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ABSTRACT

Pancreatic cancer is one of the most aggressive tumors associated with a poor clinical prognosis, weakly
effective therapeutic options. Therefore, there is a strong impetus to discover new therapeutic targets in
pancreatic cancer. In the present study, we first demonstrated that TSPAN1 is upregulated in pancreatic
cancer and that TSPAN1 depletion decreases pancreatic cancer cell proliferation in vitro and in vivo. TSPAN1
expression was correlated with poor overall survival of pancreatic cancer patients. Moreover, we demon-
strated that TSPAN1 is a novel positive regulator of macroautophagy/autophagy characterized by decreased
LC3-Il and SQSTM1/p62 expressions, inhibited puncta formation of GFP-LC3 and autophagic vacuoles. We
also demonstrated that tspan1 mutation impaired autophagy in the zebrafish model. Furthermore, we
showed that TSPAN1 promoted autophagy maturation via direct binding to LC3 by two conserved LIR
motifs. Mutations in the LIR motifs of TSPAN1 resulted in a loss of the ability to induce autophagy and
promote pancreatic cancer proliferation. Second, we discovered two conservative TCF/LEF binding elements
present in the promoter region of the TSPANT gene, which was further verified through luciferase activity
and ChIP assays. Furthermore, TSPANT was upregulated by FAM83A through the canonical WNT-CTNNB1
signaling pathway. We further demonstrated that both TSPANT and FAM83A are both direct targets of
MIR454 (microRNA 454). Additionally, we revealed the role of MIR454-FAM83A-TSPANT in the proliferation of
pancreatic cancer cells in vitro and in vivo. Our findings suggest that components of the MIR454-FAM83A-
TSPAN1 axis may be valuable prognosis markers or therapeutic targets for pancreatic cancer.
Abbreviations: AMPK: adenosine 5-monophosphate (AMP)-activated protein kinase; APC: APC regulator of
WNT signaling pathway; ATG: autophagy related; AXIN2: axin 2; BECN1: beclin 1; CCND1: cyclin D1; CSNK1A1/
CK1la: casein kinase 1 alpha 1; CTNNB1/B-catenin: catenin beta 1; DAPI: 4'6-diamino-2-phenylindole; EBSS:
Earle’s balanced salt solution; EdU: 5-ethynyl-20-deoxyuridine; FAM83A: family with sequence similarity 83
member A; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFP: green fluorescent protein; GSEA: gene
set enrichment analysis; GSK3B: glycogen synthase kinase 3 beta; IHC: immunohistochemical; LAMP1: lysosomal
associated membrane protein 1; LIR: LC3-interacting region; MAP1LC3/LC3, microtubule associated protein 1
light chain 3; MIR454: microRNA 454; miRNA: microRNA; MKI67: antigen identified by monoclonal antibody Ki
67; MTOR: mechanistic target of rapamycin kinase; MTT: 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide; MYC: MYC proto-oncogene, bHLH transcription factor; OS: overall survival; PDAC: pancreatic ductal
adenocarcinoma; RAB7A: RAB7A, member RAS oncogene family; shRNA: short hairpin RNA; SQSTM1: sequesto-
some 1; TBE: TCF/LEF binding element; TCGA: The Cancer Genome Atlas; TCF/LEF: transcription factor/lymphoid
enhancer binding factor; TCF4: transcription factor 4; TSPAN1: tetraspanin 1; TUNEL: terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling; UTR: untranslated region; WT: wild type.
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Introduction

Pancreatic cancer is an aggressive tumor with a devastating malig-
nancy capability and a 5-year survival rate of less than 5% [1].
Approximately 90% of pancreatic cancers are pancreatic ductal
adenocarcinoma (PDAC), which is characterized by early-stage
metastasis and adverse reactions to radiotherapy and

chemotherapy. Pancreatic cancer is expected to be the 2nd leading
cause of cancer-related death by 2020 [2]. Although diagnostic
and surgical treatment methods have been developed to aid in
lengthening survival and providing symptom relief, few
approaches provide a curative effect [1]. Thus, it is important to
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understand the biology of pancreatic cancer and identify putative
therapeutic targets in dysregulated oncogenic pathways that can
enable earlier diagnosis and individualized treatment for PDAC
patients. High-frequency somatic mutations in a subset of genes,
including KRAS (KRAS proto-oncogene), CDKN2A (cyclin
dependent kinase inhibitor 2A), TP53 (tumor protein p53) and
SMAD4/DPC4 (SMAD family member 4), as well as mutations
that result in constitutively activated signaling pathways, are
thought to be related to pancreatic cancer progression, such as
autophagy and WNT-CTNNBI signal pathway [3]. Autophagy is
an evolutionarily conserved intracellular degradation process and
a lysosomal-dependent catabolic pathway. The large capacity of
autophagosomes allows autophagy to eliminate protein aggregates
and damaged organelles to maintain cytoplasmic homeostasis [4].
The initiation of autophagy requires the involvement of several
autophagy-related (ATG) proteins in response to nutrient deple-
tion and subsequent adenosine 5‘-monophosphate (AMP)-
activated protein kinase (AMPK) activation or MTOR (mechan-
istic target of rapamycin kinase) inhibition [5-7]. Autophagy is
crucial for pancreatic tumor growth and progression, which has
been shown by numerous in vivo xenograft models and transgenic
mice models [8-10 Canonical WNT ligands, including WNT3
and WNT8A, are markedly upregulated in PDAC tissues [11].
Once WNT ligands bind to their member receptors, the degrada-
tion of CTNNBI is blocked, and accumulated CTNNBI is trans-
located into the nucleus where it subsequently activates target
genes in concert with TCF/LEF co-factors. Moreover, enforced
canonical WNT-CTNNBI signaling using a Ptffla-Cre drive
(Ptffla-Cre; Ctnnblexon®") resulted not only in acinar prolifera-
tion but also the development of large benign tumors [12]. The
WNT-CTNNBI signaling pathway was reported to be a negative
regulator of both basal and stress-induced autophagy [13-15].
However, the mechanism of exitance of both the high levels of
autophagy and WNT-CTNNBI signaling in pancreatic cancer
remains largely unknown.

MicroRNAs (miRNAs) are a large class of small non-coding
RNAs that target the RNA interference (RNAi) effector complex
RNA-induced silencing complex (RISC) to specific messenger
RNAs (mRNAs) and regulate its expression [16]. Based on the
specific paired sequences, every miRNA has many predicted
target mRNAs [17]. These small endogenous RNA molecules
are evolutionarily ubiquitous and participate in various biologi-
cal processes, including cancer development [18]. Multiple stu-
dies have demonstrated that miRNAs function as oncogenes or
antioncogenes in pancreatic cancer onset and tumorigenesis
[19]. Previously, gene expression data of pancreatic cancer
were analyzed in The Cancer Genome Atlas (TCGA) with
respect to improved therapeutic response [20], and potential
prognostic miRNA biomarkers were identified for predicting
overall survival of pancreatic cancer with early stage [21]. In
this study, we observed that MIR454-5p (hereafter called
MIR454) was downregulated in pancreatic cancer and correlated
with the overall survival of pancreatic cancer patients. MIR454
was previously reported to be a biomarker in pancreatic cancer
and hepatocellular carcinoma patients [22,23], but the biological
function of MIR454 in pancreatic cancer has remained obscure.

TSPANI (tetraspanin 1), a member of the tetraspanin
(TSPAN/TMA4SF) superfamily characterized by tetraspanin-
enriched microdomains (TEMs), was reported to be involved

in many fundamental biological processes, including cell pro-
liferation, adhesion and migration [24]. Recently, TSPAN1
was reported to promote the progression of many types of
cancer, such as cholangiocarcinoma, ovarian carcinomas, gas-
tric and colorectal cancers [25-28 However, the underlying
mechanism associated with this activity requires further inves-
tigation. FAM83A/BJ-TSA-9 (family with sequence similarity
83 member A) was originally identified as a potential tumor-
specific gene [29] and also contributes to chemoresistance in
pancreatic cancer through the WNT-CTNNBI1 pathway [30].
In this study, we demonstrated that higher TSPANI expres-
sion correlates with poor pancreatic cancer overall survival
and that TSPANI depletion suppresses pancreatic cancer cell
proliferation. We also highlight the role of TSPANI in auto-
phagy flux interacting with LC3 and promoting autophago-
some maturation. Through genome-wide expression analysis,
we further identified and verified that TSPANI and FAM83A
are both direct targets of MIR454. Furthermore, we demon-
strated that FAMS83A could upregulate TSPANI mRNA level
through the WNT-CTNNBI signal pathway. Additionally, the
role of MIR454-FAM83A-TSPANTI in the proliferation of pan-
creatic cancer cells was investigated in vitro and in vivo.

Results

TSPANT1 is upregulated and TSPANT1 depletion decreases
cell proliferation in human pancreatic cancer

To investigate the role of TSPANI in pancreatic cancer, we
first set out to verify the expression level of TSPANI in
pancreatic cancer tissues using commercial pancreatic cancer
patient tissue arrays. The results of the immunohistochemical
(IHC) analysis revealed that TSPAN1 protein expression
levels were significantly increased in pancreatic cancer
patients, and more importantly, with the advanced stages of
pancreatic cancer compared to those observed in normal
tissues (Figure 1A,B). We also observed that both the protein
and mRNA levels of TSPANI were higher in a panel of
pancreatic cancer cell lines, including SW1990, MIA-PACA
-1, CAPAN-1, PANC-1 and ASPC-1, compared with those
observed in the normal pancreatic duct epithelial cell line
HPD E6-C7. (Figure 1C and S1A). Similar results were
observed in human pancreatic cancer samples from gene
expression omnibus (GEO) datasets (GSE287351) and the
TCGA database (Fig. S1B and S1C). We next investigated
the relevance of the TSPAN1 expression level with clinico-
pathological features of pancreatic cancer patients from the
IHC results of the commercial tissue arrays. We observed that
increased expression of TSPAN1 significantly correlates with
the tumor size (p = 0.0301) and tumor stage (p < 0.0001)
(Table 1). We also observed that patients with high TSPAN1
levels showed higher ratio of perineural invasion (PNI), which
is one of the hallmarks of advanced pancreatic cancer and
predicts its development and unfavorable prognosis [31].
Kaplan-Meier results revealed that patients with higher
TSPANI expression levels were associated with poorer overall
survival (OS) (Figure 1D). These results indicated that
TSPANI is upregulated in pancreatic cancer and is closely
related to its poor prognosis.
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Figure 1. TSPAN1 is upregulated and TSPAN1 depletion decreases cell proliferation in human pancreatic cancer. (A) Representative immunohistochemical images of
TSPAN1 expression in human pancreatic cancer tissues and normal pancreatic tissues and the quantification of TSPAN1 intensity. (B) Quantification of TSPAN1
expression in different stages of pancreatic cancer and normal pancreatic tissue samples. (C) Relative protein levels of TSPAN1 and LC3 in human normal pancreatic
duct epithelial HPD E6-C7 cells and human pancreatic cancer PANC-1, ASPC-1, MIA-PACA-2, CAPAN-1 and SW1990 cells. (D) Kaplan-Meier overall survival curves for
TSPANT1 in pancreatic cancer patients. (E and F) MTT assays were performed to examine the effect of TSPANT small interfering RNAs (#1, targeting CDS and #2,
targeting 3'UTR) on cell viability. (G-I) DNA synthesis ability of the cells transfected with or without TSPANT siRNAs were assessed by EdU assays. (J and K) Colony
formation assays were performed to assess the proliferation of cells transfected with or without TSPANT siRNAs. (L) Excised tumors in different groups were shown.
(M) Growth curves showing the changes in the tumor volume in mice in different groups every 5 d from the injection. (N) Weight of the excised tumors in each
group. (0) Representative H&E staining images and immunohistochemical images of MKI67 in excised tumors tissues. Data were represented as mean + SD, *P <
0.05; **P < 0.01; ***P < 0.001.
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Table 1. Clinicopathologic characteristics of pancreatic cancer patients with different TSPAN1 expression.

No. (%) of patients Correlation
Characteristic Total TSPAN1 high TSPAN1 low Chi-square p value
Age in years 259 0.2048 0.6509
<60 60 78
>60 56 65
Gender 261 1.190 0.2754
Male 67 92
Female 50 52
Tumor size(cm3) 157 8.940 0.0301
0-40 24 39
40-80 17 25
80-120 12 9
>120 21 10
Location 184 3.524 03177
Head 71 70
Neck 3 2
Body 4 1
Tail 10 13
N classification 136 0.4733 0.4915
NO 49 57
N1 16 14
Perineural invasion 138 22.38 <0.0001
NEO 13 28
NE1 27 38
NE2 27 5
Stage 238 47.21 <0.0001
UN 2 19
| 6 25
Il 65 79
1] 32 6
\% 4 0

UN: undifferentiation.

To confirm the biological role of TSPANI in pancreatic
cancer proliferation, we first investigated the growth of the
pancreatic cancer cells after TSPANI small interfering RNA
(siRNA) transfection using 3-[4,5-dime-thylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assays. The results
showed that TSPANI depletion significantly inhibited the
growth of PANC-1 and ASPC-1 cells (Figure 1E,1F and
S1D). Subsequently, a 5-ethynyl-20-deoxyuridine (EdU)
incorporation assay was performed to assess the changes in
DNA synthesis in PANC-1 and ASPC-1 cells transfected with
TSPANI siRNAs. The results revealed that TSPAN1 depletion
led to a significant reduction in DNA synthesis compared
with that observed in the control cells (Figure 1G-I).
Consistently, TSPAN1 depletion attenuated PANC-1 and
ASPC-1 cells colony formation activities (Figure 1J,K).
Moreover, we assessed the effects of TSPAN1 overexpression
in normal pancreatic duct epithelial HPD E6-C7 cells, and the
results indicated that TSPANI overexpression significantly
increased the number of EdU-positive cells compared to that
observed for cells transfected with an empty vector (Fig. S1E).
Furthermore, we also observed that TSPAN1 overexpression
enhanced the colony formation of HPD E6-C7 cells (Fig. S1F).

To further evaluate the role of TSPANI in pancreatic
cancer development in vivo, tumor xenograft models were
constructed by subcutaneously injecting PANC-1 cells stably

overexpressing TSPANI shRNAs into nude mice. We found
that the proliferation rate of the xenograft tumors was sig-
nificantly lower than that of the control xenograft tumors
(Figure 1L). Moreover, prominently lower tumor volumes
and weights were observed in TSPANI1-depleted xenograft
tumors (Figure 1M,N), and TSPAN1 depletion also contrib-
uted to the downregulation of MKI67 in xenograft tumor
tissues (Figure 10). Taken together, these data indicate that
TSPAN1 depletion decreases pancreatic cancer cell
proliferation.

TSPANT1 depletion impairs autophagy flux in vitro and
in vivo

Pancreatic cancer was previously reported to have a distinct
dependence on autophagy for eliminating reactive oxygen spe-
cies, DNA damage, and sustaining oxidative phosphorylation.
Through a gene set enrichment analysis (GSEA) using the
TCGA database of pancreatic cancer, we found that many
genes correlated with metabolism and degradation were
enriched in the group expressing high levels of TSPAN1 (Fig.
S2A-E), suggesting a metabolic function of TSPANI in
pancreatic cancer development. Moreover, we noticed that the
genes involved in autophagy were also co-expressed with
TSPAN1 (Figure 2A). Pancreatic cancer cells with high



TSPANI1 expression levels showed increased autophagy activity
compared with normal pancreatic duct epithelial cells, as indi-
cated by the conversion of LC3-II, a widely used marker of
autophagosomes [32] (Figure 1C). Next, we assessed the role of
TSPAN1 in autophagy. We first transfected GFP-LC3 into
ASPC-1 cells and analyzed the formation of autophagosomes
as indicated by GFP-LC3 puncta after TSPANI knockdown.
The results revealed that TSPANI depletion significantly
increased the formation of GFP-LC3 puncta under both nutri-
ent-rich and Earle’s balanced salt solution (EBSS) starvation
conditions (Figure 2B,C). We also found that LC3-II levels
were significantly increased in TSPAN1-depleted ASPC-1 cells
under either nutrient-rich or starvation conditions (Figure 2D,
E). As increased LC3 levels could have resulted from either
induction of autophagy or a block in the turnover of LC3-
bound autophagosomes, we examined the levels of SQSTM1
protein to distinguish between these possibilities, which is
a widely used marker for autophagy flux since it is recruited
by LC3 into the autophagosomes and eventually degraded in
lysosomes. The results indicated that TSPAN1 depletion also
increased the level of SQSTMI1 (Figure 2D,E). In addition,
TSPANI1 overexpression significantly decreased both the levels
of LC3-II and SQSTM!1 under either nutrient-rich or starvation
conditions (Figure 2F,G). We also observed significantly ele-
vated numbers of autophagic vacuoles in TSPANI siRNA trans-
fected PANC-1 cells through transmission electron microscopy
observations (Figure 2H,I). Furthermore, we found that the
levels of two reticulophagy markers, the tubular ER membrane
protein REEP5 (receptor accessory protein 5) and the sheet ER
membrane protein CKAP4 (cytoskeleton associated protein 4),
remained unaltered after TSPAN1 depletion. We also found
that TSPANI depletion had limited effects on the mitophagy
markers, TOMM20 (translocase of outer mitochondrial mem-
brane 20) and TIMM23 (translocase of inner mitochondrial
membrane 23) (Fig. S2F).

To assess the possible role of TSPANI in the regulation of
autophagy in vivo, we used CRISPR-Cas9 genome editing tech-
nology to generate tspanl mutant zebrafish embryos or larvae in
the zebrafish line Tg (CMV: EGFP-Lc3) [33]. The overall
homology between human and zebrafish TSPAN1 is 46.3%.
To generate tspanl gene depletion or protein loss of function
constructs, we designed two different short guide RNAs for
target sites at the beginning of coding exons 2 of the tspanl
gene (ENSDARG00000052027), upstream of the exons encod-
ing the function transmembrane domain region (Fig. S2G).
A mixture of sgRNA and Cas9 protein was injected into zebra-
fish embryos at the one-cell stage, and the effect of CRISPR-
Cas9 was verified by Sanger sequencing and qRT-PCR assays
(Fig. S2H and S2I). We imaged GFP-Lc3 puncta signals in vivo
in the trunk region of the zebrafish embryo and performed Lc3
western blotting analyses on whole embryo extracts at 4 d post-
fertilization (dpf). The results indicated that tspanl mutants
exhibited significantly increased GFP-Lc3 puncta (Figure 2]
and 2K). We also found that the Lc3-II protein level was
elevated in the tspanl mutant zebrafish, which is consistent
with the GFP-Lc3 puncta results (Figure 2L). Furthermore, we
also found that tspanl mutations resulted in increased SQSTM1
levels (Figure 2L). These results indicated that TSPAN1 deple-
tion impairs autophagy both in vitro and in vivo.
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TSPANT1 interacts with LC3 through conserved LIRs and
promotes autophagosome maturation

The observed phenotypes in TSPANI-transfected cells indi-
cated the probable role of TSPAN1 in enhancing the turnover
of LC3-bound autophagosomes and the fusion of autophago-
somes with lysosomes [32]. To test this possibility, we first
investigated the cellular distribution of TSPANI, observing
that mCherry-TSPAN1 colocalized with the late endosome
marker GFP-RAB7A and the lysosome maker GFP-LAMPI,
indicating that TSPANI localized in lysosomes, consistent
with the results of a previous report [34]. We also found
that some TSPANI1 localized in the cell membrane (Figure
3A). Furthermore, we found the co-localization between GFP-
TSPANI and mCherry-LAMP1 almost disappeared when we
fused green fluorescent protein to the N-terminals of TSPAN1
and the distribution of TSPANI1 was different with mCherry
fused TSPAN1 (Figure 3B). Due to mCherry fluorescence
being more stable than GFP fluorescence in acidic environ-
ments, the result indicated that the N-terminals of TSPANI
was included in the lumen of lysosomes, as shown in Figure
3C and 3D. Because LC3 is indispensable for autophagosome
formation, membrane tethering, and hemifusion [35], we
subsequently investigated whether TSPAN1 could interact
with LC3. To this end, a co-immunoprecipitation assay was
performed using lysates of cells transfected with HA-TSPAN1
and GFP-mRFP-LC3, and the result showed that GFP-mRFP-
LC3 was present in the immunoprecipitate of HA-TSPAN1
(Fig. S3A). LC3 interactors have been reported to typically
contain an LC3-interacting region (LIR) with the consensus
sequence W/F/Y-X-X-L/I/V that tightly fits into two con-
served hydrophobic pockets on LC3 that are collectively
termed the LIR docking site (LDS) [36,37]. Thus, we subse-
quently examined whether TSPANT interacts with LC3 using
an LIR-LDS interface, and the results showed that the inter-
action between TSPAN1 and LC3 was abolished when the
LDS was mutated (F52A/L53A for LC3B) (Figure 3E). We
also identified three potential LIRs in the TSPANI protein
upon sequence analysis, which we named LIR1 (amino acids
[aa] 43-46), LIR2 (aa 117-120) and LIR3 (aa 201-204) (Figure
3C and 3D). To determine which of the putative LIRs (LIRI,
LIR2 and LIR3) were responsible for the observed binding, we
mutated each LIR sequence by replacing the tryptophan or
phenylalanine residue in the motif with an alanine residue
(M1, M2 and M3). The results showed that mutation of the
LIR2 and LIR3 sequences almost abolished, mutation of LIR1
decreased the interaction between TSPAN1 and LC3 (Figure
3F). In addition, we found the interaction between TSPAN1
and LC3 was significantly increased after we treated the cells
with chloroquine (CQ), an inhibitor of autophagic flux that
prevents autophagosome-lysosome fusion and lysosomal pro-
tein degradation (Figure 3G). We further assessed the effects
of the three LIR mutants of TSPAN1 on autophagy flux, and
the results indicated that the LIR2 and LIR3 mutants lost the
ability to increase the level of LC3-II and SQSTM1 compared
with wild-type TSPAN1 (Figure 3H and S3B).

To investigate whether TSPANI affects autophagosome
maturation, we performed confocal imaging using the tandem
reporter GFP-mRFP-LC3. In this system, the appearance of
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Figure 2. TSPAN1 depletion impairs autophagy flux in vitro and in vivo. (A) Gene set enrichment analysis (GSEA) using the TCGA database revealed many genes that
correlated with autophagy were enriched in pancreatic cancer patients with high TSPANT expression. (B and C) Representative confocal images of GFP-LC3
distribution in ASPC-1 cells transfected with TSPANT siRNAs. The number of LC3 puncta was quantified (n =10). Scale bars, 10 pm. (D) Western blotting analysis of LC3
and SQSTM1 in ASPC-1 cells transfected with TSPANT siRNA, with or without EBSS starvation. (E) The relative levels of SQSTM1 and LC3-Il were normalized to GAPDH
and quantified. (F) Western blotting analysis of LC3 and SQSTM1 in HEK293T cells transfected with TSPANT overexpression vector, with or without EBSS starvation. (G)
The relative levels of SQSTM1 and LC3-Il were normalized to GAPDH and quantified. (H and 1) Representative images of autophagosomes or autolysosomes of the
PANC-1 cells transfected with TSPANT siRNAs in nutrient-rich or EBSS starvation conditions. Both low- and high-power (zoom) images are displayed. Red arrows
indicate autophagic structures. The puncta number of autophagic structures per area were quantified (n =10). (J and K) Representative confocal images of GFP-Lc3
puncta present in the indicated region from 4 dpf WT and tspan1 mutant larvae. The puncta number of Lc3 was quantified (n =10). (L) Level of Lc3 and SQSTM1 were
detected in WT and tspan1 mutant embryos at 4 dpf. Protein samples were extracted from 4 dpf WT and tspan1 mutant larvae (>10 embryos/sample). Data were
represented as mean + SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3. TSPAN1 interacts with LC3 through conserved LIRs and promotes autophagosome maturation. (A) Co-localization between GFP-LAMP1, GFP-RAB7A and
mCherry-TSPAN1 in Hela cells. (B) Co-localization between GFP-TSPAN1 and mCherry-LAMP1 in Hela cells. (C) Schematic illustration of TSPAN1 protein and the LIR
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each group. (M) Growth curve showing the changes in the tumor volume in mice in different groups every 5 d from the injection. Data were represented as mean +
SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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red puncta indicates autolysosomes, and the yellow puncta
(owing to merged green and red signals) represents autopha-
gosomes [38]. The results revealed that TSPAN1 depletion
reduced the number of red-only LC3 puncta and increased
the number of yellow LC3 puncta in ASPC-1 cells under
either nutrient-rich or starvation conditions, while TSPAN1
co-transfection reversed the effect of TSPANI knockdown
(targeting the TSPANI 3'UTR). Moreover, co-transfection
with TSPANI1 LIR2 and LIR3 mutants had little effect on
the number of red-only or yellow LC3 puncta (Figure 3I
and 3J). These data indicated that TSPANI interacts with
LC3 through conserved LIRs and promotes autophagosome
maturation.

We further determined whether TSPAN1 promotes pan-
creatic cancer in an autophagy-dependent manner. To this
end, tumor xenograft models were constructed by subcuta-
neously injecting PANC-1 cells with stable overexpression of
wild-type or LIR mutant (M2/3) TSPANL1 into nude mice
(Fig. S3C). We found that the proliferation rate of the xeno-
graft tumors with TSPANI1 overexpression was significantly
increased; however, little effect was observed in TSPAN1 LIR
mutant overexpressed xenograft tumors (Figure 3K-M). We
also found a lower level of SQSTM1 in xenograft tumors with
stable WT TSPANI expression compared with tumors with
the control empty vector or TSPAN1 M2/3 (Fig. S3D).
Furthermore, we investigated the effects of TSPANI1 and the
TSPAN1 M2/3 mutant on normal pancreatic duct epithelial
HPD E6-C7 cell proliferation through EdU incorporation and
MTT assays in ATG7-depleted backgrounds. The results were
similar to those observed in the tumor xenograft models.
However, the effects of TSPAN1 on HPD E6-C7 cell prolif-
eration were significantly inhibited (Fig. S3E-H). These data
indicated that TSPANI1 promotes pancreatic cancer cell pro-
liferation in an autophagy-dependent manner.

TSPANT1 is upregulated by the canonical WNT-CTNNB1
signaling pathway and correlated with FAM83A in human
pancreatic cancer

WNT-CTNNBI and autophagy are two of the most activated
signaling pathway in pancreatic cancer [9,39]. Surprisingly, we
found there were four probable TCF/LEF binding elements
(TBE1-4), which highly matched the SCTTTGWWS motif
[40] on the 2-kb 5'-promoter region of TSPANI (Figure
4A). Therefore, we subsequently assessed whether TSPAN1
could be upregulated by the canonical WNT-CTNNBI signal-
ing pathway. As expected, we found that both the protein and
mRNA levels of TSPAN1 were increased after treatment with
WNT3A (Figure 4B and 4C), or LiCl, another WNT-
CTNNBI1 agonist through inhibition of the activation of
GSK3B (glycogen synthase kinase 3 beta) and the degradation
of CTNNBI in HEK293T cells (Fig. S4A and S4B). We also
found that the expression level of TSPANI1 was increased in
PANC-1 cells treated with WNT3A in time- and dose-
dependent manners (Figure 4D and S4C). To further confirm
the mechanism by which WNT-CTNNBI increased the
mRNA level of TSPANI, a series of luciferase report plasmids
carrying wild-type or mutant TSPANI promoter regions
(TBE1-4) were generated. As shown in Figure 4E, after

transfection with the luciferase report plasmids in 293T cells,
we found that TBE2 or TBE3 deletion significantly reduced
the reporter luciferase activity, whereas no effect was observed
after TBE1 or TBE4 deletion. Furthermore, the deletion of
both TBE2 and TBE3 completely abolished the reporter luci-
ferase activity. Additionally, the reduction of the luciferase
activity between the wild-type and TBE2 or TBE3 deletion
constructs was much more robust after treatment with LiCl.
ChIP experiments were subsequently conducted, and the
results demonstrated that the CTNNBI-TCF4 transcription
complex was bound with the TSPANI promoter, especially
with TBE2 and TBE3 (Figure 4F). These results indicated that
TSPANI is a direct target of the WNT-CTNNBI signaling
pathway.

We then asked whether TSPANI correlated with WNT-
CTNNBI signaling pathway in pancreatic cancer progression.
Through generation of the expression profile of genes in
pancreatic cancer tissues (Fig. S4D), We found FAMBS83A,
which was previously reported to be associated with poorer
overall survival and disease-free survival in pancreatic cancer
by activating WNT-CTNNBI signaling pathway [30], was
among the top 10 upregulated genes in pancreatic cancer
(Fig. S4E). Moreover, both TSPAN1 and FAMS83A were sig-
nificantly enriched in cell proliferation biological processes
resulting from a DAVID ontology enrichment search (http://
david.abcc.nciferf.gov/) (Fig. S4F). We also found that
patients exhibiting abnormal expression of FAM83A showed
an adverse clinical outcome (Fig. S4G). Furthermore, we
noted that FAM83A could actually decrease both the protein
and mRNA levels of TSPANI after WNT3A treatment (Figure
4G and 4H). Additionally, from the mRNA analysis of the
TCGA and GEO database, we found that the level of TSPANI
was positively correlated with FAM83A (Figure 41, S4H-]).
The positive correlation between the protein level of TSPAN1
and FAMS83A was confirmed in 44 pancreatic cancer patient
tissues (Figure 4J-L). Collectively, these data indicated
TSPANI is upregulated by the canonical WNT-CTNNBI1
signaling pathway and correlated with FAM83A in human
pancreatic cancer.

MIR454 directly targets TSPANT and FAM83A

Since the reported regulatory feedback mechanism between
WNT-CTNNBI and autophagy was almost negative [14], it
appeared that there could be another distinct mechanism in
pancreatic cancer that maintains both the high activity of
WNT-CTNNBI and autophagy. miRNAs regulate gene
expression post-transcriptionally and play important roles in
cancer development [41,42]. Therefore, we subsequently
assessed whether miRNA(s) could link both the WNT-
CTNNBI and autophagy in pancreatic cancer. To this end,
we investigated the miRNA expression profile of pancreatic
cancer using the TCGA database. We identified 55 miRNAs
that were differentially expressed, comprising 6 upregulated
and 49 downregulated miRNAs, in the pancreatic cancer
patients (fold-change > 1.5 and p < 0.05) (Figure 5A). We
identified 3 miRNAs (MIR454, MIR206 and MIRI97) as
potential regulators of both TSPAN1 and FAM83A using 2
screening algorithms (Fig. S5A and S5B). Among these
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Figure 4. TSPANT is upregulated by the canonical WNT-CTNNB1 signaling pathway and correlated with FAM83A in human pancreatic cancer. (A) Schematic diagram
of the TCF/LEF binding element (TBE1-4) in the promoter region of TSPAN1. (B and C) The protein and mRNA levels of TSPAN1 after treatment with WNT3A (100 ng/
ml) for 0, 2, 4, 6, 8 h in 293T cells indicated by western blotting and g-RT PCR assays. (D) The protein level of TSPAN1 after treatment with WNT3A for indicated time
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miRNAs, we found that low MIR454 expression showed negative correlations (Figure 5B, S5C and S5D). Furthermore,
poor overall survival of the pancreatic cancer patients in MIR454 levels were inversely correlated with the levels of
Kaplan-Meier analysis, whereas MIR206 and MIR197 showed TSPAN1 and FAMS83A (Figure 5C and 5D), and we also
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verified that the expression of MIR454 was lower in pancreatic
cancer cells compared with normal pancreatic duct epithelial
cells (Figure 5E).

To investigate whether TSPANI and FAMS83A are targeted
by MIR454, we assessed the mRNA levels of TSPANI and
FAMS83A after transfecting two pancreatic cancer cell lines,
PANC-1 and ASPC-1, with MIR454 mimics and inhibitors.
We found that the mRNA levels of TSPANI and FAM83A
were both decreased in cells transfected with MIR454 mimics
and increased in cells transfected with MIR454 inhibitors
(Figure 5F, S5E and S5F). The inhibitory effect of MIR454
on the protein levels of TSPAN1 and FAMS83A was also
confirmed by western blotting analysis of the two cell lines
(Figure 5G). To further confirm whether the effect of MIR454
on TSPANI and FAMS83A was specific, we performed bioin-
formatics analysis and identified putative binding sites for
MIR454 within the 3'UTRs of the human TSPANI and
FAMS83A mRNAs (Figure 5H and 5I). Furthermore, we per-
formed a luciferase activity assay using a luciferase expression
vector containing the 3'UTR segments of TSPANI and
FAMS83A along with the putative MIR454 binding sites. The
results showed that the activity of the luciferase reporter
vectors carrying the TSPANI and FAMS83A 3'UTR-WT
sequences could be significantly decreased by MIR454 mimics
compared with the control groups, whereas mutating the
putative MIR454 binding sites completely eliminated these
inhibitory effects (Figure 5J,K). To investigate whether there
is a feedback mechanism between TSPAN1-FAMS83A and
MIR454, we assessed the expression level of MIR454 after
TSPANI1 or FAMS83A depletion. However, the data showed
that TSPAN1 or FAMS83A depletion had no effect on MIR454
expression (Fig. S5G). Taken together, these data indicated
that TSPANI and FAMS83A are direct targets of MIR454.

MIR454 attenuates autophagy flux by targeting TSPAN1
and functions independently of the AMPK and MTOR
pathways

To confirm the role of MIR454 in autophagy, we analyzed the
formation of autophagosomes, as indicated by the formation
of GFP-LC3 puncta, the levels of LC3-II and SQSTMI1 in
western blotting assays and the number of the autophagic
vacuoles in cells using transmission electron microscopy
assays. The results revealed that MIR454 overexpression sig-
nificantly increased the formation of GFP-LC3 puncta, while
overexpression of TSPANI1 reversed the effect of MIR454
(Figure 6A). We also found that both the LC3-II and
SQSTM1 levels were significantly increased in MIR454-
transfected ASPC-1 cells under basal conditions. Moreover,
the elevated LC3-II and SQSTM1 levels were observed under
serum starvation and the lysosome blocker CQ treatment
conditions (Figure 6B and S6A). In addition, we also observed
significantly elevated numbers of autophagic vacuoles in
MIR454-transfected PANC-1 cells and recovered autophagic
vacuoles in TSPANI co-transfected cells through transmission
electron microscopy observations (Figure 6C). We further
investigated whether the MIR454-TSPANI axis has any effect
on AMPK activity, which is known to stimulate autophagy by
directly phosphorylating ULK1 and BECN1 [6,43]. The results
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revealed that the MIR454-TSPANI axis did not affect the
activity of AMPK, as indicated by the unaltered level of
phosphorylated PRKAA2/AMPKoa2 at threonine 172 (Figure
6D). MTOR activity is known to inhibit autophagy through
phosphorylation at serine residues 367 and 757 in ULK1 and
ATG13, respectively [5,6]. Our data showed that neither
MIR454 mimics nor MIR454 inhibitor altered the level of
phosphorylated EIF4EBP1, which is the downstream effector
protein of MTORCI. Moreover, there were consistently ele-
vated LC3-II and SQSTM1 levels in MIR454 mimics-
transfected cells and decreased LC3-II and SQSTM1 levels in
MIR454 inhibitor-transfected cells in the presence of torinl,
an inhibitor of MTORCI1 (Fig. S6B and S6C). We also checked
the effect of the MIR454-TSPAN1 axis on MTOR activity and
found that MIR454 and TSPAN1 overexpression had no effect
on MTOR activity as well (Figure 6D). Taken together, these
findings showed that MIR454 inhibits autophagy flux through
targeting TSPAN1 and functions independently of the AMPK
and MTOR pathways.

MIR454 inhibits the WNT-CTNNB1 pathway by targeting
FAM83A

We next tested whether MIR454 had an opposite effect on the
WNT-CTNNBI1 pathway. The results showed that MIR454
reduced the mRNA levels of CCNDI, MYC and AXIN2,
which are target genes of the WNT-CTNNBI1 pathway,
while overexpression of FAM83A recovered the mRNA levels
of these WNT target genes in PANC-1 and ASPC-1 cells
(Figure 6E,F). The western blotting assay showed that the
protein levels of WNT target genes were also reduced after
MIR454 overexpression and reversed by FAMS83A (Figure
6G). Moreover, we found that the TOP flash activity, which
dictates the CTNNB1 pathway transcriptional activity, was
significantly decreased in MIR454-transfected ASPC-1 cells
and recovered by FAMS3A overexpression (Figure 6H).
Furthermore, we also noticed that MIR454 could reduce the
protein level of CTNNBI1 without altering its mRNA level,
and FAMS83A overexpression also had no effect on CTNNBI
mRNA levels (Figure 6I), suggesting that FAM83A upregu-
lates CTNNB1 expression at the translation level. Taken
together, these data revealed that MIR454 inhibits the WNT-
CTNNBI1 pathway by targeting FAM83A.

Role of the MIR454-FAM83A-TSPAN1 axis in pancreatic
cancer cell proliferation in vitro and in vivo

To confirm the biological role of the MIR454-FAMBS3A-
TSPANI axis in pancreatic cancer proliferation, we first
examined the growth and colony formation of pancreatic
cancer PANC-1 and ASPC-1 cells transfected with MIR454
mimics and/or TSPAN1 or FAM83A expression vectors. The
results showed that TSPAN1 and FAMS83A overexpression
could recover the inhibited proliferation ability and colony
formation activity induced by MIR454 mimics in both PANC-
1 and ASPC-1 cells (Figure 7A-E). Moreover, we investigated
the expression of the cell proliferation protein MKI67, which
is widely used as a proliferation indicator in pancreatic cancer
cells. The western blotting assay revealed that MIR454
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Figure 6. Role of MIR454 in regulating autophagy flux and the WNT-CTNNB1 signaling pathway. (A) Representative confocal images of GFP-LC3 distribution in ASPC-1
cells transfected with MIR454 mimics and the TSPAN1 expression vector. The puncta number of LC3 was quantified (n =10). Scale bars, 10 um. (B) Western blotting
analysis of LC3 and SQSTM1 in ASPC-1 cells transfected with MIR454 mimics with or without EBSS starvation. (C) Representative transmission electron microscope
images of autophagosomes or autolysosomes of the PANC-1 cells transfected with MIR454 mimics and TSPAN1 expression vector. Both low- and high-power (zoom)
images are displayed. Red arrows indicate autophagic structures. The puncta number of autophagic structures per area were quantified (n =10). (D) Western blotting
analysis of PANC-1 and ASPC-1 cells transfected with MIR454 mimics and TSPAN1 expression vector using the indicated antibodies. (E and F) Relative mRNA levels of
the WNT-CTNNB1 target genes CCND1, MYC and AXIN2 after transfection with miR control, MIR454 mimic and MIR454 inhibitor in PANC-1 (E) and ASPC-1 (F) cells. (G)
Relative protein levels of CCND1, MYC, AXIN2 and CTNNB1 in PANC-1 and ASPC-1 cells transfected with miR control, MIR454 mimic and MIR454 inhibitor. (H) Effects of
MIR454 and FAMB83A overexpression on TOP/FOP flash luciferase activity in human pancreatic cancer ASPC-1 cells. (I) MIR454 and FAM83A overexpression had no
effect on CTNNBT mRNA expression in human pancreatic cancer ASPC-1 cells. The quantification data were showed as mean + SD, **P< 0.01, ***P< 0.001.

expression decreased MKI67 expression level in both PANC-1  increased MKI67 expression levels (Fig. S7A). Furthermore,
and ASPC-1 cells, whereas TSPAN1 or FAM83A expression EdU incorporation assays were performed, and the results



AUTOPHAGY (&) 3187

A B C
PANC-1 ASPC-1
-~ Control -8~ Control Re> MR
- MIR454 B~ MIR454
—k— MIR454+TSPAN1 —— MIR454+TSPAN1 5
54 —% MIR454+FAMS3A 49 % MIR454+FAMS3A zZ
s s =
2 2
2 23
= - b
g ¥ Eg E
= = L -
B £ o
= = =
= = 17}
= = <
0
12 24 36 48 72 12 24 36 48 72
Hours Hours
F D PANC-1 E ASPC-1
515 ok 2 15
2 s B i
g £
3] S A
: = 1.0 = 1.0
o o
100 pm| =1 =1
2 2
£ 05 E 05
= =
= =
z z
3 s <
s 00 s 00
G
C
=
20
]
z
1
=]
E
=
=
3P’ AT %)
m“‘w \‘% w““" ?Pﬁv\%
o A
N\‘Y‘“w\“" N\‘Y‘A‘w\“"
IRt +CQ
“A J Scramble MIR454  MIR454+TSPAN1 MIR454+FAMS3A
W
=
H 3
Xenograft growth =
=0~ Scramble+CQ
-9~ MIR454+CQ
-8~ MIR454+TSPAN1+CQ
—A~ MIR454+FAMS3A+CQ 5
=8 Scramble X
3001 - MiIRrd4s4 =
"E —&— MIR454+TSPAN1
5 ¥~ MIR454+FAMS3A i
2 2004 *
£ * -
t e z
» * = =
5 =4
E 100 s
= * *j|
E3 B B
M

YC

M

Days

Figure 7. Role of the MIR454-FAM83A-TSPAN1 axis in pancreatic cancer cell proliferation in vitro and in vivo. (A and B) MTT assays were performed to examine the
effect of MIR454, TSPAN1 and FAM83A overexpression on cell viability. (C-E) Colony formation assays were performed to assess the proliferation of cells transfected
with MIR454, TSPAN1 and FAMB83A overexpression vectors. (F) DNA synthesis in the cells transfected with MIR454, TSPAN1, FAM83A overexpression vectors were
assessed by EdU assays. (G) Representative images of excised tumors in different groups of nude mice were shown. (H) Growth curve showing the changes in the
tumor volume in mice in different groups from the injection. (I) Weight of the excised tumors in each group. (J) Representative H&E staining images and
immunohistochemical images of MKI67, SQSTM1 and MYC expression in excised tumors tissues. The quantification data were showed as mean + SD, **P< 0.01, ***P<
0.001.

revealed that MIR454 expression led to a significant reduction expression promoted the recovery of the DNA synthesis activ-
in DNA synthesis compared with that observed in control ity induced by FAM83A depletion, whereas MIR454 expres-
cells, while TSPAN1 or FAM83A overexpression increased sion produced aggravating effects (Fig. S7B and S7C). In
DNA synthesis (Figure 7F and S9C). Furthermore, TSPAN1 addition, TUNEL assays were performed and showed that
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MIR454 expression markedly elevated the number of TUNEL-
positive apoptotic cells, which was decreased after TSPAN1 or
FAMBS83A expression compared with the control group (Fig.
S7D). Taken together, these data indicated that MIR454 over-
expression suppresses pancreatic cancer cell proliferation by
targeting TSPANI and FAMS83A.

To further elucidate the role of the MIR454-FAMS83A-
TSPANI axis in pancreatic cancer development in vivo, we
used tumor xenograft models by subcutaneously injecting
nude mice with PANC-1 cells stably overexpressing MIR454
alone or co-overexpressing TSPAN1 or FAMS83A treated with
or without autophagy inhibitor CQ. The results showed that
the proliferation rate of MIR454-overexpressing xenograft
tumors was significantly lower than that of the negative con-
trol xenograft tumors (Figure 7G). Lower tumor volumes and
weights were also observed in MIR454-overexpressing xeno-
graft tumors (Figure 7H,I). Moreover, the forced expression of
TSPANI1 and FAMS83A caused an inverse phenotype in xeno-
graft mice (Figure 7G-I). In addition, CQ treatment decreased
the effects of MIR454-FAMS83A-TSPANI in the ability of
xenograft tumor formation (Figure 7G-I). Furthermore, the
levels of MKI67 and MYC staining were observed to be
decreased in MIR454-overexpressing xenograft tumor tissues,
while that of SQSTM1 was increased (Figure 7J). Taken
together, these data revealed that MIR454 decreased and
TSPANI or FAMS83A overexpression recovered the prolifera-
tive potential of pancreatic cancer cells.

Discussion

The TSPAN1 gene is located on chromosome 1p34.1 and
encodes a 26 kDa protein. However, the observed molecular
weights of wild-type TSPANI proteins expressed in ovarian
carcinoma cells were observed to be higher than the calculated
values due to the N-glycosylation [34]. Consistently, we also
confirmed the band shift of TSPANI in pancreatic cancer
cells. The results of recent research studies on TSPAN1 have
focused on its ability to promote proliferation and migration
in cancers. However, the mechanism underlying the activities
of TSPAN1 are not well understood.

In this study, for the first time, we discovered that TSPAN1
is a novel positive regulator of autophagy maturation in vitro
and in vivo. Furthermore, we discovered that TSPAN1 pro-
motes autophagosome maturation and interacts with LC3
through conserved LIRs. Alignment of the LIRs with
sequences of the TMSF4 superfamily (data not shown)
showed that the LC3-binding site LIRs are unique in the
TSPAN1 protein compared with other members of the
TMSF4 superfamily across mammalian species, suggesting
that their role in the regulation of autophagy may be con-
served only in TSPAN1. Dysfunction of autophagy has been
discovered linking to the progression of various human can-
cers, either enhancing or preventing tumorigenesis depending
on the tumor type or context [44-46]. Autophagy is activated
in rapidly growing tumors in regions of hypoxia and/or
nutrient deprivation, such as pancreatic cancer, which
requires autophagy for tumor growth [9,47]. In this context,
genetic or pharmacological inhibition of autophagy could lead
to increased reactive oxygen species, elevated DNA damage,

and metabolic defects leading to the regulation of cell prolif-
eration retardation or cell death [48]. Autophagy also plays
essential roles in the survival of many cancer patients in cases
of therapies stress, such as that caused by chemotherapy,
radiotherapy, and targeted agents, thereby promoting thera-
peutic resistance [49,50]. In the present study, our data
showed that TSPAN1F!7ALIZ0A apd  TSPAN]FOIAL204A
(M2/3) mutations, which resulted in defective autophagy
activity, showed little effect on pancreatic cancer growth
in vivo compared with that observed in cells harboring wild-
type TSPANI, indicating that the tumor-promoting role of
TSPANI1 occurs primarily through autophagy. We also
demonstrated that the ‘autophagy-addicted’ PDAC cell lines
PANC-1 and ASPC-1 require a high level of TSPANI to
maintain high basal levels of autophagy, rapid proliferation
and sustained growth without suppressing MTORCI, which
controls protein synthesis and gene transcription, prolifera-
tion, and motility [51]. These results can also explain the
seemingly contradictory co-existence of intact MTORC1 func-
tion and strong autophagy activity in pancreatic cancer and
other cancers. The subcellular localization data showed that
the TSPANI1-mCherry fusion protein was localized in
LAMP1-positive and RAB7A-positive intracellular vesicles,
indicating an essential role of TSPAN1 in endosome-
mediated biological activity.

Through the genome-wide expression analysis of the
TCGA database of pancreatic cancer patient tissues, we iden-
tified TSPAN1 and FAM83A, which are both upregulated in
pancreatic cancer patients, were direct targets of MIR454. The
dysregulation of MIR454 has been reported to be implicated
in several disorders, including lung injury, diastolic dysfunc-
tion and brain developmental remodeling [52,53]. In cancer,
high or low MIR454 expression has been observed in lung,
gastric, prostate, colorectal and hepatocellular cancer, as well
as in melanoma [54-56]. These results indicate that MIR454
has different roles in different types of tumors. Consistent
with other previous findings, our data also showed that the
proliferation of pancreatic cancer cells was markedly inhibited
by MIR454 [25,30]. Additionally, the inhibitory effect of
MIR454 on pancreatic cancer cells could be reversed by either
TSPANI or FAMS83A restoration. Consistently, we noted that
MIR454 could significantly reduce the expression of WNT
target genes, such as CCNDI, MYC and AXIN2. We also
found that the inhibitory effect of MIR454 could be reversed
by the co-expression of FAMS83A, indicating that the MIR454-
TSPAN1 and MIR454-FAMS83A axes cooperate and function
in the proliferation of pancreatic cancer cells. MIR454 was
reported to play roles in cell cycle and cell apoptosis regula-
tion thus affect the ability of cell proliferation [57], however,
our data showed that the proliferation of MIR454-
overexpressed xenograft tumor was significantly enhanced
by autophagy inducer rapamycin. Indicating that MIR454
promotes pancreatic cancer proliferation also through
increasing autophagy activity. Furthermore, we noticed that
FAMS3A downregulated the protein level of CTNNBI, but
had no effect on CTNNBI mRNA levels, suggesting that
FAMBS83A upregulates CTNNBI1 expression at the translational
level. As previously reported, FAMS83 proteins interacted with
CK1 isoforms through the conserved domain of unknown



function 1669 (DUF1669) [58], and FAMS83A interacted with
CSNK1A1/CKla (casein kinase 1 alpha 1), a potent inhibitor
of WNT signaling that primes CTNNBI1 phosphorylation and
subsequent degradation [59]. These results suggest the possi-
bility that FAM83A functions in the CTNNBI destruction
complex, which consists of GSK3B, CSNK1A1, APC, and
AXINI.

Crosstalk between autophagy and WNT-CTNNBI signal-
ing has been previously investigated. However, the reported
regulatory feedback mechanism between WNT-CTNNBI1 and
autophagy was almost negative [13-15]. For example, the
WNT-CTNNBI signaling pathway could suppress autophago-
some formation and directly represses the transcription of
SQSTM1 via TCF4 (transcription factor 4) [13]. And compo-
nents of WNT-CTNNBI signaling could be selectively
degraded via the formation of an LC3 or SQSTMI1 binding
complex during nutrient deprivation, such as CTNNBI1 [14]
and Dishevelled (Dishevelled segment polarity proteins) [60].
However, our data showed that there were two conservative
TCF/LEF binding elements in the promoter region of the
TSPANI gene, and both the mRNA and protein levels of
TSPANI could be increased under the treatment of WNT3A
and LiCl. In summary, our data demonstrated a positive feed-
back loop between MIR454-FAMS83A-TSPANI in regulating
autophagy and the WNT-CTNNBI signaling pathway: The
mRNA level of TSPANI is upregulated by FAM83A through
facilitating the CTNNB1-TCF4 complex recruitment to the
promoter region of TSPANI. Then, increased TSPANI pro-
motes autophagy activity through binding to LC3 and med-
iates autophagy maturation. Combine the inhibitory effect of
MIR454 toward TSPANI and FAMS83A could be abrogated
because of the downregulation of MIR454 in pancreatic can-
cer, we propose a model for the mechanism by which MIR454
regulates pancreatic cancer proliferation (Figure 8). However,
the molecular mechanism of reduced MIR454 in pancreatic
cancer should be addressed in the future.

Materials and methods
Cell lines, reagents, and antibodies

Human normal pancreatic duct epithelial cell line HPD E6-C7
was a gift from Dr. HaiMing Hu (Wuhan Institute of
Virology, Chinese Academy of Sciences, China). Human pan-
creatic cancer cell lines PANC-1, ASPC-1 and MIA-PACA-2
were purchased from the cell center of Institute of
Biochemistry and Cell Biology, Chinese Academy of
Sciences (TCHu 98, TCHu 8 and SCSP-568). CAPAN-1 and
SW1990 were purchased from Cobioer (Nanjing, CBP60543
and CBP60691). Autophagy inhibitor chloroquine dipho-
sphate salt (CQ, 10 uM) was purchased from Sangon
Biotech (Shanghai, A506569). EBSS (Hyclone, SH30024.01)
starvation in this study was carried out to switch the culture
medium from the complete medium to the EBSS medium
unless described otherwise. Commercially available antibodies
and dilutions used are as follows: anti-TSPAN1 (Proteintech,
16058-1-AP; 1:1000 dilution), anti-GAPDH (Proteintech,
60004-1-Ig; 1:1000 dilution), anti-LC3 (Cell Signaling
Technology, 4108; 1:1000 dilution), anti-mouse HA (EMD
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Figure 8. Schematic diagram of the biological role of the MIR454-TSPAN1-
FAMB83A axis in pancreatic cancer proliferation.

Millipore, M180-3; 1:1000 dilution), anti-Rabbit HA
(Proteintech, 51064-2-AP; 1:1000 dilution), anti-GFP (EMD
Millipore, 598; 1:1000 dilution), anti-REEP5 (Santa Cruz
Biotechnology, sc-393508; 1:500 dilution), anti-CKAP4
(Santa Cruz Biotechnology, sc-393544; 1:500 dilution), anti-
TOMM20 (Cell Signaling Technology, 42406; 1:3000 dilu-
tion), anti-TIMM23 (Santa Cruz Biotechnology, sc-514463;
1:1000 dilution), anti-p-PRKAA2-T172 (Cell Signaling
Technology, 2535; 1:1000  dilution), anti-PRKAA2
(Proteintech, 18167-1-AP; 1:1000 dilution), anti-p-EIF4EBP1-
T37/46 (Cell Signaling Technology, 2855; 1:1000 dilution),
anti-EIF4EBP1 (Proteintech, 60246-1-Ig; 1:1000 dilution),
anti-CTNNBI1 (Proteintech, 51067-2-AP; 1:1000 dilution),
anti-CCND1 (Proteintech, 60186-1-Ig; 1:1000 dilution), anti-
MYC (Proteintech, 60178-1-Ig; 1:1000 dilution), anti-AXIN2
(Proteintech, 20540-1-AP; 1:1000 dilution), anti-MKI67
(BOSTER, BM4381; 1:1000 dilution), anti-FAMS83A
(Abclonal, A15201; 1:1000 dilution).

Plasmids construction, cell culture, siRNAs and
transfection

DNA fragments encoding TSPANI and FAMS83A amplified
by PCR were gifts from prof. Jiahuai Han (Xiamen
University). The PCR products of TSPANI and FAMS83A
were cloned into pcDNA3.0-3xHA (Miaolingbio, P9394)
and pCMV-3xFlag (Sigma, E4401), respectively. The
nucleotide sequences of all constructs were confirmed by
DNA sequencing. ptfLC3 (Mammalian expression of rat
LC3 fused to mRFP and GFP) was a gift from Tamotsu
Yoshimori (Addgene, 21074). The sequence of MIR454 was
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5-ACCCUAUCAAUAUUGUCUCUGC-3'. Commercially
synthesized 2'-O-methyl-modified antisense oligonucleotide
of MIR454 was used as a MIR454 inhibitor (anti-MIR454).
Human normal pancreatic duct epithelial cells HPD E6-C7,
human pancreatic cancer cells PANC-1, ASPC-1, MIA-
PACA-2 were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Hyclone, SH30022.01). Human pancreatic
cancer cells CAPAN-1 were cultured in improved mini-
mum essential medium (IMEM) (Gibco, A1048901) and
SW1990 were cultured in Leibovitz’s L-15 medium (Gibco,
11415-064). All culture mediums were supplemented with
10% fetal bovine serum (Biological Industries, 04-001-
1ACS), 100 U/ml penicillin G and 100 pg/ml (Biosharp,
BL505A) streptomycin at 37°C in a humidified incubator
containing 5% CO,. siRNA for TSPANI#1 was 5'-
CCAGUCUAUUAAACCCUUGAU-3". siRNA for
TSPANI#2 was 5'-CCUCUUCAAUUUGCUCAUCUU-3".
siRNA for FAMS83A was 5'-

GCACAACAACAUCAGAGACCU-3'. Lipofectamine 2000
Transfection Reagent (Invitrogen, 11668019) was used to
transfect the PANC-1 and ASPC-1 cell lines with the
MIR454 mimics, inhibitors and siRNAs, and the expression
vector of TSPAN1 or FAMS83A was transfected using
Lipofectamine 3000 (Invitrogen, L3000015) according to
the manufacturer’s protocols.

Lentiviral production and creation of stable cell lines

MIR454 mimics or scramble RNA were subcloned into the
lentiviral vector pLKO.l-puro (Sigma, 8453). DNA frag-
ments encoding TSPAN1 or FAM83A were subcloned into
the lentiviral vector pCDH-CMV-MCS-EF1-turboRFP-T2A-
Neo, which was a gift from Dr. Xiaorong Zhang (Institute
of Biophysics, Chinese Academy of Sciences, China). 5 ug
lentiviral constructs were co-transfected with viral packa-
ging plasmids 3 pg psPAX2 and 3 pg pMD2.G (also gifts
from Dr. Xiaorong Zhang) into 293T cells in 10 cm dishes.
At 8 h post-transfection, the medium was replaced with
complete DMEM, and the viral supernatant was harvested
at 48 h post-transfection and filtered through a 0.22 pm
membrane. In addition, PANC-1 cells were plated in
another 6 cm dish the day before the viral supernatant
was harvested. After applying the viral supernatant to
PANC-1 cells with 10 pg/ul of polybrene (Solarbio,
H8761), selection for puromycin (Solarbio, IP1280) and/or
G418 (Yeasen, 60220ES03) resistance was initiated 48
h after transfection. The selection medium was changed
every 3-4 d for several weeks, and clones of puromycin-
and/or G418-resistant cells were isolated and expanded for
further characterization. The stably expressing MIR454
mimics, TSPAN1 and FAMS83A cells were maintained
with complete culture medium supplemented with 2 ug/
ml puromycin and/or 100 pg/ml G418.

Genome-wide mRNA and miRNA expression analysis

Integrative analysis of TCGA mRNA and miRNA expres-
sion data was performed as previously described [61].
Briefly, pancreatic cancer mRNA_HiSeq and

miRNA_HiSeq Level 3 RNA-sequencing data were down-
loaded from the TCGA data portal (http://cancergenome.
nih.gov/). Reads were aligned to the NCBI GRCh38-lite
reference genome. Gene expression was quantified as frag-
ments per kilobase transcript per million mapped reads
(FPKM), and miRNA was annotated based on miRbase
v16. Both mRNA and miRNA expression data were log2
transformed. The heatmap analysis of the mRNA or
miRNA expression pattern was performed using R version
3.2.2 software with the “edgeR” package. The fold-change
analysis was performed on the two categories of samples
(Normal and Tumor), followed by an unpaired t-test
(unequal variance) that was performed to obtain significant
gene entities. Gene Ontology analysis was performed using
the DAVID (Database for Annotation, Visualization and
Integrated Discovery) classification system (https://david.
abcc.nciferf.gov/) to evaluate the functional classes of the
genes. Two screening algorithms were used to identify the
miRNA(s) that target both TSPANI and FAM83A. Method
1 used the prediction algorithm of TargetScan 6.2, in which
the in silico analysis identified 75 microRNAs that targeted
both TSPANI and FAMS83A. Method #2 used microRNAs
that were identified as being significantly downregulated in
pancreatic cancer. A combination of the two screening
methods identified 16 microRNAs selected for further ana-
lysis. To generate a high confidence dataset of global
miRNA-mRNA interactions, we identified pairwise negative
correlations of miRNA with target mRNA expression, using
linear regression in conjunction with available prediction
tools from miRNA target databases.

RNA extraction and qRT-PCR

Total RNA was extracted from cultured pancreatic cancer
cells using TRIzol reagent (Invitrogen, 15596026) according
to the manufacturer’s protocol. qRT-PCR was performed as
previously described [62]. The mRNA expression level for
each sample was normalized to the expression of GAPDH
and miRNA expression was normalized to RNU6-6P/
RNUG6B using the 272" method [63] with three biological
replicates of comparative qQRT-PCR. Quantitative PCR was
performed using the Universal SYBR qPCR Master Mix
(Vazyme, Q511-02). The following primer sequences were
used for qRT-PCR: TSPANI, (forward) 5'-
GTGGCTTCACCAACTATACG-3" and (reverse) 5'-
GACTGCATTAGTTCGGATGT-3"; GAPDH, (forward) 5'-
AGCCACATCGCTCAGACAC-3" and  (reverse) 5'-
GCCCAATACGACCAAATCC-3'; FAMS83A, (forward) 5'-
CCCATCTCAGTCACTGGCATT-3" and (reverse) 5'-
CCGCCAACATCTCCTTGTTC-3'; CCNDI, (forward) 5'-
GCGTGTAGCTATGGAAGTTGCA-3' and (reverse) 5'-
CATCCCGAATGAGAGTCCTACAG-3'; MYC, (forward)
5-ATCTCACAGTGACCAACCCAAA-3" and (reverse) 5'-

TCGGTCACGGAGCCAATC-3"; AXIN2, (forward) 5'-
CAAGGGCCAGGTCACCAA-3' and (reverse) 5'-
CCCCAACCCATCTTCGT-3; CTNNBI, (forward) 5'-

GTGCTATCTGTCTGCTCTAGTA-3'
CTTCCTGTTTAGTTGCAGCATC-3';

and (reverse) 5'-
MIR454-RT, 5'-


http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
https://david.abcc.ncifcrf.gov/
https://david.abcc.ncifcrf.gov/

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGACGCAGAG-3', (forward) 5'-

GCGCGACCCTATCAATATTGT-3" and (reverse) 5'-
AGTGCAGGGTCCGAGGTATT-3’; RNU6-6P, (forward)
5-CTCGCTTCGGCAGCACA-3' and (reverse) 5'-

AACGCTTCACGAATTTGCGT-3". The primers used for
zebrafish gene were as follows: tspanl, (forward) 5'-

CTGCTTCACATTTGTCAAAGC-3' and (reverse) 5'-
CTCCTTCAGTCCAGGTATG-3'; gapdh, (forward) 5'-
TCGGTCGCATTGGC-3' and (reverse) 5'-

CCGCCTTCTGCCTTA-3".

Immunoprecipitation

Cells were washed twice with phosphate-buffered saline
(PBS; Servicebio, WGSH30256-01) and lysed with RIPA
lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1%
Triton X-100 [Sangon Biotech, 9002-93-1], 10 mM NaF,
and 1 mM EDTA) containing proteinase inhibitor cocktail
(Biomake, B14001) and Halt phosphatase inhibitor cocktail
(Thermo Fisher Scientific, 78420). Protein concentration
was measured using a BioRad Protein Assay kit (BioRad,
5000006). Cell lysates were incubated overnight with pri-
mary antibodies according to each individual experiment
after pretreatment with IgG and protein A/G magic beads
(Bimake, B23202), and then incubated with protein A/G
magic beads for 2 h at 4°C. The immunoprecipitate was
then subjected to western blotting.

Western blotting

Cell lysates were prepared as described previously[61]. Briefly,
the immunoprecipitate or cell lysates were boiled in 2 x SDS
loading buffer (100 mM Tris-HCI, pH 6.8, 4% [wt:vol] SDS,
200 mM dithiothreitol, 0.2% [wt:vol] bromophenol blue, and
20% [vol:vol] glycerol [Biosharp, BS154]) for 8 min at 98°C
and then loaded on SDS-PAGE gels. The gels were then
blotted onto a 0.45-um polyvinylidene fluoride membrane
(PVDF; Millipore, IPFL85R). After incubated with primary
antibodies and secondary antibodies, the signals of the protein
in the PVDF membranes were detected using Supersignal
West Pico Plus (Invitrogen, 34580) according to the manu-
facturer’s instructions.

Immunohistochemistry

Immunohistochemistry was performed as described pre-
viously [62]. Briefly, the antibody against TSPAN1 was tested
on sections from a human tissue array (Alenabio, PA805b)
that contains formalin-fixed paraffin-embedded pancreatic
cancer tissues and normal tissue samples. To quantify the
status of TSPAN1 protein expression in these groups, the
intensity of the TSPAN1 immunoreaction was divided into
five grades depending on the percentage of positive cells
(percentage scores): <10% (0), 10-25% (1), 25-50% (2),
50-75 (3), and >75% (4). The intensity of staining was divided
into four grades (intensity scores): no staining (0), light brown
(1), brown (2), and dark brown (3). The overall staining score
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was determined by the formula: overall scores = percentage
score X intensity score [64].

Dual-luciferase reporter assay

For regulation of MIR454 toward TSPANI mRNA: Dual-
luciferase reporter assay was performed as described pre-
viously [62]. Briefly, the 3'UTR of TSPANI mRNA ampli-
fied from pancreatic cancer PANC-1 cells by PCR and then
cloned in between the Xhol and Sall sites of a pmirGLO
Dual-Luciferase miRNA target expression vector (Promega,
E1330). The primer sequences used for TSPANI 3'UTR
qRT-PCR were (forward)
CTGCCACATGGGAACTGTGAAGAG and (reverse)
CCTTAGAGGCTCTGGAATGCC. The MIR454 target site-
mutation TSPANI1 3'UTR luciferase reporter (MT TSPAN1)
construct was generated using the QuikChange II XL Site-
Directed Mutagenesis Kit (Stratagene, 200521). The nucleo-
tide sequences of all constructs were confirmed by DNA
sequencing. Luciferase reporter plasmids plus MIR454
mimics or miR control were co-transfected into HEK293T
cells using Lipofectamine 2000. After 48 h of transfection,
the luminescence ratio of the experimental reporter
(Firefly) to the control reporter (Renilla) was calculated.
All experiments were performed in triplicate.

For regulation of WNT-CTNNBI1 toward TSPANI promo-
ter: The TSPANI promoter region, which from 1000 bp
upstream to 38 bp downstream of the transcription start site
(TSS) was cloned into the firefly luciferase reporter plasmid
pGL3-Basic (Promega, E1751). The renilla luciferase vector
was used as an internal control and was purchased from
Promega (Promega, E6971). The primer sequences used for
TSPANI promoter qRT-PCR were (forward)
ATGCGTATGTGTTGTTACATATATCGTGTGG and
(reverse) GTAGGTGTAGCTGCTGGTGTGTGT. The
nucleotide sequences of all constructs were confirmed by
DNA sequencing. After 48 h of transfection, the luminescence
ratio of the experimental reporter (Firefly) to the control
reporter (Renilla) was calculated. All experiments were per-
formed in triplicate.

MTT assay

MTT assay was performed as described previously [65].
Briefly, human pancreatic cancer PANC-1 and ASPC-1 cells
(1 x 10? cells/well) were seeded into 96-well plates, then cells
were stained at the indicated time points with 100 ul sterile
MTT dye (0.5 mg/ml; Sigma, M2128) for 4 h at 37°C after
MIR454 mimics, TSPANI and/or FAM83A transfection and
later 48 h culture. After adding 150 ul DMSO (Sigma,
W387520), the number of viable cells was assessed by mea-
surement of the absorbance at 450 nm by a microplate reader.
All experiments were performed in triplicate.

CRISPR-Cas9 mediated mutagenesis of zebrafish tspan1

Single guide RNAs (sgRNAs) targeting the second coding
exon of zebrafish tspanl (ENSDARGO00000052027) were
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designed using the chop-chop website [66]. SgRNAs were

purchased from Sangon Biotech (Shanghai), and the
sequences of TSPAN1 target sites were
ATCTGGAGTCACGTCAATAT and

TGTGGCTACCGTAGGGATAT, respectively. For in vitro
transcription of sgRNAs, 0.5 ug template DNA was used to
generate sgRNAs using the MEGA short script ®T7 kit
(Thermo Fisher Scientific, AM1354) and purified with an
RNA Clean up kit (TTANGEN, DP412). The Cas9 Nuclease
was purchased from New England Biolabs (NEB, M0646).
A mixture of sgRNA and Cas9 was injected into one-cell
stage WT (AB line) embryos (sgRNA 150 pg/embryo and
Cas9 300 pg/embryo). The effect of CRISPR injection was
confirmed by PCR and Sanger sequencing.

Colony formation assay

Human pancreatic cancer PANC-1 and ASPC-1 cells transfected
with MIR454, TSPAN1 and/or FAMS83 were seeded into 12-well
plates and incubated with complete medium at 37°C for 2 - 3
weeks. Then, the cells were fixed with 4% paraformaldehyde and
stained with 2% crystal violet. The images were obtained and the
number of colonies was counted.

Immunofluorescence and confocal microscopy

PANC-1, ASPC-1 and Hela cells transfected with the appropri-
ate plasmids were grown on 12-well plates, and for confocal
microscopy on glass chambers, at 60% density and cultured for
48 h. After treatment with or without EBSS for 2 h, cells were
fixed with 4% paraformaldehyde in PBS and permeabilized with
0.5% Triton X-100. Then cells were blocked with 10% goat
serum (Sangon Biotech, E510009) and subsequently incubated
with primary antibodies and fluorescence-labeled secondary
antibodies. DAPI (Solarbio, C0065) was used for nuclei staining.
For immunofluorescence, the images were obtained by using the
Olympus IX73 fluorescence microscope. For confocal micro-
scopy, cells plated on the glass chambers were examined with
a confocal laser-scanning microscope (Leica SP8, Wetzlar,
Germany) using a 63x oil immersion objective. Data analysis
was performed using the Leica LAS AF Lite software. The
numbers of GFP-LC3 puncta per cell were assessed in 10 non-
overlapping fields.

TUNEL assay

Apoptotic cells within PANC-1 and ASPC-1 cells after
MIR454 and TSPANI overexpression were examined by One
Step TUNEL (TdT-mediated dUTP Nick-End Labeling)
Apoptosis Assay Kit (Beyotime, C1090) in accordance with
the manufacturer’s protocols.

GSEA analysis

Global mRNA expression profiles of the top 20 human pancrea-
tic cancer tissues with the highest and lowest expression of
TSPANI obtained from The Cancer Genome Atlas (TCGA)
database were subject to Gene Set Enrichment Analysis

(GSEA) using the GSEA v2.2.4 software (http://www.broadinsti
tute.org/gsea/). GSEA was performed to uncover the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) biological processes that are positively correlated
with TSPANI expression. KEGG and GO biological process gene
sets were downloaded from the Molecular Signatures Database
(MSigDB)  (http://www.broadinstitute.org/gsea/). GSEA was
conducted to identify the association of TSPANI expression
with cell autophagy, metabolism and biosynthesis signatures.
Enrichment analysis was performed using 1000 phenotype per-
mutations, and gene sets with nominal p-value < 0.05 and false
discovery rate (FDR) < 0.25 were considered significant.

Electron microscopy assay

PANC-1 cells were washed in PBS twice and fixed in 2.5%
glutaraldehyde and then further fixed with 2% osmium tetr-
oxide buffer. Then fixed cells were dehydrated using a graded
ethanol series and embedded in epon. Electron microscopy
was performed with a JEM-100CX-II TEM (Joel, Tokyo,
Japan) transmission electron microscope, using ultrathin sec-
tions (45 nm) stained with lead citrate and uranyl acetate.

TOP/FOP flash luciferase assay

TOP/FOP flash luciferase assay was performed as described
previously [65]. The human pancreatic cancer ASPC-1 cells
were transfected with M50 Super 8 x TOPFlash (Addgene,
12456; deposited by Randall Moon) and M51 Super 8 X
FOPFlash (TOPFlash mutant; Addgene, 12457; deposited by
Randall Moon) [67] plasmid along with an internal Renilla
control plasmid according to the manufacturer’s protocol.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed as
described previously [65]. Briefly, 1 x 107 cells were collected
and fixed with 1% formaldehyde, after which the cells were
scraped and lysed in SDS lysis buffer (1% SDS, 40 mmol/L Tris
[pH 7.9], 15 mmol/L EDTA, 1.5 mmol/L DTT, and protease
inhibitors). The soluble material was purified by centrifugation
and then mixed with the appropriate antibody (polyclonal anti-
bodies against TCF4 or CTNNBI) or control rabbit IgG overnight
at 4°C, which was followed by incubation with magic protein A/G
beads under reverse rotation at 4°C for 2 h. The beads were
subsequently resuspended in elution buffer (50 mM NaHCO;
and 1% SDS) and reverse DNA/protein cross-linked at 65°C for
4h. gPCR was used to analyze the binding of the CTNNB1-TCF-4
complex to the TSPAN1 promoter using the primers listed below:
MYC, 5'-GTGAATACACGTTTGCGGGTTAC-3' (forward), 5'-
AGAGACCCTTGTGAAAAAAACCG-3' (reverse). TBEl, 5'-
CTGACCTTCACTTTTCTTACCAGGGC-3"  (forward), 5'-
GTAGGTGTAGCTGCTGGTGTGTGT-3" (reverse). TBE2, 5'-
CACTTCCTGAACCCCAGGGG-3' (forward), 5'-

CTTAGTCGCTGGGAACATTTTGTAGG-3' (reverse). TBE3,
5'-CCCATCCCATAACCTGAGGAGC-3"  (forward), 5
CCCCTGGGGTTCAGGAAGTG-3"  (reverse), TBE4, 5'-


http://www.broadinstitute.org/gsea/
http://www.broadinstitute.org/gsea/
http://www.broadinstitute.org/gsea/

CTTGCATGCATGTGTGTGGTTG-3' (forward), 5'-
CACTGACACACCATGCCCAG-3' (reverse).

5-Ethynyl-20-deoxyuridine (EdU) incorporation assay

EdU assay was performed to assess the proliferation of pan-
creatic cancer ASPC-1 cells. The BeyoClick™ EdU Cell
Proliferation kit with Alexa Fluor 555 was purchased from
Beyotime (Shanghai, C0075S). ASPC-1 cells were plated in 24
wells and transfected with MIR454 mimics and FAMS83A the
next day. After 48 h cultivation, cells were fixed using 4%
paraformaldehyde and stained with DAPI after incubation
with 50 mM EdU solution for 2 h. The EdU-labeled cells
were photographed and counted under an Olympus FSX100
microscope (Olympus, Tokyo, Japan).

Subcutaneous xenograft experiments

All animal experiments were carried out in compliance with the
protocol specifically approved for the use of laboratory animals of
the Wuhan University Animal Biosafety Level III Laboratory
Animal Care and Use Committee. Male BALB/c nude mice at
4-6 weeks of age (18-22 g) were purchased from Vital River
Laboratory Animal Technology (Beijing, China). Subsequently,
3 x 10° stably maintained PANC-1 cells were resuspended in 100
ul PBS and injected subcutaneously into the left or right dorsal
flank of 3 female nude mice per group. Autophagy inhibitor CQ
intraperitoneal treatment commenced once tumors became palp-
able with a dose of 60 mg/kg twice per week. The length and width
of mouse tumors were measured every 5 d with calipers, and
tumor volume (V) was calculated as the formula: V = [(length x
width x 2)/2]. Experimental mice were euthanized at the end of
the observation period, and then the tumors were excised and
weighed.

Statistical analysis

All experiments were performed independently at least three
times. All statistical analysis was performed using GraphPad
Prism 6.0 software (GraphPad, La Jolla, CA, USA). All data
are presented as mean + SD (standard deviation) from tripli-
cates. p values < 0.05 were statistically significant. Statistical
analysis was done using paired Student’s f-test; *represents
P <0.05, **represents P <0.01 and ***represents P <0.001.
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