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Abstract
Background: Cancer-associated fibroblasts (CAFs) play a vital role in facilitat-
ing tumor progression through extensive reciprocal interplay with cancer cells.
Tumor-derived extracellular vesicles (EVs) are the critical mediators involved
in the crosstalk between cancer cells and stromal cells, contributing to the
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metastasis of cancers. Yet, the biological mechanisms of tumor-derived EVs in
triggering CAFs phenotype to stimulate the lymph node (LN)metastasis of blad-
der cancer (BCa) are largely unknown. Here, we aimed to explore the effects
and molecular mechanisms of tumor-derived EV-mediated CAFs phenotype in
regulating BCa LN metastasis.
Methods: The high-throughput sequencing was utilized to identify the crucial
long non-coding RNA (lncRNA) associated with CAF enrichment in BCa. The
functional role of the transition of fibroblasts to CAFs induced by LINC00665-
mediatedEVswas investigated through the in vitro and in vivo assays. Chromatin
isolation by RNA purification assays, fluorescence resonance energy transfer
assays, cytokine profiling and patient-derived xenograft (PDX) model were per-
formed to explore the underlyingmechanism of LINC00665 in the LNmetastasis
of BCa.
Results: We found that CAFs are widely enriched in the tumor microenviron-
ment of BCa, which correlated with BCa lymphangiogenesis and LNmetastasis.
We then identified a CAF-associated long non-coding RNA, LINC00665, which
acted as a crucial mediator of CAF infiltration in BCa. Clinically, LINC00665
was associated with LN metastasis and poor prognosis in patients with BCa.
Mechanistically, LINC00665 transcriptionally upregulated RAB27B expression
and induced H3K4me3 modification on the promoter of RAB27B through the
recruitment of hnRNPL. Moreover, RAB27B-induced EVs secretion endowed
fibroblasts with the CAF phenotype, which reciprocally induced LINC00665
overexpression to form aRAB27B-HGF-c-Myc positive feedback loop, enhancing
the lymphangiogenesis and LNmetastasis of BCa. Importantly, we demonstrated
that blocking EV-transmitted LINC00665 or HGF broke this loop and impaired
BCa lymphangiogenesis in a PDX model.
Conclusion: Our study uncovers a precise mechanism that LINC00665 sus-
tains BCa LN metastasis by inducing a RAB27B-HGF-c-Myc positive feedback
loop between BCa cells and fibroblasts, suggesting that LINC00665 could be a
promising therapeutic target for patients with LN metastatic BCa.

KEYWORDS
bladder cancer, Cancer-associated fibroblasts, extracellular vesicles, HGF, lymphangiogenesis,
lymph node metastasis, long non-coding RNA, positive feedback loop

1 INTRODUCTION

Bladder cancer (BCa) is one of the most common urinary
malignancies, with an estimated 550,000 newly diag-
nosed cases worldwide yearly [1]. Intensive research has
demonstrated thatmuscle-invasive bladder cancer (MIBC)
possesses a particularly tumorigenic microenvironment to
acquire a higher incidence of lymph node (LN) metasta-
sis, contributing to the poor prognosis of patients [2, 3].
Cisplatin-based neoadjuvant therapy combined with rad-
ical cystectomy is determined as the standard treatment

for patients with advanced BCa, which hardly improved
the 5-year survival rate of patients with LN metastasis [4].
Thus, elucidating the precise mechanism triggering BCa
LN metastasis and developing new therapeutic strategies
for patients with LN metastatic BCa is of great clinical
importance.
Lymphangiogenesis refers to the sprouting of lymphatic

vasculature in the microenvironment, which enlarges the
lymphatic draining system for disseminating cancer cells
[5, 6]. We and others have demonstrated that regulatory
signals from the tumor microenvironment (TME) are
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essential for lymphangiogenesis and positively associ-
ated with increased LN metastasis and poor prognosis
of patients [7–9]. However, the predominant media-
tors in TME that trigger lymphangiogenesis are largely
unknown. Cancer-associated fibroblasts (CAFs) are the
major stromal cell component in the TME that generate
various cytokines to shape the desmoplastic microenvi-
ronment, leading to tumor therapeutic resistance [10].
Moreover, CAFs deliver molecular signals to cancer
cells to regulate cancer cell epithelial-mesenchymal
transition and maintain stemness, resulting in tumor
dissemination [11, 12]. Therefore, it is of great significance
to uncover the biological role and regulatory mechanisms
of CAFs in mediating BCa lymphangiogenesis and LN
metastasis.
Emerging evidences revealed that extracellular vesicles

(EVs) serve as crucial mediators for intercellular commu-
nication and may extensively involve in the interaction
profile between cancer cells and CAFs [13, 14]. Tumor
cell-derived EVs specifically reshape the stromal cellular
phenotype, which induces a premetastatic niche to sup-
port tumor metastasis [15]. Considering the key role of
EVs in the crosstalk between tumor cells and CAFs and
their advantages in biocompatibility and immunological
inertness, great efforts have been made in engineered
EVs for cancer therapy [16, 17]. Gene modification of
the membrane surface proteins endows engineered EVs
of high tissue targeting, exhibiting a significant effect
in inhibiting tumor proliferation and metastasis [16,
18]. Thus, elucidating the mechanism of EVs underly-
ing the regulation of the trafficking among tumor cells
and CAFs to induce BCa lymphangiogenesis is of great
clinical significance for developing effective engineered
EV-dependent therapeutic method of LN metastatic
BCa.
Long non-coding RNAs (lncRNAs) play a vital role

in activating the signaling cascade in the TME [19, 20].
Various regulatory lncRNAs have been reported to be
selectively packaged into EVs to regulate the metastatic
microenvironment formation and promote tumor metas-
tasis [21, 22]. Yet, the essential EV-associated lncRNAs
mediating the CAF phenotype are largely unexplored. In
this present study, we aimed to identify the crucial EV-
associated lncRNAs contributed to the lymphangiogenesis
and LN metastasis in BCa and explore the underlying
mechanism of EV-associated lncRNAs in mediating CAF
enrichment to sustain BCa LN metastasis, thus devel-
oping effective therapeutic targets for patients with LN
metastatic BCa.

2 MATERIALS ANDMETHODS

2.1 Patients and clinical samples

All BCa tissues and normal adjacent tissues (NATs) in
this study were collected from patients (containing 152
males and 76 females) who had undergone surgery at the
Sun Yat-Sen Memorial Hospital of Sun Yat-Sen University
(Guangzhou, Guangdong, China) and were pathologically
diagnosed with BCa independently by three pathologists.
The BCa patients combined with primary tumors of other
systems or without complete follow-up information were
excluded. The tissues underwent total RNA extraction, or
formalin fixation and paraffin embedding for immunos-
taining. The patients were followed up regularly after
surgery, in which the last date and median time of patient
follow-up were 31st June 2021 and 34.7 months, respec-
tively. Moreover, the overall survival (OS) of patients in
our study was defined as the time from surgery to death,
while disease-free survival (DFS) referred to the time from
surgery until evidence of tumor recurrence. Our study has
acquired informed consent from patients and the approval
of the Sun Yat-Sen University Committees for Ethical
Review of Research involving Human Subjects (approval
number: 2013[61]).

2.2 Cell lines and cell culture

The T24 (American Type Culture Collection [ATCC], Cat#
HTB-4, RRID: CVCL_0554) and 5637 (ATCC, Cat# HTB-9,
RRID: CVCL_0126) human BCa cell lines were purchased
from American Type Culture Collection (Manassas, Vir-
ginia, USA) and were cultured in Roswell Park Memorial
Institute (RPMI) 1640medium (Invitrogen,Waltham,Mas-
sachusetts, USA, Cat# 1640TS). Fibroblasts were isolated
from fresh normal urinary bladder tissues of humans
and maintained in minimal essential medium (MEM;
Invitrogen, Waltham, MA, USA, Cat# A1048801). Human
lymphatic endothelial cells (HLECs) were obtained from
ScienCell Research Laboratories (Carlsbad, California,
USA, Cat# 2500) and cultured in endothelial cell medium
(ECM; ScienCell Research Laboratories, Cat# 1001) sup-
plemented with 5% fetal bovine serum (FBS). All other
culture media (CM) were supplemented with 10% FBS
(Gibco, Indianapolis, Indiana, USA, Cat# 10093). All cells
were cultured at 37◦Cwith 5%CO2 in a humidified incuba-
tor, and the authentication and mycoplasma testing were
qualified by short tandem repeat (STR) DNA profiling.
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2.3 5’ and 3’ rapid amplification of
cDNA ends (RACE) of LINC00665

Here, 5’ and 3’ RACE assays were performed using the
5’/3’ RACEKit (Roche, USA, Cat# 3353621001) to detect the
full length of LINC00665. Briefly, the gene-specific RACE
products were collected from polymerase chain reaction
(PCR) amplification following separation and purification.
Then, the sequence of PCR products was acquired by bidi-
rectional sequencing. The LINC00665-specific nested PCR
primer sequences are listed in Supplementary Table S1.

2.4 Flow cytometry analysis of
fibroblast phenotype

The LINC00665 EVs-induced fibroblasts with or without
treatmentwith SIS3werewashedwith phosphate-buffered
saline (PBS), followed by fixation and permeabilization.
They were then incubated with primary antibodies: alpha-
smooth muscle actin (α-SMA, 1.137 μg/mL; Cat# ab7817,
Abcam, Boston, MA, USA), fibroblast activation protein
(FAP, 0.25 μL/106 cells; Cat# FAB3715G-100, R&D Systems,
Minneapolis, USA), and platelet-derived growth factor
receptor-α (PDGFRα, 1.15 μg/mL; Cat# ab203491, Abcam)
at 4◦C for 30 min and with the corresponding secondary
fluorescent antibodies: anti-Mouse IgG (0.1μg/mL; Cat#
A32773, Invitrogen, California, USA) and anti-Rabbit IgG
(1μg/mL; Cat# A32731, Invitrogen, California, USA) at 4◦C
for another 30 min. Subsequently, the treated cells were
analyzed using a FACScan flow cytometer (Becton Dickin-
son, Brea, California, USA). Data analysis was performed
using FlowJo (Version 10, TreeStar, Ashland, Oregon,
USA). Cells were first gated based on the forward-scatter
area (FSC-A) and side-scatter area (SSC-A) scatters to
exclude debris. Single cells were selected based on FSC-W
versus FSC-H parameters, which was recommended
in Becton Dickinson BioScience (BD, San Jose, Cali-
fornia, USA) fluorescence-activated cell sorting (FACS)
equipment. The isotype controls for indicated primary
antibodies were used for gating, and the cell samples
were then examined with indicated antibodies for further
validation of the gating. The gating strategy for flow
cytometry analysis is shown in Supplementary Figure S1.

2.5 Western blotting analysis

The RIPA lysis buffer and BCA Protein Assay Kit (Thermo
Fisher Scientific, Cat# 23227) were used to extract the
total proteins and determine the concentration, respec-
tively. Then, the total proteins were subjected to western
blotting analysis to detect the expression of indicated pro-

teins. After separating in 10% SDS polyacrylamide gels
(SDS-PAGE), the proteins were transferred to a polyvinyli-
dene fluoride membrane and blocked with 5% BSA for 1
h at room temperature. Then, the membrane was incu-
bated with primary antibodies at 4◦C overnight, followed
by the incubation with corresponding HRP-conjugated
secondary antibodies for 1 h at room temperature. The
visualization of the indicated proteins was conducted
using ECL reagents. The full uncut original pictures are
shown in Supplementary Figure S2. The antibodies used
in this study are listed in Supplementary Table S2.

2.6 Isolation and purification of EVs

As for the isolation of urinary EVs, 50 mL mid-stream
urine from patients or healthy volunteers was collected
and centrifuged at 2,000 × g for 20 min followed by 10,000
× g for 30 min. Then, the obtained supernatant was fil-
tered through a 0.22 μm filter (PALL, New York, USA)
followed by ultracentrifugation at 120,000× g for 70min in
a 70Ti rotor (Beckman, California, USA). The supernatant
was discarded, and pellets were resuspended with PBS. To
eliminate the Tamm-Horsfall protein, 200 mg/mL dithio-
threitol (DTT) was added into the suspension and heated
at 95◦C for 2 min to denature the zona pellucida domains
in the Tamm-Horsfall protein, after which the suspension
was ultra-centrifuged at 120,000 × g for another 70 min.
Finally, the pellets were resuspended with 50 μL PBS and
frozen at 80◦C for further use. All the centrifugations were
conducted at 4◦C. The receiver operating characteristic
(ROC) curves were used to evaluate the efficiency of uri-
nary EV-mediated LINC00665 in diagnosing BCa and LN
metastasis
As for the isolation of EVs from the cell CM, theCMafter

48 h incubation with EV-depleted FBS was collected and
centrifuged sequentially at 2,000 ×g for 10 min, 10,000 ×g
for 30 min, and 120,000 ×g for 70 min. Then, the pellets
were rinsed in PBS through centrifugation at 120,000 ×g
for 70 min and resuspended in PBS. The purified EVs were
stored at -80◦C for further use.

2.7 EVs Internalization

Following the manufacturer’s instruction, EVs were
stained with PKH67 Green Fluorescent Cell Linker
Kit (Sigma Aldrich, St Louis, USA, Cat#MINI67) and
then terminated by adding 1% bovine serum albumin
(BSA). PKH67-labeled EVs pellets were collected by
ultracentrifugation and resuspended in an FBS-depleted
medium. Then, EVs were co-cultured with fibroblasts,
macrophages, T cells or B cells for 12 h. After washing
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twice with PBS, cells were fixed with 4% formaldehyde
and stained with DAPI. The images were obtained using
a Zeiss confocal microscope system (LSM710, Zeiss,
Pleasanton, CA, USA).

2.8 Measurement of
LINC00665-induced EVs on LNmetastasis
of BCa cells

All experimental procedures were performed with the
approval of the Sun Yat-Sen University Institutional Ani-
mal Care and Use Committee (SYSEC-KY—KS-2021-293).
Here, we used nude mice (4-6 weeks old, 18-20 g) pur-
chased from the Sun Yat-Sen University Experimental
Animal Center (Guangzhou, Guangdong, China). As for
the mice popliteal lymphatic metastasis model, T24 cells
labeled with a green fluorescent protein (GFP) were
implanted into the footpads of the mice, which were then
randomly divided into different groups (n = 12), followed
by intratumoral co-injection with EVs secreted by the T24
cells. LNmetastasiswas detected using a PerkinElmer IVIS
Spectrum In Vivo Imaging System (Xenogen Corporation,
Alameda, California, USA) and analyzed when the tumors
reached the same size in different groups. Immunohisto-
chemistry (IHC) was used to analyze CAF infiltration in
primary tumors.
As for the orthotopic xenograft model, 4% chloral hydras

were used to anesthetize the mice. Then, an incision was
made at the pubic symphysis level in the lower abdomen to
expose the urinary bladder, and 5× 105 cells resuspended in
50 μL of themediumwere inoculated into the urinary blad-
der of mice, after which the abdomen was sutured. After
the inoculation, themicewere randomly divided into three
groups, followed by the treatment of indicated EVs. IHC
was performed to detect the pelvic LNs.

2.9 Establishment of mice carrying
patient-derived xenografts (PDXs)

In the PDX mouse model, the 4-week-old nonobese dia-
betic/severe combined immunodeficiency/interleukin-2r-
γ-null (NSG) mice were subcutaneously implanted with
fresh BCa tissues from two patients who had under-
gone surgery at Sun Yat-sen Memorial Hospital of Sun
Yat-sen University. When the tumors reached about 200
mm3, the mice were randomly divided into three groups,
followed by treatment with si-LINC00665 and/or neutral-
izing antibody against hepatocyte growth factor (αHGF).
The experiments were performed with the approval of the
Sun Yat-sen University Institutional Animal Care and Use
Committee.

2.10 Fluorescence resonance energy
transfer (FRET) and circular dichroism
(CD) spectroscopy

To determine the formation of the triplex structure
between LINC00665 and the RAB27B promoter, we per-
formed FRET and CD spectroscopy. For the FRET assays,
the 5-carboxy tetramethyl-rhodamine (TAMRA) and fluo-
rescein amidite (FAM) were labeled with triplex-forming
oligonucleotides (TFOs) and triplex target sites (TTS),
respectively. Then, 1:5 TFOs and TTS were mixed in bind-
ing buffer, followed by sequential incubation steps at 55◦C
for 10 min and 37◦C for 10 h. Finally, measure the flu-
orescence wavelengths between 480 and 690 nm with a
Molecular DeviceM5 Plate Reader (Molecular Device, CA,
USA).
For CD spectroscopy, 1:1 TFOs and TTSweremixed with

a binding buffer and equilibrated at 30◦C for 1 h. Then,
the fluorescence wavelengths were measured with a Chi-
rascan spectrometer. Oligos used in the FRET and CD
spectroscopy are listed in Supplementary Table S3.

2.11 Bioinformatic analysis

The clinical significance of LINC00665 in human
cancers was analyzed through The Cancer Genome
Atlas (TCGA, RRID:SCR_003193) database at
Gene Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html,
RRID:SCR_018294). The potential TFOs and corre-
sponding TTS in LINC00665 and the promoter of RAB27B
were predicted by LongTarget (http://www.gaemons.net),
a lncRNA-DNA binding motif prediction tool. The sec-
ondary structures of LINC00665 and the heterogeneous
nuclear ribonucleoprotein L (hnRNPL) bindingmotif were
predicted in RNAalifold (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAalifold.cgi) and POSTAR3
(http://postar.ncrnalab.org/), respectively.

2.12 Statistical analysis

All statistical analyses were conducted using Statistical
Product and Service Solutions (SPSS) 13 (SPSS Inc.,
Chicago, IL, USA, RRID:SCR_002865) from at least
three independent experiments, in which P < 0.05 was
considered statistically significant. Quantitative data
were presented as the means± standard deviations (SD).
The statistical significance of nonparametric variables
was assessed by the chi-square test (χ2 test). Parametric
variables were analyzed with the 2-tailed Student’s t test
or 1-way analysis of variance (ANOVA). The patients’
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OS and DFS were analyzed with the Kaplan-Meier
method.

3 RESULTS

3.1 LINC00665 is correlated with
CAF-induced LNmetastasis of BCa

The characteristics and interactions of cancer cells and
interstitial cells within the TME determine cancer inva-
siveness and promote cancer metastasis, which changes
dynamically as cancers develop [23]. Thus, to evaluate
the infiltrated cellular characteristics essential for BCa
invasiveness, we re-analyzed the previous single-cell RNA
sequencing (scRNA-seq) results [14] to show that CAFs
were the most infiltrated cells in invasive BCa tissues (n =
4) compared with non-invasive BCa (n = 4) (Figure 1A-E),
indicating that CAFs may contribute to the invasiveness
of BCa. To map the CAFs enriched in BCa TME, we
then evaluated the differentially expressed genes in CAFs
and revealed that α-SMA, FAP and PDGFRα were highly
enriched in these infiltrated CAFs (Figure 1F-I). IHC anal-
ysis in 228-case BCa cohort revealed a higher infiltration
of CAFs in the mucosal layer of invasive BCa tissues
than in non-invasive BCa tissues (Supplementary Figure
S3A-B). Previous studies demonstrated that the activation
of cancer invasiveness stimulates cancer cell metastasis
preferentially to sentinel LNs, which predicts the poor OS
of patients with BCa [24]. Therefore, we hypothesized that
CAF infiltration might be involved in BCa LN metasta-
sis. To confirm this hypothesis, the immunofluorescent
staining assays in a large cohort of 228 BCa cases were
conducted, which showed that the infiltration of CAFs
was significantly increased in LN metastatic BCa tissues
compared with those without LN metastasis (Figure 1J).
Strikingly, a positive correlation between CAF infiltration
and lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1) indicated micro-lymphatic vessel density (MLD)
in BCa tissues (Figure 1J), suggesting that substantial
CAF infiltration in TME plays an important role in the
lymphangiogenesis and LN metastasis of BCa.
Previous studies have demonstrated that lncRNAs in

tumor-induced EVs are crucial in mediating the TME to
promote tumor LN metastasis [9, 25]. Thus, we explored
the lncRNA expression profile in urinary EVs from
five BCa patients and five healthy participants (GEO:
GSE156308) and identified the crucial EV-associated lncR-
NAs involved in BCa LN metastasis. As shown in
Figure 1K, 255 lncRNAs were upregulated more than two-
fold in EVs from BCa patients compared with those from
healthy controls,whichwere then integratedwith the over-
expressed lncRNAs in BCa tissues compared with paired

NATs aswell as in LN-positive comparedwith LN-negative
BCa (GEO: GSE106534). The results showed that 12 lncR-
NAs were consistently overexpressed in EVs from BCa
patients than controls and in LN-positive BCa tissues than
LN-negative [26]. Further evaluation in our 228-case BCa
cohort demonstrated that LINC00665 was markedly over-
expressed in BCa tissues compared with NATs (Figure 1L).
Consistently, analysis of the TCGA database demonstrated
that LINC00665 was overexpressed in various human can-
cers andwas associated with the poor prognosis of patients
(Figure 1M, Supplementary Figure S3C–P). LINC00665
was overexpressed in LN-positive (n = 53) compared with
LN-negative BCa tissues (n = 175) in the whole cohort of
patients and gender subgroup (Figure 1N, Supplementary
Figure S3Q–R and Supplementary Table S4). Metastatic
LNs had higher LINC00665 expression levels than in the
primary tumor (Figure 1O). In situ hybridization (ISH) fur-
ther revealed a higher LINC00665 expression in tissues
from LN metastatic BCa than those from BCa without
LN metastasis (Figure 1P), indicating that LINC00665 is
widely contributed to the LN metastasis of BCa. More-
over, higher LINC00665 expression was related to shorter
OS and DFS of both total patients and female subgroup
patients (Figure 1Q and R, Supplementary Figure S3S-T).
Univariate and multivariate Cox analysis showed that
LINC00665 was an independent prognostic factor for OS
and DFS of BCa patients (Supplementary Table S5 and S6).
Importantly, we found that LINC00665 overexpressionwas
presented with a higher CAF infiltration and aroundMLD
in both the intratumoral and peritumoral regions of BCa
tissues (Figure 1S-T, Supplementary Figure S4A-D), sug-
gesting that LINC00665 is contributed to CAF-induced LN
metastasis of BCa.

3.2 LINC00665 enhances EV production
to promote the transition of fibroblasts into
CAFs

Strikingly, a higher extracellular expression level of
LINC00665 was observed in LN metastatic BCa tissues
than those without LN metastasis through ISH and fluo-
rescence in situ hybridization (FISH) analysis (Figure 1P,
Supplementary Figure S4E), indicating that LINC00665
might involve in BCa LN metastasis via an extracellu-
lar manner. A previous study proposed that as nanoscale
vesicles widely distributed in stromal matrix, EVs could
carry abnormally expressed lncRNAs to play an essen-
tial role in cell-to-cell communication [27]. Therefore,
we determined whether LINC00665 exerted its function
in BCa LN metastasis via EVs. Firstly, quantitative real-
time PCR (qRT-PCR) analysis revealed that LINC00665
was slightly upregulated in less invasive BCa cell lines
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8 LI et al.

and significantly upregulated in those with high invasive
compared to the SV-HUC-1 (Supplementary Figure S4F).
Then, the LINC00665 expression was successfully upreg-
ulated by transfecting with LINC00665 overexpressing
plasmids and downregulated by LINC00665-targeted small
interfering RNA (siRNA) transfection in BCa cells (Sup-
plementary Figure S4G-N). Then, the CM was collected
to isolate the BCa cell-secreted EVs. The results indi-
cated that LINC00665 overexpression markedly increased
EV secretion in BCa cells compared with the control
(Figure 2A-C, Supplementary Figure S4O-S). Since tumor-
derived EVs were mainly internalized by stromal cells
in TME to affect the biological activity of stromal cells,
we then evaluated the recipient cells of EVs induced
by LINC00665 overexpression in the BCa microenviron-
ment. The results showed that PKH67-labelled LINC00665
overexpression-induced EVs were mostly internalized by
primary fibroblasts rather than other stromal cells in the
TME of BCa (Figure 2D). Considering that the extra-
cellular molecular signals from cancer cells possessed
a significant role in mediating the phenotypic features
of stromal cells [28], we further investigated the role of
BCa cell-secreted EVs induced by LINC00665 overexpres-
sion on the phenotype of fibroblasts. Incubating with
LINC00665-overexpressing BCa cell-secreted EVs dramat-
ically increased α-SMA, FAP and PDGFRα expression
levels in fibroblasts compared with the control, while the
EV-free soluble fraction from LINC00665-overexpressing
BCa cells showed rare effects in α-SMA, FAP and PDGFRα
expression levels in fibroblasts compared with the control
(Figure 2E-G, Supplementary Figure S4T-W). Reversely,
silencing LINC00665 significantly impaired the promoted
effect of BCa cell-secreted EVs in CAF phenotypic pro-

teins expression in fibroblasts (Supplementary Figure S4X
and Y), suggesting that LINC00665-induced EVs promote
the transition of fibroblast to CAF phenotype. Collectively,
these data reveal that LINC00665 overexpression enhances
the EV secretion of BCa cells to endow fibroblasts with
CAF phenotype.

3.3 LINC00665 promotes CAF
infiltration to mediate BCa
lymphangiogenesis and LNmetastasis in
vitro and in vivo

To evaluate the biological function of fibroblasts pretreated
with LINC00665-induced EVs, tube formation and Tran-
swell assays in HLECs were performed. Overexpressing
LINC00665 triggered BCa cell-secreted EV-treated fibrob-
lasts to induce the tube formation and migration of
HLECs compared with the control, whereas knockdown
of LINC00665 possessed the opposite effect (Figure 2H-I,
Supplementary Figure S5A), indicating that LINC00665-
mediated transition of fibroblasts to CAFs stimulates
lymphangiogenesis of BCa in vitro. Next, a previously
reported popliteal LN metastasis model in nude mice was
established to evaluate the function of LINC00665-induced
CAF infiltration on the lymphangiogenesis and LNmetas-
tasis of BCa in vivo [25, 29]. Firstly, equal volumes of CM
from BCa cells were collected, and the EVs were isolated
and verified by NTA assays to be intratumorally injected
into the primary footpad tumor of mice (Figure 3A-B). The
results indicated that the LINC00665-induced EVs signif-
icantly facilitated GFP-labeled T24 cell metastasis to the
popliteal LNs compared to the control EVs (Figure 3C-D,

F IGURE 1 LINC00665 is correlated with CAF-induced LN metastasis of BCa. (A) tSNE plot of single cells identified by scRNA-seq and
colored by major cell types. (B) tSNE plot of single cells identified by scRNA-seq and colored by tissue types. (C) tSNE plot of single cells
identified by scRNA-seq and colored by major cell types in non-invasive BCa tissues. (D) tSNE plot of single cells identified by scRNA-seq and
colored by major cell types in invasive BCa tissues. (E) The fraction of major cell types profiled from non-invasive and invasive BCa tissues.
(F-H) tSNE plot showed the expression of (F) α-SMA, (G) FAP, and (H) PDGFRα on CAFs. (I) Gene overlays of indicated CAF markers on
tSNE. (J) Representative images and percentages revealing a positive correlation between α-SMA, FAP and PDGFRα-indicated CAF
infiltration and LYVE-1-indicated lymphatic vessel density in BCa tissues (n = 228). Scale bar: 50 μm. (K) Flowchart showing the
identification of lncRNAs upregulated in both urinary EVs and LN-positive tissues from BCa patients. (L and M) Evaluating LINC00665
expression in BCa tissues and NATs in a 228-case cohort (L) and TCGA database (M). (N and O) Evaluating LINC00665 expression in BCa
tissues with or without LN metastasis (N) and in primary BCa tissues and paired metastatic LNs (O). (P) Representative ISH images and
percentages of LINC00665 expression (blue) in NATs, LN-negative BCa tissues and LN-positive BCa tissues. Scale bar: 50 μm. (Q and R)
Kaplan-Meier curves for OS (Q) or DFS (R) of BCa patients (n = 228) according to LINC00665 expression. The cutoff value is the median
expression. (S and T) Representative images and percentages of CAF enrichment and MLD in the intratumoral (S) and peritumoral regions
(T) of BCa tissues (n = 228). White or red squares represent the areas of the insets. Scale bar: 50 μm. Statistical significance was assessed by
the χ2 test in J, P, S and T, or the nonparametric Mann-Whitney U test in L-O. *P < 0.05, **P < 0.01. Abbreviations: CAFs, Cancer-associated
fibroblasts; LN, lymph node; BCa, bladder cancer; tSNE, T-distributed stochastic neighbor embedding; scRNA-seq, single-cell RNA
sequencing; α-SMA, alpha-Smooth Muscle Actin; FAP, fibroblast activation protein; PDGFRα, platelet-derived growth factor receptor-α;
LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; EVs, extracellular vesicles; lncRNAs, long non-coding RNAs; NATs, normal
adjacent tissues; TCGA, The Cancer Genome Atlas; OS, overall survival; DFS, disease-free survival; MLD, micro-lymphatic vessel density.
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LI et al. 9

F IGURE 2 LINC00665-induced EVs endow fibroblasts with CAF phenotype to promote BCa lymphangiogenesis in vitro.
(A) Representative TEM images of EVs isolated from LINC00665-overexpressing T24 and control cells. Scale bars: 100 nm. (B and C) NTA
analysis and quantification of EVs isolated from T24 cells with or without transiently transfecting with the Vector or
LINC00665-overexpressing plasmids. (D) Representative fluorescence images of primary fibroblasts, T cells, B cells, HLECs and HUVECs
after incubation with PKH67-labelled (green) vector EVs or LINC00665 EVs from BCa cells. Scale bars: 5 μm. (E) Western blotting analysis of
α-SMA, FAP and PDGFRα expression in fibroblasts incubated with PBS, vector- or LINC00665-induced EVs from BCa cells.
(F) Representative confocal images of α-SMA, FAP and PDGFRα expression in fibroblasts treated with PBS, vector- or LINC00665-induced
EVs from BCa cells. Scale bars: 5 μm. (G) Flow cytometric analysis of α-SMA, FAP and PDGFRα expression in fibroblasts incubated with PBS,
vector-induced EVs, or LINC00665-induced EVs form BCa cells. (H and I) Representative images and quantification of tube formation and
Transwell migration of HLECs incubated with CM from fibroblasts treated with PBS, vector-induced EV, or LINC00665-induced EV. Scale
bar: 100 μm. Statistical significance was assessed by the two-tailed Student’s t test in C, or 1-way ANOVA followed by Dunnett’s tests in G-I.
Error bars show the SD from three independent experiments. *P < 0.05; **P < 0.01. Abbreviations: EVs, extracellular vesicles; CAFs,
Cancer-associated fibroblasts; BCa, bladder cancer; TEM, transmission electron microscopy; NTA, nanoparticle tracking analysis; α-SMA,
alpha-Smooth Muscle Actin; FAP, fibroblast activation protein; PDGFRα, platelet-derived growth factor receptor-α; PBS, phosphate-buffered
saline; HLECs, human lymphatic endothelial cells; CM, culture media.
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LI et al. 11

Supplementary Figure S5B-C). The metastatic rate of
popliteal LNs was higher in mice treated with LINC00665-
induced EVs than the control EVs (Supplementary Figure
S5D-F), confirming that LINC00665-induced EVs promote
the LN metastasis of BCa. Furthermore, compared with
the control group, treatment with LINC00665-induced
EVs significantly increased α-SMA, FAP and PDGFRα-
indicated CAF enrichment around the interstitial tissues
of popliteal LNs (Supplementary Figure S5G-L), confirm-
ing that the fibroblasts internalize LINC00665-induced
EVs to acquire the CAF phenotype. The CAF infiltration
and LYVE-1-indicated MLD were consistently increased
in the LINC00665-induced EV group than the control
group (Figure 3E, Supplementary Figure S5M-P), con-
firming that the LINC00665-induced EVs promote BCa
lymphangiogenesis by stimulatingCAF infiltration in vivo.
To better simulate the anatomy and physiology of LN

metastasis of BCa in vivo, we used the orthotopic xenograft
model to confirm the effect of LINC00665-induced EVs
in the LN metastasis of BCa. T24 cells labeled with GFP
were implanted into the urinary bladder of nude mice
by intertumoral injection of Vector EVs or LINC00665
EVs (Figure 3F). The results showed that treatment
with LINC00665-induced EVs significantly promoted the
metastasis of BCa cells to LNs around the urinary blad-
der (Figure 3G-H). Given that the pelvic LNs around the
common iliac, external iliac, internal iliac and obturator
are themost frequent drainage LNs of BCa inmice, we fur-
ther enucleated these LNs to investigate the LN status. The
results revealed that treating with the LINC00665-induced
EVs significantly promoted the pelvic LN metastasis of
BCa (Figure 3I and J). Collectively, these results demon-
strate that LINC00665 triggers the EV secretion from
BCa cells to promote CAF infiltration and facilitate the
lymphangiogenesis and LN metastasis of BCa.

3.4 LINC00665 directly binds with
hnRNPL

We further explored the molecular mechanism of
LINC00665 in mediating the infiltration of CAFs and
LN metastasis of BCa. The RACE assays revealed that
LINC00665 was a lncRNA with a full length of 2,856
nucleotides (nt) in BCa cells (Supplementary Figure
S6A-D). LINC00665 was located in both the cytoplasm
and nucleus of BCa cells, but mainly in the cytoplasm
(Supplementary Figure S6E-F). Subsequently, RNA pull-
down assay revealed an obviously different band at 55-70
kDa in the biotinylated LINC00665 group compared
with the control group, which was further confirmed as
hnRNPL through Mass spectrometry (MS) and western
blotting analysis (Figure 4A-D, Supplementary Figure
S7A-G). Confocal fluorescence microscopy analysis
validated the partial colocalization of LINC00665 and
hnRNPL in the nucleus of T24 and 5637 cells (Figure 4E).
RNA immunoprecipitation (RIP) assays further verified
the significant enrichment of LINC00665 by hnRNPL
(Supplementary Figure S7H), demonstrating the binding
between LINC00665 and hnRNPL.
Next, we demonstrated that the 2,250-2,400 nt region

of LINC00665 was essential for its interaction with
hnRNPL (Figure 4F-G, Supplementary Figure S7I). More-
over, POSTAR3, a database for exploring the RNA-binding
motif of proteins [30], was used to predict a potential
binding motif of hnRNPL, which was located in the
2,285-2,360 nt region of LINC00665 and formed a stem-
loop structure (Figure 4H). Deletion of the 2,285-2,360 nt
region in LINC00665 significantly impaired the ability of
hnRNPL to enrich LINC00665 (Figure 4I). Together, these
results demonstrate that hnRNPL directly interacts with
the 2,285-2,360 nt region in LINC00665.

F IGURE 3 LINC00665-induced EVs promote CAF infiltration to stimulate the LN metastasis of BCa in vivo. (A) Flowchart showing the
establishment of the popliteal LN metastasis model. (B) NTA analysis of EVs isolated from T24 cells with or without infecting with the Vector
or LINC00665-overexpressing lentiviruses. (C) Representative bioluminescence images of nude mice treated with vector- or
LINC00665-induced EVs (n = 12). The red arrows indicate footpad primary tumor and metastatic popliteal LN. (D) Representative images of
the popliteal LNs from mice (n = 12). (E) Representative images of fluorescence of α-SMA-, FAP- and PDGFRα-indicated CAF and
LYVE-1-indicated lymphatic vessel density in footpad tumor from the mice (n = 12). Scale bar: 50 μm. (F) Flowchart showing the
establishment of BCa orthotopic xenograft model. (G) Necropsy examination and MRI of mouse urinary bladders following post-inoculation.
(H) Representative bioluminescence images of nude mice treated with vector- EVs or LINC00665-induced EVs (n = 12). The red arrows
indicate primary BCa and metastatic LNs. (I) Representative images of anti-GFP analysis in pelvic LNs from the indicated group (n = 12).
Scale bars: 500 μm (red) or 100 μm (black). (J) Quantification of the metastatic number of pelvic LNs in mice from indicated groups. Statistical
significance was assessed by two-tailed Student’s t test in J. Error bars show the SD from three independent experiments. *P < 0.05; **P< 0.01.
Abbreviations: EVs, extracellular vesicles; CAFs, Cancer-associated fibroblasts; LN, lymph node; BCa, bladder cancer; NTA, nanoparticle
tracking analysis; α-SMA, alpha-Smooth Muscle Actin; FAP, fibroblast activation protein; PDGFRα, platelet-derived growth factor receptor-α;
LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; MRI, Magnetic resonance imaging; GFP, green fluorescent protein.
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12 LI et al.

F IGURE 4 LINC00665 directly binds with hnRNPL to promote RAB27B transcription. (A-C) Silver staining of the proteins from RNA
pull-down assays performed by biotin-labeled LINC00665 sense and antisense in T24 cells, and MS analysis of the LINC00665-enriched band
from silver staining. (D) Western blotting analysis after RNA pull-down assays with nuclear extract. (E) Relative fluorescence showing the
colocalization of LINC00665 and hnRNPL in the nucleus of T24 and 5637 cells. Scale bar: 5 μm. (F and G) RNA pull-down with serial
deletions of LINC00665 identified the essential regions on LINC00665 required for binding hnRNPL (Vertical red lines). Horizontal blue lines
showed the full-length or serial deletions of LINC00665. (H) RNAalifold for predicting the stem-loop structures of the hnRNPL binding sites
in LINC00665. (I) RIP assays after deletion of 2285-2360 nt region of LINC00665 in T24 cells. (J) Heatmap of the differentially expressed genes
between LINC00665-overexpressing and control BCa cells. (K) qRT-PCR analysis of the change in RAB genes related to EV secretion after
silencing LINC00665 in T24 cells. (L) Western blotting analysis of RAB27B expression after LINC00665 silencing in T24 cells. (M) Luciferase
analysis with serial deletion of RAB27B promoter in T24 cells with or without overexpressing LINC00665. (N) Ten probes of LINC00665
numbered 1 to 10 were divided into the odd group (LINC00665 odd) and even group (LINC00665 even). LINC00665-enriched chromatin in
T24 cells was revealed by ChIRP analysis. (O and P) ChIP analysis of the hnRNPL enrichment and H3K4me3 status of the RAB27B promoter
in LINC00665-overexpressing T24 cells with or without muting of the hnRNPL binding site. (Q) qRT-PCR analysis of RAB27B expression in
LINC00665-overexpressing T24 cells with or without hnRNPL silencing. (R) Representative TEM of EVs secreted by vector- or LINC00665
plasmid-transfected T24 cells with or without RAB27B silencing. Red arrows indicate the EVs. Scale bar: 100 nm. (S) Representative
immunofluorescence images of fibroblasts treated with PKH67-labelled EVs secreted by indicated BCa cells. Scale bar: 5 μm. Statistical
significance was assessed by the two-tailed Student’s t test in I and M, or 1-way ANOVA followed by Dunnett’s tests in K and N-Q. Error bars
show the SD from three independent experiments. *P< 0.05; **P < 0.01. Abbreviations: hnRNPL, heterogeneous nuclear ribonucleoprotein L;
MS, Mass spectrometry; RIP, RNA immunoprecipitation; nt, nucleotides; qRT-PCR, quantitative real-time PCR; ChIP, chromatin
immunoprecipitation; TEM, transmission electron microscopy.
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LI et al. 13

3.5 LINC00665 forms a DNA–RNA
triplex structure with RAB27B promoter to
promote RAB27B transcription

To profile the target genes of LINC00665, RNA sequenc-
ingwas performed in LINC00665-overexpressing BCa cells
and the control cells. The results showed that 542 genes
were significantly overexpressed by more than two-fold
in LINC00665-overexpressing BCa cells than the control
(GEO: GSE190650) (Figure 4J). Since LINC00665 plays an
essential role in the release of EVs from BCa cells, we
further analyzed the change of Ras-related Rab protein
family expression associatedwith EV secretion (Figure 4K,
Supplementary Figure S8A and Table S7). As shown in
Figure 4L and Supplementary Figure S8B–F, the results
showed that RAB27B was the most significantly upreg-
ulated gene after overexpressing LINC00665, while the
RAB27B expressionwas downregulated by knocking down
LINC00665 in BCa cells. To explore the potential mech-
anism of LINC00665 in regulating the transcriptional
activation of RAB27B, the truncated RAB27B promoter
sequences (-2,000 to +200 bp) were cloned into the pGL3
luciferase plasmids and subjected to luciferase assays. We
found that overexpressing LINC00665 markedly increased
the transcriptional activity of the -250 to -500 bp sequence
in the RAB27B promoter (Figure 4M, Supplementary
Figure S8G). Subsequently, chromatin isolation by RNA
purification (ChIRP) assays verified that LINC00665 phys-
iologically interacted with the P2 region (-315 to -327
bp) in the promoter of RAB27B (Figure 4N, Supplemen-
tary Figure S8H-I). Furthermore, the potential TFOs and
corresponding TTS in LINC00665 and the promoter of
RAB27B were predicted. Then, these TFOs and TTS were
labeled with TAMRA and FAM, respectively. As shown
in Supplementary Figure S8J, an obvious positive peak
at 270-280 nm and a negative peak at 210 nm in the
LINC00665 TFO2/RAB27B TTS2 group were revealed by
CD spectroscopy, consistent with the results from the
FENDRR/PITX2 positive control [31]. Moreover, FRET
analysis revealed the fluorescence intensity at 570-580 nm
was significantly increased and at 520 nm was decreased
in the LINC00665 TFO2/RAB27B TTS2 group compared
to the control group (Supplementary Figure S8K), indicat-
ing LINC00665 interacts with RAB27B promoter to form a
triplex structure.
It has been demonstrated that hnRNPL was a key

mediator in inducing H3K4 trimethylation (H3K4me3) to
regulate the transcriptional activation of the target gene
[32]. Thus, we investigated whether LINC00665 activated
RAB27B transcription by recruiting hnRNPL to catalyze
H3K4me3 at the promoter of RAB27B in BCa cells. The
results of chromatin immunoprecipitation (ChIP) assay
showed that the enrichment of hnRNPL and H3K4me3 at

the RAB27B promoter was significantly increased by over-
expressing LINC00665, which was attenuated by muting
the hnRNPL-binding region on LINC00665 (Figure 4O-P,
Supplementary Figure S8L-M). Conversely, downregu-
lating LINC00665 significantly decreased hnRNPL and
H3K4me3 enrichment at the RAB27B promoter (Sup-
plementary Figure S8N-Q). Moreover, silencing hnRNPL
significantly impaired the ability of LINC00665 to upregu-
late RAB27B expression (Figure 4Q, Supplementary Figure
S8R). Together, these results demonstrate that LINC00665
directly binds to the RAB27B promoter to form a DNA–
RNA triplex and activate RAB27B transcription.

3.6 EV-mediated LINC00665 endows
fibroblasts with the CAF phenotype by
activating the TGF-β pathway

Since RAB27B is crucial in enhancing the fusion of late
endocytic compartments with the plasma membrane to
trigger the EV secretion [33], the essential role of RAB27B
in LINC00665-induced EV secretion was evaluated by
detecting the amount of secreted EVs after overexpressing
RAB27B. The results revealed that the EV secretion
by T24 and 5637 cells was increased by overexpressing
LINC00665, which was impaired by downregulating
RAB27B (Figure 4R, Supplementary Figure S8S-W). Con-
sidering that RABs have been reported to serve as vital
mediators in vesicle docking and fusionwith recipient cells
[34], we then investigatedwhether RAB27Bwas indispens-
able for the internalization of LINC00665-induced EVs
by fibroblasts. As shown in Figure 4S and Supplementary
Figure S8X, incubating with PKH67-labeled LINC00665-
induced EVs markedly increased the green fluorescence
signal in the cytoplasm of fibroblasts compared with
the control, which was impaired by knocking down
RAB27B.
EV cargos are highly relevant in their function of com-

municating with recipient cells to regulate a variety of
biological processes [35]. Given that LINC00665 was over-
expressed in BCa-secreted EVs from our results of RNA
sequencing, we further evaluated whether LINC00655-
induced EVs regulated the fibroblasts through the trans-
mission of LINC00665. First, we found that the LINC00665
expression levelwasmarkedly increased in EVs secreted by
BCa cells after intracellularly overexpressing LINC00665,
which was reduced by downregulating RAB27B (Supple-
mentary Figure S9A-B). Moreover, LINC00665-induced
EVs dramatically increased the expression of LINC00665
in recipient fibroblasts, which was impaired by RAB27B
downregulation (Supplementary Figure S9C-D), indicat-
ing that LINC00665-mediated RAB27B expression pro-
motes the EV transmission of LINC00665 into fibroblasts.
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14 LI et al.

Then, the effect of EV-packaged LINC00665 on the EV-
mediated transition of fibroblasts into CAF phenotype
was further evaluated. The results showed that down-
regulating LINC00665 expression in fibroblasts markedly
decreased α-SMA, FAP, and PDGFRα expressions induced
by LINC00665-overexpressing BCa-secreted EVs (Supple-
mentary Figure S9E-K).
To exclude the possibility that transcriptional activation

of endogenous LINC00665 in fibroblasts promoted the
phenotype transition, we constructed a LINC00665 knock-
out (LINC00665KO) fibroblasts to inhibit the endogenous
LINC00665 expression (Supplementary Figure S10A-B).
We then investigated the effects of LINC00665-induced
EVs on LINC00665 wild type (LINC00665WT) and
LINC00665KO fibroblasts. The results showed that
LINC00665-induced EVs significantly promoted the
transition of LINC00665KO fibroblasts to CAFs, which
was consistent with results in LINC00665WT fibroblasts
(Supplementary Figure S10C-E), indicating that BCa
cells endow the fibroblasts with CAF phenotype by
transmitting EV-mediated LINC00665 to fibroblasts.
A previous report demonstrated that activation of the

TGF-β signaling pathway was essential for controlling
the fibroblast phenotype in TME [36]. Here, we explored
whether the TGF-β signaling pathway was essential for the
EV-mediated LINC00665-induced transition of fibroblasts
to CAFs. The alterations of crucial proteins in the TGF-
β signaling pathway were analyzed to reveal that treating
with EV-mediated LINC00665 markedly increased the
phosphorylation of SMAD2 and SMAD3 in fibroblasts
compared with the control, while the expressions of TGF-
βR1 and TGF-βR2 were not changed after treating with
EV-mediated LINC00665 (Figure 5A). Conversely, incu-
bating with EVs from LINC00665 knocked down BCa
cells significantly reduced the phosphorylation of SMAD2
and SMAD3 without affecting TGF-βR1 and TGF-βR2
expression in fibroblasts (Supplementary Figure S10F),
indicating that EV-mediated LINC00665 specifically pro-
motes SMAD2 and SMAD3 phosphorylation to activate
the canonical TGF-β signaling pathway in fibroblasts.
Subsequently, treatments with various TGF-β signaling
pathway inhibitors were conducted to validate whether
TGF-β signaling pathway activation is indispensable for
the EV-mediated LINC00665-induced phenotype transi-
tion of fibroblasts. A significant increase of α-SMA, FAP,
and PDGFRα expression in fibroblasts treated with EVs
secreted by LINC00665-overexpressing BCa cells, which
was markedly attenuated only by treating with SIS3, the
specific inhibitor targeting the SMAD2 and SMAD3 phos-
phorylation, rather than by other inhibitors targeting the
non-canonical TGF-β signaling pathways (Figure 5B-H,
Supplementary Figure S10G). Together, our results demon-
strate that EV-mediated LINC00665 induces the SMAD2

and SMAD3phosphorylation to endow the fibroblastswith
the CAF phenotype.

3.7 EV-mediated LINC00665 enhances
lymphangiogenesis by stimulating HGF
secretion in CAFs

To detect the mechanisms of CAFs activated by
EV-mediated LINC00665 (CAFsLINC00665-Evs) in pro-
moting lymphangiogenesis, the cytokine profile of
CAFsLINC00665-Evs was explored. As shown in Figure 5I-J,
the secretions of five cytokines, including interleukin
6 (IL-6), interleukin 8 (IL-8), Dickkopf WNT signaling
pathway inhibitor 1 (Dkk-1), HGF and C-X-C motif
chemokine ligand 10 (CXCL10), were significantly
increased, and one was decreased in CAFsLINC00665-Evs
compared with the control. Interestingly, we found that
vascular endothelial growth factor (VEGF), the crucial
regulator of tumor lymphangiogenesis, was not signif-
icantly increased in CAFsLINC00665-Evs compared with
the control, suggesting that CAFsLINC00665-Evs might
facilitate the lymphangiogenesis and LN metastasis of
BCa through a VEGF-independent manner (Figure 5I-J).
Moreover, the promoted effect of EV-mediated LINC00665
in the secretions of indicated cytokines by CAFs, includ-
ing IL-6, IL-8, Dkk-1, HGF and CXCL10, was further
confirmed by enzyme-linked immunosorbent assay
(ELISA) yielded (Figure 5K and L). Next, we performed
the in vitro assays to investigate the essential cytokines
involved in CAFsLINC00665-Evs-induced lymphangio-
genesis. The results revealed that treating with αHGF
dramatically impaired the tube formation and migration
of HLECs promoted by CAFsLINC00665-Evs, while inhibit-
ing other cytokines had very few effects (Figure 5M),
suggesting that EV-mediated LINC00665 facilitates BCa
lymphangiogenesis by stimulating HGF secretion by
CAFs.

3.8 EV-mediated LINC00665-induced
RAB27B-HGF-c-Myc positive loop is
indispensable to BCa LNmetastasis

Accumulating evidences have shown that cancer cell-
stimulated CAFs reciprocally regulate the aggressive bio-
logical behavior of cancer cells to enhance tumor metas-
tasis [10]. Therefore, we further examined the biological
effect of CAFsLINC00665-Evs in BCa cells. The results showed
that the expression of LINC00665 in BCa cells was signifi-
cantly upregulated by co-culturing with CAFsLINC00665-Evs
(Figure 6A-C), indicating that there is a potential positive
feedback loop between BCa cells and CAFs.
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16 LI et al.

Given that CAFs could induce lncRNA transcription in
cancer cells by regulating the activation of massive tran-
scription factors [37], we evaluated the potential transcrip-
tional factors interacting with the LINC00665 promoter
that might participate in CAFsLINC00665-Evs-upregulated
LINC00665 expression. As shown in Figure 6D-F and
Supplementary Figure S10H, c-Myc was the potential tran-
scriptional factor to bind with the promoter of LINC00665,
and knocking down c-Myc significantly decreased the
promoted effect of HGF in the transcriptional activ-
ity of LINC00665 in BCa cells, suggesting that c-Myc
is essential for LINC00665 transcription induced by
CAFsLINC00665-EVs-secreted HGF. Furthermore, ChIP anal-
ysis revealed that CAFsLINC00665-EVs markedly increased
the enrichment of c-Myc in the -351 to -358 bp region
(referred to as P2) of LINC00665 promoter rather than in
another predicted binding site in -106 to -113 bp region
(referred as P1) (Figure 6F-H). Mutation of the P2 region
in the LINC00665 promoter significantly attenuated the
promoted effect of CAFsLINC00665-EVs in the transcriptional
activity of LINC00665, while mutating the P1 region had
rare effects (Figure 6I, Supplementary Figure S10I), sug-
gesting that CAFsLINC00665-EVs-mediated c-Myc interacts
directly with -351 to -358 bp of the LINC00665 promoter to
activate its transcription.
Given that CAFs conversely activated the transcrip-

tion of LINC00665, in vitro assays were performed to
detect the role of the LINC00665-mediated positive feed-
back loop in maintaining CAF-induced lymphangiogen-
esis (Figure 6J). The results showed that downregulating
LINC00665 expression impaired the transition of fibrob-
lasts to CAFs triggered by incubating with BCa cells
(Figure 6K-M, Supplementary Figure S10J). Moreover,
treating with αHGF markedly inhibited CAF-induced
LINC00665 overexpression in BCa cells and attenuated
the coculturing-induced activation of CAFs (Figure 6K-M,
Supplementary Figure S10J). Strikingly, either knock-
ing down LINC00665 or treating with αHGF inhibited
the fibroblast-induced tube formation and migration of

HLECs in the co-culture model of BCa cells and fibrob-
lasts (Figure 6N). Together, these results demonstrate that
RAB27B-HGF-c-Myc positive feedback loop between BCa
cells and fibroblasts induced by LINC00665 stimulates the
lymphangiogenesis of BCa.

3.9 Clinical relevance of the
LINC00665-induced positive feedback loop
in LNmetastatic BCa

Since HGF plays a crucial regulatory role in LINC00665-
induced positive feedback loop and BCa lymphangiogen-
esis, the clinical relevance of HGF in the LN metastasis of
BCawas evaluated. Double immunostaining and ISH anal-
ysis revealed that higher HGF expression was presented
with more CAF enrichment and MLD in LINC00665-
overexpressed regions of BCa tissues (Figure 7A-C). qRT-
PCR analysis showed a higher HGF and RAB27B expres-
sion in BCa tissues than the paired NATs (n = 228)
(Figure 7D, Supplementary Figure S11A). The expressions
of HGF and RAB27Bwere significantly upregulated in LN-
positive BCa tissues compared with the LN-negative BCa
tissues (Figure 7E, Supplementary Figure S11B-C). More-
over, HGF overexpression was associated positively with
shorter OS and DFS of BCa patients (Figure 7F).
We further assessed the effect of blocking HGF in sup-

pressing lymphangiogenesis and LN metastasis of BCa
stimulated by the LINC00665-induced RAB27B–HGF–c-
Myc positive feedback loop. in vitro assays showed that
both fibroblasts treated with EV-mediated LINC00665 and
primary CAFs dramatically promoted tube formation and
migration of HLECs, while αHGF treatment dramatically
abrogated these effects (Supplementary Figure S11D-I).
Moreover, in vivo assays with a popliteal LN metastasis
model revealed that EV-mediated LINC00665 markedly
enhanced the metastasis of BCa cells to the LNs compared
with the control groups, which was reversed by blocking
HGF (Figure 7G). The LN metastatic rate increased by

F IGURE 5 EV-mediated LINC00665 endows fibroblasts with the CAF phenotype by activating the TGF-β pathway. (A) Western blotting
analysis showing the alteration of crucial proteins of the TGF-β pathway in fibroblasts treated with EVs from LINC00665-overexpressing BCa
cells. (B) Immunofluorescence analysis of α-SMA, FAP and PDGFRα expression in LINC00665-induced EV-incubated fibroblasts with or
without SIS3 treatment. Scale bar: 5 μm. (C-H) Flow cytometric analysis and quantification of α-SMA (C and D), FAP (E and F) or PDGFRα
(G and H) expression in LINC00665-induced EV-incubated fibroblasts with or without SIS3 treatment. (I) Cytokine array of the CM from
fibroblasts treated with EVs secreted by BCa cells transfected with vector plasmids or LINC00665 plasmids. (J) The relative signal intensity of
altered cytokines in the indicated group. (K and L) ELISA analysis of cytokine secretion by fibroblasts incubated with indicated EVs. (M)
Representative images and quantification of tube formation and Transwell migration of HLECs treated with indicated fibroblast CM. Scale
bars: 100 μm. Statistical significance was assessed by 1-way ANOVA followed by Dunnett’s tests in D, F, H, K and M, or the two-tailed
Student’s t test in J and L. Error bars show the SD from three independent experiments. *P < 0.05; **P< 0.01. Abbreviations: EVs, extracellular
vesicles; CAFs, Cancer-associated fibroblasts; TGF-β, transforming growth factor beta; BCa, bladder cancer; α-SMA, alpha-Smooth Muscle
Actin; FAP, fibroblast activation protein; PDGFRα, platelet-derived growth factor receptor-α; CM, culture media; ELISA, enzyme-linked
immunosorbent assay; HLECs, human lymphatic endothelial cells.
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18 LI et al.

EV-mediated LINC00665 was significantly abolished by
treating with αHGF (Supplementary Figure S11J). In addi-
tion, αHGF treatment markedly decreased the CAF infil-
tration and MLD stimulated by EV-mediated LINC00665
in the primary footpad tumor tissues (Figure 7H).
Next, we further evaluated the clinical application

potential of LINC00665 and αHGF to treat LN metastatic
BCa (Figure 7I). The results revealed that both decreasing
LINC00665 expression and utilization of αHGF inhib-
ited the tumor growth and prolonged the tumor-bearing
survival time in the PDX model constructed with LN
metastatic BCa tissues (Supplementary Figure S11K-M).
Moreover, LINC00665 silencing and αHGF treatment
markedly inhibited LINC00665 expression to reduce the
CAF infiltration and MLD in tumor tissues in the PDX
model (Figure 7J, Supplementary Figure S11N-S), implying
the potential clinical application of LINC00665 and αHGF
in the treatment of patients with LN metastatic BCa.
Since EV-mediated lncRNAs have emerged as encourag-

ing early diagnostic biomarkers for cancers. Here, we eval-
uated the clinical relevance of EV-mediated LINC00665
in the LN metastasis of BCa. qRT-PCR analysis revealed
that LINC00665 was upregulated in the urinary EVs
obtained from BCa patients compared with the healthy
controls (Figure 7K). Moreover, a higher expression of
LINC00665 was observed in urinary EVs obtained from
patients with LN metastatic BCa than those without
LN metastasis (Figure 7L). Importantly, we revealed that
urinary EV-mediated LINC00665 could effectively distin-
guish patients with BCa from healthy controls (AUC:
0.801; 95% CI: 0.76-0.84) (Figure 7M). And urinary EV-
mediated LINC00665 possessed higher diagnostic accu-
racy in diagnosing LN metastasis in BCa than urine cytol-
ogy and FISH, which were previously demonstrated as
the standard non-invasive diagnostic interventions for BCa
(Figure 7N). Collectively, these results suggest that EV-
associated LINC00665 is a potential therapeutic target and
diagnostic biomarker for LN metastatic BCa (Figure 7O).

4 DISCUSSION

The CAF characteristics and crosstalk with other cells
change dynamically as cancers evolve, in which the high
enrichment of CAF marks an aggressive feature in the
metastatic TME by orchestrating the invasive behavior of
endothelial cells to influence tumor angiogenesis and lym-
phangiogenesis [38, 39]. However, the biological effects
and molecular mechanisms of CAFs in mediating the
lymphangiogenesis to trigger the LN metastasis of BCa
remain unclear. Here, we reveal that CAFs were highly
enriched in BCa TME through scRNA-seq and demon-
strate that CAF infiltration was positively related to the
lymphangiogenesis and LN metastasis of BCa. More-
over, we identified a CAF-associated lncRNA, LINC00665,
which was found to play an important role in CAF infiltra-
tion in BCa. Mechanistically, LINC00665 transcriptionally
upregulates RAB27B expression by recruiting hnRNPL to
induce H3K4me3 modification on RAB27B promoter and
mediates the RAB27B-dependent release of EVs to endow
fibroblasts with CAF phenotype, thereby enhancing lym-
phangiogenesis and LN metastasis of BCa. Our findings
firstly highlight the crucial role of CAFs in inducing the
lymphangiogenesis to sustain BCa LNmetastasis, suggest-
ing that targeting CAF-associated lncRNA, LINC00665, to
block the communication between tumor cells and fibrob-
lasts is a promising approach to inhibit CAF infiltration
and suppress the LN metastasis of BCa. Previous studies
have demonstrated that CAFs possesses high functional
heterogeneity in tumor progression, whichwere attributed
to the different origin of CAFs [37]. Although we high-
lighted the biological effect of LINC00665 EVs-induced
CAFs in LNmetastasis, the roles andmechanisms of other
CAF subtypes in other aspects of progression in BCa still
remain unclear and need further exploration.
Previous studies have identified that HGF, a key growth

factor among TME-derived signals, is critical for can-
cer initiation and progression [40, 41]. The sustaining

F IGURE 6 The LINC00665-mediated positive loop is indispensable for LN metastasis of BCa. (A) Schematic presentation of the
established BCa cells and EV-induced fibroblasts co-culture model. (B and C) qRT-PCR analysis of LINC00665 expression in BCa cells
cultured with indicated CM from fibroblasts with or without αHGF treatment. (D) Relative transcriptional activity of LINC00665 in
HGF-treated T24 cells with or without c-Myc silencing. (E) Enriched motifs of c-Myc binding sites predicted by JASPAR. (F) Schematic model
of c-Myc binding sequences in the LINC00665 promoter region predicted by JASPAR and PROMO. (G and H) ChIP-qPCR analysis of
c-Myc-enriched chromatin in T24 (G) and 5637 (H) cells. (I) Depletion of the P1 region in the LINC00665 promoter impaired the HGF-induced
LINC00665 transcriptional activity in T24 cells. (J) Schematic presentation of the co-culture model for analysis of the positive loop between
BCa cells and fibroblasts. (K) qRT-PCR analysis of LINC00665 expression in T24 cells incubated with indicated fibroblasts. (L and M) Flow
cytometry analysis and percentages of α-SMA (L) and FAP (M) expression of fibroblasts. (N) Representative images and quantification of tube
formation and Transwell migration of indicated HLECs. Scale bar: 100 μm. Statistical significance was assessed by 1-way ANOVA followed by
Dunnett’s tests in B-D and K-N, or the two-tailed Student’s t test in G-I. Error bars show the SD from three independent experiments. *P <
0.05; **P < 0.01. Abbreviations: LN, lymph node; BCa, bladder cancer; EVs, extracellular vesicles; qRT-PCR, quantitative real-time PCR; CM,
culture media; αHGF, neutralizing antibody against HGF; ChIP, chromatin immunoprecipitation; qRT-PCR, quantitative real-time PCR;
α-SMA, alpha-Smooth Muscle Actin; FAP, fibroblast activation protein; HLECs, human lymphatic endothelial cells.
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20 LI et al.

secretion of HGF stimulates the activation of downstream
signaling pathways to shape the metastatic microenviron-
ment and allow the cancer cells to acquire a metastatic
mesenchymal phenotype [42]. However, the effect of tar-
geting HGF signaling on tumor lymphangiogenesis is
largely unknown. Herein, we determined that the secre-
tion of HGF sustained by LINC00665-induced RAB27B-
HGF-c-Myc positive feedback loop between cancer cells
and fibroblasts was widely involved in the regulation of
the lymphangiogenesis and LN metastasis of BCa. Block-
ing HGF exhibited a prominent effect in inhibiting BCa
lymphangiogenesis and LN metastasis both in vitro and
in vivo. Moreover, using PDX models with LN metastatic
BCa tissues, we first reported that blocking EV-transmitted
LINC00665 or HGF significantly reduced tumor burden.
Our results provide preliminary evidence for targeting
HGF in treating BCa with LN metastasis. Further clin-
ical studies are required for the application of targeting
LINC00665 and HGF in LN metastatic BCa, presenting
an encouraging prospect for broadening the application of
blocking LINC00665 or HGF.
Previous studies have reported that RAB proteins are

crucial mediators in endomembrane trafficking and mod-
ulating the budding efficiency of membrane-wrapped vesi-
cles, thuswidely participating in controlling the EV release
[43, 44]. Moreover, the functional RABs also regulate
the effect of EVs in their recipient cells during numer-
ous biological events [45]. Yet, the knowledge about the
vital regulator triggering the EV signaling in facilitating
the LN metastasis of BCa is incomplete. Herein, through
RNA-sequencing followed by the analysis of RAB expres-
sion patterns, we determined that RAB27B correlates

specifically with LINC00665-driven lymphangiogenesis-
associated EV secretion. We found that overexpression of
RAB27B during the LN metastasis of BCa was caused by
LINC00665-activated transcription of RAB27B, in which
LINC00665 induced H3K4me3 modification on RAB27B
promoter through recruiting hnRNPL.Moreover, RAB27B-
induced EV secretion promoted CAF infiltration to stim-
ulate BCa lymphangiogenesis and LN metastasis. These
findings reveal the pivotal role of LINC00665-mediated
RAB27B underlying lymphangiogenesis, deepening our
understanding of RAB-mediated EV secretion in CAF-
induced LN metastasis of BCa.
Recently, many biological molecules as potential ther-

apeutic targets in BCa have been proposed, but most of
them were hindered by their instability and biological
barriers during the in vivo treatment [4]. Emerging evi-
dences reveal that as crucial natural nanoscale vesicles,
EVs exhibit an encouraging perspective in the molecu-
lar therapy of cancers due to their high histocompatibility
and capacity for crossing biological barriers [17, 46]. Thus,
it is of great importance to uncover the precise mech-
anism underlying the controlling of EV biogenesis and
delivery. Here, we demonstrated that overexpression of
lncRNA LINC00665 participated in the secretion of EVs
that target fibroblasts. LINC00665 transcriptionally upreg-
ulated RAB27B to stimulate the secretion of EVs from BCa
and endow EVs with a high affinity toward fibroblasts.
Furthermore, silencing LINC00665 significantly impaired
the targeted delivery of BCa cell-secreted EVs to fibrob-
lasts and reduced CAF infiltration, which subsequently
inhibited the lymphangiogenesis and LN metastasis of
BCa in nude mouse popliteal LN metastasis model,

F IGURE 7 Clinical relevance of the LINC00665-induced RAB27B-HGF-c-Myc positive feedback loop in patients with BCa. (A and B)
Representative images (A) and quantification (B) of LINC00665 expression, CAF infiltration, lymphatic vessel density, and HGF expression in
BCa tissues. Scale bars: 50 μm. (C) Correlation analysis of LINC00665 and HGF expression in BCa tissues. (D and E) qRT-PCR analysis of
HGF expression between BCa tissues and NATs (n = 228) (D) or between LN-negative (n = 175) and LN-positive (n = 53) BCa tissues (E). (F)
Kaplan-Meier curves of the OS and DFS of patients with BCa with low vs. high HGF expression levels. The cutoff value is the median. (G)
Representative bioluminescence images and quantification of popliteal metastatic LNs from nude mice treated with LINC00665-induced EVs
with or without co-injection of αHGF (n = 12). Red arrows indicate footpad tumor and metastatic popliteal LN. (H) Representative images
and quantification of IHC staining evaluation of LYVE-1-indicated lymphatic vessel density and α-SMA-indicated CAF infiltration in footpad
tumors (n = 12). Red squares represent the areas of the insets. Scale bars: 50 μm. (I) Schematic illustration of the establishment of the PDX
model. (J) Representative images and quantification of fluorescence of α-SMA-indicated CAFs and LYVE1-indicated lymphatic vessel density
in PDX tumors from the mice (n = 6 per patient). Scale bar: 50 μm. (K and L) qRT-PCR analysis of LINC00665 expression in urinary EVs from
patients with BCa (n = 228) and health control (n = 228), or BCa patients with (n = 175) or without (n = 53) LN metastasis. (M and N) ROC
curves for the efficiency of urinary EV-mediated LINC00665 in diagnosing BCa and LN metastasis. (O) Proposed model of
LINC00665-induced RAB27B-HGF-c-Myc positive feedback loop in promoting BCa lymphangiogenesis and LN metastasis. Statistical
significance was assessed by the χ2 test in B, the nonparametric Mann-Whitney U test in D, E, K and L, or 1-way ANOVA followed by
Dunnett’s tests in G-H. Error bars show the SD from three independent experiments. *P < 0.05; **P < 0.01. Abbreviations: BCa, bladder
cancer; CAFs, Cancer-associated fibroblasts; qRT-PCR, quantitative real-time PCR; NATs, normal adjacent tissues; LN, lymph node; EVs,
extracellular vesicles; OS, overall survival; DFS, disease-free survival; αHGF, neutralizing antibody against HGF; IHC,
immunohistochemistry; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; α-SMA, alpha-Smooth Muscle Actin; PDX,
patient-derived xenograft; ROC, receiver operating characteristic analysis.
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orthotopic xenograft model and PDX model. Our study
suggested that LINC00665 could be an emerging technol-
ogy target to modify and endow EVs with high targeting
efficiency, which may provide a promising therapeutic
strategy against the LN metastasis of BCa.

5 CONCLUSIONS

In summary, we elucidate a novel mechanism underlying
lncRNA-mediated EV secretion from BCa cells in facilitat-
ing the CAF-induced LN metastasis of BCa, in which the
LINC00665-induced RAB27B-HGF-c-Myc positive feed-
back loop between tumor cells and fibroblasts sustains
CAF infiltration and lymphangiogenesis. Our study high-
lights LINC00665-driven HGF signaling as a promising
therapeutic target against tumor lymphangiogenesis and
develops LINC00665 as a feasible sensitizer for anti-HGF
treatment of LN metastatic BCa.
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