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Abstract
Cancer-associated �broblasts (CAFs) are essential etiologic actors in promoting tumor progression via
extensive reciprocal interactions with cancer cells. Yet, the biological role and regulatory mechanism of
CAFs phenotype underlying lymph node (LN) metastasis of bladder cancer (BCa) remain unclear. Here,
we report that BCa cell-secreted extracellular vesicles (EVs) played an important role in the CAF-enriched
microenvironment, which correlated with BCa lymphangiogenesis and LN metastasis. RNA sequencing
identi�ed an EV-associated long noncoding RNA, LINC00665, which acted as a crucial mediator of CAF
in�ltration in BCa. LINC00665 mediated EV release from BCa cells to endow �broblasts with the CAF
phenotype, which reciprocally induced LINC00665 upregulation to form a RAB27B-HGF-c-Myc positive
feedback loop, facilitating BCa lymphangiogenesis and LN metastasis. Importantly, we demonstrate that
Cabozantinib signi�cantly suppressed LINC00665-mediated BCa LN metastasis in an orthotopic
xenograft model. Our study highlights a molecular mechanism by which LINC00665 induces a RAB27B-
HGF-c-Myc positive feedback loop between cancer cells and �broblasts to sustain BCa LN metastasis,
and represents LINC00665 as a potential therapeutic target in BCa LN metastasis.

Introduction
Bladder cancer (BCa) is one of the most commonly diagnosed urinary malignancies, with an estimated
yearly 550,000 new cases worldwide. Based on muscle in�ltration, BCa is divided into non-muscle-
invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC)1,2. Intensive research has
demonstrated that MIBC is accompanied by a particularly tumorigenic microenvironment to acquire a
higher incidence of lymph node (LN) metastasis than NMIBC, leading to the poor prognosis3,4. Cisplatin-
based neoadjuvant therapy combined with radical cystectomy is acknowledged as the standard
treatment for patients with advanced BCa, which has limited bene�t in improving the 5-year survival rate
of patients with LN metastasis, showing the great challenge in developing new therapeutic strategies for
LN metastatic BCa5. Cabozantinib, a small-molecular inhibitor speci�cally targeting the HGF–Met
signaling pathway, has been approved by the US Food and Drug Administration for its striking clinical
e�cacy in suppressing tumor angiogenesis6,7. Nevertheless, the clinical application potential of
Cabozantinib in LN metastatic BCa remains unclear.

Lymphangiogenesis refers to the sprouting of lymphatic vasculature in the microenvironment, which
enlarges the lymphatic draining system for disseminating cancer cells8,9. We and others have
demonstrated that regulatory signals from the tumor microenvironment (TME) are essential for
lymphangiogenesis and predict increased LN metastasis and poor prognosis of patients10–12. However,
the predominant mediators in TME that trigger lymphangiogenesis are largely unknown. Cancer-
associated �broblasts (CAFs) are the major stromal cell component in the TME that generate various
cytokines to shape the desmoplastic microenvironment, resulting in tumor therapeutic resistance13,14.
Moreover, the molecular signal from CAFs is e�ciently transferred to cancer cells to regulate cancer cell
epithelial–mesenchymal transition and stemness and to enable tumor dissemination15,16. Therefore,
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elucidating the biological role and regulatory mechanisms of CAFs in mediating BCa lymphangiogenesis
and LN metastasis is of great signi�cance.

The precise interaction pro�le between tumor cells and CAFs are under intensive exploration, where the
extracellular vesicles (EVs) serving as crucial cargo carriers of diverse pro-tumor molecules to mediate
intercellular communication have received close attention17,18. Tumor cell-derived EVs speci�cally modify
the stromal cellular phenotype and reshape the TME to form a premetastatic niche and support tumor
metastasis19. Conversely, EVs released from CAFs are widely internalized by tumor cells and contribute to
the activation of aggressive tumor biology20. Inhibiting the EV-mediated crosstalk between tumor cells
and CAFs has a substantial biological effect in suppressing tumor metastasis and therapy resistance21.
However, the molecular mechanism of EVs in regulating the tra�cking among tumor cells and CAFs to
induce BCa lymphangiogenesis is not well-elucidated.

Long noncoding RNAs (lncRNAs) act as vital regulators in activating the signaling cascade in the TME22.
Yet, the essential EV-associated lncRNAs involved in mediating the CAF phenotype are largely unexplored.
In the present study, we identi�ed an EV-associated lncRNA, LINC00665, that is overexpressed in LN
metastatic BCa. LINC00665 activated RAB27B transcription and promoted EV production by BCa cells to
trigger �broblast transition to CAFs, which in turn, upregulated LINC00665 expression to form a RAB27B–
HGF–c-Myc positive feedback loop between BCa cells and �broblasts, ultimately facilitating BCa
lymphangiogenesis and LN metastasis. Importantly, cabozantinib treatment in an orthotopic xenograft
model markedly inhibited LINC00665-induced BCa LN metastasis. Our study highlights a novel
mechanism by which LINC00665-induced EV-mediated RAB27B–HGF–c-Myc positive feedback between
BCa cells and �broblasts contributes to lymphangiogenesis and LN metastasis, indicating that targeting
LINC00665 may serve as a synergistic treatment for patients with LN metastatic BCa.

Results
LINC00665 is associated with CAF-induced LN metastasis of BCa.

Lymphangiogenesis contributes to the uncontrolled formation of a dysfunctional lymphatic network with
incomplete basement membranes, which is considered the rate-limiting step in the metastasis of
malignant cells through LNs23. Therefore, we collected BCa tissues from 228 cases at Sun Yat-Sen
Memorial Hospital and subjected them to immunohistochemistry (IHC) analysis for lymphangiogenesis.
The results showed that LN metastatic BCa tissues were presented with higher microlymphatic vessel
density (MLD) than those without LN metastasis in both intratumoral and peritumoral regions (Fig. 1a).
Considering that CAFs are the major stromal population widely implicated in the formation of the
premetastatic microenvironment in BCa18, we explored the regulatory effect of CAFs in mediating
lymphangiogenesis and LN metastasis. As shown in Fig. 1b, alpha-smooth muscle actin (α-SMA)-
indicated CAFs enrichment in TME was signi�cantly increased in LN metastatic BCa tissues compared
with those without LN metastasis. Strikingly, double immunostaining followed by correlation analysis
revealed that higher CAF in�ltration was related positively to more lymphatic vessel endothelial
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hyaluronan receptor 1 (LYVE1)-indicated MLD in LN metastatic BCa tissues (Fig. 1c-e), suggesting that
substantial CAF in�ltration in TME is involved in LN metastasis of BCa.

Previous work by our lab uncovered the critical role of lncRNAs in mediating the TME for promoting BCa
LN metastasis12. Given that tumor-induced EVs are intensively involved in regulating the activation of
�broblasts24, we utilized RNA sequencing of urinary EVs from �ve patients with BCa and �ve participants
without cancer (Gene Expression Omnibus ID: GSE156308) to identify the essential EV-associated
lncRNAs contributing to BCa LN metastasis. As shown in Fig. 1f, 255 lncRNAs were upregulated by >2-
fold in EVs from the patients compared with those from the controls. We then integrated these data with
the previous sequencing analysis results of BCa tissues and paired normal adjacent tissues (NATs) as
well as LN-positive and LN-negative BCa (GEO: GSE106534). The results showed that the expression of
12 lncRNAs were consistently higher in EVs from the patients than in the controls and in LN-positive than
in LN-negative BCa tissues (Supplementary Table 1). Further evaluation of our 228-case BCa cohort
demonstrated that BCa tissues markedly overexpressed LINC00665 compared with NATs (Fig. 1g).
Consistently, analysis of The Cancer Genome Atlas (TCGA) database demonstrated that LINC00665 was
overexpressed in various human cancers and was related to poor prognosis of patients (Fig. 1h, Extended
Data Fig. 1a–n). Therefore, LINC00665 was chosen for further analysis.

Next, we assessed the clinical relevance of LINC00665 in BCa. Supplementary Table 2 shows the detailed
clinicopathological information of the patients with BCa in our clinical cohort. Quantitative real-time PCR
(qRT-PCR) analysis revealed that LINC00665 was overexpressed in LN-positive (n = 53) compared with
LN-negative BCa tissues (n = 175) (Fig. 1i). Metastatic LNs had higher LINC00665 expression levels than
primary tumor (Fig. 1j). Importantly, in situ hybridization (ISH) analysis further demonstrated that
LINC00665 was greatly overexpressed in BCa tissues with LN metastasis and mildly upregulated in
tissues without LN metastasis, whereas it was hardly detected in NATs, suggesting that LINC00665 is
closely involved in BCa LN metastasis (Fig. 1k). Moreover, LINC00665 overexpression was associated
with shorter overall survival (OS) and disease-free survival (DFS) of the patients with BCa in our clinical
cohort (Fig. 1l, 1m). Univariate and multivariate Cox analysis demonstrated that LINC00665 expression
was an independent prognostic factor for the OS and DFS of patients with BCa (Supplementary Table 3,
4).

To determine the relationship of LINC00665 with the TME in LN metastatic BCa, we conducted ISH and
double immunostaining analysis in BCa patients with LN metastasis. As shown in Fig. 1n and 1o,
LINC00665 overexpression related positively to CAF in�ltration and around MLD in both the intratumoral
and peritumoral regions of LN metastatic BCa tissues, indicating that LINC00665 is associated with CAF-
induced BCa LN metastasis.

LINC00665 promotes EV production to endow �broblasts with the CAF phenotype.

Strikingly, ISH analysis revealed that LN metastatic BCa tissues had a higher extracellular expression
level of LINC00665 than those without LN metastasis (Fig. 1k), indicating that extracellular LINC00665
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might play an essential role in BCa LN metastasis. It has been proposed that, as natural nanoscale
vesicles in cell-to-cell communication, EVs can carry abnormally expressed lncRNAs through the stromal
matrix entering the lymphatic circulation25. Therefore, we determined whether LINC00665 exerted its
function in BCa LN metastasis via EVs. The culture medium (CM) was collected to isolate and purify the
BCa cell-secreted EVs. Transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA)
indicated that LINC00665 overexpression markedly increased the EV concentrations in BCa cells
compared with the control (Fig. 2a–c, Extended Data Fig. 2a–e), suggesting that LINC00665 may
mediate EV production of BCa cells. Considering that EVs in the BCa TME were prominently internalized
by stromal cells and affected their biological activity, we investigated the recipient cells of LINC00665-
induced EVs. The BCa cell-secreted EVs were labelled with PKH67 and incubated with stromal cells in the
BCa TME. Subsequent confocal analysis showed that the LINC00665-induced EVs were mainly
internalized by �broblasts (Fig. 2d). As tumor cell-produced molecular signals, including large
extracellular vesicles, EVs, and cytokines, have been reported to induce stromal cell phenotypic features26,
we explored the effect of the LINC00665-induced EVs on the �broblast phenotype by detecting the
expression of CAF phenotypic proteins, namely α-SMA and �broblast activation protein (FAP). As shown
in Fig. 2e-h, overexpressing LINC00665 dramatically upregulated α-SMA and FAP expression in the
�broblasts compared with the control, indicating that LINC00665-induced EVs trigger �broblast transition
to the CAF phenotype. Together, these results demonstrate that LINC00665 overexpression promotes EV
secretion to endow �broblasts with the CAF phenotype.

LINC00665 promotes CAF in�ltration to mediate BCa lymphangiogenesis and LN metastasis in vitro and
in vivo.

To evaluate the biological function of �broblasts pretreated with LINC00665-induced EVs, the tube
formation and Transwell assays in human lymphatic endothelial cells (HLECs) were performed. As
shown in Fig. 2i and 2j, the CM from �broblasts treated with LINC00665-induced EVs signi�cantly
promoted tube formation and migration of HLECs compared with the control, indicating that LINC00665-
mediated �broblast transition to CAFs stimulated BCa cell lymphangiogenesis in vitro. Next, we
established a xenograft popliteal LN metastasis model in nude mice, as described previously27,28, to
investigate the effect of LINC00665-induced CAF in�ltration on BCa LN metastasis. The EVs were
isolated from equal volumes of CM of BCa cells and veri�ed by NTA assays for intratumoral injection into
the primary footpad tumor (Fig. 3a, 3b). Prominently, the LINC00665-induced EVs markedly enhanced the
metastasis of luciferase-labeled T24 cells to the popliteal LNs as compared with the control group, and
the luminescence of the popliteal LNs gradually increased during the 6-week experiment, as indicated by
the In Vivo Imaging System (IVIS) (Fig. 3c, 3d, Extended Data Fig. 2f, 2g). A higher metastatic rate of
popliteal LNs in the LINC00665-induced EV group than the control group was observed (Fig. 3e–g),
indicating that the LINC00665-induced EV promoted BCa LN metastasis. Moreover, the popliteal LNs of
nude mice were enucleated for further IHC staining analysis. As shown in Fig. 3h and 3i, increased CAFs
in�ltration was observed around the interstitial tissues of popliteal LNs in the LINC00665-induced EV
group compared with the control group. Interestingly, double immuno�uorescent staining revealed that
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the LINC00665-induced EVs group had consistently increased α-SMA-indicated CAF in�ltration and
LYVE1-indicated MLD (Fig. 3j–l), con�rming that the LINC00665-induced EVs promoted BCa
lymphangiogenesis by stimulating CAF in�ltration in vivo. Together, these results demonstrate that
LINC00665-induced EV secretion promotes CAF in�ltration to stimulate BCa lymphangiogenesis and LN
metastasis.

LINC00665 directly interacts with heterogeneous nuclear ribonucleoprotein L (hnRNPL).

To explore the underlying mechanism of LINC00665 in inducing CAF in�ltration in BCa, the 5’ and 3’ rapid
ampli�cation of cDNA ends (RACE) assays were performed. The results showed that the full-length of
LINC00665 was 2856 nucleotides (nt) in BCa cells (Extended Data Fig. 2h–k). Subsequently, �uorescence
in situ hybridization (FISH) and subcellular fractionation assays indicated that LINC00665 was located in
both the BCa cell cytoplasm and nucleus, but was mainly in the cytoplasm (Extended Data Fig. 2l, 2m).
RNA pull-down assay revealed that the biotinylated LINC00665 group had an obviously different band
with a molecular weight of 55–70 kDa compared with the control, which was further identi�ed as
hnRNPL through Mass spectrometry (MS) analysis (Fig. 4a, 4b). Consistently, western blotting analysis
after the RNA pull-down assays demonstrated that LINC00665 speci�cally enriched hnRNPL (Fig. 4c, 4d).
Confocal microscopy analysis validated the colocalization of LINC00665 and hnRNPL in the T24 and
5637 cells (Fig. 4E). RNA immunoprecipitation (RIP) assays veri�ed the signi�cant enrichment of
LINC00665 by hnRNPL (Fig. 4f), con�rming the interaction between LINC00665 and hnRNPL.

Next, we performed sequential deletion experiments to demonstrate that the 2250–2400 nt region of
LINC00665 was essential for its interaction with hnRNPL (Fig. 4g–i). We used POSTAR2, a
comprehensive database for exploring the RNA motif for the interaction with RNA-binding proteins29, to
predict the preferred sequence motif of the hnRNPL binding site that formed a stem-loop structure in the
2285–2360 nt region of LINC00665 (Fig. 4j). Mutation of the 2285-2360 nt region in LINC00665 markedly
attenuated the enrichment of LINC00665 by hnRNPL (Fig. 4k), indicating that the region is indispensable
for the interaction between LINC00665 and hnRNPL. Taken together, these �ndings demonstrate the
direct interaction between hnRNPL and the 2285–2360 nt region in LINC00665.

LINC00665 promotes RAB27B transcription by forming a DNA–RNA triplex structure with the RAB27B
promoter.

Given that lncRNAs frequently act as molecular drivers of gene transcriptional regulation, leading to
tumor initiation and progression30, we performed RNA sequencing to pro�le the target genes of
LINC00665. As shown in Fig. 5a, 542 genes were markedly upregulated by >2-fold in the LINC00665-
overexpressing BCa cells compared with control. As LINC00665 widely participates in the release of EVs,
the gene expression of the Ras-related Rab protein family associated with EV secretion was analyzed
(Fig. 5b, Extended Data Fig. 3a, Supplementary Table 5). The results showed that RAB27B was the most
signi�cantly upregulated gene associated positively with LINC00665 overexpression in BCa cells by qRT-
PCR and western blotting analyses (Fig. 5c, 5d, Extended Data Fig. 3b–e). To explore the potential
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mechanism of LINC00665 in regulating the transcriptional activation of RAB27B, the truncated RAB27B
promoter sequences (-2000 to +200 bp) were cloning into the pGL3 luciferase plasmids and subjected
into the luciferase assays. Interestingly, LINC00665 increased the transcriptional activity of the constructs
containing the -250 to -500 bp sequence in the RAB27B promoter (Fig. 5e, Extended Data Fig. 3f).
Subsequently, chromatin isolation by RNA puri�cation (ChIRP) assays veri�ed that LINC00665
physiologically interacted with the P2 region (-315 to -327 bp) in the RAB27B promoter in T24 and 5637
cells (Fig. 5f, 5g, Extended Data Fig. 3g). Moreover, a lncRNA–DNA binding motif prediction tool,
LongTarget31, was used to identify the potential triplex-forming oligonucleotides (TFOs) and
corresponding triplex target sites (TTS) in LINC00665 and the RAB27B promoter, among which TFOs
were further labeled with 5-carboxy tetramethyl-rhodamine (TAMRA) and TTS with �uorescein amidite
(FAM) for the subjection into circular dichroism (CD) spectroscopy and �uorescence resonance energy
transfer (FRET) analysis. As shown in Fig. 5h and Extended Data Fig. 3h, the results of CD spectroscopy
revealed an obvious positive peak at 270–280 nm and a negative peak at 210 nm in the LINC00665
TFO2/RAB27B TTS2 group, which was similar to that of the FENDRR/PITX2 positive control32. In
addition, FRET analysis showed a signi�cant increase in �uorescence intensity at 570–580 nm and
decrease at 520 nm in the LINC00665 TFO2/RAB27B TTS2 group compared with the control group
(Fig. 5i, Extended Data Fig. 3i), suggesting the formation of a triplex structure between LINC00665 and
the RAB27B promoter.

HnRNPL has been demonstrated as a key regulator in catalyzing H3K4 trimethylation (H3K4me3), the
common manner of regulating target gene transcriptional activation33. Therefore, we explored whether
hnRNPL participates in LINC00665-activated RAB27B transcription by mediating H3K4me3 at the
RAB27B promoter in BCa cells. LINC00665 overexpression markedly increased the enrichment of hnRNPL
and H3K4me3 at the RAB27B promoter, while muting the hnRNPL-binding region on LINC00665 reduced
it (Fig. 5j, 5k, Extended Data Fig. 3j, 3k). Conversely, downregulating LINC00665 signi�cantly decreased
hnRNPL and H3K4me3 enrichment at the RAB27B promoter (Extended Data Fig. 3l–o). Moreover,
silencing hnRNPL greatly impaired the ability of LINC00665 to upregulate RAB27B expression (Fig. 5l,
5m). Together, these results demonstrate that LINC00665 directly binds to the RAB27B promoter to form
a DNA–RNA triplex and activate RAB27B transcription.

LINC00665-induced EVs endow �broblasts with the CAF phenotype by activating the TGF-β pathway.

Considering that RAB27B is an essential mediator in EV secretion by enhancing the fusion of late
endocytic compartments with the plasma membrane34, we detected whether RAB27B is crucial for
LINC00665-induced EV secretion. The results showed that LINC00665 increased the amount of EVs
secreted by T24 and 5637 cells while downregulating RAB27B-impaired LINC00665-induced EV secretion
(Fig. 5n, 5q). Since RABs were reported to participate in vesicle docking and fusion with recipient cells35,
we evaluated the essential role of RAB27B underlying �broblast internalization of LINC00665-induced
EVs. As shown in Fig. 5r and 5s, an increased green �uorescence signal was observed in the cytoplasm of
�broblasts incubated with PKH67-labeled LINC00665-induced EVs compared with the control, which was
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attenuated by downregulating RAB27B, suggesting that LINC00665 remarkedly enhances �broblast
internalization of BCa cell-secreted EVs via RAB27B.

It was previously reported that TGF-β signaling pathway plays a crucial role in regulating the �broblast
phenotype in cancers36, we explored the effect of TGF-β signaling pathway in �broblast transition to
CAFs as mediated by LINC00665-induced EVs. Analysis of the alterations of crucial proteins in TGF-β
signaling pathway showed that the phosphorylation of SMAD2 and SMAD3 was markedly increased in
�broblasts treated with LINC00665-induced EVs compared with the control, while fewer change in the
expression levels of TGF-βR1 and TGF-βR2 was observed (Fig. 6a), indicating that LINC00665-induced
EVs speci�cally promoted SMAD2 and SMAD3 phosphorylation to activate the TGF-β signaling pathway
in �broblasts. Subsequently, the treatment with SIS3, which speci�cally inhibits SMAD2 and SMAD3
phosphorylation, was conducted to validate whether TGF-β signaling pathway activation is indispensable
for the LINC00665-induced EV-mediated phenotype transition of �broblasts. Immuno�uorescence
analysis and �ow cytometry showed a signi�cant increase in α-SMA and FAP expression in �broblasts
treated with EVs secreted by LINC00665-overexpressing BCa cells, which was markedly attenuated by
treating with SIS3 (Fig. 6b–d). Collectively, our �ndings suggest that LINC00665-induced EVs trigger
�broblast transition to the CAF phenotype by regulating SMAD2 and SMAD3 phosphorylation in the
�broblasts.

LINC00665-induced EVs enhance lymphangiogenesis by stimulating HGF secretion in CAFs.

To analyze the mechanisms of CAFs activated by LINC00665-induced EV (CAFsLINC00665−EVs) in
enhancing lymphangiogenesis, we compared the cytokine pro�les of CAFsLINC00665−EVs with the control.
The results showed that �ve cytokines were dramatically increased, while one was decreased, in the CM
from CAFsLINC00665−EVs compared with the control (Fig. 6e, 6f). Interestingly, we found that VEGF, the
common regulator of lymphangiogenesis, was not signi�cantly secreted by the CAFsLINC00665−EVs as
compared with the control, indicating that CAFsLINC00665−EVs might stimulate BCa LN metastasis in a
VEGF-independent manner (Fig. 6e, 6f). Moreover, the enzyme-linked immunosorbent assay (ELISA)
yielded results consistent with that of the cytokine pro�ling, in which EVs from LINC00665-silenced BCa
cells markedly reduced CAF secretion of cytokines, including IL-6, IL-8, Dkk-1, HGF, and CXCL10, while
overexpressing LINC00665 had the opposite effect (Fig. 6G, 6h). Next, in vitro assays were performed to
evaluate the role of the above changed cytokines in CAF-induced lymphangiogenesis. The results showed
that the treatment with neutralizing antibody against HGF (αHGF) dramatically impaired the tube
formation and migration of HLECs promoted by CAFsLINC00665−EVs, while inhibiting other cytokines had
no signi�cant effects (Fig. 6i), suggesting that LINC00665-induced EVs facilitate BCa lymphangiogenesis
by stimulating HGF secretion by CAFs.

LINC00665 EV-mediated RAB27B–HGF–c-Myc positive loop is indispensable to BCa LN metastasis.

Accumulating evidence has shown that tumor cell-stimulated CAFs reciprocally regulate the aggressive
biological behavior of tumor cells to support tumor metastasis14. Therefore, the biological effect of
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CAFsLINC00665−EVs in BCa cells was examined. An in vitro coculture model revealed that coculturing with
CAFsLINC00665−EVs signi�cantly upregulated LINC00665 expression in BCa cells (Fig. 7a, 7b), suggesting
the potential formation of a positive feedback loop between BCa cells and CAFs.

It was recently shown that CAFs induce the activation of massive transcription factors in tumor cells to
regulate lncRNA transcription13. Therefore, we hypothesized that CAFs may induce the transcriptional
activation of the LINC00665 promoter to upregulate its expression. To address the hypothesis, we
assessed the transcriptional factors that potentially interact with the LINC00665 promoter. The results
showed that c-Myc was the most possible transcriptional factor to interact with the LINC00665 promoter,
and downregulating c-Myc dramatically reduced the transcriptional activity of LINC00665 promoted by
HGF in BCa cells (Fig. 7d, 7e, Extended Data Fig. 4a), con�rming that c-Myc widely participates in
LINC00665 transcription enhanced by CAFsLINC00665−EVs-secreted HGF. Moreover, chromatin
immunoprecipitation (ChIP) analysis demonstrated that CAFsLINC00665−EVs increased the enrichment of c-
Myc in the -351 to -358 bp region (referred as P2) of the LINC00665 promoter rather than another
predicted binding site located in -106 to -113 bp region (referred as P1) (Fig. 7f–h). Mutating the
LINC00665 promoter P2 region markedly impaired the transcriptional activity increased by the
CAFsLINC00665−EVs, while P1 region mutation had rare effects (Fig. 7i, Extended Data Fig. 4b), suggesting
that CAFsLINC00665−EVs-mediated c-Myc interact directly with -351 to -358 bp of the LINC00665 promoter
to activate its transcription.

Since CAFs conversely induced LINC00665 transcriptional activation, in vitro assays were performed to
detect the role of the LINC00665-mediated positive feedback loop in maintaining CAF-induced
lymphangiogenesis (Fig. 7j). The results showed that downregulating LINC00665 expression impaired the
�broblast transition to CAFs induced by coculturing with BCa cells (Fig. 7k–m). Moreover, αHGF
treatment signi�cantly blocked CAF-induced LINC00665 overexpression in BCa cells and inhibited the
coculturing-induced activation of CAFs (Fig. 7k–m). Strikingly, either LINC00665 silencing or αHGF
treatment suppressed the �broblast-induced tube formation and migration of HLECs in the BCa cell and
�broblast coculture model (Fig. 7n), suggesting that the LINC00665-induced RAB27B–HGF–c-Myc
positive feedback loop between BCa cells and �broblasts promotes BCa lymphangiogenesis and LN
metastasis.

Clinical relevance of the LINC00665-induced RAB27B–HGF–c-Myc positive feedback loop in LN
metastatic BCa.

In light of the crucial regulatory role of HGF in LINC00665-induced �broblast transition to CAFs and BCa
lymphangiogenesis, double immunostaining and ISH analysis were conducted to determine the clinical
relevance of HGF in BCa LN metastasis. The results showed that higher HGF expression levels were
accompanied by more CAF in�ltration and MLD in LINC00665-overexpressed regions of LN metastatic
BCa tissues (Fig. 8a, 8b). Correlation analysis revealed that HGF overexpression in BCa tissues was
associated positively with higher LINC00665 expression (Fig. 8c). Furthermore, qRT-PCR analysis
demonstrated that HGF was signi�cantly overexpressed in BCa tissues compared with the paired NATs (n
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= 228) (Fig. 8d). Moreover, LN-positive BCa tissues possessed higher HGF expression levels than the LN-
negative BCa tissues (Fig. 8e). Furthermore, HGF overexpression was associated positively with shorter
OS and DFS of patients (Fig. 8f, 8g).

To assess the effect of blocking HGF in suppressing lymphangiogenesis and LN metastasis mediated by
the LINC00665-induced RAB27B–HGF–c-Myc positive feedback loop, in vitro coculture model and in vivo
popliteal LN metastasis model was conducted. In vitro assays showed that both �broblasts treated with
LINC00665-induced EVs and primary CAFs dramatically promoted tube formation and migration of
HLECs, while αHGF treatment dramatically abrogated these effects (Fig. 8h, Extended Data Fig. 4d–e).
Moreover, in vivo popliteal LN metastasis assays demonstrated that LINC00665-induced EVs signi�cantly
promoted BCa cells to metastasize to the LNs compared with the control groups, whereas HGF inhibition
dramatically reversed this effect (Fig. 6i, 6j). Statistical analysis showed that αHGF signi�cantly
attenuated the LN metastatic rate increased by the LINC00665-induced EVs (Extended Data Fig. 4f).
Furthermore, blockage of HGF reduced the CAF in�ltration and MLD mediated by the LINC0065-induced
EVs in the tumor tissues (Fig. 8k).

The previous study has demonstrated that Cabozantinib, a small-molecule inhibitor speci�cally targeting
the HGF–MET signaling pathway, exhibits a noticeable clinical effect in suppressing tumor
angiogenesis7. As the essential role of HGF in BCa lymphangiogenesis and LN metastasis has been well-
elucidated in a large clinical cohort and in vitro and in vivo experiments, we further constructed an
orthotopic xenograft model to evaluate the clinical application potential of cabozantinib in LINC00665-
mediated lymphangiogenesis and LN metastatic BCa (Fig. 8l). The results showed that the utilization of
Cabozantinib decreased the orthotopic tumor volume in nude mice educated by LINC00665-induced EVs
as compared with the control group (Fig. 8m). Importantly, cabozantinib combined with cisplatin, the
main chemotherapeutic drug for advanced BCa5, showed a signi�cant effect in reducing tumor volume
and prolonging the tumor-bearing survival time of LINC00665-induced EV-educated mice (Fig. 8m, 8n),
revealing the encouraging clinical potential of cabozantinib in treating LINC00665-induced LN metastatic
BCa. Taken together, these results demonstrate that the LINC00665-induced RAB27B–HGF–c-Myc
positive feedback loop between BCa cells and �broblasts plays a signi�cant role in BCa LN metastasis
(Figure 8o).

Discussion
CAF in�ltration marks an aggressive signature in the TME, which orchestrates the metastasis of
malignancies through complex interactions with cancer cells37. It has been reported that the activation of
CAF in BCa is accompanied by the invasive behavior of endothelial cells that in�uence tumor
angiogenesis38. However, the role and mechanism of CAFs in regulating lymphangiogenesis to trigger
BCa LN metastasis remain largely unknown. Here, we demonstrate that EV-associated LINC00665
mediated the EV secretion by BCa cells to foster CAF in�ltration and to facilitate lymphangiogenesis in
BCa. LINC00665 recruited hnRNPL to mediate the RAB27B-dependent release of EVs that allowed
�broblasts to acquire the CAF phenotype, thereby fostering lymphangiogenesis and LN metastasis in
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BCa. Our �ndings highlight for the �rst time that an EV-associated lncRNA acts as a key mediator for
communication between cancer cells and �broblasts during BCa LN metastasis, suggesting that
targeting LINC00665 is a potential approach to selectively suppress CAF in�ltration and inhibiting BCa LN
metastasis.

Here, we determined that the production of HGF sustained by a LINC00665-induced RAB27B–HGF–c-Myc
positive feedback loop between cancer cells and �broblasts contributed to BCa lymphangiogenesis and
LN metastasis. The current therapy targeting HGF signaling in the clinic is mainly based on the
application of a widely used HGF–Met pathway inhibitor, cabozantinib, which exhibits potent inhibitory
activity against angiogenesis for the treatment of non-small-cell lung cancer, liver cancer, and renal
cancer39–41. Nevertheless, evidence for the effect of cabozantinib on lymphangiogenesis is still lacking.
In the present study, using an orthotopic xenograft model, we �rst report that cabozantinib signi�cantly
enhanced the e�cacy in reducing the tumor burden and prolonging the survival time in combination with
cisplatin, a widely used chemotherapy for metastatic BCa5. These �ndings provide preliminary evidence
for HGF-targeting therapy in LN metastatic BCa. Further clinical studies are required for the application of
cabozantinib in BCa with LN metastasis, presenting a promising prospect for broadening the indications
for cabozantinib.

The release of EVs is believed to be controlled by RAB proteins42. RABs predominantly participate in
endomembrane tra�cking and modulate the budding e�ciency of membrane-wrapped vesicles as EVs35.
Recent studies have indicated that the type of functional RAB may in�uence the role of EVs during a
variety of biological events43. Nevertheless, understanding of the core regulator triggered by EV signaling
in BCa LN metastasis is incomplete. Herein, through RNA-sequencing followed by analysis of RAB
expression patterns, we determined that RAB27B correlates speci�cally with LINC00665-induced
lymphangiogenesis-driven EV secretion. Further, we found that the overexpression of RAB27B during the
LN metastasis of BCa was caused by LINC00665-mediated transcription activation, in which LINC00665
induced H3K4me3 modi�cation on the promoter of RAB27B through the recruitment of hnRNPL.
Moreover, RAB27B-induced EV secretion promoted BCa lymphangiogenesis and LN metastasis. These
�ndings reveal the pivotal role of RAB27B underlying LN metastasis, expanding our knowledge of RAB-
mediated EV regulation in LN metastatic BCa.

Although a variety of functional molecules have been identi�ed as potential therapeutic targets in BCa, in
vivo treatment faces great challenges due to their instability and the existence of biological barriers5.
Recent evidence shows that EVs are promising for molecular therapy in cancers due to their high
histocompatibility and capacity for crossing biological barriers44,45. Therefore, controlling EV biogenesis
and delivery to enable molecule transmission represents the predominant process for achieving
therapeutic goals. In the present study, we determined that the EV-associated lncRNA LINC00665 was
involved in the production of EVs that targeting �broblasts. Moreover, inhibiting LINC00665 signi�cantly
blocked the delivery of �broblast-targeted EVs, thus effectively suppressing BCa lymphangiogenesis and
LN metastasis in animal experiments. Further exploration of the application of LINC00665 in the
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emerging technologies that modify EVs to improve the yield, targeting e�ciency, and content of bene�cial
cargos may develop a feasible therapeutic intervention strategy against BCa LN metastasis.

In summary, we elucidate a novel mechanism underlying EV-associated lncRNA-mediated CAF in�ltration
to facilitate the LN metastasis of BCa, in which the LINC00665-induced RAB27B–HGF–c-Myc positive
feedback loop between cancer cells and �broblasts sustains lymphangiogenesis. Our study highlights
LINC00665-driven HGF signaling as a promising therapeutic target and demonstrates that utilization of
the HGF-MET inhibitor cabozantinib is an encouraging treatment for LN metastatic BCa.

Methods
Patients and clinical samples.

All BCa tissues and NATs in this study were obtained with consent from patients who had undergone
surgery at the Sun Yat-Sen Memorial Hospital of Sun Yat-Sen University and with the approval of the Sun
Yat-Sen University Committees for Ethical Review of Research involving Human Subjects. The tissues
were pathologically diagnosed with BCa independently by two pathologists and underwent total RNA
extraction, or formalin �xation and para�n embedding for immunostaining.

Cell lines and cell culture.

The T24 and 5637 human BCa cell lines were purchased from American Type Culture Collection
(Manassas, VA, USA) and were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(Invitrogen, Waltham, MA, USA). Human �broblasts were acquired from the National Collection of
Authenticated Cell Cultures (Shanghai, China) and maintained in minimal essential medium (MEM;
Invitrogen). HLECs were obtained from ScienCell Research Laboratories (Carlsbad, CA, USA) and cultured
in endothelial cell medium (ECM; ScienCell Research Laboratories). The ECM was supplemented with 5%
fetal bovine serum (FBS); the other culture media were supplemented with 10% FBS. All cells were
cultured in a humidi�ed incubator with 5% CO2 at 37°C.

Cell transfection and lentivirus-mediated transduction.

For cell transfection, the small interfering RNA (siRNA) oligonucleotides for the target gene and the
pcDNA3.1 expression vector with the target gene were purchased from GenePharma (Shanghai, China)
and were used to knock down or overexpress the target gene in BCa cells, respectively. All transfections
were conducted with assistance from Lipofectamine 3000 (Invitrogen) under the manufacturer’s
protocols. Transfection e�ciency was evaluated using qRT-PCR.

For lentivirus infection, we �rst packaged the LINC00665 into lentivirus vector (GenePharma, Shanghai,
China), which was transfected into HEK-293T cells to amplify the target virus. Then, the lentiviruses were
harvested and puri�ed for infecting the BCa cells to construct the LINC00665 stable overexpression cell
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lines. Successfully infected cells were selected with puromycin (Sigma-Aldrich, St. Louis, MO, USA) over 2
weeks.

Isolation and puri�cation of EVs.

The EVs were isolated from the cell culture medium using differential centrifugation, where the cell
culture medium after 48-h incubation with EV-depleted FBS was collected and centrifuged at 2,000 ×g for
10 min, 10,000 ×g for 30 min, and 120,000 ×g for 70 min. Then, the pellet was resuspended in PBS,
followed by centrifugation at 120,000 ×g for 70 min, after which the isolated pellet was resuspended in
proper PBS. The puri�ed EVs were stored at -80℃ until further use.

Flow cytometry analysis of �broblast phenotype.

The cells were harvested and washed with PBS three times, followed by 30-min incubation with primary
antibodies at 4℃ and with the corresponding secondary �uorescent antibody at 4℃ for another 30 min.
Subsequently, the treated cells were analyzed using a FACScan �ow cytometer (Becton Dickinson, Brea,
CA, USA).

Measurement of LINC00665-induced EVs on LN metastasis of BCa cells.

All experimental procedures were performed with the approval of the Sun Yat-Sen University Institutional
Animal Care and Use Committee. Here, we used nude mice (4–6 weeks old, 18–20 g) purchased from the
Sun Yat-Sen University Experimental Animal Center (Guangzhou, China). As for mice popliteal lymphatic
metastasis model, luciferase-labeled T24 cells 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. LN metastasis was detected using a PerkinElmer IVIS Spectrum In Vivo
Imaging System. CAF in�ltration in the primary tumors was analyzed with IHC as described in
Supplementary Method.

For the orthotopic xenograft model, the mice were anesthetized with 4% chloral hydrate. Then, an
angiocatheter (24-gauge; Terumo Medical Products) lubricated with para�n oil was gently inserted into
the urethra to remove the urine and inoculate 5 × 105 T24 cells suspended in 50 µL medium into the
bladder. The catheter was left in place for 60 min. After the orthotopic xenograft model had been
constructed, the mice were randomly divided into three groups, followed by treatment with LINC00665-
induced EVs with or without cabozantinib and cisplatin.

Veri�cation of the binding between LINC00665 and hnRNPL.

The proteins interacting with LINC00665 were detected using RNA pull-down assays. Brie�y, biotin-
labelled LINC00665 and antisense were synthesized according to the instructions of the transcription kit
(Thermo Fisher Scienti�c, Waltham, MA, USA). Then, the extracted nuclear proteins or recombinant
hnRNPL underwent biotin-labelled LINC00665 pull-down assays using a Pierce Magnetic RNA-Protein
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Pull-Down Kit (Thermo Fisher Scienti�c) to determine the direct interaction between LINC00665 and
hnRNPL. Subsequently, the eluted proteins were evaluated via silver staining or western blotting analysis.

For detecting the hnRNPL-binding region on LINC00665, a series of vectors containing different lengths
of the LINC00665 sequence were constructed and subjected to RNA pull-down assays as described
above.

Detection of physiological interaction between LINC00665 and the RAB27B promoter.

The interaction between LINC00665 and the RAB27B promoter was evaluated by ChIRP assays
conducted using the Magna ChIRP RNA Interactome Kit (Millipore, Billerica, MA, USA). Brie�y, 2 × 107

indicated BCa cells were �xed in 1% formaldehyde and lysed to obtain the nuclear extracts. Then, the
chromatin was sheared with ultrasonication, and the sonicated lysate was incubated with biotin-labelled
LINC00665 probes for 4 h at 37°C. The targeted chromatin was pulled down with streptavidin magnetic
beads and subjected to qRT-PCR analysis to examine the enrichment of RAB27B promoter.

FRET and CD spectroscopy.

To determine the formation of the triplex structure between LINC00665 and the RAB27B promoter, we
performed FRET and CD spectroscopy. For the FRET assays, the TFOs and TTS were labeled with TAMRA
and FAM, respectively. Then, 1:5 TFOs and TTS were mixed in binding buffer, followed by incubation at
55°C for 10 min and 37°C for 10 h. The �uorescence wavelengths between 480 and 690 nm were
measured with a Molecular Device M5 Plate Reader (USA).

For CD spectroscopy, 1:1 TFOs and TTS were mixed in binding buffer and equilibrated at 30°C for 1 h.
Then, the �uorescence wavelengths were measured with a Chirascan spectrometer. Supplementary Table
5 lists the oligos used in the FRET and CD spectroscopy.

Cytokine pro�ling of EV-induced �broblasts.

The cytokine secretion pro�le of the EV-induced �broblasts was detected using a Proteome Pro�ler
Human XL Cytokine Array Kit (R&D Systems, Minneapolis, MN, USA). The cell culture supernatants from
EV-pretreated �broblasts were collected and incubated overnight at 4°C on antibody-containing
nitrocellulose membranes. Then, the detection antibody cocktail was added for 1-h incubation at room
temperature, followed with 30-min treatment with streptavidin-horseradish peroxidase. Finally, the
cytokine expression pro�le was visualized with Chemi Reagent Mix (Thermo Fisher Scienti�c, Waltham,
MA, USA), and recorded with X-ray �lm.

Bioinformatic analysis.

The clinical role of LINC00665 in human cancers was analyzed through TCGA database at GEPIA
(http://gepia.cancer-pku.cn/index.html). The secondary structures of LINC00665 and the hnRNPL binding
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motif were predicted in RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) and
POSTAR3 (http://postar.ncrnalab.org/), respectively.

Statistical analysis.
All statistical analyses were conducted using SPSS 13 (SPSS Inc., Chicago, IL, USA) from at least three
independent experiments, in which P < 0.05 was considered statistically signi�cant. Quantitative data are
presented as the means ± standard deviations (SD). The statistical signi�cance of nonparametric
variables was analyzed with the chi-square test (χ2 test); that for parametric variables was analyzed with
the 2-tailed Student’s t test or 1-way analysis of variance (ANOVA). The patients’ OS and DFS were
analyzed with the Kaplan-Meier method.
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Figure 1

LINC00665 overexpression is associated with CAF-induced LN metastasis of BCa. a, Representative IHC
images and percentages of LYVE1-indicated lymphatic vessel density in BCa tissues. Scale bar: 50 μm.
Statistical signi�cance was assessed by the χ2 test. b, Representative IHC images and percentages of α-
SMA-indicated CAF in�ltration in NATs and BCa tissues with or without LN metastasis. Scale bar: 50 μm.
Statistical signi�cance was assessed by the χ2 test. c–e, Representative IHC images and percentages
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revealing a positive correlation between α-SMA-indicated CAF in�ltration and LYVE1-indicated lymphatic
vessel density in BCa tissues. Scale bar: 50 μm. Statistical signi�cance was assessed by the χ2 test. f,
Schematic diagram of the screening of lncRNAs upregulated in both urinary EVs and LN-positive tissues
from patients with BCa. g, h, Analysis of LINC00665 expression in BCa tissues compared with NATs in a
228-case cohort (g) and TCGA database (h). Statistical signi�cance was assessed by the nonparametric
Mann-Whitney U test. i, j, qRT-PCR analysis of LINC00665 expression between LN-positive BCa tissues
and LN-negative BCa tissues (i) and between primary tumors and paired metastatic LNs (j) from patients
with BCa. Statistical signi�cance was assessed by the nonparametric Mann-Whitney U test. k,
Representative ISH images and percentages of LINC00665 expression (blue) in NATs and BCa with or
without LN metastasis. Scale bar: 50 μm. Statistical signi�cance was assessed by the χ2 test. l, m,
Kaplan-Meier survival analysis of the OS (l) or DFS (m) of patients with BCa according to LINC00665
expression. The cutoff value is the median expression. n, o, Representative images and percentages of
CAF in�ltration and lymphatic vessel density in the intratumoral (n) and peritumoral regions (o) of BCa
tissues according to LINC00665 expression. Scale bar: 50 μm. Statistical signi�cance was assessed by
the χ2 test. *P < 0.05, **P < 0.01.
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Figure 2

LINC00665 promotes EV production to endow �broblasts with the CAF phenotype in vitro. a,
Representative TEM images of EVs isolated from BCa cells with or without LINC00665 overexpression.
Scale bars: 100 nm. b, c, NTA analysis and quanti�cation of EVs isolated from BCa cells with or without
LINC00665 overexpression. d, Representative �uorescence images of �broblasts, macrophages, T cells,
and B cells after incubation with PKH67-labelled (green) in vector-induced EVs or LINC00665-induced EVs
from BCa cells. Scale bars: 5 μm. e, Western blotting analysis of α-SMA and FAP expression in �broblasts
incubated with vector- or LINC00665-induced EVs from BCa cells. f, Representative confocal images of α-
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SMA and FAP expression in �broblasts incubated with vector- or LINC00665-induced EVs from BCa cells.
Scale bars: 5 μm. g, h, Flow cytometric analysis and quanti�cation of α-SMA (g) or FAP (h) expression in
�broblasts treated with PBS, vector-induced EVs, or LINC00665-induced EVs form BCa cells. i, j,
Representative images and quanti�cation of tube formation (i) and Transwell migration (j) of HLECs
incubated with CM from PBS, vector-induced EVs, or LINC00665-induced EV-treated �broblasts.
Statistical signi�cance was assessed by the two-tailed Student’s t test in d or 1-way ANOVA followed by
Dunnett’s tests in h and j. Error bars show the SDs from three independent experiments. *P < 0.05; **P <
0.01.
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Figure 3

LINC00665 promotes CAF in�ltration to mediate LN metastasis of BCa in vivo. a, Schematic illustration
of the establishment of the popliteal LN metastasis model. b, NTA analysis of EVs isolated from T24 cells
with or without LINC00665 overexpression. c, Representative bioluminescence images of the metastatic
popliteal LN of nude mice treated with vector-induced EVs or LINC00665-induced EVs (n = 12). The red
arrows indicate footpad primary tumor and metastatic popliteal LN. d, Representative images showing
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the popliteal LNs of the mice (n = 12). e, Representative images of IHC analysis of anti-luciferase
popliteal LNs in indicated group (n = 12). Scale bars: 500 μm (red) or 50 μm (black). f, Assessment of the
popliteal LN metastatic rate (n = 12). Statistical signi�cance was assessed by the χ2 test. g,
Quanti�cation of the popliteal LN volume of the mice in indicated group (n = 12). h, i, Representative
images and histogram analysis of IHC staining of α-SMA-indicated CAF in�ltration in the popliteal LNs in
indicated group (n = 12). Scale bars: 50 μm. j–l Representative images and quanti�cation of �uorescence
of α-SMA-indicated CAF and LYVE1-indicated lymphatic vessel density in footpad tumor from the mice (n
= 12). Scale bar: 5 μm. Statistical signi�cance was assessed by the two-tailed Student’s t test in g and i–l.
Error bars show the SDs from three independent experiments. *P < 0.05; **P < 0.01.
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Figure 4

LINC00665 interacts directly with hnRNPL. a, RNA pull-down assay followed by silver staining using
biotin-labeled LINC00665 sense and antisense in T24 cells. b, MS analysis of the LINC00665-enriched
proteins from the RNA pull-down assay. c, d, Western blotting analysis after RNA pull-down assay with
nuclear extract (c) or puri�ed recombinant hnRNPL (d). e, Relative �uorescence of LINC00665 and
hnRNPL colocalization in BCa cells. Scale bar: 5 μm. f, RIP assays using anti-hnRNPL for evaluating
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LINC00665 enrichment by hnRNPL. Negative control, IgG; nonspeci�c control, U1. g–i, RNA pull-down or
RIP assays with serial deletions of LINC00665 identi�ed the essential regions on LINC00665 required for
binding hnRNPL. j, RNAalifold predicted the stem-loop structures of the hnRNPL binding sites in
LINC00665. k, RIP assays after deletion of 2285–2360 nt region of LINC00665 in T24 cells. Statistical
signi�cance was assessed by the two-tailed Student’s t test in f, i, and k. Error bars show the SDs from
three independent experiments. *P < 0.05; **P < 0.01.

Figure 5
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LINC00665 promotes RAB27B transcription by forming a triplex structure with the RAB27B promoter. a,
Heatmap of the differentially expressed genes between LINC00665-overexpressing and control BCa cells.
b, qRT-PCR analysis of the change in RAB genes related to EV secretion after silencing LINC00665 in T24
cells. c, d, Western blotting analysis of RAB27B expression after LINC00665 silencing (c) or
overexpression (d) in T24 cells. e, Luciferase assays with serial deletion of the RAB27B promoter in T24
cells with or without LINC00665 overexpression. f, Prediction and illustration of the triplex structure
formed between LINC00665 and the RAB27B promoter. g, ChIRP analysis of LINC00665-enriched
chromatin in T24 cells. h, CD spectrum of LINC00665 TFOs with RAB27B promoter TTS. Negative control,
control single-stranded RNA (ssRNA) with RAB27B promoter TTS. i, FRET analysis of LINC00665 TFOs
with RAB27B promoter TTS. Negative control, control ssRNA with RAB27B promoter TTS. j, k, 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. l, m, qRT-PCR analysis of
RAB27B expression in LINC00665-overexpressing T24 cells (l) or 5637 cells (m) with or without hnRNPL
silencing. n, Representative TEM of EVs secreted by vector- or LINC00665 plasmid-transfected T24 cells
with or without RAB27B silencing. Scale bar: 100 nm. o–q, NTA (p) and quanti�cation of EVs (o, q)
secreted by vector- or LINC00665 plasmid-transfected T24 cells with or without RAB27B silencing. r, s,
Representative immuno�uorescence images (r) and quanti�cation (s) of �broblasts treated with PKH67-
labelled EVs secreted by BCa cells. Scale bar: 5 μm. Statistical signi�cance was assessed by 1-way
ANOVA followed by Dunnett’s tests in b, g, j–m, o, q, and s, or the two-tailed Student’s t test in e. Error bars
show the SDs from three independent experiments. *P < 0.05; **P < 0.01.
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Figure 6

LINC00665-induced EVs endow �broblasts 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 �broblasts
treated with EVs from LINC00665-overexpressing BCa cells. b, Immuno�uorescence analysis of α-SMA
and FAP expression in LINC00665-induced EV-incubated �broblasts with or without SIS3 treatment. Scale
bar: 5 μm. c, d, Flow cytometric analysis and quanti�cation of α-SMA (c) or FAP (d) expression in
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LINC00665-induced EV-incubated �broblasts with or without SIS3 treatment. e, Cytokine array of the CM
from �broblasts treated with EVs secreted by BCa cells transfected with vector plasmids or LINC00665
plasmids. f, Table showing the relative signal intensity of altered cytokines in indicated group. g, h, ELISA
analysis of cytokine secretion by �broblasts incubated with indicated EVs. i, Representative images and
quanti�cation of tube formation and Transwell migration of HLECs treated with �broblast CM. Scale
bars: 100 μm. Statistical signi�cance was assessed by 1-way ANOVA followed by Dunnett’s tests in c, d,
g, and i, or the two-tailed Student’s t test in f and h. Error bars show the SDs from three independent
experiments. *P < 0.05; **P < 0.01.
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Figure 7

The EV-mediated positive loop is indispensable for LN metastasis of BCa. a, Schematic presentation of
the established BCa cell and EV-induced �broblast coculture model. b, c, qRT-PCR analysis of LINC00665
expression in BCa cells cultured with indicated CM from �broblast 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 predicted c-Myc
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binding sequences in the LINC00665 promoter region. g, 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
coculture model for analysis of the positive loop between BCa cells and �broblasts. k, qRT-PCR analysis
of LINC00665 expression in T24 cells incubated with �broblasts. l, m, Flow cytometry analysis and
percentages of α-SMA (l) and FAP (m) expression of �broblasts. n, Representative images and
quanti�cation of tube formation and Transwell migration of indicated HLECs. Statistical signi�cance 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 SDs from three independent experiments. *P < 0.05; **P < 0.01.
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Figure 8

Clinical relevance of the LINC00665-induced RAB27B–HGF–c-Myc positive feedback loop in patients
with BCa. a, b, Representative images (a) and quanti�cation (b) of LINC00665 expression, CAF in�ltration,
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, 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).
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f, g, Kaplan-Meier curves of the OS (f) and DFS (g) of patients with BCa with low vs. high HGF expression
levels. The cutoff value is the median. H, Representative images and quanti�cation of tube formation and
Transwell migration of HLECs treated with PBS, �broblast CM, or CAFs. Scale bars: 100 μm. i, j,
Representative bioluminescence images (i) and quanti�cation (j) 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. k, Representative images and quanti�cation of IHC
staining evaluation of LYVE1-indicated lymphatic vessel density and α-SMA-indicated CAF in�ltration in
footpad tumors (n = 12). Scale bars: 50 μm. l, Schematic illustration of the establishment of the
orthotopic xenograft model. m, The primary tumor size in the treatment groups (n = 12). n, Kaplan-Meier
survival curves of the mice in the treatment group (n = 12). o, Proposed model of LINC00665-induced
RAB27B–HGF–c-Myc positive feedback loop in promoting BCa lymphangiogenesis and LN metastasis.
Statistical signi�cance was assessed by the χ2 test in b, the nonparametric Mann-Whitney U test in d and
e, or 1-way ANOVA followed by Dunnett’s tests in h, j–k, and m. Error bars show the SDs from three
independent experiments. *P < 0.05; **P < 0.01.
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