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EGFR signaling promotes nuclear translocation of plasma
membrane protein TSPAN8 to enhance tumor progression
via STAT3-mediated transcription
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TSPAN family of proteins are generally considered to assemble as multimeric complexes on the plasma membrane. Our previous
work uncovered that TSPAN8 can translocate into the nucleus as a membrane-free form, a process that requires TSPAN8
palmitoylation and association with cholesterol to promote its extraction from the plasma membrane and subsequent binding with
14-3-30 and importin-f. However, what upstream signal(s) regulate(s) the nuclear translocation of TSPANS, the potential function of
TSPANS in the nucleus, and the underlying molecular mechanisms all remain unclear. Here, we demonstrate that, epidermal growth
factor receptor (EGFR) signaling induces TSPAN8 nuclear translocation by activating the kinase AKT, which in turn directly
phosphorylates TSPAN8 at Ser129, an event essential for its binding with 14-3-36 and importin 1. In the nucleus, phosphorylated
TSPANS interacts with STAT3 to enhance its chromatin occupancy and therefore regulates transcription of downstream cancer-
promoting genes, such as MYC, BCL2, MMP9, etc. The EGFR-AKT-TSPAN8-STAT3 axis was found to be hyperactivated in multiple
human cancers, and associated with aggressive phenotype and dismal prognosis. We further developed a humanized monoclonal
antibody hT8%* that specifically recognizes the large extracellular loop of TSPAN8 (TSPANS-LEL), thus being able to block the
extraction of TSPAN8 from the plasma membrane and consequently its nuclear localization. Importantly, both in vitro and in vivo
studies demonstrated an antitumor effect of hT8**. Collectively, we discovered an unconventional function of TSPAN8 and
dissected the underlying molecular mechanisms, which not only showcase a new layer of biological complexity of traditional

membrane proteins, but also shed light on TSPAN8 as a novel therapeutic target for refractory cancers.

Cell Research (2022) 32:359-374; https://doi.org/10.1038/s41422-022-00628-8

INTRODUCTION

Tetraspanins are cell-surface glycoproteins that are characterized by
four hydrophobic membrane-spanning domains. Thirty-four structu-
rally highly conserved tetraspanin members have been identified in
mammals, including clusters of differentiation (CD)-related protein 9
(CD9), CD37, CD53, CD81, CD82, CD151, and tetraspanin-8 (TSPANS,
encoded by TSPANS gene)." Previous studies suggest that
tetraspanins may aggregate with one another, and dynamically
recruit a multitude of transmembrane or signal-transducing mole-
cules at the cell surface or membranous organelle, forming
specialized multimeric complexes referred as “tetraspanin web” or
“tetraspanin-enriched microdomains” (TEM).* In these complexes,
tetraspanins act as molecular scaffolds to modulate the properties of
the recruited proteins, including integrins, immunoglobulin super-
family members, adhesion molecules, ectoenzymes (ectopeptidases
and metalloproteases) and intracellular signaling molecules such as

receptor-tyrosine kinases (RTKs).>® Depending on various associated
molecules, tetraspanins are involved in numerous biological
processes including immune responses, cell adhesion, motility,
proliferation, membrane dynamics and fusion, as well as viral
infection and cancer metastasis.”"*

Recently, we and others showed that TSPAN8 play important roles
in tumor progression in a variety of human tumors.""">' Liu et al.
reported that elevated TSPAN8 expression on serum extracellular
vesicles is associated with distant metastasis of non-small cell lung
cancer.? Of note, we found that TSPAN8 expression is upregulated in
breast cancer stem cells?* Mechanistically, TSPANS directly interacts
with PTCH1 and inhibits the proteasome-mediated degradation of the
SHH/PTCH1 complex through recruitment of ATXN3 deubiquitinating
enzyme, contributing to hedgehog signaling (Hh) activation and
therapeutic res‘istance.23 This is consistent with a previous report that
Lgr5 " TSPANS™ subset represents a deeply quiescent mammary stem
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cell population, with transcriptome strikingly similar to that of claudin-
low tumors.>* Wang et al. demonstrated that TSPANS is a biomarker
of migrating pancreatic cancer-initiating cells.®® In addition, we
recently identified sex determining region Y-related HMG-box (SOX)
as a critical transcriptional regulator of TSPAN8 expression in response
to EGF stimulation.?® These findings demonstrate important roles of
TSPANS signaling cascade during cancer progression and metastasis,
highlighting TSPANS as a key target for cancer therapy.

By serendipity, we previously found that TSPANS is also present
in the cytoplasm and inside the nucleus.?” The nuclear localization
of TSPAN8 can be detected in multiple cancer cells, indicating a
general phenomenon with pathological implications of this protein
in the nucleus. Specifically, we found that the palmitoylation of
TSPANS8 and subsequently binding with cholesterol are important
for its structural protection in a full-length form and extraction
from the membrane. As a result, the TSPAN8-cholesterol complex
binds to 14-3-30 and importin B to achieve nuclear translocation.
However, the underlying molecular mechanism of TSPAN8 nuclear
transport, especially its upstream inducing signal(s), and its
functional role in the nucleus remain unclear.

Here, we report that EGF-EGFR signaling orchestrates TSPAN8
nuclear translocation. Mechanistically, EGF-EGFR signaling acti-
vates AKT, which in turn phosphorylates TSPAN8 at Ser129;
pTSPAN8*'?° binds to the molecular chaperone 14-3-38 and is
translocated into the nucleus, where it interacts with the
transcription factor STAT3 to promote the transcription of
downstream target genes during cancer progression and metas-
tasis. After showing a strong clinical relevance of nuclear TSPAN8
with refractory cancers, we further generated a humanized
monoclonal antibody for TSPAN8, which inhibits tumor progres-
sion by blocking the extraction of TSPAN8 from the plasma
membrane and therefore its nuclear localization. Together, our
study, in combination with previous reports,>’?® establishes a
nuclear role for plasma membrane proteins such as TSPANS, and
exemplifies a targeting strategy for therapeutic purpose against
such unconventional pathology.

RESULTS

Clinical relevance and pathological association of nuclear
TSPANS8 with tumorigenesis

Previously, we determined the subcellular localization of TSAPN8
and found that TSPANS8 could be detected in nucleus in multiple
cell lines.?” To evaluate the biological consequence and impor-
tance of TSPAN8 nuclear translocation, we set out to investigate
the pathological significance of nuclear TSPAN8 expression. To
this end, we employed a commercial anti-TSPAN8 antibody with
verified specificity both in vitro and in vivo (Supplementary
information, Fig. S1), and performed immunohistochemical
staining (IHC) analyses in clinical specimens of primary human
breast cancer (BrCa, n = 95) (Fig. 1a; Supplementary information,
Fig. S2a), gastric cancer (GC, n = 60) (Supplementary information,
Fig. S2b), colorectal cancer (CRC, n = 60) (Supplementary
information, Fig. S2c), and pancreatic ductal adenocarcinoma
(PDAC, n = 60) (Supplementary information, Fig. S2d). Our results
showed that nuclear TSPAN8 expression was significantly
upregulated in a variety of tumor tissues compared to their
paired normal tissues (Fig. 1b; Supplementary information,
Fig. S2e). Nuclear TSPAN8 levels were positively correlated with
aggressive features of advanced stage of cancer (Fig. 1¢), triple-
negative subtype (TNBC) (Fig. 1d), increased tumor size (Fig. 1e),
lymph node involvement (Fig. 1f), distant metastasis (Fig. 1g), and
mesenchymal phenotype (Fig. 1h) in BrCa. Moreover, we noticed
an obvious increase in the ratio of cells with apparent nuclear
staining of TSPAN8 (TSPANSN) to cells with TSPAN8 predomi-
nately stained in the cytoplasm (TSPAN8®™) in BrCa tissues when
compared to the paired normal tissues (Fig. 1i). Then, we used
Image-Pro Plus Version 6.2 software to separate the BrCas into a
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high nuclear TSPAN8 expression group (The integrated optical
density (IOD) > median) and a low TSPANS8 nuclear expression
group (IOD < median). Of note, BrCa patients with high TSPANS
nuclear expression had significantly shorter overall survival
(hazard ratio (HR) = 0.4803, 95% confidence interval (Cl) =
03101 to 0.7439, Fig. 1j). In addition, multivariate analysis
indicated nuclear TSPAN8 as an independent prognostic factor
for BrCa patients (Supplementary information, Table. S1). Taken
together, these results confirmed the nuclear localization of
TSPANS and further revealed a pathological association of nuclear
TSPAN8 with tumorigenesis.

EGF-EGFR signaling orchestrates TSPAN8 nuclear
translocation

Given the above findings of nuclear TSPANS8 localization and its
potential role in tumorigenesis, we then interrogated the
molecular mechanism through which TSPAN8 was translocated
from the plasma membrane to the nucleus. To this end, we first
probed the upstream signal(s) that induce the nuclear transloca-
tion of TSPANS8. In view of the hyperactivation of EGF-EGFR
signaling commonly observed in malignant tumors with more
aggressive features,”®>* we speculated that EGF-EGFR signaling
may modulate TSPAN8 function in a subcellular-compartment-
dependent manner. To test this hypothesis, we performed
immunofluorescence analysis of nuclear TSPAN8 expression in
BrCa cells with or without EGF treatment. To our surprise, the
results showed a marked increase of nuclear accumulation of
TSPANS8 in both MCF-7 (Fig. 2a) and MDA-MB-231 (Fig. 2b) human
BrCa cells upon EGF treatment. Consistent with the increased
nuclear expression of TSPAN8 in TNBC subtype BrCa tissues
(Fig. 1d), we found that the percentage of cells with apparent
nuclear staining of TSPAN8 was higher for MDA-MB-231 cell line as
compared with MCF-7 line (Fig. 2a, b). Considering that the
physiological concentration of EGF ranges from 10 to 100 ng/
mL,>> we further determined the dose-dependent effect of EGF
towards promoting the nuclear translocation of TSPANS. Indeed,
the result of immunofluorescence analysis revealed that EGF
treatment dose-dependently enhanced the nuclear translocation
of TSPANS (Fig. 2c). Moreover, we observed that the protein levels
of nuclear TSPAN8 were significantly increased 15 min post EGF
treatment (100 ng/mL), peaking at 60 min and then descending
toward the basal level at 120 min (Fig. 2d). Next, to determine the
relative abundance of nuclear TSPAN8 after EGF treatment, we
performed cellular compartment fractionation assay to isolate cell
membrane, cytoplasm, and nuclear fractions to quantitatively
analyze the relative abundance of TSPAN8 in each compartment
of MDA-MB-231 cells via western blotting. Though nuclear TSPANS
only accounted for a small part (9%) of total TSPAN8 protein at
basal level, the ratio of this part was dramatically increased to
nearly 22% upon EGF treatment (Fig. 2e). Interestingly, this
analysis revealed that the ratio of cytoplasmic TSPAN8 was
decreased from 61% to 50%, whereas the ratio of plasma
membrane-associated TSPAN8 was almost unchanged (Fig. 2e),
indicating that EGF promotes TSPANS8 cytoplasm-to-nucleus
translocation.

Our previous finding suggest that site-specific palmitoylation of
TSPAN8 is required for its binding with cholesterol and
subsequent membrane extraction.”” Consistently, we found that
EGF treatment did not change the palmitoylation status of
TSPANS8 (Supplementary information, Fig. S3a). Considering that
TSPAN8 undergoes constitutive palmitoylation in the cells, we
next attempted to determine whether the nuclear TSPAN8
induced by EGF is derived originally from plasma membrane or
simply from newly synthesized protein in cytoplasm. To this end,
we employed plasma membrane restrained, proximality-
dependent labeling strategy (Mem-TurbolD) (Supplementary
information, Fig. $3b)***” to pre-label the membranous TSPANS
by biotinylation before EGF treatment. After removal of biotin, we
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Fig. 1 Nuclear localization of TSPANS8 is positively correlated with tumor aggressive status in BrCa. a Representative IHC images
(magnification x2, x10, and x20) of the TSPANS staining (from two patients) in a microarray consisting of n = 95 BrCa patients. BrCa, breast
cancer; Bar, 100 um. b Nuclear localization of TSPANS is significantly increased in BrCa. Quantification of total TSPAN8 and nuclear TSPAN8
from BrCa IHC microarray is shown. Staining (%) is calculated using Image J by comparing total and nuclear TSPAN8 IHC integrated optical
density (IOD) with total 10D values extracted within the image. Paired t-test. ¢ Nuclear TSPANS8 level (%) is positively correlated with TNM
stages in BrCa patients. One-way ANOVA analysis with Bonferroni post hoc test. d Nuclear TSPANS level (%) is specifically increased in TNBC
subtype. Quantification of nuclear TSPANS in BrCa patients with different molecular subtypes (luminal A/B, Her2*, TNBC) is shown. One-way
ANOVA analysis with Bonferroni post hoc test. TNBC, triple-negative breast cancer. e-g Nuclear TSPANS level (%) is positively correlated with
tumor aggressive status. Quantification of nuclear TSPAN8 in BrCa patients with different tumor size (T, e), lymph node involvement (N, f) or
distant metastasis (M, g) is shown. Student’s t-test. h Nuclear TSPAN8 level (%) is positively correlated with mesenchymal phenotype.
Quantification of nuclear TSPANS in BrCa patients with E-cad-positive (Ecad™) and E-cad-negative (Ecad ™) expression is shown. Student’s t-test.
i Ratio of cells with nuclear TSPAN8 staining to cells with cytosol TSPAN8 staining. Paired t-test. j High level of nuclear TSPAN8 predicates

dismal prognosis in BrCa. Kaplan-Meier survival analysis of patients with high or low levels of TAPANS is shown. Log-rank test.

treated the cells with 100 ng/mL EGF for another one hour, and
collected both cell membrane and nuclear fractions at indicated
time points for streptavidin immunoprecipitation and examined
the presence of biotinylated TSPAN8 in each compartment by
western blotting (Fig. 2f). Interestingly, we found that the level of
biotinylated TSPANS8 protein in membrane fraction was decreased,
whereas nuclear biotinylated TSPAN8 was increased in a time-
dependent manner after EGF treatment (Fig. 2g), suggesting that
nuclear TSPAN8 was originally derived from cell membrane. Next,
to further determine whether EGF may also affect TSPAN8
membrane extraction, we treated MDA-MB-231 cells with different
dose of EGF after initial biotin labeling and collected samples at a
fixed time points (60 min) to examine the residual membrane
biotinylated TSPANS8. The rational is that if EGF affect TSPAN8
membrane extraction, the residual membrane biotinylated
TSPAN8 should be changed by EGF treatment in a dose-
dependent manner. Interestingly, we reproducibly observed a
dose-dependent nuclear accumulation of biotinylated TSPANS,
however, this analysis failed to detect any reduction of
membrane-associated biotinylated TSPAN8 at the same time
point (Fig. 2h), which was consistent with our observation from
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cellular compartment assay (Fig. 2e). Taken together, these results
demonstrated that EGF treatment did not alter TSPAN8 mem-
brane extraction, but promoted cytoplasm-to-nucleus transloca-
tion of extracted membranous TSPANS.

The kinase AKT directly phosphorylates TSPANS8 at Ser129
upon EGF-EGFR signaling

Given that the EGF-EGFR signaling triggers activation of diverse
cytoplasmic tyrosine kinases,*® we speculated that tyrosine
kinases may also play a vital role in mediating TSPAN8 nuclear
translocation. To test this hypothesis, we treated MDA-MB-231
cells with commercial tyrosine kinase inhibitors (TKIs) such as
Afatinib, Erlotinib or AEF788 before EGF treatment, and then
examined TSPNA8 nuclear localization frequency via IFA assay. We
found that treatment with these TKIs efficiently blocked EGF-
induced nuclear translocation of TSPAN8 (Fig. 3a; Supplementary
information, Fig. S3c). As TSPAN8 can exist in the cytoplasm as
both membrane-associated (P100) and membrane-free (S100)
forms, we then examined the effects of TKIs on distribution of
TSPANS in different subcellular compartments upon EGF treat-
ment. Interestingly, we found that TKIs treatment only resulted in
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Fig.2 EGF-EGFR signaling promotes TSPAN8 cytosol-to-nucleus translocation. a, b EGF treatment promotes TSPAN8 nuclear translocation.
MCF-7 (a) or MDA-MB-231 cells (b) were treated with or without EGF for 60 min and TSPAN8 subcellular localization was examined via IFA
assay. Bar, 10 pm. Quantification was from three independent experiments. Student’s t-test. ¢ EGF promotes TSPAN8 nuclear translocation in a
dose-dependent manner. MCF-7 cells were treated with indicated dose of EGF and subjected to IFA analysis. d Time-dependent analysis of
nuclear TSPAN8 by western blotting after EGF treatment in MCF-7 cells. e EGF mainly drives TSPAN8 cytoplasm-to-nucleus translocation. MDA-
MB-231 cells were untreated or treated with EGF for 60 min before being processed for cellular compartment fractionation assay. Left panel,
representative blotting images of indicated proteins. Right panel, Ratio of protein in each compartment was quantified from three
independent experiments. Student’s t-test. f Schematic presentation of using Mem-TurbolD to label and track the mobilization of
membranous TSPAN8 to nucleus in response to EGF in MDA-MB-231 cells. g EGF-induced nuclear TSPANS8 is derived from plasma membrane.
Following Mem-TurbolD labeling, western blotting was performed to detect relative abundance of biotinylated TSPAN8 in membrane and
nucleus compartments at different time points after treatment with 100 ng/mL EGF. h EGF treatment does not affect TSPAN8 membrane
extraction. MDA-MB-231 cells were treated with different doses of EGF and processed as in g.

enhanced accumulation of TSPANS in S100 fraction, without

strongly increased following EGF treatment (Fig. 3c). As AKT has
affecting TSPANS localization in cell membrane and P100 fractions

also been reported to translocate into the nucleus,*>*' we then

(Supplementary information, Fig. S3d), suggesting that EGF mainly
promotes TSPANS8 cytosol-to-nucleus translocation.

We then applied proximity labeling (BiolD)-based mass spectro-
metry (MS) assay,> which can efficiently label the transient
protein—protein interaction with the addition of biotin substrate,
to characterize the TSPANB8-binding proteins (Supplementary
information, Table 2). Interestingly, this analysis revealed
enhanced interactions of TSPAN8 with AKT upon EGF treatment
compared with control (Fig. 3b). Subsequently, we validated the
MS results by performing TSPAN8 co-immunoprecipitation (Co-IP)
assay at different time points after EGF treatment. Results clearly
showed that the association between TSPAN8 and AKT was

SPRINGER NATURE

performed reciprocal AKT Co-IP assay in both cytoplasm and
nuclear fractions to identify where the interaction occurs. We
detected a robust AKT-TSPNAS interaction in the cytoplasm which
was further enhanced upon EGF treatment (Fig. 3d). However, we
failed to detect such interaction in nucleus (Supplementary
information, Fig. S3e).

Since AKT is a kinase downstream of the EGF-EGFR signaling,
we then asked whether AKT directly phosphorylates TSPAN8. To
test this possibility, we then carried out in vitro kinase assay with
an anti-pan phospho-Tyr/Ser antibody. As shown in Fig. 3e, active
AKT was indeed able to phosphorylate wild-type TSPANS in vitro,
indicating TSPAN8 as a bona-fide substrate for AKT. Next, we

Cell Research (2022) 32:359-374
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Fig. 3 The kinase AKT directly phosphorylates TSPAN8 at Ser129 in response to EGF. a Treatment of TKls inhibit EGF-induced TSPAN8
nuclear translocation. MDA-MB-231 cells pre-treated with indicated inhibitors were further treated with EGF for 60 min before processing for
TSPANS staining. b Identification of AKT as a potential TSPAN8-interacting protein via BiolD assay. ¢ EGF treatment promotes TSPAN8-AKT
interaction. MDA-MB-231 cells were treated with EGF for indicated time points followed by TSPAN8 Co-IP assay. d AKT interacts with TSPANS8 at
cytoplasm. MDA-MB-231 cells treated with EGF for 60 min were subjected to cytoplasmic fraction-based AKT immunoprecipitation. e AKT
phosphorylates TSPANS in vitro. Purified AKT kinase was incubated with recombinant GST or GST-TSPANS for 30 min before being subjected
to western blotting analysis via indicated antibodies. f MS-based phospho-proteomics analysis to reveal key residues of TSPANS
phosphorylated by AKT. g AKT phosphorylates TSPAN8 at Ser129 in vitro. Purified AKT kinase was incubated with indicated recombinant GST
proteins for 30 min before subjecting to western blotting analysis. h Sequence alignment of TSPAN8 Ser129 between indicated species. i AKT
inhibition attenuates EGF-induced TSPAN8 phosphorylation at Ser129. MDA-MB-231 cells were transiently transfected with indicated
constructs for 30 h. After that, cells were pre-treated with or without AKT inhibitor MK-2206 for 2 h followed by EGF treatment for another

60 min. Cells were then subjected to Flag immunoprecipitation assay and analyzed via western blotting using indicated antibodies.

performed MS analysis to identify the specific sites of TSPAN8
phosphorylated by AKT upon EGF treatment. MS analysis
indicated S$129, T131 and T196 of TSPANS are possible sites that
are phosphorylated upon EGF treatment (Fig. 3f). Then, we used a
point-mutation strategy to verify these candidate sites of TSPANS.
It is noteworthy that the TSPAN8 S129A mutation, but not T131A
and T196A mutations, abolished the phosphorylation of TSPAN8
by AKT in vitro (Fig. 3g). Sequence alignment of TSPAN8 Ser129
revealed that this residue is conserved from dog to human
(Fig. 3h). To further examine whether this is the case in vivo, we
treated MDA-MB-231 cells expressing TSPAN8 (wildtype (WT) and
mutants) with EGF. Consistently, we observed elevated TSPAN8
phosphorylation in WT-, T131A-, and S196A-expressing cells,
which was greatly attenuated by further incubation with AKT
inhibitor MK2206 (Fig. 3i). Nevertheless, the S129A mutation
almost blocked EGF-induced TSPAN8 phosphorylation regardless
of MK2206 treatment (Fig. 3i). Taken together, these results
demonstrated that the kinase AKT directly interacts with and
phosphorylates TSPAN8 at Ser129 upon EGF-EGFR signaling.

Phosphorylated TSPAN8 enters the nucleus via enhanced
binding to 14-3-30 and importin 81

To investigate the potential role of Ser129 phosphorylation of
TSPANS (hereafter referred as pTSPANS®'?®) during EGF-EGFR

Cell Research (2022) 32:359-374

signaling-induced nuclear translocation of TSPAN8, we generated
two mutants: a TSPANS®'>®* variant that can no longer be
phosphorylated by AKT; a TSPAN8®'?*® variant that mimics its
constitutive phosphorylation by AKT under EGF/EGFR signaling
activation. We overexpressed WT and mutant TSPAN8 in MCF-7
cells, and examined the nuclear and cytoplasmic fractions of
various forms of TSPAN8 by immunofluorescence assay (IFA). If
TSPAN8 phosphorylation at S129 is essential for its nuclear
translocation, we would expect decreased nuclear fraction of the
TSPAN8®'?*A mutant but increased nuclear fraction of the
TSPAN8S®'?® mutant when compared to that of WT TSAPNS
(hereafter referred as TSAPN8™T). Indeed, results showed that the
TSPANS®'?A mutant was barely detectable in the nucleus; while
the TSPANS®'?® mutant was distributed throughout the cell
including the nucleus (Fig. 4a).

It is noteworthy that, our previous report indicate that TSPAN8
does not translocate into nuclei in the form of vesicles, but in a form
of TSPAN8-cholesterol complex?” In this case, the hydrophobic
transmembrane domain can be protected by cholesterol and the
Ser129 site of TSPAN8 can be phosphorylated by AKT. To validate this
hypothesis, we further examined the cytosol-localized pTSPANS level
immediately after EGF stimulation (30 min), and found that S100-
enriched pTSPAN8>'* was dramatically increased upon EGF treat-
ment (Supplementary information, Fig. S4a). To further show that
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disruption of pTSPAN8®>'?* mainly affects the membrane-free form of
TSPANS, we also compared the relative abundance of Flag-tagged
TSPANS"™ and TSPAN8®'** in S100 and P100 fractions after EGF
treatment. Western blotting analysis revealed much more
TSPANS®'>A in the S100 fraction as compared with TSAPN8VT
(Supplementary information, Fig. S4b), which phenocopies the effect
of TKIs on S100-loalized TSPAN8 (Supplementary information,
Fig. S3d). These results suggest that EGF-AKT—pTSPANS®'?° axis
mainly mediates cytoplasmic-to-nuclear translocation of membrane-
fee TSPANS.

It is widely accepted that 14-3-3 proteins play a pivotal role in
protein subcellular localization and nuclear import. Our previous
work demonstrated that R18, a 14-3-3 peptide inhibitor, blocks the
translocation of TSPANS8 into nuclei, and knockdown of 14-3-36,
but not 14-3-37, blocks nuclear translocation of TSPANS8.%’
Consistent with the observation of EGF-induced TSPAN8 nuclear
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translocation, we found EGF treatment can dose-dependently
promote interactions between TSPAN8 with 14-3-30 and importin
31 (Supplementary information, Fig. S4c). We then asked whether
TSPAN8 phosphorylation might affect its association with 14-3-36
and thus be involved in TSPAN8 nuclear translocation. Indeed,
reciprocal Co-IP assay showed that TSPAN8®'?°® displayed much
stronger, whereas TSPAN8®'?°* showed greatly impaired binding
ability to 14-3-30 in MDA-MB-231 cells (Supplementary informa-
tion, Fig. S4d).

Consistent with our previous findings, we next used the siRNA
silencing approach to specifically knock down 14-3-36 and
importin 81 in MDA-MB-231 cells and then re-analyzed the
TSPAN8 expression in nuclear and cytoplasmic fractions by both
immunofluorescence and immunoblotting assays. Results showed
that depletion of either 14-3-30 or importin B1 specifically
inhibited EGF-promoted TSPAN8 accumulation in the nuclear
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fraction (Supplementary information, Fig. S4e, f). Taken together,
these data indicate that AKT-mediated phosphorylation at Ser129
promotes TSPAN8 nuclear translocation, and does so by facilitat-
ing its binding with 14-3-36 and importin B1.

pTSPANS*'?? causes more aggressive cancer phenotypes than
TSPANS""

We then assessed the pathological importance of pTSPAN8®'? in
tumor progression. To this end, we first measured the cell
proliferation abilities of MCF-7 cells transfected with TSPAN8"T,
TSPAN8®'2°" or TSPAN8*'?C, Intriguingly, we found that cells
overexpressing the TSPAN8*'?°® mutant showed signiﬁcanalz
increased proliferation rate than cells overexpressing TSPANS
or the TSPAN8>"?*2 mutant (Fig. 4b), displaying a strong positive
correlation with the nuclear localization pattern of TSPANS
(Fig. 4a). Consistent with the growth-promoting effect of
PTSPANS®'?°, we found cells overexpressing TSPANS>'2°® mutant
showed higher colony formation efficiency (Supplementary
information, Fig. S5a) and invasion ability when compared to
cells overexpressing TSPANS™T (Supplementary information,
Fig. S5b). Next, to further validate the pro-proliferative functions
of pTSPAN8*'?°, we treated MDA-MB-231 cells expressing
indicated TSPAN8 constructs with or without EGF, and evaluated
their colony formation abilities. Consistentlz/, we observed that
MDA-MB-231 cells overexpressing TSPAN8>'#*° mutant displayed
higher colony formation efficiency than those expressing
TSPANSYT and TSPANS®'?°A. Notably, further EGF treatment
dramatically promoted colony formation of TSPAN8" -expressing,
but not TSPAN8®'?**-expressing cells (Fig. 4c).

To further characterize the pathological function of TSPAN8
phosphorylation by AKT, we utilized a polyclonal antibody
specifically recognizing pTSPAN8®'%°, By using this antibody, we
found that the levels of endogenous pTSPANS®'? in MDA-MB-231
cells was progressively increased and peaking at 60 min after EGF
treatment (Fig. 4d). In addition, we found that in S100 fraction
Ser129 phosphorylation of TSPAN8 was dramatically increased
30 min after EGF treatment (Supplementary information, Fig. S4a).
We then used this antibody to examine pTSPAN8®'? in BrCa
tissues previously used for TSPAN8 analysis. As expected, the
levels of pTSPANS®'?® were significantly increased in BrCa tissues
compared with the paired normal tissues (Fig. 4e, f). Furthermore,
PTSPANS®'?* was predominantly localized in the nucleus and was
positively correlated with TSPAN8 nuclear expression (Supple-
mentary information, Fig. S5¢). Moreover, the elevated levels of
PTSPAN8®'?? were clearly associated with mesenchymal feature
(Supplementary information, Fig. S5d), advanced stage (Fig. 4g),
and TNBC subtype (Fig. 4h). Of note, high levels of pTSPANS®'#
was correlated with shorter overall survival time of BrCa patients
(P = 0.0003, Supplementary information, Fig. S5e). Taken together,
these results demonstrated a positive correlation between
PTSPAN8®'? and its nuclear localization as well as the important
pathological role for pTSPAN8®'® during tumor progression.

Phosphorylated TSPANS interacts with the transcription
factor STAT3 in the nucleus

To further gain insights into the mechanism underlying the
function of TSPAN8 in the nuclues, we analyzed our data of
TSPANS BiolD assay and noted that more peptides of transcription
factor STAT3 were identified in our TSPAN8-BiolD assay after EGF
treatment (Figs. 3b, 5a). Subsequent Co-IP assays further
substantiated the EGF-enhanced interaction between TSPANS
and STAT3 (Fig. 5b). Moreover, in vitro pull-down assay using
purified proteins of Flag-TSPAN8 and Myc-STAT3 identified the
direct interaction between TSPAN8 and STAT3 (Fig. 5¢; Supple-
mentary information, Fig. S6a). Next, we investigated whether
TSPAN8-STAT3 interaction is mediated by pTSPAN8*'?° upon EGF
treatment. Indeed, we reproducibly detected the EGF-enhanced
TSPAN8-STAT3 interaction in MDA-MB-231 cells, however, such
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interaction was greatly attenuated for TSPAN8®'?°A mutant

regardless of EGF stimulation (Fig. 5d). On the contrary,
TSPAN8*'?°® mutant displayed much enhanced STAT3-binding
capacity compared with TSPAN8YT even in the absence of EGF
(Fig. 5d), suggesting that pTSPAN8®'?? and the nuclear import of
TSPAN8 mainly mediate TSPAN8 interaction with STAT3. In
addition, considering that both 14-3-36 and STAT3 can bind to
TSPANS8 upon EGF stimulation, we next examined whether these
two factors cooperatively or competitively interact with TSPAN8 in
the nucleus. Surprisingly, we found that ectopic expression of
STAT3 to enhance its interaction with TSPANS8 resulted in
gradually decreased association between 14-3-30 and TSPANS8
(Fig. 5e), implying a competitive fashion of STAT3 and 14-3-36 to
interact with TSPANS. Collectively, these results indicate that upon
phosphorylation at S129, TSPAN8 is transferred into nucleus
where it directly interacts with STAT3.

To determine the clinical relevance of the TSPAN8-STAT3
interaction, we next performed IHC staining to examine
PTSPANS®'?, and the nuclear expression of TSPAN8 and STAT3
in serial sections of human primary BrCa specimens (n = 95) using
antibodies with validated specificities. Our results revealed that
the nuclear expression of STAT3 in the BrCa tissues was higher
than that in the paired normal tissues (Fig. 5f, g). It is worth noting
that BrCa patients with high protein levels of both TSPAN8 and
STAT3 in the nucleus show worse prognosis compared to those
with high nuclear expression of either TSPAN8 or STAT3 (Fig. 5h).
Further Chi-square analysis demonstrated a positive correlation
between the expression levels of nuclear TSPAN8 and nuclear
STATS3 (Fig. 5i), as well as one between pTSPAN8>'** and nuclear
STAT3 (Fig. 5j) in BrCa specimens. Taken together, these results
indicate that pTSPAN8®'? interacts with STAT3 in the nucleus to
promote cancer progression.

pTSPANS®'?? stabilizes STAT3 on target gene loci genome-
wide to regulate transcription

Given our finding of the TSPAN8-STAT3 interaction, we hypothe-
sized that nuclear TSPAN8 may form a complex with STAT3 on
DNA to regulate target gene transcription. To test this possibility,
we first performed RNA-seq analysis for TSPANS-depletion MCF-7
cells upon EGF treatment. After alignment to the human reference
genome and normalization, we identified a total of 20,312, 21,536
and 20,611 transcripts for control, EGF and siTSPAN8 + EGF cells,
respectively. This information was used to evaluate transcriptional
differences between the WT and TSPAN8-depleted cells after EGF
treatment. Gene set variation analysis (GSVA) clearly revealed a
significantly decreased enrichment of JAK_STAT3 signaling upon
TSPANS8 depletion (Fig. 6a). 622 uniquely expressed transcripts of
STAT3_Gene_Set (1366)* were identified in TSPAN8 + EGF
groups (Fig. 6b). In addition, we performed RNA-seq transcriptome
analysis for MCF-7 cells overexpressing TSPAN8*'?"; and
Gene set enrichment analysis (GSEA) revealed a significant
enrichment of STAT3 target genes when compared with cells
expressing TSPAN8™T (Fig. 6¢). These results indicate that nuclear
TSPAN8 indeed can regulate STAT3 activity and target gene
transcription.

Subsequently, we assessed at genome-wide the association
between TSPAN8 and STAT3 by performing chromatin immuno-
precipitation followed by sequencing (ChIP-seq) assays with anti-
TSPANB8 and anti-STAT3 antibodies (Fig. 6d). Intriguingly, a total of
2136 peaks at genome-wide level were identified by both
antibodies, accounting for 42% (2136/5212) of the peaks identified
with anti-TSPAN8 antibody (Fig. 6e). Intriguingly, motif analysis
revealed that overlapped peaks mainly locate at SOX10, TCF3,
SMAD4, and STAT3/4/5 motifs (Supplementary information,
Fig. S6b), and that the canonical STAT3-binding motif ranks No.
1 within TSPAN8-related binding sequences (Fig. 6f). Moreover,
most of these shared binding sites are located on active
enhancers, indicating a genome-wide association between
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microarray is shown.

TSPAN8 and STAT3. Analysis of the distribution of TSPANS- or
STAT3-binding sites relative to genes annotated in the human
genome revealed that only a very small fraction of peaks were
mapped close (< 1 kb) to transcription start sites (TSSs), whereas
most peaks were located farther than 10 kb from the closest TSS
(Fig. 6g). Notably, the signals of TSPAN8 peaks were found to be
positively correlated with those of STAT3 peaks (Fig. 6h).

To corroborate our ChiIP-seq analyses, we next examined the
occupancy of TSPAN8 and STAT3 on specific target gene loci by
ChIP-gPCR assay. First, we found that EGF treatment can promote
both TSPAN8 (Fig. 6i) and STAT3 binding (Supplementary
information, Fig. S6c) to promotes of MYC, BCL2 and MMP9 in a
time-dependent manner. Consistent with the positive correlation
between pTSPANS®'?° and the TSPAN8-STAT3 interaction in
nucleus (Fig. 5d), the TSPAN8*'>° mutant exhibited much
enhanced, whereas TSPAN8®'?*" showed reduced such binding
ability to BCL2 promoter compared with TSPANSYT (Supplemen-
tary information, Fig. S6d). Besides, ectopic expression of
TSPAN8*'?°P |ed to much stronger enrichment of STAT3 on BCL2
promoter than TSPANS"T, which could further be increased by
EGF stimulation (Supplementary information, Fig. Sée), indicating
that TSPAN8 positively regulates the chromatin association
of STAT3.

Accordingly, we also examined the essential role of STAT3 in the
binding of TSPAN8 to chromatin. In this regard, though EGF can
time-dependently promote TSPAN8 association with chromatin,
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such binding ability was dramatically reduced in STAT3-depleted
MDA-MB-231 cells (Supplementary information, Fig. S6f). Indeed,
co-treatment with commercial STAT3 inhibitor WP1066* or
BAY2352™ blocked the EGF-induced TSPANS binding to promotes
of MYC, BCL2 and MMP9 (Fig. 6j), indicating that STAT3 plays an
essential role in recruiting TSPNA8 to chromatin in nucleus. Taken
together, these results demonstrated that nuclear TSPAN8 forms a
complex with STAT3 to coregulate their occupancy on target gene
loci and therefore target gene transcription.

pTSPAN8®'?° promote tumor progression via STAT3-
dependent gene expression

To further assess the functional importance of the TSPAN8-STAT3
axis in breast tumorigenesis, we verified the oncogenic role of
PTSPANS®'? in xenograft tumor model. To this end, around 1 x
10% MCF-7 cells were first injected into the breast fat pad of Balb/c
nude mice to incubate tumor formation. After that, the mice were
intratumorally injected with lentivirus particles engineered with
TSPANS™T, TSPANS®'2°* or TSPAN8*"2°P (Supplementary informa-
tion, Fig. S6g). Compared to control vector group, we found that
mice receiving TSPANS"T particles developed tumors rapidly,
while the tumors in mice injected with TSPAN8>"2°° particles grew
even larger (Fig. 7a, b). In contrast, tumors formed in mice
receiving TSPAN8*'?2 particles were smaller than those in mice
injected with TSPANS"YT (Fig. 7a, b). These observations were
further confirmed by IHC analysis showing a much higher protein
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level of the cell proliferation marker Ki67 in tumor tissues of
TSPAN8®'?® group but a relatively lower level of Ki67 for the
TSPANS®'?*A group when compared to the TSPAN8™T group
(Fig. 7c). Consistently, we observed by RNA scope assay that the
mMRNA level of BCL2 was significantly increased in the TSPANg®>'2°P
group tumor tissues but decreased in the TSPAN8®'?** group
tumors when compared to the TSPANS"" group (Fig. 7d). In
addition, we found that depletion of TSPAN8 in MCF-7 cells
dramatically reduced its tumor formation ability (Fig. 7e), Ki67-
positive cell rate (Fig. 7f), as well as BCL2 expression level (Fig. 79)
in tumor tissues compared with WT group. Importantly, further
reconstitution using TSPAN8™T only partially, ~whereas
TSPAN8®'?°® more profoundly rescued the tumor formation

abilities and expression of proliferation markers (Fig. 7e-qg).
Collectively, these results indicate a key role of pTSPAN8®'%° and
nuclear localization in promoting cancer progression.

To further interrogate the functional dependency of nuclear
TSPANS8 on STAT3, we injected mice with MCF-7 cells transfected
with TSPAN8®'?*® in the presence or absence of STAT3 siRNA
(Fig. 7h, i). The results showed that tumors in TSPAN8>'?° group
were substantially decreased in size when STAT3 was depleted
(Fig. 7h, i). Further RNA scope analyses also showed that
TSPAN8*'?*P-induced mRNA expression of BCL2 was apparently
reduced by STAT3 depletion (Fig. 7j). Together, these findings
strongly suggest that nuclear TSPAN8 promotes tumor progres-
sion in a STAT3-dependent manner.
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Fig. 7 pTSPAN8>'?° accelerates tumor growth of BrCa via STAT3. a, b Nuclear TSPAN8 promotes tumor growth in vivo. Xenograft tumor
growth of MCF-7 cells after infection with the indicated lentivirus (n = 6) for 3 weeks. Representative images were presented (a) and tumor size
was quantified (b). One-way ANOVA analysis with Bonferroni post hoc test. ¢ Ki67 staining of tumors shown in panel a. Bar, 10 pm. Quantification
of Ki67-positive cells from three independent images was performed and the mean value was listed below images. d Nuclear TSPAN8 promotes
BCL2 transcription in vivo. RNA scope-immunohistochemistry of BCL2 in tumors shown in panel a. Bar, 10 pm. e Depletion of TSPAN8 suppresses
tumor formation. Xenograft tumor growth of TSPAN8-knockdown MCF-7 cells after infection with the indicated lentivirus (n = 6). Tumor volumes
were determined 3 weeks after injection. One-way ANOVA analysis with Bonferroni post hoc test. f, g Depletion of TSPAN8 reduces tumor cell
proliferation and BCL2 transcription in vivo. Ki67 staining (f), as well as of RNA scope of BCL2 (g) were performed for tumors shown in panel e. Bar,
10 pm. h, i Nuclear TSPAN8 promotes tumor growth via STAT3. Xenograft tumor growth of TSPAN8®'>*-overexpressing MCF-7 cells after
transfection with siSTAT3 (n = 6). Tumor images were shown (h) and tumor volumes were quantified (i). Student’s t-test. j STAT3 depletion

reduces TSPAN8-mediated BCL2 transcription. RNA scope of BCL2 was performed for tumors shown in panel h. Bar, 10 pm.

A humanized anti-TSPAN8 monoclonal antibody therapy for
treating refractory cancers

Based on the mechanistic understanding of the tumor-promoting
function of nuclear TSPAN8, we wondered whether blocking the
nuclear translocation of TSPAN8 would be therapeutically
beneficial. To test this possibility, we applied phage display
technology and a synthetic human scFv library to generate a
human monoclonal antibody via screen a panel of purified
antigens targeting the LEL of TSPAN8 (Fig. 8a; Supplementary
information, Fig. S7a). Among the 8 initial candidates, we noted
that #4, #5, and #6 displayed relative stronger binding specificity
to TSPANS8 via either ELISA (Fig. 8b) or flow cytometry analysis
(Fig. 8c), and that #4 showed better staining property in
recognizing exogenously GFP-TSPAN8 via IFA assay (Fig. 8d;
Supplementary information, Fig. S7b), and thus #4 was termed as
hT8%** and was chosen for further characterization.

First, surface plasmon resonance (SPR) assay revealed that the
hT8%P* antibody can dose dependently bind to the purified
antigen TSPANB8-LEL-Fc in vitro (Supplementary information,
Fig. S7c). Besides, melting point test showed that the antibody
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displayed well-tolerant protein stability below 70 °C (Supplemen-
tary information, Fig. S7d). Moreover, western blotting analysis
revealed that hT8""* antibody displayed excellent specificity using
either TSPNA8-ectopic expression or depleted samples (Supple-
mentary information, Fig. S7e). Importantly, to specifically show
that hT8"** can recognize surface TSPANS, we incubated MDA-
MB-231 cells with different doses of hT8%P*. Flow cytometry
analysis revealed that the mean fluorescence intensity was greatly
increased with the increase of antibody concentration (Supple-
mentary information, Fig. S7f), and the calculated binding ECs,
was 23 nM (Supplementary information, Fig. S7g). Collectively,
these biophysical or biomedical results demonstrated the high-
quality of our humanized antibody.

Next, we evaluated whether hT8** exhibit anti-tumor activity
in vitro using different cancer cell lines. First, treatment with
hT8%°* dramatically attenuated the EGF-stimulated TSPANS8
nuclear translocation in MDA-MB-231 cells (Supplementary
information, Fig. S8a). Accordingly, treatment with hT8*** could
dose-dependently reduce the breast cancer cell growth (Supple-
mentary information, Fig. S8b, ¢) and cell invasion (Fig. 8e).
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Fig. 8 Targeting TSPANS8 nuclear translocation inhibits tumorigenesis. a Flowchart of phage display to screen inhibitory antibody against
TSPANS8. b Phage ELISA assay that detects the binding of TSPAN8 with indicated antibodies. ¢ Flow cytometric analysis of TSPAN8 using the
indicated antibodies. d hT8""* displays excellent staining specificity. MDA-MB-231 cells were transfected with GFP-TSPANS for 30 h before
immunofluorescent staining using the indicated antibodies. e hT8%P* treatment limits cancer cell migration. Cell migration assay of MCF-7
cells after treatment with anti-TSPAN8 antibody. One-way ANOVA analysis with Bonferroni post hoc test. f TBNC cells are more sensitive to
hT8%* treatment. MCF-10A, MDA-MB-231 and 4175 cells were treated with or without hT8%°* and subjected to CellTiter Luminescent-based
assay at indicated time points. g TSPANSM9M cancer cells are more sensitive to hT8%P* treatment. Scatter plots for hT8** ICs, versus TSPANS
mRNA levels in a panel of cancer cell lines. h, i hT8*?* dose-dependently inhibits tumor growth. Xenograft tumor growth of MDA-MB-231 cells
after intratumoral injection with indicated dose of anti-TSPAN8 antibody (n = 4). Representative images on day 15 are shown (h) and tumor
volumes on day 0, day 3, day 7, day 14, and day21 (i) were quantified after injection. One-way ANOVA analysis with Bonferroni post hoc test.
j hT8%P treatment reduces BCL2 transcription in vivo. RNA scope analysis of BCL2 was performed for tumors shown in panel i. Bar, 10 pm.
k hT8"** treatment suppresses TSPANS nuclear translocation in vivo. TSPANS staining was performed for tumor tissues shown in panel i. Bar,
10 pm. | High dose hT8""* treatment shows no drug toxicity. Healthy nude mice were intraperitoneally injected with 50 mg/kg or 100 mg/kg
of hT8"** antibody for three successive days, and body weight were measured at day 1, day 5, day 10, day 15, day 20, and day 25 post-
injection (n = 5).

Moreover, consistent with the aberrant TSPAN8 nuclear localiza- evaluate the antitumor efficacy of hT8"™* towards cells with

tion in TBNC tumors, we found that MDA-MB-231 cells as well as different expression levels of TSPAN8, we examined the effect of
its derivative 4175 cells were more sensitive to hT8"**-mediated hT8"**on growth of 10 cancer cell lines derived from breast,
anti-proliferation effect than MCF-10A cells (Fig. 8f). To further gastric, and colon tumors by measuring the individual ICso values
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of hT8"** in these cells. Our results showed that the expression
levels of TSPAN8 in the treated cells were generally positively
correlated with the sensitivity of these tumor cells towards hT8"**
(Fig. 89).

Then, we testified the efficacy of hT8%°* against human breast
cancer xenografts in nude mice. Administration of hT8*°* via
intratumoral injection (1 or 10 mg/kg) significantly inhibited the
growth of xenograft tumors derived from MDA-MB-231 cell line.
Imaging with Tumor Paint (chlorotoxin: Cy5.5), a tumor-tracking
molecular bioconjugate, showed decreased tumor size on day 14
in both 1 or 10 mg/kg hT8""*-treated mice (Fig. 8h). Analysis of
gross tumor growth after treatment demonstrated a significant
reduction in tumor burden in hT8*°*treated mice (Fig. 8i).
Consistently, IHC analysis and RNA-scope analysis revealed
decreased expression of proliferation marker Ki67 (Supplementary
information, Fig. S8c) and BCL-2 (Fig. 8j), respectively, in tumor
sections treated with hT8"**as compared with control tumors. In
line with the in vitro data, we observed that nuclear
TSPANS staining was gradually reduced in tumor tissues derived
from hT8"P“treated mice (Fig. 8k). Nevertheless, no significant
loss of weights or obvious signs of toxicity, such as decreased
activity, appetite reduction, or lethargy, were observed during the
efficacy study or in a separate toxicity study, in which animals
were administrated via intravenous injection with much higher
dose of antibodies (50 or 100 mg/kg) during the experimental
procedure, as shown by body weight and gross anatomical
examination of organs (Fig. 8i).

Finally, to better validate the link between anti-tumor activity of
hT8*** with pTSPAN8®'?® and STAT3 dependency. We detected
the hT8"** sensitivity using TNBC patient-derived orga-
noids (PDOs) generated following our previously published
method.”® First, we infected these PDOs with lentiviral particles
expressing TSPAN8YT, TSPAN8>'2°A, and TSPAN8>'°° and exam-
ined their effect on PDOs formation. Consistent with the tumor-
promoting role of TSPAN8, the number of organoids was
significantly increased in TSPAN8™ group as comé)ared with
mock group, which was further enhanced in TSPAN8>'%°° group
(Supplementary information, Fig. S8d). Moreover, hT treat-
ment markedly suppressed the organoids formation for TSPANS"Y'
and TSPAN8>"?P group, but showed attenuated inhibition effect
for TSPAN8S®'?°A group (Supplementary information, Fig. S8d).
Further CCK8 assay revealed very similar trends related to hT8"°*
killing effect towards PDOs expressing indicated proteins (Sup-
plementary information, Fig. S8e). These results validated that the
anti-tumor activity of therapeutic hT8*°* antibody is at least
largely dependent on blocking the nuclear translocation of
TSPANS. In addition, consistent with our notion that STAT3 acts
downstream of TSPAN8 to promote tumor growth, we found that
STAT3 inhibitor treatment can phenocopy the anti-tumor activity
of our monoclonal antibody hT8%P4, resulting in reduced numbers
of organoids (Supplementary information, Fig. S8f) and lower cells
viability (Supplementary information, Fig. S8g). Of note, our
therapeutic antibody hT8"P* displayed comparable inhibitory
effect as WP1066, but was better than BAY2353.

Taken together, these results confirm the pathological role of
nuclear TSPAN8/pTSPANS®'2°~STAT3 in tumorigenesis, and further
provide proof-of-concept to therapeutically target nuclear TSPAN8
for cancer treatment.

8Ab4

DISCUSSION

Emerging evidence has shown that some protein receptors
originally thought localized only on the plasma membrane can
shuttle into the nucleus under certain cellular contexts.**=>> Thus,
the coordinated control of dual roles at the cell surface and in the
nucleus of these receptors could be instrumental for tumorigen-
esis. We exemplified here that nuclear TSPAN8 could be detected
in multiple human cancers, and the nuclear TSPAN8 is an
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Fig. 9 A schematic model of nuclear TSPAN8-dependent tumor-
igenesis and targeted strategy. A schematic model showing that
AKT phosphorylates TSPAN8 at Ser129 upon EGF treatment,
resulting in the nuclear translocation of TSPAN8 with the help of
14-3-30 and importin p1. In nucleus, phosphorylated TSPANS8
interacts with STAT3 to form a complex on chromatin to co-
regulate target gene expression and promote tumorigenesis (left
part). To target the nuclear TSPAN8-mdiated tumor development, a
humanized monoclonal antibody hT8*** targeting the large
extracellular loop of TSPAN8 (TSPANS8-LEL) was developed, which
can block TSPAN8 cytosol-to-nucleus translocation and thus
suppress downstream STAT3-dependent transcriptional activity,
displaying an antitumor effect (right part).

independent indicator for more aggressive features, advanced
stage, and poor clinical outcomes. The transport of TSPAN8 from
the cell membrane to the cytoplasm has been linked to endocytic
internalization and endosomal sorting. However, the specific
cellular context and machinery regulating the nuclear transloca-
tion of TSPAN8 from the cytoplasm remain unclear. In our
attempts to determine the mechanism underlying TSPAN8 nuclear
localization, we found that EGF treatment induced phosphoryla-
tion of TSPAN8 at S129 by AKT. Together with our previous
study,?” our current work support a model in which EGF-EGFR
signaling-activated AKT phosphorylates TSPAN8 to promote its
interaction with 14-3-30 and importin 81, transporting TSPAN8
into the nucleus where it interacts with STAT3 to regulate target
gene transcription (Fig. 9). Consistent with this model, previous
studies have shown that nuclear pore complexes (NPCs) and
importin B are involved in the EGFR, ErbB-2 and FGF receptor-1
(FGFR-1) trafficking from the cell surface to the nucleus.”*™>2 In this
model, phosphorylation of TSPAN8 at S129 plays a crucial role in
its nuclear transport. In this regard, the TSPAN8®'?°* mutation that
blocks the phosphorylation of S129 not only abrogated the
nuclear translocation of TSPANS, but also decreased proliferation,
colony formation and migration ability of cancer cells to a
certain extent. In contrast, TSPAN8*'?°® mutation that mimics
constitutive phosphorylation of S129 strongly promoted the
nuclear translocation of TSPANS8, as well as the aggressive
phenotypes of cancer cells. More importantly, the levels of
PTSPANS®'° were significantly increased in a variety of human
malignant tumors including BrCa, and such elevated phosphoryla-
tion was positively associated with both nuclear levels of TSPAN8
and aggressive features including mesenchymal phenotype,
advanced tumor size, TNBC subtype and distant metastasis. In
particular, the levels of pTSPAN8>'?® were reversely correlated
with overall survival of cancer patients. The IHC scores of TSPAN8
expression, pTSPAN8S129 or nuclear TSPAN8 expression were
independent predictors of dismal patient survival time, after
adjusting for the relevant clinical covariate in a Cox multivariate
model.
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To investigate the function of TSPAN8 in the nucleus and the
underlying mechanisms, we focused on STAT3, a transcription
factor that interacts with phosphorylatedTSPAN8*'?°. Combined
analysis of RNA-Seq and CHIP-Seq revealed that TSPAN8 with S129
phosphorylation enters the nucleus and associates with STAT3
genome-wide to regulate the transcription of downstream target
genes including BCL2, MYC, MMP9 etc., which are associated with
stemness,”® EMT,%%®! PI3K/AKT,®> TGF-B®* related pathways. In
addition, we further determined the clinical relevance of the
TSPAN8-STAT3 interaction, and observed positive correlations
among the levels of pTSPAN8*'?°, nuclear TSPAN8 and nuclear
STAT3 in BrCa specimens. It is worth noting that high levels of
both pTSPANS®'?° and STAT3 showed better correlation with poor
prognosis of breast cancer patients than did pTSPAN8*'®° or
STAT3 alone.

The EGF-EGFR pathway is widely perceived as one of the most
dysregulated signaling pathways in human cancers. Despite
tremendous efforts have been made in the development of
clinical drug targeting EGFR over the past several decades, the
current targeted therapy designed to circumvent EGFR has yielded
only modest effects on most cancer types,®*°” with the exception
of those carrying EGFR-activating mutations.®®”" Even in those
cases, most patients eventually developed intrinsic or acquired
resistance to EGFR targeted therapy. These frustrating outcomes
are, in part, due to the high complicacy and the interactive nature
of the EGF-EGFR signaling network. Recently, we and others
showed that TSPANS8 play important roles in tumor progression in
a variety of human tumors, suggesting that targeting TSPAN8
might be a potential therapeutic strategy.'” Based on the
functional and mechanistic understandings of TSPAN8 reported
in our current study, we developed a humanized monoclonal
antibody specific to TSPAN8. We demonstrated that this anti-
TSPANS8 antibody significantly inhibits tumor growth with a dose
that did not elicit any detectable side-effects. In this regard, we
could not rule out the possibility that the anti-tumor effects of our
therapeutic antibody may be partially mediated via blocking
functions of TSPANS8 localized on cell membrane. However, the
observations that nuclear TSPAN8/pTSPANS®'?® were positively
correlated with more aggressive phenotype and dismal prognosis
indicate that blocking TSPAN8 nuclear translocation is at least, an
important branch of hT8*** efficacy. Thus, our findings provide
the first evidence that nuclear TSAPN8 could be a potential
therapeutic target in refractory cancer treatment.

It is generally accepted that transmembrane receptors serve as
sensors at the cell surface for the recognition of extracellular
signals, initiation of ligand-dependent signaling cascade, and/or
the generation of second messengers for intracellular signaling.”?
Consequently, a range of downstream cytosolic enzymes such as
kinases are frequently found to be activated for the nuclear
translocation of a diverse array of substrates for various cellular
functions.***"”3 However, recent evidence indicates that mem-
brane receptors can be detected in the nucleus as a full-length
form or a fragment of proteolytic cleavage.*® Most of such
receptors identified to date belong to RTKs superfamily,
including EGFR,*7*7* insulin-like growth factor 1 receptor (IGF-
1R),*®*° fibroblast growth factor receptor (FGFR),”® and vascular
endothelial growth factor receptor (VEGFR)””~"° etc. Structurally,
these RTKs share common characteristics: they are composed of
an extracellular domain, a single hydrophobic a-helix transmem-
brane domain, and an intracellular domain with PTK activity.
However, the mechanism by which these cell-surface RTKs travel
from cell surface to nucleus remains unclear. The definitive
function of these transmembrane proteins in the nucleus has also
been overlooked or overshadowed by their traditional function on
the cell surface.

The nuclear translocation of membrane proteins with multiple
transmembrane domains has been overlooked in the past
decades, and the exact molecular mechanism through which
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these cell-surface proteins travel from the plasma membrane to
the nucleus remains unclear. We unearth an instrumental and
previously unknown molecular signaling mode, i.e., the activation
of AKT by EGF induces TSAPN8 nuclear transport, which has a
crucial role in regulating transcription of a series of downstream
genes. Our previous study has suggested that site-specific
palmitoylation of TSPANS is required for binding with cholesterol
and nuclear translocation.”’ Here, we did not observe an EGF-
induced alteration of TSPAN8 palmitoylation. Whether the
palmitoylation and cholesterol binding cooperate with EGF-EGFR
signaling during the regulation of TSPAN8 nuclear translocation,
and the underlying mechanism of how palmitoylation regulate
TSPAN8 membrane extraction, warrant further investigation. In
summary, our current study helps to advance our knowledge of
the nature and role of TSPAN8 nuclear transport in tumorigenesis,
provides novel insights into the molecular mechanisms underlying
the nuclear translocation of TSPAN8 as well as the function of
nuclear TSPANS, and presents a new therapeutic strategy for BrCa.

MATERIALS AND METHODS

Antibodies

All antibodies except the therapeutic hT used in this study were
purchased from commercial companies. They are anti-Tspan8 antibody
(Abcam, ab70007), anti-GAPDH antibody (Proteintech, 60004-1), anti-
Histone H3 antibody (CST, 4499), anti-a-Tubulin antibody (Sigma, T6199),
anti-B-actin antibody (Sigma, A2228), anti-Flag antibody (Sigma, M3165),
anti-HA antibody (Abcam, ab137838), anti-Myc antibody (Santa Cruz, sc-40)
anti-AKT antibody (CST, 9272), anti-pSer/Thr antibody (Abcam, ab17464),
anti-STAT3 antibody (CST, 9139), anti-14-3-30 antibody (CST, 9638), and
anti-Ki67 (Abcam, ab15580).

8Ab4

Plasmids

Flag-TSPANS and its variants were generated as described previously.?”
STAT3 and SLMAP were subcloned into a Myc-tagged vector. All lentiviral
plasmids were constructed in a modified pLKO.1 vector.

Cell culture

Briefly, MCF-7 cells, MDA-MB-231 cells, SW1990 cells and HEK293FT cells
were obtained from cell line resource of National Infrastructure (Beijing,
China) and were grown in DMEM (Invitrogen/Thermo Fisher Scientific, MA,
USA) medium supplemented with 10% heat-inactivated FBS (Biological
Industries) and 1% penicillin/streptomycin (Gibco/Thermo) at 37 °C with
5% CO, in a humidified incubator (Thermo). Cells were passaged for
< 3 months from the frozen early-passage stocks that had been received
from the indicated sources. During the study, all cell cultures were
periodically tested for mycoplasma using MycoAlert™ Mycoplasma
Detection Kits (Lonza, ME, USA).

Indirect immunofluorescent staining

The indirect immunofluorescent staining assay was performed followed a
previous protocol.®° Briefly, Cells were plated on coverslips in six-well
plates and were treated with or without indicated dose of EGF (Abbkine,
Wuhan, China). Coverslips with the cells were washed once with PBS and
fixed in 4% formaldehyde in PBS for 15 min. After permeabilization with
Triton X-100 (0.25%) in PBS for 15 min, cells were blocked with PBS
containing BSA (5%) for 30 min and then incubated with primary
antibodies for 1 h. After three separate washes, cells were incubated with
a secondary antibody for another hour and then stained with DAPI for
2 min. The coverslips were washed extensively and fixed on slides. Images
were captured using a Leica laser scanning confocal microscope (Leica TCS
SP2 AOBS).

Immunoprecipitation and immunoblotting

For whole cell extracts, cells were lysed using Western blotting buffer
containing 20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.5% Triton X-100, and 1
mM EDTA supplemented with 1x Cocktail (11873580001, Roche) on
shaking bed at 4°C for 20 min. Then, the lysates were obtained by 4 °C
centrifugation at 13,000 rpm for 30 min, the supernatants were boiled with
5% SDS loading buffer. Finally, the proteins were separated by SDS-PAGE,
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transferred to a PVDF membrane (Bio-Rad), and blotted with indicated
antibodies. Western blotting images were captured by the Mini
Chemiluminescent Imaging and Analysis System (Beijing Sage Creation
Science Co., Ltd.).

For immunoprecipitation assay, cells lysates were obtained using
immunoprecipitation buffer (IP buffer) containing 20 mM Tris-HCI, pH
7.5, 100 mM NaCl, 0.5% NP-40, and 1T mM EDTA supplemented with
Cocktail. After centrifugation, the supernatants were incubated with Flag-
beads (GenScript) or indicated antibodies together with protein A/G beads
(Santa Cruz Biotechnologies) at 4°C overnight. The beads were then
washed with IP buffer for three time and boiled with 1x SDS loading
buffer. The interacted proteins were detected using indicated primary
antibodies as stated above.

Real-time PCR and RNA-Seq
Total RNAs were extracted from cells using Total RNA Extraction Reagent
(R401-01-AA, Vazyme), then cDNAs were reverse-transcribed using the
HiScriptll Q Select RT SuperMix (R223-01, Vazyme) with the manufacturer’s
guidelines. Real-time PCR was performed using Real-time PCR Master Mix
(YEASEN, Shanghai, China) according to an Applied Biosystems Step Two
Real-Time PCR System (Applied Biosystems, USA). The primers used were
as follows: TSPAN8 forward: 5'-TGCCTGGAGATAGCCTTTGC-3’; TSPANS
reverse: 5-ACCACATAGCCAGAACAAGAAG-3'; GAPDH forward: 5-GGCATC
CTGGGCTACACTGA-3/, GAPDH reverse: 5'-GAGTGGGTGTCGCTGTTGAA-3'.
For samples sent for RNA-Seq, we extracted total RNA using the Total
RNA Extraction Reagent (R401-01-AA, Vazyme). RNA quality was further
assessed on a 2100 expert Bioanalyzer and then total RNAs were sent for
library preparation and sequencing on the lllumina Hisseq2000 platform by
BGI genomics (Wuhan, China).

Proximity labeling assays

For Mem-TurbolD assay, MDA-MB-231 cells were co-transfected with
constructs encoding membrane-localized TurbolD (TurbolD-Myparm) and
Flag-TSPANS for 36 h. Cells were first treated with biotin for 1 h to induce
local protein biotinylation followed by treatment with EGF as indicated.
After that, Cells were processed for fractionation assay to collect the cell
membrane and nuclear fractions for subsequent streptavidin immunopre-
cipitation. At last, the presence of biotinylated TSPAN8 in each
compartment was examined by western blotting.

For TSPAN8 BiolD assay, MDA-MB-231 cells were transfected with
TSPANS8-BirA* construct for 48 h. Cells were incubated with medium
supplemented with 200 uM Biotin for 12 h (B4639, Sigma) and treated with
or without EGF. After that, cells were lysed in NETN buffer at 4°C for
20 min. After centrifugation, the supernatants were subjected to
immunoprecipitation using streptavidin beads (SA021005, Smart-life
sciences) for 2 h at 4 °C. Samples were washed with NETN for three times
before processed for MS analysis (Majorbio, Shanghai).

Flag pull-down assay

Briefly, proteins including Flag-TSPAN8, Myc-SLMAP, and Myc-STAT3 were
purified using the eukaryote cell free system TNT T7 Quick coupled
transcription/translation (PR-L1170, Promega). After that, equal amount of
indicated proteins together with Flag beads were co-incubated with
rotation at 4 °C for 4 h. Samples were washed with IP buffer for three times
before addition of 1x SDS sampling buffer. The input and immunopre-
cipitation samples were finally analyzed via western blotting.

Cell subcellular fractionation assay

Briefly, different cellular compartments of MDA-MB-231 or MCF-7 cells
treated as indicated were separated using the commercial Subcellular
Protein Fractionation Kit (78840, Thermo Scientific™). After that, the
isolated parts were processed for western blotting analysis or Co-IP assay
as stated.

ChiP-Seq

ChIP-Seq was performed based on a previous protocol with minor
modifications.2? Briefly, cells were first cross-linked with freshly prepared
formaldehyde (final concentration 1.42%) for 15 min, followed by addition
of glycine (125 mM) for 5 min at room temperature. After two-round wash
with cold PBS, cells were scraped and collected by centrifugation. Pelleted
cells were resuspended in 400 pL ChIP digestion buffer (20 mM Tris-HCl, pH
7.5; 15 mM NaCl; 60 mM KCl; 1 mM CaCl, and 1x Cocktail inhibitors).
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To shear chromatin, cells were digested with a proper amount of
Micrococcal Nuclease (MNase, M0247S, NEB) at 37 °C for 20 min to ensure
that the majority of chromatin was mono- and di-nucleosomes. The
reaction was stopped with 2x stop buffer (100 mM Tris-HCI, pH 8.1; 20 mM
EDTA; 200 mM NaCl; 2% Triton X-100; 0.2% Na-deoxycholate and protease
inhibitors). Samples were further sonicated with Bioruptor at high power
for 15 cycles (30-s on/off). After clarification by centrifugation, soluble
chromatin was immunoprecipitated with ChIP-grade antibodies against
TSPAN8 and STAT3 at 4°C overnight together with prewashed protein
A/G beads.

After an extensive wash with indicated buffers, samples were eluted and
reverse cross-linked in elution buffer (10 mM Tris-HCl, pH 8.0; 10 mM EDTA;
150 mM NaCl; 5mM DTT and 1% SDS) at 65 °C overnight. After sequential
digestion with DNase and Proteinase K, DNA was purified using the PCR
purification kit (B518141, Sangon Biotech). DNAs obtained from three
immunoprecipitations after ChIP were pooled to generate libraries with the
Ovation Ultra-Low Library Prep kit (NUGEN) according to the manufac-
turer's instructions. Sequencing was performed on an lllumina HiSeq 2500
platform (Shbio, Shanghai).

ChIP-qPCR

The cells were fixed and collected following the same procedure as ChiP-
Seq. After this, pelleted cells were resuspended in 400 pL ChIP lysis buffer
(50 mM Hepes/KOH, pH 7.5; 140 mM NaCl; 1 mM EDTA; 1% Triton X-100;
0.1% Na-deoxycholate and protease inhibitors) and subjected to sonication
with Bioruptor to shear the chromatin (high power, 30-s on/off, 20 cycles).
After sonication, samples were further diluted twice with lysis buffer and
centrifuged to clear the supernatant. An aliquot of 80 uL supernatant (1/10)
was directly processed for total DNA extraction as whole cell input. The
remaining supernatants were transferred to new Eppendorf tubes and were
incubated with either IgG or antibodies described above at 4 °C overnight.
Samples were added with prewashed protein A/G beads (L2118; Santa
Cruz) for another 3 h. After that, samples were washed five times with
indicated buffers and were mixed with 100 pL of 10% chelex (1421253; Bio-
Rad). The samples were boiled for 10 min and centrifuged at 4 °C for 1 min.
Supernatants were transferred to new tubes. After that, another 120 pL of
MilliQ water was added to pellet of each beads. Samples were vortexed for
10s, and were centrifuged again to spin down the beads. The supernatants
were combined together as templates for follow-up qPCR analysis. The
primers used are shown as follows: BCL2 gene promoter: forward: 5'-TAT
GTGAGAGAAGTTGGCTTG-3/, reverse: 5-AGATGGCTTTTGCTATGTTG-3/; MYC
gene promoter: forward: 5-ACTCATTCGTTCGTCCTTC-3/; 5/- CCTCGCTCCACA
CAATAC-3"; MMP9 gene promoter: forward: 5'-GGAGATTTGGCTGCATGG-3/,
reverse: 5'-GCAGGATATGGGGGAAAATAAT-3'.

Xenograft tumor model

Healthy BALB/c nude mice (4-week-old, male) from SLAC Laboratory
Animal (Shanghai, China) were maintained in specific pathogen-free
conditions in available watered and ventilated cages on a 12-h light/dark
cycle in accordance with guidelines of the Institutional Animal Care and
Use Committee of the Center for Excellence in Molecular Cell Science
(CEMCS), CAS. The approval ID for the use of animals was SIBCB-NAF-14-
004-5329-023 issued by the Animal Core Facility of CEMCS.

First, for xenograft tumor formation, around 1 x 10 MCF-7 or MDA-MB-
231 cells were injected subcutaneously into BALB/c nude mice. Once
tumors were detected, pairs of mice were randomized and intratumorally
injected with lentivirus particles with different TSPAN8 constructs (WT or
mutants) (MOl = 30) for three successive days. Mice were sacrificed
3 weeks later before being processed for subsequent IHC, RNA scope and
tumor volume measurement. Second, for evaluation of therapeutic activity
of hT8%** antibody, mice were first injected subcutaneously with MDA-MB-
231 cells for 10 days to incubate tumors, then intratumorally injected with
therapeutic hT8%°* antibody for three successive days. Tumors were
monitored at day 0, day 3, day 7, day 14 and day 21 after antibody
injection. At last, for evaluation of drug toxicity of hT8"** antibody, BALB/c
nude mice were intraperitoneally injected with 50mg/kg or 100mg/kg
hT8%°* antibody for three successive days, and body weights were
measured at day 1, day 5, day 10, day 15, day 20, and day 25.

Human BrCa tissue microarray

All samples used were derived from 95 BrCa patients approved by the
ethical committee of Shanghai General Hospital, Shanghai Jiao Tong
University School of Medicine (Shanghai, China, permit number
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20195Q220-1). Detailed clinical information was collected from all patients.
The median follow-up period was 73 months (range, 34~104 months).
Tissue microarray sections were prepared by Outdo Biotech (Shanghai,
China).

Tumor microarray sections were incubated with anti-TSPAN8 antibody
(1:50 dilution), anti-phospho-TSPAN8 (S129) antibody (1:25 dilution) or
anti-Stat3 antibody (1:100 dilution). The IOD of the immunostaining was
also measured by using Image-Pro Plus Version 6.2 software (Media
Cybernetics Inc, Bethesda, MD), and the cutoff value for the definition of
subgroups was the median I0D. The 10D > median was considered as high
expression group, and IOD < median was considered as low
expression group.

Isolation and preparation of PDOs
The PDOs were isolated and prepared following our protocol described
previously.*> Briefly, the fresh tumor tissue derived from TBNC patients
were dismembered into large pieces in a centrifuge tube. The tissues were
digested in T25 flasks using SFM (Invitrogen,12634034) medium supple-
mented with collagenase IV (1:1000) for 45 min in a 37 °C incubator with
radiation at 95-100 rpm. After vigorous shaking, the upper layer of white
flocculent mucus (mostly collagen) was aspirated and the residual tissues
were filtered. The filtered samples were centrifugated at 800 rpm for
10 min to remove the supernatants. The precipitates which contain the
cancerous tissue were washed sequentially with 15 mL PBS and 1 mL
DMEM/F12 (Invitrogen,12634034) medium, respectively. Then, the mixture
of around 40 pL of matrix gel (Corning,356231) and 10 pL of medium was
dropped into the six-well plate (50 pL per well). After that, around 600 pL
organoid culture medium was injected along the wall for further PDO
incubation. The culture medium was composed by 2 mM GlutaMAX™,
10 mM HEPS, 100 U/mL Penicillin-Streptomycin, 1.25 mM N-acetylcysteine,
5 ng/mL EGF, 0.5 nmol/L A83-01, 5 uM Y-27632, 500 nM SB202190, B-27
(1:50), Recombinant Human Noggin Protein (1:50) and R-spondin-1 (1:20).
For PDO passage and transmission, the organoids were transferred into
a 50 mL centrifuge tube and centrifuged at 900 rpm for 5 min to remove
the supernatants and matrix gel. The PDOs were first digested with Triple
enzyme (Invitrogen,12605036) for 5 min at 37 °C into individual cells, after
that, serum-containing medium was added in a ratio of 1:1 with triple
enzyme to terminate the digestion before subjecting to centrifuge at
400 rpm for 5 min. The cells were resuspended with mixture of matrix gel
and medium (4:1) and subdivided into 24-well plate for further passage or
experimental testing.

Statistical analysis

Statistical analysis was performed using the SAS statistical software
package (9.1.3). Quantification data are presented as means + SD from
three independent experiments unless otherwise stated. Continuous data
were compared using unpaired Student's t-test or paired t-test (compar-
ison between two variables) or one-way ANOVA analysis with Bonferroni
post hoc test (comparison of multiple variables). Survival curves were
calculated according to the Kaplan-Meier method. P < 0.05 were
considered statistically significant.
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