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Abstract
Extracellular vesicles (EVs) can carry a wide array of RNAs in the tumor microenvironment, and are crucial for
communication between tumor and surrounding stromal cells, including endothelial cells. Piwi-interacting RNAs (piRNAs)
are important regulators implicated in the pathogenesis of multiple myeloma (MM). However, little is understood about the
role of piRNA-823 in intercellular communication between MM and endothelial cells. In this study, we found that piRNA-
823 mainly accumulated in EVs from peripheral blood of MM patients and EVs derived from MM cells (MM-derived-EVs).
Increased piRNA-823 expression was associated with late stages and poor prognosis of MM. The MM-derived-EVs
effectively transferred piRNA-823 to EA.hy926 endothelial cells. The piRNA-823 mimic and inhibitor were designed to
upregulate or to suppress the endogenous function of piRNA-823. Transfection with piRNA-823 mimic or treatment with
MM-derived-EVs significantly promoted the proliferation, tube formation, and invasion of EA.hy926 cells by enhancing the
expression of VEGF, IL-6, and ICAM-1 and attenuating apoptosis. EA.hy926 cells transfected with piRNA-823 mimic or
pre-treated with MM-derived-EVs promoted the growth of xenograft MM in mice. In contrast, the transfection with piRNA-
823 inhibitor or treatment with EVs from piRNA-823 inhibitor-transfected-MM cells had diametrically opposite effects. Our
findings demonstrated that piRNA-823 carried by MM-derived-EVs is essential for the re-education of ECs toward a unique
environment amenable to the growth of MM cells by altering its biological characteristics. Our findings may pave the way
for the development of new piRNA-mediated prognostic stratification and therapeutic strategies for MM.

Introduction

Multiple Myeloma (MM) is characterized by an abnormal
clonal expansion of plasma cells in the bone marrow (BM),
which leads to accumulation of monoclonal proteins in the

blood, urine, and end-organ damage [1, 2]. MM cells can
circulate and spread into end-organs, resulting in poor
prognosis. Cells, including mesenchymal stem cells, endo-
thelial cells, and fibroblasts in the tumor microenvironment,
play an important role in the spread of tumor cells.
Understanding the molecular mechanisms underlying the
interaction between MM cells with tumor microenviron-
mental cells is crucial for the development of new ther-
apeutic strategies for MM.

In the development of MM, endothelial cells (ECs) in
tumor microenvironments are essential for the growth,
survival, and spread of MM cells [3, 4]. Tumor-associated
endothelial cells are biologically unique. They proliferate
fast and are highly sensitive to growth factors, resistant to
apoptotic stimuli and strongly pro-angiogenic, and thereby
are instrumental in the tumor growth [5, 6]. Previous studies
had shown that ECs of malignant origin, such as B-cell
lymphomas, glioblastoma, and neuroblastoma, are cyto-
genetically abnormal, with chromosomal nonreciprocal
translocations, chromosomal deletion, and marker
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chromosome [6–11]. A study reported that neoplastic cir-
culating ECs had 13q14 deletion in the MM patients [12].
Furthermore, recent studies indicated that myeloma ECs
might not be congenitally abnormal and instead, passively
re-educated by MM cells. However, so far, how the MM
cells educate normal ECs into tumorigenesis is poorly
understood.

Extracellular vesicles (EVs), the lipid bilayer spheres
ranging from 40 to 1000 nm in diameter, are released from
most cells lines and contain various functional proteins,
mRNAs, and miRNAs [13, 14]. EVs can be internalized
into target cells and thus regulate their biological func-
tions by activating key signaling pathways [15]. EVs are
crucial for the cross-talk between cancer and surrounding
cells in the tumor microenvironment and play a pivotal
role in the development and progression of cancer [16,
17]. EVs released by chronic lymphocytic leukemic cells
reprogram mesenchymal stem cells to adopt a cancer-
associated fibroblast phenotype with enhanced prolifera-
tion, migration, and secretion of cytokines, which can
further favor the tumor cell growth [18]. EVs were
detected in the supernatants of cultured MM cells [19].
Under chronic hypoxia, exosomes secreted by MM cells
enhance angiogenesis by targeting factor-inhibiting
hypoxia-inducible factor-1 via miR-135b [17]. However,
how EVs derived from MM cells (MM-derived-EVs)
functionally modulate ECs in the tumor environment has
not been clarified clearly.

Piwi-interacting RNAs (piRNAs) are a class of small
non-coding RNAs containing 26–31 nucleotides in length
[20–22]. Previous studies have demonstrated that piRNAs
could interact with PIWI protein to epigenetically and post-
transcriptionally silence transposable elements in germline
stem cells [23–26]. Furthermore, piRNAs are associated
with the development and progression of several types of
cancers [27–29]. Our previous study has found that piRNA-
823 was implicated in the pathogenesis of MM, and
piRNA-823 silencing in MM cells reduced the vascular
endothelial growth factor (VEGF) production and its pro-
angiogenic activity [30]. However, whether piRNA-823 can
be delivered by MM cells to ECs and how the EVs-
educated ECs impact the growth of MM tumors remains
elusive.

This study aimed to examine the expression of piRNA-
823 in the peripheral blood EVs of MM patients and
determine its potential value in prognostic stratification.
We further studied the role of piRNA-823 in possible
intercellular communications between MM cells and
ECs through MM-derived-EVs. Our data demonstrated
that MM-derived-EVs could enhance the survival and
pro-angiogenic activity of ECs by delivering piRNA-823,
thereby creating a favorable microenvironment for MM.

Results

High levels of piRNA-823 in peripheral blood EVs
from MM patients

Our previous study showed that piRNA-823 in biopsied
bone marrow specimens of newly diagnosed MM patients
was significantly higher than the healthy controls [30]. We
successfully isolated the EVs from peripheral blood or the
supernatant of cultured MM cells (Supplementary Fig.1).
To sought the implications of piRNA-823 in the diagnosis
and prognosis, we determined the relative levels of piRNA-
823 in EVs of 36 MM patients and healthy controls using
qRT-PCR. A total of 28 out of 36 EV samples contained
piRNA-823, and the relative levels of piRNA-823 in the
EVs were significantly higher than in plasma (Supplemen-
tary Fig.2), suggesting that the blood piRNA-823 levels are
predominantly associated with EVs. However, the piRNA-
823 level in EVs was not associated with gender, age, and
isotype, but it was positively associated with the disease
stages (r= 0.98, P < 0.01, Fig. 1a). piRNA-823 was found
to be significantly increased in peripheral EVs of the
patients with stage II and III MM. Further analysis indicated
that increased piRNA-823 in peripheral EVs was positively
correlated with higher levels of β2-MG (r= 0.800, P <
0.01), serum Cr (r= 0.468, P < 0.01), and lower levels of
Hb (r=−0.393, P < 0.05), but negatively correlated with
blood calcium (r=−0.019, P > 0.05) and LDH (r= 0.138,
P > 0.05). These findings showed that high levels of
piRNA-823 in peripheral EVs were associated with
advanced stage of MM and had the potential to serve as a
biomarker for stages and prognosis of MM.

Also, we cultured CD138+ cells from the bone marrow
of MM patients and found that the levels of piRNA-823 in
the EVs purified from the supernatant of the same amount
of cultured CD138+ cells were significantly higher than that
in their parental cells (Fig. 1b). Similarly, in Fig. 1c, EVs
were purified from the culture supernatant of the same
amount of parental MM cell lines. Higher levels of piRNA-
823 were detected in EVs from three types of cultured MM
cells compared to their parental MM cells. These results
indicate that MM cells produced EVs encapsulating a large
amount of piRNA-823.

MM-derived-EVs effectively transport piRNA-823 to
ECs

To test the function of EVs, they were purified from RPMI
8226 cells that had been labeled with CFSE and transfected
with Cy3-labeled piRNA-823. The transfection efficiency of
Cy3-labeled piRNA-823 in RPMI 8226 is shown in Supple-
mentary Fig.3. Subsequently, ECs were treated with the EVs
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for 48 h. The laser confocal imaging indicated that both CFSE
and Cy3 fluorescent signals colocalized in recipient ECs (Fig.
1d). After ECs and MM cell lines were co-cultured in the
transwell co-culture system for 24 h as described in Materials
and methods, the levels of piRNA-823 in ECs were measured
by qPCR. The results showed that the relative levels of
piRNA-823 in the ECs co-cultured with RPMI 8226, U266,
or ARH-77 cells were significantly higher than in the
unmanipulated ECs, and piRNA-823 was higher in ECs
treated with EVs compared to ECs co-cultured with MM cells
(Fig. 1e, P < 0.01). These data clearly demonstrate that MM-
derived-EVs effectively delivered piRNA-823 into ECs under
our experimental conditions.

MM-derived-EVs enhance the proliferation and
inhibit the apoptosis of ECs

The treatment based grouping of EA.hy926 cells are
described within the Materials and methods section. The
transfection efficiency of piRNA-823 mimic in EA.hy926
cells was shown in Supplementary Fig.4. To understand the
role of piRNA-823 in the proliferation and survival of ECs,
we determined the proliferation and apoptosis-related
molecule expression, as well as ROS and NO production
of EA.hy926 cells in different groups. The relative ratio of
the protein expressions were analyzed by Image J software
(Supplementary Fig.5).

Fig. 1 piRNA-823 was
accumulated in MM-derived-
EVs, and MM-derived-EVs
effectively transferred piRNA-
823 to EA.hy926 cells.
a piRNA-823 levels in EVs
from peripheral blood of MM
patients at different stages. ISS I
(n= 6), ISS II (n= 11), ISS III
(n= 19). b piRNA-823 levels in
bone marrow CD138+ cells of
MM patients and EVs derived
from the same amount of
cultured CD138+ cells. c
piRNA-823 levels in MM cell
lines (RPMI 8226, U266, ARH-
77 cells), and EVs derived from
the same amount of parental
MM cell lines. d Representative
confocal microscopy images of
the fusion of ECs with MM-
derived-EVs. EA.hy926 cells
were cultured with CFSE
labeled EVs (green) derived
from RPMI 8226 cells which
were pre-transfected with Cy3-
piRNA-823 (red). Nuclear
counter-staining was performed
using DAPI (blue). e piRNA-
823 levels in EA.hy926 cells
treated with MM cell lines
RPMI 8226, U266, ARH-77
cells or their EVs. Values are
expressed as means ± SEM of
three independent experiments.
**P < 0.01, ***P < 0.001 (color
figure online)
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In comparison with ECsmimic-ctrl group, transfection with
piRNA-823 mimic in ECsmimic group significantly enhanced
the proliferation of ECs, with inhibition of Caspase-3 acti-
vation, downregulation of Bax expression, and upregulation
of Bcl2 expression (Fig. 2a, b). The transfection with
piRNA-823 mimic significantly increased NO production,
but decreased the ROS production in ECs (Fig. 2c, d). In
ECs+ EVs group, the MM-derived-EVs significantly pro-
moted the growth of ECs, with a decrease in Caspase-3
activation and Bax expression, but had an increased Bcl-2
expression. However, the pro-proliferative and anti-
apoptotic effect of MM-derived-EVs on ECs could be
inhibited by the piRNA-823 inhibitor. In comparison with
EVsinhibitor-ctrl-treated ECs in ECs+ EVsinhibitor-ctrl group, the
proliferation of EVsinhibitor-treated ECs in ECs+ EVsinhibitor

group was significantly decreased, accompanied by
increased apoptosis-related protein and ROS production and
decreased NO production in EVsinhibitor-treated ECs. Toge-
ther, these findings show that piRNA-823 delivered by
MM-derived-EVs, could promote the proliferation of ECs
by regulating apoptosis and production of ROS and NO
in vitro.

piRNA-823 transferred by MM-derived-EVs
promotes angiogenesis and invasion of ECs

To further investigate the role of piRNA-823 in angiogen-
esis, we compared the tube formation of different groups of
ECs (Fig. 3a). The transfection with piRNA-823 mimic in
ECsmimic group significantly enhanced the tube formation in
ECs. Similarly, treatment with EVs increased the tube for-
mation of ECs in ECs+ EVs group, while the treatment
with EVsinhibitor dramatically decreased the tube formation
in ECs+ EVsinhibitor group compared to the EVsinhibitor-ctrl

treatment in ECs+ EVsinhibitor-ctrl group.
Since the vascular endothelial growth factor (VEGF) and

interleukin 6 (IL-6) can promote angiogenesis of ECs, we
assessed the levels of VEGF and IL-6 in the supernatants of
different groups of cultured ECs. As shown in Fig. 3b, c, the
levels of VEGF and IL-6 were significantly higher in the
supernatants of cultured ECsmimic than in the ECs and
ECsmimic-ctrl (P < 0.05; P < 0.0001, respectively). The treat-
ment with MM-derived-EVs in ECs+ EVs group sig-
nificantly increased the secretion of VEGF and IL-6 by ECs
compared to the unmanipulated ECsctrl group. Whereas, the

Fig. 2 piRNA-823 transferred
by MM-derived-EVs modulates
the proliferation, apoptosis and
oxidative stress of ECs. The
treatment based grouping of EA.
hy926 cells are described within
the Materials and Methods
section. The ECs were treated
with or without different EVs for
48 or 72 h. a The cell
proliferation of different groups
of ECs was determined by CCK-
8 assays. b The relative levels of
Caspase-3, Cleaved Caspase-3,
Bax and BcL-2 to the control β-
actin in different groups of ECs
were determined by western
blotting. c, d The levels of
intracellular ROS and NO in
different groups of ECs were
determined by flow cytometry
using specific dyes. Data are
from representative images or
expressed as the mean ± SEM of
each group from three separate
experiments. *P < 0.05, **P <
0.01, ***P < 0.001
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Fig. 3 piRNA-823 transferred
by MM-derived-EVs promotes
angiogenesis and invasion of
ECs. The treatment based
grouping of EA.hy926 cells are
described within the Materials
and Methods section. The ECs
were treated with or without
different EVs for 24 or 48 h. a i
EA.hy926 cells were seeded on
top of extracellular Matrigel in
the presence of conditioned
media collected from different
groups of ECs. Tube formation
was assessed by an inverted light
microscope. Photographs are
representative of three
independent experiments. ii
Quantitative tube formation
assay. The y-axis represents the
number of cell junctions. b, c
The VEGF and IL-6 levels in the
supernatants of different ECs
groups were quantified by
ELISA. d i Cell invasion ability
of different ECs groups was
evaluated using a 24-transwell
chamber with Matrigel. ECs
were added to the upper
chamber that had been coated
with Matrigel and the lower
chamber was added with 10%
FBS M199 medium. Invasive
cells on the bottom surface of
the upper chambers were stained
by crystal violet and assessed
under an inverted light
microscope. ii Quantitative
transwell migration assay. The
y-axis represents the number of
migrating cells. e, f The
percentages of ICAM-1+ and
CXCR4+ cells in different
groups of ECs were analyzed by
flow cytometry. Data were from
representative images or
expressed as the mean ± SEM of
each group from three
independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001
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treatment with EVsinhibitor in ECs+ EVsinhibitor group sig-
nificantly decreased the secretion of VEGF and IL-6 by ECs
compared to ECs+ EVsinhibitor-ctrl group (P < 0.01 or P <
0.001). These results showed that piRNA-823 delivered by
MM-derived-EVs, promoted the angiogenesis by enhancing
VEGF and IL-6 secretion of ECs.

Since aggressive proliferation and enhanced angiogen-
esis were associated with invasion of tumors, we finally
examined the effect of piRNA-823 on the invasion of ECs
by transwell invasion assays. The invasion ability of ECs in
ECsmimic group or EVs-treated ECs in ECs+ EVs group
was significantly stronger than in ECsmimic-ctrl or unmani-
pulated ECs. As compared with EVsinhibitor-ctrl-treated ECs,
EVsinhibitor-treated ECs was found to reduce the invasion
ability dramatically. (P < 0.001, Fig. 3d). Flow cytometry
further revealed that the proportion of ICAM-1+ ECs and
CXCR4+ ECs in ECsmimic group or ECs+ EVs group were
significantly increased compared to ECsmimic-ctrl or unma-
nipulated ECs. Whereas, the treatment with EVsinhibitor in
ECs+ EVsinhibitor group dramatically decreased the per-
centages of ICAM-1+ ECs and CXCR4+ ECs compared to
ECs+ EVsinhibitor-ctrl group (Fig. 4e, f). These findings
showed that piRNA-823, delivered by MM-derived-EVs,
promoted the invasion of ECs by inducing ICAM-1 and
CXCR4 expression.

piRNA-823 transferred by MM-derived-EVs
promotes the growth of xenograft tumors in vivo

ECs were transfected with piRNA-823 mimic or scramble
control or pre-treated with EVs, EVsinhibitor-ctrl, or EVsinhibitor

for 48 h. Subsequently, NOD/SCID mice were injected
subcutaneously with a mixture of different ECs and RPMI
8226 cells at a ratio of 1:10. Post-implantation, the growth,
and development of tumors were monitored for 6 weeks. In
comparison with ECs, the ECsmimic or EVs-treated ECs
conspicuously increased the volume of xenograft tumors
(Fig. 4a, b). The tumor mass in mice xenografted with MM
cells and EVsinhibitor-treated ECs was significantly reduced
as compared with EVsinhibitor-ctrl-treated ECs. In accordance
with this finding, the immunohistochemical detection
showed that, in the excised tumors from mice xenografted
with MM cells and ECsmimic or EVs-treated ECs in ECsmimic

group or ECs+ EVs group, the tumor cell proliferation was
enhanced with an increased expression of Ki-67, CD31, and
CD34, along with a decrease in Cleaved Caspase-3 and
increased angiogenesis. However, the pro-tumorigenic and
pro-angiogenic activity of EVs-treated ECs was reduced by
piRNA-823 inhibition. Increased Cleaved Caspase-3
expression and decreased Ki-67, CD31, and CD34 expres-
sion were found in ECs+ EVsinhibitor group as compared
with in ECs+ EVsinhibitor-ctrl group (Fig. 4c). We are driven

to the conclusion that ECs with a higher level of piRNA-
823 might present a survival advantage to MM cells in vivo.

Discussion

In this study, for the first time, we found that the levels of
piRNA-823 in peripheral blood EVs were higher in MM
patients than in healthy controls. piRNA-823 was sig-
nificantly increased in the peripheral EVs of patients with
stage II and III MM or the patients with renal injury and
hyphemia, suggesting that piRNA-823 might serve as a
potential indicator for the prognosis and stratification of
MM. Moreover, our results showed piRNA-823 was con-
centrated in MM-derived-EVs. piRNA-823 could be
delivered to ECs via MM-derived-EVs to promote the
proliferation, angiogenesis, invasion of ECs which could in
turn promote the MM cell proliferation and eventually lead
to the development and progression of MM. In general, our
findings demonstrate that piRNA-823 carried by MM-
derived-EVs are essential for the re-education of ECs
toward a unique environment amenable to the growth of
MM cells by altering its biological features.

The circulating miRNAs have been recently recognized as
an appealing non-invasive biomarker in the diagnosis and
prognosis of many cancers including MM because they have
tumor-specific expression profiles and are highly stable in
blood. Nonetheless, some circulating miRNAs are subject to
hemolysis, even at low hemolytic levels. EVs were found to
protect miRNAs from the impact of the surrounding envir-
onment. EVs can concentrate miRNAs, which is instrumental
to diagnosis. Moreover, miRNAs in EVs are more actively
secreted by cancer cells as compared to the circulating miR-
NAs, which are passively released from apoptotic and
necrotic cells. Therefore, the miRNAs within circulating EVs
might be indicative of their tumor origin and represent the
actual level of tumor burden in cancer patients [31, 32].
Manier et al. analyzed exosomes isolated from serum samples
of 156 myeloma patients using a qRT-PCR array for 22
miRNA found only two miRNAs (let-7b and miR-18a) could
serve as independent predictors for progression-free survival
(PFS) and overall survival (OS) [33]. Herein, we for the first
time, demonstrated that elevated level of piRNA-823 encap-
sulated in peripheral blood EVs bore an obvious positive
correlation with advanced clinical stages and poor clinical
prognosis of MM. Our findings suggested that circulating
piRNA-823 in EVs might serve as a novel marker for diag-
nostic and prognostic stratification of MM.

It is known that myeloma endothelial cells are different
genetically and functionally compared to their normal coun-
terparts [12]. However, no evidence could indicate that these
genetic abnormalities are due to gene mutation or active
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Fig. 4 piRNA-823 transferred by MM-derived-EVs promotes the
growth of xenograft MM tumors in mice by enhancing angiogenesis
and inhibiting apoptosis. Individual NOD/SCID mice were implanted
subcutaneously with 5 × 106 PRMI 8226 cells mixed with 5 × 105 EA.
hy926 cells from different groups, and the development and growth of
tumors were monitored up to 6 weeks post-implantation. a, b Tumor

size was measured, and the tumor growth curves were plotted. c
Representative immunohistochemical staining of CD31, CD34, Ki-67,
Cleaved Caspase-3 in tumor xenografts are shown. Data were
expressed as the mean ± SEM of each group from three microscopic
fields. *P < 0.05, **P < 0.01, ***P < 0.001
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regulation by tumor cells. ECs can take up EVs shed from
many types of cells including monocytes, activated platelets,
and tumor cells [34–37]. Glioblastoma-derived-EVs and pan-
creatic cancer-derived-exosomes reportedly express angio-
genic proteins, mRNAs and miRNAs that activate
angiogenesis-related gene expression in ECs [38, 39].
Besides, the mounting evidence demonstrated that tumor-
derived-EVs enhanced the proliferation and angiogenesis of
ECs in chronic myelogenous leukaemia [40, 41]. Our study
found that MM-derived-EVs promoted the proliferation,
migration, and capillary structure formation of ECs and
enhanced their secretion of VEGF, IL-6, ICAM-1, and
CXCR4, which indicated the malignant transformation of
endothelial cells. Additionally, ECs pulsed with MM-derived-
EVs were strongly protumoral, promoting myeloma cell
growth and survival both in vitro and in vivo. These findings
strongly indicate that MM cells secreted EVs to actively create
a new tumor microenvironment, which in turn promotes the
tumor proliferation, survival, angiogenesis, and metastasis.

EVs have been proved to contain a wide array of
miRNA, but it is still unknown which one is preferentially
secreted by MM cells to target bone marrow stromal cells.
The miR-92a and miR-210 were found to be enclosed in
leukemia-derived-exosomes, to enhance endothelial cell
migration and tube formation after being transferred into
ECs [36, 37]. Exosomal miR-135b shed from hypoxic MM
cells enhanced angiogenesis by suppressing its target factor-
inhibiting hypoxia-inducible factor-1 (FIH-1) in ECs [17].
piRNA is a kind of small RNAs, which is not expressed in
the normal somatic cells but expressed only in germ cells
and tumor cells, so it possesses an excellent tumor specifi-
city. Our previous study showed that mesenchymal stem
cells from older mice express higher levels of PIWI protein
PiwiL2 than young mice [42]. Moreover, mice would pro-
gress to myelodysplastic syndromes or leukemia when
DICER area containing PIWI domain was selectively
silenced in mesenchymal osteoprogenitors [43]. These stu-
dies demonstrated that piRNA might be capable of inducing
malignant transformation of bone marrow stromal cells. In
this study, for the first time, we reported that upregulation of
piRNA-823 in ECs could significantly promote the pro-
liferation, angiogenesis, and invasion of ECs, which
strongly suggests that piRNA-823 plays a pivotal role in the
malignant transformation of endothelial cells. Furthermore,
we found piRNA-823 was highly expressed in MM-
derived-EVs, and the downregulation of piRNA-823 in EVs
could significantly decrease malignant transformation of
EVs-treated-ECs. Our data strongly suggest that piRNA-
823 is a crucial element encapsulated in MM-derived-EVs
and can help to establish a favorable endothelial micro-
environment that ultimately promotes MM progression.

So far, no studies have positively shown whether miRNA
could be stable in EV structure. piRNAs are a novel class of

non-coding single strand RNAs that specifically interact
with the PIWI proteins essential to the biogenesis, function,
and stabilization of piRNA [23]. Recent researches found
PIWI-family protein was one of the few proteins, which can
protect miRNAs from degradation. MicroRNAs in cell
secreting EVs were bound with Ago2 complexes, which
protect miRNAs from degradation by RNases [44]. It has
been well established that Piwi-family proteins can increase
the stability of miRNAs [45, 46]. Compared with micro-
RNA, piRNAs are more stable and abundant in peripheral
EVs due to the protection of PIWI proteins. In this study,
we demonstrated that piRNA-823 had long-term stability in
EVs derived from peripheral blood and cultured MM cell
supernatant. Furthermore, 6-week observation on xenograft
murine models showed that the effect of piRNA-823 on
subcutaneous xenotransplanted MM models was certainly
effective and lasting. Our study highlights a new dimension
in the piRNA-mediated therapeutics for MM.

In summary, our study revealed how MM cells re-
educated ECs in the tumor environment via MM-derived-
EVs. More importantly, we found that piRNA-823 is the
key regulator that is highly expressed in MM-derived-EVs
in a stable manner and could promote the malignant trans-
formation of ECs. Our research provides the rationale for
the development of new piRNA-mediated prognostic stra-
tification and therapeutic strategy for MM. However, the
signaling pathways by which piRNA-823 in MM-derived-
EVs modulates the genetic and epigenetic changes of ECs
are warranted.

Materials and methods

Patients and clinical samples

The study protocol was approved by the Institutional
Review Board of Wuhan Union Hospital, Huazhong Uni-
versity of Science and Technology, and all study partici-
pants provided written informed consent. A total of 36 MM
patients diagnosed in our hospital were enrolled from
November 2014 to April 2016. All of the patients had not
received any specific anti-MM therapy before enrollment.

Peripheral venous blood samples were obtained from all
patients, and their serum samples were prepared. The levels
of serum calcium, β2-MG, and LDH, along with blood
hemoglobin and renal functions, were measured. Further-
more, bone marrow samples (3–5 ml/each) were aspirated
from nine patients.

Cell lines and cell culture

Human MM ARH-77 cells and human umbilical vein endo-
thelial EA.hy926 cells were purchased from the American

5234 B. Li et al.



Type Culture Collection (ATCC, Manassas, VA, USA).
Human MM RPMI 8226 and U266 cells were obtained from
the Shanghai Institute of Cell Biology, Chinese Academy of
Science (Shanghai, China). All cells were cultured in Dul-
becco’s Modified Eagle’s Medium supplemented with 10%
FBS at 37 °C in a humidified incubator of 5% CO2.

Isolation of bone marrow plasma cells

Mononuclear cells were isolated from individual bone
marrow samples by Ficoll-Hypaque gradient centrifugation.
Plasma cells were purified using anti-CD138 microbeads on
an AutoMACS system (Miltenyi Biotec, Auburn, CA,
USA) following the manufacturer’s mannuals.

EVs isolation, purification, and quantification

EVs were isolated by sequential ultracentrifugation. Briefly,
individual blood samples were centrifuged at 1000 × g for
30 min. The supernatants were further centrifuged at
13,000 × g for 60 min. After being washed with PBS, the
pelleted extracellular vesicles were collected after cen-
trifugation at 13,000 × g for another 60 min.

Similarly, different groups of MM cells were cultured for
24 h and their cell supernatants were harvested, and then
centrifuged at 700 × g for 5 min and 1200 × g for 30 min.
Subsequently, the supernatants were subjected to ultra-
centrifugation as aforementioned to purify EVs. The con-
centration of EVs were calculated by nanoparticle tracking
analysis (NTA) using a Nanosight NS3000 system (Mal-
vern Instruments, United Kingdom) equipped with a 488-
nm blue laser. The movement of EVs under Brownian
motion was recorded in 10 s sample videos, which were
analyzed with NTA analytical software (version 3.2,
Nanosight). The pelleted EVs were used for further
experiments.

piRNA-823 silencing or upregulation by piRNA-823
inhibitor or mimic treatment

The specific 2’-methoxy-modified RNA oligonucleotides
were synthesized and purified by GenePharma (Shanghai,
China). has-piRNA-823 mimic was adopted to upregulate
endogenous piRNA-823 expression level in the cells, and
its sequences were, 5′-AGCGUUGGUGGUAUAGUG
GUGAGCAUAGCUGC-3′ (sense); 5′-AGCUAUGCUC
ACCACUAUACCACCAACGCUUU-3′ (antisense). has-
piRNA-823 mimic non-specific scrambled sequences
(mimic-ctrl) were 5′-UUUGUACUACACAAAAGUACU
G-3′ (sense); 5′-AAACAUGAUGUGUUUUCAUGAC-3′
(antisense). 1 × 105 EA.hy926 cells were transfected with

100 nM piRNA-823 mimic or 100 nM scrambled control
RNA using RiboFECT™ CP Reagent (Ribobio, Guangz-
hou, China), by following the manufacturer’s protocol. has-
piRNA-823 inhibitor was designed to suppress endogenous
piRNA-823 function and its sequence was 5′-GCAGC
UAUGCUCACCACUAUACCACCAACGCU-3′ (sense)
and its non-specific scrambled sequence (inhibitor-ctrl) was
5′-AAACAUGAUGUGUUUUCAUGAC-3′ (sense). 2 ×
105 RPMI 8226 cells were transfected with 150 nM piRNA-
823 inhibitor or 150 nM inhibitor-ctrl as aforementioned.
Forty-eight hour later, the transfection efficiency was
determined by qPCR.

Analysis of EVs-cells interactions

In order to visualize the transport of piRNA-823 from MM-
derived-EVs to ECs, 2 × 105 RPMI 8226 cells were trans-
fected with 100 nM Cy3-labeled piRNA-823 mimic (Gen-
ePharma, Shanghai, China). The day after transfection, cells
were washed three times with PBS and the medium was
changed to fresh DMEM medium. After incubation for 24
h, the culture medium was collected. Then, EVs were iso-
lated and incubated with with CFSE (Sigma-Aldrich, St.
Louis, MO, USA) and washed three times by PBS. The
transfection efficiency was observed by fluorescence
microscope. Then their supernatants were harvested for
purification of EVs. Approximately 1 × 108 EVs were
incubated with 1 × 105 EA.hy926 cells for 48 h at 37 °C.
After washing, the cells were mounted onto slides with
mounting medium containing 4’, 6-diaminido-2-
phenylindole (DAPI; Vector Laboratories, Burlingame,
CA, USA). The cells were photoimaged under a confocal
laser microscope.

Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from individual EVs or cell
samples by employing the TRIzol reagent (Life Technolo-
gies, NY, USA). RNA was reversely transcribed into cDNA
using the miScript Reverse Transcription Kit (Qiagen,
Hiden, Germany) in accordance with the manufacturer’s
protocol. The relative levels of piRNA-823 to endogenous
control RNU6 RNA transcripts were determined by quan-
titative RT-CR using the miScript SYBR Green PCR Kit
(Qiagen, Hiden, Germany) on the Step One Plus Real-Time
PCR system (Applied Biosystems, Foster City, CA, USA).
The sequences of primers were 5′-AGCGTTGGTGGTA-
TAGTGGT-3′ for piRNA-823, 5′-CTCGCTTCGGCAG-
CACA-3′ for RNU6F, and 5’-AACGCTTCACGA
ATTTGCGT-3’ for RNU6R. The RT-PCR was performed
in triplicate, and the results were analyzed by 2-ΔΔCt.
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ECs and MM cell lines co-culture experiments

For transwell co-culture system, ECs were seeded into a 6-
well plate, and MM cells were seeded into upper transwell
chamber (0.4-μm pore size, Corning Costar, Corning, NY,
USA) on another 6-well plate. After 24 h, the media of ECs
and MM cells were replaced and MM transwell inserts were
moved onto the 6-well plate where ECs were seeded.
Twenty-four hour later, the levels of piRNA-823 in ECs
were measured by qPCR.

Grouping

We divided ECs into six groups including ECs, ECsmimic,
ECsmimic-ctrl, ECs+EVs, ECs+EVsinhibitor, and ECs+
EVsinhibitor-ctrl group. Untreated EA.hy926 cells were labeled as
ECs group. In ECsmimic group, 100 nM piRNA-823 mimic
was transfected into 1 × 105 EA.hy926 cells for 48 h to upre-
gulate piRNA-823 level to directly determine the function of
piRNA-823 in ECs. Accordingly, 100 nM piRNA-823
scramble control was transfected into 1 × 105 EA.hy926 cells
as negative control and designated as ECsmimic-ctrl group. To
determine the effect of MM-derived-EVs on ECs, 1 × 108 EVs
were purified from culture supernatant of untreated MM cells
and then incubated with 1 × 105 ECs for 48 h and designated
as ECs+EVs group. To further clarify the function of
piRNA-823 transferred from MM-derived-EVs into ECs, 150
nM piRNA-823 inhibitor was transfected into 2 × 105 RPMI
8226 cells for 48 h to downregulate the level of piRNA-823 in
MM-derived-EVs. Accordingly, these EVs were purified and
designated as EVsinhibitor. As a control, piRNA-823 scramble
control was transfected into MM cells and EVs were desig-
nated as EVsinhibitor-ctrl. Then different EVs were incubated
with ECs and designated as ECs+EVsinhibitor group or ECs+
EVsinhibitor-ctrl group separately. The differently treated EA.
hy926 cells were used for further experiments.

Cell proliferation assay

The proliferation of EA.hy926 cells was determined by
CCK-8 assay using the CCK-8 assay kit (DOJINDO,
Kumamoto, Japan) by following the manufacturer’s
instructions.

Transwell invasion assay

The invasion of EA.hy926 cells was determined by transwell
invasion assay using 24-well transwell chambers (8-μm pore
size, Corning Costar, Corning, NY, USA). 1 × 105 EA.
hy926 cells from different groups were added to the upper
chamber that had been coated with Matrigel (BD Bios-
ciences, San Jose, CA, USA) and the lower chamber was
added with 10% FBS M199 medium. After cultured for 12–

24 h, the cells on the top surface of the upper chamber were
removed. The invaded cells on the bottom surface of the
upper chambers were fixed in 4% paraformaldehyde and
stained with crystal violet, and then photoimaged in an
inverted phase-contrast microscope. The numbers of cells
that penetrated through the membranes on the bottom sur-
face of the upper chambers were calculated at three ran-
domly selected microscopic fields and expressed as fold
change relative to the corresponding blank control. Three
biological replicates were analyzed using the Student’s t-
test.

Tube formation assay

The tube formation ability of EA.hy926 cells was deter-
mined by tube formation assay. Briefly, EA.hy926 cells
(2 × 105/well) from different groups were cultured in 24-
well plates that had been coated with Matrigel (250 µl/well).
The tube formation was examined under a light microscope
and the degree of tubulogenesis was quantified by counting
branch points. Three biological replicates were analyzed
using the Student’s t-test.

ELISA

The VEGF and IL-6 levels in the supernatants of cultured
EA.hy926 cells from different groups were determined by
ELISA using the human VEGF and IL-6 ELISA Kits
(Neobioscience Technology Co, Beijing, China), respec-
tively, following to the manufacturer’s protocol.

Western blot analysis

EA.hy926 cells of different groups were homogenized and
lysed. The total proteins (30 µg/lane) were separated by
SDS-PAGE and transferred onto PVDF membranes. The
membranes were probed with various antibodies, against
BCL2, β-Actin, Caspase-3, Cleaved Caspase-3 (Santa Cruz,
CA, USA), BAX, GAPDH (Abcam, Cambridge, UK)
overnight at 4 °C. After being washed, the blots were
incubated with the appropriate horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technol-
ogy, MA, USA) for 60 min at room temperature. The
protein-antibody complexes were visualized using the
enhanced chemiluminescent reagent. The relative levels of
the target to control protein expression were determined by
densitometric scanning using Image J software (Glyko,
Novato,CA).

Flow cytometry

Flow cytometry was applied to assess the intracellular ROS
and NO levels by using the ROS Assay Kit and fluorescent
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probe DAF-FM DA (Beyotime Biotechnology, Shanghai,
China), respectively. The single-cell suspension was labeled
under specific conditions, and washed twice with PBS. The
fluorescent signals were analyzed by flow cytometry using
the Flowjo software package.

The EA.hy926 cells of the different groups were stained
with a PE-anti-ICAM-1 antibody or PE-anti-CXCR4 anti-
body (BD Biosciences, San Jose, CA, USA). After being
washed, the cells were analyzed by flow cytometry. The
percentages of positive cells and their mean fluorescence
intensities were measured by using the Flowjo software.

Xenograft murine model

All animal experiments were performed following the
recommendations outlined in the policy for Humane Care
and Use of Laboratory Animals. The experiment procedures
were approved by the Animal Research and Care Com-
mittee of Huazhong University of Science and Technology,
Wuhan, China.

Female NOD/SCID mice (4–6 weeks of age) were
obtained from Beijing HFK Bioscience (Beijing, China). A
total of 18 mice were randomly allocated to six groups and
were subcutaneously injected with different groups of EA.
hy926 cells (5 × 105) mixed with different groups of RPMI
8226 cells (5 × 106) in 100 µl of serum-free media into their
right forelimb. The growth and development of tumors were
monitored and measured daily using a vernier caliper up for
6 weeks post-injection. A formula of length × width2 × 0.5
was used to calculate the tumor volumes. At the end of the
experiment, the mice were sacrificed, and their tumors were
dissected out.

Immunohistochemistry

The levels of CD31, CD34, Ki-67, and Cleaved Caspase-3 in
the tumor tissues were immunohistochemically determined by
using specific antibodies, including anti-CD31 (Abcam,
Cambridge, UK), anti-CD34 (Boster, Wuhan, China), anti-Ki-
67, and anti-Cleaved Caspase-3 (Santa Cruz Biotech, CA,
USA) by immunohistochemical techniques. The presence of
brown staining was considered a positive sign for activated
Caspase-3 and Ki-67. Percentages of the positive cells were
quantitatively determined by counting 100 cells from three
random microscopic fields. A single microvessel was defined
as a discrete cluster of cells positive for CD31 or
CD34 staining, with no requirement for the presence of a
lumen. We quantified the microvessel density (MVD) by
selecting three most vascularised areas of the tumour IHC
slide and mean values were obtained by counting vessels. The
data were analyzed using the Student’s t-test.

Statistical analysis

Data were expressed as the mean ± SEM. The difference
between groups was analyzed by two-tailed student’s t-test
when applicable using Prism GraphPad Software (Graph-
Pad Software, CA, USA). The potential relationship
between measurements was analyzed by Spearman’s rank
correlation coefficient test. A P-value <0.05 was considered
statistically significant.
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