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Abstract
Background: μ-opioid receptor agonists (MORAs) are indispensable for anal-
gesia in bladder cancer (BC) patients, both during surgery and for chronic
pain treatment. Whether MORAs affect BC progression and metastasis remains
largely unknown. This study focused on the effects of MORAs on the formation
of circulating tumor cells (CTCs) in BC and aimed to provide potential thera-
peutic targets, which would retain the pain-relieving effects of MORAs in BC
patients without sacrificing their long-term prognosis.
Methods: Different preclinical models were used to identify the effects of
MORAs on the progression of BC. A novel immunocapture microfluidic chip

Abbreviations: BC, bladder cancer; MOR, μ-opioid receptor; MORA, μ-opioid receptor agonist; MOR-KD, μ-opioid receptor knockdown; EMT,
epithelial-mesenchymal transition; CTC, circulating tumor cell; MH, morphine hydrochloride; NS, normal saline; IVI, in vivo imaging; IVIS, in vivo
imaging system; PBS, phosphate buffer; SEM, scanning electron microscope; HE, hematoxylin and eosin; WB, Western blotting; IHC,
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was utilized to analyze whether MORAs affected the number of CTCs in mouse
models and clinical BC patients. Bioinformatic analyses, total transcriptome
sequencing, and molecular biology methods were then used to investigate the
underlying mechanisms in these models and in BC cell lines.
Results: Mouse models of hematogenous metastasis and in situ BC demon-
strated that tumormetastasis was significantly increased after MORA treatment.
A significant increase in the number of mesenchymal and/or epithelial CTCs
was detected after MORA treatment in both the mouse models and clinical trial
patients.Mechanistically,MORAs facilitated the formation of CTCs by activating
the MOR/PI3K/AKT/Slug signaling pathway, hereby promoting the epithelial-
mesenchymal transition (EMT) of BC cells, as knockdown of MOR, Slug or
blockade of PI3K inhibited the EMT process and CTC formation.
Conclusion: MORAs promoted BC metastasis by facilitating CTC formation.
The EMT-CTC axis could be targeted for preventive measures during MORA
treatment to inhibit the associated tumormetastasis or recurrence inBCpatients.

KEYWORDS
μ-opioid receptor agonist, AKT, bladder cancer, circulating tumor cell, epithelial-mesenchymal
transition, microfluidic chip, MOR, PI3K, Slug

1 BACKGROUND

Cancer remains a major human health concern world-
wide. The latest data from the American Cancer Society
show that the United States of America had 1,898,160 new
cases and 608,570 cancer-related deaths in 2020 [1, 2]. Blad-
der cancer (BC) is among the most prevalent cancers [3],
with 573,278 new cases and 212,536 new deaths reported in
2020worldwide, ranking 6th and 13th in yearly cancer inci-
dence andmortality rates inmales, respectively [3–5]. Data
show that the five-year survival rate for BC patients with

distant metastasis is merely 6%, which is much lower than
many other cancers [1].
The primary therapy for BC patients today is onco-

logic surgery [6]. Opioid agonists, especially μ-opioid
receptor agonists (MORAs), are indispensable for anal-
gesia and sedation during and after surgery. As the
most prevalent analgesics, MORAs are also commonly
used for chronic pain treatment worldwide [7]. They are
necessary for pain relief in terminal BC cases and are
used in high doses long-term in these patients [7]. In
recent years, the possibility that MORAs impact tumor
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behavior and cancer patients’ prognosis has been a hot
topic and introduces a new dimension [8–10]. Clinical
studies have uncovered a possible causal link between the
use of MORAs and reduced resistance to multiple can-
cers, including BC [11–13]. Population-based case-control
studies and meta-analyses reported that consumption of
opium, whose major active ingredient is morphine, is sig-
nificantly associated with an increased incidence of BC,
making it an important risk factor [14]. Guerrero Orri-
ach et al. [15] demonstrated that BC surgery patients
receiving opioids and inhalational anesthetics exhibited a
decrease in disease-free survival compared to those receiv-
ing propofol and local anesthesia. However, these studies
did not investigate whether these effects are caused by
MORAs per se, highlighting the importance of studies that
directly demonstrate the effects of MORAs on BCmetasta-
sis, especially in clinically relevant models. Moreover, the
underlying mechanisms through which MORAs promote
minimal residual disease to progress to clinical metastasis
need to be elucidated.
With the advent of liquid biopsy, the novel finding of

circulating tumor cells (CTCs), which are cells that have
detached from the primary tumor, entering circulation
and potentially initiating sites of metastasis, have recently
been identified as a particularly promising indicator for
predicting tumor recurrence and metastasis [16, 17]. It
has been reported that CTC formation and survival are
influenced and regulated by multiple factors, such as the
epithelial-mesenchymal transition (EMT) process, surgery
and chemotherapy [18]. Among these factors, EMT plays
a vital role not only in promoting the genesis of CTCs
from tumor sites, but also in increasing the survival and
metastatic capability of CTCs in circulation [18]. Although
studies have shown that CTCs are independently associ-
ated with increased tumor metastasis and reduced overall
survival (OS) [19], the extraordinary rarity and the lack of
required sensitivity and selectivity to isolate multiple types
of CTCs (such as epithelial CTCs, mesenchymal CTCs,
double positive CTCs and CTC clusters) from a high back-
ground of blood cells, make their isolation challenging and
limits clinical utility and popularization of CTC detection.
Recently, our team has developed a novel immuno-

capture microfluidic chip (Size Dictated Immunocapture
Chip, SDI-Chip) to detect CTCs in various cancers based
on the principle ofDeterministic LateralDisplacement [20,
21]. This SDI-Chip selectively enhances the interaction of
CTCs with an antibody-coated micropillar array, resulting
in efficient capture of CTCs while minimizing nonspecific
interaction of blood cells. In addition to this selectively
enhanced interaction, the micropillar array of the SDI-
Chipwas optimized to enable extended duration of contact
of CTCswith antibody-coatedmicropillars, and spatial res-
olution of CTC capture based on antigen expression levels
have also been optimized. Therefore, CTCs with different

antigen expression levels can be efficiently captured and
spatially resolved around micropillars [20, 22]. The order
of magnitude is approximately 100 CTC counts/mL blood
in patients with BC, colorectal cancer, and hepatocellu-
lar carcinoma [22–24], making the SDI-Chip a unique and
especially suitable technology for efficient, sensitive and
spatially resolved capture and detection of CTCs.
Since MORAs are so widely used in cancer patients

for pain control, exploring the effects of MORAs on
cancer progression and metastasis is of wide-ranging
impact and value. It is especially critical to investigate
whether MORAs affect the formation of CTCs, which cre-
ate metastatic tumors and impact recurrence. Therefore,
we performed a comprehensive study, using both in vitro
and in vivo approaches, as well as a clinical random-
ized controlled trial to investigate the connections among
MORAs, CTCs and BC metastasis.

2 MATERIALS ANDMETHODS

2.1 Animal models

All animal studies were approved by the Animal Care and
Use Committee of the Renji Hospital, Shanghai Jiaotong
University School of Medicine, and all procedures were
performed based on the Principles of Laboratory Animal
Care formulated by the National Institutes of Health, as
well as the guidelines of the Administrative Committee of
Experimental Animal Care and Use of Shanghai.
Adult C57BL/6J female mice (6-8 weeks old, 18-22 g)

were used in all animal experiments and were provided
by the Animal Research Center of the Shanghai Jiaotong
University School ofMedicine (Shanghai, China). All mice
were housed in a specific pathogen-free animal facility
under controlled environmental conditions of 22 ± 2◦C
and a 12 h light-dark cycle. Mice were fed a standard lab
chow and sacrificed by pentobarbital sodium 30 mg/kg
intraperitoneal injection.
For the hematogenous metastasis mouse model, 1 × 106

MB49-Luc cells per mouse were injected into the blood-
stream via the tail vein. Mice were then randomly divided
into a morphine hydrochloride (MH)-treated group or a
normal saline (NS) control group (n = 11 per group).
After cell injection, mice in the MH group received daily
intraperitoneal MH injections (10 mg/kg, dissolved in NS)
for 14 days, and the Control (Ctrl) group received the same
daily volume of NS vehicle. On the 7th, 14th and 21st day, in
vivo imaging (IVI) was performed, and the mice were sac-
rificed onDay 42 post-cell injection. Tissues were collected
for subsequent experiments.
For the in situ BC mouse model, a previously published

protocol was used and improved upon [25]. To minimize
the possibility of BC cells entering the bloodstream
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through injured vessels caused by hydrochloric acid,
sodium hydroxide, or trypsin, we did not pre-treat the
mouse bladders, and 1 × 106 MB49 cells were injected
directly into the bladder.Mice were then randomly divided
into an MH-treated or NS control group (n = 9 per group).
Mice received identical volumes of MH or NS as in the
hematogenous metastasis model above, only that dosing
began on Day 8 post-injection, after the establishment
of orthotopic BC, and continued for 14 days until Day 21
post-cell injection.Micewere sacrificed onDay 35 post-cell
injection, and their blood and tissues were collected.
For the subcutaneous tumor model, 5 × 105 MB49 cells

suspended in 100 μLNSwere injected subcutaneously into
the right upper armpit of C57BL/6 mice. Mice were then
randomly divided into an MH-treated or NS control group
(n = 5 per group) and treated from Day 8 post-injection
until Day 21 as above, receiving identical volumes as above.
To explore the effects of Slug and MOR on tumor

growth and/or morphine-associated CTC formation, sep-
arate groups of mice were subcutaneously injected in
the right upper armpit with either MB49 cells, Slug-
knockdown (si-Slug) cells or MOR- knockdown (MOR-
KD) MB49 cells, and each group was then randomized
again into MH-treated or NS-treated groups (n = 6-12 per
group).Mice in theMH, si-Slug+MHandMOR-KD+MH
groups received intraperitoneal MH injections (10 mg/kg)
for 14 days fromDay 8 post cell injection until Day 21. Mice
were sacrificed on Day 21 or 22 for ethical reasons due to
limitations in tumor size. Blood and tissue samples were
collected as needed.

2.2 Cell culture

T24 and 5637 human BC cell lines, MB49 and luciferase-
labeled MB49 (MB49-Luc) mouse BC cell lines were
obtained from the FuHeng Cell Center (Shanghai, China)
and authenticated by short tandem repeat tests before cell
culture. All cell lines were cultured in high glucose Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, Jenks,
Oklahoma, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco) and 50 U/mL penicillin and 50 μg/mL
streptomycin (Yeasen, Shanghai, China) in a 37◦C humid-
ified incubator containing 5% CO2. An additional 5 μg/mL
puromycin (Yeasen)was added into themedium forMB49-
Luc cells. When cells reached 80%-90% confluency, they
were detached with trypsin-EDTA (0.25%; Yeasen) and
subcultured or used for subsequent experiments.

2.3 Western blot analysis

Protein was isolated from cells and tumor tissues (weight
= 0.1 g) using a RIPA buffer (Beyotime, Shanghai,

China) containing 1% protease inhibitor cocktail (Sigma-
Aldrich,Merck KGaA, Darmstadt, Germany) and 1% phos-
phatase inhibitor (Beyotime). Protein concentrations were
detected using the Bicinchoninic Acid Protein Assay kit
(Vazyme, Nanjing, China). Samples (15 μg) were loaded
onto 4%-20% or 10% polyacrylamide gels and transferred
to polyvinylidene fluoride membranes (EMD Millipore,
Massachusetts, USA) using a semi-dry Trans-Blot Cell
(Bio-Rad Laboratories, California, USA). Membranes were
blocked with QuickBlock™ Blocking Buffer (Beyotime)
for 1 h at room temperature and incubated overnight
at 4◦C with the following primary antibodies: GAPDH
(1:2000; Cat# 2118, Cell Signaling Technologies, Boston,
MA, USA), β-Tublin (1:2000; Cat# 2146, Cell Signaling
Technologies), E-cadherin (1:1000; Cat# 3195, Cell Signal-
ing Technologies), N-cadherin (1:1000; Cat# 13116, Cell
Signaling Technologies), Vimentin (1:1000; Cat# 5741, Cell
Signaling Technologies), Slug (1:1000; Cat# 9585, Cell
Signaling Technologies), PI3K (1:1000; Cat# 4257, Cell Sig-
naling Technologies), p-PI3K (p85 [Tyr458]/p55 [Tyr199],
1:1000; Cat# 17366, Cell Signaling Technologies), AKT
(1:1000; Cat# 4691, Cell Signaling Technologies), p-AKT
(Ser473, 1:1000; Cat# 9271, Cell Signaling Technologies),
CK19 (1:1000; Cat# ab52625, Abcam, Boston, MA, USA)
and MOR (1:1000; Cat# ab134054, Abcam,). After incuba-
tion with an HRP-conjugated secondary antibody (1:3000;
Cat# A0208, Beyotime) for 1 h at room temperature, bands
were detected using super enhanced chemiluminescent
reagents (Cat# 36208ES60, Yeasen) and exposed to x-ray
film (Bio-Rad Laboratories, California, USA).

2.4 RNA isolation and Real Time-
quantitative Polymerase Chain Reaction
(RT-qPCR) analysis

Total RNA was isolated with the EZ-press RNA Purifica-
tion Kit (EZ Bioscience, Roseville, MN, USA) according
to the manufacturer’s protocol. RNA (0.5 μg) was then
reverse transcribed using the PrimeScriptTM RT-PCR kit
(Takara, Beijing, China). 2 × SYBR Green qPCR Master
Mix (EZ Bioscience) was used for RT-qPCR and reaction
conditions were as follows: Pre-denaturation at 95◦C for 5
min, then 40 cycles of 95◦C for 10 sec and 60◦C for 30 sec.
Ct values were calculated using the 2−ΔΔCt method. Primer
sequences are listed in Supplementary Table S1.

2.5 Immunofluorescent staining

Cells were seeded into 12-well plates covered with cell
slides made of high-quality glass (WHB-12-CS, WHB sci-
entific, Shanghai, China) at a density of 2 × 104 cells/well
and treated with morphine hydrochloride (MH) for 24 h.
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Next, cell slideswere fixedwith 4% paraformaldehyde (Ser-
vicebio, Wuhan, China) for 20 min and treated with 0.1%
TritonX-100 (P0096, Beyotime) for 10min. Then, cell slides
were blocked with 3% bovine serum albumin (Beyotime)
in phosphate buffer (PBS; Corning, New York, USA) for 1
h at room temperature and incubated with primary anti-
body (MOR, 1:400, Cat# ab134054, Abcam; CK19, 1:400,
Cat# ab52625, Abcam; N-cadherin, 1:400, Cat# 13116, Cell
Signaling Technologies; Vimentin, 1:400, Cat# 5741, Cell
Signaling Technologies; Slug, 1:400, Cat# 9585, Cell Sig-
naling Technologies) overnight at 4◦C. Finally, slides were
incubated for 1 h with Cy3-conjugated secondary antibody
(Beyotime), and then with DAPI (Vector, Newark, USA)
for 10min at room temperature. Representative fields were
imaged with a laser confocal microscope (Model IX83,
Olympus, Tokyo, Japan).

2.6 F-actin cytoskeleton staining and
scanning electron microscope (SEM)
imaging

Cytoskeleton changes were detected by F-actin staining.
T24 cells (5 × 104 cells/well) were seeded into 12-well
plates covered with cell slides made of high-quality glass
(WHB scientific) and treated with MH for 24 h. After fix-
ation with 4% paraformaldehyde, cell slides were stained
with FITC-conjugated phalloidin (Yeasen) for 30 min and
DAPI (Vector) for 10 min at room temperature. For F-actin
staining, tumors were frozen in OCT (Servicebio) embed-
ding medium, and 20 μm sections were cut sequentially
and mounted on superfrost plus slides. Slices were per-
meabilized in 3% PBST and stained with FITC-conjugated
phalloidin for 30 min and DAPI for 10 min at room
temperature. Images were acquired with a laser confocal
microscope (Model IX83, Olympus).
SEM was performed with a Hitachi Regulus SU8100

field emission scope using an accelerating voltage of 3 kV.
T24 cells were seeded in 6-well plates (1 × 105 cells/well)
and fixed with an electron microscope fixative (Service-
bio) for 24 h at 4◦C. Cell morphology was observed
and representative pictures were acquired during SEM
imaging.

2.7 Wound healing assay

Cells were seeded into 12-well culture plates (1 × 105
cells/well). After reaching a confluent monolayer, a
straight scratch was created with a 200 μL size pipet
tip. Reference points were marked at the bottom of the
cell culture plates. Cell debris was then washed away
with phosphate buffer (Gibco), fresh high glucose DMEM

(Gibco) was added to the wells, and healing was observed.
Images of the scratch were captured under a phase-
contrast microscope at specific time points (0 h, 24 h, and
36 h). Three microscope images were taken of each well
at 0 h, 24 h, and 36 h, respectively, and the distance of
cell migration was measured for statistical analysis. Per-
cent wound healing was calculated to reflect the migration
activity of the sample: Percentage of wound healing =

[(Blank area at 0 h) – (Blank area at 24 h)]/(Blank area at
0 h) × 100%.

2.8 Transwell migration and invasion
assays

Cell migration and invasion ability were determined using
Transwell chambers with an 8-μm pore size (Corning)
andMatrigel (BDBioscience, Shanghai, China). Cells were
seeded at a 1 × 105/mL density into the upper chambers
and treatedwithMHorDMEM. Formigration assays, cells
(1 × 105/mL) and 200 μL DMEM without FBS were added
to the upper chamber, and for invasion assays, the upper
chambers were pre-treated with 0.5 mg/L Matrigel for 30
min to form a membrane. 600 μL DMEM (with 10% FBS)
was added to the lower chambers. Plates were incubated
for 24 h and chambers were fixed with 4% paraformalde-
hyde for 20 min and stained with 0.5% crystal violet for
20 min. For both assays, 3 random fields per chamber
were counted using the Image J 1.51 software (National
Institutes of Health, Washington, USA) and averages were
calculated to reflect the migration or invasion activity for
each sample. All experiments were performed in triplicate.
Digital images were acquiredwith anOlympus fluorescent
microscope using its bright field function.

2.9 Live 2-dimensional (2D) cell
migration assay

The migration ability of T24 cells was monitored in real-
time and recorded using a laser confocal microscope.
For live-cell culture imaging, cells were seeded into 6-cm
dishes with glass bottoms for 12 h. Next, dishes were placed
in a live cell culture system (Tokai Hit, Shizuoka, Japan)
equipped with a humidified environmental chamber and
maintained at 37◦C with 5% CO2. Media were changed
to a serum-free medium containing either MH or saline
before placing the dishes into the chamber. The temper-
ature of the objective lens was also maintained at 37◦C,
and the airflow rate was 5 L/min. Three fields in differ-
ent directions within each dish were chosen and imaged
sequentially every 15 min for a total of 96 cycles, overall
24 h were recorded. Cells that remained within the frame
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throughout the observation period were selected for analy-
sis. Adobe Premier software (version: CS4, Adobe Systems
Incorporation, Beijing, China) was used to generate video
files, and Image J was used to process and analyze the
images.

2.10 RNAi transfection assay

Slug expression was knocked down by transfecting cells
with small interfering RNA (Slug siRNA). 2 × 106 cells
were plated in 6-well plates and transfected at 80%-90%
confluency with 20 μmol/L Slug siRNA or non-targeting
control siRNA using the Lipo8000 transfection reagent
(Beyotime) according to the manufacturer’s instruc-
tions. After 24 h, transfection complexes were removed
and cells were incubated with DMEM/10% FBS for an
additional 48 h. Cells were then harvested and screened
for siRNA knockdown by RT-qPCR and Western blot.
siRNA was synthesized by Sangon Biotech (Shanghai,
China) and the sequences were as follows: si-Slug-sense
5’-CAUUAGUGAUGAAGAGGAATT-3’ and si-Slug-
antisense 5’-UUCCUCUUCAUCACUAAUGGG-3’ for T24
cells; si-Slug-sense 5’-CCUUGUGUCUGCAAGAUCUTT-
3’ and si-Slug-antisense 5’-AGAUCUUGCA
GACACAAGGTT-3’ for MB49 cells. For the in vivo
experiments, si-Slug (10 nmol in 0.1 mL of NS per tumor
nodule) was injected into tumor masses twice weekly
starting on Day 8 post subcutaneous cancer cell injection
(when tumor size reached approximately 5 × 5 × 5 mm3).

2.11 Lentiviral vector transduction to
generate stable MOR knockdown

Lentiviral plasmids containing a short hairpin RNA
(shRNA) for the gene that encodes MOR (OPRM1) and
a negative control were purchased from Zorin Biolog-
ical Technology (Zorin Biological Technology, Shang-
hai, China). The sequence of shRNA-MOR was: For-
ward 5’- GATCCGGATCCTCTCTTCTGCCATTG CTTC-
CTGTCAGACAATGGCAGAAGAGAGGATCCTTTTTG -
3’ and Reverse 5’- AATTCAAAAAGGATCCTCTCTTCT-
GCCATTGTCTGACAGGAAG CAATGGCAGAAGAGAG-
GATCCG -3’. Before lentiviral vector transduction, 2 × 106
MB49 cells were seeded into 6-well plates, and transduc-
tion was performed when cells were 30%-50% confluent.
Briefly, negative control or OPRM1-Lentivirus (multiplic-
ity of infection = 20 for both) and 8 μg/ml Polybrene
(Beyotime) were added to MB49 cells together into fresh
DMEM+ 10% FBS. After incubation for 24 h, infected cells
were cultured in a selection medium containing 3 μg/mL
puromycin. Stably silenced OPRM1 MB49 cells (MOR-

KD MB49 cell) were then maintained in DMEM with 0.6
μg/mL puromycin.

2.12 Hematoxylin and eosin (HE),
immunohistochemistry (IHC) staining and
tissue fixation

Paraffin sections (5 μm) were rehydrated in graded
ethanols and stained with an HE Staining Kit (Service-
bio) according to the manufacturer’s instructions. After
permeabilization with xylene, sections were sealed with
neutral resin and in situ tumors and metastases were
detected under an Olympus fluorescence microscope.
Expression levels of epithelial-mesenchymal transition

(EMT)-related markers, which included CK-19 (1:400;
Cat# ab52625, Abcam), E-cadherin (1:200; Cat# 3195, Cell
Signaling Technologies), N-cadherin (1:400; Cat# 13116,
Cell Signaling Technologies) and Vimentin (1:400; Cat#
5741, Cell Signaling Technologies), and expression levels
of Slug (1:200; Cat# 9585, Cell Signaling Technologies) and
p-AKT (Ser473; 1:400; Cat# 9271, Cell Signaling Technolo-
gies) were analyzed by IHC staining. Paraffin sections of
tumor tissues (5μm) were incubated with primary anti-
bodies overnight at 4◦C. Next, sections were incubated
with an anti-rabbit-HRP polymer (Beyotime) for 1 h, fol-
lowed by incubation with DAB (Beyotime) for 20 min.
Results were examined by two independent pathologists,
who evaluated and scored the slides based on the intensity
and extent of staining observed under amicroscope. A final
score between 0 and 12 was calculated by multiplying the
positivity rate and intensity scores.
Liver, bladder and tumor samples were fixed with

4% paraformaldehyde. To observe lung metastases more
clearly, all lung samples were first fixed in Bouin’s fixative
(Servicebio) for 24 h. Next, tissues were moved into 70%
ethanol to dehydrate for 24 h. Then, metastases were ver-
ified both by visual observation during necropsy and HE
staining.

2.13 IVI system (IVIS) imaging

Tumor metastases of the hematogenous metastasis mouse
model were monitored using an IVIS Lumina III In
Vivo Imaging System (PerkinElmer, Shanghai, China)
and images were processed by the Living Image soft-
ware (PerkinElmer). Before imaging, mice were injected
intraperitoneally with 150 mg/kg firefly d-Luciferin potas-
sium salt (Yeasen). After 15 minutes, mice were anes-
thetized with 2% sevoflurane (Hengrui Medicine Co., Ltd.,
Lianyungang, China) for induction and 1% sevoflurane
for maintenance during bioluminescence imaging. The
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measured temperature for the IVIS camera was -90◦C,
luminescent exposure time was 60 seconds, and imaging
was performed in automatic mode.

2.14 RNA sequencing (RNA-seq)

MB49 cells were seeded into 6-well plates (2 × 105
cells/well) and cultured for 24 h. At 80% confluency,
medium was replaced with serum-free DMEM con-
taining 10 μmol/L MH or normal saline. After 24 h,
cells were lysed in Trizol Reagent (Invitrogen, Cali-
fornia, USA) and total RNA was extracted for mRNA
sequencing. Concentrations and RNA integrity were ver-
ified before library preparation. Library preparation and
sequencing were performed by the Biomarker Technolo-
gies Corporation, Beijing, China. Sequencing was per-
formed on anHiSeq2500 instrument (Illumina, California,
USA) with 150 bp paired-end reads, and all sequencing
results were analyzed by two professional bioinformatics
engineers.

2.15 Bioinformatic analysis

Correlations of the overall survival of BC patients and
EMT-transcription factor levels (EMT-TFs) were ana-
lyzed using the Kaplan Meier plotter (http://kmplot.com/
analysis/) [26]. Data from404BCpatients fromTheCancer
Genome Atlas (TCGA) dataset were used to generate the
Kaplan-Meier survival curves. To explore potential interac-
tions among Slug, AKT and EMT pathways, Biovista was
used as a visual exploration tool (https://www.biovista.
com/vizit/). The most relevant connections for genes or
pathways shown are based on known datasets and pub-
lished data. Moreover, Kyoto Encyclopedia of Genes and
Genomes (KEGG), Gene Ontology (GO) enrichment anal-
ysis and Gene Set Enrichment Analysis (GSEA) were used
for pathway enrichments.

2.16 CTC capture, detection, and
analysis

CTC capture chips were produced and supplied by the
Wisdom Healthy Biotech company and the Institute of
Molecular Medicine, Renji Hospital, Jiaotong University
School of Medicine, Shanghai. It is a novel, highly effi-
cient and highly selective immunocapture microfluidic
chip, which has been verified and improved upon for mul-
tiple applications [20]. More details can be found on their
website http://www.yang-lab.com/. To capture epithelial
and mesenchymal CTCs, the verified markers epithelial

cell adhesionmolecule (EpCAM) and cell surface vimentin
(CSV) were used, respectively [24].
Raw CTC capture chips were pre-treated with 100 μL

biotinylated antibody against EpCAM (10 μg/mL, Cat#
BAF960, R&D system,Minneapolis, USA) and biotinylated
antibody against CSV (10 μg/mL, Cat# H00007431-M08,
Abnova, Taiwan, China) for 1 h at room temperature. Then,
0.5-1 mL of whole blood was injected slowly through the
middle inlet with a syringe pump at a flow rate of 0.33
mL/h. The other two inlets were injected with PBS at the
same flow rate. After injection, chips were washed with
0.1% PBST and incubated with 3% goat serum for 30 min
at room temperature. Then, chips were incubated with 70
μL of fluorescently-labeled secondary antibody mixtures
(EpCAM-FITC, 1:10, Cat# A15755, Thermo Fisher, Mas-
sachusetts, USA; CD45-PE, 1:20, Cat# ab134202, Abcam;
CSV-APC, 1:200, Cat# H00007431-MA08, Abnova; DAPI,
1:40, Cat# 62248, Thermo Fisher) for 1 h at room temper-
ature. Finally, full images of the different channels (bright
channel, FITC channel, PE channel, APC channel and
DAPI channel) were imaged and merged. Captured CTCs
were identified and counted by using the NIS-Elements
Viewer 4.50 software (Nikon, Tokyo, Japan). Cells with
EpCAM+/CD45−/DAPI+ or CSV+/CD45−/DAPI+ fluores-
cence and displaying a clear cell type in bright field
microscopy were identified as CTCs. The whole process
of CTC capture and profiling is shown in Supplementary
Figure S1.

2.17 Clinical randomized controlled
trial (RCT) of the number of CTCs in
patients undergoing BC surgery

The NCT04358718 clinical trial was conducted from June
2020 to January 2021 at the Renji Hospital, which is affil-
iated with the Shanghai Jiaotong University School of
Medicine. This study was approved by the Renji Hospital
Ethics Committee (KY2019-192). Written informed con-
sents were obtained from all patients or authorized family
members. The trial complied with the Helsinki Declara-
tion and the Consolidated Standards of Reporting Trials
(CONSORT) statement.
Patients receiving elective robot-assisted laparoscopic

radical cystectomy (RARC) due to primary stage T2a or
higher BC were eligible for the study and were randomly
assigned via a computer-generated random numbers table
to one of the two groups: a general anesthesia (GA)
group or a combined general-epidural anesthesia (GA +

E) group. Patients in the GA group received regular GA,
which utilized MORAs (sufentanil and remifentanil) for
pain relief during surgery and sufentanil for postopera-
tive pain control. Patients in the GA + E group received

http://kmplot.com/analysis/
http://kmplot.com/analysis/
https://www.biovista.com/vizit/
https://www.biovista.com/vizit/
http://www.yang-lab.com/
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a combined epidural-GA, where both intra- and postop-
erative pain relief was provided by epidural ropivacaine.
Only a very small amount of MORAwas used during anes-
thesia induction in the GA + E group (see supplemental
methods). Primary outcomes observedwere the number of
CTCs 3 days post-surgery. Secondary outcomes observed
were the number of CTCs immediately after surgery and
1 month post-surgery, and the postoperative visual ana-
logue scale (VAS) scores at 24 h and 48 h after surgery.
Detailed study design and procedures are supplied in the
Supplementary Materials.

2.18 Statistical analysis

Statistical analyses were conducted using the IBM SPSS
Statistics 26.0 software (SPSS Inc., Armonk, New York,
USA) and GraphPad Prism 7 software. Categorical vari-
ables were presented as frequency (n) or proportion (%),
while continuous variableswere expressed asmean± stan-
dard deviation (SD) or median (25% interquartile range,
75% interquartile range). Differences between two groups
were analyzed with independent samples/paired student’s
t-tests. Differences between four groups were analyzed
by repeated measures/block randomized one-way analy-
sis (or two-way analysis as needed) of variance, followed
by post-hoc analysis (Tukey’s test) as appropriate. If the
data did not meet normal distribution standards, non-
parametric tests followed by a Kruskal-Wallis test were
utilized for comparisons. Categorical variables were com-
pared using the χ2 test with the Yates correction or Fisher’s
exact test (when the total sample was < 40 or the expected
frequency was < 1). Survival curves were created using
Kaplan-Meier survival analysis with log-rank t-test. Pear-
son correlation analysis and regression analysis models
were used to explore the correlation between CTC counts
and tumor size. All statistical tests were two-sided with P
values < 0.05 considered statistically significant.

3 RESULTS

3.1 MORAs promoted BCmetastasis
and facilitated CTC formation

Results of our hematogenous metastasis BC mouse model
(Figure 1A) show that after 42 days, mice in the MH
group developed more severe lung metastases than the
control (Ctrl) group, as indicated by the appearance of
lung tumor granules being joined together in the MH
group, and lungs of theMH treated group exhibited signifi-
cantly higher lung weights and larger areas of tumor tissue
than the Ctrl group (Figure 1B). Results also show that
continuous intraperitoneal morphine treatment in these

mice promoted macroscopic metastases in other organs,
all of which were confirmed by histopathological exami-
nation (Supplementary Figure S2A, Supplementary Table
S2). IVI revealed that tissue metastasis occurredmuch ear-
lier in mice from the MH group compared to the Ctrl
group (Figure 1C-D), accompanied by a significantly lower
overall survival rate (P < 0.001) in MORA-treated mice
(Figure 1E).
Next, the effects of a MORA on tumor metastasis

were further investigated in an in situ BC mouse model
(Figure 2A, Supplementary Figure S2B). As shown in Sup-
plementary Figure S2C, significantly more bladder tumors
formed in the MH group compared to the Ctrl group (7
[77.8%] vs. 3 [33.3%]). Concordantly, the average weights
and volumes of bladders were significantly higher in mice
from the MH group than in those from the Ctrl group
(Supplementary Figure S2C).Moreover,mice from theMH
group developedmore numerousmacroscopic lungmetas-
tases that were also larger in size compared to those from
the Ctrl group (Supplementary Figure S2D).
It is now widely accepted that CTCs play an important

role in tumor metastasis and recurrence [16]. CTCs can
be classified into two subgroups: epithelial (E-CTC) and
mesenchymal (M-CTC); and some CTCs co-express both
epithelial and mesenchymal markers and can be classified
as both E-CTC and M-CTC. Recent studies indicate that
M-CTCs are associatedwith a strongermetastatic potential
compared to E-CTCs [27]. Therefore, we next analyzed the
effects of MH treatment onM-CTC formation in tumors of
the in situ BC mouse model by using the SDI-Chip previ-
ously reported by our group [20]. The number of M-CTCs
were significantly higher in the MH group than in the Ctrl
group, and M-CTC clusters were also increased in the MH
group compared to those in the Ctrl group, although it did
not reach statistical significance (Figure 2B-D). We also
generated a subcutaneous BC mouse model (Figure 2E,
Supplementary Figure S2E), and validated that the num-
ber of M-CTCs was significantly higher in the MH group,
and the M-CTC clusters displayed an increase in the
trend in the MH group but remained statistically similar
between the two groups (Figure 2F-H). Moreover, mor-
phine treatment also significantly increased the number of
E-CTCs,but not E-CTC clusters, in this model (Figure 2F, I
and J). These findings suggest thatMORA treatment facili-
tated CTC formation, which could be a reason whyMORA
treatment accelerates BC metastasis.

3.2 MORA treatment promoted cell
deformation, migration, and EMT

We first confirmed that MOR was expressed in both the
MB49 and T24 bladder carcinoma cell lines (Supplemen-
tary Figure S3A-B). To explore how MORAs facilitate
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F IGURE 1 MORA treatment promotes bladder cancer cell metastasis in a hematogenous metastasis mouse model, (A) Study diagram:
adult C57BL/6J female mice were injected with luciferase-expressing MB49-luc cells into the vein tail (Day 0). 10 mg/kg MH or normal saline
were injected intraperitoneally daily for 14 days (Days 1-14), (B) Lung metastases were more extensive in the MH treated group (scale bar =
100 μm), (C) IVI indicated that tumor metastases occurred visibly earlier in mice from the MH group than the Ctrl group, (D) Comparison of
cumulative metastasis rates at indicated time points, (E) Survival analysis of the two groups showed a significantly lower overall survival rate
in MH-treated mice. A-E: n = 11 per group, mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, Abbreviations: MORA, μ-opioid receptor agonist;
MH, morphine hydrochloride; Ctrl, normal saline controls; QD, once a day; HE, hematoxylin and eosin; IHC, immunohistochemistry; IVI, in
vivo live imaging; SD, standard deviation.
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CTC formation, we then cultured MB49 cells with MH
and performed an RNA-seq (Figure 3A-D, Supplemen-
tary Figure S3C-D). GO enrichment analysis revealed that
cell adhesion, developmental process, cell locomotion and
cell junction pathways were significantly enriched after
MH treatment (Figures 3A-B, Supplementary Figure S3D).
GSEA also demonstrated an enrichment of the biological
processes of EMT, cell morphogenesis, and cell adhesion
and migration-related signaling pathways (Figure 3C-D,
Supplementary Figure S3E). Since it is well-known that
EMT contributes to the generation of CTCs, we hypoth-
esized that the MORA-induced EMT process facilitated
CTC formation and therefore promoted tumor metastasis.
To confirm that hypothesis, we first microscopically

examined morphological cell changes in MH-treated T24
human bladder carcinoma cells and in the subcutaneous
tumor tissues. F-actin staining revealed cytoskeleton trans-
formation of T24 cells to the characteristic spindly mor-
phology of the mesenchymal phenotype after treatment
with MH for 24 h, which became more pronounced
with increased MH concentration (Figure 3E). Scanning
electron microscope (SEM) imaging confirmed these cell
morphology changes (Supplementary Figure S3F). Con-
cordantly, F-actin staining of the subcutaneous tumors
showed an elongated phenotype in the MH-treated group
and a signet-ring phenotype in tumors from the Ctrl group
(Figure 3F). Live-cell imaging of T24 cells under a laser
confocal microscope further verified that the cells dis-
played remarkable and frequent phenotypic changes to
an elongated shape after MH treatment (Figure 3G, Sup-
plementary Figure S3G, and Supplementary Video S1-2).
To observe cell activity, we then evaluated cell migra-
tion and invasion ability. Exposure to MH resulted in
significantly enhanced migration and invasion abilities
(Figure 3H-I).
Next, we measured changes in cell surface biomark-

ers to monitor EMT in vitro and in tumors. As shown in
Supplementary Figure S4A-D, MH treatment resulted in a
significant decrease in protein expression of the epithelial

markers E-cadherin and CK19 and a significant increase
in the mesenchymal markers N-cadherin and Vimentin in
three different BC cell lines (T24,MB49 and 5637). Analysis
of the subcutaneous tumors and the in situ bladder tumors
revealed a similar decrease in epithelial and increase in
mesenchymal markers, verified with both Western blot
analysis and IHC staining (Supplementary Figure S4E-G).
Together, these data provide convincing evidence, both in
vitro and in vivo, that MORA treatment induced the EMT
process in bladder cancer cells.

3.3 MORA facilitated EMT by
upregulating the EMT-transcription factor
(TF) Slug

Previous studies have suggested that EMT-TFs are key
factors in mediating EMT in cancer [18]. Using the
GO-molecular function and KEGG pathway enrichment
analysis, we uncovered that TF activity was significantly
changed after MH treatment, and TF dysregulation con-
tributed to the MH-related biological events in MB49 cells
(Supplementary Figure S5A-B). Therefore, we next evalu-
ated the mRNA expression levels of eight crucial EMT-TFs
in T24 and MB49 cells. RT-qPCR analysis revealed that
SLUG was the only TF that was significantly increased
after MH treatment in both cell lines (Figure 4A-B). We
verified that Slug protein levels were also increased in both
MH-treated cell lines as well as in subcutaneous tumors
of MH-treated mice (Figure 4C-D, Supplementary Figure
S5C-E).
Furthermore, we then generated Kaplan-Meier sur-

vival analyses from 404 BC patients of TCGA dataset.
This dataset showed that among the 8 critical EMT-TFs,
SLUG was the only TF whose expression levels inversely
correlated with patients’ long-term survival (Figure 4E,
Supplementary Figure S5F), leading us to the hypothesis
that MORA treatment upregulated Slug, resulting in BC
tumor progression.

F IGURE 2 MORA treatment increases generation of mesenchymal and epithelial CTCs in murine BC models, (A) Study diagram:
MB49 cells were injected into mouse bladders to establish BC in situ BC. 10 mg/kg of MH or normal saline was injected intraperitoneally daily
for 14 days (Days 8-21), (B-D) Representative images of mesenchymal CTCs and CTC clusters detected by microfluidic chip in mice with in
situ BC (B). The number of mesenchymal CTCs (C) and mesenchymal CTC clusters (D) were increased in the MH group. The former reached
statistical significance, the latter showed a trend (B-D: n = 6 for naïve, n = 9 each in the Ctrl and MH groups, mean ± SD, scale bar = 50 μm),
(E) Study diagram: MB49 cells were injected subcutaneously into the right upper “arm” pit of mice to establish a subcutaneous BC model. 10
mg/kg of MH or normal saline were injected intraperitoneally daily for 14 days (Days 8-21), (F-J) Representative images of mesenchymal
CTCs and CTC clusters, and epithelial CTCs and CTC clusters, detected by microfluidic chip in mice with subcutaneous BC (F).
Quantification of mesenchymal CTCs (G), mesenchymal CTC clusters (H), epithelial CTCs (I), and epithelial CTC clusters (J) in mice with
subcutaneous BC. (F-J: n = 6 for naïve, n = 5 each in the Ctrl and MH groups, mean ± SD, scale bar = 50 μm). **P < 0.01; ns, not significant.
naïve, no tumor cell injection and no vehicle treatment, Abbreviations: MORA, μ-opioid receptor agonist; CTC, circulating tumor cell; BC,
bladder cancer; MH, morphine hydrochloride; Ctrl, normal saline controls; QD, once a day; HE, hematoxylin and eosin; IHC,
immunohistochemistry; WB, western blot; SD, standard deviation.



376 WANG et al.



WANG et al. 377

To confirm this hypothesis in vitro, Slug was knocked
down in T24 and MB49 cells with siRNA (Supplemen-
tary Figure S6A). As shown in Figure 4F-H, Slug silencing
remarkably reversed the morphological changes of these
cells and reversed the increases in cell migration and inva-
sion ability induced by MH treatment in T24 cells. We
validated that expression levels of the mesenchymal mark-
ers, N-cadherin and Vimentin, were significantly inhibited
in Slug-deficient cells (Supplementary Figure S6B). Then
we injected mice subcutaneously with Slug-knockdown
MB49 cells to monitor tumor development in vivo and to
observe the formation of CTCs. Tumor growth was sig-
nificantly inhibited without Slug, even when treated with
MH (Figure 4I-J). Moreover, morphine-induced downreg-
ulation of the epithelial markers CK19 and E-cadherin
and upregulation of themesenchymalmarkersN-cadherin
and Vimentin were abolished in tumors formed by Slug-
deficient cells (Figure 4K-L). Concordantly, the increase
in the number of mesenchymal CTCs and CTC clusters
seen in the MH group was significantly reduced in the
absence of Slug, indicating that Slug plays a key role in
MORA-facilitated CTC formation (Figure 4M).

3.4 MORA upregulated Slug expression
by activating the PI3K/AKT signaling
pathway in a MOR-dependent manner

Previous studies have shown that the PI3K/AKT signal-
ing pathway regulates Slug expression in cancer and is
involved in the EMT process [18, 28]. Using a visual explo-
ration tool, we confirmed that Slug connected tightly with
the AKT signaling pathway (Figure 5A). Activation of the
AKT signaling pathway by MH was then analyzed both
in vitro and in vivo. In vitro, T24 cells showed significant
increases in phosphorylated PI3K (p-PI3K)/PI3K and p-
AKT/AKT ratios when exposed directly toMH (Figure 5B).
In vivo, the MH-treated groups of all three tumor tissues
(the in situ bladder tumors, the subcutaneous tumors and

themetastatic lung tumors from the hematogenousmodel)
showed increased expression of p-AKT compared to the
control groups (Ctrl; Figure 5C). In addition, when adding
the PI3K inhibitor LY294002 to the T24 cell medium,
MH-induced activation of PI3K and AKT was signifi-
cantly inhibited and not different from the control. The
upregulation of Slug and the morphological changes and
enhancement of cell migration and invasion ability that
was observed previously with MH treatment were all abol-
ishedwhen PI3K inhibitor was added, indicating that PI3K
signaling acted upstream of Slug and the EMT process
(Figure 5D-G, Supplementary Figure S6C-D).
Studies have verified that G protein-coupled recep-

tor (GPCR) and the PI3K/AKT signaling pathway are
connected [29]. Therefore, we constructed a MOR-KD
MB49 cell line (Supplementary Figure S6E) and inves-
tigated whether the effects of a MORA occurred in a
MOR-dependent manner. Compared to wild-type MB49
cells, MOR-KD MB49 cells did not show an activation of
PI3K/AKT signaling with MH treatment (Figure 5H). The
MH-induced mesenchymal phenotype and increase in cell
activity were also absent in these cells (Figure 5I-J, Sup-
plementary Figure S6F), showing that the MOR plays a
fundamental role in MORA-induced PI3K/AKT activation
and EMT. The role of MOR on tumor growth and acti-
vation of the AKT signaling and EMT progress were also
confirmed in vivo by generating subcutaneous tumorswith
MOR-KD MB49 cells (Figure 5K, Supplementary Figure
S6G).

3.5 Perioperative opioid treatment
promoted CTC formation in BC patients
undergoing surgery

Following our preclinical findings, we conducted a clinical
study at the Shanghai Renji Hospital to evaluate whether
perioperative opioid treatment affected the number of
CTCs postoperatively. Between June 2020 and January

F IGURE 3 MORA treatment promotes EMT in BC cells, (A-B)Map of significantly enriched biological processes (A) and cellular
component pathway (B) enrichment analyses of RNA-seq data from MH-treated or Ctrl MB49 BC cells. The black numbers along the x-axis
are the coordinates of total genes, and the blue numbers are the coordinates of differentially expressed genes, (C) GSEA in MB49 cells showed
that EMT, cell morphogenesis, cell adhesion and cell migration-related signaling pathways were significantly enriched after MH treatment.
(A-C, n = 3 per group), (D) GSEA showing a positive association between epithelial to mesenchymal transition and actin cytoskeleton
organization, (E) F-actin staining in T24 BC cells. Cytoskeleton transformation into a mesenchymal phenotype was observed after MH
treatment (E, n = 3 per group; left three panels scale bar = 100 μm), (F) F-actin staining in subcutaneous tumors showed an elongated
phenotype in the MH group and a signet-ring phenotype in the Ctrl group (F, n = 3 per group; left three panels scale bar = 100 μm), (G) T24
live-cell imaging verified that cells underwent a remarkable phenotypic change to an elongated shape after MH treatment (G, n = 10 per
group, scale bar = 50 μm). Time points on the x-axis represent data collected for each 15-minute interval, (H-I)Migrative (H) and invasive
abilities (I) of T24 cells were both significantly increased during MH treatment (H-I, n = 3 per group; mean ± SD, scale bar = 100 μm).
**P<0.01, Abbreviations: MORA, μ-opioid receptor agonist; EMT, epithelial-mesenchymal transition; BC, bladder cancer; Ctrl, control;
GSEA, gene set enrichment analysis; MH, morphine hydrochloride; SD, standard deviation; DE, differential expression.
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F IGURE 4 MORA promotes EMT in BC cells by upregulating the EMT-TF Slug, (A-B)mRNA expression patterns of eight EMT-TFs in
MH-treated T24 cells (A) and MB49 cells (B). (A-B, n = 3 per group; mean ± SD). Expression levels of SNAI3, TWIST1 and WNT1 were below
level of detection in T24 cells. Expression levels of SNAI3 and WNT1 were below level of detection in MB49 cells, (C-D)Western blots
showing a significant upregulation of Slug protein expression in T24 (C) and MB49 cells (D) after MH treatment (C-D, n = 3 per group; mean
± SD), (E) Kaplan-Meier analysis from the TCGA-BC dataset, examining the correlation between SLUG expression levels and overall BC
patient survival, showing that higher SLUG levels were significantly associated with shorter overall patient survival, (F-H) Slug knockdown
in T24 cells significantly reversed MH-induced morphological changes (F), increases in migrative (G), and increases in invasive abilities (H).
(F-H, n = 3 per group; mean ± SD, scale bar = 100 μm in left three panels of F and in G and H), (I-J) Tumor growth was significantly
inhibited in Slug-deficient MB49 cell tumors, with or without MH treatment, (K) IHC staining showing inhibition of the morphine-induced
EMT process in Slug knockdown tumors (scale bar = 100 μm), (L)Western Blots of subcutaneous BC tumors showing reversal of
MH-induced changes of EMT markers when Slug was knocked down, (M) The mesenchymal CTC and CTC cluster increase seen in the
MH-treated group was significantly reduced in the absence of Slug. (n = 12 per group for I-L, and n = 11-12 per group for M) All data was
shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant, Abbreviations: MORA, μ-opioid receptor agonist; EMT,
epithelial-mesenchymal transition; BC, bladder cancer; TF, transcription factor; MH, morphine hydrochloride; Ctrl, control; SD, standard
deviation; IHC, immunohistochemistry; CTC, circulating tumor cell.
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2021, 44 patients receiving elective RARC surgery due to
primary BC were enrolled and randomly assigned to a GA
group receiving peri- and postoperative MORA treatment
(n = 22) or a combined general-epidural anesthesia (GA +

E) group receiving only a very small amount ofMORAdur-
ing anesthesia induction (n = 22) (Supplementary Figure
S7). Comparisons of patients’ baseline characteristics, peri-
operative variables and postoperative complications did
not show significant differences between the two groups,
except for the MORA (sufentanil and remifentanil) treat-
ment doses (Supplementary Table S3, Supplementary
Table S4). Postoperative VAS scores were similarly low in
both groups, indicating that both anesthesia methods pro-
vided effective pain relief in these patients (Supplementary
Table S4). Blood samples were collected from patients of
both groups at indicated time points (pre-surgery, imme-
diately after surgery, 3rd day post-surgery, and 1-month
post-surgery) for CTC detection using the immunocap-
ture microfluidic chip. Utilizing EpCAM and cell surface
vimentin (CSV) antibodies, 6 types of CTCs/ CTC clusters
were identified, including single epithelial CTCs, single
mesenchymal CTCs, double-positive CTCs, single epithe-
lial CTC clusters, single mesenchymal CTC clusters, and
double-positive CTC clusters, all of which were present
in very low numbers in healthy controls (Supplementary
Figure S8A-B). No pre-surgery differences in total epithe-
lial CTCs (single epithelial CTCs + double-positive CTCs
+ single epithelial CTC clusters + double-positive CTC
clusters), total mesenchymal CTCs (single mesenchymal
CTCs + double-positive CTCs + single mesenchymal CTC
clusters + double-positive CTC clusters), total double-
positive CTCs (double-positive CTCs + double-positive
CTC clusters) and total CTCs (single epithelial CTCs +
single mesenchymal CTCs + double-positive CTCs + sin-
gle epithelial CTC clusters + single mesenchymal CTC
clusters + double-positive CTC clusters), were observed
between the two groups (Figure 6A-D). All cell numbers,
except the number of total double-positive CTCs, remained
similar between the two groups immediately after surgery;

however, on the 3rd day post-surgery, all cell numbers
were significantly lower in the GA + E group compared
to the GA group, and this effect was still observed at the 1
month after surgery time point (Figure 6A-D). Notably, 3
days post-surgery, the number of total CTC clusters (single
epithelial CTC clusters + single mesenchymal CTC clus-
ters + double-positive CTC clusters), which are reported
to possess significantly higher metastasis-promoting capa-
bility than individual CTCs [30], were significantly lower
in theGA+E group than in theGAgroup, and still showed
a lower trend 1 month after surgery, although that dif-
ference did not reach statistical significance (Figure 6E).
When comparing fold changes of the numbers of CTCs at
the three postoperative time points to their respective val-
ues before surgery, the CTC decline trends in the GA + E
groupwas significantlymore pronounced than those in the
GA group in most cases (Figure 6F).
Even though there were fluctuations in the number of

CTC counts at the time and immediately after surgery,
as well as on the 3rd day post-surgery, all CTC counts
were lower 1 month post-surgery than their corresponding
preoperative values in both groups (Figure 6A-E), verify-
ing the effectiveness of surgery in removing tumor mass
and thereby reducing CTC formation. We also confirmed
that more CTCs were detected in patients diagnosed with
higher tumor stages (III + IV) than in those with lower
tumor stages (I + II) (Figure 6G). However, in contrast
to previous studies [31], we found no correlation between
CTC numbers and tumor size in our patients (Supplemen-
tary Figure S8C),whichwas also seen in our animalmodels
(Supplementary Figure S8D), indicating more complex
mechanisms for CTC formation.

4 DISCUSSION

This current study demonstrated that morphine, a rep-
resentative of MORAs, promoted BC metastasis and
facilitated CTC formation in vitro, in vivo and in a human

F IGURE 5 Activation of the MOR/PI3K/AKT pathway contributes to the EMT process induced by a MORA, (A) Correlations among
Slug, AKT and EMT. By using the visiable tool Biovista, genes (blue circle) or pathways (orange circle) that connect tightly with each other are
shown. Comprehensive relationships suggested that Slug connected tightly with the AKT signaling pathway and EMT-related pathways, (B)
Western blot showing activation of the PI3K/AKT pathway with MH treatment for 24 h in T24 cells (B, n = 3 per group; mean ± SD), (C) IHC
staining of in situ bladder tumors, subcutaneous BC tumors and lung metastases showing significant upregulation of p-AKT in the MH
treated groups (C, n = 3-11; left panels scale bar = 100 μm), (D-G) PI3K inhibitor LY294002 significantly inhibited the MH-induced activation
of PI3K and AKT (D), transition to the mesenchymal phenotype (E), increase in cell migration (F), and increase in invasion ability (G) of T24
cells, (H)MOR-KD MB49 cells did not show activation of PI3K/AKT signaling with MH treatment, (I-J)MH-induced increased cell
migration and invasion were absent in MOR-KD MB49 cells, (K) Tumor growth was significantly inhibited in MOR-KD MB49 cell tumors,
with or without MH treatment. (n = 3 per group in D-J and n = 6 per group in K, mean ± SD, scale bar = 100 μm in left three panels of E, and
in F, G, I and J) *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant, Abbreviations: MORA, μ-opioid receptor agonist; EMT,
epithelial-mesenchymal transition; MH, morphine hydrochloride; Ctrl, control; BC, bladder cancer; IHC, immunohistochemistry; KD,
knockdown; SD, standard deviation.
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clinical trial. Investigations into the underlying
mechanisms revealed that MORA treatment signifi-
cantly increased the EMT process via activating the
PI3K/AKT/Slug signaling pathway in a MOR-dependent
manner, as knockdown of MOR, Slug or blockade of
PI3K inhibited the EMT process and CTC formation
(Figure 6H). Taking advantage of a novel, highly efficient
and selective immunocapture microfluidic chip, the
present study also greatly expands our current knowledge
of the complex impact ofMORAs on cancer progression by
exploring their influence on CTC formation, and presents
a rationale to target the EMT-CTC axis to prevent the
tumor-promoting effects of MORAs, so that sufficient pain
relief can be provided in BC patients without sacrificing
their long-term prognosis.
Opioids, especially MORAs, are the most effective anal-

gesics to date and are widely used all over the world [32].
Concomitantly, the opioid crisis has led to serious social
issues such as addiction, violent crimes, drug abuse and
huge economic losses, and has threatened global health
[12, 32]. In cancer patients, MORAs are indispensable to
pain control. Besides the above-mentioned social prob-
lems, recent discoveries have brought attention to whether
they affect cancer progression, and previous clinical and
basic studies have uncovered close connections between
MORA use and tumor metastasis, recurrence and malig-
nant biological behaviors of cancer cells [28, 33]. However,
some cellular studies have challenged this view by show-
ing the potential benefits of MORAs in cancer prognosis.
For example, Tegeder et al. [34] showed that morphine
reduces growth and promotes apoptosis of breast can-
cer cells through the activation of p53. Zhang et al. [35]
demonstrated that morphine, at clinical concentrations,
suppresses the malignant properties of hepatocellular car-
cinoma cells. Several recently published clinical trials
showed no differences in long-term prognosis between
opioid-sparing anesthetic techniques and routine tech-
niques in patients undergoing surgery due to malignant
tumors [36, 37]. This discrepancy may be ascribed to dif-

ferences in tumor types, animal models used, anesthetic
techniques, and exposure patterns to opioids, indicating
the necessity for more research in this field. In this present
study, we demonstrated that MORA treatment signifi-
cantly promoted BC formation and metastasis in several
in vivo mouse models, which included a hematogenous
metastasis model, an in situ BC model and a subcu-
taneous BC model. These findings strongly indicated a
carcinogenic effect of chronic exposure to MORAs in BC
individuals, demonstrating that caution iswarrantedwhen
using MORAs long-term for pain control in BC patients.
The mechanisms of the carcinogenic effects of MORAs

have not yet been well elucidated. Several possible mech-
anisms have been proposed, including (1) inhibition of
the immune system, particularly inhibiting the function of
immune cells such as natural killer cells, effector T cells,
lymphocytes, dendritic cells and B cells [38], (2) upregula-
tion of stromal angiogenesis [28], and (3) direct effects on
cancer cells, i.e., increasing the proliferative, migrative and
invasive abilities of cancer cells [39–41]. However, the exact
mechanism of how MORAs promote cancer recurrence
and metastasis remain unclear.
CTCs are cancer cells that shed from the tumor nidus

and enter the circulatory system, thereby having the poten-
tial to form new distant metastases, and they are key
components in determining cancer prognosis [16, 42].
In a clinical setting, both CTC enumeration and molec-
ular analyses have been proven valuable as predictive
biomarkers for cancer progression and provide newmeans
to monitor the efficiency of individual treatments [43].
Whether MORAs affect CTC formation, however, has not
been elucidated. The influence of anesthetics on CTCs is
starting to attract researchers’ attention. A recent clinical
trial report’s new finding on the effects of sevoflurane ver-
sus propofol in regard to CTC counts over time in breast
cancer surgery patients, and according to the ClinicalTri-
als.gov website, two clinical trials are currently ongoing,
investigating the impact of opioids on CTCs (NCT03700411
and NCT03700541). However, the number of trials in this

F IGURE 6 Perioperative opioid treatment promotes CTC formation in BC patients receiving robot-assisted laparoscopic radical
cystectomy, (A-E) The numbers of total epithelial CTCs (A), total mesenchymal CTCs (B), total double-positive CTCs (C), total CTCs (D), and
total CTC clusters (E) in BC patients receiving surgery under GA or a combined GA + E, measured pre-surgery, immediately after surgery, 3rd
day post-surgery, and 1 month post-surgery, respectively. Patients in the GA + E group received only a very small amount of MORA during
anesthesia induction, whereas patients in the GA group received continuous perioperative doses of MORAs, (F) Fold changes of the different
types of CTCs at indicated time points. When CTC count = 0 pre-surgery but > 0 at the other three time points, the Log2(fold change) was
defined as 10. Similarly, when CTC count > 0 pre-surgery but = 0 at the other three time points, the Log2(fold change) was defined as -10.
Change trends of patients whose post-surgery blood samples were missing are not shown. The decline trends of CTCs in the GA + E group
were significantly more pronounced than those in the GA group in most cases, (G) Before surgery, patients with higher tumor stages (III and
IV) had significantly more total CTCs compared to those diagnosed with lower tumor stages (I and II), (n = 13-22 in A-G, mean ± SD) *P <
0.05, **P < 0.01, ***P < 0.001; ns, not significant, (H) Schematic model showing the mechanisms how a MORA facilitates the formation of
CTCs leading to increases in tumor metastases in BC, Abbreviations: CTC, circulating tumor cell; BC, bladder cancer; GA, general anesthesia;
E, epidural anesthesia; MORA, μ-opioid receptor agonist; MOR, μ-opioid receptor; EMT, epithelial-mesenchymal transition.
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field is still few,whichwe suspect are being limited by tech-
nological challenges due to the rarity of CTCs compared to
blood cells and an inability to isolate them in a viable state
[44].
For the present study, we utilized a novel, highly effi-

cient and selective immunocapture microfluidic chip [21,
24, 45], which successfully captured CTCs in several BC
mouse models. There are several advantages to our SDI
chips when comparing them to other popular CTC detec-
tion systems. First, a higher efficiency for CTC capture,
requiring only 0.5∼1 mL of blood for ourmicrofluidic chip,
whereas most of the other CTCs detection methods need
5∼10 mL of blood [46, 47]. Moreover, dozens of CTCs
per mL can be detected with this chip in cancer patients,
compared to only several CTCs per ml when using other
methods [22, 47]. Second, the ability to identify different
kinds of CTCs, six kinds of CTC types, including E-CTCs,
M-CTCs and CTC clusters, can be detected at the same
time with our microfluidic chip, which is unachievable
by other CTCs detection systems such as Cellsearch or
Cellcollector devices [47, 48].
Using this novel immunocapture microfluidic chip,

our experiments showed that MORA treatment signifi-
cantly increased the number of bothM-CTCs and E-CTCs.
Moreover, when comparing CTC numbers in patients
receiving primary BC surgery using routine intraoperative
GA and postoperative MORA analgesia to an alternative,
almost opioid-free intraoperative anesthesia and postoper-
ative analgesia technique,we discovered that perioperative
opioid-sparing approaches were associated with a reduced
number of CTCs postoperatively in BC patients, especially
in the number of M-CTCs and total CTC clusters, both of
which reportedly have a higher capacity to form metas-
tases when compared to other CTC subpopulations [24].
Notably, most subgroups of CTCs remained similar in
number immediately after surgery and were higher on the
3rd day post-surgery compared to their pre-surgery values.
This is reasonable because surgical tumor resection can
cause CTCs to be released into the bloodstream [49, 50].
The number of CTCs then declines with time since surgery
removed the source of CTCs, and only those with long
survival rates can be detected 1 month post-surgery. There-
fore, we speculate that the lower number of CTCs in the
opioid-sparing group on the 3rd day after surgery reflected
the fact that almost no opioids were used that would
promote additional CTC formation. The fact that this dif-
ference was sustained for up to 1 month after surgery,
revealed the possibility that opioids can increase CTC sur-
vival. Together, our findings provided compelling evidence
that MORAs promoted the formation of CTCs and demon-
strated a novel mechanism, increasing our understanding
of the carcinogenic effects of MORAs.

EMT has been a focal point in the field of oncology not
only due to its importance in tumor progression and sur-
vival but also its critical role in promoting CTC formation,
survival and metastasis to distant organs [16, 18, 42, 51-53].
Previous studies have shown that cancer cells that undergo
EMT more easily invade and survive in the bloodstream
[42, 51]. Our RNA-seq analysis inMB49 cells demonstrated
enrichment of cells exhibiting EMT upon MORA treat-
ment. In this context, we then investigated whether a
MORA could promote CTC formation by increasing the
EMT of BC cells. Our hypothesis was confirmed by multi-
ple experiments. By taking advantage of a live-cell imaging
system, we provided live evidence visualizing the changes
in cellular phenotype and activity after MORA treatment.
Further investigation into the upstream signaling path-
ways revealed that inhibiting PI3K/AKT and knocking
down Slug both inhibited the EMT process and CTC for-
mation induced by morphine treatment. Strikingly, with
our μ-opioid receptor knockdown BC cell line MOR-KD
MB49, we showed that MOR was required for MORA to
exert these effects. These results point towards targeting
the MOR/PI3K/AKT/Slug signaling pathway to prevent
the promoting effects of MORAs on CTC formation.
The current study has certain limitations. Firstly, we did

not perform a molecular analysis of the captured CTCs,
due to technological restrictions.With recent development
of whole-genome single-cell sequencing of CTCs by our
research group [54], we will be able to identify MORA-
induced changes in gene expression signatures in CTCs in
the future, and biomarker analyses in CTCs could later be
used to stratify patients with unfavorable prognoses due to
MORA treatment prior to therapy initiation. Secondly, the
clinical trial of this current study focused on the number of
CTCs instead of patients’ long-term survival. A large-scale,
multicenter clinical trial utilizing recurrence-free survival
(RFS) or overall survival (OS) as primary outcomes in
BC surgery patients is needed to further clarify the rela-
tionship among MORA use, CTC formation and patient
prognosis.

5 CONCLUSIONS

The current study represents a major advance in the
understanding of the effects of MORAs on bladder cancer
metastasis. This work uncovered that MORAs facilitated
CTC formation, which is due, at least in part, to the
activation of the MOR/PI3K/AKT/Slug signaling path-
way. These findings indicated that MORAs should be
used judiciously in BC patients during the perioperative
period or for chronic cancer pain control.Molecules target-
ing peripheral MORs or the PI3K/AKT/Slug pathway are
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suggested as adjuvants when MORAs are indispensable in
BC patients.
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