J c I The Journal of Clinical Investigation

SUMOylation promotes extracellular vesicle-mediated
transmission of IncRNA ELNAT1 and lymph node metastasis in

bladder cancer

Changhao Chen, ..., Jian Huang, Tianxin Lin
J Clin Invest. 2021. https://doi.org/10.1172/JC1146431.

In-Press Preview ' Cell biology Oncology

Graphical abstract

Bladder cancer cell

: : : ,52& MVB

}& 4 " ;@k X 'dt . . -\..'\‘,;Q%}
' ESCRT | ~“Evs Lymphatic |
"t ) ' endothelial cell'ii\b} b
SUMO2 -
N ]
ELNAT1 (""ﬁcg b - y "s: Coae \
o Z = =P gaoan, a, Sprout
;@RNPM , 5% and N
. ) % =5 i
\ _ Lymphangiogenesis
W.UBCQ- ; _ and LN metastasis

Find the latest version:

https://jci.me/146431/pdf


http://www.jci.org
https://doi.org/10.1172/JCI146431
http://www.jci.org/tags/106?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/113?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/16?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/146431/pdf
https://jci.me/146431/pdf?utm_content=qrcode

w

10
11

12
13

14
15

16
17
18
19
20
21

22

23

24

25
26

SUMOylation promotes extracellular vesicle-mediated transmission of IncRNA

ELNATI and lymph node metastasis in bladder cancer

Changhao Chen'?**, Hanhao Zheng"?*, Yuming Luo*, Yao Kong?®, Mingjie An'?, Yuting Li3,

Wang He!?, Bowen Gao®*, Yue Zhao’, Hao Huang!*?, Jian Huang'", Tianxin Lin'-?

'Department of Urology, Sun Yat-sen Memorial Hospital, Guangzhou, Guangdong, P. R.
China

2Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene
Regulation, Sun Yat-sen Memorial Hospital, State Key Laboratory of Oncology in South
China, Guangzhou, Guangdong, P. R. China

3Department of General Surgery, Guangdong Provincial People’s Hospital, Guangdong
Academy of Medical Sciences, Guangzhou, Guangdong, P. R. China

“Department of Pancreatobiliary Surgery, Sun Yat-sen Memorial Hospital, Guangzhou,

Guangdong, P. R. China

Department of Tumor Intervention, Sun Yat-sen University First Affiliated Hospital,

Guangzhou, Guangdong, P. R. China

* Correspondence to:

Tianxin Lin & Jian Huang & Changhao Chen. Department of Urology, Sun Yat-sen Memorial
Hospital, 107 Yanjiangxi Road, Yuexiu District, Guangzhou, Guangdong Province, P. R.
China, postal code: 510120; E-mail: lintx@mail.sysu.edu.cn & huangj8@mail.sysu.edu.cn &
chenchh53@mail.sysu.edu.cn; Tel.: +86-13724008338, Work Tel.: +86-20-34070447; Fax:
+86-20-81332336.

# These authors contributed equally to this study.

Running Title: EV-mediated ELNATI promotes lymphatic metastasis of BCa

Key words: Extracellular vesicle; SUMOylation; lymph node metastasis; bladder cancer;

long noncoding RNA

The authors have declared that no conflicts of interest exist.
1


mailto:lintx@mail.sysu.edu.cn

10

11

12

13

14

15

16

17

18

19

Abstract

SUMOylation emerged as the inducer for the sorting of bioactive molecules into
extracellular vesicles (EVs) triggering lymphangiogenesis, further driving tumor lymph node
(LN) metastasis, but the precise mechanisms remain largely unclear. Herein, we identified
that bladder cancer (BCa) cell-secreted EVs mediated the intercellular communication with
human lymphatic endothelial cells (HLECs) through the transmission of a long noncoding
RNA ELNATI, and promoted lymphangiogenesis and LN metastasis in a
SUMOylation-dependent manner in both cultured BCa cell lines and mouse models.
Mechanistically, ELNATI induced UBC9 overexpression to catalyze the SUMOylation of
hnRNPAT1 at lysine-113 residue, which mediated the recognition of ELNATI by endosomal
sorting complex required for transport (ESCRT) and facilitated their packaging into EVs.
EV-mediated ELNAT1 was specifically transmitted into HLECs and epigenetically activated
SOX18 transcription to induce lymphangiogenesis. Importantly, blocking the SUMOylation
of tumor by downregulating UBC9 expression markedly reduced lymphatic metastasis in
EV-mediated ELNATI-treated BCa in vivo. Clinically, EV-mediated ELNATI was correlated
with LN metastasis and poor prognosis of patients with BCa. These findings highlight a
molecular mechanism that EV-mediated ELNAT1/UBC9/SOX18 regulatory axis promotes
the lymphangiogenesis and LN metastasis of BCa in a SUMOylation-dependent manner, and

implicate ELNAT] as an attractive therapeutic target for LN metastatic BCa.
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Introduction

Bladder cancer (BCa) is one of the most prevalent malignancy in the genitourinary system
(1). According to the infiltration of muscle, BCa develops into two distinct subtypes, 75%
generating non-muscle invasive BCa (NMIBC) and 25% generating muscle invasive BCa
(MIBC), among which MIBC exhibits higher risk to develop metastasis (2). Lymph node
(LN) metastasis is considered as the main metastasis route and the leading cause of poor
prognosis for BCa, which decreases the 5-year survival rate of patients from 77.6% to 18.6%
(3). Previous study revealed that lymphangiogenesis is the pivotal and rate-limiting step in
tumor LN metastasis (4), which favors tumor cells to invade the lymphatic system due to the
incomplete basement membranes of neonatal lymphatic vessels (5). Despite the crucial role
of lymphangiogenesis has been well-established in BCa LN metastasis, its regulatory
mechanism still needs to be further elucidated.

Extracellular vesicles (EVs) are endogenous double-layered membrane vesicles that serve
as molecular cargo carriers to regulate intercellular communication, resulting in LN
metastasis of multiple cancers (6, 7). EVs possess highly specific fusogenic properties and
uptake machinery toward recipient cells, enabling targeted regulation of tumor and tumor
microenvironment (TME), which is crucial for tumor cell-TME crosstalk, leading to tumor
metastasis (8, 9). Tumor cell-secreted EVs express distinct integrins that specifically target
organ-specific cells and promote metastatic organotropism (10). Nonetheless, the underlying
mechanism of EV-induced LN metastasis remains largely unknown and requires further

investigation.
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SUMOylation, a crucial post-translational modification, regulates intracellular
transportation and signaling transduction by mediating protein stability and subcellular
localization (11, 12). Recently, SUMOylation has been reported to play an essential role in
EV packaging through mediating the recognition of molecules by endosomal sorting complex
required for transport (ESCRT) and facilitating their loading into multivesicular body (MVB)
(13, 14). SUMOylated hnRNPA2BI1 selectively packages bioactive molecules into EVs via
recognition of specific microRNAs (miRNAs) (15). SUMOylation mediates a-synuclein
encapsulation into EVs with the assistance of autophagy related 5 (ATGS) (16), suggesting
that SUMOylation is an important regulator for sorting molecules into EVs. However, the
regulators and mechanisms triggering SUMOylation to induce EV packaging are unknown.

Long noncoding RNAs (IncRNAs), defined as a series of RNAs longer than 200-nt in
length, play an important role in tumor progression (17). In the present study, we identified a
IncRNA SNHG16, termed EV-mediated Lymph Node Associated Transcript 1(ELNATI)
which was upregulated in BCa-secreted EVs and associated positively with LN metastasis.
ELNATI-mediated ubiquitin carrier protein 9 (UBC9) overexpression promoted the
SUMOylation of lysine-113 on hnRNPA1 (hnRNPAlki13), thus enhancing ELNATI
packaging into EVs, which epigenetically activated SOX18 transcription to induce tumor
lymphangiogenesis and LN metastasis. Moreover, EV-mediated ELNAT! showed markedly
higher diagnostic efficiency for BCa LN metastasis compared with urine cytology and
fluorescence in situ hybridization (FISH). These findings demonstrate a molecular

mechanism that EV-mediated ELNATI/UBC9/SOX18 regulatory axis promotes the
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SUMOylation-dependent lymphangiogenesis and LN metastasis of BCa, indicating ELNAT

as a feasible therapeutic target for BCa LN metastasis.

Results

Identification of SUMOylation-associated oncogenic IncRNAs in BCa LN metastasis

Given that SUMOylation is known to play a pivotal role in initiating or sustaining
tumorigenesis (18), we demonstrated that several core small ubiquitin-related modifier
(SUMO) pathway components, including UBC9, SUMO2 and SUMO3, were overexpressed
and correlated with poor prognosis in BCa patients (Figure 1, A-C and Supplemental Figure 1,
A-D), consistently with the data from The Cancer Genome Atlas (TCGA) database (Figure 1,
D-E and Supplemental Figure 1, E-H). Moreover, we found a close correlation between
UBC9 and SUMO3 overexpression and LN metastasis in a 242-case cohort of patients with
BCa (Figure 1F and Supplemental Figure 11). Notably, immunohistochemistry (IHC) analysis
revealed that the expression of UBC9 and SUMO3 were positively associated with
microlymphatic vessel density (MLD) in the intratumor and peritumor regions (Supplemental
Figure 1, J and K). As shown in Figure 1G-I and Supplemental Figure 1L-N, blocking
SUMOylation by its specific inhibitor (2D-08) markedly impeded the promotion effect of
BCa cells in inducing the tube formation and migration of HLECs, indicating that
SUMOylation might contribute to BCa lymphangiogenesis.

We have previously demonstrated that extracellular vesicles (EVs)-mediated IncRNA

transportation has been recognized as a crucial process through the signal transduction
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between tumor cells and TME (19). Thus, we performed three rounds of sequencing to
identify crucial SUMOylation-associated oncogenic EV-mediated IncRNAs involved in the
LN metastasis of BCa. First, next-generation sequencing (NGS) was performed to determine
the global expression profiles of IncRNAs in urinary EVs (urinary-EVs) of five patients with
MIBC and five healthy volunteers (GEO ID: GSE156308). Supplemental Table 1 shows the
characteristics of included participants. Statistical analysis revealed that 255 IncRNAs were
upregulated by more than two-fold in the urinary-EVs of MIBC patients compared with that
of healthy volunteers (Figure 2A). Then we intersected these IncRNAs with the results of
NGS from five MIBC tissues and paired normal adjacent tissues (NATs) and in another five
LN-positive paired with five LN-negative BCa tissues to further identify the EV-mediated
IncRNAs required for LN metastasis of BCa (GEO ID: GSE106534). From the 255 IncRNAs
validated in the first round of experiments, 12 IncRNAs that were consistently upregulated in
both the urinary-EVs of MIBC patients and LN-positive BCa tissues were further selected
(Figure 2B and Supplemental Table 2). Thirdly, we further detected the relationship of these
12 IncRNAs with SUMOylation to show that ELNATI! (SNHG16: ENSG00000163597,
RefSeq accession number: NR 038108.1) dramatically promoted the expression of SUMO
pathway components (Supplemental Figure 1, O and P). Using a 5’ and 3’ rapid amplification
of ¢cDNA ends (RACE) assay, IncRNA-ELNATI was identified as a 2,538-nt intergenic
transcript encoded by a gene on human chromosome 17q25.1 (Supplemental Figure 2, A-E).
Analysis of TCGA database found that ELNATI was consistently upregulated in tumor
tissues compared with normal control and correlated positively with LN metastasis in human

cancers (Supplemental Figure 3, A-G), suggesting that ELNATI was a vital oncogene
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involved in LN metastasis. Moreover, the higher ELNATI expression was associated with
poor prognosis in various cancers (Supplemental Figure 3, H-L). Therefore, we selected

ELNATI for further study.

ELNATI overexpression correlates with LN metastasis of BCa

To determine the clinical relevance of ELNATI in BCa, quantitative real-time PCR
(qQRT-PCR) and in situ hybridization (ISH) analyses were performed to examine ELNATI
expression in larger clinical cohort of patients with BCa. As shown in Figure 2C-D and
Supplemental Figure 4A-B, ELNATI expression was dramatically higher in BCa tissues than
NATs and in BCa patients with LN metastasis than those without LN metastasis. Paired
metastatic LNs possessed higher ELNATI expression than BCa primary tumors
(Supplemental Figure 4C), implying that ELNAT]I is a key component of LN metastatic cells.
Moreover, ELNATI overexpression was associated with poor prognosis of patients with BCa
(Figure 2, E and F), which was consistent with the results of TCGA analysis (Supplemental
Figure 4D). Notably, ISH assays indicated that ELNATI expression was markedly
upregulated in LN-positive BCa tissues, slightly increased in LN-negative BCa tissues, but
rarely detected in NATs (Supplemental Figure 4, E and F). ELNATI expression correlated
positively with lymphatic vessel density in both intratumoral and peritumoral regions (Figure
2, G and H), suggesting ELNATI widely involves in the lymphangiogenesis of BCa.

Collectively, our results demonstrate that ELNATI plays a vital role in LN metastasis of BCa.
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ELNATI is overexpressed in BCa-secreted EV’s

In light of extracellular IncRNAs mainly play crucial biological functions mediating
cell-to-cell interactions and contribute to tumor LN metastasis (20), we further examined the
expression of ELNATI on the EVs isolated from urine samples of BCa patients and healthy
participants. The results showed that ELNATI was notably overexpressed in urinary EVs
from BCa patients (Figure 2I). Moreover, we isolated EVs from culture medium of BCa cells.
EVs with the double layer membrane structure and the size distribution of 30-150nm were
characterized by transmission electron microscopy (TEM) and nanoparticle tracking analysis
(NTA) (Figure 2, J and K). The EVs protein markers CD9 and ALIX were highly expressed
(Figure 2L). As shown in Supplemental Figure SA, ELNATI overexpression was detected in
BCa cells and their corresponding EVs compared with that in the normal bladder epithelial
cells (SV-HUC-1). Moreover, ELNATI expression was higher in BCa cell-secreted small
EVs (characterized as about 30-150 nm in size) compared with its intracellular expression,
while it was hardly detected in soluble fraction and large EVs (characterized as about
150-1000 nm in size) (Supplemental Figure 5, A-C), suggesting that ELNATI may exert its
function preferentially under the encapsulation by small EVs instead of large EVs or soluble
fraction. Additionally, we demonstrated that ELNATI expression in UM-UC-3 and T24
cell-secreted EVs was markedly upregulated by transfection with ELNATI overexpressing
plasmids and downregulated by knocking down ELNATI in UM-UC-3 and T24 cells
(Supplemental Figure 5, D-G), indicating that alteration of cellular ELNATI expression
impacts EV-mediated ELNATI expression. Taken together, these findings demonstrate that

ELNATI is enriched in BCa cell-secreted EVs.
8
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EV-mediated ELNATI facilitates lymphangiogenesis in vitro

Tumor-associated lymphangiogenesis, which is an independent prognostic factor in BCa, is
correlated with LN metastasis (21). To evaluate whether EV-mediated ELNATI promotes
lymphangiogenesis in vitro, HLECs incubated with BCa cell-secreted EVs were analyzed for
tube formation and migration. As shown in Supplemental Figure SH-J, the tube formation
and migration ability of HLECs was markedly enhanced when treated with EVs secreted by
UM-UC-3 and T24 cells and slightly increased after incubation with EVs secreted by RT112
and UM-UC-1 cells, while no change was observed after treating with RT4 cells-secreted
EVs. Moreover, ELNATI knock down abolished the ability of UM-UC-3 and T24
cells-secreted EVs (UM-UC-3-EVsiginars or T24-EVsi-grnari) to induce tube formation and
migration of HLECs (Figure 3, A-C and Supplemental Figure 6, A-C). Conversely, EVs
secreted by ELNATI-overexpressing UM-UC-3 and T24 cells (UM-UC-3-EVginari or
T24-EVEeinari) notably enhanced the tube formation and migration ability of HLECs
compared with the control (Supplemental Figure 6, D-I). Taken together, these results

demonstrate that EV-mediated ELNAT induces lymphangiogenesis in vitro.

EV-mediated ELNATI promotes LN metastasis in vivo

To further investigate EV-mediated ELNATI on LN metastasis in vivo, a popliteal LN
metastasis model was constructed as described previously (22, 23). Mice were divided
randomly into two groups (n = 12) and received injections of EVs secreted by
Vector-transfected or ELNATI-transfected UM-UC-3 cells (UM-UC-3-EVvector or

UM-UC-3-EVErnarr) intratumorally every three days. The tumors and popliteal LNs were

9
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harvested when the primary tumor size reached 200 mm?® (Figure 3D). Strikingly,
UM-UC-3-EVEenvar: facilitated the metastasis of UM-UC-3 cells to popliteal LNs compared
with the UM-UC-3-EVvecior group, as determined by the In Vivo Imaging System (IVIS)
(Figure 3, E and F). Moreover, larger popliteal LN volume and increasing LN metastatic rate
were observed in the UM-UC-3-EVgzn4r; group than the UM-UC-3-EVvecior group (Figure 3,
G-I and Supplemental Table 3). As lymphangiogenesis represents a pivotal step of LN
metastasis (4), we further assessed the effect of EV-mediated ELNATI on lymphangiogenesis
in vivo. Importantly, UM-UC-3-EVenar; group dramatically increased lymphatic vessel
endothelial hyaluronan receptor 1 (LY VE-1)-indicated lymphatic vessels in both intratumoral
and peritumoral regions of footpad tumors (Figure 3, J and K), indicating that EV-mediated
ELNATI induces the lymphangiogenesis of BCa. Collectively, these results indicate that

EV-mediated ELNAT facilitates lymphangiogenesis and LN metastasis of BCa in vivo.

ELNATI directly interacts with hnRNPA1

Since the molecular functions of IncRNAs are correlated with their subcellular localization
(24), FISH and subcellular fractionation assays were conducted to detect the subcellular
location of ELNATI, which revealed that ELNATI was located in both the cytoplasm and
nucleus of UM-UC-3 and T24 cells (Supplemental Figure 7, A and B). Moreover, in vitro
RNA pull-down assays with biotinylated-ELNATI and antisense control showed an evident
band with a molecular weight ranging from 35-40 kDa (Figure 4A). HnRNPA1 was identified
as the most abundant ELNAT-interacting protein by mass spectrometry (MS) and western

blotting analyses (Figure 4, B-D). Consistently, fluorescence staining confirmed the
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co-localization of ELNATI and hnRNPA1 in both UM-UC-3 and T24 cells (Figure 4E). RNA
immunoprecipitation (RIP) assays demonstrated the enrichment of ELNATI by endogenous
hnRNPA1 (Figure 4F) further validating the interaction between ELNATI and hnRNPAI.
Furthermore, the sequential deletion experiments showed that the 600-750-nt region of
ELNATI was required for hnRNPA1 interaction (Figure 4, G and H). Sequence analysis by
POSTAR2 (25) predicted a stem-loop structure in the 610-680-nt region of ELNATI was
potentially recognized by hnRNPA1 (Figure 41 and Supplemental Figure 7C). The deletion of
610-680-nt on ELNATI impaired its enrichment by hnRNPA1 (Figure 4J), suggesting that

these specific sequences are crucial to the ELNATI-hnRNPAT1 interaction.

ELNATI upregulates the SUMOylation-related E2 conjugating enzyme UBC9

To explore the molecular mechanisms underlying ELNATI-induced lymphatic metastasis
in BCa, we profiled ELNATI-overexpressing BCa cells and control cells using NGS (Figure
5A, GEO ID: GSE156461). Since SUMOylation modification is considered to regulate the
recognition of specific RNAs and participates in the process of RNAs sorting into EVs (15),
we further determined the SUMOylation-associated target genes of ELNATI. Among 925
genes that were regulated by ELNATI (P < 0.05, fold changes > 1.5), we demonstrated that
UBC9 was the most markedly altered SUMOylation-related gene by qRT-PCR and western
blotting analyses (Figure 5, B-D, Supplemental Figure 7D and Supplemental Table 4). To
further investigate the molecular mechanisms underlying ELNAT1 induced the transcriptional
activation of UBC9 expression in BCa, luciferase assays were conducted using serial

luciferase constructs containing the truncate UBC9 promoter sequences (-2000 to +200 bp).
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Our results revealed that ELNATI overexpression increased the transcription activities of the
-200 to +1 bp sequence in the UBCY promoter (Supplemental Figure 7, E and F). Then,
chromatin isolation by RNA purification (ChIRP) assays showed that ELNATI
physiologically interacted with P1 (-153 to -143 bp) sequences in UBCY promoter region
(Figure 5, E-F and Supplemental Figure 7G). Moreover, LongTarget, a tool for predicting
IncRNA-DNA binding motifs (26), identified five potential triplex-forming oligonucleotides
(TFOs) within ELNATI and the paired triplex target sites (TTS) in the UBC9 promoter. Each
binding motif was subjected to circular dichroism (CD) spectroscopy and fluorescence
resonance energy transfer (FRET) analysis (Supplemental Table 5). CD spectroscopy verified
a notable positive peak at 270-280 nm and a negative peak at 210 nm in the ELNAT1/UBC9
TTS1 group, which was similar with the FENDRR/PITX2 positive control group (Figure 5, G
and H and Supplemental Figure 7H). FRET analysis revealed that the fluorescence intensity
changed dramatically from 520 nm to 570-580 nm in the ELNATI/UBC9 TTS1 group
compared with the control ssSRNA/UBC9 TTS1 group, which was in accordance with the
FENDRR/PITX2 positive control group (Figure 5, I and J and Supplemental Figure 7I).
Furthermore, we detected whether hnRNPA1 contributed to ELNAT-induced transcriptional
activation of UBC9 by regulating the histone methylation at the UBC9 promoter. Chromatin
immunoprecipitation (ChIP) analysis showed that overexpressing ELNATI increased the
enrichment of hnRNPA1 and H3K4me3 at the UBC9 promoter, which was inhibited by
deleting the ELNATI-binding site of hnRNPAT1 (Figure 5, K and L and Supplemental Figure
7, J and K). Meanwhile, silencing ELNATI dramatically reduced the hnRNPA1 occupancy

and H3K4me3 methylation at the UBC9 promoter in UM-UC-3 and T24 cells (Figure 5, M

12
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and N and Supplemental Figure 7, L and M), indicating that ELNATI regulates the
transcription of UBC9 by forming a triplex structure with its promoter sequence and inducing

hnRNPA 1-associated H3K4me3 modification.

UBCY-induced SUMOylation of hnRNPAI packages ELNATI into EVs

It has been well-established that UBC9 could catalyze the SUMOylation of target proteins
to regulate their interaction with biomolecules and cellular transportation (15, 27). The
observation that ELNATI directly interacted with hnRNPA1 to upregulate UBC9 expression,
prompted us to hypothesize that UBC9 overexpression might stimulate the SUMOylation of
hnRNPA1 to promote the packaging of ELNATI into EVs. To confirm this hypothesis,
co-immunoprecipitation (co-IP) assay was performed, and an obvious band ranging from 15-
-25 kDa was specifically enriched by hnRNPA1 (Figure 6A), which was identified as
SUMO2 by MS (Supplemental Figure 8, A and B). Moreover, IP assays revealed that UBC9
overexpression enhanced the SUMO?2-conjunction of hnRNPAI, suggesting that the
SUMOylation of hnRNPA1 is induced by UBC9 (Figure 6B). To evaluate the specific
modification sites of SUMOylation on hnRNPA1, GPS-SUMO (28), a tool for SUMOylation
sites analysis, was used to obtain two potential SUMO2-conjunction residues of hnRNPA1,
lysine 3 (K3) and lysine 113 (K113), which were replaced with arginine (R) (hnRNPA Ik3r,
hnRNPA1ki13r) (Figure 6C and Supplemental Figure 8, C-F) and subjected to co-IP assays to
show that the hnRNPA1k113r substitution, but not hnRNPA 1k3r, abolished the SUMOylation
of hnRNPA1 (Figure 6D). Moreover, we demonstrated that ELNATI overexpression

upregulated the SUMOylation of hnRNPA1ki13, which was abolished by knocking down
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UBC9 (Figure 6E), suggesting that ELNATI-induced UBC9 overexpression promotes the
SUMOylation of hnRNPAT at K113 residue.

Next, we explored whether ELNATI was packaged into BCa cell-secreted EVs by
SUMOylated hnRNPA1. First, we found that ELNATI exhibited a comparable EV-to-cell
ratio to miR-196a and miR-320 (Figure 6F and Supplemental Figure 9A), which were
previously reported to be loaded into EVs by hnRNPA1 (29, 30). HnRNPAI-silencing
markedly inhibited the enrichment of ELNATI in EVs secreted by BCa cells (Figure 6G and
Supplemental Figure 9B), suggesting that sorting of ELNATI into EVs depends on hnRNPAI.
Furthermore, the truncate ELNATI, which deleting the 610-680-nt sequences that containing
the hnRNPAT1 binding sites, was predominant retained in BCa cells rather than secreted into
EVs (Figure 6H and Supplemental Figure 9C), verifying that ELNATI is loaded into EVs
through the interaction with hnRNPA1.

As we indicated that hnRNPA1 was SUMOylated in BCa cells, we further evaluated
whether SUMOylation contributed to hnRNPA1-mediated EV-encapsulation of ELNATI.
SUMOylation-defective mutant of hnRNPA1 or UBCY inhibition in BCa cells notably
abolished the ELNATI enrichment into ELNATI-tranduced BCa-cell secreted EVs (Figure 6,
I-J and Supplemental Figure 9D). HnRNPAlkii3r transfection failed to restore the
downregulation of EV-mediated ELNATI after silencing hnRNPA1 as compared with
hnRNPAlwr (Figure 6K and Supplemental Figure 9E). Importantly, confocal microscopy
revealed that the accumulation of ELNATI into CD63-indicated MVBs, the precursors of
EVs, was downregulated markedly after UBC9 silencing or hnRNPA 1k113r mutation (Figure
6L), indicating that the sorting of ELNATI into EVs is regulated by the SUMOylation of

14
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hnRNPA1. Additionally, we further determined whether the lysine-113 mutation of hnRNPA1
affects its interaction with ELNATI thus impairing the package of ELNATI into EVs. The
results showed that ELNATI remained directly bound to hnRNPA1 after mutating the
lysine-113 on hnRNPA1 (Supplemental Figure 9, F-H), indicating that the mutation of
lysine-113 on hnRNPA1 has no affection on its interaction with ELNATI. Together, these
results demonstrate that ELNATI is packaged into BCa cell-secreted EVs by UBC9-induced

SUMOylation of hnRNPAI.

EV-mediated ELNATI is delivered to HLEC: to induce the [ymphangiogenesis

As our results indicated that EV-mediated ELNATI promoted lymphangiogenesis;
therefore, the internalization of EV-mediated ELNATI by HLECs was evaluated. Confocal
microscopy revealed that punctuate fluorescent intensity was detected in HLECs incubated
with PKH67-labeled EVs (Figure 7A), indicating the internalization of BCa-secreted EVs by
HLECs. Moreover, incubation with UM-UC-3-EVgivarr and T24-EVeivar markedly
upregulated the ELNATI expression in HLECs, while downregulating ELNATI in EVs
secreted by UM-UC-3 and T24 cells impaired their abilities to induced ELNATI
overexpression in HLECs (Figure 7, B-C and Supplemental Figure 9, I-J).

To exclude the possibility that the lymphangiogenesis were induced by activation of
endogenous ELNATI in HLECs, we constructed ELNATI knockout HLECs (HLECsgzn4a71x0)
(Figure 7, D and E). The effects of EV-mediated ELNATI on both HLECsgiy4ari-wT and
HLECsgrvariko cells were examined. Consistent with HLECsgzv4ri-wr, the tube formation

and migration ability of HLECsgvariko was enhanced by EV-mediated ELNATI
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overexpression, while knocking down ELNAT] inhibited the ability of BCa cell-secreted EVs
to induce the tube formation and migration of HLECsgnariko (Figure 7, F-H and
Supplemental Figure 10, A-I), suggesting that BCa cell-secreted EVs promotes
lymphangiogenesis by transporting EV-mediated ELNATI rather than transcriptionally
activating endogenous ELNATI. Taken together, these results demonstrate that EV-mediated

ELNATI is internalized by HLECs to induce BCa lymphangiogenesis.

EV-mediated ELNATI upregulates SOX18 expression in HLECs

Next, we analyzed the expression of lymphangiogenesis-related genes in HLECs treated
with EV-mediated ELNATI. Our results showed that SRY-box transcription factor 18 (SOX18)
was the most obvious gene that positively associated with EV-mediated ELNATI expression
(Figure 8, A and B and Supplemental Figure 11, A and B). EV-mediated ELNATI
downregulation markedly decreased SOX18 expression, while overexpressing EV-mediated
ELNATI promoted SOX18 expression in HLECs as compared with the control (Supplemental
Figure 11, C-F). It has been proposed that SOX18 represents a crucial regulator for the
budding of new lymphatic vessels through the induction of genes that contributed to the
phenotype of lymphatic vessels, including vascular endothelial growth factor C (VEGF-C)
and prospero-related homeobox transcription factor 1 (PROX1) (31, 32). To further explore
the mechanisms of EV-mediated ELNAT1 upregulated SOX18 expression in HLECs, a series
of truncate SOX18 promoters ranging from -2000 to +200 bp relative to the transcriptional
start site were cloned into the luciferase reporter genes. As shown in Supplemental Figure
11G-H, luciferase assays revealed that EV-mediated ELNATI enhanced transcriptional
activity when the -800 to -400 bp region of the SOX18 promoter was introduced in HLECs.

Moreover, ChIRP assays demonstrated that EV-mediated ELNATI directly interacted with
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=771 to -786 bp of the SOX18 promoter (refers to SOX18-P4) in HLECs (Figure 8, C and D
and Supplemental Figure 11I). Mutation of the SOX18-P4 region reduced the luciferase
activity induced by EV-mediated ELNATI (Figure 8, E and F), suggesting SOX18-P4 was
crucial for EV-mediated ELNATI induced SOX18 upregulation in HLECs. Furthermore, the
enrichment of hnRNPA1 and H3K4me3 at the SOXI/8 promoter was associated markedly
with EV-mediated ELNATI expression (Figure 8, G-J and Supplemental Figure 12, A-D),
indicating that EV-mediated ELNATI increases hnRNPA1-induced H3K4me3 levels at the
SOX18 promoter. Moreover, we assessed whether SOX18 was indispensable for EV-mediated
ELNATI-induced lymphangiogenesis. EV-mediated ELNATI overexpression enhanced the
tube formation and migration ability of HLECs, while downregulating SOX18 impaired
EV-mediated ELNATI-induced lymphangiogenesis (Figure 8, K-M and Supplemental Figure
12, E-G), indicating that SOX18 is required for EV-mediated ELNATI to drive BCa
lymphangiogenesis in vitro. Together, these results reveal that EV-mediated ELNATI
promotes BCa lymphangiogenesis via transcriptionally upregulating SOX18 expression in

HLEC:sS.

Blocking SUMOylation suppresses EV-mediated ELNATI-induced LN metastasis

EV-mediated ELNATI functions in a SUMOylation-dependent manner; therefore, we
determined whether blocking UBC9-induced SUMOylation could inhibit the EV-mediated
ELNATI-induced lymphangiogenesis and LN metastasis of BCa. We demonstrated that
ELNATI overexpression notably promoted BCa cell-secreted EVs to induce
lymphangiogenesis in vitro, while silencing UBC9 reversed this effect (Figure 9, A-C and
Supplemental Figure 12, H-J), indicating that UBC9-induced SUMOylation contributes to the

EV-mediated ELNATI-induced lymphangiogenesis. Importantly, the IVIS demonstrated that
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UM-UC-3-EVErvar: enhanced popliteal LN metastasis in vivo, while silencing UBC9
inhibited this effect (Figure 9, D and E). The UM-UC-3-EVgryari+si-uBco#1 group possessed a
lower volume of popliteal LNs than the UM-UC-3-EVgryar; group (Figure 9F). Moreover,
UM-UC-3-EVEenvarr increased the quantification of lymphatic vessels in the footpad tumors
of mice compared with the UM-UC-3-EVvector group, while downregulating UBC9
expression decreased EV-mediated ELNATI-induced lymphatic vessels increment (Figure 9,
G and H), suggesting that blocking UBC9 impairs the effect of EV-mediated ELNATI on
lymphangiogenesis in vivo. Moreover, a reduction of LN metastasis rate was observed in the
UM-UC-3-EVErnari+si-ucosr  group as compared with the UM-UC-3-EVgivar  group
(Supplemental Table 6), which was accompanied by longer survival times (Figure 91). Taken
together, these results indicate that inhibition of UBC9-induced SUMOylation suppresses

EV-mediated ELNATI-induced lymphangiogenesis and LN metastasis in BCa.

Clinical relevance of EV-mediated ELNATI in BCa patients

EV-mediated IncRNAs are regarded as promising early diagnostic biomarkers and
potential therapeutic targets in BCa (33, 34). Thus, it is important to determine the clinical
relevance of EV-mediated ELNATI in LN metastasis of BCa. First, we found a positive
correlation of the ELNATI expression between urinary-EVs from BCa patients and paired
BCa tissues, implying EV-mediated ELNAT1 as an essential participant in the regulation of
ELNATI in BCa (Figure 10A). As we indicated that ELNATI was overexpressed in
LN-positive BCa, we then explored whether EV-mediated ELNATI was clinically relevant to

BCa LN metastasis. Strikingly, we found that urinary EV-mediated ELNATI overexpression
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positively correlated with LN metastasis of BCa (Figure 10B and Supplemental Figure 12K
and Supplemental Table 7). Moreover, Kaplan-Meier analysis showed that BCa patients with
higher EV-mediated ELNATI expression were accompanied by shorter overall survival (OS)
and disease-free survival (DFS) (Figure 10, C and D). Univariate and multivariate analysis
revealed that EV-mediated ELNATI was an independent factor for the poor prognosis of BCa
patients, indicating its potential role as a therapeutic target for BCa (Supplemental Table 8
and 9). Additionally, we assessed the diagnostic performance of EV-mediated ELNATI by
comparing it with urine cytology and FISH, the standard non-invasive diagnostic
interventions for BCa (35, 36). Receiver operating characteristic (ROC) analysis showed that
urinary EV-mediated ELNATI could effectively distinguish patients with BCa from healthy
controls (AUC: 0.80; 95% CI: 0.76-0.80) (Figure 10E and Supplemental Table 10).
Remarkably, urinary EV-mediated ELNATI was highly accurate in the diagnosis of BCa LN
metastasis (AUC: 0.83; 95% CI: 0.76-0.91) compared with that of urine cytology or FISH
(Figure 10F and Supplemental Table 10). Furthermore, we also revealed that 63% of patients
with BCa evaluated as LN-negative by computed tomography (CT) were predicted correctly
as LN-positive by the detection of urinary EV-mediated ELNAT!I (Supplemental Table 11),
suggesting that urinary EV-mediated ELNAT] may be a better alternative to diagnose BCa
LN metastasis. Consistently, higher EV-mediated ELNATI expression was also observed in
serum from BCa patients than heathy controls (Figure 10G). The expression of EV-mediated
ELNATI was upregulated in serum from BCa patients with LN metastasis than those without
LN metastasis (Figure 10H). Taken together, our findings reveal that EV-mediated ELNAT1
plays an essential role in LN-metastatic BCa (Figure 10I).
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Discussion

SUMOylation mediated the sorting of RNAs into EVs to serve as an essential mediator in
intercellular signal transduction, thus contributing to the crosstalk of tumor cells and the TME
(37, 38). Nevertheless, the regulatory role of SUMOylation in packaging specific IncRNAs
into EVs and its association with tumor LN metastasis remain largely unknown. In this study,
we identified that IncRNA ELNATI mediated the SUMOylation of hnRNPA1, thus regulating
the sorting of ELNATI into EVs and correlated with BCa LN metastasis. ELNATI
upregulated UBC9 expression by binding to the -153 to -143 bp region of UBC9 promoter
and recruiting hnRNPA1 to induce H3K4me3 modification, which in turn caused the
SUMOylation of hnRNPA1 at K113 residue to package ELNATI into EVs. Subsequently,
EV-mediated ELNATI directly formed a DNA-RNA triplex of SOXI/8 promoter and
increased hnRNPA1-induced H3K4me3 modification, transcriptionally activating SOXI8
expression and facilitating BCa LN metastasis. Our findings highlight the regulatory
mechanism by which EV-mediated ELNATI-induced BCa LN metastasis in a
SUMOylation-dependent manner, and identify EV-mediated ELNATI as a potential
therapeutic target for BCa.

Lymphangiogenesis induced by SOX18 transcriptional activation has been considered as
the most essential step in tumor LN metastasis (5). SOX18 is the earliest molecular hallmark
of endothelial cells during embryonic development and plays an essential role in the
formation of new lymphatic vessels (31, 32). Although the decisive role of SOXI8 in
lymphangiogenesis is well-characterized, the mechanisms of EV-mediated SOX18
expression in HLECs are unclear. Herein, we demonstrated a regulatory mechanism by which
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EV-mediated ELNATI activated SOXI§ transcription through directly binding to SOXI8
promoter and recruited hnRNPA1 to induce the H3K4me3 modification. Downregulating
SOX18 reversed EV-mediated ELNATI-induced lymphangiogenesis and LN metastasis of
BCa. These findings reveal the crucial mechanism by which EV-mediated ELNATI promotes
LN metastasis and identify EV-mediated ELNAT! as a feasible therapeutic target in BCa.
SUMOylation regulates the function of proteins by influencing their subcellular
localization, protein interaction, and transcriptional activity (39, 40). UBCO is the unique E2
ligase of SUMOylation that catalyzes the conjunction of SUMOs to lysine residues of the
substrates (27, 41). However, the mechanism governing UBC9-mediated SUMOylation is
largely unknown. Herein, we demonstrated that EV-mediated ELNATI directly formed a
DNA-RNA triplex with the UBC9 promoter to promote hnRNPAl-induced H3K4me3
modification and further induced the SUMOylation of hnRNPA1 at K113 residue. Moreover,
EV-mediated ELNATI-induced SUMOylation dramatically promoted the lymphangiogenesis
and LN metastasis of BCa both in vitro and in vivo, suggesting that EV-mediated ELNATI
functions as a crucial regulator of SUMOylation-induced LN metastasis of BCa. Recently,
targeting the SUMOylation pathway is considered as an effective intervention for the
treatment of various cancers (42). Anacardic acid suppressed the SUMOylation pathway by
targeting the SUMO-activating enzyme E1 and showed a great efficiency in the treatment of
B-cell lymphoma (43). Additionally, melatonin enhanced the sensitivity of brain cells to
chemotherapy through disturbing the SUMOylation-mediated nuclear translocation of Nestin
(44). Therefore, the identification of the essential role of EV-mediated ELNATI in the
regulation of SUMOylation pathway supports EV-mediated ELNATI as a potential
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therapeutic target for the LN metastasis of BCa.

Urine cytology is the current standard intervention for non-invasive diagnosis of BCa,
which exhibits dissatisfied sensitivity in the diagnosis of BCa (35). The appearance of FISH
which possesses a higher sensitivity partly cover the deficiency of cytology but has been
limited by its low specificity (45). Recently, the detection of molecules in EVs obtained from
body fluid, including urine, have been widely recognized as the promising biomarkers with
high efficacy for tumor diagnosis (34, 46). In the present study, we found that urinary
EV-mediated ELNATI possessed a slightly improvement in specificity in BCa diagnosis than
FISH but has no obvious difference in sensitivity due to the higher sensitivity of FISH in the
diagnosis of high grade BCa. Interestingly, the use of EV-mediated ELNATI to distinguish
LN-positive from LN-negative BCa obtained a satisfied sensitivity and specificity, which
markedly improved the accuracy in diagnosing LN-metastatic BCa compared with FISH and
urine cytology. Currently, CT and magnetic resonance imaging (MRI) are one of the most
commonly recommended approach for preoperative detection of the nodal staging of BCa
patients based on size and shape of LNs, which has limited accuracy in the diagnosis of
microscopic metastasis (47). Herein, we found that 63% of patients with BCa evaluated as
LN-negative by preoperative imaging were predicted correctly as LN-positive by the
detection of urinary EV-mediated ELNATI. Our findings highlight the clinical relevance of
urinary EV-mediated ELNATI detection in assessing LN status and support that urinary
EV-mediated ELNATI may represent as a better alternative to diagnose LN metastasis of
BCa.

In summary, we demonstrated that EV-mediated ELNATI promotds lymphangiogenesis
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and LN metastasis of BCa in a SUMOylation-dependent manner. Fully elucidating the
precise mechanism of EV-mediated ELNAT! in activating the hnRNPA1/UBC9/SOX18 axis
to induce the BCa LN metastasis will not only increases our knowledge of EV-mediated LN

metastasis but also enables the development of an effective therapeutic strategy for BCa.

Methods

Clinical samples

All the formalin-fixed and paraffin-embedded tissue samples were obtained from BCa
patients who were pathologically confirmed as BCa by two independent pathologists and
underwent surgery at Sun Yat-sen Memorial Hospital of Sun Yat-sen University. The urine
samples were obtained from the same BCa patients and another 165 healthy participants.
Patient information, including characteristics, clinical stage, and pathological classification,
was summarized in Supplemental Table 1 and 7. Informed consent was obtained from all
participants and the Ethics Committee of Sun Yat-sen Memorial Hospital of Sun Yat-sen

University has approved the study mentioned above [approval number:2013(61)].

Cell lines and Cell culture

Human BCa cell lines (UM-UC-1, RT112, RT4, UM-UC-3, T24, and 5637) and human
normal bladder epithelial cells (SV-HUC-1) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The HLECs (Catalog 2500) were obtained from
ScienCell Research Laboratories. All cell lines were cultured with 5% CO; at 37°C in a
humidified incubator. Dulbecco's modified Eagle's medium (DMEM) (Gibco, Shanghai,
China) contained with 10% fetal bovine serum (FBS) was used to culture UM-UC-3 and T24

cells, while RPMI 1640 (Gibco, Shanghai, China) were used to culture UM-UC-1, RT112 and
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5637. McCoys 5A (Gibco, Shanghai, China) and F-12K medium (Hyclone, Utah, USA) both
contained with 10% fetal bovine serum (FBS) were used to culture RT4 and SV-HUC-1.
HLECs were cultured in endothelial cells medium (ECM) with 5% FBS (ScienCell, CA,

USA).

ISH and IHC analysis

To explored the ELNATI expression in formalin-fixed and paraffin-embedded tissue, ISH
analysis was performed with the double-(5” and 3°)-digoxin (DIG)-labeled ELNATI-targeted
probes and the scramble probe. Briefly, the slides were dewaxed with dimethylbenzene and
rehydrated with gradient alcohol. Then the proteinase K was added to thoroughly digest the
sections, after which the slides were hybridized with the ELNATI probe at 37°C overnight.
Subsequently, the slides were incubated with the anti-digoxin antibody at 37°C for 2 hours,
followed with the staining using the BCIP/NBT color-substrate solution and counterstaining
with nuclear fast red. The Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) was used to

capture the images. The probes for ISH analysis were showed in Supplemental Table 12.

IHC analysis was conducted to further analyze the formalin-fixed and paraffin-embedded
tissues obtained from the BCa patients and nude mice. All tissue sections were first processed
at 60°C for 2 hours and dewaxed with dimethylbenzene, followed by the hydration with
different concentrations of alcohols. Then, the antigen was repaired with EDTA and the
catalase was blocked with 3% hydrogen peroxide. Subsequently, the sections were blocked
with goat serum for 15 minutes, followed with the incubation of primary antibody at 4°C
overnight. Finally, the sections were incubated with secondary antibodies, and the DAB and
hematoxylin were used to mark the antigen and counterstain the nuclei, respectively.

The statistical significance for ISH and IHC analysis was assessed using H-score which
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was calculated as followed: H-score=) (P X I), P: the percentage of stained cells; I: the
intensity of the staining which was graded as: 0 (absent), 1 (weak), 2 (moderate) and 3

(strong).

Isolation of EV's

As for the isolation of BCa cell-secreted EVs in the cultured media, the supernatant was
collected from the BCa cells which were cultured in their respective medium contained with
10% EVs-free FBS for 48h. Then, the samples were centrifuged successively 2,000g for 10
minutes, 10,000g for 30 minutes, and 120,000g for 70 minutes at 4°C to obtain EVs
deposited. Subsequently, the extracted EVs in the bottom of the tube were resuspended in
PBS and saved in a -80°C refrigerator for further analysis. As for the isolation of EVs from
urine and serum samples, the urine and blood from all participants were collected and
extracted according to the same differential centrifugation mentioned above.

All isolated EVs were further quantified by the protein content with the BCA Protein Assay
Kit (Thermo Fisher Scientific, MA, USA, Cat#23227) under the instruction of manufacturers

(48).

EVs internalization analysis

To verify that BCa cell-secreted EVs are internalized by HLECs, we performed the
internalization experiments by labeling the isolated EVs with PKH67 green fluorescent dye.
Then 10 pg/ml PKH67-labeled EVs were incubated with HLECs for 12 hours at 37°C in a
humidified incubator with 5% CO.. Subsequently, the HLECs were fixed by formaldehyde
and stained with DAPI. The Zeiss confocal microscope system was used to observe the EVs

internalization of HLECs and capture images.
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Mouse popliteal lymphatic metastasis model

To explore the role of EV-mediated ELNATI in the LN metastasis of BCa, the mouse
popliteal lymphatic metastasis model was constructed with the approval of the Institutional
Animal Care and Use Committee (IACUC) at Sun Yat-Sen University. Four-to-six-week-old
BALB/c nude mice were acquired and kept in the animal center of Sun Yat-sen University for
the duration of the experiment. Briefly, 1x10® UM-UC-3 cells labeled with luciferase were
harvested and resuspended in PBS to be injected into the footpads of nude mice.
Subsequently, the 10 pg isolated EVs from indicated BCa cells supplemented in 50 pL. PBS
or equivalent PBS were injected intratumorally every 3 days following the widely used
protocols (49). The metastasis of popliteal LNs was monitored weekly through the IVIS until
the primary tumor size reached 200 mm?.Then, the footpad tumors and popliteal LNs of the
nude mice were dissected to be further analyzed by IHC. The Nikon Eclipse Ti microscope

was used to visualize the sections.

RNA pull-down analysis

The RNA pull-down assay was conducted to detect the binding proteins of ELNAT in BCa
cells. Firstly, the biotinylated full-length ELNATI and antisense sequences were acquired
through the Transcript Aid T7 High Yield Transcription Kit (Thermo Fisher Scientific, MA,
USA, Cat#K0441) with the instruction of manufacturer. Then, the Pierce Magnetic
RNA-Protein Pull-down Kit (Thermo Fisher Scientific, MA, USA, Cat#20164) was used to
perform the pulldown assays according to the manufacturer protocols, in which the
biotinylated ELNATI and antisense were incubated with BCa cells lysate to pull down the
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binding proteins. Finally, the binding proteins were eluted to be analyzed by silver staining or
western blot, and the different band was further analyzed through a MALDI-TOF instrument

(Bruker Daltonics).

ChIRP analysis

According to the protocol of Magna ChIRP RNA Interactome Kit (Millipore, MA, USA,
Cat#17-10494), the ChIRP assays followed with qRT-PCR analysis were carried out to detect
the interaction between ELNATI and the target genes promoter. 2 x 107 BCa cells or HLECs
treated with 10 pg/ml indicated EVs per group were fixed with 1% glutaraldehyde and lysed
in the cell lysis buffer. Then, the cell lysate was sonicated into 100-200 bp fragments in an
ultrasonic processor at 4°C for 1 hour, which further incubated with the biotinylated ELNATI
probes (Supplemental Table 12) at 4°C overnight. Subsequently, the pretreated beads were

added to extract the DNA and analysis with qRT-PCR.

Bioinformatics analysis

The TCGA data was obtained from GEPIA (http://gepia.cancer-pku.cn/index.html). The

SUMO2-conjuction  site  of  hnRNPA1l  was  predicted by GPS-SUMO
(http://sumosp.biocuckoo.org). The structure model of ELNATI was obtained from
RNAalifold (http://ma.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi). The
enrichment of the binding sequences of hnRNPA1 was predicted by POSTAR2

(http://lulab.life.tsinghua.edu.cn/postar2).
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Antibodies

The antibodies used in this study are as follows: anti-UBC9 (Abcam, ab75854);
anti-SUMO3  (Abcam, ab203570); anti-LYVE-1 (Abcam, ab218535); anti-B-actin
(Sigma-Aldrich, A5441); anti-CD9 (Cell Signaling Technology, 13403); anti-ALIX (Cell
Signaling Technology, 92880); anti-hnRNPA1 (Abcam, ab5832); anti-SUMO2 (Abcam,
ab233222); anti-His (Abcam, ab5000); anti-H3K4me3 (Abcam, abl012); anti-rabbit
IgG-HRP (Cell Signaling Technology, 7074); anti-SOX18 (Abcam, ab109194); anti-mouse
IgG-HRP (Cell Signaling Technology, 7076); anti-rabbit I[gG-HRP (Proteintech, SA00001-2);

anti-mouse IgG-HRP (Proteintech, SA00001-1).

Further applied methods

Additional methods for electron microscopy analysis, lentivirus infection, cell transfection,
RACE, RNA extraction, qRT-PCR analysis, western blotting analysis, FISH,
immunofluorescence (IF), nuclear fractionation, tube formation assays, Transwell assays, RIP
assays, serial deletion analysis, dual-luciferase reporter, FRET spectroscopy, CD spectroscopy,
ChIP analysis, IP assays, co-IP assays, clustered regularly interspaced short palindromic
repeats / CRISPR associated protein 9 (CRISPR/Cas9)-mediated genes deletion were further

introduced in the Supplemental Methods.

Statistical analysis

All experiments in the present study were performed three separate times independently.

The quantitative data were presented as the mean + standard derivation (SD). The %2 test was
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conducted to compare the nonparametric variables. Two-tail Student’s t-test or I-way
ANOVA were used for the comparison of parametric variables. The Kaplan-Meier method
was carried out to assess the survival times of patients and animals. All data analysis was

performed by SPSS v.13.0, and P < 0.05 was considered as statistically significant.

Study Approval

All the tissues or urine samples used in the present study were obtained from patients and
healthy volunteers with the informed consent from all participants or their appropriate
surrogates and the approval of the Ethics Committee of Sun Yat-sen Memorial Hospital of
Sun Yat-sen University [approval number:2013(61)]. All the animal experiments were
performed with the approval of the IACUC at Sun Yat-Sen University [approval

number:2013(61)].
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EV, extracellular vesicle; LN, lymph node; BCa, bladder cancer; HLECs, human lymphatic
endothelial cells; NMIBC, non-muscle invasive bladder cancer; MIBC, muscle invasive
bladder cancer; TME, tumour microenvironment; ESCRT, endosomal sorting complex
required for transport; MVB, multivesicular body; HnRNPs, heterogeneous nuclear
ribonucleoproteins; miRNAs, microRNAs; ATGS, autophagy-related gene 5; IncRNAs,
long-noncoding RNAs; ELNATI, EV-mediated lymph node associated transcript 1; UBC9,
ubiquitin carrier protein 9; hnRNPA1x113, lysine-113 on hnRNPA1; FISH, fluorescence in situ
hybridization; SUMO, small ubiquitin-related modifier; TCGA, The Cancer Genome Atlas;
IHC, immunohistochemistry; MLD, microlymphatic vessel density; NGS, next-generation
sequencing; urinary-EVs, urinary EVs; NAT, normal adjacent tissue; RACE, rapid
amplification of cDNA ends; ISH, in situ hybridization; qRT-PCR, quantitative real-time PCR;
TEM, transmission electron microscopy; NTA, nanoparticle tracking analysis; SV-HUC-1,
human normal bladder epithelial cells; IVIS, In Vivo Imaging System; LYVE-1, lymphatic
vessel endothelial hyaluronan receptor 1; MS, mass spectrometry; RIP, RNA
immunoprecipitation; ChIRP, Chromatin isolation by RNA purification; TFOs,
triplex-forming oligonucleotides; TTS, triplex target sites; CD, circular dichroism; FRET,
fluorescence resonance energy transfer; ChIP, Chromatin immunoprecipitation; co-IP,
co-immunoprecipitation; SOX18, SRY-box transcription factor 18; VEGF-C, vascular
endothelial growth factor C; PROXI1, prospero-related homeobox transcription factor 1; OS,
overall survival; DFS, disease-free survival; ROC, receiver operating characteristic; AUC,
area under the curve; CT, computed tomography; MRI, magnetic resonance imaging; ATCC,
American Type Culture Collection; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal
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bovine serum; ECM, endothelial cells medium; IACUC, Institutional Animal Care and Use
Committee; IF, Immunofluorescence; CRISPR/Cas9, clustered regularly interspaced short
palindromic repeats / CRISPR associated protein 9; SD, standard deviation; ANOVA,

analysis of variance.
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Figure 1. SUMOylation is involved in the LN metastasis of BCa. (A) qRT-PCR analysis

of SUMOylation core components UBC9 expression in BCa tissues and paired NATs in a

242-case cohort of BCa patients. The Nonparametric Mann-Whitney U test was used to

assess the statistical significance. (B and C) Kaplan-Meier curves for the OS and DFS of

BCa patients with low vs. high UBC9 expression (cutoff value is the median). (D) The

expression of UBCY in BCa patients compared with controls from TGCA database. (E)
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Kaplan-Meier survival analysis of BCa patients according to UBC9 expression from TCGA
database (cutoff value is the best cutoff). (F) qRT-PCR analysis of UBCY expression in
LN-positive and LN-negative BCa tissues (n=242). The Nonparametric Mann-Whitney U test
was used to assess the statistical significance. (G-I) Representative images and quantification
of tube formation and Transwell migration for HLECs incubation with culture media from
indicated UM-UC-3 cells treated with PBS or SUMOylation inhibitor, 2D-08. Scale bars: 100
um. Two-tailed Student’s ¢ test was used to assess the statistical significance. Error bars

showed the SD of three independent experiments. *P < 0.05; **P < 0.01.
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Figure 2. EV-mediated ELNATI overexpression correlates with LN metastasis of BCa.

(A) Heatmap for the IncRNAs differentially expressed in urinary-EVs from BCa patients and

healthy participants. (B) Schematic illustrations of the screening of IncRNAs co-upregulated

in urinary-EVs from BCa patients and LN-positive BCa tissues. (C and D) qRT-PCR

analysis of ELNATI expression in BCa tissues and NATs (C), LN-positive and LN-negative
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BCa tissues (D) in a 242-case cohort of BCa patients. The Nonparametric Mann-Whitney U
test was used to assess the statistical significance. (E and F) Kaplan-Meier curves for the OS
and DFS of BCa patients with low vs. high ELNATI expression (cutoff value is the median).
(G and H) Representative IHC images and percentages for lymphatic vessel density in BCa
tissues according to ELNATI expression. Scale bars: 50 um. y2 test was used to assess the
statistical significance. (I) qRT-PCR analysis of ELNATI expression in urinary-EVs from
242 BCa patients and 165 healthy participants. The Nonparametric Mann-Whitney U test was
used to assess the statistical significance. (J and K) TEM and NTA identified the
characteristics of UM-UC-3-EVs. Scale bars: 100 nm. (L) Western blotting analysis of EV
markers in cell lysates or UM-UC-3-EVs. Error bars showed the SD of three independent

experiments. *P < 0.05; **P < 0.01.
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Figure 3. EV-mediated ELNATI facilitates lymphangiogenesis and lymphatic metastasis

of BCa in vitro and in vive. (A-C) Representative images and quanti

formation and Transwell migration for HLECs

UM-UC-3-EVsieznarn or UM-UC-3-EVii.ernvarize. Scale bars: 100 pm.

fication of tube

treated with UM-UC-3-EViinc,

lI-way ANOVA

followed by Dunnett’s tests were used to assess the statistical significance. (D) Schematic

representation for establishing the nude mouse model of the popliteal LN metastasis. (E and
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F) Representative bioluminescence images and quantification for the metastatic popliteal LN
from nude mice in UM-UC-3-EVvector or UM-UC-3-EVgzya7s group (n = 12). The red arrow
indicated footpad tumor and metastatic popliteal LN. Two-tailed Student’s #-test was used to
assess the statistical significance. (G-I) Representative images and quantification showed the
LN volume of UM-UC-3-EVvecor 0r UM-UC-3-EVgnvarr group (n = 12). Two-tailed
Student’s #-test was used to assess the statistical significance. (J and K) Representative IHC
images and quantification of lymphatic vessels in the intratumoral and peritumoral regions of
footpad tumors (n = 12). Scale bars: 50 um. Two-tailed Student’s #-test was used to detect the
statistical significance. Error bars showed the SD of three independent experiments. *P <

0.05, **P <0.01.
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Figure 4. ELNATI directly interacts

with hnRNPA1. (A) RNA pull-down assay of

ELNATI in UM-UC-3 cells. (B) Mass spectrometry analysis of the proteins from RNA

pull-down assay. (C and D) RNA pull-down and western blotting analyses with nuclear

extract or purified recombinant hnRNPA1 evaluated the interaction between ELNATI and

hnRNPAL1. (E) Immunofluorescence assessed the colocalization of ELNATI and hnRNPA1
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in UM-UC-3 and T24 cells. Scale bar: 5 um. (F) RIP assay using anti-hnRNPA1 assessed the
enrichment of ELNATI by hnRNPAI1. IgG: negative control; Ul: nonspecific control.
Two-tailed Student’s 7-test was used to assess the statistical significance. (G and H) RNA
pull-down assays using serial deletions of ELNATI evaluated the regions required for the
binding of ELNATI and hnRNPA1. (I) Prediction for the stem-loop structures of hnRNPA1
binding sites in ELNATI. (J) RIP assays after the deletion of 610-680-nt of ELNATI in
UM-UC-3 cells. Two-tailed Student’s t-test was used to assess the statistical significance.

Error bars showed the SD of three independent experiments. *P < 0.05, **P < 0.01.
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Figure 5. ELNATI forms a DNA-RNA triplex with UBCY9 promoter to enhance
H3K4me3 modification by recruiting hnRNPA1. (A) Heatmap for the differentially
expressed genes after ELNATI overexpressing in indicated BCa cells. (B) qRT-PCR analysis
of the SUMOylation-related genes after ELNAT! knockdown in UM-UC-3 cells. 1-way
ANOVA followed by Dunnett’s tests were used to assess the statistical significance. (C and
D) Western blotting analysis of UBC9 expression in UM-UC-3 cells after silencing (C) or
overexpressing (D) ELNATI. (E) Schematic presentation of the predicted ELNATI binding

sites in UBCY9 promoter. (F) ChIRP analysis of ELNATI-associated chromatin in UM-UC-3
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cells. I-way ANOVA followed by Dunnett’s tests were used to assess the statistical
significance. (G and H) CD spectrum of TFO in ELNATI with TTS in UBC9 promoter. The
Control ssRNA with TTS in UBC9 promoter was examined as negative control. (I and J)
FRET analysis of TFO in ELNATI with TTS in UBCY9 promoter. The Control ssRNA with
TTS in UBCY9 promoter was examined as negative control. (K-N) ChIP-qPCR analysis of the
hnRNPA1 occupancy and H3K4me3 status in UBC9 promoter in indicated UM-UC-3 cells.
I-way ANOVA followed by Dunnett’s tests were used to assess the statistical significance.

Error bars showed the SD of three independent experiments. *P < 0.05, **P < 0.01.
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Figure 6. ELNATI is packaged into EVs by UBC9-induced SUMOylation of hnRNPA1.
(A) co-IP assay using anti-hnRNPA1 in UM-UC-3 cells. Red arrows indicated SUMO?2. (B)
co-IP assay using anti-hnRNPA1 assessed the conjunction of SUMO2 on hnRNPAI1 in

UM-UC-3 cells after UBC9 overexpressing. (C) Schematic representation showed the
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17

predicted SUMO2-conjunct residues on hnRNPAT1. (D) co-IP assay using anti-His evaluated
the conjunction of His-labeled SUMO2 on hnRNPA1 in UM-UC-3 cells after hnRNPA 1k3r
or hnRNPAIki13r mutation. (E) The evaluation of His-labeled SUMO2-conjunction on
hnRNPA1 in ELNATI-overexpressing UM-UC-3 cells after UBC9 knockdown by co-IP assay.
(F) The EV/cell ratio of RNAs in UM-UC-3 cells. (G) gqRT-PCR analyzed the RNAs
expression in EVs secreted by UM-UC-3 cells after hnRNPA1 knockdown. (H) The
assessment of ELNATI expression in BCa cell-secreted EVs after the deletion of 610-680-nt
of ELNATI. (I) The analysis of ELNATI expression in BCa cell-secreted EVs after
hnRNPA1ki13r mutation. (J) The evaluation of ELNATI expression in EVs secreted by
ELNATI-overexpressing BCa cells after UBC9 knockdown. (K) The ELNATI expression in
EVs secreted by hnRNPA1-knockdown UM-UC-3 cells after hnRNPA 1wt or hnRNPA 1x113r
overexpression was assessed by qRT-PCR analysis. (L) Representative immunofluorescence
images showed the accumulation of ELNATI into CD63-indicated MVBs in UM-UC-3 cells
after hnRNPA1ki13r mutation or UBC9 knockdown. Scale bar: 5 um. 1-way ANOVA
followed by Dunnett’s tests were used to assess the statistical significance in F-K. Error bars

showed the SD of three independent experiments. *P < (.05, **P < 0.01.
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Figure 7. EV-mediated ELNATI is internalized by HLECs to induce lymphangiogenesis.

N

(A) Representative immunofluorescence images of PBS or PKH67-labeled (green)
EV-treated HLECs. Scale bar: 5 um. (B and C) qRT-PCR analysis of ELNATI expression in
HLECs treated with PBS, UM-UC-3-EVvector, UM-UC-3-EVgiyvars or T24-EViince,
T24-EVsi-eivariz, T24-EVsiiernvatine. 1-way ANOVA followed by Dunnett’s tests were used
to assess the statistical significance. (D) Schematic illustration of deleting ELNAT1 in HLECs
using the CRISPR/Cas9 approach. (E) qRT-PCR analysis validated the successful knockout
of ELNATI in HLECs. Two-tailed Student’s #-test was used to assess the statistical

significance. (F-H) Representative images and quantification of Transwell migration and tube
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formation for ELNATIVT or ELNATI®® HLECs treated with UM-UC-3-EVvecor oOF
UM-UC-3-EVginars. Scale bars: 100 um. Two-tailed Student’s #-test was used to assess the
statistical significance. Error bars showed the SD of three independent experiments. *P <

0.05, **P <0.01.
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Figure 8. EV-mediated ELNATI upregulates SOX18 expression in HLECs. (A) qRT-PCR

analysis of lymphangiogenesis-related genes expression in UM-UC-3-EVvecior oOr

UM-UC-3-EVEginari-treated HLECs. Two-tailed Student’s #-test was used to assess the
statistical significance. (B) qRT-PCR analysis of SOX18 expression in HLECs treated with
UM-UC-3-EVsine, UM-UC-3-EVsigznvarin or UM-UC-3-EVsigrnvarie. 1-way ANOVA
followed by Dunnett’s tests were used to assess the statistical significance. (C) Schematic
representation of the predicted EV-mediated ELNATI binding sites in SOX18 promoter in
HLECs. (D) ChIRP analysis of EV-mediated ELNATI-associated chromatin in
UM-UC-3-EVs-treated HLECs. 1-way ANOVA followed by Dunnett’s tests were used to

assess the statistical significance. (E and F) Luciferase assays for the evaluation of WT or
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10

11

12

ELNATI binding site mutated SOX18 promoter in HLECs treated with UM-UC-3-EVvector,
UM-UC-3-EVeinars or T24-EVvector, T24-EVErnari. 1-way ANOVA followed by Dunnett’s
tests were used to assess the statistical significance. (G-J) ChIP-qPCR analysis of the
hnRNPA1 occupancy and H3K4me3 status in the promoter of SOX/8 in HLECs treated with
UM-UC-3-EVvector, UM-UC-3-EVgrnars or T24-EViine, T24-EVsi-eivari, T24-EVsi-enarise.
Two-tailed Student’s ¢-test or 1-way ANOVA followed by Dunnett’s tests were used to
assess the statistical significance. (K-M) Representative images and quantification of tube
formation and Transwell migration for UM-UC-3-EVvector or UM-UC-3-EV grvari-treated
ELNATIX® HLECs transfected with si-NC or si-SOX18. Scale bars: 100 um. 1-way ANOVA
followed by Dunnett’s tests were used to assess the statistical significance. Error bars showed

the SD of three independent experiments. *P < 0.05, **P < 0.01.
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2 Figure 9. Blocking SUMOylation suppresses EV-mediated ELNATI-induced LN
3 metastasis. (A-C) Representative images and quantification of tube formation and Transwell
4  migration for HLECs treated with EVs secreted by control or ELNATI-overexpressing
5 UM-UC-3 cells transfected with si-NC or si-UBC9#1. Scale bars: 100 um. 1-way ANOVA
6 followed by Dunnett’s tests were used to assess the statistical significance. (D and E)
7 Representative bioluminescence images and quantification for the popliteal metastatic LN
8  from nude mice treated with EVs secreted by control or ELNATI-overexpressing UM-UC-3
9  cells transfected with si-NC or si-UBC9#1 (n = 12). The red arrows indicate footpad tumors
10  and metastatic LN. 1-way ANOVA followed by Dunnett’s tests were used to assess the
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statistical significance. (F) Quantification of the popliteal LN volume (n = 12). I-way
ANOVA followed by Dunnett’s tests were used to assess the statistical significance. (G and
H) Representative IHC images and quantification of lymphatic vessels in the footpad tumors
(n = 12). Scale bars: 50 um. 1-way ANOVA followed by Dunnett’s tests were used to assess
the statistical significance. (I) Kaplan-Meier curves showed the survival of nude mice treated
with EVs secreted by control or ELNATI-overexpressing UM-UC-3 cells transfected with
si-NC or si-UBC9#1. Error bars showed the SD of three independent experiments. *P < 0.05,

**P<0.01.
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Figure 10. EV-mediated ELNATI is associated with LN metastasis of BCa. (A)
Correlation analysis of ELNATI expression in tumor tissues and urinary-EVs from a 242-case
cohort of BCa patients. (B) qRT-PCR analysis of ELNATI expression in urinary-EVs
obtained from a 242-case cohort of BCa patients with or without lymphatic metastasis. The
Nonparametric Mann-Whitney U test was used to assess the statistical significance. (C and D)
Kaplan-Meier survival analysis of BCa patients according to EV-mediated ELNATI
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expression (cutoff value is the median). (E and F) ROC curves for the diagnostic efficiency
of urinary EV-mediated ELNAT! in diagnosing BCa and LN metastasis. (G and H) qRT-PCR
analysis of ELNATI expression in serum-EVs obtained from 242 BCa patients and 165
healthy participants (G), LN-positive and LN-negative BCa patients (H). The Nonparametric
Mann-Whitney U test was used to assess the statistical significance. (I) Proposed model of
BCa-secreted EV-mediated ELNAT! induced the hnRNPA1/UBC9/SOX18 axis to promote
lymphangiogenesis and LN metastasis of BCa. Error bars showed the SD of three

independent experiments. *P < 0.05, **P < 0.01.
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