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Abstract

Multiple myeloma (MM) is characterized by the clonal proliferation of malignant plasma cells and refractoriness to traditional therapies.
It has been shown that exosomes are involved in modulating the progression and the metastasis of cancers through microRNAs (miRs).
Ceramide is a type of sphingolipid; the ceramide pathway of exosomal secretion has been shown to affect the apoptosis of cancer cells.
But the role of this pathway in MM cell function, exosome function and miR regulation remains unknown. In this study, we showed that
C6 ceramide (an exogenous ceramide supplement, 1.25-40 pmol/L) dose-dependently inhibited the proliferation and promoted the
apoptosis in human MM OPM2 cell line, which were associated with elevated caspase 3/9 and PARP cleavage. We also found that C6
ceramide (5-20 ymol/L) dose-dependently stimulated exosome secretion and increased exosomal levels of tumor-suppressive miRs
(miR 202, miR 16, miR 29b and miR 15a). Of note, exosomes from C6 ceramide-treated OPM2 cells could influence the proliferation
and apoptosis of the recipient OPM2 cells, which correlated with increased tumor-suppressive exosomal miRs. In contrast, GW4869 (a
ceramide inhibitor, 5-20 pmol/L) exerted the opposite effects on the regulation of MM function, exosome secretion and miR levels in
MM exosomes. However, exosomes from GW4869-treated OPM2 cells had no effect on these miRs and the survival of targeted OPM2
cells. Taken together, our findings reveal that the ceramide pathway modulates MM survival, probably directly via the caspase pathway
and indirectly via exosomal miR mechanisms.
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Introduction

Multiple myeloma (MM) is characterized by uncontrolled
monoclonal plasma cell proliferation and is the second most
common hematological malignancy. It accounts for nearly
L2 MM

has a low 5-year survival rate of approximately 40% and is
3, 4]

20% of deaths related to hematological malignancy
frequently refractory to traditional therapies' As such, in-
depth investigation of the cell biology of MM is urgently needed
in order to develop novel chemotherapeutic targets for MM.
Mounting evidence has shown that cell-released exosomes
play an essential role in intercellular communication through
the transfer of bioactive molecules such as proteins, mRNAs
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and microRNAs (miRs)® . Extracellular exosomes are emerg-
ing as potential therapeutic strategies and diagnostic biomark-
ers for various diseases, including cardiovascular diseases,
neurological disorders and cancers®”\. Despite an incom-
plete understanding of the mechanisms of exosome secretion,
ceramide (a type of sphingolipid) has been well characterized
as regulating exosome secretion under both physiological and
pathological conditions"” "'\, Interestingly, ceramide has also
been shown to regulate growth, proliferation and apoptosis
in multiple cancers, such as leukemia, colon carcinoma and
ovarian cancer™™. Ceramide C6 (C6-cer), as an exogenous
ceramide supplement, can significantly induce apoptosis in
different cancer cell lines™"”). On the other hand, the ceramide
inhibitor GW4869 can remarkably decrease exosome genera-
tion and can promote human hepatocellular cancer cell pro-
liferation™ . These observations suggest that the ceramide

pathway plays a pivotal role in exosome secretion and the
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functions of cancer cells. However, the role of the ceramide
pathway in the cellular and exosomal functions of MM has not
been explored.

Tumor-suppressive miRs have been suggested to be
involved in regulating MM survival. It was previously
reported that the over-expression of miR 29b induces apop-
tosis and caspase 3 activation in MM cells® and that miR
15a/16 can promote MM apoptosis by suppressing the expres-
sion of the anti-apoptosis protein Bcl-2%, Moreover, miR 202
can inhibit proliferation and can induce apoptosis in MM cells
via regulating B-cell activating factors (BAFF)*?. Of note,
exosomes are the means to transfer miRNAs from donor cells
to recipient cells, representing a novel method of intercellular
communication™). Moreover, the ceramide pathway has been
shown to induce the apoptosis of metastatic prostate cancer
cells by triggering the secretion of tumor-suppressive miRs"*.,
However, whether the ceramide pathway regulates the cellu-
lar and exosomal miRs of MM remains unclear.

In this study, we examined the effects of the ceramide path-
way on the cellular and exosomal functions of MM. For our
mechanistic investigation, we analyzed the possible links
between the caspase-dependent pathway and tumor-suppres-
sive miRs (miR 202, miR 16, miR 29b and miR 15a).

Materials and methods

Cell culture

Multiple myeloma (OPM2 cell line) was generously gifted by
Dr Feng-huang ZHAN (University of Iowa). Cells were cul-
tured in RPMI-1640 medium (HyClone, USA) with 10% fetal
bovine serum (FBS) (HyClone, USA) and maintained at 37 °C
with 5% CO,and 95% humidity. GW4869 or Cé6-cer (Sigma,
USA) was routinely stored at -80 °C as a 5 mmol/L stock sus-
pension in DMSO. Immediately prior to use, the suspension
was solubilized by the addition of phosphate-buffered saline
(PBS) and diluted into a working solution. The suspension
was completely mixed and warmed to 37 °C until clear.

MTT assay of cell proliferation

OPM2 cells (4x10* cells/mL) were treated with different con-
centrations of C6-cer or GW4869 and seeded in 96 well plates.
After 24 h of incubation, cell viability was assessed by adding
1.0 mg/mL of Thiazolyl Blue Tetrazolium Bromide (Sigma
Aldrich, USA) to the medium. After 4 h of incubation, the
plate was centrifuged and the supernatant was removed. The
pellets were solubilized with 100 pL/well DMSO. The absor-
bance of the samples against a background control (medium
alone) was measured at 570 nm with a microliter plate reader
(BioTek Instruments, USA). All experiments were performed
in five replicates.

Apoptosis detection by Hoechst 33342 staining

A Hoechst 33342 staining kit (BD, USA) was used to detect
cell apoptosis. Cells were treated with C6-cer or GW4869 for
24 h. Then, cells were harvested, washed, and resuspended
in 1% binding buffer according to the protocol provided in the
kit. In the next step, cells were stained with Hoechst 33342 at
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1mg/mL for 15min. Then, cells were washed with PBS twice
and imaged under a fluorescence microscope.

Exosome isolation, detection and quantification

Collection

Exosomes were prepared from culture supernatants of OPM2
cells by differential centrifugations. Briefly, the cell medium
was first collected and centrifuged at 300xg for 15 min, fol-
lowed by centrifugation at 2000xg for 30 min to remove cells
and cell debris. The cell-free culture medium was centrifuged
at 20 000xg for 70 min and then ultracentrifuged at 170 000xg
for 1.5 h to pellet the exosomes. The pelleted exosomes were
resuspended with 20 nm filtered PBS (Whatman, USA).

Particle size and concentration analysis

Exosomes were resuspended in PBS, and the particle size
and concentration were measured by using the Nanoparticle
Tracking Analysis System 300 (NTA300, Malvern Instruments,
UK). The NTA300 method has been recognized as an easy-to-
use, rapid and reproducible platform for exosome character-
ization®. In this study, diluted suspensions containing exo-
somes were loaded into the sample chamber. The light scat-
ter mode of the tracking system used camera filter 1. Three
videos of typically 30 s in duration were taken, with a frame
rate of 30 frames per second. Data were analyzed by NTA 3.0
software (Malvern Instruments, USA), which was optimized
to first identify and then to track each particle on a frame-by-

frame basis®®.

Immunofluorescence staining

To identify the efficiency of exosome uptake, exosomes were
labeled with PKH26 (Invitrogen, USA). Briefly, 30 pg of exo-
somes were re-suspended in 1 mL of Diluent C. Then, 4 pL
of PKH26 were mixed with Diluent C prior to staining. The
PKH26 suspension was mixed with the exosome suspension
and incubated for 4 min, and protected from light. The stain-
ing reaction was stopped by the addition of an equal volume
of 1% BSA and centrifuged at 170 000xg for 90 min at 4 °C.
Then, pelleted exosomes were washed with PBS and centri-
fuged at 170 000xg for 90 min at 4 °C. The exosomes were
suspended in 200 pL of supplemented RMPI-1640 medium
and cultured with a confluent layer of OPM2 cells. Following
co-incubation for 24 h, OPM2 cells were washed with PBS,
stained with DAPI for 5 min, washed with PBS and fixed with
4% formaldehyde. Images of exosome uptake by OPM2 cells
were acquired with an LSM710 laser scanning microscope
(Carl Zeiss, Germany).

Protein extraction and Western blot analysis

Whole-cell lysates and total exosomal proteins were prepared
using RIPA buffer (50 mmol/L Tris-HCl pH 7.4, 150 mmol/L
NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate). We electrophoretically separated 50 pg total
protein on a 4%-12% SDS-acrylamide gel (Thermo Fisher Sci-
entific, USA). Western blot analyses were performed with the
following primary antibodies: anti-p-actin, anti-caspase 3, anti-



cleaved caspase 3, anti-caspase 9, anti-cleaved caspase 9, anti-
PARP, anti-cleaved PARP (1:1000, Cell Signaling Technology,
USA), and the corresponding anti-mouse and anti-rabbit per-
oxidase-linked secondary antibodies (1:10000; Cell Signaling
Technology, USA). The signals were visualized by the ECL
Prime Western Blotting Detection Reagent (Advansta, USA).

RNA extraction and quantitative real-time PCR of miRs

Total RNA was isolated using Trizol Reagent (Invitrogen,
USA) according to the manufacturer's instructions. The puri-
fied RNA was subjected to reverse transcription reactions
using the PrimeScript™ RT reagent kit (Takara, Japan). Quan-
titative real-time PCR (qRT-PCR) with SYBR Premix Ex Taq II
Mix (Takara, Japan) was used to evaluate transcript levels; U6
was used as an internal control. All of the primer sequences
are reported in Supplementary Table S1. qRT-PCR assays
were performed in the StepONEPlus Real-Time PCR system
(Thermo Fisher Scientific, USA) and the relative expression
was calculated using the comparative 27**“ method.

Statistical analysis

Statistical significance was calculated in Microsoft Excel using
Student’s t-test (one-sided) or ANOVA, as appropriate. The
generated data displayed a normal distribution with similar
variance, and analysis was performed assuming equal variance.

Results

The effect of the ceramide pathway on MM proliferation

To determine the effect of the ceramide pathway on MM pro-
liferation, OPM2 cells were treated with C6-cer or GW4869
at increasing concentrations (0, 1.25, 2.5, 5, 10, 20, 40 umol/L)
for 24 h and then proliferation was assessed with the MTT
assay. As shown in Figure 1A, the proliferation of OPM2 cells
was dose-dependently inhibited by C6-cer. By contrast, the
cell proliferation rate was increased after GW4869 treatment
(Figure 1B). The inhibition of cell proliferation was only sig-
nificant when the concentration of GW4869 was 40 umol/L or
higher.

The effect of the ceramide pathway on MM apoptosis and the
caspase pathway

MM cell apoptosis in this study was evaluated by Hoechst
33342 staining assay (Figure 2A). The apoptosis of MM cells
was increased after C6-cer treatment (20 pmol/L) compared
with controls (20.5%+1.72% vs 3.7%+1.54%, P<0.05; n=3, Fig-
ure 2B). There was no significant difference in MM apoptosis
following treatment with GW4869 (20 pmol/L). To explore
the potential mechanism underlying the effect of the ceramide
pathway on MM apoptosis, we assessed the expression levels
of caspase 3/9, PARP and their cleaved forms (Figure 2C).
There was no change in the total expression of caspase 3/9 or
PARP. However, cleaved caspase 3/9 and PARP were sig-
nificantly increased after Cé6-cer treatment (Figure 2D). These
results indicated that the activation of the ceramide pathway
promotes MM apoptosis, probably though the caspase path-
way.
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Figure 1. Effect of ceramide pathway on the proliferation of MM cells.
(A) The effect of C6-cer on the proliferation of MM cells. (B) The effect of
GW4869 on the proliferation of MM cells. Error bars represent the SEM
for 3 independent experiments. “P<0.05, “"P<0.01, compared to Control,
n=5/group.

The effect of the ceramide pathway on exosome release from
MM cells

To examine the effects of the ceramide pathway on exosome
release from MM cells, OPM2 cells were treated with Cé6-cer
or GW4869 separately at increasing concentrations (0, 5.0, 10,
20 pmol/L). Then, the size and concentration were analyzed
using the NTA 300. The size of OPM2 exosomes derived from
C6-cer or GW4869 treatment mainly distributed from 40 nm to
200 nm (Figure 3A, 3C). C6-cer dose-dependently increased
the number of exosomes released. The release of exosomes
was increased nearly five-fold at the concentration of 20
pmol/L compared with controls (Figure 3B). By contrast,
GW4869 gradually decreased exosome secretion by approxi-
mately 80% at a concentration of 20 pmol/L (Figure 3D).

The effect of the ceramide pathway on the cellular and exosomal
miR levels of MM cells

To further confirm the role of the ceramide pathway on the
levels of cellular and exosomal tumor-suppressive miRs in
MM, OPM2 cells were treated with 20 pmol/L Cé6-cer or
GW4869 separately for 24 h. The levels of miRs in cells and
exosomes were measured using qRT-PCR. As shown in Fig-
ure 4A-4D, we detected decreased levels of miR 202, miR
16, miR 29b and miR 15a in MM cells and increased levels of
these miRs in exosomes after C6-cer treatment. The opposite
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Figure 2. Effect of ceramide pathway on the apoptosis of MM cells. (A) Representative pictures of Hoechst 33342 stain in MM cells which were treated
with DMSO only (control), 10 pmol/L C6-cer and 10 pmol/L GW4869 for 24 h; (B) Summarized data of positive cells in Hoechst 33342 stain assay,

shown as mean+SEM; n=3/group ("P<0.05, compared to control); (C) Weste
cleaved caspase 9, anti-PARP and anti-cleaved PARP antibodies. B-Actin is
representatives of three independent experiments that gave similar results;

rn blots with anti-caspase 3, anti-cleaved caspase 3, anti-caspase 9, anti-
used as normalization control for the total lysate. The data shown were
(D) Summarized data of Western blots (white bar: control; black bar: C6-

cer), shown as mean+SEM; n=3/group. "P<0.05, "'P<0.01 compared to control.

changes were found in the miR levels in MM cells and exo-
somes following treatment with GW4869 (Figure 4E-4H).

The effect of the ceramide pathway on exosome functions and
the miR levels of targeted MM cells

We isolated MM exosomes after treatment with C6-cer (exo-
somes“**") or GW4869 (exosomes®"*%) using differential
centrifugation. As shown in Figure 5A, Western blot analysis
showed that the isolated MM exosomes were rich in CD63
and lacked Annexin V. The efficiency of exosome uptake was
confirmed 24 h later using the PKH26 stain (Supplementary
Figure S1). After protein quantification, OPM2 cells were
treated with 80 pg/mL exosomes™* or exosomes®"*** for
48 h. The results showed that the proliferation of OPM2 cells

was significantly inhibited by exosomes " treatment (Figure
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5A) in a time-dependent manner. In addition, exosomes™*“

increased the apoptosis of MM cells (3.2%+1.3% vs 9.1%+1.9%,
P<0.05; n=3). However, exosomes“*“" had no effect on the
expression of cleaved caspase 3/9 or PARP. Of note, the levels
of these tumor-suppressive miRs were significantly altered in
exosomes " treated MM cells. As shown in Figure 5, exo-
somes®"*** had no effect on cell proliferation, apoptosis or the
miR concentrations of the recipient MM cells.

Discussion

In the present study, we demonstrated that the ceramide path-
way can affect MM cells at several functional levels, including
proliferation, apoptosis and exosomal, and revealed that these
effects of the ceramide pathway are associated with the cas-
pase pathway and several tumor-suppressive miRs, including



www.chinaphar.com

Cheng Q et al 565
A 504 B, .
- g 7 3 Control i
_g 4.0- 5 54 I C6-cer
O he}
2 O 44
T 3.0 <
Q o
= B 34 *
2 204 2 5
I Control b
g C6-cer 5 umol/L E 14
c 107 ——C6-cer 10 pmol/L 2 I |
o ——C6-cer 20 pmol/L 350 T
0 = 0 5 umol/L 10 umol/L 20 ymol/L
T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

D e
C 1.0 % 1.5 3 Control
w S B G\W4869
= o
» 089 £ 1.04
e c
e 2
5 5
8 0.6 5 L
= © 0.5
c (5]
° 0.4 o =X Kk
B -7 Control £
£ —— C6-cer 5 pmolL 2 oo0l-1, -
S 0.29 C6-cer 10 pmol/L i 0 5 pmol/L 10 uymol/L 20 pmol/L
3 \&V C6-cer 20 pmol/L

o

T 1 T T T T T T T U
0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

Figure 3. The effect of ceramide pathway on exosome secretion of MM cells. (A and C) Representative plots showing the size/concentration distribution
of the secreted exosomes of C6-cer and GW4869 treated by using Nano Tracking System 300; (B and D) C6-cer and GW4869 dose-dependently
inhibited/stimulated exosome release from MM cells. “P<0.05, *"P<0.01, compared to Control, n=3/group.
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Figure 4. Ceramide pathway modulates the levels of several tumor-suppressive miRs in MM cells and their released exosomes. Samples of cell pellets
and exosomes after C6-cer treated (A-D) and GW4869 treated (E-H) were prepared, RNA was extracted, and qRT-PCR analyses were performed. U6
small nuclear RNA (snRNA) was used as internal controls. Data were shown as the mean+SEM. “P<0.05, compared to control; *P<0.05, compared to
cells; n=3/group.
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Figure 5. The effect of ceramide pathway on the exosome functions and miR levels of targeting MM cells.
and exosomes
on MM apoptosis by using Hoechst 33342 stain assay; (D) Expressions of caspase pathway after the treatment of exosomes

were examined by using Western blot. Cé-cer

exosomes®"4869

(B) The effects of exosomes

(A) Markers for MM exosomes that

on MM cell growth; (C) The effect of exosomes®*" or

C6-cer

GW4869

or exosomes®*%%%; (E, F) The levels of miR 202, miR 16, miR 29b and miR 15a were measured by qRT-PCR in MM cells treated by exosomes®®* or

GW4869

exosomes “P<0.05, compared to Exosomes Control, n=3/group.

miR 146a, miR 29b, miR 15a and miR 16 (Figure 6).

Increasing evidence suggests that the ceramide pathway
plays a crucial role in the proliferation and apoptosis of dif-
ferent cancer cells, such as colon carcinoma®, ovarian™ and
breast cancer!™. In this study, the roles of the ceramide path-
way in the proliferation and apoptosis of MM cells were deter-
mined by using Cé6-cer and GW4869 to modulate the activity
of this pathway, as previously reported”>'**l, We found that
Co6-cer dose-dependently (1.25-40 pmol/L) inhibited MM pro-
liferation (5%-80%), whereas GW4869 promoted proliferation
(1- to 2-fold) in the same concentration range. These results are
consistent with previous reports showing the effects of C6-cer
and GW4869 on the proliferation of breast cancer cells® %!, In
addition, we found that Cé-cer increased the apoptotic ratio
of MM cells, which is similar to a previous study that dem-
onstrated that Cé6-cer activates caspase-dependent apoptotic
death in melanoma cells™. For the mechanistic analysis, we
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measured the levels of caspase 3/9 and PARP cleavage in MM
cells. We found that Cé6-cer increased the expression of cas-
pase 3/9 and PARP cleavage. However, we did not detect any
significant effect of GW4869 on MM apoptosis. The failure of
GW4869 to influence MM apoptosis is explainable as we did
not observe any changes in the expression of caspase 3/9 or
PARP cleavage. On the other hand, MM cells had a low basal
apoptotic rate (approximately 4%) and low levels of caspase
3/9 and PARP cleavage, which could mask the effects of
GW4869. Therefore, our data suggest that the ceramide path-
way can modulate MM proliferation and apoptosis, probably
through the mitochondrial caspase pathway.

The ceramide pathway has also been demonstrated to
participate in the modulation of exosome release in several
cancer cells, including breast cancer™ and prostate cancer™.
However, whether it regulates the release of MM exosomes
remains unknown. In this study, we showed that the activa-
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Figure 6. Ceramide pathway affects MM survival directly and indirectly via exosomal miRs.

tion of the ceramide pathway increased exosome release up to
five fold, while the inhibition of this pathway decreased exo-
some release by approximately 80%. Our results indicate that
the ceramide pathway is involved in regulating the release of
MM exosomes. Additionally, the ceramide pathway has been
shown to regulate tumor-related miRs in prostate cancer cells,
as well as their released exosomes®!. Previous studies have
shown that miR 29b, miR 15a/16 and miR 202 are involved

(20.2L29] - Therefore, we also

in MM proliferation and apoptosis
examined the effect of the ceramide pathway on the cellular
and exosomal levels of these tumor-suppressive miRs. Our
data showed that the activation of the ceramide pathway
decreased the levels of these miRs in MM cells, but increased
their levels in MM exosomes. On the other hand, inhibition
of the ceramide pathway had contrasting effects. Our results
suggest that the ceramide pathway plays an important role in
the control of these miR levels in MM cells and exosomes. Of
note, the alterations in intracellular miRs induced by C6-cer/
GW4869 could not explain the changes in MM function (prolif-
eration and apoptosis). This discrepancy might be explained
by the fact that C6-cer/GW4869 affects other pathways that
overwhelm the effects of changes in tumor-suppressive miRs.
Indeed, we discovered that C6-cer activated the caspase path-
way in MM cells with upregulated caspase 3/9 and PARP
cleavage by 4-fold. However, whether C6-cer induced cell
apoptosis and exosome secretion are dependent on the caspase
pathway requires further confirmation with a caspase inhibitor.
Cancer cell-derived exosomes have “paracrine” functions by
communicating with surrounding cells through the transfer
of bioactive molecules (miRs, mRNAs and proteins), which
implicates exosomes in the proliferation and apoptosis of can-
cer cells™ . A previous study showed that MM exosomes
could stimulate the secretion of cytokines from stromal cells

[31]

to favor MM cell growth and migration However, it is

unclear whether MM exosomes could perform these “para-
crine” effects on neighboring MM cells. We isolated MM exo-
somes after separate C6-cer and GW4869 treatment, defined

Cé6-cer GW4869

as exosomes and exosomes , to determine their “para-

crine” effects on untreated MM cells. Our results showed that

exosomes "

inhibited proliferation and increased apoptosis
in MM cells. To better understand the mechanism, we focused
on caspase 3/9 and PARP, as well as these miRs. Interest-

ingly, we did not detect any changes in cleaved caspase 3/9

and PARP, suggesting that the caspase pathway was not

Cé-cer

responsible for the effects of exosomes in recipient MM

cells. However, we found that exosomes " increased the
levels of miR 202, miR 29b, miR 15a and miR 16 in treated MM
cells. Therefore, a possible explanation for the function of

exosomes "<

might be related to the increased levels of these
tumor-suppressive miRs in exosomes " treated MM cells,
although their downstream effectors, such as Bcl-2 and Mcl-1,
remain to be elucidated. In addition, we found that exo-
somes®"*** had no effect on the proliferation and apoptosis
of recipient MM cells. A reasonable explanation for this find-
ing is that the levels of miRs are unchanged in exosomes®"*%
treated MM cells as exosomes®"*** have very low levels of
these miRs. Moreover, in agreement with our observation
that GW4869 had no effect on the caspase pathway of MM,
exosomes”"*¥ did not affect this pathway in exosomes™"**
treated MM cells. Taken together, our data indicate that exo-

some sCé—cer

inhibits proliferation and induces apoptosis in MM
cells, probably by regulating these tumor-suppressive miRs in
the targeted MM cells.

In conclusion, we identified important roles for the ceramide
pathway in the proliferation, apoptosis and exosome functions
of MM cells. Of note, the ceramide pathway modulates MM
apoptosis, presumably by regulating the caspase-dependent
pathway. Exosomes related to the ceramide pathway acti-
vated in MM cells inhibit proliferation and increase apoptosis
in recipient MM cells, which correlated with the increased lev-
els of exosomal miR 202, miR 29b, miR 15a and miR 16. This
study provides a novel understanding of MM biology that will
have significant implications for the development of novel
therapeutic and biomarker strategies.
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