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Abstract
Inflammation can impair intestinal barrier, while increased epithelial permeability can lead to inflammation. In this study, 
we found that the expression of Tspan8, a tetraspanin expressed specifically in epithelial cells, is downregulated in mouse 
model of ulcerative disease (UC) but correlated with those of cell–cell junction components, such as claudins and E-cadherin, 
suggesting that Tspan8 supports intestinal epithelial barrier. Tspan8 removal increases intestinal epithelial permeability and 
upregulates IFN-γ-Stat1 signaling. We also demonstrated that Tspan8 coalesces with lipid rafts and facilitates IFNγ-R1 
localization at or near lipid rafts. As IFN-γ induces its receptor undergoing clathrin- or lipid raft-dependent endocytosis 
and IFN-γR endocytosis plays an important role in Jak-Stat1 signaling, our analysis on IFN-γR endocytosis revealed that 
Tspan8 silencing impairs lipid raft-mediated but promotes clathrin-mediated endocytosis of IFN-γR1, leading to increased 
Stat1 signaling. These changes in IFN-γR1 endocytosis upon Tspan8 silencing correlates with fewer lipid raft component 
GM1 at the cell surface and more clathrin heavy chain in the cells. Our findings indicate that Tspan8 determines the IFN-γR1 
endocytosis route, to restrain Stat1 signaling, stabilize intestine epithelium, and subsequently prevent intestine from inflam-
mation. Our finding also implies that Tspan8 is needed for proper endocytosis through lipid rafts.
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Introduction

Intestinal epithelium provides a selectively permeable bar-
rier to support whole body homeostasis. The epithelial bar-
rier permits absorption of water and nutrients, while it also 
limits influx of noxious substances, such as microorganisms 

and their products, into intestine wall and then systemic cir-
culation [1, 2]. The intestinal barrier is maintained mainly by 
cell–cell junctions, such as tight junction (TJ) and adherens 
junction (AJ). The components of TJs include transmem-
brane proteins occludins, claudins, and junctional adhesion 
molecule and cytoplasmic proteins ZO-1, ZO-2, and ZO-3, 
while those of AJs include transmembrane protein E-cad-
herin and cytoplasmic proteins catenins [3, 4].

Intestinal epithelial hyper-permeability due to compro-
mised epithelial barrier, which is presented as damaged 
cell–cell junctions, is briefly observed in the inflammatory 
conditions of mouse colitis models and patients with inflam-
matory bowel disease (IBD) [5]. For example, alterations in 
distribution and formation of TJ and AJ exist during inflam-
mation [6–8]. Paracellular hyper-permeability of intestine 
epithelium in turn enhances the exposure of luminal antigens 
to abluminal immune cells, to initiate inflammatory cascade 
and further compromise epithelial barrier [9]. Thus, mucosal 
inflammation of intestine is the main factor influencing epi-
thelial stability.
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As a tetraspanin [10, 11], Tspan8 promote the prolifera-
tion, migration, invasion, and metastasis of cancer cells from 
multiple tissue sources, including glioma, melanoma, hepa-
tocarcinoma, and ovarian, gastric, and colorectal cancers 
[12–17]. Tspan8 also regulates the stemness of breast and 
pancreatic cancers [18, 19]. Therefore, Tspan8 is considered 
as a promising therapeutic target against cancer [20–22]. 
However, the in-depth mechanisms for Tspan8 to enhance 
malignancy are still incomplete, and other pathophysiologi-
cal functions that Tspan8 regulates remain largely unknown.

As shown in this study, Tspan8 silencing attenuates 
intestinal epithelial barrier function, which results from the 
increase of IFN-γ-Stat1 signaling. Switch of IFN-γ receptor 
(IFN-γR1) endocytosis from lipid raft-dependent route to 
clathrin-dependent route and subsequent more activation of 
Stat1 signaling cause this increase, in Tspan8-silenced cells. 
Tspan8 confines IFN-γR1 at or near lipid raft and promotes 
lipid raft-mediated endocytosis of IFN-γR1 for its turno-
ver, to prevent hyper-activation of IFN-γ-Stat1 signaling, 
breakdown of epithelial barrier, and then inflammation of 
intestine.

Materials and methods

Reagents and cells

Information about all antibodies is attached in Table S1. 
Information about the reagents is attached in supplemental 
Table S2. HT29, Caco-2, and SW480 colorectal cancer cell 
lines were purchased from ATCC. All cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM; Corning) 
with 10% FBS (Biowest, TX) for HT29 and SW480 cells 
and 20% FBS for Caco-2 cells, 100 units/ml penicillin, and 
100 units/ml streptomycin.

Cell preparation

HT29 cells were infected by scramble or Tspan8 shRNA 
virus particles. After 48 h, cells were treated with 1 μg/
ml puromycin for 1 week. Then, the puromycin-resistant 
cells were sorted by flow cytometry to enrich the Tspan8 
knocked-down population, which we termed HT29-KD 
cells. The scramble group was sorted by flow cytometry and 
we obtained population that we called HT29-NS cells. Virus 
particles were prepared and cells were infected by following 
the previously described protocol [23]. The plasmids TRIP3-
EF1α and TRIP3-EF1α-Tspan8 (kindly granted by Drs. 
Claude Boucheix and Anne Dubart-Kupperschmitt) were 
separately transfected into SW480 cells [16, 24]. Tspan8-
positive cells were sorted by flow cytometry and termed 
SW480-Tspan8 cells. The control group named SW480-con 
cells. Caco-2 cells were transfected with Tspan8 and control 

siRNA (Ambion) via Lipofectamine3000 (ThermoFisher) 
and used for the experiments at 48 h post-transfection.

Clonogenic assay

Harvesting a single cell suspension was performed by 
the treatment of 0.05% trypsin. Three hundred cells were 
cultured in 2 ml of DMEM complete medium in one well 
of 6-well plate. Every kind of cell had duplicates. After 
2 weeks, the media were removed, the cells were fixed with 
2 ml of cold methanol for 5 min, and the clones were stained 
with 0.5% crystal violet for 15 min and rinsed with water 
five times. The plates were dried at room temperature (RT), 
numbers of the clones were counted, and plating efficiency 
is the ratio of the number of colonies to the number of cells 
seeded [25] and is used for the readout of the assay.

Trans‑epithelial electrical resistance (TEER) 
and fluorescent dextran diffusion analyses

Cell culture wells were coated by Collagen-I (0.8 mg/ml), 
HT29 cells were grown in conditional DMEM medium, in 
which glucose was replaced by galactose (5 mM) and each 
nonessential amino acid was added to a final concentration 
of 0.1 mM. The cells were confluent for 5 days and devel-
oped the differentiated monolayer [26, 27].

TEER was analyzed with electric cell-substrate imped-
ance sensing (ECIS) system. All wells in a 96W1E+ plate 
were coated according to the above mentioned protocol. A 
cell suspension (2 × 105 cells in 200 μl of conditioned media) 
was loaded into each well of a 96W1E+ plate. Each group 
of cells had 12 replicated wells per experiment. After 48 h, 
the media were changed on a daily basis. The prepared plates 
were tested by the ECIS system according to the manufac-
turer’s protocol. The 96W1E+ plate, ECIS system, and 
analysis software were purchased from Applied Biophys-
ics, New York.

For FITC-dextran diffusion experiments, cell culture 
inserts (0.4 μm) in 24-well plates were coated with Col-
lagen-I (0.8 mg/ml), and 2 × 105 cells in 200 μl of condi-
tional medium were added into each insert. Each cell group 
had triplicates in each experiment. After 5-day culture, the 
media in the inserts or upper chamber were replaced with 
the condition media containing either 4 kDa or 40 kDa 
FITC-dextran (4 mg/ml), while the media in lower chamber 
remained intact. After incubation at 37 °C for 30 min for 
HT29 monolayers and for various periods of time for Caco-2 
monolayers, the conditioned media in the lower chamber 
were collected and measured with a Perkin Elmer EnVision® 
Multilabel Reader [28].
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Flow cytometry

Cells at 80–90% confluence were detached with 0.1% 
Trypsin. For the protein test in cell surface, cells were incu-
bated with primary antibody (Ab) for 1 h on ice. Then, cells 
were washed three times with ice-cold PBS and incubated 
with fluorescence conjugated secondary Ab for 1 h on ice. 
After cells were washed three more times, we analyzed the 
cells with the Stratedigm S1400Exi flow cytometry platform. 
For the protein test in total level, cells were fixed in 4% 
paraformaldehyde and then permeabilized with 0.1% Brij98 
for 45 s. Following the method mentioned above, cells were 
then stained sequentially with primary and secondary Ab, 
and analyzed with the Stratedigm S1400Exi flow cytometry 
platform.

Western blot

Cells at 80–90% confluence were washed three times with 
ice-cold PBS, and then scraped and lysed for 30 min on 
ice with RIPA lysis buffer (1% Triton, 0.2% SDS, 50 mM 
Tris–HCl at pH 7.4, 150 mM NaCl and 2 mM EDTA) sup-
plemented with protease inhibitors (1 mM PMSF, 10 μg/
ml aprotinin and 10 μg/ml leupeptin). Then, cells were cen-
trifuged at 13,000g at 4 °C for 20 min. The supernatants 
were collected, mixed with 2 × Laemmli sample buffer, and 
boiled at 98 °C for 3 min. The protein samples were sub-
jected to SDS-PAGE before transfer to a nitrocellulose mem-
brane. The membrane was blocked with 5% low fat milk 
in PBS/0.05% Tween-20, blotted sequentially with primary 
Ab at 4 °C overnight and HRP-conjugated secondary Ab at 
RT for 2 h, and washed five times for chemiluminescence 
analysis.

Proximity ligation assay

Cells grown on glass coverslips were fixed with 4% para-
formaldehyde at RT for 10 min, permeabilized with 0.1% 
Triton X-100 at RT for 40 s, blocked with 15% goat serum 
at RT for 1 h, and incubated with primary antibodies at 4 °C 
overnight. The Duolink® PLA Fluorescence protocol was 
followed for the subsequent steps of PLA with Duolink® 
PLA reagents kit (Sigma). The cells were then counter-
stained with DAPI for nucleus, mounted, and observed with 
a Leica SP8 confocal microscope.

Immunofluorescence and confocal microscopy

Cells were cultured on glass coverslips for 2 days, washed 
with PBS, and fixed with 4% paraformaldehyde, followed 

by cell membrane permeabilization with 0.1% Brij 98 and 
blockade with 10% goat serum. The cells were incubated 
sequentially with primary Abs, fluorescence-conjugated 
secondary Abs, and DAPI. Then, the cells were washed, 
mounted, and imaged with a Leica SP8 confocal microscope.

Structured illumination microscopy (SIM) and image 
analysis

Cells cultured on the Nunc Lab-Tek II chambered cover-
glass were fixed with 4% paraformaldehyde at room tem-
perature for 10 min, permeabilized, washed with PBS, and 
blocked with 15% goat serum in PBS at room temperature 
for 45 min. Then, the cells were incubated with primary 
Abs at 4 °C overnight and fluorochrome-conjugated cholera 
toxin B subunit (CTxB) or secondary Abs at room tempera-
ture for 1 h and DAPI for 10 min. After each incubation, 
the cells were washed 3 times with PBS. The cells were 
observed and imaged with a Nikon N-SIM-E/STORM super-
resolution microscope equipped with a 100 ×/1.49 NA CFI 
SR HP Apo TIRF 100XC Oil objective lens (MRD01995, 
Nikon), LU-N3 compact laser unit (248071, Nikon), and 
ORCA-Flash4.0 V3 Digital CMOS camera (C13440, 
HAMAMATSU). Image stacks of appropriate z-steps were 
taken in 0.1 µm increments to ensure Nyquist sampling. The 
images were then computationally reconstructed for 3D ren-
dering and subjected to image registration using Nikon NIS-
Elements software.

Proteomic analysis by tandem mass tag (TMT) 
strategy and mass spectrometry (MS)

Proteomic analysis was performed using a previously 
optimized protocol [29, 30]. The Four HT29 cell pellets 
(2 Mock, 2 TSPAN8 KD, ~ 8 million cells) were lysed in 
500 µl of lysis buffer (50 mM HEPES, pH 8.5, 8 M urea, 
and 0.5% sodium deoxycholate). Protein concentration 
of the lysate was calculated with a commercial BCA kit 
(Thermo Scientific), followed by proteolysis with LysC 
(peptide:enzyme = 1:100 w/w) for 2 h at 21 °C. To opti-
mize trypsin digestion, urea was diluted to 2 M with 50 mM 
HEPES, followed by overnight trypsinization at 21 °C. Cys 
residues were reduced and alkylated by iodoacetamide. 
Digested peptides were desalted on C18 Ultra-Micro Spin 
Columns (Harvard Apparatus), resuspended in 50  mM 
HEPES pH 8.5 to ~ 1 µg/µl, labeled with TMT reagents 
(peptide:TMTpro reagent = 1:1.5 w/w), and pooled at 
1:1:1:1 peptide ratio.

The pooled TMT-labeled peptides were dried and 
resuspended in 5% formic acid for analysis by two dimen-
sional liquid chromatography (LC) and MS [31]. First, 
the sample was fractionated into 40 concatenated fractions 
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by offline basic pH reverse phase HPLC. Each fraction 
was analyzed by acidic pH LC–MS/MS on a CoAnn 
75 µm × 20 cm column online with a Q Exactive HF Orbit-
rap (Thermo Fisher). Peptides were eluted by a ~ 90 min 
gradient (buffer A: 0.2% formic acid, 3% DMSO; buffer 
B: 0.2% formic acid, 3% DMSO, 67% acetonitrile). MS 
settings included the MS1 scan (~ 450–1600 m/z, 60,000 
resolution, 1 × 106 AGC and 50 ms maximal ion time) and 
20 data-dependent MS2 scans (fixed first mass of 120 m/z, 
60,000 resolution, 1 × 105 AGC, ~ 110 ms maximal ion 
time, HCD, ~ 32% normalized collision energy, ~ 1.0 m/z 
isolation window with 0.25 m/z offset, and ~ 10 s dynamic 
exclusion) [32].

Data analysis was performed by the JUMP software suite 
[33]. The JUMP search algorithm integrates spectrum pat-
tern matching and de novo sequencing for improved sensitiv-
ity and specificity. MS raw files were converted into mzXML 
format and searched against a human Uniprot target-decoy 
database for estimation of the False Discovery Rate (FDR) 
[34]. Search parameters were modified, such that precur-
sor and product ion mass tolerance were limited to 10 ppm, 
along with full tryptic restriction, two missed cleavages, 
dynamic Met oxidation (+ 15.99491), static TMTpro modi-
fication (+ 304.20715), and static Cys carbamidomethylation 
(+ 57.02146). The matched proteins were filtered to reduce 
protein FDR under 1%. For quantification, TMT reporter 
ion intensities for each PSM were extracted and summarized 
into protein intensities [35]. The comparison between sam-
ples was based on moderated t test in the limma R package 
to derive p values, which were then derived to FDR values 
by the Benjamini–Hochberg procedure to correct for mul-
tiple hypotheses. Finally, differentially expressed proteins 
were analyzed by JUMPn to identify significantly perturbed 
pathways with topological overlap matrices of the protein 
interaction network [36].

Statistics

All experiments were repeated at least three times. Data are 
presented as Standard Error of the Mean (SEM). Unpaired 
t test was used to determine the significance of differences. 
*, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, 
respectively.

Results

Loss of Tspan8 gives rise to elevated intestine 
epithelial permeability

To determine the pathophysiological functions of Tspan8, 
we analyzed the expression profile of Tspan8 in human tis-
sues with Protein Atlas database [37]. Tspan8 is specifi-
cally expressed in polarized epithelial cells, especially high 
in simple column epithelial cells of gastrointestinal tract 
(Table S3). Analysis on 1156 solid tumor cell lines, most of 
which are carcinoma cell lines, through cBioportal for Cancer 
Genomics showed that Tspan8 is positively correlated in gene 
expression with some claudins and E-cadherin, which are 
the building blocks of epithelial cell–cell junctions (Fig. 1A; 
Table S4). Positive correlations in gene expression between 
Tspan8 and claudin-2, claudin-3, claudin-4, or E-cadherin, 
also exist in both normal and cancerous intestine tissues, 
analyzed through the Correlation AnalyzeR [38] (Fig. 1B, 
Table S5). These results suggest that Tspan8 regulates epi-
thelial cell–cell adhesion or epithelial barrier function.

Compromised epithelial barrier leads to hyper-permea-
bility of intestine epithelia, which is a characteristic of IBD. 
Interestingly, by examining Tspan8 mRNA expression in 
mouse colon from DSS-induced ulcerative colitis (UC) 
model, based on NCBI’s Gene Expression Omnibus data-
base (GDS3859), we found that Tspan8 level was gradually 
downregulated during DSS treatment, compared with the 
samples without DSS treatment, suggesting that Tspan8 is 
related to intestine inflammation (Fig. 1C).

To unveil intestine-related functions of Tspan8, we chose 
HT29 cells, a well-differentiated and polarized colon can-
cer cell line able to form an epithelium-like monolayer, 
as an experimental model [26] and had established stable 
transfectants of Tspan8 knockdown (HT29-KD) and Mock 
knockdown (HT29-NS) [23] (Fig. S1A). Gene expres-
sion profiling analysis on these transfectants showed that 
CLDN2 was notably decreased in HT29-KD cells, compared 
to HT29-NS cells (Fig. S1B), consistent with the conclu-
sion from the bioinformatics correlation analysis described 
above. These observations prompted us to examine Tspan8 
role in epithelial barrier function.

Fig. 1   Tspan8 plays a role in regulating intestinal epithelial perme-
ability. A Gene expression correlation analysis was performed with 
the cBioPortal search and analysis tool, to examine the relationships 
between Tspan8 and CLDN2, CLDN3, CLDN4, or CDH1 at the 
mRNA level cross 1156 cancer cell lines. B Gene expression corre-
lation analysis was performed with the Correlation AnalyzeR search 
and analysis tool and presented as scatter plot, to assess the genome-
wide co-expression links between TSPAN8 and CLDN2, CLDN3, 
CLDN4, or CDH1 in normal intestine tissue. R value is determined 
by Pearson correlation coefficient. C Dot plot of Tspan8 expres-
sion levels in mouse with DSS feeding from NCBI’s Gene Expres-
sion Omnibus database (GDS3859). D In the ECIS barrier function 
assay, trans-epithelium electricity resistance (TEER) was measured in 
144 h (mean ± SEM, n = 3 individual experiments). ***p < 0.001. E, 
F In vitro barrier functions of HT29 (E) and Caco-2 (F) monolayers 
were examined with the abilities of 4 kDa and/or 40 kDa FITC-dex-
tran to pass through the monolayers (mean ± SEM, n = 3 individual 
experiments). **p < 0.01 and ***p < 0.001

◂
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Monolayers of the HT29-NS and HT29-KD cells that 
had undergone differentiation in a no-glucose medium 
were measured for trans-epithelium electricity resistance 
(TEER) with ECIS system. In about 120 h, the TEER of 
HT29-KD monolayer reached plateau in a much slower 
pace (Fig. S1C), and the maximal TEER also decreased by 
about 30% in HT29-KD group, compared with HT29-NS 
group (Fig. 1D). In addition, we measured the ability of 
FITC-dextran to pass through the epithelial barrier formed 
by HT29-NS and HT29-KD cells in vitro. The diffusion of 
4 kDa FITC-dextran through HT29-KD monolayer was 20% 
more than that through HT29-NS monolayer, while the dif-
ference in the 40 kDa FITC-dextran diffusion between the 
two groups went up to 50% (Fig. 1E). To substantiate these 
observations, we included another widely used experimen-
tal model of intestine epithelial permeability, i.e., Caco-2 
cells. Silencing Tspan8 in Caco-2 cells via siRNA (Fig. 
S1D) also markedly increased the diffusion of 4 kDa FITC-
dextran through the Caco-2 monolayers (Fig. 1F). Together, 
these findings suggest that Tspan8 is required for maintain-
ing proper intestinal epithelial barrier function and confines 
epithelial para-cellular permeability.

Meanwhile, we also examined the effect of Tspan8 silenc-
ing on cell survival and apoptosis. In clonogenic assay, the 
two groups were comparable in anchorage-independent cell 
survival and proliferation (Fig. S1E); and apoptosis-related 
proteins of Bax and cleaved caspase-3 were not detectable 
by Western blot (Fig. S1F), suggesting Tspan8 knockdown 
does not induce apoptosis or affect cell survival.

Tspan8 inhibits IFN‑γ‑Stat1 signaling

Increased epithelial permeability is often observed in inflam-
matory conditions, and whether Tspan8 directly regulates 
inflammation is unknown. A mass spectrometry (MS) work-
flow was performed by TMT-based shotgun proteomics [29] 
on HT29-NS and HT29-KD cells. A total of 43,002 unique 
peptides were identified and mapped to 7,323 unique pro-
teins using the JUMP suite [33]. Differential expression 
analysis of the proteomic readout identified 273 proteins 
whose difference in expression between HT29-NS and 
HT29-KD passed the FDR-corrected (Benjamini–Hochberg) 
p value threshold of p < 0.05.

Protein–protein interaction and enrichment pathway 
analyses were performed on these differentially expressed 
proteins using the JUMPn software [36]. Based on four com-
monly used pathway databases, i.e., Gene Ontology (GO), 
KEGG, Hallmark, and Reactome, interferon-induced Stat1 
signaling pathways were significantly enriched in HT29-KD 
cells (Fig. 2A, B and Fig. S2). This finding was recapitu-
lated by gene expression profiling analysis on HT29-NS and 
HT29-KD cells (Fig. 2A, B and Fig. S2).

Indeed, the levels of total Stat1, p-Stat1 (Tyr701), and 
p-Stat1 (Ser727) all increased in HT29-KD cells, shown by 
Western blot, while the level of p-Stat3 (Tyr705) was too 
low to be detected and total Stat3 was slightly downregu-
lated (Fig. 2C). Nuclear translocation of Stat1 reports its 
activation. Level of p-Stat1 (Tyr701), which is mainly located 
inside nucleus, became obviously increased inside nucleus 
upon Tspan8 knockdown, while total Stat1 proteins were 
increased in both cytoplasm and nucleus (Fig. 2D). Consist-
ently, immunofluorescence also revealed an obvious increase 
of nuclear p-Stat1 (Tyr701) in HT29-KD cells (Fig. 2E). 
Hence, Tspan8 restrains Stat1 activation and signaling.

Mainly interferons (IFNs), and also some interleukins 
(ILs) including IL-2, IL-6, and IL12 [39–42], activate Stat1 
signaling, while Stat3 is a hub of ILs signaling. Hence, Stat1 
activation is more specifically attributed to IFNs [43, 44]. 
To determine whether cytokines enhance Stat1 signaling in 
HT29-KD cells, we analyzed IFNs, their receptors, and tran-
scriptional targets in microarray. There was no difference in 
IFNs and their receptors at mRNA level, while mRNA levels 
of interferon-induced transmembrane-1 (IFITM1), IFITM2, 
and IFITM3, the specific transcriptional products of the 
IFNs-induced Stat1 signaling, were substantially elevated 
in HT29-KD cells (Fig. 3A). At the protein level, IFITM1 
and IFITM3 also increased (Fig. 3B). In addition, we also 
analyzed IFITMs in aforementioned GDS3859 data set, and 
found that both IFITM1 and IFITM3 were increased steadily 
during DSS treatment, and Tspan8 was negatively correlated 
to IFITM3 (Fig. S3). The result indicated that enhanced 
Stat1 signaling in HT29-KD cells was caused by IFNs.

Then, we measured the main ILs and IFNs in the con-
ditioned media of HT29-NS and HT29-KD cells. Only 
IL-2 and IFN-γ were detectable but remained comparable 
between the two groups (Fig. 3C). Because Jak1/2 mediates 
IFN-induced Stat1 activation, Jak1/2 kinase inhibitor ruxoli-
tinib not only abolished high Stat1 signaling in HT29-KD 
cells but also completely inhibited the basal level of p-Stat1 
(Tyr701) in HT29-NS cells (Fig. 3D). Furthermore, treatment 
of the cells with exogenous IFN-γ enhanced Stat1 signal-
ing more pronounced in HT29-KD cells than in HT29-NS 
cells (Fig. 3E). Hence, Stat1 over-activation in HT29-KD is 
closely related to IFN-γ.

In addition, using SW480 colon cancer cell line, which 
has almost no endogenous Tspan8 expression, we estab-
lished SW480 stable transfectant of Tspan8 overexpression 
(Fig. 3F). The basal level of pY701-Stat1 was not detected 
in SW480-con and SW480-Tspan8 transfectant cells. IFN-γ 
induced less increase of p-Stat1 (Tyr701) in SW480-Tspan8 
cells than in SW480-con cells at various timepoints, indicat-
ing that Tspan8 prohibits IFN-γ-stimulated Stat1 activation 
(Fig. 3F). Taken together, these results underline that Tspan8 
restrains IFN-γ-induced Stat1 signaling.
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Fig. 2   Tspan8 silencing enhances stat1, not stat3, signaling in colo-
rectal cancer cells. A, B Altered expression, co-expression, enriched 
pathway, and JUMPn (see “Methods”) analyses on the clusters of dif-
ferential expression in HT29-KD cells, compared to HT29-NS cells, 
through the proteomic analysis of tandem mass tag (TMT) strategy 
and mass spectrometry (MS) in two different modules of upregu-
lated cluster. C Stat1, Stat3, and their phosphorylation statuses were 

analyzed using Western blot. D p-Stat1 (Tyr701) and total stat1 in the 
cytoplasm and nucleus were blotted in HT29-NS and HT29-KD cells. 
E Differential expression and distribution of p-Stat1 (Tyr701) and 
Tspan8 in HT29-NS and HT29-KD cells are shown in immunofluo-
rescence; p-Stat1 (Tyr701) (AlexaFluor-594, red), Tspan8 (Alex Fluor-
488, green), and DAPI (blue)
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Fig. 2   (continued)
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Tspan8 restrains IFN‑γ receptor endocytosis 
and then Stat1 activation

IFNs binding to its receptors typically initiates Jak1–Stat1 
signaling cascade, and the ligand–receptor undergoes 
endocytosis together. The endocytosis is a key process 
for further and continued activation of Stat1 signaling 
[45–47]. Flow cytometry showed that, at the surface of 
HT29-KD cells, IFN-γR1 was notably decreased but 
IFN-γR2 exhibited no change (Fig.  4A). Western blot 
revealed that, in total cell lysates, IFN-γR1 increased 
significantly but again IFN-γR2 remained unchanged 
(Fig.  4B). Furthermore, IFN-α/β receptors were 

comparable in two groups (Fig. S4). The results suggest 
that Tspan8 silencing promotes endocytosis of IFN-γR1 
and results in (i) IFN-γR1 accumulation and (ii) more 
and/or longer Stat1 activation. Furthermore, IFN-γR1 
on the cell surface of SW480 transfectants was equiva-
lent between the two groups. When treated with IFN-γ, 
IFN-γR1 was notably decreased on SW480-con cells 
but almost remained no change on SW480-Tspan8 cells, 
compared with those without IFN-γ treatment (Fig. 4C). 
Tspan8 prohibited IFN-γ-induced endocytosis of IFN-γR1. 
Hence, Tspan8 restrains IFN-γR1 internalization and sub-
sequently Stat1 signaling.

Fig. 2   (continued)
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IFN‑γR1 mainly undergoes clathrin‑dependent 
endocytosis in Tspan8‑removed/‑absent cells

IFN-γR1 can be internalized through clathrin- and lipid raft-
dependent endocytosis pathways [45]. To determine how 
Tspan8 regulates IFN-γR1 endocytosis, we used Dynasore, 
a dynamin inhibitor, to inhibit clathrin-dependent endocy-
tosis and Filipin, a cholesterol sequester, to inhibit lipid raft-
dependent endocytosis. For HT29 cells, Dynasore shifted 
the vesicle-type staining of IFN-γR1 from a perinuclear 
distribution pattern to a peripheral distribution pattern in 
the aggregate of multiple cells (Fig. 5A, top panel). Filipin 
exerts similar but even more obvious effect (Fig. 5A, top 
panel). These changes suggest that both endocytic pathways 
contribute to IFN-γR1 endocytosis in HT29 cells. Upon 
Dynasore treatment, almost no puncta or vesicle-like stain-
ing of IFN-γR1 was observed in HT29-KD cells in immuno-
fluorescence (Fig. 5A, bottom panel). Filipin treatment also 
diminished the puncta or vesicle-like staining of IFN-γR1 in 
HT29-KD cells, but to less extend than Dynasore treatment 
(Fig. 5A, bottom panel).

Both Dynasore and Filipin elevated the cell surface level 
of IFN-γR1 in HT29 cells, revealed by flow cytometry analy-
sis (Fig. 5B, left panel), likely by inhibiting IFN-γR1 endo-
cytosis, supporting the notion that both endocytic pathways 
contribute to IFN-γR1 endocytosis in HT29 cells. IFN-γR1 
at the surface of HT29-KD cells treated with Dynasore 
returned to the same level as that of HT29-NS cells, and 
IFN-γR1 at the surface of HT29-KD cells treated with Fil-
ipin also became increased, with partial rescue (Fig. 5B, 
right panel).

Caveolae are invaginated lipid rafts and also undergo 
dynamin-dependent endocytosis. Earlier electron micros-
copy studies found that IFN-γ and IFN-γR1 are colocal-
ized in the caveolin (CAV)-containing structures and clath-
rin-coated pits in human lymphoma cells [48]. However, 
cavin-1, which is required for caveola formation [49], was 

not expressed in HT29-NS and HT29-KD cells (Fig. S5A), 
although CAV-1 and CAV-2 were very much decreased upon 
Tspan8 knockdown. Therefore, we predict that caveolae do 
not exist in HT29 cells. Furthermore, immunofluorescence 
indicated that IFN-γR1 was not colocalized with CAV-1 in 
either HT29-NS or HT29-KD cells (Fig. S5B). Hence, cave-
olae were excluded from Tspan8-regulated endocytosis of 
IFN-γR1.

Dynasore also made p-Stat1 (Tyr701) and its transcrip-
tional product IFITM1 undetectable in HT29-KD cells 
(Fig. 5C), and total cellular level of IFN-γR1 was reduced by 
Dynasore to the level in HT29-NS cells. However, after Fil-
ipin treatment, p-Stat1 (Tyr701) and IFITM1 were decreased 
in HT29-KD cells but IFN-γR1 remained no change 
(Fig.  5C). SW480 cells, which have almost no Tspan8 
expression as aforementioned, were treated with DMSO, 
Dynasore, or filipin for 6 h, followed by IFN-γ stimulation 
for 30 min. In the Dynasore-treated SW480 cells IFN-γ-
induced activation of Stat1 was almost lost, while filipin 
did not alter IFN-γ-induced activation of Stat1 (Fig. 5D), 
indicating that dynamin-dependent endocytosis is needed 
for Stat1 activation.

Taking together, Tspan8 prevents IFN-γR1 from under-
going clathrin-dependent endocytosis, and clathrin-coated 
pits determine IFN-γR1 endocytosis and subsequent Stat1 
activation in Tspan8-silenced or -absent cells.

Tspan8 is partially localized in lipid rafts and links 
IFN‑γR1 to lipid rafts

Endocytosis of IFN-γR1 is usually mediated by lipid rafts 
[47], which are enriched in cholesterol and sphingolipids, 
such as ganglioside GM1. The clathrin-dependent endocy-
tosis of IFN-γR1 in HT29 cells upon Tspan8 silencing drives 
us to explore the relationship between Tspan8 and lipid rafts. 
In HT29 cells, Tspan8 and GM1 were largely colocalized 
together by confocal microscopy, with Mander’s correlation 
coefficient M1 more than 0.5 and M2 up to 0.7 (Fig. 6A), 
suggesting that Tspan8 is mainly present in GM1-containing 
lipid rafts. In addition, a line-scan analysis revealed exten-
sive overlap between Tspan8 and GM1 signals (Fig. 6A). 
Tspan8 and GM1 were also colocalized in SW480-Tspan8 
cells, and the colocalizations were largely distributed at the 
cell–cell contact (Fig. 6B). Using super-resolution imaging 
SIM, we found that Tspan8 proteins were colocalized with 
GM1 molecules at the planar region plasma membrane, at 
the basal region or neck of GM1-enriched plasma membrane 
blebs, and in cytoplasmic area (Fig. 6C, enlarged insets on 
upper right, lower right, and left, respectively). Tspan8 could 
colocalize with GM1 at the cell surface or cell periphery, but 
the majority of Tspan8 appeared to be distributed in the sub-
membranous region in contrast to the superficial distribution 
of GM1 (Fig. 6C, enlarged inset on lower right).

Fig. 3   Tspan8 inhibits IFN-γ-induced activation of Stat1. A Heat 
map showing the expression of the interferon family members, their 
receptors, and some specific downstream transcriptional products in 
HT29-NS and HT29-KD cells by cDNA Micro-Array. B IFITM1 and 
IFITM3 proteins were analyzed by Western blot. C Measurement of 
interleukins and interferons in the conditioned media from HT29-NS 
and HT29-KD transfectant cells was performed with a Human XL 
Cytokine Luminex Performance Panel Premixed Kit (mean ± SEM, 
n = 3 individual samples). D Stat1 signaling was analyzed in HT29-
NS and HT29-KD cells after the Jak1/2 inhibitor ruxolitinib treat-
ment for 12 h. The HT29 cells treated with IFN-γ and/or ruxolitinib 
served as controls. E With or without exogenous IFN-γ (10  ng/ml) 
stimulation for 2  h, Stat1 activation was analyzed in HT29-NS and 
HT29-KD cells by Western blot. F With or without exogenous IFN-γ 
stimulation (10 ng/ml) for 2 h or 4 h, Stat1 signaling was analyzed in 
SW480-con and SW480-Tspan8 stable transfectant cells by Western 
blot. The surface levels of Tspan8 on SW480-con and SW480-Tspan8 
stable transfectant cells were measured by flow cytometry

◂
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The cell surface level of GM1 decreased but total cel-
lular level of GM1 remained unchanged in HT29-KD cells, 
compared to HT29-NS. In contrast, the GM1 level at the cell 
surface of SW480-Tspan8 cells was upregulated and total 
cellular level of GM1 was unchanged, compared to those 
of SW480-con cells (Fig. 6D). Hence, Tspan8 appears to 
coalesce with GM1-containing lipid rafts and sustain their 
presence at the cell surface. For other markers of or related 
to lipid rafts, flotilin-1 and stomatin remained comparable in 
HT29 cells between the two groups (Fig. S5A). As no cavin 
exists in HT29 cells, CAV-1 and CAV-2 proteins were likely 
present in non-caveolar lipid rafts and became significantly 
decreased upon Tspan8 silencing (Fig. S5A).

Likewise, Tspan8 and IFN-γR1 were also colocalized with 
each other in HT29 cells, with M1 and M2 coefficients approx-
imately 0.5 (Fig. 6E). The Tspan8-IFN-γR1 colocalization was 
also obvious in SW480-Tspan8 transfectant cells and mainly 
occurred in intracellular vesicle-type structure (Fig. 6F). 
IFN-γ stimulation did not significantly alter the colocaliza-
tion in both SW480-Tspan8 cells (Fig. 6F) and HT29 cells 
(Fig. S6A). Using super-resolution imaging SIM, we found 
that Tspan8 was colocalized with IFN-γR1 in intracellular 

vesicles (Fig. 6G, enlarged insets), presumably endosomes. 
Hence, Tspan8 interacts with IFN-γR1 not only functionally 
but also probably physically, to keep IFN-γR1 in lipid rafts at 
the plasma membrane for lipid raft-dependent endocytosis. 
To explore their putative physical interactions, we performed 
co-immunoprecipitation and found Tspan8 and IFN-γR1 did 
not co-immunoprecipitate in HT29 cells under the 1% Brij98 
cell lysis condition (Fig. S6B). Using proximity ligation assay 
(PLA), we also found no positive signals between Tspan8 
and IFN-γR1 in IFN-γ stimulated HT29 cells, while posi-
tive signals exist between Tspan8 and IFN-γR1 (Fig. S6C), 
as expected. Without IFN-γ stimulation, no PLA signal exists 
between Tspan8 and IFN-γR1 either (data not shown). Thus, 
Tspan8 and IFN-γR1 do not display detectable physical inter-
action in HT29 cells.

Tspan8 removal alters the IFNγR1 endocytosis route: 
from lipid raft‑dependent to clathrin‑dependent 
endocytosis

Now that Tspan8 supports IFN-γR1 presence in lipid rafts, 
we investigated the effect of Tspan8 on the distribution of 

Fig. 4   Tspan8 regulates IFN-γR1 endocytosis upon IFN-γ stimula-
tion. A IFN-γR1 and IFN-γR2 on the cell surface were analyzed by 
flow cytometry, and their levels are presented as MFI (mean ± SEM, 
n = 3 individual experiments). *p < 0.05. B Total cellular levels of 
IFNγR1 and IFNγR2 were analyzed by Western blot, and quan-
tification analysis was performed (mean ± SEM, n = 3 individual 

experiments). ***p < 0.001. C IFNγR1 in the plasma membrane was 
detected by flow cytometry in SW480-con and SW480-tspan8 cells, 
with and without IFNγ (10 ng/ml for 5 min) treatment, and their lev-
els are presented as MFI (mean ± SEM, n = 3 individual experiments). 
*p < 0.05 and ***p < 0.001
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Fig. 5   IFN-γ-induced IFN-γR1 endocytosis and stat1 activation in 
the absence of Tspan8 depend mainly on clathrin, not lipid rafts. A 
Immunofluorescence of IFN-γR1 in HT29-NS and HT29-KD cells 
after treatments with DMSO, Dynasore (100 μM), and Filipin (5 μg/
ml) for 6  h. IFN-γR1 (green) and DAPI (blue). B Flow cytometry 
was performed to measure the levels of IFN-γR1 on the cell surface 
after treatments with DMSO, Dynasore (100 μM), and Filipin (5 μg/
ml) for 6  h. IFN-γR1 levels are presented as MFI (mean ± SEM, 

n = 3 individual experiments). *p < 0.05 and **p < 0.01. C Western 
blots for IFITM1, p-Stat1 (Tyr701), and IFN-γR1 were performed 
after treatment with DMSO, Dynasore, and Filipin for 6  h. Quanti-
tative analysis on IFN-γR1 was shown (mean ± SEM, n = 3 indi-
vidual experiments). *p < 0.05 and ***p < 0.001. D p-Stat1 (Tyr701) 
was analyzed by Western blot in SW480 cell with DMSO, Dynasore 
(100 μM), and Filipin (5 μg/ml) treatment for 6 h, followed by IFN-γ 
stimulation for 30 min
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Fig. 6   Tspan8 partitions in lipid rafts and colocalizes with IFN-γR1 
in colorectal cancer cells. A, B Immunofluorescence analysis of GM1 
and Tspan8 in HT29 cells (A) and SW480-Tspan8 cells (B): GM1 
(AlexaFluor-594, red) and Tspan8 (AlexaFluor-488, green). Their 
colocalizations were examined with Mander’s and Pearson correla-
tion coefficients (mean ± SEM, n = 10–32 cells) and with line scan 
analysis. C SIM analysis on the distributions of GM1 and Tspan8 
in SW480-Tspan8 cells. The cells were fixed with 4% paraformalde-
hyde for 10  min, without permeabilization. A representative z-slice 
of z-stack (0.1 µm increment) series of a cell was selected for global 
view of the cell, and the insets present enlarged 3D volume view or 
3D-rendered multiple section of z-stack. D Flow cytometry analy-

ses on the cell surface and total cellular levels of GM1 in HT29-NS 
and HT29-KD cells and in SW480-con and SW480-Tspan8 cells 
(mean ± SEM, n = 3 individual experiments). E, F Immunofluores-
cence analysis on the distribution of Tspan8 and IFN-γR1 in HT29 
cells (E) and SW480-Tspan8 cells (F). The cells were fixed with 4% 
paraformaldehyde for 10  min and permeabilized with 0.1% Triton-
X100 for 40  s. Tspan8 and IFN-γR1 colocalizations were presented 
as Mander’s and Pearson correlation coefficients (mean ± SEM, 
n = 10–35 cells). For IFN stimulation, the cells were treated with 
IFN-γ (0.05  ng/ml) for 30  min. G SIM analysis on the distribution 
of IFN-γR1 and Tspan8 in SW480-Tspan8 cells. Insets are shown for 
enlarged, 3D-rendered or 3D volume view of vesicular staining
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IFN-γR1 in the plasma membrane. By immunofluorescence, 
we found that in HT29-NS cells IFN-γR1 displayed substan-
tial colocalization with CD44, which typically locates in and 
internalizes via lipid rafts, with Mander’s correlation coef-
ficients M1 and M2 as 0.4 and 0.7, respectively (Fig. 7A). 
Upon Tspan8 silencing, the co-localization of CD44 with 
IFN-γR1 was markedly reduced, with Mander’s correla-
tion co-efficient M1 down to 0.2 (Fig. 7A), despite of fewer 
CD44 and IFN-γR1 present at the cell surface upon Tspan8 
silencing (Fig. 5B) [23].

In contrast, the co-localization of IFN-γR1 with clathrin 
notably increased in HT29-KD cells, with impressive ele-
vation in M2 coefficient, compared to HT29-NS (Fig. 7B). 
Meanwhile, the expression of clathrin protein also decreased 
in HT29-KD cells (Fig. 7C). These observations further sup-
port the notion that Tspan8 knockdown switches IFN-γR1 
endocytosis from lipid raft-mediate pathway to clathrin-
dependent mechanism. Moreover, in TEER assay, we treated 
HT29-NS monolayers with IFN-γ and HT29-KD monolay-
ers with Dynasore and found that exogenous IFN-γ dis-
rupted the barrier function and escalated the permeability of 
HT29-NS monolayers, while Dynasore ultimately restored 
the barrier function and gradually diminished the perme-
ability of HT29-KD monolayers (Fig. 7D). The observa-
tion demonstrates that Tspan8 restrains a clathrin-dependent 

internalization of IFN-γR1 and subsequent activation of 
Stat1, to stabilize intestinal epithelial barrier and prevent 
inflammation.

Discussion

Tspan8 sustains intestinal epithelial barrier 
function, restrains epithelial paracellular 
permeability, and is associated with intestine 
inflammation

Intestinal epithelium is characterized by a polarized 
arrangement of epithelial cells, and normal intestinal func-
tion is based on the sound epithelial barrier. In the pre-
sent study, we found that Tspan8 is expressed in polarized 
intestinal cells, and exhibits significant positive correla-
tions with CLDN2, CLDN3, CLDN4, and CDH1, and sup-
ports the epithelial barrier function. Increased paracellular 
permeability upon Tspan8 silencing was observed in epi-
thelial barrier models in vitro. Earlier studies on Tspan8 
were mainly focused on cancer. However, our analysis 
based on GEO database reveals that Tspan8 expression 
is downregulated in ulcerative colitis model, whose epi-
thelial barrier is notably undermined by inflammation, 

Fig. 6   (continued)
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Fig. 7   Tspan8 alters the distribution of IFN-γR1 in plasma mem-
brane. A Colocalization of IFN-γR1 and CD44 in HT29-NS and 
HT29-KD was analyzed by immunofluorescence. Mander’s and 
Pearson’s correlation coefficients were performed for the levels 
of their colocalization (mean ± SEM, n = 10 cells). *p < 0.05 and 
***p < 0.001. B Colocalization of IFN-γR1 and clathrin in HT29-
NS and HT29-KD was analyzed by immunofluorescence. Mander’s 
and Pearson’s correlation coefficients were performed for the levels 

of their colocalization (mean ± SEM, n = 10 cells). **p < 0.01 and 
***p < 0.001. C Protein levels of clathrin heavy chain in HT29-NS 
and HT29-KD cells were examined by Western blot, and quantitative 
analysis on the band density was performed (mean ± SEM, n = 3 indi-
vidual experiments). **p < 0.01. D Changes in relative electric resist-
ance were analyzed with the HT29-NS and HT29-KD monolayers 
that were treated with or without IFN-γ or Dynasore (mean ± SEM, 
n = 12 wells). ***p < 0.001
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underlining the putative importance of Tspan8 in intestine 
inflammatory disease.

Tspan8 determines IFN‑γR1 endocytosis 
and turnover to inhibit interferon‑Stat1 signaling

IFNs-initiated Stat1 signaling is typically activated in virus 
infection, but also involved in intestinal inflammation. IFNs-
induced Stat1 signaling is often considered as a signature 
in IBD patients and animal models [50–52]. Interestingly, 
in our study Tspan8 knockdown enhances Stat1 signal-
ing, which is dependent on IFN-γ, not IFN-α/β. Instead of 
increasing IFN-γ expression, Tspan8 changes the endocyto-
sis of IFN-γR1, but does not affect IFN-γR2. Furthermore, 
silencing of Tspan8 leads to more accumulation of IFN-γR1 
clusters in cytoplasm and then prolonged Stat1 signaling. 
Thus, Tspan8 downregulation creates a feed forward loop 
for persistent IFN-γ-induced Stat1 signal activation.

Tspan8 coalescence to lipid rafts promotes IFN 
signaling turnover

As (i) cholesterol-binding motifs (CBMs) are identified in 
30 out of 33 human tetraspanins [53] and (ii) cholesterol 
binding of tetraspanins CD81, CD9, and CD53 are showed 
by crystallography [54], interaction with cholesterol could 
be a general property for many if not all tetraspanins and also 
suggests physical crosstalk between TEMs and lipid rafts. 
Tetraspanins such as CD9, CD81, and CD82 were reported 
to coalesce to lipid rafts to modulate transmembrane sign-
aling [55–57]. In fact, colocalization of Tspan8 with GM1, 
a marker of lipid rafts, found in this study strengthens this 
notion. Tspan8 knockdown or overexpression decreases or 
increases on the cell surface distribution of GM1, respec-
tively, indicating that Tspan8 is not only a resident of but 
also a modulator for lipid rafts. Importantly, Tspan8 restricts 
IFN-γR1 in the proximity of lipid rafts and makes IFN-γR1 
internalized by lipid rafts, to quench off IFN-γ-initiated 
signaling.

Tspan8 switches IFN‑γR1 from clathrin‑dependent 
to lipid raft‑dependent endocytosis route, to limit 
Stat1 activation magnitude and duration

In human and mouse IFN-γR1, a motif [V-XX-TL-XX-IY] 
in the transmembrane domain was identified to mediate 
direct interaction with sphingolipids after IFN-γ bind-
ing [58]. Meanwhile, a cholesterol-binding motif [(L/V)-
X1–5-Y-X1–5-(R/K)] was also found in the transmem-
brane domain of IFN-γR1, while glycosylation appears 
to be important for IFN-γR2 partition to lipid rafts for 

stat1 activation [59]. In addition, in the patients infected 
by the intercellular parasite Leishmania donovani, which 
decreases cholesterol in the plasma membrane, IFN-γ 
failed to induce IFN-γR1 localization into lipid rafts 
and activate stat1 signaling [60]. These findings imply 
an important role of lipid raft in IFN-γR1 clustering and 
subsequently Jak-Stat1 signaling activation.

While IFN-γR1 is internalized through both clathrin-
dependent route and lipid raft-mediated pathway, however, 
downstream activated Stat1 signaling cannot be blocked 
by inhibition of clathrin-dependent machinery, but can be 
blocked by cholesterol sequester [45, 47]. Hence, it was 
thought that Stat1 is likely to first be recruited to IFN-
γR1-abundant lipid raft and be phosphorylated at the 
plasma membrane, prior to the internalization of IFN-γR1 
complex by clathrin-dependent endocytosis [61]. In our 
study, when Tspan8 was silenced, the elevated Stat1 sign-
aling can be almost fully abrogated by Dynasore, while 
increases in IFN-γR1 endocytosis and Stat1 activation 
were only rescued partially by Filipin. When Tspan8 is 
overexpressed, inhibition of clathrin-dependent machin-
ery almost abolishes IFN-γ-induced Stat1 signaling, but 
wrecked lipid raft by sequestering cholesterol has no effect 
on Stat1 signaling. The results imply that loss of Tspan8 
prevents Stat1 signaling activation through lipid rafts, but 
promote a clathrin- and dynamin-dependent pattern. Fur-
thermore, Tspan8 silencing directly induces less localiza-
tion of IFN-γR1 in or near lipid raft but more localization 
with clathrin. This finding further supports a critical role 
of Tspan8 in lipid raft in control of IFN-γR1 endocytosis 
and Stat1 signaling.

In conclusion, our findings reveal that Tspan8 prevents 
IFN-γR1 from endocytosis through clathrin pathway by 
maintaining IFN-γR1 in lipid rafts. Upon Tspan8 loss or 
reduction, IFN-γ-induced IFN-γR1 endocytosis mainly goes 
through clathrin-dependent route to promote or prolong 
Stat1 signaling. Therefore, Tspan8 stabilizes epithelium by 
preventing overt or long-lasting activation of pro-inflamma-
tory signaling.
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