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Impact statement

Multiple myeloma (MM) is an extremely
complex and heterogeneous disease, and
its pathogenesis is poorly understood.
Here, we described an important MM-
related circular RNA (circRNA), circ-CDYL.
It was remarkably increased in both MM
cells and plasma. Depletion of circ-CDYL
evidently stunted MM growth. Circ-CDYL
could absorb miR-1180 and alleviated the
repression of miR-1180 on YAP, leading to
increased YAP expression, ultimately trig-
gering MM uncontrolled growth. Therefore,
our findings advance the understanding of
MM pathogenesis, and also raise the pos-
sibility of considering circ-CDYL as a
potential therapeutic intervention for MM.

Abstract

The covalently closed circular RNA has recently been proposed as a pivotal player in tumor-
igenesis. In the current study, we found that circ-CDYL was notably elevated in multiple
myeloma tissue and plasma samples and had good diagnostic and prognostic efficacy.
Functional assays showed that circ-CDYL enhanced the viability and DNA synthesis of
multiple myeloma cells and inhibited apoptosis. Mechanically, cytoplasmic circ-CDYL
was co-localized with miR-1180, and circ-CDYL absorbed miR-1180 to upregulate yes-
associated protein (YAP), thereby facilitating multiple myeloma progression. Importantly,
we further confirmed the existence of this circ-CDYL/miR-1180/YAP regulatory axis in vivo
by using the xenograft tumor model. Taken together, our data demonstrate that circ-CDYL
is novel promoter of multiple myeloma, and targeting circ-CDYL and its associated network
implicates the therapeutic possibility for multiple myeloma patients.
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Introduction

Multiple myeloma (MM) is a malignant plasma cell disease
derived from B lymphocytes in the bone marrow that
develop to the ultimate functional stage." MM accounts
for 1% of all malignant tumors and is the second most
common malignancy of the blood system.? Despite numer-
ous novel drugs have been discovered for this disease in the
past several years, the prognosis is still poor, especially in
patients with high-risk MM.? In-depth research into the
mechanisms underlying MM development and progres-
sion will facilitate the optimization of the choice of thera-
peutic regimen and improve clinical outcomes.

It has been well documented that non-coding RNA par-
ticipates in the vast majority of life processes.* Circular
RNA (circRNA) is a kind of special non-coding RNA that
has a closed loop structure.” Currently, extensive circRNAs
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have been found in eukaryotes and expressed in the cell- or
disease-context-dependent manner.® Eighty percent of
circRNAs are cytoplasmic circRNAs that regulate gene
expression via sponging microRNA (miRNA).” For example,
circ-OSBPL10 could sponge miR-136-5p to upregulate
WNT?2 expression, thereby acting as an oncogenic circRNA
in gastric cancer.® Circ-LDLRAD3 was shown to suppress
pancreatic cancer progression by abundantly absorbing
miR-137-3p and increasing PTN expression.” Circ-ANKS1B
was identified to be a metastasis promoter in breast cancer
via concurrently sponging miR-148 and miR-152."° These
studies suggest that the circRN A-centric non-coding regula-
tory network is functional in cancer cell biology.

Recently, a novel circRNA, circ-CDYL, has been pro-
posed as an new biomarker in mantle cell lymphoma."
However, the molecular functions and biological roles of
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circ-CDYLin MM remain unknown. Herein, we found that
circ-CDYL was also overexpressed in MM tissue and
plasma samples, and further investigated the mechanism
underlying its carcinogenic effect.

Materials and methods

MM samples

The bone marrow tissues and peripheral blood specimens of
72 MM patients and 13 healthy donors (volunteers) were
collected from Affiliated Shengjing Hospital of China
Medical University. And multiple myeloma cells in
the bone marrow were sorted. All enrolled patients were
followed up every three months, and the informed consent
of each patient was obtained prior to this study. All processes
were in accordance with the policy of the ethics committee of
Affiliated Shengjing Hospital of China Medical University.

Cell culture and transfection

Two MM cell lines (MM1.S and NCI-H929) purchased from
ATCC (Manassas, VA, USA) were grown in a special cell
incubator. The cells were tested for mycoplasma contamina-
tion before use. Lipofectamine™ 2000 (Invitrogen, Carlsbad,
CA, USA) reagent was applied to conduct cell transfection as
per manufacturer’s manual. To generate stable circ-CDYL
knock down cell lines, the pLKO.Tet.On shRNA (Addgene,
Cambridge, UK) vector was packed with lentivirus and
infected into MM1.S and NCI-H929 cells in the presence of
polybrene. After infection, 0.5pg/mL puromycin was
applied for two weeks to select stable cells.

qRT-PCR assay

TRIzol reagent was applied to extract total RNA, followed
by generation of first-strand cDNA by using PrimeScript'™
RT reagent Kit (TaKaRa, Dalian, China). Then, cDNA
amplification and quantification were performed by using
TB Green Premix Ex Taq Kit (TaKaRa) based on the stan-
dard protocols. The primer sequences: circ-CDYL: forward:
5-ACCCACTAGTGCCTCAGGTG-3/, reserve: 5'-AGCCTT
TCCACCGAACCAAA-3. YAP:: forward: 5-CAGACAG
TGGACTAAGCATGAG-3/, reserve: 5-CAGGGTGCTTTG
GTTGATAGTA-3. GAPDH: forward: 5-ACCCAGAAGA
CTGTGGATGG-3, reserve: 5-TTCAGCTCAGGGATGAC
CTT-3.

CCK-8 and EdU assays

For CCK-8 assay, the circ-CDYL-silenced cells were plated
onto 96-well plates and cultured for 24h, 48h, and 72h,
followed by treatment with CCK-8 solution (Abmole
Bioscience, PA, USA) for 1h. Lastly, the absorbance at
450nm was detected and analyzed. In addition, EdU assay
was carried out by using Cell-LightTM EdU Detection Kit
purchased from RiboBio Company (Guangzhou, China).

Cell apoptosis assay

Cell apoptosis was conducted by using Annexin V PE/7-
AAD Detection Kit as per standard protocols (BD

Biosciences, San Jose, CA, USA). In brief, 1 x 10° cells
were collected and treated with 500 pL binding buffer, fol-
lowed by in dark incubation with 5 uL PE and 5 uL 7-ADD
for 15 min and analysis of apoptotic cells.

RNA pull-down assay

The circ-CDYL probe labeled with biotin (5'-ACGGGAAA
GGTTGAAAGGATT-3') was purchased commercially from
GenePharma (Shanghai, China). Then, the above probe was
incubated with MM1.S and NCI-H929 cell lysates at 25°C for
2h. The streptavidin-coupled dynabeads (Invitrogen) were
added into above lysates and incubated at 25°C for another
2h. The complex was washed and eluted for qRT-PCR.

Luciferase reporter assay

The wild-type or mutant full length of circ-CDYL and
3-UTR of YAP were synthesized and cloned into
pmirGLO REPORT vector, followed by co-transfection
with miR-1180 mimics into MM1.S and NCI-H929 cells
using Lipofectamine™ 2000 (Invitrogen). The commercial
luciferase kit (Promega, Madison, WI, USA) was applied to
determine the luciferase activity.

Western blot

Total protein was collected using RIPA buffer supple-
mented with proteasome inhibitors, and added with load-
ing dye, followed by electrophoresis on SDS-PAGE gel,
transfer, and blockade. After that, the membrane was incu-
bated with anti-YAP (#14074, CST) primary antibody and
anti-rabbit secondary antibody. Lastly, the membrane was
developed using chemiluminescence solution in darkroom.

Xenograft tumor model

The xenografted mice were established by subcutaneously
injecting control or circ-CDYL-depleted MML.S cells into
BALB/c nude mice. The mice were grown under specific
condition with approval from the Animal Ethics Committee
of Affiliated Shengjing Hospital of China Medical University.
After five weeks, all mice were euthanized and tumors were
dissected. Immunohistochemistry (IHC) staining was con-
ducted by using DAB IHC Detection Kit (#ab236466,
Abcam) in accordance with the standard manual. The anti-
bodies used for IHC staining in this study were anti-Ki-67
(#ab833, Abcam) and anti-YAP (#14074, CST).

Statistical analysis

The difference between the two groups was compared by
Student’s t-test, while the differences between the multiple
groups were compared by the analysis of variance
(ANOVA). All results were calculated using the SPSS soft-
ware. P value less than 0.05 was statistically significant.

Results

Circ-CDYLis frequently overexpressed in MM

First, we assessed the characteristic of circ-CDYL, and
found that circ-CDYL, but not its linear isoform, was



highly resistant to RNase R (Figure 1(a)). We then
tested circ-CDYL expression in MM tissues, as shown in
Figure 1(b), and circ-CDYL was remarkably upregulated
in MM tissues in comparison with normal tissues. High
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Table 1. Difference in the circ-CDYL expression in multiple myeloma
patients grouped by clinicopathological characteristics.

Circ-CDYL expression
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staging system (ISS) and Durie-Salmon (DS) stage (Table
1). Importantly, a significantly upregulation of circ-CDYL Age (years)
was also observed in MM plasma in comparison to normal <42 33 17 16 0.813
plasma (Figure 1(c)), and the area under the curve (AUC) Ge>n zzer 3 19 20
value was 0.8996 (95%CI: 0.8351 to 0.9641) (Figure 1(d)), Male 31 16 15 0.812
suggesting that plasma circ-CDYL level is an excellent bio- Female 41 20 21
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demonstrated by the Kaplan-Meier plotter (Figure 1(e)). loA _ 21 B 10
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Figure 1. The expression characteristic of circ-CDYL in MM. (a) gRT-PCR analysis of circ-CDYL and CDYL mRNA expression after treatment with RNase R. (b, ¢) gRT-
PCR analysis of circ-CDYL expression in normal (n =13) and MM (n = 72) tissue and plasma samples. (d). ROC curve of MM patients based on plasma circ-CDYL
expression. (e) The survival curve of MM patients based on median circ-CDYL expression in MM tissues. ***P < 0.001.
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Figure 2. The effect of circ-CDYL on MM cell phenotype. (a) gqRT-PCR analysis confirming the knockdown efficiency of circ-CDYL in MM cells. (b, c) EdU assay
detecting DNA synthesis rate in MM cells after circ-CDYL depletion. (d) CCK-8 assay detecting cell viability of MM cells after circ-CDYL depletion. (e) Flow cytometry
detecting the number of apoptotic MM cells after circ-CDYL depletion. **P < 0.01. (A color version of this figure is available in the online journal.)

Circ-CDYL absorbs miR-1180 in MM cells

To determine the underlying mechanism by which
circ-CDYL functions, we first tested the localization of
circ-CDYL in MM cells. The qRT-PCR results revealed
that circ-CDYL was a cytoplasmic circRNA (Figure 3(a)).
In light of the ‘miRNA sponge’ role of cytoplasmic
circRNA, we predicted the miRNAs that may be bound
by circ-CDYL by using three online tools, and the overlap-
ping results showed that miR-620, miR-892a, and miR-1180
were simultaneously predicted by the above tools (Figure 3
(b)). We then performed qRT-PCR assay in MM1.S and
NCI-H929 cells, and the results displayed that only miR-
1180 expression was significantly increased after circ-CDYL
knockdown (Figure 3(c)). As displayed in Figure 3(d), circ-
CDYL probes could abundantly enriche miR-1180, but
not miR-620 and miR-892a. Consistently, overexpression
of miR-1180 dramatically reduced the luciferase
activity of wild-type circ-CDYL reporter (Figure 3(e).
Besides, miR-1180 was significantly reduced in MM tissues
(Figure 3(f)), and a negative link was observed between the
circ-CDYL and miR-1180 expression (Figure 3(g)).
Importantly, circ-CDYL was co-located with miR-1180 in
MM cells, as shown by the FISH assay (Figure 3(h)). The
above findings suggest that miR-1180 is the downstream
target of circ-CDYL in MM cells.

Identification of circ-CDYL/miR-1180/Yap in MM cells

Next, we used the online miRWalk database to identify the
downstream target of miR-1180, and found that YAP, the
well-known oncogene, may be bound by miR-1180. To test
this possibility, we first conducted the luciferase reporter
assay in MM1.S and NCI-H929 cells. As demonstrated in
Figure 4(a), overexpression of miR-1180 significantly
decreased the luciferase activity of wild-type YAP 3’-UTR
reporter, while this effect was not observed in the mutant
reporter. Consistently, reintroduction of miR-1180 evidently
reduced YAP expression, and silencing of miR-1180
resulted in the opposite effect (Figure 4(b)). Importantly,
both YAP mRNA and protein levels were reduced in circ-
CDYL-depleted cells, and this repression was evidently
blocked after miR-1180 knockdown (Figure 4(c) and (d)).
Moreover, the diminished malignant phenotypes of MM1.
S and NCI-H929 cells were partly rescued after silencing of
miR-1180 (Figure 4(e) and (f)).

Knockdown of circ-CDYL retards MM in vivo growth

We further established the xenograft model by the subcu-
taneous injection of MM1.S cells, and the qRT-PCR results
indicated that the circ-CDYL and YAP expression was sig-
nificantly decreased, whereas the miR-1180 expression was
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Figure 3. Circ-CDYL sponges miR-1180in MM cells. (a) gRT-PCR analysis detecting the subcellular localization of circ-CDYL in MM cells. (b) The overlapping miRNAs
that are bound by circ-CDYL predicted in the indicated three online tools. (c) qRT-PCR analysis of three miRNA levels in circ-CDYL-depleted MM cells. (d) RNA pull-
down detecting the circ-CDYL-bound miRNAs using biotin-labeled probes. (e) The luciferase activity of MM cells co-transfected with wild-type or mutant circ-CDYL
reporter and control or miR-1180 mimics. (f) gRT-PCR analysis of miR-1180 expression in MM tissues. (g) The correlation between circ-CDYL and miR-1180

expression in MM tissues. (h) FISH assay detecting the co-location of circ-CDYL and miR-1180 in MM cells. **P < 0.01, ***P < 0.001. (A color version of this figure is

available in the online journal.)

significantly increased in circ-CDYL-depleted group in
comparison to control group (Figure 5(a)). And the tumor
volume and the weight of circ-CDYL-silenced group were
lower than those of the control group (Figure 5(b)).
Likewise, less Ki-67 and YAP-positive cells were observed
after the knockdown of circ-CDYL, as illustrated by the
IHC staining (Figure 5(c) and (d)). These data indicate
that the circ-CDYL/miR-1180/YAP regulatory axis also
exists in vivo.

Discussion

Currently, the field of non-coding RNA is attracting great
attention, especially circRNA. A larger number of studies
suggest that circRNA plays a fundamental role in carcino-
genesis and aggressive progression.'> However, to the best
of our knowledge, only one study has reported a link
between circRNA and MM, in which circ_0000190
was decreased in MM and inhibited MM progression by
modulating miR-767-5p/MAPK4 pathway."”” Here, we

described another important circRNA, circ-CDYL, which
was significantly upregulated in MM. Knockdown of circ-
CDYL evidently stunted MM cell growth. Further mecha-
nism analyses revealed that miR-1180 was a functional
target of circ-CDYL, in which circ-CDYL alleviated the
repression of miR-1180 on YAP, leading to increased YAP
expression, ultimately triggering MM uncontrolled growth.
Therefore, our data advance the understanding of the bio-
logical function of circRNA in MM.

Non-invasive biomarkers are especially important when
early diagnosis of MM is needed to improve survival.'*
Emerging evidence suggests that the circulating transcrip-
tome represents a rich source of potential cancer bio-
markers.”” Due to the high stability of circRNA, it is
better suited as a cancer biomarker than linear RNA. For
instance, plasma circ-PTGES3,'®  circ-VAPA,”  circ-
YWHAZ/circ-BNC2,'"® and circ-LDLRAD3" were pro-
posed as effective diagnostic biomarkers of liver cancer,
colorectal cancer, lung cancer, and pancreatic cancer,
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Figure 4. Circ-CDYL regulates miR-1180/YAP axis in MM cells. (a) The luciferase activity of MM cells co-transfected with wild-type or mutant YAP 3'-UTR reporter and
control or miR-1180 mimics. (b) gRT-PCR analysis of YAP mRNA expression in MM cells transfected with miR-1180 mimics or inhibitors. (c, d) qRT-PCR and Western
blot analysis of YAP expression in circ-CDYL-silenced MM cells transfected with miR-1180 inhibitors. (e-g) The CCK-8, EdU, and apoptosis assays in circ-CDYL-

silenced MM cells transfected with miR-1180 inhibitors. *P < 0.05, **P < 0.01.

respectively. Here, circ-CDYL was significantly upregu-
lated in MM plasma, and the AUC value was 0.8996, impli-
cating that plasma circ-CDYL may be a novel non-invasive
diagnostic biomarker of MM. This notion needs to be fur-
ther confirmed by the large-scale MM specimens. Besides,
unlike upregulation of circCDYL shown in our data and in
hepatocellular carcinoma,?’ Sun et al.>* showed that circ-
CDYL was downregulated in bladder cancer, and this
may be due to the specific expression patterns of circRNA
in different tissues and developmental stages.”

It has been shown that circRNA functions in a variety of
ways, the best known function is “miRNA sponge,” in
which circRNA is able to effectively sponge miRNA to
reduce the inhibition of miRNA on its target gene.”
Numerous studies have reported that circRNA participated
in cancer stemness, occurrence, metastasis, and drug resis-
tance by sponging miRNA.*?* Intriguingly, circRNA
sponged different miRNAs in different contexts. For exam-
ple, circ-HIPK3 could sponge miR-558 in bladder cancer,”
but could only sponge miR-7 in colorectal cancer®® and
miR-654 in glioma.27 Likewise, in our study, we found
that circ-CDYL was capable to sponge miR-1180, but not
miR-892a and miR-328-3p as reported by Wei et al.*® (data
not shown). miR-1180 was shown as a tumor suppressor in

pancreatic cancer” and bladder cancer,”® whereas as an

oncogene in hepatocellular carcinoma® and ovarian
cancer.>’ However, its role in MM is unknown. Herein,
miR-1180 was shown to be dramatically decreased in MM
and was inhibited by circ-CDYL, and silencing of miR-1180
significantly rescued the decreased aggressive phenotype
induced by circ-CDYL depletion, suggesting that miR-1180
is a tumor-inhibiting factor in MM. Further, our results
revealed that YAP was the direct downstream target gene
of miR-1180. YAP, the key effector of the Hippo signaling
pathway, is frequently hyperactivated in multiple cancers,
including MM.>® YAP expression is tightly controlled by
various regulators and dysregulation of YAP can trigger
tumorigenesis, chemoresistance, and metastasis.*® In our
study, YAP was reduced in circ-CDYL knockdown cells,
and miR-1180 silencing rescued this effect, indicating that
the regulatory axis of circ-CDYL/miR-1180/YAP does exist
in MM cells. Therefore, these results demonstrate that circ-
CDYL functions in a miRNA-dependent pattern in MM,
and also enrich our knowledge of the regulatory mecha-
nism of YAP.

Collectively, our findings conceivably show that circ-
CDYL is a carcinogenic circRNA in MM, which promotes
MM growth by the regulation of miR-1180/YAP pathway.
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Figure 5. The effect of circ-CDYL on MM cell growth in xenografted nude mice. (a) gqRT-PCR analysis of circ-CDYL, miR-1180, and YAP levels in circ-CDYL-silenced
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and YAP in in control and circ-CDYL-depleted groups. **P < 0.01, **P < 0.001. (A color version of this figure is available in the online journal.)

And our data also raise the possibility of considering circ-
CDYL as a potential therapeutic intervention for the MM
patients.
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