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BACKGROUND & AIMS: Pancreatic cancer has the highest
prevalence of cancer-associated cachexia among all cancers.
ZIP4 promotes pancreatic cancer progression by regulating
oncogenic miR-373, and perturbation of circular RNAs
(circRNAs) is associated with cancer aggressiveness. This study
aimed to identify circRNAs involved in ZIP4/miR-373-driven
cancer growth and cachexia and decipher the underlying
mechanism. METHODS: Differentially expressed circRNAs and
potential targets of microRNA were identified through in silico
analysis. The RNA interactions were determined by means of
biotinylated microRNA pulldown, RNA immunoprecipitation,
and luciferase reporter assays. The function of circRNA in
ZIP4-miR-373 signaling axis were examined in human
pancreatic cancer cells, 3-dimensional spheroids and organo-
ids, mouse models, and clinical specimens. Mouse skeletal
muscles were analyzed by means of histology. RESULTS: We
identified circANAPC7 as a sponge for miR-373, which

inhibited tumor growth and muscle wasting in vitro and
in vivo. Mechanistic studies showed that PHLPP2 is a down-
stream target of ZIP4/miR-373. CircANAPC7 functions
through PHLPP2-mediated dephosphorylation of AKT, thus
suppressing cancer cell proliferation by down-regulating
cyclin D1 and inhibiting muscle wasting via decreasing the
secretion of transforming growth factor-@ through STATS. We
further demonstrated that PHLPP2 induced dephosphoryla-
tion of CREB, a zinc-dependent transcription factor activated
by ZIP4, thereby forming a CREB-miR-373-PHLPP2 feed-
forward loop to regulate tumor progression and cancer
cachexia. CONCLUSION: This study identified circANAPC7 as a
novel tumor suppressor, which functions through the CREB-
miR-373-PHLPP2 axis, leading to AKT dephosphorylation, and
cyclin D1 and transforming growth factor-# down-regulation to
suppress tumor growth and muscle wasting in pancreatic
cancer.
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ancreatic cancer is predicted to become the second

leading cause of cancer-associated death in the
United States by 2030, with a 5-year survival rate of no
more than 10%." Surgery plus chemotherapy provides the
best chance of cure for patients with pancreatic cancer.
Unfortunately, >80% of patients are diagnosed at advanced
stages and are not eligible for surgery.” In addition,
approximately 70% of patients with pancreatic cancer
develop cancer cachexia, a systematic metabolic dysfunction
characterized by body weight loss with ongoing muscle
wasting (with or without adipose loss), which cannot be
reversed by conventional nutritional support.>* Muscle
wasting is the major hallmark of cancer cachexia caused by
substantially increased muscle protein breakdown.” Cancer
cachexia reduces quality of life, decreases tolerance to
chemotherapy, and ultimately leads to tumor progression in
patients with pancreatic cancer.” However, there is no
effective treatment for cancer-associated cachexia and the
underlying mechanism remains mostly unclear. Therefore,
there is an urgent need to further explore the biology and
molecular mechanism of pancreatic cancer progression and
develop efficient therapeutic targets.

Zinc is an essential metal ion and nutrient that plays
important physiological and pathologic roles. Abnormal
zinc homeostasis is associated with increased cell death and
resistance to chemotherapy in pancreatic cancer.” There-
fore, illustrating the mechanism of aberrant expression of
zinc transporter and its regulation in pancreatic cancer may
lead to more effective therapeutics.” We recently found that
Z1P4 plays critical roles in cell proliferation, metastasis, drug
resistance, and cancer-associated cachexia in pancreatic
cancer.” '* Therefore, it is crucial to further explore the
signaling network on ZIP4-induced cancer progression and
cachexia to develop novel therapeutic strategies for
pancreatic cancer.

Circular RNA (circRNA) is a closed-loop RNA with a
junction between the 3’ and 5’ ends from reverse splicing of
precursor messenger RNA (mRNA)."® MicroRNA (miRNA) is
a class of small noncoding RNA involved in multiple bio-
logical processes by inhibiting the translation of mRNA.'®
The miRNA sponge is an RNA transcript with complemen-
tary binding sites to this specific miRNA, thus inhibiting the
function of the miRNA.'” CircRNAs sponge miRNAs more
effectively, as they are more stable and have more binding
sites than linear RNAs.'® CircRNAs are involved in multiple
functions of pancreatic cancer, including tumor growth,
differentiation, apoptosis, invasion, metastasis, lymph
angiogenesis, and chemotherapy resistance.'’ *? However,
the mechanism of circRNA in pancreatic cancer remains
largely elusive, especially in the context of ZIP4-mediated
tumor progression. Previously, we showed that the
expression of an oncogenic miRNA, miR-373, is regulated by
ZIP4 and is essential for ZIP4-induced pancreatic cancer
progression. However, whether circRNAs could act as miR-
373 sponges, and their impact on ZIP4 signaling, is
unknown.

CircANAPC?7 Inhibits Pancreas Cancer Cachexia 2005

WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

ZIP4 promotes pancreatic cancer progression by
regulating miR-373. Perturbation of circular RNAs
(circRNAs) is associated with cancer aggressiveness.
We aimed to identify circRNAs involved in ZIP4/miR-
373-driven cancer cachexia and decipher the underlying
mechanism.

NEW FINDINGS

CircANAPCY is a tumor suppressor that functions through
PHLPP2-mediated dephosphorylation of AKT, resulting in
down-regulation of cyclin D1 and transforming growth
factor-3. PHLPP2 also induced dephosphorylation of
CREB, a zinc-dependent transcription factor activated
by ZIP4, thus forming a CREB-miR-373-PHLPP2 feed-
forward loop to regulate cancer progression and
cachexia.

LIMITATIONS

The role of other miR-373-related circRNAs were not
included in this study.

IMPACT

This study identifies CircANAPC7 as a novel tumor
suppressor and provides a potential therapeutic strategy
to suppress tumor growth and muscle wasting in
pancreatic cancer.

In the present study, we found that circRNA ANAPC7
suppressed pancreatic cancer growth and ameliorated
cachexia by sponging miR-373. We identified PHLPP2, a
protein phosphatase involved in the regulation of AKT
signaling, as a novel miR-373 target gene in pancreatic can-
cer. Furthermore, we found that PHLPP2 decreased CREB
phosphorylation, a zinc-dependent transcription factor
regulated by ZIP4, which promotes miR-373 expression by
transcriptional regulation. We identified an uncharacterized
CREB-miR-373-PHLPP2 feed-forward loop of the ZIP4-
mediated signaling axis in pancreatic cancer. Moreover, we
found circANAPC7 ameliorated cachexia by reversing ZIP4-
induced muscle wasting through down-regulating trans-
forming growth factor (TGF)-8 expression and secretion via
STATS. Our findings suggest novel insights on circANAPC7 in
ZIP4-mediated pancreatic cancer progression and cachexia,
thus providing a potential therapeutic strategy for cancer
treatment and clinical management of cancer cachexia.

* Authors share co-first authorship.

Abbreviations used in this paper: circRNA, circular RNA; 2D, 2-
dimensional; 3D, 3-dimensional; DEC, differentially expressed circular
RNA; HPDE, human pancreatic duct epithelial; IHC, immunohistochem-
istry; mRNA, messenger RNA; MyHC, myosin heavy chain; RT-qPCR,
reverse transcription quantitative real-time polymerase chain reaction;
TGF, transforming growth factor.
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Materials and Methods

Cell Lines and Clinical Specimens

Human pancreatic cancer cell lines AsPC-1, MIA PaCa-2,
BxPC-3, Panc-1, and CFPAC-1 were purchased from American
Type Culture Collection. The human pancreatic duct epithelial
(HPDE) cell line was a gift from Dr Ming-Sound Tsao (Ontario
Cancer Institute).”®> These cells were cultured as described
previously.” MIA-V/ZIP4, MIA-ZIP4-anti-C/anti-373, AsPC-shV/
shZIP4, AsPC-shZIP4-PreC/Pre373 stable cell lines were con-
structed in our laboratory previously.'® MIA-V/ZIP4, MIA-ZIP4-
anti-C/anti-373 cells were cultured in complete media
supplemented with 0.5 ug/mL puromycin (#A1113803; Gibco).
AsPC-shV/shZIP4, AsPC-shZIP4-PreC/Pre373 cells were
cultured in complete media supplemented with 1 ug/mL pu-
romycin. Murine C2C12 myoblasts (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum. All cells were
cultured at 37°C under 5% CO,. Banked de-identified human
pancreatic cancer tissue specimens were obtained from the
University of Oklahoma Health Sciences Center according to an
approved Institutional Review Boards human protocol. Written
consent was obtained from all subjects.

3-Dimensional Spheroid and Organoid Culture

The 3-dimensional (3D) spheroid and organoid cultures
were performed as described previously.'*'* Briefly, pancre-
atic cancer cells were resuspended in medium containing
0.24% methylcellulose (#MO0512; Sigma-Aldrich). Cells were
seeded on the inner lid of a 10-cm Petri dish with 20 uL per
drop. The lid was put on the Petri dish containing 10 mL
phosphate buffer solution. The suspended droplets were incu-
bated for 5-7 days in 5% CO; at 37°C to form 3D cell spheroids.
Matrigel-based 3D embedded and suspended organoids were
generated based on a similar method, except that the cell sus-
pension was mixed with Matrigel (#354234; Corning). The
spheroids were embedded with HistoGel and paraffin, then
sectioned for H&E staining.

Biotinylated MicroRNA Pulldown Assay

The miRNA pulldown assay was performed as described by
Lal et al.?* Briefly, the 3’ end biotinylated miRCURY LNA Pre-
mium miRNA Mimic or control RNA (#39178/3BIO; Qiagen)
were transfected into cells at a final concentration of 30 nM for
24 hours. The cells were washed with phosphate-buffered sa-
line and incubated in lysis buffer. The biotin-coupled RNA
complex was pulled down by incubating the cell lysates with
Dynabeads MyOne Streptavidin T1 (#65601; Invitrogen). The
beads were blocked with RNase-free bovine serum albumin
(#AM2616; Invitrogen) and yeast transfer RNA (#15401029,
Invitrogen) on a rotator at 4°C for 2 hours to prevent
nonspecific binding of RNA and protein complexes. The blocked
beads were incubated with cell lysates at 4°C overnight,
washed 3 times with ice-cold lysis buffer. The RNA complexes
on the beads were eluted and extracted by TRIzol reagent
(#15596026; Invitrogen). The abundance of circANAPC7 and
miR-373 of RNA complexes was evaluated by reverse tran-
scription quantitative real-time polymerase chain reaction (RT-
gqPCR) analysis.
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RNA Immunoprecipitation

miRNA mimics were transfected into cells for 24 hours after
transfection, and AGO2 antibody (#SAB4200085; Milli-
poreSigma) or negative control IgG antibody (#10500C; Invi-
trogen) was used to perform AGO2 immunoprecipitation. Cells
were lysed in cOmplete Lysis-M (#04719956001; Roche) sup-
plemented with protease inhibitor (#04693116001; Roche)
and RNase inhibitor (#AM2694; Invitrogen) for 10 minutes.
The antibodies were incubated with Dynabeads magnetic beads
of a Dynabeads Protein G Immunoprecipitation Kit (#10007D;
Invitrogen) at room temperature for 30 minutes. The lysate
was mixed with antibody-beads complexes and incubated un-
der rotation overnight at 4°C. After treating with proteinase K
(#03115836001; Roche), RNA complexes were extracted using
TRIzol reagent. The abundance of RNAs was evaluated by RT-
gPCR analysis.

Luciferase Reporter Assay

Luciferase reporter assay was performed using the Dual-
Luciferase Reporter Assay System (#E1960; Promega)
following the manufacturer’s protocol. Briefly, cells were
seeded in a 24-well plate and co-transfected with the plasmid
of 500 ng and miRNA mimics of 10 pmol per well using Lip-
ofectamine 3000 Reagent (#L3000015; Invitrogen). At 48
hours after transfection, the cells were lysed and firefly lucif-
erase activity and Renilla luciferase activity were measured
using a Microplate Reader (Synergy H1; BioTek).

RNA Location Assay

The nuclear and cytoplasmic RNAs were extracted using the
Nuclear and Cytoplasmic Extraction Kit (PARIS, AM1921;
Invitrogen). One picogram of DNA spike-in molecules was
added to each sample for RT-qPCR normalization. DNA spike-in
was produced from the multiple cloning sites in pcDNA3.1(+)
CircRNA Mini Vector (#60648; Addgene).

Transcription Block Assay

Transcription was blocked by adding 2 ug/mL actinomycin
D (A1410; Sigma-Aldrich) or dimethyl sulfoxide control to the
cell culture medium and cultured for 0, 4, 8, 12, or 24 hours.
Then the cells were harvested and total RNA was extracted. The
stability of circANAPC7 and ANAPC7 mRNA was analyzed by
means of RT-qPCR.

Ribonuclease R Treatment

The total RNA was incubated with or without 2 U/ug
ribonuclease R (#RNR07250; Epicentre Technologies) for 15
minutes at 37°C and purified using the RNeasy MinElute
Cleanup Kit (#74204; Qiagen), then analyzed by RT-qPCR.

Orthotopic Xenograft Mouse Model

MIA-ZIP4-EV /circANAPC7, AsPC-shZIP4-Pre373-EV/circA-
NAPC7 stable cell lines were used to establish the pancreatic
cancer orthotopic xenograft mouse model as described previ-
ously.'® Briefly, 3 x 10° cells in 50 uL Dulbecco’s modified
Eagle medium or RPMI medium were injected into the tail of
the pancreas of 5-week athymic nude mice. The mice study was
performed under an animal protocol approved by the Animal
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Welfare Committee at University of Oklahoma Health Sciences
Center. Four weeks post injection, mice were euthanized and
tissues were collected.

Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad
Software). Comparisons of 2 groups were conducted using a 2-
tailed Student t test. One-way analysis of variance was used for
multiple conditions compared for 1 variable. Two-way analysis
of variance was performed for multiple sets of multivariate
comparisons. A P value < .05 was considered statistically
significant.

Results

CircANAPC? Acts as a miR-373 Sponge in
Pancreatic Cancer Cells

To identify the potential circRNA that acts as a miR-373
sponge, we analyzed differentially expressed circRNAs
(DECs) from the circRNA microarray dataset of pancreatic
cancer and screened circRNAs with miR-373 binding sites
from circBank online database.”””® We identified 223 up-
regulated DECs and 214 down-regulated DECs
(Supplementary Table 1) in pancreatic cancer, and the top
100 DECs are shown in Figure 14. Among the 214 down-
regulated DECs, we focused on 5 circRNAs containing
miR-373  binding sites for further investigation
(Supplementary Figure 14). To validate which circRNA in-
teracts with miR-373, we performed miRNA pulldown assay
and found only hsa_circ_0005785 (also known as circA-
NAPC7) was enriched in the miR-373-captured fraction
compared with the negative control, indicating miR-373
could interact with circANAPC7 in pancreatic cancer cells
(Figure 1B, Supplementary Figure 1B). Next, we confirmed
the circular structure of circANAPC7, derived from exon 3 to
exon 9 of a protein-coding gene ANAPC7, in pancreatic
cancer cell lines by Sanger sequencing and PCR analysis
(Figure 1C and Supplementary Figure 1C). We found that
circANAPC7 was down-regulated in pancreatic cancer cells
compared with HPDE cells (Supplementary Figure 1D).
Consistent with the circRNA microarray results, circANAPC7
level was significantly lower in human pancreatic cancer
tissues than tumor-adjacent tissues (Supplementary
Figure 1E). The analysis of nuclear and cytoplasmic circA-
NAPC7 revealed that circANAPC7 is preferentially localized
to the cytoplasm (Figure 1D). To analyze the stability of
circANAPC7 and ANAPC7 mRNAs, we treated pancreatic
cancer cells with actinomycin D, an inhibitor of transcrip-
tion, and found that circANAPC7 transcript is more stable
than linear ANAPC7 mRNA transcript (Supplementary
Figure 1F). Furthermore, we found circANAPC7 was resis-
tant to ribonuclease R exonuclease digestion, which further
supported the circular structure of this RNA transcript
(Supplementary Figure 1G). We next determined whether
circANAPC7 serves as a binding platform for miR-373 and
AGO2, the essential component in the process of miRNA
repression of specific target RNA. We performed RNA
immunoprecipitation of AGO2 in pancreatic cancer cells
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transfected with miR-373 mimics and found that endoge-
nous circANAPC7 was enriched in the AGO2 group
(Figure 1E). We further constructed luciferase reporter
vectors by inserting circANAPC7 wild-type or mutant frag-
ment right behind the reporter gene (Figure 1F) and found a
significantly decreased luciferase activity in the circANAPC7
wild-type group compared with the circANAPC7 mutant
group in miR-373 overexpressed cells (Figure 1G). These
results suggest that circANAPC7 binds to miR-373 and may
serve as a miR-373 sponge to suppress its function in
pancreatic cancer.

CircANAPCY Inhibits Pancreatic Cancer Cell
Proliferation in 2-Dimensional and 3-Dimensional
Models

To further investigate the function of circANAPC7, we
overexpressed circANAPC7 in AsPC-1 and MIA PaCa-2 cells
(Supplementary Figure 24). Overexpression of circANAPC7
significantly suppressed pancreatic cancer cell proliferation
and colony formation (Figure 24 and B). The 5-ethynyl-2'-
deoxyuridine incorporation assay revealed that circANAPC7
overexpression impaired DNA synthesis in human pancre-
atic cancer cells (Figure 2C). We also observed a similar
inhibitory effect of circANAPC7 on cell growth in 3D
spheroid and organoid models. CircANAPC7 showed no
significant impact on the aggregation of spheroids, however,
circANAPC7 overexpression inhibited spheroid growth
compared with the control group (Supplementary
Figure 2B-D and Figure 2D). Consistent with 2D culture
and 3D spheroids, circANAPC7 overexpression suppressed
the growth of organoids in both Matrigel-suspended and
Matrigel-embedded culture conditions (Figure 2E,
Supplementary Figure 2E). These results demonstrated that
circANAPC7 inhibits pancreatic cancer cell growth as a tu-
mor suppressor.

PHLPP2 Is a Downstream Target of miR-373

To identify the downstream targets responsible for
mediating the oncogenic function of miR-373, we analyzed
the human tumor suppressor genes with miR-373 binding
sites and found 18 genes occurred simultaneously within
the 3 categories (Figure 34 and Supplementary Figure 34).
Among the 18 potential downstream targets of miR-373, we
selected 3 candidates (SASH1, PHLPP2, and PAFAH1B1) for
further validation because they are negatively correlated
with ZIP4 in human pancreatic cancer tissues
(Supplementary Figure 3B-D). Then we evaluated whether
circANAPC7 regulates miR-373 target gene expression
through sponging miR-373. The RT-qPCR analysis demon-
strated that overexpression of circANAPC7 up-regulated the
mRNA level of PHLPP2 but not SASH1 or PAFAH1B1
(Figure 3B and (). CircANAPC7 overexpression also
increased the protein level of PHLPP2 in pancreatic cancer
cells (Figure 3D, Supplementary Figure 3E). miR-373
blocking up-regulated PHLPP2, while miR-373 over-
expression down-regulated PHLPP2 (Figure 3E and
Supplementary Figure 3F-H). These results indicated that
circANAPC7 serves as a miR-373 sponge to regulate PHLPP2
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Figure 1. CircANAPC? interacts with miR-373 in pancreatic cancer cells. (A) Heatmap of the top 100 differentially expressed
circRNAs between 6 pairs of pancreatic cancer and adjacent tissues (GSE69362). (B) CircANAPC?7 levels detected by RT-
gPCR analysis of miRNA pulldown products. (C) CircANAPC?7 structure and the validation strategy. (D) CircANAPC7 and
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Schematic diagram of luciferase reporter vectors with circANAPC7 wild-type (WT) (blue) or mutated (Mut) (red) putative miR-
373 binding sites. (G) Luciferase activity of circANAPC?7 reporter vectors (WT and Mut) co-transfected with negative control
(NC) or miR-373 mimics in AsPC-1 and MIA PaCa-2 cells. Firefly luciferase activity was normalized to Renilla luciferase activity.

Error bars represent SDs. *P < .05; **P < .01; ™P < .001.

expression in pancreatic cancer cells. To examine whether
miR-373 binds to the 3’'UTR of PHLPP2, we performed a
biotin-labeled miR-373 pulldown assay and found an 8-fold
enrichment of the 3’'UTR of PHLPP2 (Figure 3F). We also
used the luciferase reporter system to detect whether miR-
373 regulated the expression of PHLPP2 by binding to its
3’'UTR. We cloned the PHLPP2-3’UTR with wild-type or
mutant miR-373-binding site right behind the luciferase
reporter vector for the luciferase reporter assay (Figure 3G)
and observed that miR-373 expression could reduce lucif-
erase activity of the wild-type PHLPP2-3'UTR reporter
vector, but not the mutant reporter vector (Figure 3H).
Collectively, these data suggested that PHLPP2 is a down-
stream target of miR-373, and circANAPC7 increased the
PHLPP2 level by sponging miR-373.

We further examined whether circANAPC7 suppresses
pancreatic cancer cell proliferation by up-regulating
PHLPP2. Cell viability assays showed that miR-373-

induced cell proliferation was partially reversed by wild-
type, but not mutant, circANAPC7 (Figure 3I). In addition,
5-ethynyl-2’-deoxyuridine  incorporation assays also
revealed that the wild-type, but not mutant, circANAPC7
could reverse miR-373-mediated increase of DNA synthesis
(Figure 3]). PHLPP2 was recently identified as an important
regulator of AKT, functioning as an AKT-Ser473 phospha-
tase and resulting in AKT inactivation.”” We also observed
phosphorylated AKT level was increased after PHLPP2
silencing, but decreased by PHLPP2 overexpression in
pancreatic cancer cells (Supplementary Figure 4A-F). The
overexpression of miR-373 significantly decreased the
PHLPP2 level and increased phosphorylated AKT, and these
effects were reversed by wild-type circANAPC7 over-
expression under both 2D culture and 3D spheroid culture
conditions (Figure 3K). Furthermore, PHLPPZ silencing
attenuated the inhibition of cancer cell growth by circA-
NAPC7 (Figure 3L and M). CircANAPC7-mediated inhibition
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of AKT phosphorylation was also attenuated by PHLPP2
silencing (Figure 3N). These results demonstrated that cir-
cANAPC7 suppressed pancreatic cancer cell proliferation
through miR-373/PHLPP2.

ZIP4 Inhibits PHLPP2 Expression by Activating
miR-373

The expression of miR-373 is regulated by ZIP4 through
a zinc-dependent transcription factor CREB, as we demon-
strated previously.'” The survival analysis of miR-373 target
gene PHLPP2 in The Cancer Genome Atlas database showed
that PHLPP2 is a prognostic marker in pancreatic cancer.
Patients with a lower level of PHLPP2 had a worse prog-
nosis in pancreatic cancer (5-year survival, low vs high:
15% vs 34%, P = .0002, Figure 4A). Thus, we further
investigated whether ZIP4 regulates expression of PHLPP2.
We observed that ZIP4 knockout increased both mRNA and

protein levels of PHLPP2, while ZIP4 overexpression
decreased PHLPP2 levels (Supplementary Figure 54-C and
Figure 4B). Furthermore, the protein level of PHLPP2 was
reduced in pancreatic cancer stable cells with ZIP4 knock-
down and miR-373 overexpression, while PHLPP2 level
increased in miR-373 blocked pancreatic cancer cells after
ZIP4 overexpression (Figure 4C and D and Supplementary
Figure 5D and E). Accordingly, the PHLPP2 level was
decreased by miR-373 mimics and increased by anti-miR-
373 oligonucleotides transfection with or without ZIP4
present in MIA-ZIP4 and AsPC-koZIP4 cells (Figure 4E and F
and Supplementary Figure 5F and G). Next, we confirmed
the regulatory role of the ZIP4-miR-373-PHLLP2 signaling
axis in pancreatic tumor growth using an orthotopic xeno-
graft mouse model. Immunohistochemistry (IHC) staining
showed that tumor tissues of the AsPC-shZIP4-Pre373
group had higher levels of Ki67 but lower levels of PHLPP2
compared with the AsPC-shZIP4-PreC group (Figure 4G).
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Compared with the MIA-ZIP4-anti-C group, tumor tissues of
the MIA-ZIP4-anti-373 group had a lower level of Ki67 and a
higher level of PHLPP2 (Figure 4H). To further analyze the
downstream of the ZIP4-miR-373-PHLLP2 signaling axis, we
performed Kyoto Encyclopedia of Genes and Genomes
pathway analysis on differentially expressed genes (|fold
change| > 2; P < .05) in The Cancer Genome Atlas
pancreatic cancer tissues with ZIP4 high vs ZIP4 low
expression. These data suggested that AKT is an important
downstream target of this ZIP4 signaling axis in pancreatic
cancer as well (Supplementary Figure 5H). Consistently, the
level of phosphorylated AKT, a downstream target of
PHLPP2, was reduced in the ZIP4 knockout pancreatic
cancer cells (Figure 41, Supplementary Figure 5I).

Expression of PHLPP2 was also confirmed to be negatively
correlated with ZIP4 in human pancreatic cancer tissues by
means of IHC staining (Figure 4/). These results demon-
strated that ZIP4 regulates expression of PHLPPZ through
miR-373 in pancreatic cancer.

CircANAPCY Is Involved in ZIP4-Mediated
CREB-miR-373-PHLPP2 Feed-Forward Loop
and Inhibits Cell Proliferation in Pancreatic
Cancer

To identify the role of circANAPC7 in the ZIP4-mediated
malignant phenotype in pancreatic cancer, we performed
rescue experiments. Cell viability and colony-formation
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assays showed that the increased cell proliferation and
colony formation mediated by ZIP4 was reversed by wild-
type circANAPC7 overexpression, but not the mutant cir-
cANAPC7 (Figure 54 and B). DNA synthesis assay revealed
that wild-type circANAPC7 overexpression, but not the
mutant circANAPC7, reversed ZIP4-mediated cell prolifera-
tion (Supplementary Figure 6A4). Subsequently, we used
MIA-ZIP4 and AsPC-shZIP4-Pre373 cells with stable over-
expression of circANAPC7 to investigate the impact of
circANAPC7 in vivo. CircANAPC7 overexpression in both
AsPC-shZIP4-Pre373 and MIA-ZIP4 cells significantly
inhibited tumor growth in an orthotopic xenograft mouse
model (Figure 5C and D). Because cyclin D1 plays a central
role in regulating cell proliferation, and our previous study
showed that cyclin D1 is an important downstream target of
ZIP4 in pancreatic cancer,’® therefore, we investigated
whether circANAPC7 regulates cell proliferation through
cyclin D1 in vitro and in vivo. CircANAPC7 decreased mRNA
and protein levels of cyclin D1 in pancreatic cancer cells and

mouse xenografts (Supplementary Figure 6B and Figure 5E
and F). ZIP4 knockdown down-regulated cyclin D1, while
Z1P4 overexpression up-regulated cyclin D1
(Supplementary Figure 6C). Moreover, miR-373 blocking
could also down-regulate cyclin D1 in vitro (Supplementary
Figure 6D). These results indicate that circANAPC7 is
involved in ZIP4/miR-373-mediated cell proliferation
through cyclin D1.

The IHC staining revealed significantly reduced Ki67
level in the circANAPC7 overexpression xenografts
(Figure 5G and H). Furthermore, ZIP4-mediated elevation of
phosphorylated AKT level can be reversed by circANAPC7
and PHLPP2 in both 2D and 3D spheroid culture conditions
(Figure 5I and Supplementary Figure 6E and F). Because
ZIP4 activates miR-373 through transcriptional regulation
by increasing phosphorylated CREB and that PHLPP2 is a
phosphatase, we examined whether PHLPP2 regulated
CREB phosphorylation. We found PHLPP2 silencing
increased CREB phosphorylation (Figure 5/ and
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Supplementary Figure 6G). Moreover, circANAPC7 over-
expression decreased the phosphorylated CREB level in
pancreatic cancer cells (Figure 5K and Supplementary
Figure 6H). We also validated that ZIP4 is positively corre-
lated with pCREB and negatively correlated with PHLPP2 in
human pancreatic cancer tissues by means of IHC staining
(Supplementary Figure 74). These results demonstrated the
presence of a feed-forward loop in the ZIP4-CREB-miR-
373-PHLPP2 signaling axis, and circANAPC7 inhibits
pancreatic cancer cell proliferation through the regulation of
this signaling axis.

CircANAPCY Inhibits ZIP4/miR-373-Mediated
Muscle Wasting Through Down- Regulation of
Transforming Growth Factor—(

In the cachectic xenograft mouse model, we noticed the
body weight of mice implanted with AsPC-shZIP4-Pre373-
circANAPC7 cells is significantly higher than the AsPC-

shZIP4-Pre373-EV group (Figure 64 and B). We also
examined the body weight of mice injected with MIA PaCa-2
cells, a noncachectic pancreatic cancer cell line, and found
that circANAPC7 overexpression cells did not affect murine
body weight (Supplementary Figure 7B). Cancer-associated
body weight loss is mostly due to muscle wasting, we
further evaluated muscle wasting in mice implanted with
AsPC-shZIP4-Pre373-EV/circANAPC7 cells. At 4 weeks after
tumor implantation, the circANAPC7 group showed stronger
grip strength compared with the EV group (Figure 6C). In
addition, skeletal muscle weight was increased considerably
in the AsPC-shZIP4-Pre373-circANAPC7 group compared
with the AsPC-shZIP4-Pre373-EV group (Figure 6D and E).
Morphometric analysis of the cross-sectional area of tibialis
anterior muscle showed the AsPC-shZIP4-Pre373-
circANAPC7 group had a larger cross-sectional area than
those in the control group (Figure 6F). The increased
myofibrillar protein, myosin heavy chain (MyHC), and
decreased muscle-specific E3 ubiquitin ligases, Atrogin-1
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were also observed in the mice muscle tissues of the AsPC-
shZIP4-Pre373-circANAPC7 group (Figure 6G). In addition,
Kaplan-Meier survival curves showed that circANAPC7
significantly increased median survival of the mice with
pancreatic cancer xenografts compared with the control
mice, suggesting the role of circANAPC7 in pancreatic cancer
growth and cachexia (Supplementary Figure 7C). To deter-
mine the impact of circANAPC7 on ZIP4-mediated muscle
wasting in vitro, we used conditioned media of AsPC-
shZIP4-Pre373-EV/circANAPC7 cells to treat C2C12 myo-
tubes and examined the level of muscle atrophy markers
and MyHC, the motor protein of muscle thick filaments. The
conditioned media from AsPC-shZIP4-Pre373-circANAPC7
cells down-regulated Atrogin-1, MuRF1, and UBR2, but
increased MyHC levels (Figure 6H and I). Conversely, we
found conditioned media from miR-373 overexpressed cells
up-regulated muscle atrophy markers but decreased MyHC
level (Supplementary Figure 7D and E).

cell-conditioned media and tumor tissues were detected by
levels were assessed by Western blot.

We then examined potential soluble cachectic factors in
the context of circANAPC7 mediated anti-cachexia. The
multifunctional cytokine TGF-8 could activate several pro-
cachexia signaling pathways in breast and colon cancer
cachexia models and in patients as described previously.*’
We found TGF-3 level was significantly decreased in AsPC-
shZIP4-Pre373-circANAPC7 group both in the cell lysate
and the conditioned media (Figure 6/-L). We also observed
a reduced level of TGF-8 in tumor tissues of mice injected
with AsPC-shZIP4-Pre373-circANAPC7 cells, but not MIA-
ZIP4-circANAPC7 cells compared with the control group
(Figure 6M and Supplementary Figure 7F). Because STAT5
is a transcriptional regulator mediating AKT induced TGF-3
expression and secretion,*>*" we examined the phosphor-
ylation of STATS5 in pancreatic cancer cells and found AsPC-
shZIP4-Pre373-circANAPC7 cells showed reduced STATS5
phosphorylation (Figure 6N), which confirmed that STAT5
is the mediator down-regulating TGF-G in AsPC-shZIP4-
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Figure 7. Schematic diagram of circANAPC7 suppressed tumor growth and muscle wasting through PHLPP2-AKT-TGF-£8
signaling axis in pancreatic cancer. This study identified circANAPC?7 as a novel tumor suppressor, which functions through
the CREB-miR-373-PHLPP2 axis, leading to AKT dephosphorylation and cyclin D1 and TGF-8 down-regulation to suppress

tumor progression in pancreatic cancer.

Pre373-circANAPC7 cells. Taken together, these results sug-
gest circANAPC7 inhibited ZIP4/miR-373 mediated muscle
wasting in vitro and in vivo, at least partially through STAT5/
TGF-@ signaling in pancreatic cancer (Figure 7).

Discussion

ZIP4 plays important roles in cell proliferation, metas-
tasis, drug resistance, and cancer-associated cachexia in
pancreatic cancer.”***? These findings prompted us to
further investigate the signaling network involved in ZIP4-
mediated pancreatic cancer progression. In this study, we
found that circANAPC7 inhibited ZIP4-mediated cell prolif-
eration through miR-373-PHLPP2-AKT signaling axis in 2D
cultured cancer cell lines, 3D spheroid/organoid model, and
an orthotopic xenograft mouse model. In addition, we
demonstrated that circANAPC7 inhibited ZIP4-mediated
cancer cachexia by inhibiting TGF-@ secretion in cancer
cells. These findings suggested the involvement of circA-
NAPC7 in ZIP4-mediated pancreatic cancer progression and
cachexia, thereby providing a novel therapeutic strategy for
pancreatic cancer treatment.

miR-373 is a human embryonic stem cell-specific
miRNA and has diverse functions in human cancer.*?
Previously, we found that ZIP4 up-regulated miR-373 by
activating CREB, and that miR-373 was responsible for
ZIP4-promoted cell proliferation in pancreatic cancer.'’ In
this study, we identified PHLPP2 as a novel target of miR-
373. We found circANAPC7 serves as a miR-373 sponge,

resulting in the increased expression of PHLPP2 and
decreased AKT phosphorylation thereby inhibiting pancre-
atic cancer cell proliferation. Moreover, we found the
conditioned media from miR-373 overexpressed cells
increased the protein level of muscle atrophy markers in
C2C12 myotubes, suggesting miR-373 also plays an impor-
tant role in cancer cachexia.

Previous studies showed that circRNAs play critical roles
in cancer growth, metastasis, stemness, and resistance to
therapy.®**> Guo et al*’ reported that circBFAR promotes
tumor growth and metastasis in pancreatic cancer by up-
regulating MET through competitively binding to miR-34b.
Chen et al’® demonstrated that circPTN promotes stem-
ness in glioma by increasing the level of stemness markers
(Nestin, CD133, SOX9, and SOX2). Zhang et al®' reported
that circUHRF1 was associated with resistance to anti-PD1
therapy in hepatocellular carcinoma through inhibiting
natural Killer cell function by increasing TIM-3 level. How-
ever, the function of circRNAs in pancreatic cancer muscle
wasting and cachexia is largely unknown. Recently, a
microarray analysis suggested that circANAPC7 was down-
regulated in pancreatic cancer tissues compared with adja-
cent benign tissues.”® Here, we systematically evaluated
circANAPC7 function in pancreatic cancer progression and
cachexia and found that circANAPC7 suppressed pancreatic
cancer cell proliferation in 2D and 3D spheroid/organoid
conditions. Furthermore, circANAPC7 suppressed cell
growth and cancer cachexia in pancreatic cancer cell lines
and mouse models. CircRNAs have been reported to play
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critical roles in cancer progression; however, little is known
about circRNA in muscle wasting and cancer cachexia. We
found circANAPC7 reduced the levels of muscle degrada-
tion-associated ligases, thus reversed the muscle wasting in
cachectic mice. Intriguingly, we also identified circANAPC7
acts as a sponge for miR-373, which serves as the down-
stream of CREB and upstream of PHLPP2. We further
showed that PHLPP2 could dephosphorylate CREB, forming
a CREB-miR-373-PHLPP2 feed-forward loop to inhibit
pancreatic cancer cell progression.

PHLPP2 is a member of the PHLPP phosphatase family
and is known to inhibit cell growth by inhibiting prolifera-
tion and promoting apoptosis.27'32'36'37 Oncogenic kinases
AKT, PKC, S6K, and pro-apoptotic kinase Mst1 are functional
targets of the PHLPP family.”® AKT was found to be a
downstream target of ZIP4-mediated EMT transition in
human nasopharyngeal carcinoma cells, but the underlying
mechanism is not clear.’’ In this study, we revealed the
ZIP4-dependent regulation of AKT is mediated by PHLPP2.
CircANAPC?7 inhibits pancreatic cancer cell proliferation by
reducing the AKT phosphorylation through regulating
PHLPP2 expression. Moreover, we found PHLPP2 could
regulate CREB phosphorylation, forming a CREB-miR-373-
PHLPP2 feed-forward loop. These results suggest circANAPC7
regulated PHLPP2/AKT is critical for ZIP4/CREB/miR-373
mediated pancreatic cancer cell proliferation and cachexia.

Cancer cachexia usually presents with >5% of body
weight loss within 6 months and develops from pre-
cachexia to cachexia to refractory cachexia.”*" Muscle
wasting is a signature event of cancer cachexia, which
severely affects patients’ mortality because of weakness and
fatigue.*" Increased myofibrillar degradation was observed
in skeletal muscle wasting caused by activation of the
protein-degradation pathway, including the ubiquitin-
proteasome pathway and autophagy-lysosome pathway.*”
The inflammatory factor was considered as a key mediator
triggering the activation of the protein-degradation pathway
in muscle.?>** Currently, very few studies focus on the role
of circRNA in cancer cachexia, especially muscle wasting.
Zhang et al** reported that exosomal circular RNA ciRS-133
derived from gastric tumor promotes browning of white
adipose tissue by targeting the miR-133/PRDM16 pathway.
Recently, Ding et al*® demonstrated the role of circPTK2 in
promoting lipolysis and reducing adipogenesis. To our
knowledge, this study is the first to report the impact of
circRNA on skeletal muscle wasting and cachexia of
pancreatic cancer. We found the overexpression of circA-
NAPC7 in pancreatic cancer cells relieved muscle wasting in
mice, as indicated by increased muscle mass, decreased
muscle atrophy proteins (atrogin-1, MuRF1, and UBR2)
level, and increased myofibrillar protein (MyHC). Emerging
evidence has shown that TGF-8 plays critical roles in cancer-
associated cachexia, including muscle wasting and adipose
loss.>>** We found that circANAPC7 up-regulates PHLPP2,
leading to dephosphorylation of AKT and CREB. TGF-g
blockade reduced the metabolic changes of pancreatic can-
cer cachexia and improved overall survival.*® Consistent
with previous study,®® our results showed that circANAPC7
decreased TGF-6 by dephosphorylating STATS5. These
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results suggest that circANAPC7 could effectively ameliorate
muscle wasting of pancreatic cancer via PHLPP2-AKT-
STAT5-TGF-@ signaling axis.

In conclusion, our current study demonstrated that
circANAPC7 inhibits ZIP4-mediated cell proliferation by
serving as a miR-373 sponge to increase PHLPP2 levels,
which in turn results in decreased AKT phosphorylation
and cyclin D1 expression. CircANAPC7 also inhibits ZIP4-
mediated cancer cachexia by decreasing TGF-8 expres-
sion and secretion through regulating the AKT/STAT5
signaling. Our results may provide a novel strategy for
pancreatic cancer treatment by ameliorating cancer
cachexia.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j-gastro.2022.02.017.
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Supplementary Materials and Methods

Vector Construction

The human circANAPC7 sequence was amplified from
human ANAPC7 transcript and then inserted into pcDNA3.1
(+) circRNA mini vector (#60648; Addgene) using the
EcoRV and Sacll sites. circANAPC7 sequence and 3'UTR and
PHLPP2 were inserted into Dual-Luciferase miRNA Target
Expression Vector pmiRGlo (#78132; Addgene) using the
Nhel and Xbal sites. The mutated vectors were generated by
the QuikChange Lightning Site-Directed Mutagenesis Kit
(#210518; Agilent Technologies). The primer sequences
used were provided in Supplementary Table 2.

Lentiviral Expression and Stable Cell Line
Construction

The cancer cells with stable overexpression of circA-
NAPC7 were generated by using lentivirus vector EX-NEG-
Lv207 (GeneCopoeia). Purified transfer plasmid or control
vector co-transfected with packaging plasmid psPAX2
(#12260; Addgene) and envelope plasmid pCMV-VSV-G
(#8454; Addgene) were transfected into 293T cells using
Lipofectamine 3000 Transfection Reagent (#L3000015;
Invitrogen). Viral supernatant was harvested at 48 hours
and 72 hours post transfection and filtered through a 0.45-
um polyethersulfone filter, then used to transduce cells in
complete medium with 10 mg/mL of polybrene (#TR-1003-
G; Millipore) for 48 hours. Transduced cells were selected
by Hygromycin (#10687010; Invitrogen) and for 2 weeks in
complete culture medium. Cells were analyzed for circA-
NAPC7 level by means of RT-qPCR.

Database Analysis

DECs were identified (|fold change| >1.2; P < .05) in the
Gene Expression Omnibus dataset (GSE69362) by R
(https://www.r-project.org/) through limma package.’
CircRNAs with miR-373 binding sites were predicted
through the circBank database.”” mRNAs with miR-373
binding sites were predicted by TargetScan (http://www.
targetscan.org/vert 80/) as well as ENCORI (https://
starbase.sysu.edu.cn/) database. The human suppressor
genes were from the TSGene database (https://bioinfo.uth.
edu/TSGene/). Differentially expressed genes between
ZIP4-high and ZIP4-low were identified in the The Cancer
Genome Atlas pancreatic adenocarcinoma dataset and then
applied to Kyoto Encyclopedia of Genes and Genomes
pathway analysis in the ConsensusPathDB database (http://
cpdb.molgen.mpg.de/CPDB).

RNA and Genomic DNA Extraction

Messenger RNA and circRNA were extracted using
PureLink RNA Mini Kit (#12183025; Invitrogen) and TRIzol
Reagent (#15596026; Invitrogen) according to the manu-
facturer’s instruction. MicroRNA were extracted mirVana
miRNA Isolation Kit (#AM1561; Invitrogen). The nuclear
and cytoplasmic RNA were extracted using PARIS Kit
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(#AM1921; Life Technologies). Genomic DNA was extracted
using lysis buffer and proteinase K solution
(#03115836001; Roche).

Sanger Sequencing

To validate the result of PCR, the PCR product was pu-
rified by PureLink Quick Gel Extraction and PCR Purifica-
tion Combo Kit (#K220001; Invitrogen) and Sanger
sequencing was performed by Laboratory for Molecular
Biology and Cytometry Research of University of Oklahoma
Health Sciences Center. The divergent primers were used
for the amplification and sequencing. Primers used are lis-
ted in Supplementary Table 2.

Colony-Formation Assay

Cells were seeded into 3-cm Petri dish (500 cells per
dish) and left for 8 or 12 days until formation of visible
colonies. Colonies were washed with phosphate-buffered
saline (PBS) and fixed with paraformaldehyde for 20 mi-
nutes, then stained with 0.5% crystal violet in ethanol for
20 minutes. After staining, the plates were washed and air-
dried, and colony-formation rates were analyzed.

Cell Transfection

Small interfering RNA, miRNA mimics and inhibitors
were purchased from Life Technologies. The sequences
used are shown in Supplementary Table 2. Lipofectamine
RNAiMax (#13778150; Invitrogen) was used for trans-
fecting small RNAs, including small interfering RNAs,
miRNA mimics and inhibitors. Lipofectamine 3000 Reagent
(#L3000015; Invitrogen) was used for plasmid transfection
following the manufacturer’s protocol.

Western Blot

Protein samples were loaded on 8% SureCast Gel made
by SureCast Gel Handcast Bundle A-Hardware and Reagents
kit (#HC1000SR; Invitrogen), then separated and trans-
ferred to Odyssey Nitrocellulose Membranes (#P/N926-
31092; LI-COR Biosciences) using standard procedures.
Membranes were then probed with ZIP4 polyclonal anti-
body (1:1000, #20625-1-AP; Proteintech), PHLPP2 poly-
clonal antibody (1:1000, #ab71973; Abcam), Akt (Pan)
antibody (1:1000, #4691; CST), phospho-Akt (Ser473)
antibody (1:500, #4060; CST), CREB antibody (1:1000,
#9197; CST), phospho-CREB (Ser133) antibody (1:500,
#9198; CST), atrogin-1 antibody (1:1000, #AP2041; ECM
Biosciences), cyclin D1 antibody (1:200, H-295; Santa Cruz
Biotechnology), UBR2 (1:1000, NBP1-45243; Novus Bi-
ologicals), MyHC antibody (1:1000, MF20; DSHB), TGF-6
antibody (1:1000, #3711; CST), phospho-Stat5 (Tyr694)
rabbit monoclonal antibody (1:1000, #9359; CST), and
Stat5 rabbit monoclonal antibody (1:1000, #25656; CST) at
4°C overnight, and then washed 3 times in Tris-buffered
saline with 0.1% Tween 20 and incubated with near-
infrared-coupled secondary antibody (1:5000) for 1 hour at
room temperature. Western blot signal was imaged with
Odyssey Fc Infrared Imaging System (LI-COR Biosciences).
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Immunohistochemical Staining

Collected tissues were fixed in 4% paraformaldehyde
and then embedded and sectioned by the pathology core
of University of Oklahoma Health Sciences Center.
Deparaffinize paraffin slides in Xylene 2 times, 5 minutes
each, then hydrate slides in 100%, 90%, 70%, 50%
ethanol, 1 minute each. Wash in distilled water for 5 mi-
nutes. Perform antigen unmasking using a citrate-based
antigen unmasking solution (#H-3300; Vector Labora-
tories). Incubating the sections in 3% H,0; for 10 minutes
to quench endogenous peroxidase activity. Wash in PBS
for 5 minutes. Incubate sections for 20 minutes with 2.5%
normal horse serum (#MP-7401; Vector Laboratories).
Incubate with primary antibody diluted in normal horse
serum at 4°C overnight. Wash in PBS for 5 minutes.
Incubate for 30 minutes with ImmPRESS Horse Anti-
Rabbit IgG Polymer Reagent (#MP-7401; Vector Labora-
tories). Wash in PBS for 5 minutes. Incubate in 3,3’-Dia-
minobenzidine tetra hydrochloride peroxidase substrate
solution (#SK-4105; Vector Laboratories) develops from
30 seconds to 1 minute. Rinse sections in tap water.
Counterstain slides by incubating sections with hematox-
ylin QS (#H-3404; Vector Laboratories) for 5 seconds.
Rinse sections with running tap water until rinse water is
colorless. Go through dehydration process with 50%, 70%,
80%, 90%, and 100%, 1 minute each, then 2 times Xylene,
2 minutes each. Mount sections with Xylene-based
mounting medium (#C573; O. Kinder). Stained slides
were assessed using microscope (Olympus). PHLPP2 and
Ki67 staining were analyzed by Image-Pro Plus 6.0 (Media
Cybernetics). Cross-sectional areas of H&E-stained TA
muscle sections were quantified by using Image J software
(National Institutes of Health).

Protein Extraction

Cells were lysed by cOmplete Lysis-M (#04719956001;
Roche) supplemented with protease inhibitor
(#04693116001; Roche) and phosphatase inhibitor
(#04906837001; Roche) for 5 minutes. Centrifuge the tubes
at 12,000 rpm for 10 minutes at 4°C. Collect the supernatant
in fresh tubes and place on ice. Protein concentrations of cell
lysates were measured with Pierce BCA Protein Assay Kit
(Thermo Scientific; #23225). Cell lysates were heated at
80°C for 10 minutes mixed with 1X NuPAGE LDS Sample
Buffer (#NP0008; Invitrogen) and NuPAGE Sample
Reducing Agent (#NP0009; Invitrogen).

Reverse Transcription Quantitative Real-Time
Polymerase Chain Reaction

Messenger RNA and circRNA were reverse transcribed
using High-Capacity cDNA Reverse Transcription Kit (#
4368813; Applied Biosystems). MicroRNA was reverse
transcribed using QuantiMir Kit (#RA420A-1; System Bio-
sciences). FastStart Taq DNA Polymerase (#04738381001,
Roche) was used for PCR. Power SYBR Green PCR Master
Mix (#4367659; Applied Biosystems) was used for RT-
gPCR. The complementary DNA and genomic DNA
PCR products were detected using agarose (#A6013;
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Sigma-Aldrich) gel electrophoresis. The circRNA and
mRNA levels were normalized to ACTB or GAPDH. The
miRNA level was normalized to U6 small nuclear RNA.
Relative RNA expression levels were analyzed by the
2 22C% method. Primers were listed in Supplementary
Table 2.

MTT Assay

The viability of cancer cells was detected by MTT Kkit;
3000-5000 cells in 100 uL 10% fetal bovine serum medium
were incubated in quintuplicate in 96-well plates. At days O,
1, 2, 3, and 4, the MTT reagent in medium was added to each
well and incubated for 2 hours at 37°C. The optical density
at 560/590 nm was measured using a microplate reader
(Synergy H1; BioTek).

5-Ethynyl-2'-Deoxyuridine Assay

The DNA synthesis assay was detected by 5-ethynyl-2’-
deoxyuridine (EdU) assay using Click-iT EAU Cell Prolifer-
ation Kit for Imaging, Alexa Fluor 594 dye (#C10339;
Invitrogen). Cells were seeded in the Nunc Lab-Tek Cham-
ber slide (#154526; Thermo Scientific) at the desired den-
sity overnight. Cells were added with 10 uM EdU in
complete medium and incubated for 1-2 hours at 37°C.
Cells were then fixed with 3.7% formaldehyde solution
(#F8775; Sigma-Aldrich) and permeabilization with 0.5%
Triton X-100 (#T8787; Sigma-Aldrich), followed by EdU
detection using Click-iT reaction cocktail. Cell nuclei were
stained with Hoechst 33342. Images were taken using a
fluorescence microscope (Olympus) and cell proliferation
rate was calculated according to the manufacturer’s
instructions.

Enzyme-Linked Immunosorbent Assay

Quantification of TGF-8 in cell-conditioned medium
and tumor tissues were analyzed by enzyme-linked
immunosorbent assay (ELISA) following the manufac-
turer’s instruction (Human TGF-8 ELISA Kit, #BMS249-4;
Invitrogen). Briefly, TGF-g release from cancer cells were
analyzed by ELISA in various cell-conditioned media after
72 hours of culture. TGF-§ levels in tumor tissues were
analyzed by ELISA from orthotopic xenografts of nude
mice on day 31, and the results were normalized to total
protein concentration examined by BCA assay. Samples
were diluted with assay buffer and added to precoated
microwells with anti-human TGF-g antibody, followed by
incubating with biotin-conjugated capture antibody,
streptavidin-horseradish  peroxidase, and substrate.
Detection was achieved by evaluating the conjugated
enzyme activity via reading absorbance of microwell
at 450 nm wavelength and wavelength correction at
620 nm.
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