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Abstract

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 circRNASs 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 organoids, mouse models, and clinical specimens. Mouse
skeletal muscles were analyzed by means of histology.

RESULTS: Wke identified circANAPCY 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 downstream target of ZIP4/miR-373. CircANAPCY7 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-8
through STATS5. We further demonstrated that PHLPP2 induced dephosphorylation 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—g down-regulation to suppress tumor growth and muscle wasting
in pancreatic cancer.
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Pancreatic 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%.1
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.2 In addition, approximately 70% of patients with pancreatic cancer
develop cancer cachexia, a systematic metabolic dysfunction characterized by body weight
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loss with ongoing muscle wasting (with or without adipose loss), which cannot be reversed
by conventional nutritional support.34 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.3 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.6 Abnormal zinc homeostasis is associated with increased cell death and
resistance to chemotherapy in pancreatic cancer.” Therefore, 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 ZIP4 plays critical roles in

cell proliferation, metastasis, drug resistance, and cancer-associated cachexia in pancreatic
cancer.9-14 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).1> MicroRNA (miRNA) is a
class of small noncoding RNA involved in multiple biological processes by inhibiting the
translation of MRNA.16 The miRNA sponge is an RNA transcript with complementary
binding sites to this specific miRNA, thus inhibiting the function of the miRNA.17
CircRNAs sponge miRNAs more effectively, as they are more stable and have more
binding sites than linear RNAs.18 CircRNAs are involved in multiple functions of pancreatic
cancer, including tumor growth, differentiation, apoptosis, invasion, metastasis, lymph
angiogenesis, and chemotherapy resistance.1%-22 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.

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 cancer. 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 circANAPC?7 ameliorated cachexia by reversing ZIP4-induced muscle wasting
through down-regulating transforming growth factor (TGF)-g expression and secretion via
STATS. Our findings suggest novel insights on circANAPC?7 in ZIP4-mediated pancreatic
cancer progression and cachexia, thus providing a potential therapeutic strategy for cancer
treatment and clinical management of cancer cachexia.
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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).23 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
constructed in our laboratory previously.1® MIA-V/ZIP4, MIA-ZIP4-anti-C/anti-373 cells
were cultured in complete media supplemented with 0.5 gg/mL puromycin (#A1113803;
Gibco). AsPC-shV/shZIP4, AsPC-shZIP4-PreC/Pre373 cells were cultured in complete
media supplemented with 1 zg/mL puromycin. 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.13:14 Briefly, pancreatic cancer cells were resuspended in medium containing
0.24% methylcellulose (#M0512; Sigma-Aldrich). Cells were seeded on the inner lid of a
10-cm Petri dish with 20 z1_ per drop. The lid was put on the Petri dish containing 10 mL
phosphate buffer solution. The suspended droplets were incubated 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 suspension 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.24 Briefly, the 3’

end biotinylated miRCURY LNA Premium 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 saline 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 circANAPC?7 and
miR-373 of RNA complexes was evaluated by reverse transcription quantitative real-time
polymerase chain reaction (RT-gPCR) analysis.
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RNA Immunoprecipitation

miRNA mimics were transfected into cells for 24 hours after transfection, and AGO2
antibody (#SAB4200085; MilliporeSigma) or negative control 1gG antibody (#10500C;
Invitrogen) was used to perform AGO2 immunoprecipitation. Cells were lysed in cOmplete
Lysis-M (#04719956001; Roche) supplemented 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 under 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 Lipofectamine 3000 Reagent (#L.3000015; Invitrogen). At 48 hours after
transfection, the cells were lysed and firefly luciferase 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-gPCR 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 pg/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-qgPCR.

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-gPCR.

Orthotopic Xenograft Mouse Model

MIA-ZIP4-EV/circANAPC7, AsPC-shZIP4-Pre373-EV/circANAPCY stable cell lines were
used to establish the pancreatic cancer orthotopic xenograft mouse model as described
previously.19 Briefly, 3 x 106 cells in 50 £ 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 Welfare Committee
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at University of Oklahoma Health Sciences Center. Four weeks post injection, mice were

euthanized and tissues were collected.

Statistical Analysis

Results

Statistical analysis was performed with Prism 8 (GraphPad Software). Comparisons of 2
groups were conducted using a 2-tailed Student ¢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 Pvalue < .05 was considered
statistically significant.

CircANAPCY7 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.2%:26

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 1A. Among the 214
down-regulated DECs, we focused on 5 circRNAs containing miR-373 binding sites for
further investigation (Supplementary Figure 1A). To validate which circRNA interacts with
miR-373, we performed miRNA pulldown assay and found only hsa_circ_0005785 (also
known as circANAPC7) 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 circANAPC?7, derived from exon 3 to exon 9 of a protein-coding gene ANAPC?7,

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 circANAPCY revealed that circANAPCY is preferentially localized
to the cytoplasm (Figure 1D). To analyze the stability of circANAPC7 and ANAPC7
MRNASs, we treated pancreatic cancer cells with actinomycin D, an inhibitor of transcription,
and found that circANAPCY transcript is more stable than linear ANAPC7 mRNA
transcript (Supplementary Figure 1F). Furthermore, we found circANAPC7 was resistant
to ribonuclease R exonuclease digestion, which further supported the circular structure of
this RNA transcript (Supplementary Figure 1G). We next determined whether circ ANAPC7
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 AGO?2 in pancreatic cancer cells transfected with miR-373 mimics and found that
endogenous circANAPC7 was enriched in the AGO2 group (Figure 1E). We further
constructed luciferase reporter vectors by inserting circ ANAPC7 wild-type or mutant
fragment 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
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circANAPCY binds to miR-373 and may serve as a miR-373 sponge to suppress its function
in pancreatic cancer.

CircANAPCY7 Inhibits Pancreatic Cancer Cell Proliferation in 2-Dimensional and 3-
Dimensional Models

To further investigate the function of circANAPC7, we overexpressed CircANAPCY in
AsPC-1 and MIA PaCa-2 cells (Supplementary Figure 2A). Overexpression of circANAPC7
significantly suppressed pancreatic cancer cell proliferation and colony formation (Figure
2A and B). The 5-ethynyl-2”-deoxyuridine incorporation assay revealed that circ ANAPC7
overexpression impaired DNA synthesis in human pancreatic 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, circ ANAPC7 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 tumor 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 3A and
Supplementary Figure 3A). 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 demonstrated that
overexpression of circANAPC?7 up-regulated the mRNA level of PHLPP2 but not SASH1
or PAFAH1B1 (Figure 3B and C). 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 overexpression down-regulated PHLPP2
(Figure 3E and Supplementary Figure 3F—H). These results indicated that circ ANAPC7
serves as a miR-373 sponge to regulate PHLPP2 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
luciferase 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 downstream
target of miR-373, and circANAPCY increased the PHLPP2 level by sponging miR-373.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Page 8

We further examined whether circ ANAPC7 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, circANAPCY7 could reverse miR-373—-mediated increase of DNA synthesis
(Figure 3J). PHLPP2 was recently identified as an important regulator of AKT, functioning
as an AKT-Ser473 phosphatase and resulting in AKT inactivation.2” 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 overexpression under both 2D
culture and 3D spheroid culture conditions (Figure 3K). Furthermore, PHLPP2 silencing
attenuated the inhibition of cancer cell growth by circANAPC7 (Figure 3L and M).
CircANAPC7-mediated inhibition of AKT phosphorylation was also attenuated by PHLPP2
silencing (Figure 3N). These results demonstrated that circANAPC?7 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 demonstrated previously.10 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 prognosis
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 mMRNA and protein levels of PHLPP2,

while ZIP4 overexpression decreased PHLPP2 levels (Supplementary Figure 5A-C and
Figure 4B). Furthermore, the protein level of PHLPP2 was reduced in pancreatic cancer
stable cells with ZIP4 knockdown 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
xenograft 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). 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; £<.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
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pancreatic cancer cells (Figure 41, Supplementary Figure 51). Expression of PHLPP2 was
also confirmed to be negatively correlated with ZIP4 in human pancreatic cancer tissues
by means of IHC staining (Figure 4J). These results demonstrated that ZIP4 regulates
expression of PHLPP2 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 circANAPCY in the ZIP4-mediated malignant phenotype in
pancreatic cancer, we performed rescue experiments. Cell viability and colony-formation
assays showed that the increased cell proliferation and colony formation mediated

by ZIP4 was reversed by wild-type circ ANAPC7 overexpression, but not the mutant
circANAPCY (Figure 5A and B). DNA synthesis assay revealed that wild-type circANAPC7
overexpression, but not the mutant circANAPC?7, reversed ZIP4-mediated cell proliferation
(Supplementary Figure 6A). Subsequently, we used MIA-ZIP4 and AsPC-shZIP4-Pre373
cells with stable overexpression of circ ANAPCY 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,28 therefore, we investigated whether circANAPC?7 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 ZIP4
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 circANAPCY 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 51 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

5J and Supplementary Figure 6G). Moreover, circANAPC7 overexpression decreased the
phosphorylated CREB level in pancreatic cancer cells (Figure 5K and Supplementary Figure
6H). We also validated that ZIP4 is positively correlated with pCREB and negatively
correlated with PHLPP2 in human pancreatic cancer tissues by means of IHC staining
(Supplementary Figure 7A). 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.
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CircANAPCY7 Inhibits ZIP4/miR-373—-Mediated Muscle Wasting Through Down- Regulation
of Transforming Growth Factor—f

In the cachectic xenograft mouse model, we noticed the body weight of mice implanted
with AsPC-shZIP4-Pre373-circANAPCY cells is significantly higher than the AsPC-shZIP4-
Pre373-EV group (Figure 6A 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-circ ANAPC7 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 were also observed in the mice muscle tissues

of the AsPC-shZIP4-Pre373-circANAPCY group (Figure 6G). In addition, Kaplan-Meier
survival curves showed that circANAPCY significantly increased median survival of the
mice with pancreatic cancer xenografts compared with the control mice, suggesting the

role of circANAPCY in pancreatic cancer growth and cachexia (Supplementary Figure 7C).
To determine the impact of circANAPC7 on ZIP4-mediated muscle wasting in vitro, we
used conditioned media of AsPC-shZIP4-Pre373-EV/circANAPCY cells to treat C2C12
myotubes 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).

We then examined potential soluble cachectic factors in the context of circANAPC7
mediated anti-cachexia. The multifunctional cytokine TGF-g could activate several
procachexia signaling pathways in breast and colon cancer cachexia models and in patients
as described previously.2?

We found TGF-g level was significantly decreased in AsPC-shZIP4-Pre373-circANAPCY
group both in the cell lysate and the conditioned media (Figure 6J-L). We also observed

a reduced level of TGF-gin tumor tissues of mice injected with AsPC-shZIP4-Pre373-
CircANAPCY cells, but not MIA-ZIP4-circANAPCY cells compared with the control
group (Figure 6M and Supplementary Figure 7F). Because STAT5 is a transcriptional
regulator mediating AKT induced TGF- expression and secretion,3%:31 we examined

the phosphorylation of STATS5 in pancreatic cancer cells and found AsPC-shZ1P4-Pre373-
circANAPCY cells showed reduced STAT5 phosphorylation (Figure 6N), which confirmed
that STATS is the mediator down-regulating TGF-gin AsPC-shZIP4-Pre373-circANAPC7
cells. Taken together, these results suggest circANAPCY inhibited ZIP4/miR-373 mediated
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muscle wasting in vitro and in vivo, at least partially through STAT5/TGF-g signaling in
pancreatic cancer (Figure 7).
Discussion

Z1P4 plays important roles in cell proliferation, metastasis, drug resistance, and cancer-
associated cachexia in pancreatic cancer.%-14:32 These findings prompted us to further
investigate the signaling network involved in ZIP4-mediated pancreatic cancer progression.
In this study, we found that circANAPC?7 inhibited ZIP4-mediated cell proliferation 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 circANAPCY inhibited ZIP4-mediated cancer cachexia by inhibiting TGF-g secretion
in cancer cells. These findings suggested the involvement of circ ANAPC7 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.33 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.10 In this study, we identified PHLPP2 as a novel target of miR-373. We found
circANAPCY serves as a miR-373 sponge, resulting in the increased expression of PHLPP2
and decreased AKT phosphorylation thereby inhibiting pancreatic 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 important role in cancer cachexia.

Previous studies showed that circRNAs play critical roles in cancer growth, metastasis,
stemness, and resistance to therapy.343% Guo et al?0 reported that circBFAR promotes tumor
growth and metastasis in pancreatic cancer by up-regulating MET through competitively
binding to miR-34b. Chen et al1® demonstrated that circPTN promotes stemness 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. However, the function of circRNAS in pancreatic cancer muscle wasting and cachexia
is largely unknown. Recently, a microarray analysis suggested that circ ANAPC7 was
down-regulated in pancreatic cancer tissues compared with adjacent benign tissues.28 Here,
we systematically evaluated circANAPCY 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 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 degradation—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 downstream of CREB and upstream of PHLPP2. We further showed that
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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 proliferation and promoting apoptosis.27:32:36.37 Oncogenic kinases AKT,
PKC, S6K, and pro-apoptotic kinase Mst1 are functional targets of the PHLPP family.38
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.3? In this study,
we revealed the ZIP4-dependent regulation of AKT is mediated by PHLPP2. CircANAPC7
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 circANAPCY 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.*4? 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.#2 The inflammatory factor
was considered as a key mediator triggering the activation of the protein-degradation
pathway in muscle.2943 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 promating 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 circANAPCY in pancreatic
cancer cells relieved muscle wasting in mice, as indicated by increased muscle mass,
decreased muscle atrophy proteins (atrogin-1, MuRF1, and UBR?2) level, and increased
myofibrillar protein (MyHC). Emerging evidence has shown that TGF-£ plays critical
roles in cancer-associated cachexia, including muscle wasting and adipose loss.2943 We
found that circANAPC?7 up-regulates PHLPP2, leading to dephosphorylation of AKT and
CREB. TGF-gblockade reduced the metabolic changes of pancreatic cancer cachexia
and improved overall survival.#® Consistent with previous study,3° our results showed
that circANAPCY decreased TGF-g by dephosphorylating STAT5. These results suggest
that circANAPC7 could effectively ameliorate muscle wasting of pancreatic cancer via
PHLPP2-AKT-STAT5-TGF-gsignaling axis.

In conclusion, our current study demonstrated that circ ANAPC7 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-g expression and secretion
through regulating the AKT/STATS5 signaling. Our results may provide a novel strategy for
pancreatic cancer treatment by ameliorating cancer cachexia.
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WHAT YOU NEED TO KNOW
BACKGROUND AND CONTEXT

Z1P4 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—8. 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.
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Figure 1.
CircANAPCY 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) CircANAPCY levels detected by RT-qPCR analysis of miRNA pulldown
products. (C) CircANAPCY structure and the validation strategy. (D) CircANAPC?7 and
GAPDH mRNA level in pancreatic cancer cells. (£) RNA immunoprecipitation assay was
performed with cell lysate of AsPC-1 and MIA PaCa-2 cells transfected with miR-373
mimics using either anti-AGO?2 or IgG as the immunoprecipitating antibody. (F) Schematic
diagram of luciferase reporter vectors with circANAPC7 wild-type (WT) (b/ug) or mutated
(Mut) (red) putative miR-373 binding sites. (G) Luciferase activity of circANAPC7 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.

Gastroenterology. Author manuscript; available in PMC 2023 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 18

>
w

159 o AsPC-EV 159 o MAEV

-# AsPC-circANAPC7 = EV

Em circANAPC7

-# MIA-circANAPC7

-
=)

Relative cell viability
o
& H
Relative cell viability
o

Relative colony formation rate

‘\I‘ ) i i
©
o
. T ¢
0 T T T T T 0 T T T T T : 0.0 T T
Day0 Day1 Day2 Day3 Day4 Day0 Day1 Day2 Day3 Day4 s AsPC-1 MIA PaCa-2
C Hoechst EdU Merge D
>
w E 1.5 O EV
- o . =l circANAPC7
%) ) 2
[ < 2
7 I £
<8 8
o o
Z D S
< © £
o o K
= © [}
7] o ['4
<
= A
S sPC-1 MIA-PaCa-2
w 3D Spheroid
%
s E
o .
< B EV circANAPC7
H BTy PP | [ meTd
<z( 8 . S 1.5 = EV
g % - 2} 5 mm circANAPC7
© < Or * . U4 % @
= = = al? - = E 109
=15 : MIA PaCa-2 2 -
S AsPC-1 S —
-] = VB ] el ok
E B o |8 J |+ 7d °
o8 28 © 20 2>
B 2 ® & = 0.5+
2510 o g 1. (%]
£ 0 &8 o 0 & :
E. e " €= . o © Q
w3 23 < (B e x
Suos ZWo. s q 3 0.0
2e Be = 2 ' ' !
£ g D id AsPC-1 MIA PaCa-2
%0 2o organoi
= EV  circANAPCT EV  circANAPC?

Figure 2.
CircANAPCY inhibits pancreatic cancer cell growth in 2D and 3D cultures. (A) Cell

viability of AsPC-EV/circANAPC7, MIA-EV/circANAPCY cells were assessed using

the MTT reagent at the indicated days. (8) Colony-formation assay (/eft panel). The
analysis of relative colony-formation rate (right panel). (C) DNA synthesis assessed

using a 5-ethynyl-2”-deoxyuridine (EdU) assay in indicated cells (fop panel). Scale bar:
100 4m. Quantitative data of EdU assay (botftom panel). (D) Representative images of
methylcellulose-based 3D cancer cell spheroids established from AsPC-EV/circANAPC7,
MIA-EV/circANAPCY cells cultured for 5 days. Scale bar: 200 ym. (E) Representative
images of Matrigel-suspended 3D organoids established from AsPC-EV/circANAPC7,
MIA-EV/circANAPCY cells cultured for 7 days. Scale bar: 50 ym. *P< .05; **P< .01.
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Figure 3.
CircANAPCY inhibits cell proliferation by serving as a miR-373 sponge to increase PHLPP2

level in pancreatic cancer. (A) Schematic diagram showing the identification of tumor
suppressor genes that contain predicted binding sites of miR-373 in indicated databases.
(B) mRNA levels of SASH1, PHLPP2, and PAFAH1B1 in AsPC-EV/circANAPCY cells.
(©) mRNA levels of SASH1, PHLPP2, and PAFAH1B1 in MIA-EV/circANAPCY cells.
(D) PHLPP2 protein levels in AsPC-EV/circANAPC7, MIA-EV/circANAPCY cells. (£)
PHLPP2 protein levels in AsPC-1 cells transfected with anti-NC/miR-373 oligonucleotides
(feft panel). PHLPP2 protein levels in MIA PaCa-2 cells transfected with miR-NC/miR-373
mimics (right panel). (F) RT-gPCR analysis of RNA pulldown products detecting PHLPP2
mRNA level in the streptavidin captured fractions from the MIA PaCa-2 cell lysates after
transfection with biotinylated miR-373 or NC probes. (G) Schematic diagram of PHLPP2—
3’UTR reporter vectors. (H) Luciferase activity of PHLPP2-3"UTR reporters (WT and
Mut) co-transfected with NC or miR-373 mimics in MIA PaCa-2 cells. (/) Cell viability
was assessed by MTT. (J) DNA synthesis was assessed by 5-ethynyl-2’-deoxyuridine
(EdU) assay. (K) Protein levels of PHLPP2, pAKT, and total AKT. (L) Cell viability

was assessed by MTT. (M) DNA synthesis was assessed by EdU assay. () Protein

level of PHLPP2, pAKT, and total AKT in AsPC-EV/circANAPCY stable cells transfected
with small interfering RNAs of PHLPP2 or control under 2D culture and 3D spheroid
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culture. circWT, circANAPC7-WT; circMut, circANAPC7-Mut; NC, negative control; ns,
not significant; *P<.05; **P< .01.
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Figure 4.

ZIP4 inhibits PHLPP2 expression by increasing the miR-373 level in pancreatic cancer.

(A) Kaplan-Meier curve for overall survival of patients (n = 176) with pancreatic cancer
with low vs high expression of PHLPP2 from The Cancer Genome Atlas database. (5)
Protein levels of PHLPP2 and ZIP4 in AsPC-cas9/koZIP4, MIA-V/ZIPA4 cells. (C) Protein
levels of PHLPP2 in AsPC-shZIP4-PreC/Pre373 cells. (D) Protein levels of PHLPP2 in
MIA-Z1P4-anti-C/anti-373 cells. (£) Protein levels of PHLPP2 in AsPC-cas9/koZIP4 cells
transfected with either miR-NC or miR-373. (F) Protein levels of PHLPP2 and ZIP4 in
MIA-V/ZIP4 cells transfected with either anti-NC or anti-373. (G, H) PHLPP2 and Ki67
expression in orthotopic models implanted with AsPC-shZIP4-PreC/Pre373 cells and MIA-
ZIP4-anti-C/anti-373 cells. Scale bar: 50 ym. (/) Protein levels of ZIP4, pAKT, and total
AKT in AsPC-cas9/koZIP4 cells. (J) Representative H&E and IHC staining images of ZIP4
and PHLPP2 in human pancreatic cancer and cancer-adjacent pancreas tissues. *£ < .05;
**p< .01
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Figureb.
CircANAPCY suppresses tumor growth in vivo by regulating CREB-miR-373-PHLPP2

feed-forward loop. (A) Cell viability of indicated cells was examined by means of MTT
assay. (B) Colony-formation assay. (C) Representative tumor /mages and tumor weight plot
of MIA-ZIP4-EV/circANAPC7 orthotopic models. (D) Representative tumor /mages and
tumor weight p/ot of AsPC-shZIP4-Pre373-EV/circANAPC?7 orthotopic models. (£) Cyclin
D1 level was assessed in cell lysates. (F) Cyclin D1 level in orthotopic xenografts. (G, H)
Ki67 IHC staining analysis of orthotopic xenografts. (/) Protein levels of PHLPP2, pAKT,
and total AKT under 2D and 3D spheroid culture. (J, K) PHLPP2, pCREB, and total CREB
expression was assessed by means of Western blot. ns, not significant; *P<.05; **P< .01,
***xp< 001.
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Figure®6.

CircANAPCY inhibits ZIP4/miR-373-mediated muscle wasting in vitro and in vivo. (A)
Relative body weight curve of mice injected with AsPC-shZIP4-Pre373-EV/circANAPC7
cells. (B) Mice body weight. (C) Grip strength plot of mice. (D) Representative /images

of tibialis anterior (TA) muscle and TA muscle weight relative to body weight. (£)
Representative /mages of gastrocnemius (GAS) muscle and GAS muscle weight relative

to body weight. (F) Representative images of H&E-stained TA muscle sections and
guantitative cross-sectional area. (G) MyHC and Atrogin-1 protein levels were detected in
GAS muscle tissues of mice. (H) UBR2, MuRF1, and atrogin-1 levels in C2C12 myotubes
cultured in conditioned media for 8 hours. (/) MyHC levels in C2C12 myotubes cultured in

conditioned media for 72 hours. (J, K) mMRNA and protein levels of TGF-8in AsPC-shZIP4-

Pre373-EV/circANAPCT cells. (L, M) TGF-g levels in cell-conditioned media and tumor
tissues were detected by enzyme-linked immunosorbent assay. () STATS5 and pSTATS
levels were assessed by Western blot.
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I 2 Muscle wasting

Figure7.
Schematic diagram of circANAPC7 suppressed tumor growth and muscle wasting

through PHLPP2-AKT-TGF-gsignaling axis in pancreatic cancer. 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 TGF-£ down-
regulation to suppress tumor progression in pancreatic cancer.
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