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Abstract

Background: circRNA has been established to play a pivotal role in tumorigenesis development in a variety of
cancers; nevertheless, the biological functions and molecular mechanisms of hypoxia-induced exosomal circRNAs in
pancreatic cancer remain largely unknown.

Methods: Differentially expressed circRNAs in exosomes between hypoxic exosomes and normoxic exosomes in PC
cells were verified by RNA sequencing. The expression of circPDK1 in PC tumors and PC patients was evaluated by
gRT-PCR and ISH, and the biological functions of circPDK1 in PC were verified through a series of in vitro and in vivo
experiments. Using Western blotting, Co-IP, RNA pull-down, ChiP, RIP, dual-luciferase assays, and rescue experiments,
the underlying mechanism of circPDK1 was verified.

Results: CircPDK1 was highly abundant in PC tumor tissues and serum exosomes and was associated with poor
survival. Exosomal circPDK1 significantly promoted PC cell proliferation, migration, and glycolysis both in vitro and

in vivo. Mechanistically, circPDK1 could be activated by HIF1A at the transcriptional level and sponges miR-628-3p to
activate the BPTF/c-myc axis. In addition, circPDK1 serves as a scaffold that enhances the interaction between UBE20
and BINT, inducing the UBE20-mediated degradation of BINT.

Conclusions: We found that circPDK1 was activated by HIFTA at the transcriptional level by modulating the miR-
628-3p/BPTF axis and degrading BIN1. Exosomal circPDK1 is a promising biomarker for PC diagnosis and prognosis
and represents a potential therapeutic target for PC.
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Introduction

Pancreatic cancer (PC) is a devastating digestive tract
malignancy with delayed diagnosis, high rates of metas-
tasis and occurrence, unfavorable prognosis, and insen-
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disappointing. Hence, there is an urgent need to identify
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early diagnostic biomarkers, molecular mechanisms, and
functional therapeutic targets for PC.

Hypoxia is widely acknowledged as one of the most
important features of solid tumors and is involved in gly-
colysis, proliferation, and migration [4—6]. The activation
of hypoxia-inducible factor 1a (HIF1A) is essential for
solid tumors to adapt to hypoxic conditions and activate
the transcription of various genes. The increase in HIF1A
induces glycolysis, immune evasion, metastasis, and
angiogenesis in hypoxic tumors [7, 8]. However, HIF1A
protein becomes destabilized and gets degraded under
aerobic conditions, implying that it cannot directly affect
normoxic cancer cells.

Exosomes are released by various cells, including tumor
cells, which are small single-membrane vesicles with
diameters of 30-100 nm [9]. Exosomes typically carry
various types of nucleic acids, including circRNAs, IncR-
NAs, and miRNAs, and play an important role in inter-
cellular communication by transferring these contents
[10]. Hypoxia may accelerate tumorigenesis by promot-
ing exosomal release or by modulating exosome contents
[5]. Exosomes derived from hypoxic tumor cells promote
tumorigenesis through glycolysis, migration, invasion,
and immune infiltration [6, 11]. Thus, hypoxia-induced
exosomes can be a hypoxia signal carrier that directly
affects normoxic cancer cells.

Circular RNAs (circRNAs) are a type of noncoding
RNA formed by alternative splicing [12]. The loop struc-
ture of circRNAs makes them difficult to degrade in vivo,
and they are widely abundant and specifically expressed
in tumors and serum exosomes [13, 14]. Thus, circRNAs
could be regarded as effective RNA biomarkers for the
occurrence and development of tumors [15]. In terms of
the mechanism, research demonstrates that circRNAs
may modulate tumor progression by acting as ceRNA to
sponge miRNA or functioning as scaffold [16].

The present study aimed to determine communica-
tion between hypoxic and normoxic PC cells modulated
by hypoxia-induced exosomal circRNA and the underly-
ing functions and mechanisms of circRNA derived from
hypoxic exosomes during PC progression. We revealed
that circPDK1 was significantly upregulated in exosomes
from hypoxic cells compared with that in normoxic PC
cells using RNA-seq. In addition, circPDK1 was highly
abundant in PC tumors and serum exosomes and posi-
tively associated with a poor prognosis. Exosomal
circPDK1 plays a role in PC by promoting cell viability,
migration, and glycolysis in vitro and in vivo. In terms
of its mechanism, circPDK1 activated c-myc-mediated
glycolysis by sponging miR-628-3p, thereafter releasing
BPTEF. Functioning as a scaffold to strengthen the bind-
ing between UBE20 and BIN]1, it enhances the effects of
UBE20 on the ubiquitination and degradation of BIN1.
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Materials and methods

Isolation, labeling, and quantification of exosomes
Pancreatic cell lines were incubated under normoxic con-
ditions until they reached 70-80% confluence and then
cultured in exosome-free medium under 20% (normoxia)
or 1% (hypoxia) O, for 48 h. Next, 20 mL of culture
medium was harvested on ice and isolated by differential
centrifugation [17]. The resulting sediment was resus-
pended with PBS. Exosome particle size and form, mark-
ers, and concentration were identified by transmission
electron microscopy (TEM) (TECNAI 20; Philips, Neth-
erland), Western blotting assay, and nanoparticle track-
ing analysis (NTA), respectively. Cells were collected for
subsequent experiments after stimulation with 1 x 103
exosomes for 48 h.

Cell culture and transfection
All cells, including Aspc-1, Bxpc-3, CFPAC-1, MIA
PaCa-2, PANC-1, PATU-8988, 293 T, and HPNE cells,
were purchased from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). Aspc-1 and Bxpc-3
cells were cultured in RPMI-1640 medium, CFPAC-1 in
IMDM, MIA PaCa-2, PANC-1, PATU-8988, HPNE, and
293 T cells in DMEM with 10% fetal bovine serum (FBS).
miR-628-3p mimics, miR-628-3p inhibitor, circPDK1
siRNA (si-circPDK1), UBE20 siRNA (si-UBE20),
HIF1A (si-HIF1A), circPDK1-WT, BPTE, circPDKI-
MUT, circPDK1 truncations, BIN1 deletion mutations,
and BIN1 and UBE20O were synthesized by Bioegene
(Shanghai, China) and inserted into either lentivectors
or plasmids. After transduction with lentivirus, 2 pg/mL
puromycin was added to construct stable cell lines for
24 h. The miRNA mimics and siRNA sequences are listed
in Additional file 1: Table S1, Additional file 2: Table S2.
The circPDK1-WT and circPDK1-MUT sequences are
listed in Additional file 3: Table S5. Lipofectamine 3000
was used as a transfection reagent for cell transfection.

Cell proliferation assay

Cell viability was assessed using a CCK-8 assay (Dojindo,
Japan). PC cells were harvested after treatment for 48 h,
and 2 x 10 PC cells were seeded in 96-well plates and
incubated further. Then, 90 pL of completed medium
with 10 pL of CCK-8 reagent was added and incubated
for 2 h, after which the absorbance was measured at
450 nm. For the colony formation assay, 2 x 10° PC cells
were seeded in 6-well plates to evaluate PC cell prolifera-
tion ability. After 14 days, 1% crystal violet stain solution
was used to fix the PC cells, and the number of colonies
was counted. For the EdU assay, the EAU labeling kit
(Epizyme, Shanghai, China) was used to assess cell pro-
liferative ability. PC cells (3 x 10%) were seeded in 12-well
plates for 48 h. The PC cells were then incubated with
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EdU reagent for 2 h, fixed with 4% paraformaldehyde,
0.5% Triton X-100, and followed by Hoechst staining. The
EdU incorporation rate was defined as the proportion of
EdU-positive cells (GREEN) to total Hoechst33342-posi-
tive cells (BLUE).

Transwell migration assay

The migration ability of PC cells was assessed by tran-
swell migration assay. Briefly, transwell chambers were
plated with 6 x 10* PC cells suspended in 200 pL serum-
free medium and 700 pL complete medium in the lower
chambers. After 24 h of culture, the upper chambers with
migrated PC cells were fixed and stained with 1% crystal
violet stain solution for 20 min, after which the migrated
PC cells were counted manually by microscope. Rela-
tive proportions of migrated cells were calculated as the
ratios (%) of treated to negative control cells.

Western blotting, immunohistochemistry (IHC),
immunofluorescence (IF), RNA fluorescence in situ
hybridization (FISH), in situ hybridization (ISH),

and immunoprecipitation (IP) assay

Cell proteins were boiled with RIPA buffer, loaded, and
separated on 6%, 7.5%, and 10% SDS-PAGE gels, followed
by their transfer onto polyvinylidene fluoride membranes
and incubation with the indicated primary antibodies
(Additional file 4: Table S3). B-actin and -tubulin were
used as controls. ECL reagents were used to detect the
protein expression. All Western blotting reagents were
purchased from EpiZyme (Shanghai, China). The IHC
assay was performed using mouse xenograft tumor tis-
sues and human PC tissues, as previously described [18].
IF assay was used to determine the subcellular localiza-
tion of BIN1 and UBE20 in MIA PaCa-2 cells, as previ-
ously described [19]. Using FISH assay, the subcellular
location of circPDK1 in MIA PaCa-2 cells was detected,
as previously described [18]. Cy3-labeled circPDK1
probes were synthesized by RiboBio (Guangzhou, China).
ISH assay was performed on the tissue microarrays to
detect circPDK1 in PC tissues, as previously described
[17], and the specific digoxin (DIG)-labeled probe of
circPDK1 was designed by Servicebio (Wuhan, China).
Protein—protein interactions were detected by perform-
ing the Co-IP assay, as previously described [19].

Glycolysis analysis

The Glucose Uptake Assay Kit (abcam, USA), ATP Assay
Kit (Beyotime, Shanghai, China), and Lactate Assay Kit-
WST (Dojindo, Shanghai, China) were performed to
assess the glycolysis level according to the manufacturer’s
guidelines. Using the Seahorse XF96 Glycolysis Ana-
lyzer (Seahorse Bioscience, MA, USA), the ECAR and
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OCAR were measured according to the manufacturer’s
guidelines.

gRT-PCR, RT-PCR and subcellular fractionation assay

RNA was extracted using TRIzol reagent (Invitrogen,
USA), and the HiScript III RT SuperMix (TOYOBO,
Japan) was used for reverse transcription, followed by
the AceQ Universal SYBR qPCR Master Mix (AG, China)
to detect the RNA expression levels, and normalized to
B-actin or U6. The divergent and convergent primers of
circPDK1 and GAPDH were used to detect the circu-
lar characteristics of circPDK1 by RT-PCR. The primer
sequences are listed in Additional file 5: Table S4. Using
the PARIS Kit according to the manufacturer’s guide-
lines, RNA from subcellular fractionation was separated
to assess the relative subcellular localization of circPDK1.

Dual-luciferase reporter assay

Luciferase reporter vectors containing the 3-UTR bind-
ing site of circPDK1 and BPTF or the matched mutant
sequence, c-myc-responsive transcriptional sequence,
wild-type miR-628-3p transcriptional promoter or
circPDK1 transcriptional promoter, and circPDK1 cor-
responding promoter mutant sequence were synthe-
sized by Bioegene (Shanghai, China) and cloned into the
reporter plasmids. Luciferase activity was assessed using
a dual-luciferase reporter assay system (Synergy LX;
BioTek, USA) and normalized to Renilla.

Chromatin immunoprecipitation (ChIP)

The SimpleChIP Plus Sonication Chromatin IP Kit (CST,
USA) was used to perform the ChIP assay according to
the manufacturer’s instructions. Using 1% formaldehyde,
MIA PaCa-2 cells were cross-linked for 10 min, followed
by quenching with glycine. DNA fragments were sheared
by sonication until they ranged from 200 to 500 bp. The
nuclear lysate was immunoprecipitated with anti-HIF1A,
anti-Pol II, or IgG antibodies. The purified DNA frag-
ments were analyzed by qRT-PCR with specific primers;
the ChIP primers are listed in Additional file 5: Table S4.

RNA immunoprecipitation (RIP)

RIP experiments were performed using the Magna RNA-
binding protein immunoprecipitation kit (Millipore,
Bedford, MA, USA), according to the manufacturer’s
instructions. The immunoprecipitated RNA in MIA
PaCa-2 and 293 T cells was verified by qRT-PCR.

RNA pull-down assay

The biotinylated RNAs were pulled down by incubating
the MIA PaCa-2 cell lysates with streptavidin—agarose
beads (Invitrogen, USA) according to the manufactur-
er’s instructions. The eluted proteins were identified
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by mass spectrometry analysis and Western blotting.
circPDK1-Positive-probe-biotin  (CTGGTGATTTTG
CTTAATGTAGAT) and circPDK1-Negative-probe-
biotin (GCAGTTATCTACATTAAGCAAAAT) were
designed by RiboBio (Guangzhou, China). The mass
spectrometry (MS) findings are provided as in Addi-
tional file 6: Table S8.

Mice model assay

To evaluate the functions of exosomes in vivo, wild-type
MIA PaCa-2 (5x 10° cells/0.1 mL PBS; n=5 in every
group) were injected subcutaneously on the right flank
of 4-week-old male BALB/c nude mice. Once the subcu-
taneous tumor volume reached 100 mm?, the mice were
randomly divided into four groups: 1 x 10® exosomes/100
pL corresponding exosomes were injected into the tail
vein every three days, and tumor volume was measured.
After six injections, the mice were killed on the third
day after the last injection. The subcutaneous tumors
were weighed, fixed, and stained using IHC. To evalu-
ate the migration of exosomes in vivo, a lung metastasis
model was developed. Wild-type MIA PaCa-2 (1 x 10°
cells/0.1 mL PBS; n=3 in every group) with indicated
1 x 10® exosomes/100 uL exosomes were injected into
the tail vein. The indicated exosomes were injected into
the tail vein of the mice every seven days. After six injec-
tions, mice were killed on the third day after the last
injection, and lung tissue was photographed and stained
with hematoxylin and eosin (HE).

To evaluate the functions of circPDK1-WT and
circPDK1-MUT in vivo, stably transfected MIA PaCa-2
cells (5 x 10° cells/0.1 mL PBS; n=5, every group) over-
expressing circPDK1-WT or circPDK1-MUT were
injected into the right flank of 4-week-old male nude
mice. The subcutaneous tumor volume was calculated
every 6 days, and the mice were killed on day 30. Sub-
cutaneous tumors were weighed and subjected to immu-
nohistochemistry (IHC). For the lung metastasis model,
stably transfected MIA PaCa-2 cells (2 x 10° cells/0.1 mL
PBS; n=3, every group) were injected into the tail vein
of 6-week-old mice. The mice were killed on day 42, lung
tissue was photographed, stained with HE, and lung
metastasis nodes were counted.

Atomic rotationally equivariant scorer (ARES)

BIN1 protein was predicted by the High-Performance
Computing Center of Shanghai Jiao Tong University
through artificial intelligence simulation and homology
modeling. The 3D modeling of RNA and protein-RNA
docking steps were consistent with previous reports
[20-22].
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Statistical analysis

The means between different groups were analyzed by
one-way analysis of variance, Student’s ¢-test, and Chi-
square test. The statistical difference results were calcu-
lated using SPSS 20.0 and GraphPad Prism 7.0 and are
shown as mean =+ standard deviation (SD). Experiments
were independently repeated at least three times. Sta-
tistical significance was set at P <0.05.

Results
Exosomes derived from hypoxia PC cells promote
the malignant biological behavior of PC cells in vitro
Hypoxia is an important characteristic of pancre-
atic cancer. Primary tumors with PO,<10 mmHg in
patients were defined as hypoxic, since oxygen avail-
ability would decrease as the distance from tumor cells
to the nearest blood vessels increases. This distance is
100-200 pm depending on the local oxygen concentra-
tion in the blood and oxygen consumption rates [23—
25]. Cells cultured under 1% and 20% O, conditions
were defined as hypoxic and normoxic, respectively.
Thus, PC cells cultured in different oxygen concentra-
tions could be defined as hypoxic and normoxic, which
might cause tumor heterogeneity among them, and the
malignant potential of hypoxic PC cells might be higher
(Additional file 7: Fig. S1A). To determine whether
exosomes secreted from hypoxic PC cells could affect
the malignant biological behavior of normoxic PC cells,
exosomes derived from hypoxic PC cells and normoxic
PC cells were identified by TEM and NTA (Additional
file 7: Fig. S1B, C), which demonstrated typical round
particles with a diameter of 100 nm. The results of
Western blotting showed that the exosome markers
TSG101, CD63, and CD81 were substantially upregu-
lated in hypoxic exosomes (Additional file 7: Fig. S1D).
These results indicated that hypoxia could increase
exosome secretion in hypoxic PC cells, which was con-
sistent with previous studies of other cancers [26, 27].
Next, we detected the malignant biological behavior
of PC cells after treatment with normoxic exosomes or
hypoxic exosomes by colony formation, EdU, CCK-8,
and transwell assays. The results showed that compared
with the PBS control or normoxic exosomes, exosomes
derived from hypoxic PC cells considerably improved
the proliferation and migration of MIA PaCa-2 and
PANC-1 cells (Additional file 7: Fig. SIE-H). Western
blotting also showed that E-cadherin was significantly
inhibited after treatment with hypoxic exosomes com-
pared to PC cells with normoxic exosomes. Conversely,
N-cadherin and vimentin protein levels were increased
(Additional file 7: Fig. S1I). This suggests that exosomes
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derived from hypoxic PC cells could promote the via-
bility and migration of PC cells.

Identification of circRNAs via RNA-seq in hypoxic PC cells
exosomes

It has been widely confirmed that circRNAs are
highly abundant in exosomes stably, which could be
a key regulator of cancer [28]. To elucidate the role of
hypoxia-induced exosomal circRNAs that may affect
tumorigenesis, RNA sequencing was used to detect
exosomes purified from normoxic and hypoxic PC cells.
A total of 78 differentially expressed circRNAs were iden-
tified (FC (fold change)> 1.5, P<0.05) between hypoxic
exosomes and normoxic exosomes (Fig. 1A, B).

circPDK1 is highly expressed in PC

Next, the top five upregulated and downregulated circR-
NAs were analyzed by qRT-PCR in 10 cases of PC tumors
and paired normal tissues. We discovered that circPDK1
was the most upregulated circRNA in PC (Fig. 1C). Then,
an ISH assay in a tissue microarray with 75 pairs of tumor
and matched normal tissues from PC patients was per-
formed. The results revealed that circPDK1 was much
more abundant in tumor tissues than in paired normal
tissues (Fig. 1D), and the high expression of circPDK1
may be correlated with advanced pathological stage
(Fig. 1E). Subsequently, 110 paired postoperative PC tis-
sues and matched normal tissues from our center were
detected using qRT-PCR to analyze the expression of
circPDK1. The results demonstrated that circPDK1 was
significantly upregulated in PC and was positively asso-
ciated with lymph node metastasis, advanced patho-
logical stage, and poor prognosis (Fig. 1F-I). To evaluate
the clinicopathological and prognostic significance of
circPDK1 in PC, clinical data were collected and ana-
lyzed in detail. We found that circPDK1 expression was
significantly related to pathological stage (P=0.019), T
stage (P=0.022), lymph node metastasis (P=0.012), and
distant metastasis (P=0.034) (Additional file 8: Table S6).
Furthermore, univariate analysis results demonstrated
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that high circPDK1 expression was an independent prog-
nostic marker for patients with PC (Additional file 9:
Table S7). CircRNA has been widely detected in serum
exosomes and is considered a potential tumor marker in
serum exosomes [17]. Thus, to explore whether circPDK1
could be detected in serum exosomes and its potential
as a tumor marker, we collected blood samples from 20
patients with PC and 10 healthy individuals as controls.
Interestingly, circPDK1 derived from serum exosomes
was expressed abundantly in PC patients, while it almost
did not exist in healthy controls (Fig. 1J). In addition,
circPDK1 expression levels in serum exosomes were
consistent with those in matched PC tumors (Fig. 1K),
which made it possible to examine circPDK1 expression
in serum samples. Taken together, these data reveal that
circPDK1 is significantly upregulated in PC tumor tis-
sues, which could be stably delivered and enriched in
serum exosomes. Moreover, circPDK1 is barely expressed
in serum exosomes and high circPDK1 expression is
associated with poor prognosis in PC, which makes it a
potentially promising circRNA biomarker for early diag-
nosis of PC.

Characterization of circPDK1 in PC cells

circPDK1  (hsa_circRNA_102854, has_circ_0057104,
chr2: 173433468-173457776) was generated from exons
7-10 of PDK1 with a length of 401 nt. The back-splice
site of circPDK1 was verified by Sanger sequencing
(Fig. 1L). The divergent primers for circPDK1 could be
amplified by PCR analysis, from ¢cDNA but not gDNA;
however, the divergent primers for GAPDH as a control
could not be amplified (Fig. 1M). Compared with linear
PDK1 mRNA, treatment with RNase R or actinomycin
D demonstrated that circPDK1 was stabilized in PC cells
(Fig. 1IN, O). Subcellular fractionation and FISH assay
results showed that circPDK1 was mainly localized in the
cytoplasm (Fig. 1P, Q). Collectively, these results suggest
that circPDK1 is an abundant, stably expressed, and cyto-
plasmic circRNA in PC.

(See figure on next page.)

**P<0.01;***P<0.001; ns, no significance

Fig. 1 Identification of circPDK1 as an exosomal biomarker for PC and characteristic of circPDK1. A Heatmap showing the differentially exosomal
circRNA expression between normoxic exosomes and hypoxic exosomes in PC cells. B Volcano plot displaying exosomal circRNAs that differentially
notably between normoxic exosomes and hypoxic exosomes in PC cells. C Relative expression of top 5 most upregulated and downregulated
circRNAs in 10 PC tumor and matched normal tissues. D The circPDK1 expression level in PC tumor tissues and matched normal tissues verified by
ISH. Scale bar=1000 um. E The circPDK1 expression was detected in different TNM stage by ISH. Scale bar =200 um. F The expression of circPDK1
in 110 cases of PC tumor tissues and matched normal tissues. G The expression of circPDK1 in PC patients with lymph node metastasis. H circPDK1
expression in PC patients was divided by stage. | Prognostic analysis of circPDK1 in 110 cases of PC patients from our center. J circPDK1 in serum
exosomes of PC patients (n=20) and normal people (n=10). K Correlation of circPDK1 expression between PC tumors and serum exosomes. L
The back-splice junction site of circPDK1 was verified by Sanger sequencing. M The divergent primers for circPDK1 could be amplified by using PCR
analysis, from cDNA but not gDNA, meanwhile, the divergent primers for GAPDH could not be amplified. N circPDK1 and PDKT mRNAs expression
after treatment with RNase R. O RNA abundance of circPDK1 and PDK1 after treatment with Actinomycin D. P Relative circPDK1 expression levels

in subcellular fractions. Q Representative FISH images displaying the expression of circPDK1 in MIA PaCa-2 (RED). Scale bar=20 pm. *P < 0.05;
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Exosomal circPDK1 is activated by HIF1A during hypoxic
circumstance

Studies have demonstrated that large amounts of cir-
cRNAs are transcriptionally activated by HIF1A under
hypoxic conditions, based on exon-derived circRNAs,
and their host linear genes would be generated from
the same pre-mRNA [29, 30].Thus, we hypothesized
that abundant circPDK1 in hypoxic exosomes may be
due to the increased transcription of its host linear
gene PDK1 activated by HIF1A. To verify our hypoth-
esis, we first detected the co-expression relationship
between PDK1 and circPDKI. The results revealed that
circPDK1 expression level was positively correlated with
its host linear gene PDK1 expression level (Fig. 2A).
Moreover, compared with circPDK1 expression across
the seven PC cell lines, circPDK1 expression was sig-
nificantly non-differential (Fig. 2B). Next, we found that
circPDK1 expression levels were notably overexpressed
in both cells and exosomes during hypoxia in a time-
dependent manner (Fig. 2C, D). Using qRT-PCR and
IHC, we revealed that circPDK1 expression was posi-
tively associated with HIF1A expression, and HIF1A
protein level was upregulated in PC (Fig. 2E-G). Using
promoter sequence analysis tools (UCSC and JASPAR),
two potential hypoxia-responsive elements (HREs) (ACA
CGTGCCC/GTACGTGAGG) were verified in the host
gene of circPDK1 promoter regions (Fig. 2H). To deter-
mine whether HIF1A could directly interact with the two
transcription start sites, a dual-luciferase reporter assay
was performed in 293 T cells. The results confirmed that
luciferase activity was enhanced in the reporter contain-
ing two individual wild-type HREs, while the reporter
containing mutant HREs did not respond to hypoxia
or HIF1A knockdown (Fig. 2I). Moreover, ChIP assays
performed on the two predicted HREs upstream of the
host gene for the circPDK1 promoter area suggested that
HIF1A could directly bind to the PDK1 promoter region
and enhance the transcription of host gene PDK1 under
hypoxic conditions (Fig. 2J). Furthermore, the abun-
dance of hypoxia-induced intracellular and exosomal
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circPDK1 was notably inhibited by knockdown of HIF1A
(Fig. 2K—M). The ChIP assay results also verified that the
binding between RNA polymerase II and the host gene
PDK1 promoter site was enhanced under hypoxic condi-
tions, which further verified that circPDK1 could be acti-
vated under hypoxia (Fig. 2N). In addition, the circPDK1
expression level in PC cells cultured with hypoxic
exosomes was partly inhibited by treatment with ActD,
and the circPDK1 stability in PC cells did not be affected
under hypoxia (Fig. 20 and Additional file 10: Fig. S2A).
Overall, these results indicate that the upregulation of
circPDK1 in hypoxic exosomes is partly due to HIF1A
activation.

Hypoxia-derived exosomal circPDK1 promotes PC cell
proliferation and metastasis in vitro and in vivo

To elucidate the role of hypoxia-derived exosomal
circPDK1 in PC, exosomes with different abundances
of circPDK1 derived from MIA PaCa-2 and PANC-1
cells were isolated and co-cultured with the correspond-
ing donor cells, including four experimental groups:
normoxic exosomes, hypoxic exosomes, hypoxic NC
exosomes, and hypoxic shl-circPDK1 exosomes. Using
qRT-PCR, the abundance of circPDK1 in exosomes from
each group was confirmed (Additional file 10: Fig. S2B).
After treatment with the indicated exosomes, the abun-
dance of circPDK1 in PC cells co-cultured with hypoxic
shl-circPDK1 exosomes was downregulated compared
with that in the hypoxic NC exosomes group (Additional
file 10: Fig. S2C).

Next, colony formation, EdAU, CCK-8, and transwell
assays were performed to detect the impact of hypoxia-
induced exosomes on normoxic PC cell proliferation
and migration in vitro. The results showed that PC cells
treated with hypoxic exosomes showed enhanced via-
bility and migration, whereas, after the elimination of
circPDK1 from the hypoxic exosomes, this phenomenon
of promoting proliferation and migration would disap-
pear (Fig. 3A-D). In addition, Western blotting demon-
strated that E-cadherin was significantly inhibited after

(See figure on next page.)

Fig. 2 Exosomal circPDK1 is activated by HIFTA under hypoxic conditions. A The correlation between circPDK1 and PDK1 expression in 110 PC

tissue samples. B The relative expression of circPDK1 and PDK1 mRNA in 7 PC cell lines. C The HIF 1A protein level in PC cells exposed to different
time under hypoxia (left) and circPDK1 expression level in PC cells exposed to indicated time in hypoxia (right). D The circPDK1 expression level in
PC hypoxic exosomes exposed to indicated time in hypoxia. E The correlation between circPDK1 and HIF 1A expression in 110 PC tissue samples.

F The expression of HIF1A in PC tumor tissues and matched normal tissues verified by IHC assays in tissue microarrays. Scale bar= 1000 um. G

The correction of circPDK1 and HIF1A protein level was verified by IHC assays in tissue microarrays. H Upper schematic represents host gene

PDK1 HREs obtained from JASPAR database. Dual-luciferase reporters were constructed with either of the two putative PDK1 HREs and matched
mutant HREs in the PDK1 promoter region. I The luciferase intension of 293 T cells co-transfected with indicated luciferase reporter plasmids under
hypoxia or loss of HIFTA. J ChIP assays were performed to assess the HREs interactions with the PDK1 promoter region. K The HIF1A protein levels
in PC cells treated with indicated treatments. L, M The circPDK1 expression levels in PC cells treated with indicated treatments. N ChIP assays were
performed to detect the binding strength between Pol Il and the host gene PDK1 promoter in MIA PaCa-2 cells and normoxia and hypoxia. O The
circPDK1 expression levels in MIA PaCa-2 cells treated with ActD (1 pg/mL) followed by indicated treatments. *P < 0.05; **P<0.01; **P<0.001; ns, no
significance
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treatment with hypoxic NC exosomes compared to PC
cells with hypoxic sh1-circPDK1 exosomes. On the con-
trary, compared to treatment with hypoxic sh1-circPDK1
exosomes, N-cadherin and vimentin were notably upreg-
ulated in PC cells treated with hypoxic NC exosomes
(Fig. 3E).

To explore the malignant effects of exosomal circPDK1
in vivo, a mouse xenograft tumor model (MIA PaCa-2
cell line) was established and intravenously injected with
MIA PaCa-2 generated exosomes (normoxic exosomes,
hypoxic exosomes, hypoxic NC exosomes, and hypoxic
sh1l-circPDK1 exosomes) once every three days. After
six injections, the mice were killed on day 30 with the
tumors harvested. As expected, hypoxic NC exosomes
increased the volume and weight of xenograft tumors,
while hypoxic sh1-circPDK1 exosomes abolished hypoxic
exosomes to accelerate tumor growth (Fig. 3F—H). There
was no significant difference in the body weights of nude
mice among the groups (Fig. 3I). In the lung metasta-
sis model, the number of lung metastatic nodules in
the hypoxic shl exosome group was lower than that in
the hypoxic NC group (Fig. 3]). To validate the func-
tions of exosomal circPDK1 in mediating tumor growth
and metastasis, xenograft tumor tissues of MIA PaCa-2
groups were stained with antibodies against PCNA,
E-cadherin, and vimentin for IHC. The results showed
that the expression of PCNA and vimentin was decreased
in hypoxic shl-circPDK1 exosome groups, whereas the
expression of E-cadherin was increased in hypoxic shl-
circPDK1 exosome groups (Fig. 3K). These findings are
consistent with the in vitro results showing that hypoxia-
induced exosomal circPDK1 could also promote PC cell
tumor growth and metastasis in vivo.

circPDK1 functions as a miR-628-3p sponge in PC

Many cytoplasmic circRNAs have been reported to
function as ceRNAs by competitively sponging miR-
NAs [31], and given that circPDK1 is mainly local-
ized in the cytoplasm, we assumed that cytoplasmic
localization circPDK1 may act as a ceRNA by com-
petitively sponging miRNAs. By researching the circin-
teractome online database (https://circinteractome.
nia.nih.gov/index.html), we found that circPDK1 may
bind to AGO2 (Fig. 4A). Thus, whether circPDK1 was
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enriched in AGOZ2-containing microribonucleopro-
tein complexes was verified by RIP assay (Fig. 4B). The
findings revealed that circPDK1 may act as a miRNA
sponge. Thus, we performed miRNA sequencing to
screen potential differentially expressed miRNAs
between the control groups and circPDK1 overexpres-
sion groups, which may be sequestered by circPDKI,
and the efficiency of circPDK1 overexpression was
also detected (Fig. 4C and Additional file 10: Fig. S2D).
Pathway enrichment analysis suggested that differen-
tially expressed miRNAs were enriched in ubiquitin-
mediated proteolysis, PI3BK-AKT signaling pathway,
and HIF-1 signaling pathway, among others (Fig. 4D).
Seven suppressed miRNAs were selected randomly,
and then qRT-PCR was performed, and the expression
levels of these miRNAs were confirmed in circPDK1
overexpressing MIA PaCa-2 cells. Among the seven
candidates, miR-628-3p was shown to be significantly
suppressed in circPDK1-overexpressing MIA PaCa-2
cells (Fig. 4E). RIP assays also demonstrated that miR-
628-3p could bind to AGO2 (Fig. 4F). We found that
miR-628-3p was notably suppressed in PC tumors in
both TCGA data and our center, and inversely corre-
lated with circPDK1 expression (Fig. 4H). Moreover,
low miR-628-3p expression was associated with poor
prognosis using clinical data from TCGA and our center
(Fig. 41I). circRNAs can bind to RNA polymerase II
directly, and the transcription of parental genes is acti-
vated [32]. To eliminate the possibility that circPDK1
modulates miRNA transcription, pri-miRNA, or pre-
miRNA synthesis, we verified the impact of circPDK1
on the promoter regions, pri-miRNA, and pre-miRNA
of miR-628-3p and confirmed that circPDK1 did not
regulate promoter activity or pri-miRNA and pre-
miRNA expression of miR-628-3p (Fig. 4]). miR-628-3p
was downregulated after circPDK1 overexpression
but upregulated in shl-circPDK1 group in both MIA
PaCa-2 and PANC-1 cells (Fig. 4K). Dual-luciferase
reporter assays were performed, and the results showed
that miR-628-3p directly binds to circPDK1 in 293 T
cells (Fig. 4L). These findings indicate that circPDK1
may interact with miR-628-3p, thus functioning as a
ceRNA sponge for miR-628-3p in PC cells.

(See figure on next page.)

Fig. 3 Hypoxia-derived exosomal circPDK1 promotes PC cells proliferation and metastasis in vitro and in vivo. A MIA PaCa-2 and PANC-1 cells
were cultured in 6-well plates after treated with indicated exosomes. Scale bar= 1000 mm. B The viabilities of PC cells were detected by CCK-8
assays after treated with indicated exosomes. C The EdU assay was used to assess the cell proliferative potential of PC cells after treated with
indicated exosomes. Scale bar =50 pm. D Transwell migration assay of MIA PaCa-2 and PANC-1 after treatment with the indicated exosomes. Scale
bar=>50 um. E The expression of metastasis-related proteins was evaluated by Western blotting after treated with indicated exosomes. F Images
of subcutaneous tumors. G The weight of subcutaneous tumors in each group. H Mice were injected through tail vein with indicated exosomes
and the tumor volume was calculated every three days. | The body weight of mice in each group. J Representative photographs of the whole lung
tissues and HE staining of lung metastatic nodules. K Representative photographs of PCNA, E-cadherin and vimentin IHC staining in subcutaneous
tumors. Scale bar=50 um. *P< 0.05; **P<0.01; ***P<0.001; ns, no significance
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Fig. 4 circPDK1 functions as a miR-628-3p sponge in PC. A The potential binding site between circPDK1 and AGO2 were predicted by
circinteractome. B RIP assay was used to determine the relative expression of circPDK1 with rabbit AGO2 and IgG antibodies in MIA PaCa-2 cells.

C Cluster heatmap showing the differentially expressed miRNAs between control and circPDK1 overexpression in MIA PaCa cells. D Pathway
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expression in MIA PaCa-2 after circPDK1 overexpression. F RIP assay was used to determine the relative expression of miR-628-3p with rabbit AGO2
and IgG antibodies in MIA PaCa-2 cells. G The relative expression of miR-628-3p in PC patients were detected by the data from TCGA and our center.
H The correction between circPDK1 and miR-628-3p were determined from our center. | Prognosis analysis of miR-628-3p were detected using
survival data of PC patients from TCGA and our center. J Promoter luciferase activity in 293 T cells, pri-miR-628-3p and pre-miR-628-3p expression
were verified after circPDK1 overexpression. K The expression of miR-628-3p were detected after circPDK1 overexpression and loss of circPDK1 in
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circPDK1 acts as a ceRNA to coordinate BPTF expression

in PC

The underlying functions and mechanisms of action of
miR-628-3p in PC remain unknown. Thus, potential tar-
gets of circPDK1-miR-628-3p axis were explored. Using
the mirDIP, RNAInter, miRDB, miRTarBase, and Tar-
getScan databases, BPTF, PURA, RBFOX2, and ARS]
were predicted to be potential downstream targets of
miR-628-3p (Fig. 5A). We used data from TCGA to pri-
marily detect a correlation between the expression of
potential downstream targets and miR-628-3p. The
results showed that the expression of BPTF was inversely
associated with miR-628-3p, whereas that of PURA,
RBFOX2, and ARS] was not (Fig. 5B and Additional
file 11: Fig. S3A—C). The RNA-sequencing findings after
the loss of circPDK1 revealed 172 differentially expressed
circRNAs (FC>2, adjusted P<0.0001), including 135
upregulated and 37 downregulated protein-coding genes.
BPTF ranked as one of the substantially downregulated
protein-coding genes (Fig. 5C and Additional file 12: Fig.
S4). We also identified a significant correlation between a
c-myc pathway and circPDK1 using Gene Set Enrichment
Analysis (GSEA; Fig. 5D). Notably, BPTF is required
for c-myc transcriptional activity, and the BPTF-c-myc
axis is involved in cell growth in pancreatic cancer [33].
Based on these results, we assumed that circPDK1 acts
as a ceRNA to modulate the BPTF/c-myc axis by spong-
ing miR-628-3p. To verify whether miR-628-3p could
sponge BPTF directly, we further confirmed an inverse
correlation between BPTF and miR-628-3p using data
from our center (Fig. 5E). The mRNA expression levels
of BPTF decreased after transfection with miR-628-3p
mimics in both MIA PaCa-2 and PANC-1 cells, but
increased after transfection with the miR-628-3p inhibi-
tor (Fig. 5F). Dual-luciferase reporter assays showed that
miR-628-3p could bind to the 3-UTR of BPTF (Fig. 5G).
Therefore, we concluded that BPTF is a functional target
gene of miR-628-3p. In addition, BPTF expression lev-
els were positively correlated with circPDK1 expression
levels in PC (Fig. 5H). Overexpressed circPDK1 substan-
tially activated the BPTF-c-myc axis and modulated the
c-myc downstream targets CCND1 and p21, whereas
transfection with miR-628-3p mimics eliminated this
effect. The inactivation of BPTF-c-myc axis and modu-
lation of the two c-myc downstream targets induced by
circPDK1 knockdown was also abolished by transfec-
tion with the miR-628-3p inhibitor (Fig. 51, J). The same
results were obtained using the dual-luciferase reporter
assay (Fig. 5K). Functionally, miR-628-3p abolished the
circPDK1 overexpression-induced promotion of cell
proliferation and migration, similar to BPTF and miR-
628-3p (Additional file 13: Fig. S5A-C). Collectively,
circPDK1 serves as a ceRNA to bind to miR-628-3p from
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the sponging BPTF mRNA, thereby releasing BPTF from
the inhibiting effects of miR-628-3p.

circPDK1 interacts with BIN1 and enhances BIN1
ubiquitination

We investigated whether circPDK1 exerts its functions by
interacting with RNA-binding proteins using RNA pull-
down assays and silver staining. We found that abundant
200, 120, 75, 65, and 35 kDa proteins were associated
with circPDK1 (Additional file 20: Fig. S12A). Mass
spectrometry revealed that 65 kDa Myc box-dependent-
interacting protein 1 (BIN1) was one of the topmost
likely RNA-binding proteins of circPDK1 and that it
might be abundant among circPDK1-associated pro-
teins. Thus, we assumed that BIN1 would interact with
circPDK1 directly; this hypothesis was next confirmed by
RNA pull-down and immunoprecipitation assays, while
a control circRNA named ciRS-7 [34], which acts as a
miRNAs sponge, would not bind with BIN1 (Fig. 6A).
Moreover, FISH assays demonstrated that circPDK1 was
co-localized with BIN1 in the cytoplasm (Fig. 6B and
Additional file 14: Fig. S6A). Although circPDK1 did not
regulate BIN1 mRNA expression level, the BIN1 protein
levels were significantly regulated after circPDK1 was
altered (Additional file 15: Fig. S7A and Fig. 6C). In addi-
tion, circPDK1 expression induced reduced BIN1 protein
levels that could be restored by proteasome inhibitor
(MG132) (Fig. 6D). After treatment with cycloheximide
(CHX), BIN1 had a shorter half-life in PC cells overex-
pressing circPDK1, while it had a longer half-life in PC
cells that downregulated circPDK1 (Fig. 6E). To investi-
gate the circPDK1 regions that interact with BIN1, 293 T
cells were co-transfected with various truncations of
circPDK1, follow RIP assays, truncation 3 and 4 inter-
acted with BIN1 (Fig. 6F). Furthermore, those trunca-
tions were degraded after treatment with RNase R,
which demonstrated that those truncations were linear
(Additional file 16: Fig. S8). Based on the bioinformatic
online database catRAPID, two predicted potential bind-
ing sites in truncations 3 and 4 were mutated (Fig. 6G).
Using Sanger sequencing, mutations and the back-splice
site in circPDK1-MUT were detected, and the results
revealed that circPDK1-MUT was circularized correctly
and possessed the same back-splice site with circPDK1-
WT (Additional file 17: Fig. S9). Moreover, mutations
in circPDK1 reduced the interaction between circPDK1
and BIN1 (Fig. 6H, I). This indicated that circPDK1-WT
interacted with BIN1 in truncations 3 and 4, but not
circPDK1-MUT in PC cells. circPDK1-MUT did not
affect BIN1 at either the mRNA or protein level (Fig. 6]).
Therefore, we assumed that circPDK1 might destabi-
lize BIN1 proteins by interacting with it. Suppression
of circPDK1 significantly inhibited the ubiquitination
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levels of BIN1, while circPDK1 overexpression nota-
bly enhanced the ubiquitination levels of BIN1, but this
effect was eliminated by mutation (Fig. 6K). Furthermore,
the atomic rotationally equivariant scorer (ARES) was

used to accurately construct the 3D structure of the BIN1
regions that interact with circPDK1 computationally. The
analysis results showed that circPDK1 could bind to BIN1
only in the BAR domain region, which was consistent
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with catRAPID (Fig. 6L). To confirm this prediction,
four deletion mutants of BIN1 were designed, followed
by an RNA pull-down assay, and the results showed that
deletion of the 29-276 aa region (BAR domain) of BIN1
abolished its interaction with circPDK1 (Fig. 6M). IHC
assay also revealed that BIN1 protein levels were down-
regulated in PC tissues and negatively correlated with
circPDK1 in tissue microarray (Fig. 6N, O). Together,
these data indicate that circPDK1 might modulate the
stability of BIN1 by interacting with the BAR domain
region of BIN1, thus promoting its ubiquitin-dependent
degradation.

circPDK1 acts as a scaffold to enhance the binding of BIN1
proteins with UBE20

To further screen the ubiquitin-enzyme-mediated BIN1
ubiquitination, mass spectrometry was performed after
RNA pull-down. Interestingly, only a ubiquitin conju-
gating enzyme named UBE20O, which displays both E2
ubiquitin-conjugating enzyme and E3 ubiquitin ligase
activities [35], was found among all participants. To
verify whether UBE2O participates in the ubiquitination
effects of circPDK1 on BIN1, RNA pull-down and RIP
were performed, and the interaction between circPDK1
and UBE20O was confirmed, while ciRS-7 would not
bind to UBE20O (Fig. 7A). Co-immunoprecipitation (Co-
IP) analysis was performed, and results indicated that
UBE20 bound to BIN1 (Fig. 7B). Furthermore, FISH
and IF assays indicated the colocalization of circPDKI1,
UBE20, and BIN1 mainly in the cytoplasm (Fig. 7C and
Additional file 14: Fig. S6B). Similarly, the qRT-PCR
results demonstrated that the RNA levels of BIN1 and
circPDK1 were not affected by UBE20O, but BIN1 protein
levels were notably increased after UBE20O downregula-
tion (Additional file 15: Fig. S7B, C and Fig. 7D). Next, we
investigated whether circPDK1 is necessary for the ubiq-
uitin ligase activity of UBE20O for BIN1. The results dem-
onstrated that the loss of circPDK1 notably weakened the
effects of UBE20 on the ubiquitination and degradation
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of BIN1 (Fig. 7E, F). Furthermore, Co-IP was analyzed
to verify whether circPDK1 could function as a scaffold
to enhance the interaction between UBE20O and BINI.
The results showed that the interaction between UBE20
and BIN1 would be enhanced in MIA PaCa-2 PC cells
transfected with circPDK1-W'T, but not transfected with
circPDK1-MUT. In addition, the associations between
UBE20 and BIN1 were severely destroyed when treated
with RNase A, but not treated with RNase R (Fig. 7G).
Because circRNAs were resistant to RNase R, they would
be degraded by RNase A. IHC assay also indicated that
UBE20O protein levels were increased in PC tissues and
negatively correlated with BIN1 (Fig. 7H, I). Collectively,
circPDK1 could serve as a scaffold to enhance the bind-
ing of UBE20 and BIN1, thus facilitating the effects of
UBE2O on the ubiquitination and degradation of BIN1.

BINT1 is a functional downstream mediator of circPDK1

and UBE20

Functionally, compared with control or circPDK1-
MUT, circPDK1-WT significantly promoted PC cell
proliferation and migration both in vitro and in vivo.
In addition, circPDK1-MUT promoted the prolifera-
tion and migration of PC cells. Moreover, circPDK1-
WT overexpression-induced PC cell proliferation and
migration could be eliminated by BIN1 overexpression
in vitro (Additional file 18: Fig. SI0A-C, Additional
file 19: S11A-D). IHC assays showed that PCNA and
vimentin were upregulated in circPDK1-overexpressing
mice subcutaneous tumors, whereas E-cadherin was
downregulated (Additional file 19: Fig. S11E). Com-
pared with the control, UBE20 accelerated PC cell
proliferation and migration, which could be reversed
by BIN1 overexpression and loss of circPDK1 (Addi-
tional file 20: Fig. S12B-D). These findings indicate that
circPDK1 plays an oncogenic role partially by acting as
a scaffold between UBE20 and BIN1 to enhance the
degradation of BINT1.

(See figure on next page.)

*P<0.05; **P<0.01; ***P<0.001; ns, no significance

Fig. 6 circPDK1 interacts with BINT and enhances BINT ubiquitination. A RNA pull-down verified the interaction of circPDK1 with BINT. B-actin
was used as a negative control. RIP assay was used to determine the relative expression of circPDK1 with rabbit BINT and IgG antibodies in MIA
PaCa-2 cells. B Co-localization of circPDK1 (RED) with BINT proteins (GREEN), respectively, in MIA PaCa cells. Scale bar=5 um. C The expression

of BINT in protein level after circPDK1 overexpression or loss of circPDK1. D The BINT protein level in MIA PaCa-2 and PANC-1 cells with circPDK1
overexpression treated with MG132 (20 uM) for 12 h. E The BINT protein level in indicated time point after treated with cycloheximide (CHX, 10 pug/
mL) in transfected PC cells. F The interaction of circPDK1 truncations with BIN1T was confirmed by RIP assay in 293 T cells (left) and schematic
diagram of circPDK1 full-length and truncations (right). G Interaction profile between circPDK1 and BIN1 was predicted by catRAPID. H RIP assays
were performed using anti-BIN1 antibodies in MIA PaCa-2 cells by RT-PCR. I RNA pull-down assay was used to determine the interaction between
circPDK1-WT or circPDK1-MUT and BINT. J BINT mRNA and protein level were detected after transfected with circPDK1-WT or circPDK1-MUT. K IP
assays verified the ubiquitination modification level of BINT in MIA PaCa-2 cells with indicated treatments. L The specific binding sites between
circPDK1 and BINT was accurately construct by Atomic Rotationally Equivariant Scorer (ARES) (top) and the protein domain of BIN1 queried from
UniProt (bottom). M RNA pull-down assays was performed to verify the interaction between truncated BIN1 protein and circPDK1 (top) and
schematic of truncated BIN1 protein (bottom). N The expression of BINT in PC tumor tissues and matched normal tissues verified by IHC assays

in tissue microarrays. Scale bar= 1000 um. O The correction of circPDK1 and BINT protein level was verified by IHC assays in tissue microarrays.




Lin et al. Journal of Hematology & Oncology ~ (2022) 15:128 Page 15 of 22

>

o CIrcPDK1
& SEEL

&
s & &
& & S oa

circPDK1 - + - +
MG132 -

S g2 = o o
@ 2 & 8| Bint
: 2 ® s
e =15 a o
< H < <
< g < < .
] 2 -actin
= <10 = =P
H
] Tos - <| BNt
z o [¢] Q
g 5 Z g
~
KIS
P
& F
F -
B
R WCHX (M 06 12 24 36 48 oo Fogy = Tt
5] &= crepoki Truncaiions 100 200 300 40
2 g £ - e s e e S
% 0#' 1098 066 043 023 021 3 3 Truncatont 1-1o00p [N .
% " Truncation3 201-300bp - .
<| Bt | BNt 2 Truncationd 301401
X 8 = 50 y -
g % 1102 08 084 061 040 2
o " S 2 0.
2| p-actin S| g-actin 2
@ N 3 0.
MIA PaCa-2 PANC-1 L4 Truncation! Truncation2 Truncation3 Truncationd
s mmeom
G H | pcONA  + - - Jd &, =gmw PONA  + - -
GircPDK1 - +  MUT (oa) 518 GircPDK1 - +  MUT koa)
o
r— , ) o S o
‘, ser PEDNAWT MUT pcDNA WT MUT pcDNA WT MUT & . i s $1. g . X3 S
5 os] 100bp = ;
A 200p=+ 5] 1 582 179 E e 1 026 097
s g 2 £ in
o L
4

K

’ " M circPDK1 pull down
1gG anti-Flag 1gG anti-Flag " — IR PR
LATEGY — o ]
Flag-BIN1 + + + Flag-BIN1 + + + + T g 8 s 8 8
3 & B £ g & g
si-Ctrl + + - PcDNA  + + - - z g s © 5 g
ShGICPDKI#1 - -+ (09) GircPDK1 - -+ MUT 0a) £ I _ & 3§ £ g
FagBNt 3 2 2 2 S 9 S § oo
130
s £ 100
g 3 IB:Flag
el g e £ 55
2 2
@ @
Input
s ®
s 8 8
g & 8
Flag Flag s © 5 g
= g § K &
5 5 & & 5 §
FlagBINt 3 2 S 9 S 3§ (oo
130
£ £ 100
H H 1B:Flag 70
5 k] s k] 55
g 3 -
o -t
BAR SH3
128 276 519 593 circPDK1
Fers o o — &
) ! ! L ) i— o
B-actin B-actin Domain 29 - 276 BAR @ PROSITE-ProRule annotation a2rea [— [ -
Domain’ 520 - 593 SH3 @ PROSITE-ProRule annotation ~ 2751920 [N— ]+
A277-5192a E :]: +

10 ] O 10
v r=-0.2378
8 vvvvvvy aAa 8{ e ® p=004
» o
o — L
o 6 WSS AAAAAAAA O 69 ee e o
N @ _ ]
z Z 4 — sofin E
o R ad R o
2 i,
"N oo o oo
Normal Tumor 0 5 10 15
circPDK1 scores

Fig. 6 (Seelegend on previous page.)




Lin et al. Journal of Hematology & Oncology ~ (2022) 15:128 Page 16 of 22
A 9 CircPDK1 B
& &
1gG BINT (pq) D & 5 E
P ® & UBE20 - +
S & & & o
8 i
i) £} & &| BNt
<Z( . £ < <
g
g 55 e 2l Bint
& & g
< 0. 70
z pactin
g =
a £
° o o
& &
& $9°
&
19G anti-Flag 1gG anti-Flag G 196 anti-BINT J
Flag-BIN1 + + + + Flag-BIN1 + + + + - i
PcDNA - + + - - pcDNA  + circPDK1 - - + MUT + + - E:m
Myc-UBE20 - - + + Myc-UBE20 - RNase A - o * & &3 crePDKI-MUT
si-circPDK1 - - - +  (kDa) si-circPDK1 - RNase R = + 3 cirePDKI-WT
= ciccPDK1-WT+BINT
& 2
= k]
El 3 82
a|l & g 002 1 g
el £ ] 2
& @ - ]
-} -} 5 2.
g 2
k]
- ’ =
: -l
19G anti-BIN1 - BE20
GircPDK1 - - + MUT + + S UBE20+BINT
< 1 < RNase A N - N N £ UBE20+sicircPDK#1
g 3 RNase R = + (kDa) 23 " 3
2 1 35 2 —
2 2 ki
= @ @ BIN1 ©
2 1 [ 001 1 § 2
70 o
H]
= '
5 BIN1 55 2
g 3
. T —
MIA PaCa-2
10 o 10
AA
w 8 FYYVYVYY 84
2
o 6 vvvvy wmmsn o 64
» $
I o -
B o 4 Ao L VYV VYV = 44
5 [ w——— sl [
= 2 w—— tesacasn 24
0 0
0 ¥ * 0
Normal Tumor 0
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circPDK1 activates c-myc through two non-interfering axes
Recent evidence has demonstrated that BIN1 is a tumor
suppressor that interacts with c-myc, thereby limiting
c-myc transcriptional activity [36, 37]. To verify whether
UBE20 and circPDK1 are involved in BIN1-induced lim-
ited c-myc transcriptional activity in PC, a c-myc-respon-
sive transcriptional luciferase reporter was transfected
into MIA PaCa-2 PC cells with the indicated treatment.
The c-myc-responsive transcriptional reporter luciferase
activity was notably increased after transfection with
circPDK1-WT, but not transfected with circPDK1-MUT,
and this increase was partly abolished by BIN1. The
luciferase activity increased by UBE20 was eliminated
by BIN1 overexpression and loss of circPDK1 (Fig. 7).
Taken together, circPDK1 and UBE20 could activate
c-myc transcriptional activity by degrading the BIN1
protein. To explore whether there are any cross-activa-
tion axes between the two axes, we detected the effect
of BIN1 and UBE20O on the expression of miR-628-3p
and BPTF, and vice versa. The results demonstrated that
BIN1 and UBE20O did not affect miR-628-3p or BPTF
expression (Additional file 21: Fig. S13A—C). At the same
time, miR-628-3p or BPTF could not regulate BIN1 or
UBE20O at the RNA or protein level (Additional file 21:
Fig. S13D-E), suggesting that circPDK1 could activate
c-myc through two no cross-talk axes.

circPDK1 promotes aerobic glycolysis via c-myc activation

As a common target of two axes mediated by circPDK1,
c-myc is known to be a key mediator of the Warburg
effect by directly activating various target glycolytic genes
to meet the demands of rapid proliferation and metas-
tasis [38]. Thus, we explored whether circPDK1 is asso-
ciated with aerobic glycolysis. qRT-PCR and Western
blotting were performed to analyze the glycolytic genes,
and the results demonstrated that loss of circPDK1 nota-
bly inhibited the expression of these glycolytic genes
(Fig. 8A, B). Lactate production, ATP production, and
glucose uptake could be reduced by loss of circPDK1
(Fig. 8C-F), as well as the extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) (Fig. 8G,
H). In vivo, PET-CT scanning indicated that the loss of
circPDK1 would significantly inhibited glucose metabo-
lism in mice subcutaneous tumors (Fig. 8I). Furthermore,
IHC assays indicated that PDK1, LDHA, and c-myc were
upregulated in circPDK1-W T-overexpressing the subcu-
taneous tumor (Additional file 19: Fig. S11E). To verify
whether circPDK1 could promote glycolysis by activat-
ing c-myc through two axes, rescue experiments were
performed. Functionally, BIN1 reversed the circPDK1-
WT overexpression induced the promotion of glyco-
lysis (Additional file 18: Fig. SI0D-F), similar to that of
miR-628-3p (Additional file 13: Fig. SSD—F). In addition,
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circPDK1-MUT promoted the enhancement of glycolysis
in PC cells. Meanwhile, loss of circPDK1 and increased
BIN1 would also abolish the UBE20 induced potentia-
tion in glycolysis (Additional file 20: Fig. S12E-G). Col-
lectively, these data indicate that c-myc mediates the
functions of circPDK1 in glycolysis.

Discussion

PC remains a serious threat among the digestive tract
malignancy to human health due to its high metasta-
sis, low surgical rates, high recurrence risk, and chemo-
therapy resistance. Although surgical technologies and
comprehensive gemcitabine-based chemotherapeutics
have been developed, the benefits to PC survival rates
remain small [1]. Hypoxia is widely acknowledged as a
significant characteristic of rapidly growing solid tumors
and has an important impact on glycolysis, growth, and
migration [6]. Hence, hypoxia levels will result in tumor
heterogeneity among solid tumor cells, and present a
higher malignant potential in hypoxic cells. In this study,
we found that hypoxia stimulates the release of exosomes
and the concentration of exosomes, which was consistent
with previous studies in other cancers [26, 27]. In addi-
tion, circRNAs are stably abundant in exosomes and play
an important role in tumor progression. This study aimed
to determine communication between hypoxic and nor-
moxic PC cells modulated by hypoxia-induced exosomal
circRNA and the underlying functions and mechanisms
of circRNA derived from hypoxic exosomes on the pro-
gression of PC.

Using RNA-seq analysis, we identified that circPDK1
was notably upregulated in exosomes from the medium
supernatant of hypoxic PC cells. The expression level of
circPDK1 in PC was detected, revealing that circPDK1
was markedly upregulated in PC tissues and serum
exosomes, which was related to a poor prognosis. Nota-
bly, circPDK1 expression in serum exosomes was posi-
tively correlated with that in corresponding PC tumors,
and there were few circPDK1 in healthy individuals. This
revealed that circPDK1 in serum exosomes was stably
secreted by PC tumor tissue, which may support a novel
diagnostic biomarker for early PC patients.

Functionally, exosomal circPDK1 may significantly pro-
mote PC growth, metastasis, and glycolysis both in vitro
and in vivo, indicating a tumor-promoting role in PC.
Abundant circRNAs are transcriptionally activated by
HIF1A under hypoxic conditions, based on exon-derived
circRNAs, and their host linear genes would be gener-
ated from the same pre-mRNA; besides, circRNA might
be modulated by HIF1A through activating transcription
of the circRNA host gene [29, 30, 39]. In fact, the host
gene of circPDK1, PDK1 is overexpressed in PC and tran-
scriptionally activated by HIF1A, and parts of specific
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interactive regions have been verified [40-43]. Here, we
discussed the transcriptional factor HIF1A that upregu-
lates circPDK1 expression under hypoxia by interacting
with the HREs of its host gene PDK1 promoter and inves-
tigated its specific binding regions.

Previous research has indicated that the molecu-
lar mechanism of circRNAs could be dependent on the
subcellular localization of the circRNAs, with cyto-
plasm-localized circRNAs potentially acting as ceRNAs
by sponging miRNAs [31]. We found that circPDK1
was mainly abundant in the cytoplasm, suggesting that
circPDK1 may sponge miRNAs. To verify this hypoth-
esis, miRNA-seq was performed and we found that miR-
628-3p could be segregated by circPDK1. miR-628-3p
has been indicated as an anti-oncogene in several can-
cers, such as lung cancer and glioblastoma, by modulat-
ing cell proliferation, apoptosis, migration, and invasion
[44, 45]. However, the role of miR-628-3p in PC remains
unknown. In this study, we found that miR-628-3p was
downregulated in PC, and its low expression was asso-
ciated with poor prognosis. It could also play an anti-
tumor role in inhibiting proliferation, migration, and
glycolysis by directly binding to BPTF in PC. BPTE, as a
core subunit of the NURF chromatin-remodeling com-
plex, is required for c-myc transcriptional activity, and
the BPTF-c-myc axis is involved in cell growth in pancre-
atic cancer [33]. BPTF has been demonstrated to be an
oncogene in various cancers, including renal cell carci-
noma and glioma, through regulated glycolysis, metasta-
sis, and proliferation [46, 47]. However, little research has
been conducted on BPTF-mediated glycolysis and metas-
tasis in PC. In our study, the effects of BPTF on migration
and glycolysis were first confirmed in PC. The promotion
of migration, proliferation, and glycolysis caused by miR-
628-3p mimics could be eliminated by BPTE.

We demonstrated that circPDK1 degrades the stabil-
ity of BIN1 by forming a circPDK1/BIN1/UBE2O triadic
complex. In the literature, BIN1 has been found to inhibit
tumor progression in various cancers by suppressing
c-myc transcriptional activity [36, 48]. Nevertheless, lit-
tle research has been conducted on ubiquitination deg-
radation of the BINI protein. In the present study, we
first established that circPDK1 could serve as a scaffold
to recruit UBE20, thus facilitating the UBE20-induced
ubiquitination degradation of BIN1 protein. circPDK1
was found to be essential for the highly efficient ubiquit-
ination of BIN1 by UBE2O. In addition, UBE20O has been
reported to accelerate tumor progression by modulating
c-myc via the UBE20/Mxil axis and UBE20/AMPKa2/
mTORCI1 axis [49, 50]. Herein, we discovered another
novel mechanism by which UBE20 modulates c-myc by
the circPDK1/UBE20/BIN1 ternary complex. Thus, our
findings provide a novel mechanism for BIN1 protein
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degradation and novel insights into the pivotal role of cir-
cRNA in protein metabolism.

Conclusions

We found that circPDK1 was highly abundant in
exosomes derived from hypoxic PC cells. circPDK1 was
upregulated in PC patients and serum exosomes, and
high levels of circPDK1 expression were associated with
a poor prognosis. Moreover, exosomal circPDK1 was
shown to function as a tumor-promoting role in PC by
enhancing growth, metastasis, and glycolysis both in vitro
and in vivo. In addition, HIF1A upregulated circPDK1
by activating the host gene PDK1, and circPDK1 acti-
vated c-myc by modulating the miR-628-3p/BPTF axis
and degrading BIN1. Thus, our research shows a model
mechanism in which the circPDK1-c-myc axis pro-
motes PC progression (Fig. 8]). This study provides novel
insights into the multiplicity of circRNA/miRNA/mRNA
and circRNA-RBP interactions and highlights its poten-
tial use as a biomarker and therapeutic target for PC.
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