Beta-catenin -—

H Beta-catenin

Ctr. .

Fig. 5. Tsc1 binds Myo6 to retain p-catenin and ZO-1 at AJs/TJs. (A) Caco-2 cells were seeded and cultured for 2 d (before monolayer formation) or 11 d
(monolayer formed). The binding of Tsc1 to p-catenin, ZO-1, and Myo6, before and after Caco-2 monolayer formation was analyzed by reciprocal immuno-
precipitation. Lysates of Caco-2 cells before and after monolayer formation (B) or that of colon or skin epithelia (C) were subjected to sucrose density
fractionation, followed by fractions 1 to 10 (from top to bottom) analyzed for Tsc1 and Myo6 by Western blotting (WB). (D) p-catenin and Myo6 expression in
Caco-2 cells, upon Tsc1 depletion, was assayed by WB. (E) The association of p-catenin with Myo6 in cells depleted of Tsc1 or Tsc2 was assayed by immuno-
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and abnormal cell proliferation, which underlies the pathogen-
esis of TSC syndrome (41). In this study, we show that Tscl has a
previously unknown yet critical function in controlling cell-cell
adhesion. This unique function is essential for AJ/TJ formation
and independent of Tsc2 and mTORCI. In Tscl-deficient epi-
thelial cells, the integrity of both AJs and TJs at the junctional
membrane is largely compromised, with the disruption of peri-
junctional actin organization. In mice, Tscl depletion recapitu-
lated conditions characteristic of TJ-related diseases. Our
findings demonstrate that Tscl plays a critical role in maintain-
ing epithelia barrier functions and that its down-regulation is
associated with TJ-related human diseases.

The role of Tscl in cell adhesion requires Myo6, an uncon-
ventional myosin. Unlike other myosins, Myo6 is the only known
motor that moves toward the minus ends of actin filaments (42,
43). Since the plus ends of actin filaments are oriented toward the
plasma membrane, Myo6 either carries its cargos inwards along

Lai et al.
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actin filaments or, when tethered and unable to move freely,
pushes the actin filaments outwards via a protrusive force gener-
ated by its motor activity (36, 44). At cell-cell contacts, Myo6
interacts with vinculin and p-catenin and anchors actin filaments
to E-cadherin, hence stabilizing AJs. In epithelial cells, the loss of
Myo6 disrupts perijunctional actin and reduces TJ markers at
cell-cell contacts (37, 45). These phenotypes are reminiscent of
our observations in Tscl-depleted cells, suggesting that Tscl and
Myo6 function through the same mechanism to maintain AJ sta-
bility. In support of this view, we observed that Tscl interacted
directly with Myo6 (Fig. 64). In addition, the junctional mem-
brane distribution of Myo6 and Tscl is interdependent; in the
absence of either one, the other is lost. These observations suggest
that these two proteins function together to stabilize AJs.

While Tscl associates with p-catenin in cells (Fig. 54), it does
not bind directly with p-catenin (Fig. 64). In this regard, it is
unlikely that Tscl is directly involved in tethering actin filaments
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Junctional Tsc1 expression is markedly reduced in patients with TJ-related diseases. (A) Tsc1 mRNA expression analysis of Crohn’s disease (CD), AD, and
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to AJ, as Myo6 is. Thus, it is possible that binding with Tscl pre-
vents Myo6 from processive stepping along actin filaments, conse-
quently locking it onto actin filaments to stabilize their connections
with AJs. Consistent with this notion, we found that Tscl depletion
abrogated perijunctional actin distribution (Fig. 5I).

Despite the role of Tscl in Al stability, the major impact of
Tscl deficiency on the barrier functions of epithelia is caused by
defects in TJs. Depletion of Tscl results in the loss of junctional
membrane distribution of key TJ components, including claudin
and ZO-1 (Fig. 4E). In addition, periuncational actin filaments
were also disrupted (Fig. 5I). The effects of Tscl on TJ can be
direct, through its association with ZO-1, or indirect, through its
role in AJ formation. A previous study showed that AJ formation
brought the plasma membranes of adjacent cells into close
proximity and altered membrane lipid composition, thus allow-
ing claudin retention in the plasma membrane for subsequent TJ
formation (8). In this regard, AJ formation and stabilization are
essential for TJ assembly, whereas disrupted AJs due to Tscl loss
hinders TJ assembly. In supporting this notion, mice, with 7SCI
ablated in intestinal epithelia, exhibited prominent shortening of
TJs and concomitant AJ lengthening (Fig. 1F), indicating inef-
ficient TJ formation from dysfunctional AJs. However, the
physical association of Tscl with ZO-1 (Fig. 54 and SI Appendix,
Fig. S6) also suggests that Tscl may play a direct role in con-
trolling TJ stability, presumably through its involvement in
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tethering actin filaments to ZO-1. Therefore, the effects of Tscl
on TJ are likely to be mediated by its role in AJ and TJ stability.
Previous studies have shown that Tscl localizes primarily to
cytoplasmic vesicles (33), such as lysosomes (30). Consistent with
this observation, we observed in epithelial cells that Tscl was
present in vesicular structures in the cytoplasm and associated with
lysosomal proteins, such as LAMP-1 and LAMP-2, before cells
establish contacts with each other. However, upon cell-cell contact,
Tscl migrated to junctional membranes, where it associated with
both AJs and TJs (Fig. 34). This redistribution is likely to be
mediated by a Myo6-dependent mechanism; since we observed
that in Myo6-depleted cells, the junctional distribution of Tscl was
diminished (Fig. 5G). However, it remains unclear how Myo6
controls the junctional distribution of Tscl. Since Myo6 moves
inward along actin filaments, it is unlikely that Tscl is a cargo of
Myob. It is possible that Myo6 is required for Tscl retention at
junctional membranes. Myo6 binds to the same Tscl region as
Tsc2. Therefore, Myo6 and Tsc2 binding are expected to be mu-
tually exclusive, further suggesting that the role of Tscl in cell
adhesion is independent of Tsc2. When cells establish contacts, the
translocation of Tscl to junctional membranes results in reduced
Tsc2 levels (Fig. 3D), likely due to Tsc2 instability in the absence of
Tscl binding. However, instead of observing increased mTORC1
activity, its activity decreases. This reduced activity is likely due to
diminished PI3K/Akt signaling when cells grow to confluence.
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Defects in TJs are associated with many disease conditions (1).
Among these, Crohn’s disease and psoriasis show a certain de-
gree of inheritance patterns and connections in close relatives
(46). In mice, Tscl deficiency caused Crohn’s disease-like con-
ditions in intestinal tracts (Fig. 1 D and E) and psoriasis-like
symptoms on the skin (Fig. 1/). In human patient samples with
TJ-related diseases, we also observed reduced Tscl levels in the
epithelial junctional membranes (Fig. 7 B and C). These obser-
vations suggest that Tscl deficiency is associated with TJ-related
diseases. In addition, Tscl pathogenic point mutations lie within
or near the Tsc2-BD (39, 40). These mutations may also affect
Tscl binding with Myo6, which binds to the same Tscl region as
Tsc2 does. Thus, while there are no reports of TJ-related pa-
thology in TSC patients, the possibility that some TSC patients
may have such symptoms cannot be excluded.

Collectively, this study uncovers a role for Tscl in cell adhe-
sion and junctions, thereby expanding our knowledge of Tscl
beyond its canonical role as an upstream inhibitor of mTORCI.
Most importantly, this role of Tscl in cell junctions bears an
important implication in our understanding of TJ-related disease
pathogenesis.

Materials and Methods

Materials. Detailed information for reagents, antibodies, primers, and shRNAs
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