Heetal.
Experimental Hematology & Oncology (2024) 13:79
https://doi.org/10.1186/540164-024-00533-3

Experimental Hematology & Oncology

®

CD105+CAF-derived exosomes CircAMPK1  «=
promotes pancreatic cancer progression

by activating autophagy

Zhiwei He'?" Xiushen Li*", Shiyu Chen*!, Kun Cai*, Xiaowu Li*" and Hui Liu?’

Abstract

Previous studies have shown that the heterogeneity of tumor-associated fibroblasts (CAFs) in the tumor microenvi-
ronment may play a critical role in tumorigenesis; however, the biological function of CAFs in pancreatic cancer is still
controversial. In this study, we found that CD105-positive (CD105%) CAF-derived exosomes significantly promoted

the proliferative and invasive metastatic abilities of pancreatic cancer cells. Furthermore, RNA-seq and gRT—PCR
experiments revealed circAMPK1 as a key molecule in exosomes from CD105* CAFs that mediates the malignant pro-
gression of pancreatic cancer. Furthermore, we demonstrated that circAMPK1 encodes a novel protein (AMPK1-360aa)
in pancreatic cancer cells. This protein competes with AMPK1 to bind to the ubiquitination ligase NEDD4, which
inhibits AMPK1 protein degradation and ubiquitination and thereby increases AMPK1 levels. Finally, we demonstrated
that AMPK1-360aa induces cellular autophagy via NEDD4/AMPK1 to promote the proliferation and invasion of pan-
creatic cancer cells. In summary, circAMPK1 in CD105% CAF-derived exosomes may mediate pancreatic cancer cell
proliferation and invasive metastasis by inducing autophagy in target cells. Moreover, circAMPK1 may competitively
bind to ubiquitinating enzymes through the encoded protein AMPK1-360aa, which in turn inhibits the ubiquitination-
mediated degradation of AMPK1 and contributes to the upregulation of AMPK1 expression, thus inducing cellular
autophagy to mediate the malignant progression of pancreatic cancer.
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Background

Pancreatic cancer (PC), which is a highly aggressive
malignant gastrointestinal tumor, has a low incidence but
high mortality rate, with a 5-year survival rate of approxi-
mately 8% [1]. The vast majority of patients are diagnosed
with advanced and inoperable PC, and an increasing
number of studies have shown that the complex ecosys-
tem in the tumor microenvironment (TME) may be a
key factor that mediates the drug resistance and tumor
progression of PC [2-6]. The TME consists mainly of
tumor cells, infiltrating immune cells (e.g., macrophages),
cancer-associated stromal cells (e.g., cancer-associated
fibroblasts [CAFs]), endothelial cells, and several other
cell populations [7, 8]. CAFs, which are some of the
most important components of the TME, are thought to
be involved in biological processes such as the immune
escape, proliferation, metastasis, and angiogenesis of
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PC cells [9-12]. In a mouse model of PC, the absence of
a-SMA + CAFs has been shown to accelerate tumor pro-
gression, reduce the fibrotic response and decrease sur-
vival. In addition, clinical sample testing has suggested
that higher tumor a-SMA levels and mesenchymal densi-
ties correlate with good overall survival outcomes in PC
patients [13]. These findings suggest that different CAF
subgroups may be present in PC. A recent panoramic
analysis of CAFs in PC tissues from KPC mice revealed
that CD105%7 CAFs promote tumor cell proliferation to
increase tumor resistance, whereas CD105~ CAFs play
a tumor-suppressive role by inducing tumor immunity
[14]. These findings suggest that CD105% CAFs may be a
key cell subpopulation that promotes the malignant pro-
gression of PC; however, the molecular mechanisms of
these cells remain unknown.

Previous research has suggested that exosomes may
be key carriers of signaling molecules by which CAFs
interact with cancer cells; thus, studies on the regulation
of biological behaviors of cancer cells by exosomes have
gained widespread attention in recent years. A large body
of evidence suggests that exosomes can play a procancer
role as mediators of intercellular communication in the
TME [15, 16]. Exosomes are small, single-membrane
vesicles with a diameter of 30—100 nm that are released
by various cells. Exosomes usually contain substances
such as circRNAs, IncRNAs and proteins, which play key
roles in cellular communication [17-19]. CAFs in breast
cancer tissues can deliver circTBPL1 to tumor cells via
exosomes and exert procarcinogenic effects through the
miR-653-5p/TPBG pathway [20]. The downregulation of
miR-501 by an exosome inhibitor (GW4869) or miR-501
inhibitor was found to restore the sensitivity of chemo-
therapy-resistant cells to adriamycin and to inhibit the
proliferation, migration, invasion and apoptosis of gastric
cancer cells [21]. In the presence of chemotherapeutic
agents, increased secretion of CAF exosomes is observed
in PC, along with significant changes in the levels of exo-
some cargoes, all of which ultimately induce the prolif-
eration and metastasis of tumor cells [22].

CircRNAs are a specific type of noncoding RNA; they
are formed by alternative splicing and have a loop struc-
ture that their degradation difficult. CircRNAs are spe-
cifically expressed in tumors and serum exosomes and
are often used as biomarkers of tumorigenesis and pro-
gression [23-27]. In terms of molecular mechanisms, cir-
cRNAs promote tumor progression mainly by adsorbing
tumor cells [28]. CircRNAs can act as protein decoys or
scaffolds to recruit proteins such as NEDD4 to mediate
changes in the ubiquitination activity of target genes,
thus influencing cancer progression [29]. However,
recent studies have revealed that circRNAs can encode
peptides and proteins. For example, circCUX1 encodes
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the p113 subunit, which in turn forms a transcriptional
regulatory complex with ZRF1 and BRD4 to activate
lipid metabolism to promote the malignant progression
of tumors [30]. CircFBXW?7 encodes a novel protein
(FBXW-185aa), which inhibits the activity of USP28 to
mediate c-MYC degradation, thus ultimately inhibiting
the malignant progression of gliomas [31]. CircSHPRH
inhibits the proteasomal degradation of SHPRH by com-
petitively binding to ubiquitinating enzymes, which in
turn inhibits glioma proliferation [32]. Furthermore, cir-
cAXIN1 encodes AXIN1-295aa, which can competitively
bind to APC to prevent the formation of the AXINI-
APC-GSK3B complex and activate the B-catenin signal-
ing pathway to promote gastric cancer progression [33].

In the present study, we revealed that a novel cir-
cRNA, circAMPK1, in CD105* CAF-derived exosomes
(CAF-Exos) is a key molecule that may promote PC
progression. We also discovered via bioinformatics and
molecular biology analyses that circAMPK1 encodes
the novel protein AMPK1-360aa. AMPK1-360aa com-
petitively binds to NEDD4, thereby inhibiting the
ubiquitination-mediated degradation of AMPKI1 and
contributing to the upregulation of its expression. This,
in turn, induces cellular autophagy to promote PC pro-
gression. The findings of this study are expected to pro-
vide new theories for PC research, as well as new targets
and approaches for PC treatment.

Methods

Human tumor tissues and cell lines

A total of 120 normal pancreatic tissues and PC samples
were collected from the Department of Hepatobiliary
Surgery of The Affiliated Hospital of Guizhou Medical
University and Shenzhen University General Hospital,
with written informed consent from the patients. The
Clinical Research Ethics Committee authorized the pro-
ject. All of the experimental techniques complied with
the Declaration of Helsinki. Pancreatic cancer cell lines
were obtained from the American Type Culture Collec-
tion. The cell culture media included RPMI 1640 medium
(Gibco, USA) and DMEM supplemented with 10% fetal
bovine serum (FBS) (Gibco, USA), 100 pg/mL streptomy-
cin, and 100 IU/mL penicillin. All of the cell lines were
maintained at 37 °C in a humidified incubator with 5%
CO2.

Animal care and ethics statement

Beijing Vital River Laboratory Animal Technology Co.,
Ltd., provided four-week-old female BALB/c-nu mice.
The mice were kept in a specific pathogen-free facil-
ity with free access to food and water under controlled
temperature and light conditions. The Institutional Ani-
mal Care and Use Committee of Shenzhen University
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approved all of the experimental methods involving the
handling of mice.

Animal experiments

The PC liver metastasis model that was used in this study
was established as previously described. The BALB/c
nude mice that were used in the experiments were
4-week-old female mice. The cell mixture (200 uL) was
subcutaneously injected into the right armpits of BALB/c
nude mice to establish the subcutaneous transplantation
model. Using a caliper, tumor growth was monitored,
and the tumor volume was computed using the formula
volume (mm?)=1W?/2, where L represents length (mm)
and W represents width (mm). After 6 weeks, the mice
were euthanized, and their subcutaneous tumors were
removed and preserved in formaldehyde for hematoxylin
and eosin (H&E) staining.

Western blotting and antibodies

Western blotting was performed as previously reported
[34]. The primary antibodies that were used for West-
ern blotting and immunofluorescence of CD63, AMPK1,
NEDD4, ULK1, LC3, P62, HA, and Flag were purchased
from Abcam. An Integrin Antibody Sampler Kit and a
GAPDH antibody were purchased from Cell Signaling.
All of the secondary antibodies, including polyclonal goat
mouse and goat rabbit IgG, were HRP-conjugated and
were acquired from Cell Signaling. An imaging system
(Thermo Fisher) and the program Image] were used to
measure the relative expression levels.

Plasmids and transfection

Chemical gene synthesis was used to construct a cir-
cAMPKI1 overexpression plasmid, a circAMPK1-3xFlag
plasmid, a 360aa-3xFlag plasmid, a mutSD plasmid,
a circ-frame Del plasmid, a circAMPK1 noATG plas-
mid, and a circAMPK1 Mut plasmid. The EMCV-
IRES sequence, the putative circAMPK1 internal
ribosome entry site (IRES) sequence, and the IERS-Delete
sequences were chemically synthesized and inserted into
the Circ-RLuc-IRES-Reporter vector between the “uc”
and “RL” sequences to validate IRES activity. Follow-
ing the manufacturer’s instructions, Lipofectamine 3000

(See figure on next page.)
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(Invitrogen, Carlsbad, CA, USA) was used to transfect
the plasmids.

Exosome isolation

Pancreatic cancer cells were cultured in complete
medium supplemented with exosome-free FBS for 48 h.
The supernatants were collected and then subjected to
a series of differential centrifugation steps to remove
intact cells and cellular debris. The supernatants were
transferred and centrifuged. After discarding the super-
natants, the exosomes were washed with PBS and cen-
trifuged at 100,000xg for another 70 min to purify the
exosomes.

Immunohistochemistry (IHC)

All of the paraffin-embedded tumor sections were depar-
affinized and blocked. Primary antibodies were admin-
istered overnight at 4 °C in a wet chamber after being
diluted in bovine serum albumin. Following secondary
antibody incubation, the tumor slices were subsequently
treated with diaminobenzidine reagent and counter-
stained with hematoxylin. Based on the staining inten-
sity and the percentage of positive cells, we quantitatively
assessed the tumor tissue sections.

Coimmunoprecipitation and mass spectrometry analysis
Lysates from PANC-1 cells transfected with FLAG-
circAMPK1 were prepared. FLAG and IGG antibodies
were added separately, and the lysates were incubated
overnight at 4 °C. Affinity agarose beads were added to
the lysate and shaken vertically for four hours. Afterward,
the beads were washed five times using prechilled immu-
noprecipitation (IP) wash solution. After being heated
and denatured, the eluted proteins were subjected to gel
electrophoresis and Coomassie blue staining. Mass spec-
trometry was used to examine the bands corresponding
to the target proteins of interest.

Immunofluorescence

After being fixed for 10 min with 4% formaldehyde, the
cultured cells were blocked for 30 min at room temper-
ature using 5% BSA and 0.1% Triton X-100 in PBS. The

Fig. 1 Exosomes from CD105" CAFs promote the proliferation and metastasis of PC cells. A, B Immunofluorescence assays were used to detect
a-SMA and CD105 in normal adjacent tissue and tumor tissues. C Correlation of the proportion of CD105" CAFs of patients with T, M, N, and AJCC
stages PC. D Survival curve analysis of CD105" and CD105™ patient prognosis. E CD105-positive CAFs in PC tissues were analyzed using flow
cytometry. F-H Electron microscopy and particle size were used to analyze the morphology and diameter distribution of the exosomes,

and immunoblotting was used to detect exosomal markers. I Immunofluorescence staining showing the internalization of CAF-derived exosomes
into PC cells. J Effects of NF-Exos, CD105~ CAF-Exos, and CD105% CAF-Exos on PC cell proliferation, as measured via CCK-8 assay. K Effects of NF-Exos,
CD105~ CAF-Exos, and CD105" CAF-Exos on the proliferation of PC cells, as measured via Transwell metastasis and invasion assays
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relevant primary and secondary antibodies were used for
immunostaining. The counterstain that was used on the
nuclei was 4,6-diamidino-2-phenylindole (DAPI).

RNA sequencing (RNA-seq) analysis and identification

of circRNAs

SEQHEALTH used an Illumina HiSeq™ 2500 to per-
form RNA-seq. The reads were mapped to a ribosomal
RNA (rRNA) database using the short-read alignment
tool Bowtie2. The reads that mapped to rRNA were
eliminated. Alignment and analysis were conducted
using the remaining reads. After the reads that could be
mapped to the genome were discarded, the unmapped
reads were collected for circRNA identification. If at
least two distinct back-spliced reads were present in at
least one sample, they were considered to represent a
candidate circRNA. The circRNAs were annotated with
circBase. CircRNAs that exhibited a fold change>2
and P value<0.05 when compared between samples or
groups were considered to be significantly differentially
expressed.

CAF or normal fibroblast (NF) isolation and culture

CAFs and primary NFs were isolated from PC tissues
and corresponding noncancerous tissues. Freshly iso-
lated surgical resection specimens were collected with
informed consent from Shenzhen University General
Hospital. The core portion of the PC tissue was minced
with a sterile scalpel, and the tissue was digested with col-
lagenase digestion medium for 30 min and quenched in
10% fetal bovine serum/DMEM. The isolated tissue was
then incubated in a 6-cm Petri dish at 37 °C for 10 min
without shaking. The supernatants, which were enriched
with mesenchymal cells, were collected in new tubes and
centrifuged at 250xg for 5 min.

CCK-8 assay

Individual wells of a 96-well plate were seeded with the
specified cells. Every 24 h, the absorbance of the cells
was measured at 450 nm using CCK-8 reagent (Dojindo)

(See figure on next page.)
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following the manufacturer’s instructions to assess cell
viability.

Wound-healing assay

Various groups of cells were cultured in DMEM supple-
mented with 10% FBS in 6-well plates, and after 80—-90%
confluent monolayers formed, wound healing assays were
performed. The cell monolayers were scratched vertically
using a 200 pl pipette tip. After being washed three times
with PBS, the cells were incubated in serum-free medium
for 48 h. The wound width was then measured.

Transwell assay

Cells (200 pl, 2x10°/ml) in DMEM were placed in the
upper chamber of a Transwell device with 10% FBS
medium in the bottom chamber. Subsequently, the cells
were allowed to migrate under standard culture condi-
tions for one day. The cells that migrated were fixed with
4% paraformaldehyde for 30 min and stained with crystal
violet. The cells that did not move through the top cham-
ber were removed with a cotton swab. For the invasion
assay, the upper chamber of the Transwell was coated
with Matrigel before the cells were seeded.

Actinomycin D assay

PC cells were evenly seeded into five wells in 6-well
plates. The cells were then treated with actinomycin
D (2 pg/ml) for 0, 4, 8, 12, or 24 h. Subsequently, the
cells were isolated, and the relative RNA levels of linear
AMPK]1 and circ-AMPK1 were examined via qRT-PCR.
The results were normalized to those recorded in the 0 h

group.

RNA subcellular isolation

Using an RNA subcellular separation kit (Active Motif,
Inc., Carlsbad, CA, USA), the cytoplasmic and nuclear
fractions were separated. Briefly, cells were lysed in com-
plete lysis solution and allowed to sit on ice for ten min-
utes. Following centrifugation, the remaining pellet was
collected for nuclear RNA purification, and the superna-
tant was removed for cytoplasmic RNA extraction. The
RNA products were subjected to qRT-PCR.

Fig. 2 Characterization and expression of circAMPK1 in the exosomes of CD105+ CAFs in PC. A Differential circRNA expression in the exosomes

of CD105" and CD105~ CAFs was analyzed using RNA-seq. B The top 10 circRNAs with substantially different expression levels were confirmed

by gRT—PCR. CThe expression level of circAMPK1 in PC paracarcinoma and tumor tissues was determined using gRT—PCR. D Box-and-line

plots showing the expression of circAMPK1 in paracancerous and PC tumor tissues. E Survival analysis of patients with different expression

levels of circAMPK1. F-1 Correlations between circAMPK1 expression and PCT, N, M, and AJCC stage. J AUC analysis of the efficacy of circAMPK1
expression as a PC biomarker. K Upper panel: CircAMPK1 was found in cDNA but not in gDNA according to a gRT—PCR experiment using divergent
or convergent primers. GAPDH served as a negative reference point. Lower panel: Head-to-head tail splicing of circAMPK1 validated via Sanger
sequencing. L gRT—PCR analysis of the RNA stability of circAMPK1 and AMPKT mRNA after the treatment of PC cells with actinomycin D for different
durations. M gRT—PCR confirming that circAMPK1 and AMPK1 mRNAs are located mainly in the cytoplasm of PC cells
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Organoid culture

Clinical tissue specimens were collected, chopped into
pieces of approximately 0.5-1 mm3, digested into sin-
gle-cell suspensions with digestive solution containing
2.5 mg/ml collagenase D and 0.1 mg/ml DNase I, incu-
bated at 37 °C for 30 min, digested, filtered, added to
medium and resuspended using a microfluidic device to
prepare single drops of a cell suspension. A single drop
was added to each well of 24- or 48-well plates with a
single drop of stromal gel. The plates were incubated at
37 °C for 5-10 min until the mixture of cell suspension
and stromal gel was fixed. The mixture was then added
to expansion medium and cultured for 3-4 days. The
organoids were visible after 14 days of culture. The other
cells were incubated for 5-10 min with matrix gel until
the mixture was fixed. The isolation medium was subse-
quently added, and the cells were incubated for 3—4 days.
Afterward, the medium was changed to expansion
medium, and the organoids were observed after 7 days of
incubation and passaged before 14 days of incubation.

Statistics

The findings are shown as the mean plus standard devia-
tion (SD). To evaluate the differences between the experi-
mental and control groups, Student’s t test was used. To
analyze correlations in various specimens, Pearson’s test
was employed. The Kaplan—Meier test was used for over-
all survival (OS) and disease-free survival (DFS) analyses.
All of the experiments were independently performed
twice.

Results

CD105" CAF-derived exosomes promote proliferation and
metastasis in PC

To observe the numbers of CD105" CAFs in PC, we col-
lected 120 PC tissues and 31 adjacent normal tissues.
The results of immunofluorescence experiments showed
that a greater proportion of CD105% CAFs were present
in tumor tissues than in normal tissues (Fig. 1A, B). In

(See figure on next page.)
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addition, the proportion of CD105" CAFs was posi-
tively correlated with the T stage of PC and with poor
patient prognosis (Fig. 1C, D). Furthermore, we isolated
NFs, CD105~ CAFs and CD105" CAFs and cocultured
them with PC cells (Fig. 1E, Additional file 1: Fig. S1A).
CD105* CAFs significantly promoted the proliferation,
invasion and migration of PC cells (Additional file 1: Fig.
S1B-S1D). Exosomes were identified by transmission
electron microscopy, particle size analysis and Western
blotting. The results suggested that the exosomes had a
characteristic cup-shaped structure with diameters that
were mostly in the range of 100-300 nm and that they
specifically expressed CD63 (Fig. 1F-H). PC cells were
incubated with exosomes secreted by CD105" CAFs, and
immunofluorescence staining showed that the exosomes
were able to enter the PC cells (Fig. 1I). PBS, NF-Exos,
CD105* CAF-Exos and CD105- CAF-Exos were added to
PC cells for culture, and the results showed that CD105*
CAF-Exos promoted the proliferation and metastasis of
PC cells (Fig. 1], K and Additional file 2: Fig. S2A-S2B).
These results indicate that CD105* CAF cell-derived
exosomes promote proliferation and metastasis in PC.

Characterization and analysis of circAMPK1 expression in
exosomes from CD105% CAFs in PC

To identify the key circRNAs in CD105" CAF-Exos that
promote the proliferation and metastasis of PC cells, we
subjected CD105%" CAF and CD105~ CAFs to transcrip-
tome sequencing (Fig. 2A, Additional file 5: Table SI,
Additional file 6: Table S2). qRT-PCR was used to vali-
date the 10 candidate circRNAs with the most signifi-
cant upregulation, and we found that hsa_circ_0003548
(circAMPK1) was the circRNA that exhibited the most
significant difference (Fig. 2B). Comparison of cir-
cAMPKT1 expression in PC clinical samples and matched
paracancerous samples via qRT-PCR revealed that cir-
cAMPK1 was similarly substantially expressed in PC
clinical samples (Fig. 2C, D). Survival curve analysis
revealed that patients with high circAMPK1 expression

Fig. 3 CircAMPK1 encodes a 360-aa novel protein known as AMPK1-360aa. A Sucrose gradient (5-50%) ultracentrifugation was used

to separate the polysome fractions (N, nonribosome; M, monosome; L, light polysome; and H, heavy polysome) from circ_AMPK1- or circ_
AMPK1-ATG-mut-overexpressing 293T cells. The translation potential of circ_AMPK1 was then examined by gRT—PCR with junction-specific
primers. As a positive control, gRT—PCR was performed utilizing primers unique to linear AMPK1 to determine its translation capacity. B, C After
293T cells were transfected with vector or FLAG-circ_AMPKT, total protein was isolated, and the AMPK1-360aa peptide sequences were identified
via LC—MS analysis. D AMPK1-360aa was detected in cells overexpressing circAMPK1 via Western blotting. E Bioinformatics analysis of the amino
acid sequence of AMPK1-360aa. F, H Construction of exogenous circAMPK1 ORF expression vectors. G Construction of IRES deletion mutants

of exogenous circAMPK1 and verification of the ability of circAMPK1 to bind to ribosomal translation initiation sites via dual-luciferase reporter
assay. H Construction of overexpression vectors with deletion and mutation of ORFs and assessment of the encoding ability of circAMPK1

in different groups. I The expression levels of AMPK1-360aa encoded by circAMPK1 after deletion of the ORF and mutation of the IRES binding site
were assessed by Western blotting. J, K The expression levels of AMPK1-360aa after overexpression of Flag-circAMPK1 or Flag-AMPK1-360aa were

assessed by Western blotting and immunofluorescence
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had a worse prognosis (Fig. 2E). circAMPK1 expression
was positively correlated with PC T and N stage but not
significantly correlated with M stage or the AJCC stage
(Fig. 2F-I). The area under the receiver operating curve
(AUC) analysis suggested that high circAMPK1 expres-
sion is a biomarker of PC (Fig. 2J). Using junction-
specific primers, we amplified only circAMPK1 from
random-primer reverse-transcribed cDNA but not from
oligo-dT reverse-transcribed ¢cDNA (Fig. 2K). Com-
pared with AMPK1 mRNA, circAMPK1 had a longer
half-life (Fig. 2L). Nucleoplasmic separation experi-
ments showed that AMPK1 was mostly observed in
the nucleus, whereas circAMPK1 was primarily found
in the cytoplasm (Fig. 2M). After the incubation of PC
cells with PBS, sh-Control-Exos, sh-circAMPK1#1-Exos,
or sh-circAMPK1#2-Exos, we found that silencing cir-
cAMPKI1 in CD105% CAFs partially reversed the effects
of exosomes on the proliferation and invasion of PC cells
(Additional file 3: Fig. S3A-S3B). These results demon-
strated that circAMPK1 is the key circRNA in CD105*%
CAF-derived exosomes that mediates PC cell prolifera-
tion and metastasis.

circAMPK1 encodes a novel 360-amino acid (aa) protein
known as AMPK1-360aa

Several studies have shown that circRNAs encode pro-
teins and polypeptides, and we predicted that circAMPK1
can be translated. The translatability of circAMPK1 was
examined via a sucrose density gradient centrifugation-
based multimer assay. In the circAMPK1 overexpression
group, circAMPK1 was mainly distributed in the mono-
some (M) and light polysome (L) compartments, unlike
in the circAMPK1 ATG mutation group, in which cir-
cAMPKI1 was mainly distributed in the nonribosome (N)
domain. Linear AMPK1, which was used as a positive
control, was mainly distributed in the heavy polysome
(H) component in both groups (Fig. 3A). To confirm
that circAMPK1 can be translated into AMPK1-360aa,
we used an RNA pulldown assay in combination with
LC-MS/MS. We also detected the AMPK1-360aa signal

(See figure on next page.)
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by using Western blotting (Fig. 3B—D). The amino acid
sequences of the circAMPKI1 open reading frame (ORF)
and of AMPK1-360aa were obtained via bioinformatics
analysis, and an IRES deletion mutant was constructed
based on the prediction results. The results of a dual-
luciferase reporter assay confirmed that circAMPK1
could bind to ribosomal translation initiation sites
(Fig. 3E-G). Afterward, we found that the coding abil-
ity of circAMPK1 disappeared after the ORF was deleted
(Fig. 3H). Subsequently, the results of immunoblotting
experiments showed that the expression of the encoded
product AMPK1-360aa was significantly decreased after
deletion of the ORF and mutation of the IRES binding
site (Fig. 3H). In contrast, overexpression of circAMPK1
or AMPK1-360aa markedly increased the expression
level of the encoded product (Fig. 31, J). Immunofluo-
rescence showed that both circAMPKI1 and its encoded
product (AMPK1-360aa) were present in the cytoplasm
(Fig. 3K). These results suggest that circAMPK1 can
encode a novel AMPK1 variant known as AMPK1-360aa.

AMPK1-360aa interacts with NEDD4 to inhibit AMPK1
ubiquitination and degradation

First, we found that the mRNA expression of AMPKI in
PC cells was not increased by overexpression of AMPK1-
360aa, according to the qRT-PCR results (Additional
file 4: Fig. S4A). Therefore, we hypothesized that differ-
ential AMPKI1 expression occurs as a result of protein
degradation associated with autophagy in lysosomes and
proteasomes. In PC cell lines, we examined the expres-
sion of AMPKI, and the results indicated that AMPK1
was significantly highly expressed in PANC-1 and Mia
PaCa-2 cells (Additional file 4: Fig. S4B). We blocked
autophagy by adding the autophagy inhibitors 3-methy-
ladenine (3MA), bafilomycin Al (Baf), and chloroquine
(CQ) to the cells and blocked proteasome activity by add-
ing MG132. We found that the expression of AMPK1
was significantly elevated in the AMPK1-360aa over-
expression group but not in the proteasome inhibitor
group (Fig. 4A, B). However, AMPK1 expression was

Fig. 4 AMPK1-360aa interacts with NEDD4 to inhibit AMPK1 degradation. A, B The expression levels of AMPK1 in PC cells transfected with empty
vector or Flag-AMPK1-360aa and treated with or without MG132 (20 uM) were measured by Western blotting. C, D To determine the stability

of the AMPK1 protein in PC cells transfected with either empty vector or Flag-AMPK1-360aa, Western blotting was conducted, and the cells

were exposed to cycloheximide (CHX; 100 ug/ml) for 0, 2, 4, 6, or 8 h. E IP analysis of the ubiquitination level of AMPKT1 in PC cells transfected

with or without Flag-AMPK1-360aa followed by immunoblotting with an anti-ubiquitin antibody. F The level of the E3 ubiquitin ligase upstream
of AMPK1 was analyzed with the UBIbrowser database. G Assessment of whether NEDD4L and NEDD4 can bind to AMPK1 and AMPK1-360aa by IP.
H To determine whether PC cells transfected with the empty vector, the AMPK1-360aa plasmid, or the AMPK1-360a plasmid +NEDD4 plasmid
expressed AMPK1, Western blotting was conducted. I Immunofluorescence analysis showing the colocalization of AMPK1-360aa and NEDD4 in PC
cells. JIP was used to assess the level of AMPK1 ubiquitination in PC cells transfected with Flag-AMPK1-360aa, Myc-NEDD4-transfected AMPK1
protein, or empty vector, and immunoblotting was performed using an anti-ubiquitin antibody. K Assessment of AMPK1 protein stability in PC cells
transfected with empty vector, Flag-AMPK1-360aa, or Flag-AMPK1-360aa +NEDD4
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still upregulated after autophagy was blocked (Addi-
tional file 4: Fig. S4C-S4E). Protein stability assays sug-
gested that AMPKI1 stability was significantly increased
in the AMPK1-360aa overexpression group (Fig. 4C, D).
Similarly, a significant decrease in ubiquitinated AMPK1
was observed in the AMPK1-360aa-overexpressing PC
cells compared to the negative control cells (Fig. 4E).
The potential ubiquitinated ligases of AMPK1 were fur-
ther predicted with the Ubirowser database (Fig. 4F). IP
revealed that both AMPK1-360aa and AMPK1 could
interact with NEDD4, whereas NEDD4L could not inter-
act with AMPK1-360aa (Fig. 4G, H). The immunofluores-
cence results indicated that AMPK1-360aa and NEDD4
were colocalized (Fig. 4I). Ubiquitination experiments
revealed that the level of ubiquitinated AMPK1 was sig-
nificantly decreased after NEDD4 knockdown, whereas
the protein stability of AMPK1 was increased (Additional
file 4: Fig. S4F-G). Furthermore, the inhibitory effect of
AMPK1-360aa on AMPK1 degradation was reversed by
NEDD4 (Fig. 4J). Ubiquitination experiments revealed
that AMPK1-360aa prevented the ubiquitination of
AMPK]1, whereas NEDD4 reversed the inhibitory effect
of AMPK1-360aa (Fig. 4K). These results indicate that
AMPK1-360aa interacts with NEDD4 to inhibit AMPK1
ubiquitination and degradation.

AMPK1-360aa competitively binds to NEDD4 and protects
AMPK1 from ubiquitination and degradation

The structure of AMPK1-360aa was predicted using
I-TASSER software. Docking experiments were then per-
formed with the AMPK1, AMPK1-360aa, and NEDD4
proteins using ZDOCK software, and the most likely
docking modes and the major interfacial residues for
protein—protein interactions were determined (Fig. 5A,
B). The IP results showed that AMPKI1-360aa binds to
NEDD4, which is consistent with the results of protein
docking (Fig. 5C). The mapping of each functional struc-
tural domain of the AMPK1 protein was compared with
that of AMPK-360aa, and it was found that there were
four main common sequences between the two elements:
the C-lobe, a-AID, a-linker and «-CTD (Fig. 5D). To ana-
lyze the interaction of the new protein AMPK1-360aa

(See figure on next page.)
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with NEDD4 via shared AMPK1 sequences, we con-
structed full-length constructs and partial deletion
mutants of AMPK1 and NEDD4 (Fig. 5E, F). After trans-
fection of full-length AMPK1 and each mutant plasmid,
IP detection of NEDD4 revealed that MUT1 could not
bind to NEDD4 (Fig. 5G). In addition, after transfec-
tion of full-length NEDD4 and each mutant plasmid,
IP detection of NEDD4 revealed that MUT3 could not
bind to AMPK1 (Fig. 5H). Therefore, we concluded that
the mutated sequence in MUT1 of AMPKI1 and the
mutated sequence in MUT3 of NEDD4 were critical for
binding. In subsequent experiments, 293T cells trans-
fected with the MYC-NEDD4-FL, MYC-NEDD4-MUT3,
Flag-AMPK1-360aa, His-AMPK1-FL, and His-AMPK1-
MUT1 plasmids were subjected to IP using an anti-
ubiquitin antibody. The results showed that the AMPK1
C-lobe structural domain is the binding region of
AMPK1-360aa that inhibits AMPK1 ubiquitination and
that the HECT domain of NEDD4 is the binding region
that promotes AMPK1 ubiquitination (Fig. 5I). These
results demonstrate that AMPK1-360aa competitively
binds NEDD4 and protects AMPK1 from ubiquitination
and degradation.

AMPK1-360aa/NEDD4/AMPK1 activation mediates
proliferation and invasive metastasis in PC cells

To determine the levels of autophagy-related proteins
in PC cells, immunoblotting was performed. We discov-
ered that AMPK1-360aa increased autophagy through
AMPK]1 and that this effect could be reversed by NEDD4
(Fig. 6A). The results of dual-fluorescence autophagy
experiments with lentiviruses and transmission electron
microscopy observations were consistent with those
of the Western blotting experiments (Fig. 6B, C). The
results of plate cloning experiments, CCK-8 assays, and
Transwell transfer and invasion experiments showed that
AMPK1-360aa promoted cell proliferation and metas-
tasis via AMPKI and that this effect was reversed by
NEDD4 (Fig. 6D-F). These results indicate that AMPK1-
360aa/NEDD4/AMPK]1 activation mediates proliferation
and invasive metastasis in PC cells.

Fig.5 AMPK1-360aa competitively binds NEDD4 and protects AMPK1 from ubiquitination and degradation. A, B A molecular docking technique
was used to demonstrate that AMPK1-360aa and AMPK1 have binding sites for NEDD4. C IP was performed to determine whether NEDD4 could
bind to AMPK1-360aa. D Based on the protein structure of AMPKT1, each functional structural domain of the protein was mapped, and the common
sequences of AMPK1 and AMPK-360aa were identified. E Plasmids were constructed for full-length AMPK1 (FL.HA-AMPK1) and mutants deficient

in the C-lobe, a-AlD, a-linker and a-CTD. F Plasmids were constructed for full-length AMPK1 (FL: MYC-NEDD4) and mutants deficient in the C-lobe,
a-AlD, a-linker and a-CTD. G IP analysis of the interactions of AMPK1 truncation mutants (AMPK1-FL, AMPK1-MUT1, AMPK1-MUT2, AMPK1-MUT3,
and AMPK1-MUT4 and NEDD4). H IP analysis of the interactions between NEDD4 truncation mutants (MYC-NEDD4-FL, MYC NEDD4-MUTT,
MYC-NEDD4-MUT2, and MYC-NEDD4-MUT3) and AMPKT1. I IP analysis of the effect of NEDD4 and AMPK1-360aa interactions on AMPK1

ubiquitination
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CircAMPK1 in CD105" CAF-derived exosomes promotes PC
proliferation and invasive metastasis in vivo

A BALB/c nude mouse xenograft tumor nude mouse
model and liver metastasis model were constructed, and
we found that CD105" CAF-Exos promoted the prolif-
eration and metastasis of tumors and that this procar-
cinogenic effect was due to circAMPK1 (Fig. 7A-D). To
further demonstrate the role of circAMPK1 in CD105"
CAF-Exos, we constructed human-derived PC orga-
noids, and the results were consistent with those of the
animal experiments (Fig. 7E). In situ hybridization (ISH)
and IHC analyses of PC clinical tissue samples revealed
that circAMPK1 was positively correlated with AMPK1
expression (Fig. 7F). Western blotting analysis indicated
that CD105" CAF-Exos promoted PC cell autophagy
via circAMPK1 (Fig. 7G). In summary, the results
revealed that circ-AMPK1 in CD105" CAF-Exos encodes
AMPK1-360aa and that AMPK1-360aa, NEDD4, and
AMPK1 interact with each other to inhibit the ubig-
uitination of AMPK1 and p-ULKI, thereby promot-
ing autophagy, proliferation, and metastasis in PC cells
(Fig. 7H).

Discussion

CAFs are mesenchymal cells that are abundant in many
solid tumors, including pancreatic ductal adenocarcino-
mas (PDAs)[35]. While altering several aspects of tumor
growth, CAFs significantly alter the TME, where their
interaction with immune cells is important [36—38]. Pre-
vious studies have suggested that the biological functions
of CAFs in PC are not fully defined, and they have both
pro- and antitumorigenic properties; this lack of clarity
is attributed mainly to the high degree of heterogeneity
of CAFs in tumors [14]. In addition, the modes of inter-
action between CAFs and tumor cells are somewhat
specific, which explains the uncertainty regarding the
biological function of CAFs in tumors [39]. Therefore,
clarifying the heterogeneity of CAFs and elucidating their
interactions is important for targeting CAFs to effectively
fight cancer.

(See figure on next page.)
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Previous studies have suggested that CD105" CAFs
are a key cell subpopulation that promotes the progres-
sion of PC; however, the biological functions and regu-
latory mechanisms of these cells in PC are still unclear.
Our group previously reported that exosomes from the
CD105% CAF subpopulation in PC tissues significantly
increase PC cell proliferation and invasive metastatic
ability. Further differential expression analysis of exoso-
mal circRNAs in CD105-/CD105" CAFs revealed that
hsa_circ_0003548 (circAMPKI1, source gene: AMPKI)
was the most significantly upregulated circRNA in
CD105" CAFs. CircAMPK1 expression was found to be
significantly upregulated in PC tissues, and its expres-
sion was strongly associated with poor prognosis. These
findings suggest that circAMPK1 may be a key molecule
in CD105" CAF-mediated chemotherapy resistance and
malignant progression in PC. In recent years, some cir-
cRNAs have been found to encode peptides or proteins,
and these encoded products often have important bio-
logical functions [40]. To further analyze whether cir-
cAMPK1 has coding ability, bioinformatics analysis (with
circRNADB) was performed. The results revealed that
circAMPK1 has an IRES and an ORF and may encode
a novel protein with a length of 360 aa. Further studies
fully confirmed that circAMPKI encodes a new protein
(AMPK1-360aa) through its ORF; however, the function
and structure of this protein are not clear. Related studies
have shown that the functions of new proteins encoded
by circRNAs may be related to their parental genes; for
example, circSMO encodes SMO193aa, which interacts
with the full-length parental protein SMO to mediate
its cholesterol modification and release from transmem-
brane receptors to activate the Hedgehog signaling path-
way [41]. CircASK1 competitively binds to the upstream
kinase AKT, thus inhibiting the phosphorylation of ASK1
and the phosphorylation of AMPK1 by AMPK1-360 aa.
The inhibition of ASK1 phosphorylation contributes
to increased gemcitabine sensitivity in lung adenocar-
cinoma [42]. The production of CircGGNBP2, which

Fig. 6 AMPK1-360aa/NEDD4/AMPK1 activation mediates proliferation and invasive metastasis in PC cells. A The expression levels

of autophagy-related proteins in PC cells in the AMPK1-360aa + siAMPK1, AMPK1-360aa +NEDD4, and empty vector groups were measured
using Western blotting. B Dual-fluorescence autophagy lentivirus was used to measure autophagy levels in PC cells in the empty vector,
AMPK1-360aa + NEDD4, and AMPK1-360aa + siAMPK1 groups. C Transmission electron microscopy was used to assess the number of autophagic
vesicles in PC cells in the empty vector, AMPK1-360aa +NEDD4, and AMPK1-360aa + siAMPK1 groups. D, E Plate cloning and the CCK-8 test

were used to determine the capacity of PC cells in the AMPK1-360aa + NEDD4, AMPK1-360aa + siAMPK1 and empty vector groups to form
colonies and proliferate. F Transwell migration and invasion assays were utilized to evaluate the potential of PC cells in the empty vector,
AMPK1-360aa+NEDD4, and AMPK1-360aa + siAMPK1 groups to invade and metastasize
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encodes GGNBP2-184aa, can be induced by IL-6, a pro-
tein that has recently been found to interact with STAT3
and promote STAT3 phosphorylation, thus forming an
IL-6-STAT3 positive feedback loop that promotes the
malignant progression of intrahepatic cholangiocarci-
noma [43]. Based on the abovementioned research, we
further analyzed the molecular mechanism by which cir-
cAMPKI1 promotes the upregulation of AMPKI1 expres-
sion. Our results revealed that both circAMPKI1 and
AMPK1 bound to NEDD4, whereas NEDD4 mediated
the ubiquitination and degradation of AMPKI1. Bioin-
formatics analysis revealed that AMPK1-360aa shares a
common sequence with the structure of AMPKI. These
results suggest that AMPK1-360aa may competitively
bind NEDD4 through its shared C-lobe structure, thus
inhibiting the ubiquitination-mediated degradation of
AMPK]1 and promoting the expression of AMPKI.
Autophagy enhances the initiation and progression of
oncogenesis [44, 45]. AMPK is a critical kinase for cel-
lular energy sensing and cell signaling regulation during
autophagy. It promotes autophagy mainly by decreasing
mTOR activity or increasing the phosphorylation of the
autophagy gene Beclinl [46]. Studies have shown that
metastasis and proliferation in many tumors are medi-
ated by the AMPK-dependent TFEB activation pathway,
and the inhibition of AMPK or inactivation of mutant
TFEB is predicted to be effective in reversing this effect
[47]. Studies on autophagy in PC have shown that gem-
citabine-resistant PC cells activate autophagy by inducing
the expression of PVT1, which promotes the upregula-
tion of ATG14 expression through miR-619-5p, thus
allowing the cells to survive chemotherapy [48]. It has

(See figure on next page.)
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been demonstrated that the high expression of AMPK1
can significantly promote the invasive metastatic ability
of PC cells by regulating cellular mutations, and its role
is closely related to its phosphorylation [49]. The current
study showed that tumor cells induce the autophagy sign-
aling pathway in response to PC proliferation and metas-
tasis and that the level of autophagy increases to protect
tumor cells and allow them to proliferate. Conversely,
the inhibition of autophagy can increase the susceptibil-
ity of tumor cells to chemotherapy. Studies in PC have
shown that CAFs promote autophagy in tumor cells, thus
leading to alanine secretion, which provides energy to
tumor cells in low-glycemia microenvironments and is an
important factor in the malignant progression of PC [50].
Our findings verify that circAMPK1 within exosomes
derived from CD105* CAFs may contribute to PC devel-
opment by activating autophagy.

Conclusion

In summary, we identified circAMPK1 in CD105% CAF-
Exos as a key molecule that may promote PC progression,
and further analysis revealed that circAMPK1 in CD105*
CAF-Exos may mediate PC cell proliferation and invasive
metastasis through the activation of autophagy. Moreo-
ver, circAMPK1 may competitively bind to ubiquitinating
enzymes through the encoded protein AMPK1-360aa,
which in turn inhibits the ubiquitination-mediated deg-
radation of AMPK]1, thus contributing to the upregula-
tion of AMPK1 expression and subsequent induction of
cellular autophagy to mediate the malignant progression
of PC.

Fig. 7 CircAMPK1 in CD105" CAF-derived exosomes promote PC proliferation and invasive metastasis in vivo. A-C BALB/c nude mice

with xenograft tumors show changes in weight and volume following treatment with PBS, CD105~ CAF-Exos, CD105" CAF-Exos, or CD105*
exosomes from CAFs transfected with sh-circAMPK1. D H&E staining analysis of liver metastases from mice treated with PBS, CD105- CAF-Exos,
CD105 +CAF-Exos, or CD105" exosomes derived from CAFs transfected with sh-circAMPK1. E Statistical graphs showing the proliferation levels in PC
organoid models treated with PBS, CD105- CAF-Exos, CD105% CAF-Exos, or CD105* exosomes derived from CAFs transfected with sh-circAMPK1. F
Statistical analysis of the relationship between the expression of circAMPK1 and the expression of AMPK1 in PC clinical samples. G Western blotting
analysis of AMPK1-ULK1-autophagy in PC cells following treatment with PBS, CD105~ CAF-Exos, CD105% CAF-Exos, or CD105" exosomes from CAFs
transfected with sh-circAMPK1. H Diagram illustrating the process by which CD105" CAF exosome-derived circAMPK1 modulates PC proliferation

and metastasis
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Abbreviations

PC Pancreatic cancer

CAFs Tumor-associated fibroblasts
TME Tumor microenvironment
oS Overall survival

DFS Disease-free survival
CircRNA  Circular RNA

H&E Hematoxylin and eosin

IRES Internal ribosome entry site
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Additional file 1: Fig. S1. CD105% CAFs promote the proliferation, invasion
and migration of PC cells. (A) Schematic diagram of CAFs divided into
CD105% CAFs and CD105- CAFs and cocultured with PC cells. (B) Plate
cloning assay for assessment of the effects of NFs, CD105- CAFs, and
CD105% CAFs on PC cell proliferation and the corresponding statisti-

cal analyses. (C) Transwell assay for assessment of the effects of NFs,
CD105- CAFs, and CD105% CAFs on PC cell invasion and migration and the
corresponding statistical analyses. (D) Using a cell scratch test, the effects
of NFs, CD105- CAFs, and CD105% CAFs on the migration of PC cells were
identified and statistically assessed, as appropriate.

Additional file 2: Fig. 52. CD105% CAF-derived exosomes promote the
proliferation, invasion and migration of PC cells. (A) Using a plate cloning
experiment, the effects of exosomes released by NFs, CD105~ CAFs, and
CD105% CAFs on the proliferation of PC cells were monitored and statisti-
cally assessed. (B) Using a cell scratch experiment, the effects of exosomes
generated by NFs, CD105~ CAFs, and CD105% CAFs on the migration of PC
cells were examined and statistically assessed.

Additional file 3: Fig. S3. circAMPK1 in exosomes from CD105% CAFs
promotes the proliferation, invasion and migration of PC cells. (A) Using

a plate cloning experiment, we determined how PBS, sh-Control-Exos,
sh-circAMPK1#1-Exos, and sh-circAMPK1#2-Exos affected the proliferation
of PC cells. (B) Using Transwell invasion and migration assays, the effects of
PBS, sh-Control-Exos, sh-circAMPK1#1-Exos, and sh-circAMPK1#2-Exos on
the proliferation of PC cells were evaluated.

Additional file 4: Fig. S4. The AMPK1-360aa/NEDD4 complex inhibits
AMPKT1 protein degradation and ubiquitination. (A) The effects of
circAMPK1-360aa on the levels of AMPKT mRNA expression were investi-
gated using qRT-PCR. (B) Western blotting analysis of AMPK1 expression
in HPDE and PC cells. (C-E) The effects of AMPK1-360aa on the protein
expression of AMPK1 were assessed, and the associated statistical analyses
were performed after autophagy was blocked using 3MA, Baf, and CQ. (F)
The ubiquitination level of AMPK1 in 293T cells transfected with or with-
out SIRNA-NEDD4 was analyzed by IP followed by immunoblotting with
an anti-ubiquitin antibody. (G) Western blotting analysis of AMPK1 protein
stability in PC cells transfected with siRNA-Control or siRNA-NEDD4.

Additional file 5: Table S1. The circRNA sequencing results for CAFs.

Additional file 6: Table S2. Differentially expressed circRNAs in CD105% and
CD105™ CAFs.

Author contributions

Zhiwei, Xiaowu and Hui Liu planned and conducted the study. Zhiwei and
Xiushen wrote the main manuscript text and Kun prepared Fig. 1. Shiyu
prepared Figs. 2 and 3. Zhiwei and Xiushen prepared Figs. 4, 5, 6, 7. All authors
reviewed the manuscript.

Funding

This work was funded by the National Natural Science Foundation of China
(82273291) from Xiaowu Li, National Natural Science Foundation of China
(81960433, 82303084) ,China Postdoctoral Science Foundation (2022M712171)
from Zhiwei He, Shenzhen Natural Science Fund (the Stable Support Plan Pro-
gram [No.20220810151804002]) from Hui Liu, Guangdong Basic and Applied

Page 17 of 18

Basic Research Foundation (No.2021A1515012161) from Hui Liu, and the San-
ming Project of Medicine in Shenzhen (grant numbers SZSM202003009) from
Xiaowu Li. HaiYa Young Scientist Foundation of Shenzhen University General
Hospital (HY008) from Hui Liu.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

The approval of the Institutional Review Board at Shenzhen University. All of
the animal studies were approved by the Shenzhen University Institutional
Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 December 2023 Accepted: 29 June 2024
Published online: 05 August 2024

References

1.

2.

Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer
JClin. 2023;73:17-48.

Werba G, Weissinger D, Kawaler EA, et al. Single-cell RNA sequencing
reveals the effects of chemotherapy on human pancreatic adenocarci-
noma and its tumor microenvironment. Nat Commun. 2023;14:797.

Ho WJ, Jaffee EM, Zheng L. The tumour microenvironment in pancre-
atic cancer—clinical challenges and opportunities. Nat Rev Clin Oncol.
2020;17:527-40.

Beatty GL, Werba G, Lyssiotis CA, Simeone DM. The biological under-
pinnings of therapeutic resistance in pancreatic cancer. Genes Dev.
2021;35:940-62.

LiuY, Shi M, He X, et al. LncRNA-PACERR induces pro-tumour mac-
rophages via interacting with miR-671-3p and méA-reader IGF2BP2 in
pancreatic ductal adenocarcinoma. J Hematol Oncol. 2022;15:52.

Zhang Y, Chen X, Wang H, et al. Innate immune mediator, Interleukin-1
receptor accessory protein (ILTRAP), is expressed and pro-tumorigenic in
pancreatic cancer. J Hematol Oncol. 2022;15:70.

Giraldo NA, Sanchez-Salas R, Peske JD, et al. The clinical role of the TME in
solid cancer. Br J Cancer. 2019;120:45-53.

Jia Q, Wang A, YuanY, Zhu B, Long H. Heterogeneity of the tumor
immune microenvironment and its clinical relevance. Exp Hematol
Oncol. 2022;11:24.

Ligorio M, Sil S, Malagon-Lopez J, et al. Stromal microenvironment shapes
the intratumoral architecture of pancreatic cancer. Cell. 2019;178:160-75.

. Olive KP, Jacobetz MA, Davidson CJ, et al. Inhibition of Hedgehog signal-

ing enhances delivery of chemotherapy in a mouse model of pancreatic
cancer. Science. 2009;324:1457-61.

. Feig C, Jones JO, Kraman M, et al. Targeting CXCL12 from FAP-expressing

carcinoma-associated fibroblasts synergizes with anti-PD-L1 immuno-
therapy in pancreatic cancer. Proc Natl Acad Sci U S A. 2013;110:20212-7.
ChenY, Deng Q, Chen H, et al. Cancer-associated fibroblast-related
prognostic signature predicts prognosis and immunotherapy response in
pancreatic adenocarcinoma based on single-cell and bulk RNA-sequenc-
ing. Sci Rep. 2023;13:16408.

Murray ER, Menezes S, Henry JC, et al. Disruption of pancreatic stellate
cell myofibroblast phenotype promotes pancreatic tumor invasion. Cell
Rep. 2022;38:110227.

Hutton C, Heider F, Blanco-Gomez A, et al. Single-cell analysis defines a
pancreatic fibroblast lineage that supports anti-tumor immunity. Cancer
Cell. 2021;39:1227-44.

Chandra Jena B, Sarkar S, Rout L, Mandal M. The transformation of cancer-
associated fibroblasts: Current perspectives on the role of TGF-beta in


https://doi.org/10.1186/s40164-024-00533-3
https://doi.org/10.1186/s40164-024-00533-3

He et al. Experimental Hematology & Oncology (2024) 13:79

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

CAF mediated tumor progression and therapeutic resistance. Cancer Lett.
2021;520:222-32.

Paskeh MDA, Entezari M, Mirzaei S, et al. Emerging role of exosomes in
cancer progression and tumor microenvironment remodeling. J Hematol
Oncol. 2022;15:83.

Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem. 2019;88:487-514.
Zhou R, Chen KK, Zhang J, et al. The decade of exosomal long RNA spe-
cies: an emerging cancer antagonist. Mol Cancer. 2018;17:75.

Zhang F, Jiang J, Qian H, Yan Y, Xu W. Exosomal circRNA: emerging
insights into cancer progression and clinical application potential. J
Hematol Oncol. 2023;16:67.

Ye F, Liang Y, Wang Y, et al. Cancer-associated fibroblasts facilitate breast
cancer progression through exosomal circTBPL1-mediated intercellular
communication. Cell Death Dis. 2023;14:471.

Liu X, LuY, Xu'Y, et al. Exosomal transfer of miR-501 confers doxorubicin
resistance and tumorigenesis via targeting of BLID in gastric cancer.
Cancer Lett. 2019;459:122-34.

Richards KE, Zeleniak AE, Fishel ML, Wu J, Littlepage LE, Hill R. Cancer-
associated fibroblast exosomes regulate survival and proliferation of
pancreatic cancer cells. Oncogene. 2017,36:1770-8.

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems
J.The biogenesis, biology and characterization of circular RNAs. Nat Rev
Genet. 2019;20:675-91.

Chen S, Huang V, Xu X, et al. Widespread and functional RNA circulariza-
tion in localized prostate cancer. Cell. 2019;176:831-43.

Feng XY, Zhu SX, Pu KJ, Huang HJ, Chen YQ, Wang WT. New insight into
circRNAs: characterization, strategies, and biomedical applications. Exp
Hematol Oncol. 2023;12:91.

Hinds M. Writer's block. Kans Nurse. 1986;61:6.

Chen ZQ, Zuo XL, Cai J, et al. Hypoxia-associated circPRDM4 promotes
immune escape via HIF-1alpha regulation of PD-L1 in hepatocellular
carcinoma. Exp Hematol Oncol. 2023;12:17.

Chen LL. The expanding regulatory mechanisms and cellular functions of
circular RNAs. Nat Rev Mol Cell Biol. 2020;21:475-90.

Datkhayev UM, Rakhmetova V, Shepetov AM, et al. Unraveling the
complex web of mechanistic regulation of versatile NEDD4 family by
non-coding RNAs in carcinogenesis and metastasis: from cell culture
studies to animal models. Cancers (Basel). 2023;15:3971.

Yang F, Hu A, Guo Y, et al. p113 isoform encoded by CUX1 circular RNA
drives tumor progression via facilitating ZRF1/BRD4 transactivation. Mol
Cancer. 2021;20:123.

Yang Y, Gao X, Zhang M, et al. Novel role of FBXW?7 circular RNA in
repressing glioma tumorigenesis. J Natl Cancer Inst. 2018;110:304-15.
Zhang M, Huang N, Yang X, et al. A novel protein encoded by the circular
form of the SHPRH gene suppresses glioma tumorigenesis. Oncogene.
2018;37:1805-14.

Peng Y, Xu, Zhang X, et al. A novel protein AXIN1-295aa encoded by
circAXINT activates the Wnt/beta-catenin signaling pathway to promote
gastric cancer progression. Mol Cancer. 2021;20:158.

He Z,Wang J, Zhu C, et al. Exosome-derived FGD5-AST promotes tumor-
associated macrophage M2 polarization-mediated pancreatic cancer cell
proliferation and metastasis. Cancer Lett. 2022;548:215751.

Hosein AN, Brekken RA, Maitra A. Pancreatic cancer stroma: an update
on therapeutic targeting strategies. Nat Rev Gastroenterol Hepatol.
2020;17:487-505.

LinY, Cai Q ChenY, et al. CAFs shape myeloid-derived suppressor cells to
promote stemness of intrahepatic cholangiocarcinoma through 5-lipoxy-
genase. Hepatology. 2022;75:28-42.

ChenY, McAndrews KM, Kalluri R. Clinical and therapeutic relevance of
cancer-associated fibroblasts. Nat Rev Clin Oncol. 2021;18:792-804.
Kochetkova M, Samuel MS. Differentiation of the tumor microenviron-
ment: are CAFs the organizer? Trends Cell Biol. 2022,32:285-94.
Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL.
Cancer-associated fibroblasts in gastrointestinal cancer. Nat Rev Gastro-
enterol Hepatol. 2019;16:282-95.

Chen L, Wang C, Sun H, et al. The bioinformatics toolbox for circRNA
discovery and analysis. Brief Bioinform. 2021;22:1706-28.

Wu X, Xiao S, Zhang M, et al. A novel protein encoded by circular SMO
RNA is essential for Hedgehog signaling activation and glioblastoma
tumorigenicity. Genome Biol. 2021;22:33.

Page 18 of 18

42. WangT, Liu Z, SheY, et al. A novel protein encoded by circASKT ame-
liorates gefitinib resistance in lung adenocarcinoma by competitively
activating ASK1-dependent apoptosis. Cancer Lett. 2021;520:321-31.

43. LiH, LanT,LiuH, etal. ILl-6-induced cGGNBP2 encodes a protein to
promote cell growth and metastasis in intrahepatic cholangiocarcinoma.
Hepatology. 2022;75:1402-19.

44. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, et al. Guidelines for the use
and interpretation of assays for monitoring autophagy (4th edition) (1).
Autophagy. 2021;17:1-382.

45. Wang M, Pan M, Li Y, et al. ANXA6/TRPV2 axis promotes lymphatic metas-
tasis in head and neck squamous cell carcinoma by inducing autophagy.
Exp Hematol Oncol. 2023;12:43.

46. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132-41.

47. Paquette M, El-Houijeiri L, Zirden LC, et al. AMPK-dependent phos-
phorylation is required for transcriptional activation of TFEB and TFE3.
Autophagy. 2021;17:3957-75.

48. Zhou C,YiC, YiY, et al. LncRNA PVT1 promotes gemcitabine resistance
of pancreatic cancer via activating Wnt/beta-catenin and autophagy
pathway through modulating the miR-619-5p/Pygo2 and miR-619-5p/
ATG14 axes. Mol Cancer. 2020;19:118.

49. Tanouchi A, Taniuchi K, Furihata M, et al. CCDC88A, a prognostic factor
for human pancreatic cancers, promotes the motility and invasiveness of
pancreatic cancer cells. J Exp Clin Cancer Res. 2016;35:190.

50. Sousa CM, Biancur DE, Wang X, et al. Pancreatic stellate cells support
tumour metabolism through autophagic alanine secretion. Nature.
2016;536:479-83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	CD105+CAF-derived exosomes CircAMPK1 promotes pancreatic cancer progression by activating autophagy
	Abstract 
	Background
	Methods
	Human tumor tissues and cell lines
	Animal care and ethics statement
	Animal experiments
	Western blotting and antibodies
	Plasmids and transfection
	Exosome isolation
	Immunohistochemistry (IHC)
	Coimmunoprecipitation and mass spectrometry analysis
	Immunofluorescence
	RNA sequencing (RNA-seq) analysis and identification of circRNAs
	CAF or normal fibroblast (NF) isolation and culture
	CCK-8 assay
	Wound-healing assay
	Transwell assay
	Actinomycin D assay
	RNA subcellular isolation
	Organoid culture
	Statistics

	Results
	CD105+ CAF-derived exosomes promote proliferation and metastasis in PC
	Characterization and analysis of circAMPK1 expression in exosomes from CD105+ CAFs in PC
	circAMPK1 encodes a novel 360-amino acid (aa) protein known as AMPK1-360aa
	AMPK1-360aa interacts with NEDD4 to inhibit AMPK1 ubiquitination and degradation
	AMPK1-360aa competitively binds to NEDD4 and protects AMPK1 from ubiquitination and degradation
	AMPK1-360aaNEDD4AMPK1 activation mediates proliferation and invasive metastasis in PC cells
	CircAMPK1 in CD105+ CAF-derived exosomes promotes PC proliferation and invasive metastasis in vivo

	Discussion
	Conclusion
	References


