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Exosomal linc-ROR mediates crosstalk
between cancer cells and adipocytes to promote
tumor growth in pancreatic cancer
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Exosomes are emerging as important mediators of the crosstalk
between tumor cells and stromal cells in the microenviron-
ment. However, the underlying molecular mechanism of
pancreatic cancer (PC)-derived exosomes in the progression
of the tumor microenvironment (TME) and crosstalk with ad-
ipocytes has not been elucidated. Exosomes isolated from PC
cell culture supernatant through ultracentrifugation were
rich in long intergenic non-coding ROR (linc-ROR). After con-
structing PC cell lines with stable linc-ROR knockdown or
overexpression via the transfection of short hairpin RNA
(shRNA) and pLent-U6-GFP-Puro, direct and indirect cocul-
ture systems were established to simulate the interaction be-
tween adipocytes and PC cells. Next, the effects of conditioned
medium collected from dedifferentiated adipocytes on PC cell
proliferation, motility, metastasis, and epithelial-mesenchymal
transition (EMT) were evaluated by western blot analysis, col-
ony forming, real-time cell analysis (RTCA), 5-ethynyl-20-deox-
yuridine (EdU), immunofluorescence (IF), Transwell, and
wound-healing assays in vitro. Xenograft models were em-
ployed to identify whether conditioned medium loaded with
interleukin-1b (IL-1b) promoted PC cell growth in vivo. Our
results demonstrate that linc-ROR delivery via exosomes repre-
sents a brand-new perspective of dedifferentiating adipocytes
in the TME of PC, which further induce PC cell EMT via the
hypoxia inducible factor 1a (HIF1a)-ZEB1 axis. Moreover,
exosomal linc-ROR may become a novel diagnostic marker
for PC patients.
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INTRODUCTION
Pancreatic cancer (PC) is one of the most intractable carcinomas and
is considered to have the worst prognosis among digestive system
neoplasms.1–3 Although different operative treatment options and
adjuvant treatments, as well as neoadjuvant chemotherapy, are adop-
ted to treat PC, the overall 5-year survival rate is still no more than
8%.4 The high mortality in patients with PC is primarily ascribed to
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the lack of typical symptoms at its early stages and aggressive local in-
vasion.5–7 Because current diagnostic tests are nonspecific, there is a
necessity for exploring novel diagnostic biomarkers to gain a better
comprehension of the molecular mechanisms underlying the origin
and metastasis of PC.

Tumor development is not only determined by cancer cells but also
regulated by hypoxia, lipids, and stromal cells in the tumor microen-
vironment (TME), three important factors involved in this process.8–10

Obesity is associated with an increased risk for several types of cancer,
including PC, and increases the incidence and mortality of PC.11,12

Substantial evidence has shown that inflammation-related adipocytes
in or around tumors promote oncogenesis.10,13 Moreover, obesity
seems to alter the production of pro-inflammatory and chemoattrac-
tant chemokines. However, the mechanisms underlying adipocyte
variation remain largely unknown in PC-related TME. Accordingly,
exploring the relationship between adipocytes representing the obese
environment and tumors is pressing.

Exosomes are double-layered extracellular vesicles (30–150 nm in
diameter) that are secreted by diverse cell types, particularly tumor
cells.14–16 They are considered extracellular messengers between tu-
mor cells and the TME that communicate and exchange their abun-
dant components, including long noncoding RNAs (lncRNAs).17–19

Our previous study confirmed that long intergenic non-coding
ROR (linc-ROR) was highly upregulated in PC cells.20 Another study
also verified that exosomes secreted by tumor cells contribute to the
progression of cancer by communicating with the surrounding
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stromal tissue.21,22 For instance, Takahashi et al.23 confirmed that
linc-ROR was highly expressed in extracellular RNA released by he-
patocellular cancer (HCC) cells during hypoxia. He et al.24 verified
that exosomes derived from HepG2 cells reprogram the biological
behaviors of LO2 cells by transferring linc-ROR, which influences
recipient cells. Hardin et al.25 illustrated the ability of exosomes to
communicate with and modulate adjacent and distant tumor micro-
environments through the transfer of linc-ROR and other modulators
that also induce epithelial-mesenchymal transition (EMT).

More importantly, there are no relevant studies focusing on the rela-
tionship between adipocytes and exosomes derived from PC cells. To
research the existence of crosstalk between adipocytes and PC cells
and its consequences on the TME, we demonstrated that PC-cell-
derived exosomes rich in linc-ROR expression could dedifferentiate
adipocytes into fibroblast-like cells via a coculture system. The dedif-
ferentiation of adipocytes leads to the intensive growth andmetastatic
potential of PC cells in vitro and in vivo. Additionally, exosomal linc-
ROR acts as a clinical biomarker that is stable in serum and has the
capacity to distinguish between someone who is carrying PC tumors
or is healthy.

RESULTS
Characterization and role of exosomes related to linc-ROR

derived from PC cells

To examine the influence of exosomes on adipocytes released from
PC cells, exosomes were isolated from the supernatant (exosome-
free serum of medium) and quantified by transmission electron mi-
croscopy (TEM) and nanoparticle tracking analysis (NTA). TEM
showed clear rounded particles ranging from 30 to 150 nm in diam-
eter (Figure 1A), and NTA exhibited a similar size distribution of exo-
somes (Figures 1B and 1C; Figure S1A) derived from PANC-1 and
BxPC-3 cells. These results revealed that the exosomes were success-
fully isolated from the supernatant through ultracentrifugation. Next,
higher expression of linc-ROR was observed in established PC cell
lines (PANC-1, AsPC-1, MIA-PACA-2, CFPAC-1, and BxPC-3)
compared to an immortalized normal pancreatic cell line (CCC-
HPE-2) (Figure 1D). Moreover, differential expression of exosomal
linc-ROR was consistent with intracellular linc-ROR (Figure 1E).
However, we chose the PANC-1 and BxPC-3 cell lines for further
research, since they exhibited the highest and lowest linc-ROR
expression levels, respectively, compared to CCC-HPE-2. Western
blot analysis of proteins extracted from exosomes isolated from
CCC-HPE-2, PANC-1, and BxPC-3 cell supernatants demonstrated
the existence of the exosomal proteins CD9 and TSG101 compared
to the remainder supernatant (Figure 1F), as identified in the Exo-
Carta database (https://bigd.big.ac.cn/databasecommons/database/
id/580).

Next, we investigated the stability of exosomal linc-ROR. Exosomes
isolated from the supernatant of PANC-1 as a reference were culti-
vated with RNase A (10 mg/mL) for 0, 30, 60, and 90 min, and exoso-
mal linc-ROR expression was measured at each time point (Fig-
ure 1G). As expected, expression levels of linc-ROR in exosomes
254 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
showed negligible changes upon RNase A digestion. Interestingly,
the linc-ROR expression level in exosomes was conspicuously
reduced (Figure S1B) when treated with RNase A and Triton X-100
together, suggesting that released linc-ROR was protected by a
double-layer membrane instead of being directly discharged.

Furthermore, the ability of adipocytes to uptake PC cell exosomes was
confirmed using confocal microscopy (Figures 1H and 2C; Fig-
ure S1C). As recipient cells, adipocytes showed uptake efficiency for
exosomes from PC cells, suggesting that exosomal linc-ROR could
be transmitted to adipocytes, indicating a promising role in regulating
biological functions between PC cells and adipocytes.

Increased linc-ROR expression in exosomes derived from PC

cells can be transferred to adipocytes, inducing

dedifferentiation in a coculture system

It has been reported that exosomes contain several varieties of biolog-
ically active molecules, including lncRNAs, and that exosomal
lncRNA bears a resemblance to that of the parent cells.26,27 We
next examined the role of exosomal linc-ROR in inducing dedifferen-
tiation of adipocytes using an in vitro indirect coculture model (Fig-
ure 2A). The coculture system separated adipocytes from PC cells by a
0.4 mm membrane through which exosomes could freely pass. Prob-
ing into the mechanisms of exosomal linc-ROR in the dedifferentia-
tion of adipocytes, we proceeded with 5 days of induction of 3T3-L1
adipocytes that becomemature adipocytes with distinctive lipid drop-
lets (Figure 2B). The lipid droplets presented a regular round sphere
by red oil staining. When isolated exosomes (green fluorescent dye,
PKH67-labeled) derived from PC cells were cocultured with adipo-
cytes, recipient cells (blue fluorescent dye, 40,6-diamidino-2-phenyl-
indole [DAPI] labeled) expressed higher uptake potency as gauged
by laser scanning confocal microscopy (LSCM) as time increased
(Figure 2C; Figure S1C). This confirms that uptake capacity is time
dependent.

To investigate how exosomal linc-ROR influences adipocytes
through a coculture model, the plasmid vector short hairpin ROR
(shROR) was used to knock down linc-ROR expression in PANC-
1 cells. Adipocytes were maintained in a coculture system for 2
(post-induction day [PID] 7), 4 (PID 9), and 6 (PID 11) days after
5 (PID 5) days of induction. The same batch of adipocyte cells was
cultivated independently and recorded at the same time points as
the control. During coculturing with PANC-1 cells transfected
with sh-negative control (CoshCtrl), mature adipocytes progres-
sively exhibited considerable decreases in lipid droplets, and the
cells became elongated in appearance, similar to a fibroblast-like
morphology (Figure 2D), compared to transfection with shROR
(CoshROR). Moreover, the morphological characteristics of adipo-
cytes under the same experimental conditions were not distinctly
altered at the different time levels between single adipocytes and
the CoshROR group. In particular, the number of lipid droplets
of adipocytes alone or in the CoshROR group was significantly
increased on PID 11 compared to the CoshCtrl group of adipocytes
after 6 days of coculture.
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Figure 1. Characterization and roles of exosomes derived from PC cells

(A) Representative TEM image of the medium of PANC-1 cells as indicated by arrows. Scale bar, 100 nm. (B and C) Nanoparticle tracking analysis of the size distribution and

number of exosomes derived from PANC-1 cells isolated by ultracentrifugation. (D) linc-ROR expression was measured in a normal pancreatic cell line (CCC-HPE-2) and in

established PC cell lines (PANC-1, AsPC-1, MIA-PACA-2, CFPAC-1, and BxPC-3) using quantitative real-time PCR. (E) Quantitative real-time PCR analysis of linc-ROR

expression in the exosomes of CCC-HPE-2, PANC-1, and BxPC-3 cells. (F) Western blotting analysis of CD9 and TSG101 in exosomes (Exo) and exosome-depleted

supernatants (Sup) of CCC-HPE-2, PANC-1, and BxPC-3 cells. (G) Quantitative real-time PCR analysis of linc-ROR in exosomes treated or not with RNase A (10 mg/mL) and/

or 0.3% Triton X-100 and then further mixedwith RNase inhibitor. (H) Internalization of exosomes (labeled with themembrane phospholipid dye PKH67) derived fromPC cells.

Scale bars, 10 mm. Results are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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To determine themechanisms of exosomal linc-ROR in the induction
of adipocyte dedifferentiation, we analyzed gene expression levels of
adipocytes under different experimental conditions at PID 11 using
western blot and quantitative real-time PCR. As expected, with
respect to expression of some mature adipocyte-specific markers,
such as glucose transporter-4 (GLUT4), proliferator-activated recep-
tor gamma (PPARg), and hormone sensitive lipase (HSL), we
observed a definite reduction in their expression levels of the CoshCtrl
group compared to the CoshROR or single adipocyte (PBS-Adi)
group (Figure 2E; Figure S1D, left). In addition, we detected expres-
sion levels of some fibroblast-specific genes, such as alpha smooth
muscle actin (a-SMA), matrix metalloproteinase-11 (MMP11), and
collagen I (Figure 2E; Figure S1D, right). Their expression levels
notably increased after 6 days of coculture, further supporting the
process of dedifferentiation of adipocytes toward fibroblast-like cells.

To better understand the role played by exosomal linc-ROR in the
process of dedifferentiation, we implemented experiments using the
plasmid vector pLent-ROR to overexpress linc-ROR. Conversely,
coculture with linc-ROR-overexpressing BxPC-3 cells (CopLent-
ROR) significantly inhibited protein and mRNA levels of mature
adipocyte-specific markers compared to BxPC-3 cells treated with
pLent-negative control in a coculture system (Co-Ctrl) or single adi-
pocytes (Figure 2G; Figure S1E, left). The micromorphology of adipo-
cytes was identical to that of PANC-1 cells under the same experi-
mental conditions (Figure 2F). CopLent-ROR of adipocytes still
presented higher fibroblast-specific genes at PID 11 compared to
Co-Ctrl or single adipocytes assayed by western blot and quantitative
real-time PCR, as previously observed in the PANC-1 cell coculture
system (Figure 2G; Figure S1E, right). According to the above results,
using a coculture system we substantiated that PC tumor-derived
exosomal linc-ROR promotes the dedifferentiation of adipocytes.

Adipocytes dedifferentiated via exosomal linc-ROR promote PC

tumorigenesis

After exploring the effect of exosomal linc-ROR on the induction of
adipocytes dedifferentiated using a coculture system, we next exam-
ined the effects of conditioned medium collected from adipocytes
treated with different types of exosomes derived from linc-ROR over-
expression/knockdown or negative control PANC-1 and BxPC-3 cells
on PC cell biological behaviors. Combining previous studies,10 in or-
der to isolate the role of linc-ROR from PC cells acting on themselves,
we adopted a direct coculture model rather than an indirect model by
adding exosomes into adipocyte medium through an indirect cocul-
ture system followed by using the newly acquired conditioned me-
dium to directly stimulate PC cells. By analyzing the conditioned me-
dium’s effects from multiple cell proliferation assays in PC cells, as
Figure 2. Increased levels of linc-ROR expression in exosomes derived from PC

the coculture system

(A) Schematic illustration of the in vitro indirect coculture system. (B) Representative mic

Scale bars, 20 mm. (C) Labeled PC-Exos (green fluorescent dye, PKH67) were taken up

(D and F) Cocultured adipocytes with exosomal linc-ROR presented a progressive red

20 mm. (E and G) Western blot data showing expression of mature adipose-specific ge
expected, we found that the conditioned medium effectively pro-
moted growth in PANC-1 and BxPC-3 cells. We compared the repro-
ductive capacity of three groups of PC cells—PBS-shCtrl, CoshCtrl,
and CoshROR—in PANC-1 cells and PBS-pLent-ROR, Co-Ctrl,
and CopLent-ROR in BxPC-3 cells. Functionally, the results of col-
ony-formation assays showed that the knockdown/overexpression
of exosomal linc-ROR expression in the coculture system significantly
reduced/potentiated PC cell growth viability (Figures 3A and 3B), and
the real-time cell analysis (RTCA) xCELLigence experiments pro-
duced analogous results (Figures 3C and 3D). As shown in the figure
panels, the coculture/higher linc-ROR group exhibited improved
growth compared to their respective control groups. These results
were also confirmed by further 5-ethynyl-20-deoxyuridine (EdU)
experimental results (Figures 3G and 3H). Based on the above results,
the dedifferentiation of adipocytes with higher exosomal linc-ROR
expression increases the proliferation ability of PC cells.

A coculture system between adipocytes and PC cells induces

migration, invasion, and morphological alteration of PC cells

accompanied by EMT

Our findings also showed that conditioned medium of the coculture
system between adipocytes and exosomal linc-ROR enhanced the
motility of PC cell lines compared to PBS-shCtrl/PBS-Ctrl (Figures
4A and 4B). Importantly, we found that dedifferentiation of adipo-
cytes induced by increased exosomal linc-ROR expression made PC
cells more capable of motion as shown by wound-healing assays (Fig-
ures 4A and 4B). Furthermore, conditioned medium generated from
adipocytes processed with exosomal linc-ROR, to a great degree,
induced migration and invasion of PC cells across Transwell filters
(Figures 4C and 4F). The images also showed that conditioned me-
dium altered the morphology of PC cells from the condensed type
into the dispersed type (Figure 5B), typified by lost intercellular junc-
tions and extended cellular pseudopods, accompanied by increased
expression of the mesenchymal marker vimentin and decreased
expression of the epithelial marker E-cadherin as shown through
immunofluorescence (IF) assay (Figure 5A). Conversely, increasing
linc-ROR expression in BxPC-3 cell exosomes magnified these effects
(Figures S2A and S2B). These data confirmed that increasing expres-
sion of exosomal linc-ROR, which acts on adipocytes via a coculture
system, promotes PC metastasis in vitro.

Exosomal linc-ROR induces dedifferentiation of adipocytes and

facilitates EMT in PC cells by activating the HIF1a/ZEB1

signaling pathway and interleukin-1b (IL-1b)

We next thoroughly investigated the biological function of exosomal
linc-ROR and conditioned medium of adipocytes in the PC microen-
vironment. To examine the crosstalk between adipocytes and PC
cells can be transferred to adipocytes and induce dedifferentiation through

roscopy image of typical lipid vacuoles of adipocytes alone or using red oil staining.

by adipocytes (blue fluorescent dye, DAPI) for 0, 24, and 48 h. Scale bars, 10 mm.

uction in area and number compared to controls for PID 7, 9, and 11. Scale bars,

nes and fibroblast-specific markers.
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cells, we analyzed hypoxia inducible factor 1a (HIF1a) expression in
PANC-1 cells transfected with shCtrl when cocultured with adipo-
cytes compared to cells not cocultured (PBS was a negative control)
or cocultured with PANC-1 cells transfected with shROR at different
times. As shown in Figure 6A, only adipocytes treated with increased
exosomal linc-ROR exhibited dedifferentiation, ultimately promoting
HIF1a expression with the extension of coculture time (0 h, 24 h, and
48 h). In addition, we measured expression of ZEB1 in PANC-1 cells
cocultured with adipocytes (Figure 6B). Results showed that adipo-
cytes not only promote HIF1a expression but also promote expres-
sion of ZEB1 over time in coculture. HIF1a played a central role in
effective restructuring of the ZEB1 signaling pathway during the
coculture system. We used quantitative real-time PCR and western
blotting to investigate whether HIF1a activates the ZEB1 pathway
in coculture condition compared to PBS as a control (Figure 6C; Fig-
ures S1A left, S1B, and S1C). As expected, the decrease in HIF1a
induced by small interfering RNA (siRNA) (si-HIF1a) reduced
ZEB1 expression. In particular, the HIF-1a and coculture model
had a synergistic positive regulatory effect on ZEB1 (Figure 6I). Func-
tionally, colony-formation and EdU assays were used to detect
whether HIF1a influenced PANC-1 cell proliferation (Figures S1G
and S1H). Additionally, both wound-healing and Transwell assays re-
vealed that loss of HIF1a in PANC-1 cells reduced their migration
and invasion abilities (Figures S1D and S2B). Altogether, these results
indicate that HIF1a mediates growth, invasion, and metastatic alter-
ations through the ZEB1 pathway in PC cells.

To increase the rigor of the above results, BxPC-3 cells transfected
with pLent-ROR were used to explore whether overexpression of
linc-ROR causes alterations in downstream HIF1a-ZEB1 expression.
Experimental results revealed the efficiency and feasibility of linc-
ROR and coculture conditions in the HIF1a-ZEB1 signaling pathway
compared to BxPC-3 cells treated with pLent-negative control or
PBS-Ctrl over time (Figures 6D–6F; Figure S1A, right). Based on
our previous review, we proceeded with the inductive reasoning
that cytokines, such as IL-1b, play important mediating roles between
adipocytes and tumor cells through paracrine signaling in the PC
microenvironment.10 Therefore, we also assessed IL-1b concentra-
tions in the coculture microenvironment with adipocytes through
ELISA (Figures 6G and 6H). The data revealed that higher exosomal
linc-ROR provokes adipocytes to secrete IL-1b.

In addition, western blot analysis of PC cells revealed typical changes
in cells with ZEB1-induced EMT, including decreased E-cadherin
protein expression but dramatically increased vimentin (Figures 6C,
6F, and 6I; Figure S1A). Therefore, these results demonstrated that
exosomal linc-ROR induces dedifferentiation of adipocytes and en-
hances expression of ZEB1 in PC cells, which induces EMT.
Figure 3. Adipocytes dedifferentiated via exosomal linc-ROR promote PC tum

(A) Colony-formation ability of PANC-1 cells treated with PBS-shCtrl, CoshCtrl, and Co

BxPC-3 cells treated with PBS-Ctrl, Co-Ctrl, and CopLent-ROR was determined by col

cell growth dynamics with real-time cell analysis (RTCA) of different groups of PC cells. (E

PC cells.
The tumor microenvironment mediated by exosomal linc-ROR

facilitates tumor growth of PC cells via conditioned medium

collected from adipocytes in vivo

To further evaluate the function of exosomal linc-ROR in the trans-
forming phenotype of adipocytes, which stimulates the progression
of PC proliferation in vivo, BxPC-3 cells mixed with the conditioned
medium of adipocytes stimulated by exosomes derived from BxPC-3-
shCtrl (PBS-Ctrl and Co-Ctrl) or transfected with pLent-ROR (PBS-
pLent-ROR and CopLent-ROR) were subcutaneously inoculated into
nude mice (Figure 7A). Importantly, intratumor injection of condi-
tioned medium (three times a week) from dedifferentiated adipocytes
treated with overexpressed exosomal linc-ROR resulted in the largest
tumor growth volume at different points in time (Figure 7B). After
5 weeks, we observed that BxPC-3 cells mixed with CopLent-ROR ex-
hibited larger tumor nodules than those generated by BxPC-3 cells
alone (Co-Ctrl) or those mixed with PBS-Ctrl (Figure 7C). Moreover,
expression of Ki-67 protein in the PBS-Ctrl or PBS-pLent-ROR group
was significantly lower than in the Co-Ctrl and CopLent-ROR groups
(Figure 7D). These results indicate that exosomal linc-ROR in the
TME induces adipocyte dedifferentiation to facilitate PC growth
in vivo.

Meanwhile, previous exosome characterization studies have indicated
that linc-ROR encapsulated in exosomes has better stability under the
protection of the membrane (Figures 1G and 1H), which is an essen-
tial prerequisite for good biomarkers. Taken together, to validate the
diagnostic performance of exosomal linc-ROR in serum, its expres-
sion was measured in the same validation cohort (Figure 7E). More-
over, receiver operator characteristic (ROC) curve analysis was
performed according to the expression of exosomal linc-ROR in 48
PC patients and 48 healthy individuals (Figure 7F). As expected,
the area under ROC curve (AUC) of exosomal linc-ROR for PC detec-
tion was 0.854 (95% confidence interval = 0.767–0.918). The best cut-
off value of serum exosomal linc-ROR for predicting PC was 1.21086
(fold change in CRC compared to healthy individuals), with a sensi-
tivity of 72.92% and a specificity of 95.83%, suggesting that exosomal
linc-ROR is a promising serum biomarker for the diagnosis of PC.

DISCUSSION
Hypoxia and inflammation exist in all solid tumors and are associated
with tumor angiogenesis, glycolysis, growth factor signaling, aggres-
sive phenotypes, and poor prognosis.28,29 On the one hand, HIF1a,
which is stabilized under conditions of hypoxia30 and leads to
enhanced migration and invasion by the HIF1a-ZEB1 axis,31 plays
a pivotal role in the function of the tumor microenvironment.32 On
the other hand, inflammation can be induced by obesity in PC, which
is also associated with increased tumor growth and metastasis.13,33

Exosomes are lipid bilayer-enclosed extracellular vesicles that contain
origenesis

shROR was determined by colony-formation assays. (B) Colony-formation ability of

ony-formation assays. (C and D) The xCELLigence system was used to monitor the

–H) An EdU assay was performed to determine the proliferation of different groups of
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different types of proteins and nucleic acids, particularly lncRNAs.
Here, we purified exosomes from the supernatant of PANC-1 and
BxPC-3 cells and explored the role and underlying mechanisms of
exosomal linc-ROR in the progression of PC.

We found that PC cells released increased levels of exosomal linc-
ROR into the circulating system compared with the normal pancre-
atic cell line (CCC-HPE-2), with good stability from membrane pro-
tection and the overexpression of serum-derived exosomal linc-ROR
in patients with PC, suggesting that exosomal linc-RORmay function
as an oncogene in PC and may represent a marker of cancer occur-
rence. Exosomes are released by various cells, especially tumor cells,
and circulate in the blood of cancer patients, potentially correlating
with the biological behaviors of tumor progression.34–36 Recently,
accumulating evidence has indicated that exosomes can transfer
bioactive molecules between recipient cells and cancer cells in local
and distant microenvironments. Deng et al.37 confirmed that lncRNA
CCAL transferred from fibroblasts by exosomes promotes chemore-
sistance of colorectal cancer cells. Wang et al.38 also demonstrated
that exosome-encapsulated microRNAs (miRNAs) contribute to liver
metastasis in colorectal cancer by enhancing M2 polarization of mac-
rophages. It is well known that the PC microenvironment contains
abundant stromal cells, including cancer-associated adipocytes
(CAAs), cancer-associated fibroblasts (CAFs), tumor-associatedmac-
rophages (TAMs), and endothelial cells.9,39,40 Combining our previ-
ous review about obesity and PC in 2019,41 however, the molecular
mechanism between these cell types remains unclear. In this study,
we demonstrated an interaction between adipocytes in an obesity
model and PC cells using a cellular and molecular perspective. Using
an indirect coculture model, we constructed a situation in which PC
cells affected adipocytes through exosomes, which functionally
changed their maturation and resulted in dedifferentiation of
3T3-L1 adipocytes, leading to loss of the adipocyte-specific gene
expression profile (GLUT4, HSL, and PPARg) and acquisition of re-
programmed gene expression (MMP11, collagen I, and a-SMA).
Adipocytes can act on other cells, especially cancer cells in the
TME, via different pathways. For instance, adipocytes can induce
EMT, which promotes breast cancer cells to acquire an aggressive tu-
mor phenotype.42 More importantly, Incio et al.13 confirmed that
obesity induced inflammation and desmoplasia in a transgenic mouse
model of pancreatic ductal adenocarcinoma (PDAC), in which IL-1b
is released by adipocytes. The cell culture media from adipocytes
increased the invasive ability and EMT gene expression of B16BL6
melanoma cells.43 In this study, we found that culture medium
from adipocytes treated with excess exosomal linc-ROR via a direct
coculture model released increased IL-1b levels. Furthermore, our re-
sults also revealed that conditioned culture medium collected from
adipocytes gives rise to the characteristic morphological change
Figure 4. A coculture system between adipocytes and PC cells induces migrat

(A) Motility of PANC-1 cells treated with PBS-shCtrl, CoshCtrl, and CoshROR assessed

and CopLent-ROR was assessed by wound-healing assays. (C–E) The effect of PANC-

was determined by the Transwell assay. (F–H) The effect of BxPC-3 cell treatment with

the Transwell assay.
observed in PC cells, which was followed by increased migration, in-
vasion, and EMT in vitro and proliferation both ex vivo and in vivo.
These results suggest that PC-cell-derived exosomal linc-ROR plays
a crucial role in the TME interactions between adipocytes and PC cells
and is important for tumor growth and spread.

The cytokine IL-1b is necessary for the host response and resistance
to pathogens and exacerbates damage from chronic disease and acute
tissue injury, which are pivotal mediators of the inflammatory
response.44,45 Moreover, our previous review showed that IL-1b
and IL-6 led to local tissue fibrosis, which plays important roles in
the bidirectional crosstalk between adipocytes and PC cells through
paracrine signaling.41 There are also relevant studies confirming
that the synthesis of HIF1a is upregulated by increasing IL-1b in
HCC cells through cyclooxygenase-246 and IL-6 in hemangioma cells
via activation of VEGFA signaling.47

In the present study, after measuring concentrations of IL-1b derived
from adipocytes with or without exosome coculture, we found that
high doses of IL-1b have the ability to magnify the effects of cell
growth and metastasis accompanied by EMT in PC compared to
low doses. Next, we discovered that expression of HIF1a was
increased by conditioned culture medium that was particularly rich
in IL-1b. Furthermore, it is important to note that these processes
in PC cells are molecularly linked by HIF1a, and multiple studies
have confirmed that HIF1a promotes EMT through direct regulation
of ZEB1 expression, such as in glioblastoma,31 colorectal cancer,48

and bladder cancer.49 Given the enhanced growth and metastatic ca-
pacities of PC cells, our current study found that the increased HIF1a
expression induced by IL-1b in conditioned medium resulted in acti-
vation of the ZEB1 signaling pathway. Unexpectedly, knockdown of
HIF1a not only reduced expression of ZEB1 but also blocked the
effect of coculturing with conditioned medium on EMT to a great
extent. Accordingly, these data suggest that HIF1a plays an important
role in the metastasis of PC.

Our findings demonstrate that exosomal linc-ROR not only acts as a
clinical biomarker of PC but also mediates crosstalk between PC cells
and adipocytes in TME. After exposure to exosomes, activated adipo-
cytes may dedifferentiate into preadipocyte/fibroblast-like cells by
releasing the cytokine IL-1b, which in turn sustains PC cell growth
and metastasis via the HIF1a-ZEB1 axis (Figure 8).

MATERIALS AND METHODS
Clinical PC serum samples

All serum samples were drawn from Qilu Hospital and The Second
Hospital of Cheeloo College of Medicine, Shandong University be-
tween December 2017 and January 2020, and informed consent
ion and invasion

by wound-healing assays. (B) Motility of BxPC-3 cells treated with PBS-Ctrl, Co-Ctrl,

1 cells treated with PBS-shCtrl, CoshCtrl, and CoshROR on migration and invasion

PBS-Ctrl, Co-Ctrl, and CopLent-ROR on migration and invasion was determined by
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was obtained from all participants. A total of 96 peripheral blood
samples were collected bymedical professionals, including 48 patients
with PC and 48 healthy controls who did not receive any surgical re-
sections or pharmacological interventions before sample collection.
All PC patients were diagnosed by biopsy or histopathology. First,
all samples were collected within 2h in coagulation-promoting vac-
uum tubes and were sequentially isolated following a two-step centri-
fugation (1,200 � g for 5 min and 9,600 � g for 5 min at 4�C) to
remove cell sediments. Subsequently, total supernatants of two types
of samples were transferred into 1.5 mL RNase- and DNase-free
Eppendorf tubes and stored at �80�C until further analysis. This
study was approved by the Ethics Committee of Qilu hospital,
Cheeloo College of Medicine, Shandong University and was conduct-
ed in accordance with ethical principles of the World Medical
Association and the Declaration of Helsinki.

Cell culture

Normal pancreatic cells (CCC-HPE-2), five established PC cell lines
(PANC-1, AsPC-1, MIA-PACA-2, CFPAC-1, and BxPC-3),
HEK293T, and 3T3-L1 cells were obtained from ATCC. 3T3-L1 cells
were cultured in DMEM supplemented with 10% newborn calf serum
(NBS), and other cell lines were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) at 37�C in an incubator with
5% CO2. At 50%–70% confluence, 3T3-L1 cells cultured in DMEM
with 10% NBS were detached by trypsin-EDTA solution with phenol
red (Gibco) and were seeded into 6-well plates (Corning) containing a
slide with an attached Transwell chamber (0.44 mm pore size; Corn-
ing). After the cells overgrew on the bottom wall of the 6-well plates,
they were induced to differentiate in DMEM containing 10% FBS re-
placing NBS, 0.2 mM IBMX (Sigma), 1 mM dexamethasone (Sigma),
and 10 mg/mL insulin (Sigma) for 2 days. After PID 2, the medium
was replaced with DMEM containing 10% FBS and 10 mg/mL insulin,
and cells were cultured for another 2 days (PID 4). Then, cells were
cultured in 10% FBS medium containing new insulin for another
day (PID 5). Five days after adipocyte induction, cells were cocultured
with PC cells using a Transwell system as an indirect coculture model
in new medium without insulin. Different types of transfected PC
cells were seeded into the top chamber. The coculture medium was
replaced twice, and 3T3-L1 cells were cocultured with PC cells for
an additional 2 days (PID 7), 4 days (PID 9), and 6 days (PID11).
All types of PC cells and induced adipocytes were also cultured indi-
vidually as a negative control (NC) and directly evaluated at the same
time points. Oil Red O staining (Solarbio) was used to stain lipids of
adipocytes according to the manufacturer’s instructions.

Purification and identification of exosomes

Exosomes were purified from the serum and supernatants of CCC-
HPE-2, PANC-1, and BxPC-3 cells by 0.22 mm filtration (Merck
Millipore) and ultracentrifugation (Beckman Coulter) as we previ-
Figure 5. The coculture system altered the morphology of PANC-1 cells and in

(A) Representative images of IF micrographs of the subcellular localization and expressio

PBS-shROR, CoshCtrl, and CoshROR for 48 h. Nuclei were counterstained with DA

conditioned medium of adipocytes cocultured with PBS-shCtrl, PBS-shROR, CoshCtr
ously described.50 Then, the surface morphology and ultrastructure
of exosomes from PANC-1 and BxPC-3 cell supernatants were
analyzed by means of TEM. NTA was performed to calculate exo-
some size distribution using Zetaview (Particle Metrix) equipped
with fast video capture according to the manufacturer’s instructions.
In addition, exosome-specific proteins (CD9 and TSG101) were iden-
tified using western blotting.

Exosome labeling and tracking

PKH67 Green Fluorescent membrane linker dye (Sigma-Aldrich) was
used to label purified exosomes isolated from PC cell supernatants ac-
cording to the manufacturer’s instructions. Next, the traced exosomes
were resuspended and added to the adipocyte medium for exosome
uptake studies using an indirect coculture model. After coculturing
for 0 h, 24 h, and 48 h at 37�C with 5% CO2, DAPI (Invitrogen)
was used for adipocyte nuclear staining. Finally, the glass slides
were fluorescently visualized using an Axio-Imager-LSM800 laser
scanning microscope (ZEISS).

Lentivirus production and cell transfection

Both lentivirus-containing shRNA and the pLent3.1 vector targeting
linc-ROR were purchased from Genechem. Forty-eight hours post
transfection, cells were sifted with puromycin for 6 days to construct
different types of cell lines with stable linc-ROR knockdown or over-
expression. siRNA/si-negative control (si-NC) of HIF1a (si-HIF1a)
was purchased from GenePharma. PC cells were transfected with
siRNAs using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions.

Quantitative real-time PCR analysis and primers

Total RNA was extracted from PC and adipocyte cells and exosomes
of serum and cell culture supernatant via TRIzol Reagent (Invitro-
gen). RNA was reverse transcribed using random primers under
the standard conditions for the Prime Script RT reagent Kit (TaKara).
SYBR Premix Ex Taq (TaKara) was used to analyze real-time PCR.
RNA input was normalized to the level of GAPDH. The primer
sequences used were as follows: GAPDH primers, forward:
50-GCACCGTCAAGGCTGAGAAC-30, reverse: 50-TGGTGAAGAC
GCCAGTGGA-30; linc-ROR primers, forward: 50-TCTTAGCAGG
CATTTTGGAGG-30, reverse: 50-GAAGCAGAATGCAGGATGGT-
30; ZEB1 primers, forward: 50-CGCAGTCTGGGTGTAATCGT-30,
reverse: 50-TGTTCTTGGTCGCCCATTCA-30; HIF1a primers,
forward: 50-GAACGTCGAAAAGAAAAGTCTCG-30, reverse: 50-
CCTTATCAAGATGCGAACTCACA-30; MMP11 primers, forward:
50-TGTGAGACTTCCTTCGACGC-30, reverse: 50-AGAACCAAA
TCTGGCCCTGG-30; collagen I primers, forward: 50-ACGCCATC
AAGGTCTACTGC-30, reverse: 50-ACTCGAACGGGAATCCATC
G-30; a-SMA primers, forward: 50-GCTGGACTCTGGAGATGG
TG-30, reverse: 50-CAATCTCACGCTCGGCAGTA-30; GLUT4
duced EMT

n of E-cadherin (red) and vimentin (green) in PANC-1 cells treated with PBS-shCtrl,

PI (blue). Scale bars, 50 mm. (B) The morphology of PANC-1 cells incubated with

l, and CoshROR of PANC-1 cells for 48 h.
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Figure 6. Exosomal linc-ROR induces dedifferentiation of adipocytes to facilitate EMT in PC cells by activating the HIF1a-ZEB1 signaling pathway and

increasing IL-1b

(A and B) Quantitative real-time PCR assay was performed to detect linc-ROR expression and HIF1a-ZEB1 expression in PANC-1 cells transfected with shCtrl and shROR in

PBS (PBS-shCtrl) and coculture (CoshCtrl and CoshROR) systems for 0 h, 24 h, and 48 h. (D and E) Quantitative real-time PCR assay was performed to detect linc-ROR

expression and HIF1a-ZEB1 expression in BxPC-3 cells transfected with Ctrl and pLent-ROR in PBS (PBS-Ctrl) and coculture (Co-Ctrl and CopLent-ROR) systems for 0 h,

24 h, and 48 h. (C) Western blot analysis of E-cadherin, vimentin, HIF1a, and ZEB1 protein expression in PANC-1 cells treated with CoshCtrl and CoshROR for 0 h, 24 h, and

48 h. (F) Western blot analysis of E-cadherin, vimentin, HIF1a, and ZEB1 protein expression in BxPC-3 cells treated with Co-Ctrl and CopLent-ROR for 0 h, 24 h, and 48 h.

(G and H) Expression of the cytokine IL-1b in the supernatants of adipocytes coculturedwith shCtrl-PANC-1 and shROR-PANC-1 cells compared to noncultured adipocytes.

(I) PC cells transfected with HIF1a siRNA (si-HIF1a) or negative control siRNA (si-NC) were stimulated with or without conditioned medium from adipocytes, and protein

expression of E-cadherin, vimentin, HIF1a, and ZEB1 was determined.
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Figure 8. PC-cell-derived exosomal linc-ROR induces adipocytes to dedifferentiate into preadipocyte/fibroblast-like cells, which in turn sustain PC cell

growth and invasion by activating the HIF1a-ZEB1 signaling pathway through the cytokine IL-1b.

Molecular Therapy: Nucleic Acids
primers, forward: 50-GTCTTCACGTTGGTCTCGGT-30, reverse:
50-CAGAGCCACGGTCATCAAGA-30; HSL primers, forward:
50-AGCCTCATGGACCCTCTTCT-30, reverse: 50-AGCGAAGTGT
CTCTCTGCAC-30; PPARg primers, forward: 50-TGTCTCACAA
TGCCATCAGGT-30, reverse: 50-CAAATGCTTTGCCAGGGCTC-
30. Data processing was calculated by the rCt method as described
previously.51
Western blot analysis and ELISA assay

Western blotting was performed as previously reported.51 Antibodies
used in the experiments were anti-CD9 (CST, #13403), anti-TSG101
(Abcam, #ab125011), anti-ZEB1 (CST, #3396), anti-HIF1a (CST,
#36169), anti-E-cadherin (CST, #3195), anti-vimentin (CST,
#5741), anti-GLUT4 (CST, #2213), anti-PPARg (CST, #2435), anti-
HSL (CST, #18381), anti-a-SMA (CST, #19245), anti-MMP11 (Invi-
trogen, #SN74-08), anti-collagen I (CST, #72026), and anti-GAPDH
(CST, #5174). The mouse IL-1b in culture medium was measured in
the coculture or non-coculture experimental conditions using a
Mouse IL-1b ELISA Kit (Dakewe Biotech, #2012096).
Figure 7. The tumor microenvironment mediated by exosomal linc-ROR facilit

adipocytes in vivo

(A) Experimental protocol of subcutaneous and intratumor injection of BALB/c nudemice

intratumor injection of PBS and conditioned medium from a coculture system. Tumor vo

characteristics of tumor xenografts formed by coinjection of different groups. (D) Expre

tissues. (E) RNA expression of exosomal linc-ROR was measured in the serum of health

PCR. (F) Receiver operator characteristic (ROC) curve for serum exosomal linc-ROR fo
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IF assay

PC cells under different experimental conditions seeded on glass cov-
erslips were fixed in 4% paraformaldehyde (PFA) for 30 min and then
permeabilized with 0.25% Triton X-100 for 5 min. Each coverslip
blocked with 4% bovine serum albumin was incubated with primary
antibody against E-cadherin (CST, #3195) or vimentin (CST, #5741)
for 4�C overnight, followed by the fluorescent secondary antibody at
room temperature for 1 h. Cellular nuclei were stained using DAPI
(Invitrogen). Images of the coverslips were observed under an
Axio-Imager-LSM800 (ZEISS) as described previously.
Cell proliferation assay

After PC cells were seeded into 16-well plates, xCELLigence RTCA
(ACEA Biosciences) was performed to examine cell growth ability
to acquire real-time data for 96 h uninterruptedly. For plate clonality
assays, a total of 1,000 PC cells with or without a coculture system
were seeded into each well of a 6-well plate and maintained in me-
dium at 37�C and 5% CO2 for 2 weeks. Then, the number and size
of colonies in each group were counted after the cells were stained
ates tumor growth of PC cells via conditioned medium collected from

. (B) Subcutaneous xenograft assay of BxPC-3 cells (5� 106 cells) in nudemice with

lumes of xenograft models were measured from day 0 to day 35. (C) Morphological

ssion of Ki-67 protein was examined by immunohistochemistry in xenograft tumor

y controls (n = 48) and the serum of PC patients (n = 48) using quantitative real-time

r the discrimination of patients with PC from normal healthy individuals.
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with crystal violet (Beyotime). Cell proliferation was also measured by
EdU assay (RiboBio) according to its specification in 96-well plates.
Cell-migration and wound-healing assays

The cell migration and invasion abilities of PC cells were evaluated
using Transwell assays and wound-healing assays as previously
described.51 All the above images were acquired using an inverted
optical microscope (ZEISS).
Animal experiments

Male BALB/c nude mice (4 weeks old; Weitonglihua) were raised in a
specific pathogen-free environment in the Animal Laboratory (the
Second Hospital of Cheeloo College of Medicine, Shandong Univer-
sity). Twenty mice were randomly divided into four groups (5 mice
per group). BxPC-3 cells (5 � 106 cells per mouse) mixed with or
without conditioned medium from adipocytes stimulated with exo-
somes (linc-ROR overexpression or not) were injected into each
nude mouse. Subsequently, intratumor injection of conditioned me-
dium (three times a week) was performed. Tumor size and body
weight were measured twice per week. After 5 weeks, all mice were
sacrificed under general anesthesia after injection. Tumor tissues
were prepared for histological examination by immunohistochem-
istry (IHC) of the Ki-67 protein. Immunohistochemistry assays
were performed as previously reported.52 Tumor volume was calcu-
lated in mm3 as 0.5 � width2 � length. All animal experiments
were approved by the Institutional Animal Care and Use Committee
and were performed according to the institution’s guidelines and
animal research principles.
Statistical analysis

SPSS 17.0 for Windows (IBM) and GraphPad Prism 6.0 (GraphPad
Software) software were used for statistical analyses. Statistical eval-
uations were performed using Student’s t test (two-tailed). The tu-
mor marker diagnostic performance of exosomal linc-ROR was
evaluated using MEDCALC 15.2.2 (Med-Calc). A p value of 0.05
or less was considered statistically significant. All results are ex-
pressed as the means ± standard deviation (SD) of three indepen-
dent experiments.
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