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Introduction
Bladder cancer (BCa), one of the most commonly diagnosed malig-
nancies worldwide, is the leading cause of cancer-related death
among men, with an estimated 550,000 new cases and 20,000
deaths in 2018 (1). The prognosis of patients with BCa is closely
associated with the presence of lymph node (LN) metastasis, which
decreases the 5-year survival rate from 77.6% to 18.6% (2). Despite
the overwhelming evidence for the role of LN metastasis in cancet,
the definite molecular mechanism that triggers it in BCa remains
unclear. We have previously demonstrated that VEGF-C produced by
tumor cells (3) and tumor-associated macrophages (TAMs) (4) plays
a crucial role in BCa lymphangiogenesis and LN metastasis. Howev-
er, approximately 20% of BCa with LN metastasis has low VEGF-C
expression (5, 6), which suggests the existence of a VEGF-C-indepen-
dent mechanism for lymphangiogenesis and LN metastasis in BCa.
Prospero homeobox 1 (PROX]1) is essential for lymphatic vas-
cular system formation, regulating endothelial cell differentiation
and inducing the lymphatic budding and extension of lymphatic
endothelial cells (7, 8). ProxI”/- mice lack a lymphatic vascular sys-
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Patients with bladder cancer (BCa) with clinical lymph node (LN) metastasis have an extremely poor prognosis. VEGF-C has
been demonstrated to play vital roles in LN metastasis in BCa. However, approximately 20% of BCa with LN metastasis
exhibits low VEGF-C expression, suggesting a VEGF-C-independent mechanism for LN metastasis of BCa. Herein, we
demonstrate that BCa cell-secreted exosome-mediated lymphangiogenesis promoted LN metastasis in BCa in a VEGF-C-
independent manner. We identified an exosomal long noncoding RNA (IncRNA), termed lymph node metastasis-associated
transcript 2 (LNMAT2), that stimulated human lymphatic endothelial cell (HLEC) tube formation and migration in vitro

and enhanced tumor lymphangiogenesis and LN metastasis in vivo. Mechanistically, LNMATZ2 was loaded to BCa cell-
secreted exosomes by directly interacting with heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1). Subsequently,
exosomal LNMAT2 was internalized by HLECs and epigenetically upregulated prospero homeobox 1 (PROX1) expression

by recruitment of hnRNPA2B1 and increasing the H3K4 trimethylation level in the PROX7 promoter, ultimately resulting

in lymphangiogenesis and lymphatic metastasis. Therefore, our findings highlight a VEGF-C-independent mechanism of
exosomal IncRNA-mediated LN metastasis and identify LNMAT2 as a therapeutic target for LN metastasis in BCa.

tem and die within a few days of birth (9). PROX1 enhanced lym-
phatic endothelial cell proliferation through synergistic interac-
tion with p50 to activate VEGFR3 expression (10). Nevertheless,
the precise mechanism of cancer cell promotion of lymphangio-
genesis and PROX1 upregulation remains unclear.

Exosomes are small microvesicles ranging from 30-150 nm in
size that contain various types of nucleic acids, including mRNAs,
miRNAs, and long noncoding RNAs (IncRNAs) (11, 12). Recently,
cancer cell-secreted exosomes were identified as crucial messengers
in intercellular communication associated with cancer-induced vas-
cular permeability (13), inflammation (14), and bone marrow progen-
itor cell recruitment in distant organs (15). For example, EGFR-con-
taining exosomes regulate the liver microenvironment to promote
liver metastasis (16), exosomal miR-25-3p participates in premeta-
static niche formation (17), and exosomal miR-1247-3p facilitates lung
metastasis by activating cancer-associated fibroblasts (18). However,
the mechanism of cancer cell-secreted exosome regulation of lym-
phatic vascular system formation via the induction of lymphangio-
genesis remains unknown, warranting further exploration.

Herein, we report that an IncRNA, LINC0O0858, termed lymph
node metastasis-associated transcript 2 (LNMAT?2), was overex-
pressedin BCatissues and highly enriched in urinary exosomes (uri-
nary-EXO) from patients with BCa, and correlated positively with
LN metastasis. Exosomal LNMAT2 promoted lymphangiogenesis
and LN metastasis in vitro and in vivo. Mechanistically, LNMAT2
was loaded to exosomes by direct interaction with heterogeneous
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Figure 1. LNMAT2 overexpression is associated with BCa lymphatic metastasis. (A) gRT-PCR analysis of LNMATZ2 expression in a cohort of 266 BCa
patients according to LN status. Groups were compared using the nonparametric Mann-Whitney U test. GAPDH was used as an internal control. The OS (B)
and DFS (C) of patients with BCa with lower vs. higher LNMAT2 expression were estimated using Kaplan-Meier curves. The median expression was used

as the cut-off value. Representative ISH images (D) and percentages (E) of LNMATZ expression (blue) in paraffin-embedded NAT and BCa tissue with or
without LN metastasis (n = 266). Scale bars: 50 um. Statistical significance was assessed by y? test. Representative images (F) and correlation analysis (G
and H) of ISH and IHC staining showing positive correlation between LNMAT2 expression and lymphatic vessel density indicated by anti-LYVE-1 staining,
and that LNMAT2 expression was not correlated with VEGF-C levels in the BCa tissues (n = 266). Scale bars: 50 um. *P < 0.05; **P < 0.01.

nuclear ribonucleoprotein A2B1 (hnRNPA2B1) and transmitted
to human lymphatic endothelial cells (HLECs). Subsequently,
LNMAT2 formed a triplex with the PROXI promoter and enhanced
PROXI transcription by inducing hnRNPA2B1-mediated H3 lysine
4 trimethylation (H3K4me3), facilitating lymphangiogenesis and
LN metastasis in BCa. Our findings highlight a VEGF-C-indepen-
dent mechanism of exosomal LNMAT2-mediated LN metastasis
and identify LNMAT?2 as a potential diagnostic marker and thera-
peutic target for LN metastasis in BCa.

Results
LNMAT?2 overexpression correlated with BCa LN metastasis. Using
next-generation sequencing (NGS), we previously explored the
global expression profiles of IncRNAs in high-grade muscle-
invasive bladder cancer (MIBC) tissues and paired normal adja-
cent tissues (NATs) from 5 patients with BCa and in 5 paired
LN-positive and LN-negative BCa tissues (4) (Gene Expression
Omnibus ID GSE106534). Statistical analysis revealed that
LNMAT?2 expression was increased by more than 3-fold in the
Volume 130 Number1
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MIBC tissues compared with the NATs and in the LN-positive
BCa tissues compared with the LN-negative tissues. Quan-
titative real-time PCR (qRT-PCR) confirmed LNMAT2 over-
expression in BCa tissues from 266 patients compared with
the corresponding NATs (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI130892DS1). In humans, LNMAT?2 is located on
chromosome 10q23.1 (Ref-Seq accession number MK692948,
Supplemental Figure 1B), and the full-length 3187 nt LNMAT2
in BCa cells was determined by 5'and 3'rapid amplification of
cDNA ends (RACE) assays (Supplemental Figure 1, C-F). FISH
and subcellular fractionation assays showed that LNMAT2
mainly localized to BCa cell cytoplasm (Supplemental Figure
2, A-D). Consistently, analyses of The Cancer Genome Atlas
(TCGA) database showed that LNMAT2 was upregulated in
multiple human cancers, such as BCa, uterine corpus endome-
trial cancer, lung cancer, liver cancer, and stomach cancer (Sup-
plemental Figure 3, A-F).

Moreover, a positive correlation was found between LNMAT2
expression and LN metastasis in a cohort of 266 BCa patients
(Figure 1A and Supplemental Table 1). qRT-PCR detected high-
er LNMAT?2 expression in metastatic tumor cells in the LNs than
in BCa primary tumors, suggesting that LNMAT2 might contrib-
ute to BCa metastasis (Supplemental Figure 4A). Furthermore,
Kaplan-Meier analysis revealed that LNMAT?2 overexpression cor-
related with shorter overall survival (OS) and disease-free survival
(DFS) in BCa patients (Figure 1, B and C). Univariate and multivar-
iate Cox analysis confirmed that LNMAT2 expression correlated
independently with OS and DFS in BCa patients (Supplemental
Tables 2 and 3). Consistently, the TCGA database results indicat-
ed a positive association between LNMAT2 overexpression and
poor prognosis in human cancer, including lung cancer and stom-
ach cancer (Supplemental Figure 4, B-D). It is worth noting that
LNMAT?2 overexpression was highly correlated with reduced OS
and DFS in LN-positive BCa patients (Supplemental Figure 4, E
and F). LNMAT?2 expression was significantly upregulated in the
LN-positive BCa tissues, slightly increased in LN-negative BCa tis-
sues, and was rarely detected in NATs by in situ hybridization (ISH)
assay (Figure 1, D and E, and Supplemental Figure 4G). Impor-
tantly, LNMAT2 expression was also positively correlated with
lymphatic vessel density, as indicated by the specific lymphatic
vessel marker lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1), but no correlation was observed between LNMAT2 and
VEGF-C expression in BCa (Figure 1, F-H). Collectively, these
results indicate that LNMAT2 overexpression-induced LN metas-
tasis of BCa might be independent of VEGF-C.

LNMAT2 was enriched in BCa cell-secreted exosomes. Promi-
nently, ISH showed high LNMAT2 expression in the extracellu-
lar space of BCa (Figure 1D). We also found significantly higher
extracellular LNMAT?2 expression in BCa tissues with LN metas-
tasis compared with BCa tissues without LN metastasis (Figure
1, D and E), suggesting that extracellular LNMAT2 might play a
crucial role in BCa LN metastasis. As extracellular IncRNAs are
mainly encapsulated in specific subcellular materials, exosomes
in particular, and have important biological functions in mediat-
ing cell-cell interactions and contributing to tumor LN metasta-
sis (19), we examined LNMAT?2 expression in BCa cell-secreted
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exosomes. We used qRT-PCR to analyze the exosomes isolated
from the urine samples of 206 patients with BCa and 120 healthy
controls and found that LNMAT2 was upregulated in the uri-
nary-EXO obtained from BCa patients compared with the healthy
controls (Figure 2A), suggesting that exosomal LNMAT?2 is essen-
tial to the development of BCa.

We further examined LNMAT2 expression in exosomes
isolated from the culture medium of BCa cell lines (5637 and
UM-UC-3). Exosomes with a typical cup-shaped morphology
and 30-150 nm in size were detected by transmission electron
microscopy (TEM) (Figure 2B and Supplemental Figure 4H) and
NanoSight analysis (Figure 2C and Supplemental Figure 4I).
Western blot detection of the exosomal protein markers CD9
and CD63 confirmed that the particles isolated from the culture
medium were exosomes (Figure 2D and Supplemental Figure
4]). LNMAT?2 expression was significantly upregulated in both
the 5637 and UM-UC-3 cells and their corresponding exosomes
as compared with that in human normal bladder epithelial cells
(SV-HUC-1) (Figure 2E). Interestingly, LNMAT2 enrichment was
detected in BCa cell-secreted exosomes relative to its expres-
sion in the cells, suggesting that LNMAT2 may exert its main
function in exosomal form (Figure 2E). LNMAT?2 overexpression
via LNMAT?2 plasmid transfection led to an obvious increase of
LNMAT? levels in the BCa cell-secreted exosomes (Figure 2, F
and G), while silencing LNMAT?2 had the opposite effect (Figure
2,H and I), suggesting that altering cellular LNMAT2 expression
markedly impacts exosomal LNMAT2 expression, solidifying
our hypothesis that extracellular LNMAT?2 exists mainly in exo-
somal form. Taken together, our results indicate that LNMAT2 is
abundant in BCa cell-secreted exosomes.

BCa cell-secreted exosomal LNMAT?2 promoted lymphangiogene-
sis in vitro. Since lymphangiogenesis is the rate-determining step
for LN metastasis in BCa (20), we investigated whether upregu-
lating LNMAT?2 expression could facilitate lymphangiogenesis in
vitro. The tube formation and migration in HLECs incubated with
BCa cell-secreted exosomes were analyzed. The BCa cell-secreted
exosomes dramatically promoted HLEC tube formation and
migration as compared with the control (Figure 3, A-C). Moreover,
the exosomes secreted by LNMAT2-overexpressing UM-UC-3 cells
(UM-UC-3-EXOLNM a2 strongly induced HLEC tube formation
and migration (Figure 3, D-F). Conversely, exosomes secreted by
LNMAT2-silenced 5637 cells (5637-EXO_ , ....,) lost the ability to
induce HLEC tube formation and migration (Figure 3, G-I). These
results indicate that exosomal LNMAT?2 contributes to lymphan-
giogenesis in vitro.

Exosomal LNMAT2 promoted lymphatic metastasis in vivo.
Although we observed that LNMAT2 knockdown led to a reduc-
tion and LNMAT2 overexpression led to an increase in the
growth rates of BCa cells, as indicated by CCK-8, colony for-
mation, and EdU assays (Supplemental Figure 5, A-H), dysreg-
ulation of LNMAT2 has no obvious effect on the invasiveness
of BCa cells, which provided further evidence that exosomal
LNMAT2 plays vital roles in LN metastasis.

To further examine the effect of exosomal LNMAT2 on LN
metastasis, we established a popliteal lymphatic metastasis mod-
el using similar modeling approaches as described previously
(4, 21). Luciferase-labeled UM-UC-3 cells were implanted in the
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Figure 2. LNMAT2 is upregulated in BCa cell-secreted exosomes. (A) qRT-PCR analysis of LNMAT2 expression in urinary-EXO from 206 patients with
BCa and 120 healthy participants. GAPDH was used as an internal control. Groups were compared using the nonparametric Mann-Whitney U test. Purified
5637-EXO was identified by TEM (B) and NanoSight (C). Scale bars: 100 nm. (D) Western blot analysis of exosomal protein markers in 5637 cell lysates or
5637-EXO. (E) gRT-PCR analysis of LNMAT2 expression levels in bladder cell lines and in their corresponding exosomes. GAPDH was used as an internal
control. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. qRT-PCR analysis of LNMAT2 expression in LNMAT2-over-
expressing control BCa cells (F) and their corresponding exosomes (G). GAPDH was used as an internal control. Statistical significance was assessed using
2-tailed Student’s t test followed by Dunnett’s tests for multiple comparisons. gRT-PCR detection of LNMATZ2 expression in LNMATZ2 knockdown control
BCa cells (H) and their corresponding exosomes (I). GAPDH was used as an internal control. Statistical significance was assessed using 1-way ANOVA
followed by Dunnett’s tests for multiple comparisons. Error bars represent the SD of 3 independent experiments. *P < 0.05; **P < 0.01.

footpads of nude mice, which were then randomly divided into 3
groups (n = 12), followed by intratumoral injection with PBS (con-
trol), exosomes secreted by vector-transfected UM-UC-3 cells

(UM-UC-3-EXO

Vector

fected UM-UC-3 cells (UM-UC-3-EXO

LNMA TZ)

), or exosomes secreted by LNMAT2-trans-
every 3 days. When

the primary tumor reached 200 mm?®, the tumors and popliteal
LNs were excised (Figure 4A). Interestingly, the live IVIS Spec-

trum In Vivo Imaging System showed that UM-UC-3-EXO

LNMAT2

significantly promoted the ability of BCa cells to metastasize

to the LNs as compared with the control or UM-UC-3-EXO

Vector

groups (Figure 4, B and C). The volume of popliteal LNs in the
UM-UC-3-EXO, .., group was significantly larger than that

in the control or UM-UC-3-EXO

groups (Figure 4, D and E).

Vector

Luciferase immunostaining indicated increased metastatic LNs in
the UM-UC-3-EXO, .., group, which confirmed that exosomal
LNMAT?2 significantly enhanced the metastatic capability of BCa
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Figure 3. Exosomal LNMAT2 promotes lymphangiogenesis in vitro. Representative images (A) and quantification of tube formation (B) and Transwell
migration (C) by HLECs treated with PBS, 5637-EXO0, or UM-UC-3-EXO. Scale bars: 100 um. Statistical significance was assessed using 1-way ANOVA
followed by Dunnett’s tests. Representative images (D) and quantification of tube formation (E) and Transwell migration (F) by HLECs treated with

UM-UC-3-EXO

Vector

(G) and quantification of tube formation (H) and Transwell migration (1) by HLECs treated with 5637-EXO

or UM-UC-3-EXO, ...~ Scale bars: 100 um. Statistical significance was assessed using 2-tailed Student's t test. Representative images

5637-EXO or 5637-EXO

si-NC’ si-LNMAT2#1" si-LNMAT2#2"

Scale bars: 100 pm. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. Error bars represent the SD of 3 independent

experiments. *P < 0.05; **P < 0.01.

cells (Figure 4, F and G, and Supplemental Table 4). Taken together,
these results suggest that exosomal LNMAT2 plays an important
part in LN metastasis of BCa in vivo.

Tumorigenicity is a major factor underlying lymphangiogenesis
and LN metastasis (22), and is closely associated with LN involve-
ment in various solid tumors, such as lung cancer (23), gastric cancer
(24), and appendix neuroendocrine tumor (25). Therefore, we inves-
tigated the tumorigenic capacity of exosomal LNMAT?2 in vivo using

jci.org  Volume130  Number1  January 2020

a subcutaneous xenograft model as previously reported (3, 21). Mice
were inoculated subcutaneously with UM-UC-3 cells and randomly
separated into 3 groups (n = 12). Each group received intratumoral
PBS, UM-UC-3-EXQ,, , or UM-UC-3-EXO, ..., every 3 days for
5 consecutive weeks (Figure 5A). UM-UC-3-EXO,,,,.,, enhanced
tumor growth compared with both the UM-UC-3-EXO,_, group and
the control group (Figure 5, B-D). Tumors in the UM-UC-3-EXO, ..,

group were of greater size and weight (Figure 5, E and F) and had
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Figure 4. Exosomal LNMAT2 promotes lymphatic metastasis in vivo. (A) Schematic representation of establishment of the nude mouse model of
popliteal LN metastasis. Representative bioluminescence images (B) and histogram analysis (C) of popliteal metastatic LN from nude mice treated with

PBS, UM-UC-3-EXO,,_, , or UM-UC-3-EXO

LNMAT2

after UM-UC-3 cells had been inoculated into the footpad (n = 12). Red arrow indicates footpad tumor and

metastatic popliteal LN. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. (D) Representative image of the popliteal

LN metastasis model. (E) Representative images of enucleated popliteal LNs (left) and histogram analysis (right) of the LN volume of all groups (n = 12).

Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. (F) Representative images of IHC staining with anti-luciferase anti-

Error bars represent the SD of 3 independent experiments. *P < 0.05; **P < 0.01.

jci.org  Volume 130

Number1  January 2020

body (n =12). Scale bars: 500 um (red) or 50 um (black). (G) Percentages of LN status in all groups (n = 12). Statistical significance was assessed by y? test.
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Figure 5. Exosomal LNMAT2 promotes BCa tumorigenesis in vivo. (A) Schematic representation of the establishment of the xenograft model. Representa-
tive bioluminescence images (B) and histogram analysis (C) of subcutaneous tumors from nude mice treated with PBS, UM-UC-3-EXQ,,» or UM-UC-3-
EXO, 1, (1 = 12). Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. (D) Representative images of gross appearance of
subcutaneous tumors from nude mice treated with PBS, UM-UC-3-EXO,_, , or UM-UC-3-EXO, .. (n = 12). Measured tumor volumes (E) and weights (F)

(n =12). Statistical significance was assessed using 1-way ANOVA followed by Dunnett's tests. Representative images (G) and histogram analysis (H) of IHC
staining for Ki67 expression (n = 12). Scale bars: 50 um. Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. Error bars
represent the SD of 3 independent experiments. *P < 0.05; **P < 0.01.

410 jei.org  Volume130  Number1 January 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1

The Journal of Clinical Investigation

higher expression levels of the proliferation marker Ki67 as compared
with the UM-UC-3-EXO,_ . and control groups (Figure 5, G and H).
Collectively, these results indicate that BCa cell-secreted exosomal
LNMAT?2 can promote lymphangiogenesis and LN metastasis in vivo.

LNMAT? interacted directly with hnRNPA2BI. Next, we inves-
tigated the molecular mechanism and interacting partners of
LNMAT? in BCa. In vitro RNA pull-down assays with biotinylated
LNMAT?2 and antisense control showed an obvious 35-40 kDa
band (Figure 6A), which mass spectrometry (MS) confirmed was
hnRNPA2BI (Figure 6B). Western blot analysis of LNMAT2-en-
riched proteins after RNA pull-down indicated that LNMAT2
bound specifically to hnRNPA2B1 (Figure 6, C and D). Consistent-
ly, confocal microscopy of LNMAT2 FISH and hnRNPA2B1 immu-
nostaining showed that LNMAT2 and hnRNPA2B1 colocalized
mostly in the cytoplasm of BCa cells (Figure 6E). RNA immunopre-
cipitation (RIP) showed enrichment of LNMAT2 by hnRNPA2B],
validating the interaction between LNMAT2 and hnRNPA2B1
(Figure 6F and Supplemental Figure 6A). Moreover, serial deletion
analysis determined that the 1900-2100 nt region of LNMAT2 was
indispensable for direct interaction with hnRNPA2B1 (Figure 6, G
and H). hnRNPA2B1, an RNA-binding protein (RBP), is involved
in cytoplasmic RNA trafficking through the recognition of specific
sequences on the target RNA (26). Sequence analysis by POSTAR2
(27,28) indicated a sequence motif and structural preference of the
RBP binding site for hnRNPA2B1 (Figure 61), which was located
in the 1930-1960 nt region of LNMAT2 and formed a stem-loop
structure (Figure 6]). RIP performed after site-directed mutagene-
sis of this region revealed that it was critical to LNMAT?2 interaction
with hnRNPA2B1 (Figure 6K and Supplemental Figure 6B).

hnRNPA2BI mediated LNMAT2 packaging into exosomes. RNAs
are selectively loaded into exosomes by RBPs (29, 30), including
hnRNPA2BI1. Accordingly, we examined whether the direct inter-
action of LNMAT2 with hnRNPA2B1 contributed to the packaging
of LNMAT?2 into exosomes. As shown in Figure 7A and Supple-
mental Figure 6C, hnRNPA2B1 knockdown reduced LNMAT2 lev-
els only in the exosomes secreted by BCa cells but had no effect
on LNMAT?2 expression in BCa cells. hnRNPA2B1 sorts RNAs
into exosomes by recognizing a specific motif (i.e., GGAG) (29),
which is present on the hnRNPA2B1 binding sites (1930-1960 nt)
of LNMAT?2. Therefore, we induced mutation at these sites and
observed significantly decreased BCa cell production of exosomal
LNMAT2, indicating that the interaction between hnRNPA2B1
and these binding sites is important for LNMAT2 packaging into
exosomes (Figure 7B and Supplemental Figure 6D). Additionally,
in comparison with miR-18a, an miRNA retained in cells rath-
er than loaded into exosomes (29), LNMAT2 presented a much
higher exosome-to-cell ratio (Figure 7C and Supplemental Fig-
ure 6E), which is similar to the report by Villarroya-Beltri et al.,
who demonstrated hnRNPA2Bl-mediated exosome packaging
of miR-198 (29). Moreover, hnRNPA2B1 knockdown significantly
decreased the enrichment of LNMAT2 and miR-198 in BCa cell-
secreted exosomes (Figure 7D and Supplemental Figure 6F),
indicating that LNMAT2 is specifically sorted into exosomes in an
hnRNPA2B1-dependent manner.

Exosomal LNMAT2 was internalized by HLECs to induce lymph-
angiogenesis. As our results indicated that BCa cell-secreted exo-
somes promoted lymphangiogenesis, we then evaluated the inter-
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nalization of exosomes by HLECs. We labeled purified exosomes
with PKH67 green fluorescent dye and incubated them with
HLECs for 12 hours. Confocal images showed the green fluores-
cent punctate signal in the cytoplasm of recipient HLECs, indi-
cating internalization of the PKH67-labeled exosomes, whereas
no PKH67 fluorescent signal was observed in the control group,
suggesting that the HLECs internalized the BCa cell-secreted
exosomes (Figure 7E). We further examined whether exosomal
LNMAT2 was successfully transferred into the HLECs and found
that LNMAT2 expression was significantly increased in the HLECs
after incubation with the exosomes (Figure 7F). Furthermore,
LNMAT2 knockdown in exosomes secreted by 5637 cells dimin-
ished their ability to induce LNMAT2 overexpression (Figure 7G),
whereas UM-UC-3-EXO,, ..., increased LNMAT2 expression sig-
nificantly in the HLECs (Supplemental Figure 7A).

To exclude the possibility that transcriptional activation of
endogenous LNMAT?2 in the HLECs activated the lymphangio-
genesis, we established LNMAT2-KO cells from HLECs using
the CRISPR-Cas9 approach with paired sgRNAs specifically
targeting LNMAT2 (Supplemental Figure 7B). LNMAT2 defi-
ciency was subsequently detected in the KO cells, suggesting
successful inhibition of endogenous LNMAT?2 expression (Fig-
ure 7H). We then evaluated the effects of exosomal LNMAT2 on
LNMAT2-WT and LNMAT2-KO HLECs. Tube formation and
Transwell assays both demonstrated that, compared with exo-
somes secreted by si-NC-transfected 5637 cells (5637-EXO ),
exosomes secreted by si-LNMAT2#1-transfected 5637 cells
(5637-EXO,, | \yaras) decreased LNMAT2-KO HLEC prolifera-
tion and migration (Figure 7, I-K), whereas UM-UC-3-EXO, ...
had a promoting effect on LNMAT2-KO HLECs as compared
with UM-UC-3-EXO,_ . (Supplemental Figure 7, C-E). These
results were in accordance with those for the LNMAT2-WT
HLECs (Figure 7, I-K and Supplemental Figure 7, C-E). Taken
together, the results indicate that BCa cells induce lymphangio-
genesis by transmitting exosomal LNMAT2 to HLECs.

Exosomal LNMAT?2 upregulated PROXI expression independent-
ly of VEGF-C. Previously, we demonstrated that VEGF-C pro-
duced by tumor cells (3) and TAMs (4) contributes to lymphan-
giogenesis and LN metastasis in BCa. However, more than 20%
of BCa with LN metastasis presents with low VEGF-C expression
(5). Our results showed that neither LNMAT2 overexpression nor
LNMAT2 knockdown in both 5637 and UM-UC-3 cells induced
VEGF-C mRNA or protein changes (Supplemental Figure 8, A-D),
which suggested that exosomal LNMAT2-induced lymphangio-
genesis and LN metastasis in BCa might be through a VEGF-C-
independent mechanism.

It has been proposed that PROX1 is essential for lymphatic
vascular system development by regulating endothelial cell dif-
ferentiation and metastatic dissemination (31, 32). Interestingly,
qRT-PCR and Western blot analyses showed that PROX1 expres-
sion was significantly increased in exosomal LNMAT2-treated
HLECs as compared with the control-treated HLECs (Figure 8, A
and B, and Supplemental Figure 8, E and F), indicating that exoso-
mal LNMAT?2 upregulated PROX1 expression in HLECs.

Exosomal LNMAT2 formed a DNA-RNA triplex with the PROX1
promoter. To investigate the molecular mechanisms underlying
exosomal LNMAT2-induced PROX1 expression in HLECs, we ana-

jci.org  Volume130  Number1  January 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd
https://www.jci.org/articles/view/130892#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A RNA pull-down for LNMAT2 B 10 ol Mass spectrometry: hnRNPA2B1 S
&2 PT——
et ,\\55“ et 50 Peptides identified from Mass spectrometry
W 5f°56 B ‘ﬁ‘& R.GGNFGFGDSR.G
T - —— - 170 kDa R.GGGGNFGPGPGSNFR.G
A e K.YHTINGHNAEVR K + Deamidated (NQ)
a 130 kDa K LFIGGLSFETTEESLR.N
100 kDa ; 10 100 kDa o K.LFVGGIREDTEEHHLR.D
70 kDa 70 kDa R.NMGGPYGGGNYGPGGSGGSGGYGGR.S
%‘sn. R.DYFEEYGRIDTIENTDR.Q
55 kDa p 55 kDa 5 175.1324 The score of Mass spectrometry is 376
1 - t o Protein sequence coverage: 31%
40 kDa .\ ‘- 40 kDa <
35kDa ! . 35 kDa 40 2201287 871.4163
25kDa . " 25 Da ——— el
30 "Q.PB'F
b 1221840 660.3415 8311410
204 | 1035.5044 13205618
124 {000 T el 6753580 12165433 N -
| feromr o063 Sianian bl ki L 1401 540 | [{abdlarr2
10 pe e =?34_21;,', b aro2pse R et | il
W (85108 4 il ‘ 1 iz \
i i .].'_-’. R AT, W M T PO T Y I S o L AP T A ul..l-...}...hi_-. el AR AT ) P T aud]
Y0 arr.e 11674 1457.0
Mass (m/z)
C RNA pull-down E DAPI LNMAT2 F 5637
with nuclear extract %) 157 o Ui
o
e = ®m [NMAT2
e 2
\.‘TQ\)_F“?B‘\E .P.S\\\% E 10 ILI
hIRNPAZE1 — 37kDa < f_
} P~ =]
[3r] (=1
L hnRNPA2B1 £ 54
D RNA pull-down with 2
recombinant hnRNPA2B 1 E e
z 4l
o
5
e o <] »
o 59“"6 e 3 Qv‘l?’
hnRNPAZB1 | s a— |37 kDa 8.“
! R
G LNMAT2 H LNMAT2 | Predicting sequence
1-3187 nt  =— 1 1050-2100 nt 1 motifs of hnRNPA2B1 binding site
Anlisense: scassisnsrsscnsnsanvnsuni g 1050-1300 Nt s— 2 1.0
1-2100 nt 3 1050-1600 nt 3
1-1050 Nt ——o 4 1050-1900 nt 4 0
1050-3187 nt — ) 1300-2100 nt —— ) 0.5
hnRNPA2B1 mi 37 kDa hnRNPA2B1 5 - 37 kDa 00 .
x S
Wt T2 3 405 Wyt 12 3 4 5 1 2 3 4
-’}
J (‘@f K RIP assays
3 sy 15+
*%
Ve T e m e
e 25 o hnRNPA2B1
3 2 104 °le
1960;930 A
L
hnRNPA2B1 binding %lg
| stem-loop TuL 5
5
/1686 a oL e 55

= — 1594 LNMAT2- LNMAT2-
: 5 wild type A1930~1960nt

412 jei.org  Volume130  Number1 January 2020



https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1

The Journal of Clinical Investigation

Figure 6. Direct interaction of LNMAT2 with hnRNPA2B1. (A) RNA
pull-down assay using LNMATZ2 sense and antisense RNAs in 5637 cells,
followed by silver staining. Red arrows indicate hnRNPA2B1. (B) MS iden-
tification of LNMAT2-binding proteins. RNA pull-down and Western blot
with 5637 cell nuclear extract (C) or purified recombinant hnRNPA2B1 (D)
confirmed that LNMAT2 was associated with hnRNPA2B1. (E) Fluorescence
assessment of LNMAT2 and hnRNPA2B1 colocalization in 5637 cells. Scale
bar: 5 um. (F) RIP analysis using the anti-hnRNPA2B1 antibody revealing
that LNMAT2 interacted with hnRNPA2B1 in 5637 cells. Negative control,
1gG; nonspecific control, UT. Statistical significance was assessed using
2-tailed Student’s t test. (G and H) Serial deletions of LNMAT2 were used
in RNA pull-down assays to identify regions required for LNMATZ2 and
hnRNPA2B1 interaction. (I) POSTAR?2 prediction of sequence motifs of
hnRNPA2B1 binding sites. (J) RNAalifold predicted that LNMAT2 would
have 4 stable stem-loop structures. The inset (framed in red) indicates
the hnRNPA2B1 binding stem-loop structures in LNMATZ2. (K) RIP assays
performed after site-directed mutagenesis of 1930-1960 nt of LNMATZ2 in
5637 cells. Statistical significance was assessed using 2-tailed Student’s t
test. Error bars represent the SD of 3 independent experiments. *P < 0.05;
**P<0.01.

lyzed the subcellular location of exosomal LNMAT?2 after internal-
ization by LNMAT2-KO HLECs. Abundant LNMAT2 was detected
in the nucleus (Supplemental Figure 8, G and H), indicating that
LNMAT? released by BCa cell-secreted exosomes translocated
into the HLEC nucleus and exerted essential functions. We gener-
ated a series of luciferase constructs containing various lengths of
the PROXI promoter sequences, which is located from 2000 bp
upstream to +200 bp downstream of the transcriptional start site
to explore whether exosomal LNMAT?2 transcriptionally upregu-
lated PROXI. Luciferase assays showed that the -650 bp to -350
bp region of PROXI promoter led to an obvious increase of tran-
scriptional activity in exosomal LNMAT2-induced HLECs (Figure
8C and Supplemental Figure 9A). Moreover, chromatin isolation
by RNA purification (ChIRP) assays demonstrated that exosomal
LNMAT?2 interacted physiologically with the P3 (-607 bp to-597 bp)
region in the PROXI promoter in HLECs (Figure 8, D-F).

To further investigate whether LNMAT2 directly interact-
ed with PROXI promoter, we obtained 5 potential pairs of tri-
plex-forming oligonucleotides (TFOs) and their corresponding
triplex target sites (TTSs) in the exosomal LNMAT2 and PROX1
promoter from LongTarget (33), a tool for predicting IncRNA-DNA
binding motifs, and each binding motif was subjected to fluores-
cence resonance energy transfer (FRET) analysis and circular
dichroism (CD) spectroscopy (Supplemental Table 5). As shown
in Figure 8G and Supplemental Figure 9B, in comparison with the
single-stranded RNA (ssRNA)/PROX1 NC group, the fluorescence
signal was markedly increased at 570-580 nm and reduced at
520 nm in the LNMAT?2 (+2058 to +2069 nt)/PROX1 TTS1 (-607
to -597 bp) group in FRET analysis. These results were in accor-
dance with the FENDRR/PITX2 positive control group (Supple-
mental Figure 9C and ref. 34), indicating energy transfer from the
fluorescein donor to the rhodamine acceptor, and supporting the
formation of a triplex structure (4). CD spectroscopy demonstrat-
ed a strong positive peak at 270-280 mm; a deep negative peak at
210 nm was recorded in the LNMAT2 (+2058 to +2069 nt) /PROX1
TTS1 (-607 to -597 bp) group (Figure 8H and Supplemental Fig-
ure 9D), which was in accordance with the FENDRR/PITX2 pos-
itive control group (Supplemental Figure 9E). This validated the
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premise that the triplex was constructed between LNMAT2 and
the PROXI promoter sequences in vitro. Additionally, exosomal
LNMAT?2 enhanced the luciferase intensity of the PROXI promot-
er, while no obvious change was observed in the mutated PROX1
promoter (PROX1-P3), suggesting that the sequence between -607
and -597 bp in the PROX1 promoter is of great significance for exo-
somal LNMAT2-induced PROXI transactivation (Figure 8, I and
J, and Supplemental Figure 9, F and G). Together, these data sug-
gest that exosomal LNMAT2 can form a triplex with the lymphatic
PROXI promoter sequence and upregulate its transcription levels.

Exosomal LNMAT?2 interacted with hnRNPA2BI to promote
H3K4 trimethylation at the PROXI promoter. hnRNPA2BI1 is
involved in H3K4 trimethylation-associated (H3K4me3-associ-
ated) epigenetic regulation by binding to the target DNA (35, 36).
Accordingly, we explored whether hnRNPA2B1 contributes to exo-
somal LNMAT2-induced transactivation of PROXI by regulating
H3K4me3 levels in the PROXI promoter region in HLECs. ChIP
indicated enrichment of the PROXI promoter sequences associated
with hnRNPA2B1 and H3K4me3 in HLECs treated with exosomes
secreted by LNMAT2-transfected 5637 cells (5637-EXO, ,.,.,) and
UM-UC-3-EXO, .., (Figure 8, K and L, and Supplemental Figure
9, H and 1), whereas there was a significant reduction in PROX1
promoter sequences associated with hnRNPA2B1 and H3K4me3
in HLECs treated with 5637-EXO_ ... (Figure 8, M and N), sug-
gesting that exosomal LNMAT?2 upregulates PROX1 expression by
interacting directly with hnRNPA2B1 to increase H3K4me3 levels
in the PROXI promoter.

Exosomal LNMAT2-induced PROX1 upregulation promoted lym-
Pphatic metastasis. Next, we clarified whether PROX1 is required for
exosomal LNMAT2-induced lymphangiogenesis in BCa. Reduc-
ing LNMAT?2 expression in exosomes diminished tumor-induced
HLEC proliferation and migration, and ectopic PROXI rescued
the effects (Figure 9, A-C). In contrast, PROX1 silencing abolished
exosomal LNMAT2-induced HLEC tube formation and migration
significantly and independently of VEGF-C (Supplemental Figure
10, A and B). These results suggested that PROX1 was required
for exosomal LNMAT2-mediated VEGF-C-independent lymph-
angiogenesis and lymphatic metastasis in vitro. Furthermore, in
vivo assays showed that the UM-UC-3-EXO, ..., group exhibited
larger-volume popliteal LNs relative to the UM-UC-3-EXO,_
group after both had been treated with VEGF-C-neutralizing anti-
body (pV1006R-1) (Figure 9, D-F). IHC of mouse BCa tissues also
demonstrated that high LNMAT?2 levels were accompanied by
increased PROX1 expression in LYVE-1-positive lymphatic vessels
in both the intratumoral and peritumoral regions (Figure 9, G-I).
The UM-UC-3-EXO, ..., group showed more enhancing effects
on LN metastasis relative to the UM-UC-3-EXO,_ ~group after
pV1006R-r treatment in both, resulting in shorter survival times
(Figure 9, ] and K, and Supplemental Table 6). These results pro-
vide further evidence that exosomal LNMAT2 upregulates PROX1
expression to induce BCa lymphatic metastasis in a VEGF-C-
independent manner.

Exosomal LNMAT2 was associated with LN metastasis in BCa
patients. Accumulating evidence shows that BCa cell-secreted
exosomal IncRNAs can be detected in urine, and these urinary
exosomal IncRNAs have been recognized as promising biomarkers
for early diagnosis of BCa (37). Therefore, clarifying the clinical
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Figure 8. Exosomal LNMAT2 forms a DNA-RNA triplex with the PROX1 promoter. gqRT-PCR (A) and Western blot (B) of PROX1 expression in HLECs treated

with PBS, 5637-EXO or 5637-EX0

Vector’

5637-EXO

LNMAT2"

LNMAT2"

GAPDH was used as an internal control in gRT-PCR. Statistical significance was assessed using 1-way ANOVA
followed by Dunnett's tests. (C) Sequential deletions for evaluating the transcriptional activity of the PROX7 promoter in HLECs treated with 5637-EXO

or

Vector

Statistical significance was assessed using 1-way ANOVA followed by Dunnett’s tests. (D) Schematic presentation of the predicted LNMAT2

binding sites in the PROX1 promoter. (E) ChIRP of LNMAT2-associated chromatin in HLECs treated with 5637-EXO. Statistical significance was assessed
using 2-tailed Student’s t test. (F) ChIRP of LNMAT2-associated chromatin in LNMAT2-WT or LNMAT2-KO HLECs treated with 5637-EXO. Statistical

significance was assessed using 2-tailed Student’s t test. (G) FRET of a 1:5 mixture (red) of TFO (black) in LNMATZ2 with TTS (blue) in the PROXT promoter.
(H) CD spectrum of a 1:1 mixture of TFO in LNMAT2 with TTS in the PROX1 promoter (red). The sum of the TFO and TTS is shown in blue. Evaluation of WT
or LNMAT2 binding site mutated PROXT promoter in LNMAT2-WT (1) or LNMAT2-KO (J) HLECs, respectively, treated with 5637-EXO,_,  or5637-EXO,,,,, ...
Statistical significance was assessed using 1-way ANOVA followed by Dunnett's tests. ChIP-gPCR of hnRNPA2B1 occupancy (K and M) and H3K4me3 (L and
N) status in the PROXT promoter after HLEC incubation with indicated exosomes. Statistical significance was assessed using 2-tailed Student’s t test and

1-way ANOVA followed by Dunnett’s tests for multiple comparisons. Error bars represent the SD of 3 independent experiments. *P < 0.05; **P < 0.01.

significance of exosomal LNMAT2 in BCa LN metastasis would be
of great significance. First, we found that LNMAT?2 overexpression
was associated with increased lymphatic vessel density in both
the intratumoral and peritumoral regions of BCa tissues in anoth-

er 206-case cohort (Figure 10, A and B). Interestingly, LNMAT?2
expression in urinary-EXO correlated positively with that in
paired tumor tissues (Supplemental Figure 11A). Consistently, ISH
showed significantly upregulated LNMAT?2 expression in tumor tis-
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Figure 9. PROX1 is required for exosomal LNMAT2-mediated lymphan-
giogenesis. Representative images (A) and histogram analysis of tube
formation (B) and Transwell migration (C) by LNMAT2-KO HLECs treated
with 5637-EXO_ . or 5637-EXO_, \,,.r2sr transfected with vector or PROX1
plasmid, or in which VEGF-C was inhibited. Scale bars: 100 um. Statis-
tical significance was assessed using 1-way ANOVA followed by Dun-
nett’s tests. Representative bioluminescence images (D) and histogram
analysis (E) of popliteal metastatic LN from nude mice treated with PBS,
UM-UC-3-EXO,,__ , or UM-UC-3-EXO with or without coinjection of

Vector LNMAT2

VEGF-C neutralizing antibody after UM-UC-3 cells had been inoculated into
the footpad (n = 16). Red arrow indicates footpad tumor and metastatic
popliteal LN. Statistical significance was assessed using 1-way ANOVA
followed by Dunnett’s tests. (F) Histogram analysis of the LN volume (n
=16). Statistical significance was assessed using 1-way ANOVA followed
by Dunnett’s tests. Representative images (G) and histogram analysis of
IHC staining evaluating lymphatic vessel density based on LYVE-1 (H) and
PROX1 expression (1) in footpad tumors (n = 16). Scale bars: 50 um. Statis-
tical significance was assessed using 1-way ANOVA followed by Dunnett’s
tests and the y? test. (J) The percentages of LN status in all groups (n = 16).
Statistical significance was assessed by y? test. (K) Kaplan-Meier survival
curve for control, UM-UC-3-EXO, ., or UM-UC-3-EXO, ..., groups with

or without inhibition of VEGF-C (n = 16). Error bars represent the SD of 3
independent experiments. *P < 0.05; **P < 0.01.

sues from BCa patients with high exosomal LNMAT?2 as compared
with patients with low exosomal LNMAT2 (Supplemental Figure
11, B and C), implying that exosomal LNMAT?2 played a crucial role
in LNMAT2-related LN metastasis in BCa. We explored whether
exosomal LNMAT2 was clinically relevant to LN metastasis in BCa.
Exosomal LNMAT2 expression in BCa patients with LN metastasis
was dramatically higher than that in patients without LN metasta-
sis (Figure 10C). Statistical analysis revealed a positive correlation
between exosomal LNMAT2 and LN metastasis (Supplemental
Table 7). Moreover, Kaplan-Meier analysis showed that high exo-
somal LNMAT?2 level was associated with poor prognosis of BCa
(Figure 10, D and E). Univariate and multivariate analysis also sup-
ported exosomal LNMAT?2 as an independent prognostic factor of
OS and DFS in BCa (Supplemental Tables 8 and 9). Receiver oper-
ating characteristic (ROC) analysis showed that urinary exosomal
LNMAT2 could discriminate between patients with BCa and the
healthy controls, and there was higher diagnostic accuracy, as mea-
sured by the AUC, for diagnosing LN metastasis in BCa (Figure 10,
F and G). Consistently, we also found that exosomal LNMAT2 was
significantly elevated in BCa serum samples, and higher LNMAT2
expression was detected in serum exosomes (serum-EXO) from
BCa patients with LN metastasis compared with that from patients
without LN metastasis (Supplemental Figure 11, D and E). Impor-
tantly, serum exosomal LNMAT?2 overexpression correlated with
shorter OS in BCa patients (Supplemental Figure 11F). Taken
together, our results suggest that exosomal LNMAT2 might be a
potential diagnostic biomarker and therapeutic target for LN met-
astatic BCa (Figure 10H).

Discussion

Lymphangiogenesis, the growth of new lymphatic vessels, plays
a crucial part in LN metastasis (38). Although tumor-associated
lymphangiogenesis is driven mainly by VEGF-C, nearly 20% of
BCa with LN metastasis show low VEGF-C expression (5, 6). So
far, the mechanism of lymphatic metastasis of BCa cells with low
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VEGF-C expression remains unknown. Herein, we demonstrated
that a tumor-secreted exosomal IncRNA is involved in lymph-
angiogenesis and LN metastasis of BCa in a VEGF-C-indepen-
dent manner. We identified a novel IncRNA, LNMAT2, which is
enriched in urinary exosomes and plays an important role in BCa
lymphatic metastasis. LNMAT2 was packaged into exosomes
via direct interaction with hnRNPA2B1. Subsequently, exosomal
LNMAT2 was internalized by HLECs and epigenetically activated
PROXI1 expression by recruiting hnRNPA2B1 to the PROX1 pro-
moter, resulting in the lymphangiogenesis and lymphatic metas-
tasis of BCa. These findings provide in-depth mechanistic and
translational insights into the pathway by which exosomal IncRNA
promotes BCa lymphatic metastasis in a VEGF-C-independent
manner, and support the emergence of LNMAT?2 as a novel thera-
peutic target in BCa.

Exosomes have been extensively studied for their function in
intercellular communication between the tumor and the tumor
microenvironment (TME) (12). Previously, several independent
studies have suggested that exosomal IncRNAs were involved in
proliferation (39), chemoresistance (40), and stemness (41) in var-
ious cancers. Herein, we found that LNMAT2 was overexpressed
in urinary-EXO and serum-EXO from patients with BCa, and both
urinary and serum exosomal LNMAT2 were positively associated
with lymphatic metastasis in patients with BCa, which indicated
that exosomal RNA analysis could be utilized for early detection
of LN metastasis. Our results showed that exosomal LNMAT2 pro-
moted lymphangiogenesis and LN metastasis of BCa, suggesting
that LNMAT2 may represent a potential molecular target for clini-
cal intervention in patients with BCa with LN metastasis.

It is well-established that LN metastasis is a major cause of
BCa-related mortality, and intervention of LN metastasis might
be a promising therapeutic strategy for improving the prognosis
of BCa (42, 43). Herein, a tumor-secreted exosomal LNMAT2
emerged as a potent target for diminishing lymphangiogenesis
and LN metastasis in BCa, highlighting its attractive role in can-
cer treatment. We demonstrated that downregulating exosomal
LNMAT?2 expression in BCa cells via RNA interference inhibited
tumor-associated lymphangiogenesis and might be a potential
approach for suppressing LN metastasis. However, the stabiliza-
tion and delivery efficiency of siRNAs in vivo is one of the most
critical issues in oligonucleotide therapeutics. Locked nucleic
acid (LNA) modification improved siRNA stability and pharmaco-
kinetics, and could be exploited to facilitate siRNA delivery into
target cells, resulting in effective suppression of tumor growth
with minimal adverse effects in experimental animal models
(44). Therefore, inhibiting the function of exosomal LNMAT2 via
LNA-modified siRNA might develop a new strategy for treating
LN metastasis in human cancer.

Exosomes regulate the biological functions of recipient cells
via RNA transfer. The exosomal RNAs are selectively sorted into
exosomes by several RBPs (29, 30), including hnRNPA2B1, which
participates in exosomal RNA packaging by interacting with its
target RNAs (29). It has been demonstrated that hnRNPA2B1
regulates the localization of miRNA into exosomes by binding to
specific motifs (i.e., GGAG) (29). hnRNPA2B1 also plays a role in
loading a IncRNA (IncARSR) into exosomes (45). In the present
study, we proposed a model wherein hnRNPA2B1 binds specif-
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ically to LNMAT?2 through a specific sequence on 1930-1960 nt
of LNMAT?2 and directs its packaging into exosomes. The identi-
fication of hnRNPA2B1 for exporting LNMAT?2 in exosomes may
provide unique strategies for eliminating LNMAT?2 in the TME and
for blocking exosomal LNMAT2-mediated BCa LN metastasis.

Another important finding in the present study was that can-
cer-secreted exosomal LNMAT2 upregulated PROX1 expression
epigenetically in HLECs. PROX1 is the key transcription factor
driving HLEC fate and specification by regulating the expression
of various lymphatic-specific proteins, including VEGFR3, LYVE-1,
and podoplanin (9, 46). PROX1 overexpression controls lymphan-
giogenesis by inducing HLEC proliferation and migration (47, 48).
Importantly, PROX1 depletion in mouse models causes lymphatic
defects thatlead to mortality (9). Although several studies have indi-
cated the essential role of PROX1 in lymphangiogenesis, cancer-
induced PROXI transcription in HLECs remains unknown. Herein,
we demonstrated that BCa cell-secreted exosomal LNMAT?2 upreg-
ulated PROX1 expression in HLECs by forming a DNA-RNA triplex
with the binding site of the PROXI promoter. PROX1 downregula-
tion abolished the prolymphangiogenesis effect induced by exoso-
mal LNMAT2. Our findings uncovered what we believe is a novel
molecular mechanism underlying the cancer-secreted exosomal
IncRNA-mediated PROX1 overexpression in HLECs, resulting in
lymphangiogenesis and LN metastasis, which expanded the current
knowledge on PROX1 regulation in HLECs.

In summary, our findings provided evidence of a VEGF-C-
independent LN metastasis mechanism in which BCa cell-secret-
ed exosomal LNMAT2 promoted lymphangiogenesis and LN
metastasis by transcriptionally upregulating PROXI in HLECs.
We also found that LNMAT2 was overexpressed in both the uri-
nary-EXO and serum-EXO of BCa patients, which positively cor-
related with both intratumoral and peritumoral lymphangiogen-
esis, and was clinically relevant to BCa LN metastasis. Our study
not only identifies a crucial mechanism of exosomal IncRNA-
mediated intercellular communication from BCa cells to the TME
to provoke LN metastasis, but also develops a potential noninva-
sive diagnostic approach and therapeutic strategy for patients with
BCa with LN metastasis.

Methods

Clinical samples and study approval. A total of 266 pairs of tumor tis-
sues and NATs from patients with BCa who underwent surgery was
obtained at Sun Yat-sen Memorial Hospital (Cohort 1). Urine and
blood samples were obtained from another 206 patients with BCa and
120 healthy participants (Cohort 2). In both cohorts, patients were eli-
gible if they had pathologically confirmed BCa. The clinical features of
the patients are summarized in Supplemental Table 1 and Supplemen-
tal Table 7. All experiments were conducted with the approval of the
Committees for Ethical Review of Research involving Human Subjects
at Sun Yat-sen University. Written informed consent was obtained
from all participants prior to sample collection.

Cell lines and cell culture. The human BCa cell lines UM-UC-3
(CRL-1749), 5637 (HTB-9), and T24 (HTB-4), and the immortalized
normal human urothelial cell line SV-HUC-1 (CRL-9520) were pur-
chased from American Type Culture Collection. UM-UC-3 and T24
cells were cultured in DMEM (Gibco) supplemented with 10% FBS.
The 5637 and SV-HUC-1 cells were cultured in RPMI 1640 medium
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(Gibco) supplemented with 10% FBS and F-12K medium (HyClone)
supplemented with 10% FBS, respectively. HLECs (catalog 2500)
were purchased from ScienCell Research Laboratories and cultured
in endothelial cell medium (ECM) (ScienCell Research Laboratories)
supplemented with 5% FBS. The cells were cultured in a humidified
incubator with 5% CO, at 37°C.

Mouse popliteal lymphatic metastasis model. BALB/c nude mice
(4-5 weeks old, 18-20 g) were purchased from the Experimental Ani-
mal Center, Sun Yat-sen University (Guangzhou, China) and were
used for the lymphatic metastasis model. All experimental proce-
dures were conducted with the approval of the Sun Yat-sen University
IACUC. Luciferase-labeled UM-UC-3 cells (5 x 10 were inoculated
into the footpads of the mice. Then, the mice were randomly divided
into 3 groups (n =12 or 16 per group) and injected intratumorally with
PBS, UM-UC-3-EXO,,,,.» or UM-UC-3-EXO, ... (20 ng/dose) every
3 days. Lymphatic metastasis was analyzed using a PerkinElmer IVIS

Vector

Spectrum In Vivo Imaging System. The footpad tumors and popliteal
LNs were excised when the tumors were 200 mm? (LN volume (mm?)
= (length [mm] x width [mm]?) / 2). Serial sections of primary tumors
and popliteal LNs were analyzed by ISH and IHC. The sections were
visualized with a Nikon Eclipse Ti microscope. For survival analysis,
the mice were observed until death or were sacrificed by cervical dis-
location 80 days after the first injection of PBS or exosomes.

RNA pull-down and RIP assays. The LNMAT2-binding proteins
were examined using RNA pull-down assays according to the instruc-
tions of the Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo
Fisher Scientific). Biotinylated LNMAT2 and antisense sequences
were synthesized using a TranscriptAid T7 High Yield Transcription
Kit (Thermo Fisher Scientific). The nuclear fraction obtained using
a NE-PER Nuclear Protein Extraction Kit (Thermo Fisher Scientif-
ic) was incubated overnight with biotinylated LNMAT2, followed by
precipitation with streptavidin magnetic beads. The retrieved protein
was eluted from the RNA-protein complex and analyzed by immuno-
blotting or silver staining, followed by MS analysis with a MALDI-TOF
instrument (Bruker Daltonics).

The RIP assays were performed using an EZ-Magna RIP kit (Mil-
lipore). Lysates of 1 x 107 BCa cells obtained using complete RIP lysis
buffer were immunoprecipitated with RIP buffer containing anti-hn-
RNPA2BI antibody-conjugated magnetic beads (Abcam). The precip-
itated RNAs were analyzed by qRT-PCR. Mouse IgG and Ul RNA were
used as the negative and nonspecific controls, respectively.

FRET and CDspectroscopy.For FRET assays,5-carboxytetramethyl-
rhodamine-labeled (TAMRA-labeled) TFO and 5-carboxyfluorescein-
labeled (FAM-labeled) TTSs were generated and mixed in binding
buffer (20 mM HEPES [pH 7.5], 10 mM MgCl,, 50 mM sodium ace-
tate) in a ratio of 1:5 (500 nM TTS/2500 nM TFO). The mixtures were
incubated at 55°C for 10 minutes, followed by a 10-hour incubation at
37°C. The fluorescence wavelengths between 480 and 690 nm were
measured using a Molecular Device M5 Plate Reader.

For the CD spectroscopy, a 1:1 mixture of TFO (2.2 uM) and TTS
oligos (2.2 uM) in binding buffer (20 mM HEPES [pH 7.5], 10 mM
MgCl,, 50 mM sodium acetate) was equilibrated at 30°C for 1 hour.
Control ssSRNA/PROX1 TTS and FENDRR TFO/PITX2 TTS were
used as the negative and positive controls, respectively. The measure-
ments were performed on a Chirascan spectrometer (Applied Photo-
physics). The oligos used in the FRET and CD spectroscopy are listed
in Supplemental Table 5.
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Data availability. The NGS data for this study (GSE106534,
GSE106637) are available on the National Center for Biotechnology
Information website (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgiracc=GSE106534). All relevant data within the scope of the paper
are publicly available.

Bioinformatics analysis. The hnRNPA2B1 binding motif enrich-
ment in RNAs was obtained via POSTAR2. The LNMAT2 secondary
structure was predicted using RNAalifold. The LNMAT2 binding
motifs in the PROXI promoter and the binding sequences in LNMAT2
were predicted by LongTarget.

Statistics. Statistical differences between groups were evaluat-
ed using SPSS v.13.0 (SPSS Inc.). Data were considered statistically
significant if P was less than 0.05. All experiments were performed
in triplicate, and quantitative data are presented as the mean + SD.
Statistical significance for samples with nonnormal distribution was
identified using the Mann-Whitney U test, 2-tailed Student’s ¢ test or
1-way ANOVA was applied for parametric variables, and the y? test
was applied for nonparametric variables. OS and DFS were evaluated
using the Kaplan-Meier method.

Study approval. The use of human BCa tissue specimens was eval-
uated and approved by the Ethical Committee of Sun Yat-sen Memo-
rial Hospital, Sun Yat-sen University, and written informed consent
was obtained from all participants or their appropriate surrogates. All
animal studies were conducted with approval from the Sun Yat-sen
University Institutional Animal Care and Use Committee and were
performed in accordance with established guidelines.
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