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In the human genome, miR-451a, miR-144-5p (passenger strand), and miR-144-3p

(guide strand) reside in clustered microRNA (miRNA) sequences located within the

17q11.2 region. Low expression of these miRNAs is significantly associated with

poor prognosis of patients with renal cell carcinoma (RCC) (miR-451a: P = .00305;

miR-144-5p: P = .00128; miR-144-3p: P = 9.45 × 10−5). We previously reported that

miR-451a acted as an antitumor miRNA in RCC cells. Involvement of the passenger

strand of the miR-144 duplex in the pathogenesis of RCC is not well understood.

Functional assays showed that miR-144-5p and miR-144-3p significantly reduced

cancer cell migration and invasive abilities, suggesting these miRNAs acted as antitu-

mor miRNAs in RCC cells. Analyses of miR-144-5p targets identified a total of 65

putative oncogenic targets in RCC cells. Among them, high expression levels of 9

genes (FAM64A, F2, TRIP13, ANKRD36, CENPF, NCAPG, CLEC2D, SDC3, and

SEMA4B) were significantly associated with poor prognosis (P < .001). Among these

targets, expression of SDC3 was directly controlled by miR-144-5p, and its expres-

sion enhanced cancer cell aggressiveness. We identified genes downstream by SDC3

regulation. Data showed that expression of 10 of the downstream genes (IL18RAP,

SDC3, SH2D1A, GZMH, KIF21B, TMC8, GAB3, HLA-DPB2, PLEK, and C1QB) signifi-

cantly predicted poor prognosis of the patients (P = .0064). These data indicated

that the antitumor miR-144-5p/oncogenic SDC3 axis was deeply involved in RCC

pathogenesis. Clustered miRNAs (miR-451a, miR-144-5p, and miR-144-3p) acted as

antitumor miRNAs, and their targets were intimately involved in RCC pathogenesis.
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1 | INTRODUCTION

Renal cell carcinoma (RCC) is the most common form of adult kidney

cancer. It accounts for approximately 3.8% of all newly diagnosed

malignancies, and more than 140 000 people die worldwide every

year.1 Approximately 80% of RCC patients are classified with clear

cell RCC.2 Approximately 20%‐30% of patients are found with

advanced RCC at diagnosis, and the frequency of 5‐year survival is

only 12.1%. The treatment strategy of metastatic RCC remains con-

fused.3 Recently developed molecularly targeted therapeutics and

immunotherapies have improved the prognosis of patients with

advanced RCC, but recurrence, progression of distant metastasis,
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and side‐effects remain important issues associated with these treat-

ments.4 Searching for new therapeutic targets and developing useful

prognostic markers are important issues to overcome in new treat-

ments for RCC.

MicroRNAs (miRNAs), which are short, single‐strand RNAs

(19‐22 nucleotides) belong to a group of noncoding RNA molecules

that act as pivotal agents responsible for fine‐tuning RNA expression

in a sequence‐dependent manner.5 A vast number of studies have

reported that miRNAs are closely involved in the physiological and

pathological processes of disease.6 In cancer cells, abnormal expres-

sion of miRNAs can disrupt regulatory networks and lead to cancer

cell development, progression, metastasis, and drug resistance.5,7,8

We have identified antitumor miRNAs (miR-10a-5p, miR-29s, miR-

101, miR-149, and miR-451a) and their targets that are involved in

the pathogenesis of RCC.9-13 This strategy is a novel approach to

identify new molecular targets and prognostic markers for RCC.

Previous miRNA biogenesis posits that the passenger strand of

miRNA is degraded and does not regulate gene expression. Contrary

to this concept, our miRNA expression signature of RCC showed that

some miRNA passenger strands are aberrantly expressed in cancer

tissues, for example, miR-139-3p, miR-144-5p, miR-145-3p, and miR-

150-3p.14-17 In fact, we found that some passenger strands actually

act as antitumor miRNAs (miR-144-5p, miR-145-3p, miR-149-3p, miR-

150-3p, and miR-199a-3p) through their targeting of oncogenes in

several cancers.12,15-19 These studies suggested the importance of

analyzing passenger strands of miRNA duplex in cancer cells.

Our recent study showed that miR-451a was significantly down-

regulated in RCC tissues and acted as an antitumor miRNA in RCC

cells.13 Interestingly, miR-451a-regulated oncogenic targets were sig-

nificantly associated with RCC pathogenesis.13 In the human gen-

ome, miR-451a, miR-144-5p (the passenger strand), and miR-144-3p

(the guide strand) are clustered together in chromosomal region

17q11.2. The Cancer Genome Atlas (TCGA) database analyses

showed that low expression of miR-144-5p and miR-144-3p was sig-

nificantly associated with poor prognosis of RCC patients

(P = .00128 and P = 9.45 × 10−5, respectively).

In this study, we focused on miR-144-5p because the

functional significance of miRNA passenger strands in RCC

pathogenesis is obscure. Here, we studied the antitumor roles of

miR-144-5p and identified the oncogenic targets involved in the

pathogenesis of RCC. We suggest that identification of novel

functions of miRNA passenger strands and the RNA networks

they regulate might enhance our understanding of the molecular

pathogenesis of RCC.

2 | MATERIALS AND METHODS

2.1 | Clinical RCC specimens and cell lines

We obtained a total of 18 clinical tissue specimens from RCC

patients who underwent total nephrectomy at Chiba University

Hospital (Chiba, Japan) between 2008 and 2015 (Table 1). All

patients in our study provided signed informed consent, and the

study protocol was approved by the Institutional Review Board of

Chiba University (approval no. 484). We used 2 cell lines, 786‐O and

A498, obtained from ATCC (Manassas, VA, USA).

TABLE 1 Clinical features of 18 patients with clear cell renal cell carcinoma

No. Age, years Gender Grade pT INF v ly eg or ig fc im rc rp s Remarks

1 71 F G2 T1a a 0 0 eg 1 0 0 0 0 qRT‐PCR

2 74 M G1 > G2 T1a a 0 0 eg 1 0 0 0 0 qRT‐PCR

3 59 M G3 > G2 T1b a 0 0 eg 1 0 0 0 0 qRT‐PCR

4 52 M G2 > G3 > G1 T1a a 0 0 eg 1 0 0 0 0 qRT‐PCR

5 64 M G2 > G3 T1b a 0 0 eg 1 1 0 0 0 qRT‐PCR

6 67 M G2 > G3 > G1 T3a b 1 0 ig 0 1 1 0 0 qRT‐PCR

7 67 M G2 > G3 > G1 T3a b 1 0 ig 1 0 0 0 0 qRT‐PCR

8 59 M G3 > G2 T3a b 1 0 ig 0 0 0 0 0 qRT‐PCR

9 73 M G1 > G3 T2a a 0 1 eg 1 0 0 0 0 qRT‐PCR

10 77 M G1 > G2 T1b a 0 0 eg 1 0 0 0 0 qRT‐PCR

11 77 M G2 > G1 T3a a 1 0 eg 1 0 0 0 0 qRT‐PCR

12 51 M G2 > G1 T1b a 0 0 eg 0 0 0 0 0 qRT‐PCR

13 78 M G2 > G1 > G3 T1b b 0 0 eg 1 0 0 0 0 qRT‐PCR

14 57 M G1 > G2 T1a a 0 0 eg 1 0 0 0 0 qRT‐PCR

15 54 M G2 > G1 T3a a 0 0 eg 0 0 1 0 0 qRT‐PCR

16 54 M G1 > >G3 T2b a 0 0 eg 1 0 0 0 0 qRT‐PCR

17 74 F G1 > G2 T2a b 0 0 ig 1 0 0 0 0 qRT‐PCR

18 65 M G1 > G2 T1b b 0 0 ig 1 0 0 0 0 IHC

a, clearly bounded with noncancer surrounding tissue; b, intermediate type; eg, expansive growth; F, female; fc, capsular formation; ig, infiltrative

growth; IHC, immunohistochemistry; im, intrarenal metastasis; INF, infiltration; ly, lymph node; M, male; qRT‐PCR, quantitative RT‐PCR; rc, renal capsule
invasion; rp, pelvis invasion; s, sinus invasion; v, vein.
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2.2 | Transfection of mature miRNA and siRNA into
RCC cells

The following RNA species were used in this study: mature

miRNAs, pre‐miR miRNA precursors (hsa-miR‐144-5p, assay ID:

PM12631; hsa-miR‐144-3p, assay ID: PM11051; Applied Biosys-

tems, Foster City, CA, USA), negative control miRNA (assay ID: AM

17111; Applied Biosystems), and siRNA (Stealth Select RNAi siRNA;

si-SDC3, P/N: HSS145253 and HSS145254; Invitrogen,

Carlsbad, CA, USA). The transfection methods were described pre-

viously.11,20

2.3 | Quantitative RT‐PCR

The procedures for PCR quantification were described previ-

ously.11,20 TaqMan probes and primers for SDC3 (P/N:

Hs01568665_m1; Applied Biosystems) were assay‐on‐demand gene

expression products. Quantitative RT‐PCRs (qRT‐PCRs) for miR-144-

5p (P/N:002148; Applied Biosystems) and miR-144-3p (P/N:002676)

were used to identify the expression levels of miRNAs according to

the manufacturer's protocol. To normalize the data for quantification

of mRNA and miRNAs, we used human GAPDH (P/N:

Hs02786624_g1; Applied Biosystems), GUSB (P/N: Hs99999908_m1;

Applied Biosystems), and RNU48 (assay ID: 001006; Applied Biosys-

tems).

2.4 | Cell proliferation, migration, and invasion
assays

Cell proliferation abilities were determined by XTT assays using Cell

Proliferation Kit II (Sigma‐Aldrich, St. Louis, MO, USA). Cell migration

was characterized with wound healing assays. Cell invasion abilities

F IGURE 1 Expression levels, clinical significance, and functional roles of miR-144-5p and miR-144-3p in renal cell carcinoma (RCC). A‐C,
Expression levels of miR-144-5p and miR-144-3p in RCC clinical specimens. RNU48 was used as an internal control. Spearman's rank test
showed a positive correlation between the expression levels of miR-144-5p and miR-144-3p. D,E, From The Cancer Genome Atlas database,
patients with low expression levels of either miR-144-5p or miR-144-3p had significantly reduced overall survival. F‐H, Cell proliferation was
determined by XTT assays. Cell migration activity was determined using migration assays. Cell invasion activity was determined using Matrigel
invasion assays. *P < .005; **P < .0001

YAMADA ET AL. | 2921



T
A
B
L
E

2
m
iR
-1
4
4
-5
p
ca
nd

id
at
e
ta
rg
et

ge
ne

s
in

re
na

l
ce
ll
ca
rc
in
o
m
a

E
nt
re
z

ge
ne

ID
G
en

e
sy
m
bo

l
G
en

e
na

m
e

Si
te

co
un

t

G
E
O

ex
pr
es
si
o
n

da
ta

fo
ld

ch
an

ge
(t
um

o
r/
no

rm
al
)

A
4
9
8
m
iR
-

1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

7
8
6
‐O

m
iR
-1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

A
ve

ra
ge

A
4
9
8
/7
8
6
‐O

m
iR
-1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

C
yt
o
ba

n
d

T
C
G
A

d
at
a

fo
r
O
S
(h
ig
h

vs
lo
w

ex
p
re
ss
io
n
:

P
‐v
al
u
e)

5
4
4
7
8

FA
M
64

A
F
am

ily
w
it
h
se
qu

en
ce

si
m
ila
ri
ty

6
4
,
m
em

be
r
A

1
2
.4
0
0

−
1
.2
9
0

−
0
.9
3
3

−
1
.1
1
1

h
s|
1
7
p
1
3
.2

1
.7
9
E
‐0
7

2
1
4
7

F2
C
o
ag
ul
at
io
n
fa
ct
o
r
II
(t
hr
o
m
bi
n)

1
2
.6
7
3

−
0
.2
3
4

−
0
.9
2
5

−
0
.5
7
9

h
s|
1
1
p
1
1
.2

3
.6
8
E
‐0
7

9
3
1
9

TR
IP
1
3

T
hy

ro
id

ho
rm

o
ne

re
ce
pt
o
r
in
te
ra
ct
o
r
1
3

1
2
.5
5
1

−
1
.1
6
4

−
0
.6
5
2

−
0
.9
0
8

h
s|
5
p
1
5
.3
3

9
.7
0
E
‐0
7

3
7
5
2
4
8

A
N
K
R
D
3
6

A
nk

yr
in

re
pe

at
do

m
ai
n
3
6

1
1
.7
7
5

−
0
.8
7
4

−
0
.8
4
1

−
0
.8
5
7

h
s|
2
q
1
1
.2

4
.2
3
E
‐0
5

1
0
6
3

C
EN

PF
C
en

tr
o
m
er
e
pr
o
te
in

F
,
3
5
0
/4
0
0
kD

a
1

2
.6
9
9

−
0
.7
1
7

−
0
.3
6
0

−
0
.5
3
9

h
s|
1
q
4
1

7
.0
1
E
‐0
5

6
4
1
5
1

N
C
A
PG

N
o
n
‐S
M
C
co

nd
en

si
n
I
co

m
pl
ex

,
su
bu

ni
t
G

1
2
.7
4
6

−
1
.6
2
4

−
0
.8
4
0

−
1
.2
3
2

h
s|
4
p
1
5
.3
1

7
.2
7
E
‐0
5

2
9
1
2
1

C
LE
C
2
D

C
‐ty

pe
le
ct
in

do
m
ai
n
fa
m
ily

2
,m

em
be

r
D

1
2
.5
5
8

−
1
.0
1
4

−
1
.4
5
5

−
1
.2
3
5

h
s|
1
2
p
1
3
.3
1

9
.1
4
E
‐0
5

9
6
7
2

SD
C
3

Sy
nd

ec
an

3
1

2
.4
3
2

−
0
.8
9
4

−
0
.9
7
7

−
0
.9
3
6

h
s|
1
p
3
5
.2

0
.0
0
0
2
7
1

1
0
5
0
9

SE
M
A
4
B

Se
m
a
do

m
ai
n,

im
m
un

o
gl
o
bu

lin
do

m
ai
n
(Ig

),
tr
an

sm
em

br
an

e

do
m
ai
n
(T
M
)
an

d
sh
o
rt

cy
to
pl
as
m
ic

do
m
ai
n,

(s
em

ap
ho

ri
n)

4
B

1
2
.2
9
8

−
0
.6
9
2

−
0
.9
3
4

−
0
.8
1
3

h
s|
1
5
q
2
6
.1

0
.0
0
0
8
2
1

8
1
5
5
2

V
O
PP

1
V
es
ic
ul
ar
,
o
ve

re
xp

re
ss
ed

in
ca
nc

er
,
pr
o
su
rv
iv
al

pr
o
te
in

1
1

1
.8
4
2

−
0
.4
0
6

−
1
.0
3
5

−
0
.7
2
0

h
s|
7
p
1
1
.2

0
.0
0
4
1
9
0

7
2
7
9
3
6

G
X
Y
LT

2
G
lu
co

si
de

xy
lo
sy
lt
ra
ns
fe
ra
se

2
3

2
.6
4
0

−
0
.5
9
0

−
0
.8
1
4

−
0
.7
0
2

h
s|
3
p
1
3

0
.0
0
4
6
2
0

3
8
3
2

K
IF
1
1

K
in
es
in

fa
m
ily

m
em

be
r
1
1

1
2
.4
6
1

−
1
.2
4
1

−
1
.2
3
6

−
1
.2
3
8

h
s|
1
0
q
2
3
.3
3

0
.0
0
4
6
4
0

2
9
0
2
8

A
TA

D
2

A
T
P
as
e
fa
m
ily
,
A
A
A
do

m
ai
n
co

nt
ai
ni
ng

2
1

2
.6
0
6

−
0
.8
4
4

−
0
.5
0
7

−
0
.6
7
6

h
s|
8
q
2
4
.1
3

0
.0
0
6
0
0
0

3
0
9
0

H
IC
1

H
yp

er
m
et
hy

la
te
d
in

ca
nc

er
1

1
2
.7
0
9

−
0
.9
9
4

−
0
.0
2
2

−
0
.5
0
8

h
s|
1
7
p
1
3
.3

0
.0
0
9
4
8
0

5
1
0
6
0

TX
N
D
C
1
2

T
hi
o
re
do

xi
n
do

m
ai
n
co

nt
ai
ni
ng

1
2
(e
nd

o
pl
as
m
ic

re
ti
cu

lu
m
)

1
1
.5
7
9

−
0
.5
6
4

−
0
.7
6
5

−
0
.6
6
5

h
s|
1
p
3
2
.3

0
.0
0
9
7
6
0

7
1
0

SE
R
PI
N
G
1

Se
rp
in

pe
pt
id
as
e
in
hi
bi
to
r,
cl
ad

e
G

(C
1
in
hi
bi
to
r)
,
m
em

be
r
1

1
2
.0
1
5

−
0
.5
5
8

−
0
.5
3
6

−
0
.5
4
7

h
s|
1
1
q
1
2
.1

0
.0
1
6
9
0
0

5
9
3
4
5

G
N
B
4

G
ua

ni
ne

nu
cl
eo

ti
de

‐b
in
di
ng

pr
o
te
in

(G
pr
o
te
in
),
be

ta
po

ly
pe

pt
id
e
4

1
1
.8
6
2

−
0
.8
8
1

−
1
.4
2
1

−
1
.1
5
1

h
s|
3
q
2
6
.3
3

0
.0
5
3
2
0
0

1
3
5
6

C
P

C
er
ul
o
pl
as
m
in

(f
er
ro
xi
da

se
)

1
1
5
.4
2
0

−
1
.7
5
3

−
1
.3
8
0

−
1
.5
6
6

h
s|
3
q
2
4

0
.0
7
0
0
0
0

5
2
7
2

SE
R
PI
N
B
9

Se
rp
in

pe
pt
id
as
e
in
hi
bi
to
r,
cl
ad

e
B
(o
va
lb
um

in
),
m
em

be
r
9

1
1
.7
9
7

−
0
.4
6
2

−
1
.7
3
0

−
1
.0
9
6

h
s|
6
p
2
5
.2

0
.0
7
8
2
0
0

5
0
4
6

PC
SK

6
P
ro
pr
o
te
in

co
nv

er
ta
se

su
bt
ili
si
n
/k
ex

in
ty
pe

6
1

7
.3
7
4

−
0
.9
3
0

−
1
.8
2
7

−
1
.3
7
9

h
s|
1
5
q
2
6
.3

0
.0
8
0
0
0
0

5
8
6

B
C
A
T1

B
ra
nc

he
d
ch

ai
n
am

in
o
ac
id

tr
an

sa
m
in
as
e
1
,c

yt
o
so
lic

2
3
.0
7
6

−
0
.8
5
0

−
1
.3
2
4

−
1
.0
8
7

h
s|
1
2
p
1
2
.1

0
.1
0
0
0
0
0

5
4
4
3
7

SE
M
A
5
B

Se
m
a
do

m
ai
n,

se
ve

n
th
ro
m
bo

sp
o
nd

in
re
pe

at
s
(t
yp

e
1

an
d
ty
pe

1
‐li
ke

),
tr
an

sm
em

br
an

e
do

m
ai
n
(T
M
)
an

d
sh
o
rt

cy
to
pl
as
m
ic

do
m
ai
n,

(s
em

ap
ho

ri
n)

5
B

1
7
.0
8
9

−
0
.7
0
6

−
2
.6
8
7

−
1
.6
9
6

h
s|
3
q
2
1
.1

0
.1
0
9
0
0
0

3
1
7

A
PA

F1
A
po

pt
o
ti
c
pe

pt
id
as
e
ac
ti
va
ti
ng

fa
ct
o
r
1

1
1
.8
3
9

−
0
.9
7
3

−
1
.0
1
4

−
0
.9
9
4

h
s|
1
2
q
2
3
.1

0
.1
2
1
0
0
0

1
0
7
1
8

N
R
G
3

N
eu

re
gu

lin
3

1
1
.9
7
7

−
1
.6
4
5

−
0
.3
8
9

−
1
.0
1
7

h
s|
1
0
q
2
3
.1

0
.2
1
3
0
0
0

5
1
3
1
6

PL
A
C
8

P
la
ce
nt
a‐
sp
ec
if
ic

8
2

2
.7
5
0

−
0
.6
3
0

−
1
.9
6
2

−
1
.2
9
6

h
s|
4
q
2
1
.2
2

0
.2
4
9
0
0
0

7
4
3
6

V
LD

LR
V
er
y
lo
w

de
ns
it
y
lip

o
pr
o
te
in

re
ce
pt
o
r

1
2
.1
8
6

−
0
.4
5
5

−
0
.8
1
7

−
0
.6
3
6

h
s|
9
p
2
4
.2

0
.2
5
4
0
0
0

1
0
5
0

C
EB

PA
C
C
A
A
T
/e
nh

an
ce
r
bi
nd

in
g
pr
o
te
in

(C
/E
B
P
),
al
ph

a
1

1
.5
3
1

−
0
.8
7
7

−
0
.6
4
8

−
0
.7
6
3

h
s|
1
9
q
1
3
.1
1

0
.3
2
0
0
0
0

6
4
9
1
9

B
C
L1

1
B

B
‐c
el
l
C
LL

/ly
m
ph

o
m
a
1
1
B
(z
in
c
fi
ng

er
pr
o
te
in
)

1
2
.4
8
4

−
0
.1
7
8

−
1
.1
2
1

−
0
.6
4
9

h
s|
1
4
q
3
2
.2

0
.3
4
0
0
0
0

(C
o
n
ti
n
u
es
)

2922 | YAMADA ET AL.



T
A
B
L
E

2
(C
o
nt
in
ue

d)

E
nt
re
z

ge
ne

ID
G
en

e
sy
m
bo

l
G
en

e
na

m
e

Si
te

co
un

t

G
E
O

ex
pr
es
si
o
n

da
ta

fo
ld

ch
an

ge
(t
um

o
r/
no

rm
al
)

A
4
9
8
m
iR
-

1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

7
8
6
‐O

m
iR
-1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

A
ve

ra
ge

A
4
9
8
/7
8
6
‐O

m
iR
-1
4
4
-5
p

tr
an

sf
ec

ti
o
n

(L
o
g 2

ra
ti
o
)

C
yt
o
ba

n
d

T
C
G
A

d
at
a

fo
r
O
S
(h
ig
h

vs
lo
w

ex
p
re
ss
io
n
:

P
‐v
al
u
e)

5
6
9
5
0

SM
Y
D
2

SE
T
an

d
M
Y
N
D

do
m
ai
n
co

nt
ai
ni
ng

2
1

1
.6
5
7

−
0
.5
0
1

−
0
.7
6
2

−
0
.6
3
1

h
s|
1
q
4
1

0
.3
4
3
0
0
0

1
1
0
9
6

A
D
A
M
TS

5
A
D
A
M

m
et
al
lo
pe

pt
id
as
e
w
it
h
th
ro
m
bo

sp
o
nd

in
ty
pe

1
m
o
ti
f,
5

2
1
.5
2
3

−
0
.1
8
8

−
0
.9
4
6

−
0
.5
6
7

h
s|
2
1
q
2
1
.3

0
.3
9
4
0
0
0

1
0
0
9

C
D
H
1
1

C
ad

he
ri
n
1
1
,
ty
pe

2
,O

B
‐c
ad

he
ri
n
(o
st
eo

bl
as
t)

1
1
.8
4
8

−
0
.7
9
2

−
1
.7
8
9

−
1
.2
9
0

h
s|
1
6
q
2
1

0
.4
2
6
0
0
0

1
4
9
6
2
8

PY
H
IN
1

P
yr
in

an
d
H
IN

do
m
ai
n
fa
m
ily
,
m
em

be
r
1

1
1
.9
6
8

−
1
.1
5
4

−
1
.0
3
2

−
1
.0
9
3

h
s|
1
q
2
3
.1

0
.4
7
4
0
0
0

2
7
0
1
0

TP
K
1

T
hi
am

in
py

ro
ph

o
sp
ho

ki
na

se
1

1
1
.5
7
8

−
0
.8
1
0

−
0
.5
9
1

−
0
.7
0
1

h
s|
7
q
3
5

0
.4
8
7
0
0
0

8
3
5
7

H
IS
T1

H
3
H

H
is
to
ne

cl
us
te
r
1
,H

3
h

1
3
.4
4
6

−
0
.6
9
0

−
1
.5
2
1

−
1
.1
0
5

h
s|
6
p
2
2
.1

0
.5
1
6
0
0
0

4
0
8
2

M
A
R
C
K
S

M
yr
is
to
yl
at
ed

al
an

in
e‐
ri
ch

pr
o
te
in

ki
na

se
C

su
bs
tr
at
e

2
2
.7
6
9

−
1
.3
1
0

−
2
.2
5
2

−
1
.7
8
1

h
s|
6
q
2
1

0
.5
2
8
0
0
0

2
3
4
6
8

C
B
X
5

C
hr
o
m
o
bo

×
ho

m
o
lo
g
5

2
1
.6
5
9

−
1
.1
5
7

−
1
.2
1
6

−
1
.1
8
7

h
s|
1
2
q
1
3
.1
3

0
.5
4
9
0
0
0

7
9
6
2
7

O
G
FR

L1
O
pi
o
id

gr
o
w
th

fa
ct
o
r
re
ce
pt
o
r‐
lik
e
1

2
2
.1
0
7

−
0
.9
4
0

−
0
.1
6
7

−
0
.5
5
3

h
s|
6
q
1
3

0
.5
8
7
0
0
0

5
7
1

B
A
C
H
1

B
T
B
an

d
C
N
C

ho
m
o
lo
gy

1
,
ba

si
c
le
uc

in
e
zi
pp

er
tr
an

sc
ri
pt
io
n
fa
ct
o
r
1

1
1
.6
4
9

−
0
.1
9
7

−
1
.1
2
7

−
0
.6
6
2

h
s|
2
1
q
2
1
.3

0
.6
2
2
0
0
0

2
3
1
0
2

TB
C
1
D
2
B

T
B
C
1
do

m
ai
n
fa
m
ily
,
m
em

be
r
2
B

1
1
.6
5
4

−
0
.9
7
4

−
0
.5
3
1

−
0
.7
5
2

h
s|
1
5
q
2
4
.3

0
.6
9
3
0
0
0

4
4
8
1

M
SR

1
M
ac
ro
ph

ag
e
sc
av
en

ge
r
re
ce
pt
o
r
1

1
2
.8
8
7

−
1
.5
8
1

−
1
.1
3
5

−
1
.3
5
8

h
s|
8
p
2
2

0
.7
0
5
0
0
0

4
9
3

A
TP

2
B
4

A
T
P
as
e,

C
a+

+
tr
an

sp
o
rt
in
g,

pl
as
m
a
m
em

br
an

e
4

1
2
.2
8
2

−
1
.2
8
5

−
0
.9
2
8

−
1
.1
0
6

h
s|
1
q
3
2
.1

0
.7
2
3
0
0
0

5
6
1
2
4

PC
D
H
B
1
2

P
ro
to
ca
dh

er
in

be
ta

1
2

1
2
.0
9
5

−
0
.1
7
9

−
0
.8
4
4

−
0
.5
1
2

h
s|
5
q
3
1
.3

0
.7
6
5
0
0
0

3
5
5
6

IL
1
R
A
P

In
te
rl
eu

ki
n
1
re
ce
pt
o
r
ac
ce
ss
o
ry

pr
o
te
in

1
1
.7
7
5

−
0
.1
7
0

−
1
.0
2
4

−
0
.5
9
7

h
s|
3
q
2
8

0
.7
7
4
0
0
0

9
2
0
1

D
C
LK

1
D
o
ub

le
co

rt
in
‐li
ke

ki
na

se
1

1
3
.6
3
3

−
1
.2
8
2

−
0
.9
0
6

−
1
.0
9
4

h
s|
1
3
q
1
3
.3

0
.8
0
4
0
0
0

4
8
8

A
TP

2
A
2

A
T
P
as
e,

C
a+

+
tr
an

sp
o
rt
in
g,

ca
rd
ia
c
m
us
cl
e,

sl
o
w

tw
it
ch

2
1

1
.5
2
2

−
1
.2
9
7

−
0
.8
9
1

−
1
.0
9
4

h
s|
1
2
q
2
4
.1
1

0
.8
1
6
0
0
0

9
5
4
5

R
A
B
3
D

R
A
B
3
D
,
m
em

be
r
R
A
S
o
nc

o
ge

ne
fa
m
ily

1
1
.9
5
6

−
1
.1
0
6

−
0
.0
7
4

−
0
.5
9
0

h
s|
1
9
p
1
3
.2

0
.8
4
6
0
0
0

4
3
3
0

M
N
1

M
en

in
gi
o
m
a
(d
is
ru
pt
ed

in
ba

la
nc

ed
tr
an

sl
o
ca
ti
o
n)

1
1

1
.6
8
2

−
0
.1
7
0

−
0
.8
5
5

−
0
.5
1
2

h
s|
2
2
q
1
2
.1

0
.8
4
6
0
0
0

2
3
0
3
6

ZN
F2

9
2

Z
in
c
fi
ng

er
pr
o
te
in

2
9
2

2
2
.1
7
7

−
0
.7
9
2

−
0
.5
7
3

−
0
.6
8
3

h
s|
6
q
1
4
.3

0
.9
0
0
0
0
0

9
7
7
0

R
A
SS
F2

R
as

as
so
ci
at
io
n
(R
al
G
D
S/
A
F
‐6
)
do

m
ai
n
fa
m
ily

m
em

be
r
2

1
6
.1
4
7

−
1
.0
3
0

−
0
.0
5
8

−
0
.5
4
4

h
s|
2
0
p
1
3

0
.9
1
1
0
0
0

1
1
1
2
0

B
TN

2
A
1

B
ut
yr
o
ph

ili
n,

su
bf
am

ily
2
,m

em
be

r
A
1

1
1
.5
2
0

−
1
.3
2
8

−
0
.5
3
3

−
0
.9
3
0

h
s|
6
p
2
2
.2

0
.9
1
2
0
0
0

1
1
2
3
7

R
N
F2

4
R
in
g
fi
ng

er
pr
o
te
in

2
4

1
1
.6
0
6

−
0
.8
3
1

−
0
.5
7
8

−
0
.7
0
4

h
s|
2
0
p
1
3

0
.9
1
8
0
0
0

2
3
0
2
3

TM
C
C
1

T
ra
ns
m
em

br
an

e
an

d
co

ile
d
‐c
o
il
do

m
ai
n
fa
m
ily

1
1

4
.6
7
9

−
0
.7
9
1

−
0
.3
4
9

−
0
.5
7
0

h
s|
3
q
2
2
.1

0
.9
4
5
0
0
0

6
3
6

B
IC
D
1

B
ic
au

da
l
D

ho
m
o
lo
g
1
(D

ro
so
ph

ila
)

1
2
.4
2
3

−
0
.5
5
7

−
0
.5
9
0

−
0
.5
7
4

h
s|
1
2
p
1
1
.2
1

0
.9
5
5
0
0
0

6
4
2
4

SF
R
P4

Se
cr
et
ed

fr
iz
zl
ed

‐r
el
at
ed

pr
o
te
in

4
1

1
.7
8
6

−
1
.6
2
5

−
1
.0
2
5

−
1
.3
2
5

h
s|
7
p
1
4
.1

0
.9
8
0
0
0
0

5
4
7
6
9

D
IR
A
S2

D
IR
A
S
fa
m
ily
,
G
T
P
‐b
in
di
ng

R
A
S‐
lik
e
2

3
6
.2
0
2

−
0
.2
0
4

−
2
.6
7
8

−
1
.4
4
1

h
s|
9
q
2
2
.2

0
.0
0
1
1
9
0
a

1
9
6

A
H
R

A
ry
l
hy

dr
o
ca
rb
o
n
re
ce
pt
o
r

1
1
.7
4
5

−
0
.8
1
6

−
1
.2
6
1

−
1
.0
3
9

h
s|
7
p
2
1
.1

0
.0
1
1
7
0
0
a

2
8
3

A
N
G

A
ng

io
ge

ni
n,

ri
bo

nu
cl
ea

se
,
R
N
as
e
A

fa
m
ily
,
5

2
1
.6
1
7

−
0
.5
5
4

−
0
.9
0
6

−
0
.7
3
0

h
s|
1
4
q
1
1
.2

0
.0
1
5
3
0
0
a

8
4
9
0

R
G
S5

R
eg

ul
at
o
r
o
f
G

pr
o
te
in

si
gn

al
in
g
5

1
4
.7
2
1

−
0
.9
3
8

−
0
.7
0
5

−
0
.8
2
1

h
s|
1
q
2
3
.3

0
.0
3
1
7
0
0
a

(C
o
n
ti
n
u
es
)

YAMADA ET AL. | 2923



were determined with modified Boyden chambers containing Tran-

swell‐precoated Matrigel membrane filter inserts.11,20

2.5 | Incorporation of miR‐144‐5p or miR‐144‐3p
into the RNA‐induced silencing complex by Ago2
immunoprecipitation

786‐O cells were transfected with 10 nmol/L miRNAs by reverse

transfection. After 48 hours, immunoprecipitation was carried out

using a human AGO2 miRNA isolation kit (Wako, Osaka, Japan).16

Expression levels of miR-144-5p or miR-144-3p were evaluated by

qRT‐PCR. MicroRNA data were normalized to the expression of miR-

26a (P/N:000405; Applied Biosystems), which was not influenced by

miR-144-5p or miR-144-3p transfection.

2.6 | Western blot analysis

Immunoblotting was carried out with monoclonal anti‐SDC3 antibod-

ies (1:400 dilution; SAB4301620; Sigma‐Aldrich). We used anti‐
GAPDH antibodies (1:10 000 dilution; ab8245; Abcam, Cambridge,

UK) as an internal control.11,20

2.7 | Identification of candidate genes regulated by
miR-144-5p and miR-144-3p in RCC cells

Candidate genes regulated by miR-144-5p and miR-144-3p were

identified by a combination of in silico and genomewide gene

expression analyses. Genes possessing sequences regulated by miR-

144-5p and miR-144-3p were obtained from the TargetScan data-

base (http://www.targetscan.org/vert_71/). Upregulated genes in

RCC were identified from publicly available datasets in the Gene

Expression Omnibus (GEO; accession no. GSE36895) and we nar-

rowed down the candidate genes as explained below. Oligo

microarrays (Human GE 60K; Agilent Technologies, Santa Clara, CA,

USA) were used for gene expression analyses. The microarray data

were deposited into GEO (http://www.ncbi.nlm.nih.gov/geo/), with

accession number GSE106791. The Genomics Analysis and Visual-

ization Platform was used for visualization of gene expression heat

maps and clustering.21 The normalized mRNA expression values in

the RNA sequencing data were processed and provided as Z

scores. In the present study, patients were divided into two groups:

Z‐score ≥ 0 and Z‐score < 0.

2.8 | Plasmid construction and dual‐luciferase
reporter assay

The partial wild‐type sequence of the SDC3 3′‐UTR was inserted

between the SgfI‐PmeI restriction sites in the 3′‐UTR of the hRluc

gene in the psiCHECK‐2 vector (C8021; Promega, Madison, WI,

USA). We used sequences that were missing the miR-144-5p target

sites (position 2166‐2172). The synthesized DNA was cloned into

the psiCHECK‐2 vector.11,20T
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2.9 | Immunohistochemistry

Tissue sections were incubated overnight at 4°C with anti‐SDC3

antibodies diluted 1:50 (SAB4301620; Sigma‐Aldrich).11,20

2.10 | Regulation of targets downstream of SDC3
in RCC

We further investigated pathways regulated by SDC3 in RCC cells.

We analyzed gene expression using si‐SDC3‐transfected 786‐O cells.

Microarray data were used for expression profiling of si‐SDC3 trans-

fectants. The microarray data were deposited into GEO (accession

no. GSE113066).

2.11 | Clinical data analysis based on TCGA
datasets

To investigate the clinical significance of miRNAs and genes in RCC,

we used the RNA sequence database in TCGA (https://tcga-data.nci.

nih.gov/tcga/). The gene expression and clinical data were obtained

from cBioPortal (http://www.cbioportal.org/, the provisional data

downloaded on 1 December 2017).22-24

2.12 | Statistical analysis

Relationships between 2 or 3 variables and numerical values were

analyzed with Mann‐Whitney U tests or Bonferroni‐adjusted Mann‐
Whitney U‐tests. Spearman's rank tests were used to analyze the

correlations of the expressions. Expert StatView software (version

5.0; SAS Institute, Cary, NC, USA) was used for these analyses. Uni-

variate and multivariate Cox proportional hazard regression models

were used to determine prognostic factors with JMP Pro 13 (SAS

Institute Inc., Cary, NC, USA).

3 | RESULTS

3.1 | Expression levels of miR-144-5p and
miR-144-3p in RCC clinical specimens

As shown in Figure 1, the expression levels of miR-144-5p and miR-

144-3p were significantly lower in cancer tissues compared with those

in adjacent noncancerous tissues (P = .0325 and P = .0329, respec-

tively; Figure 1A,B). Furthermore, Spearman's rank test showed a posi-

tive correlation between the expression levels of miR-144-5p and miR-

144-3p in clinical specimens (R = 0.891, P < .0001; Figure 1C).

3.2 | Clinical significance and functional roles of
miR‐144‐5p and miR‐144‐3p in RCC

From TCGA database, patients with low expression levels of both miR-

144-5p and miR-144-3p were significantly associated with poor prog-

nosis (P = .00128 and P = 9.45 × 10−5, respectively; Figure 1D,E).T
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We undertook gain‐of‐function assays using miRNA transfection

into two RCC cell lines. Ectopic expression of miR-144-5p and miR-

144-3p showed that both miR-144-5p and miR-144-3p reduced can-

cer cell proliferation, migration, and invasive abilities in comparison

with mock and miR‐control transfectants (Figure 1F‐H).

3.3 | Incorporation of miR‐144‐5p into the
RNA‐induced silencing complex in RCC cells

We carried out immunoprecipitation with antibodies targeting

Ago2, which plays a pivotal role in the RNA‐induced silencing

complex (RISC). After transfection with miR-144-5p and immuno-

precipitation by anti‐Ago2 antibodies, miR-144-5p levels were sig-

nificantly higher than those of mock‐ or miR‐control‐transfected
cells or those of miR-144-3p‐transfected 786‐O cells (P < .0001;

Figure S1A). Similarly, after miR-144-3p transfection, miR-144-3p

was detected by Ago2 immunoprecipitation (P < .0001; Fig-

ure S1B).

3.4 | Identification of candidate targets of
miR-144-5p and miR-144-3p regulation in RCC cells

We searched for candidate targets using a combination of genome-

wide gene expression and in silico database analyses. The strategy

for identification of miR-144-5p and miR-144-3p target genes is

shown in Figure S2. First, we identified 2078 and 1043 genes that

had putative target sites for miR-144-5p and miR-144-3p, respec-

tively in their 3′‐UTRs based upon the TargetScanHuman 7.1

database. Next, we narrowed down those presumptive targets to

227 and 268 genes, respectively based on expression levels that

were upregulated (fold change >1.5) in RCC tissues using the GEO

database. Next, we identified 65 and 34 genes that were downregu-

lated after miR-144-5p and miR-144-3p transfection, respectively

into RCC cells (Log2 ratio < −0.5; Tables 2,3). In this study, we

focused on miR-144-5p, the passenger strand of the miR-144 duplex.

As shown in Figure 2, 65 candidate target genes of miR-144-5p were

analyzed, allowing us to construct a heat map. Among those genes,

9 were significantly associated with poor prognosis in RCC patients

(P < .001; Figure 3). Heat map visualization of those genes is shown

in Figure 4A. Patients with high gene signature expression (Z‐score ≥

0) had poorer outcomes (disease‐free survival and overall survival)

than those with low gene signature expression (Z‐score < 0)

(P < .0001; Figure 4B,C). In the present study, we focused on synde-

can‐3 (SDC3), reportedly related to carcinogenesis in several types of

cancers.

3.5 | Direct regulation of SDC3 by miR-144-5p in
RCC cells

We asked whether the expression of the SDC3 gene and SDC3 pro-

tein decreased in miR-144-5p‐transfected RCC cells. As shown in

Figure 5A,B, both mRNA and protein levels were significantly

decreased by miR-144-5p transfection compared with the mock,

miR‐control, or miR-144-3p transfectants.

Next, luciferase reporter assays with a vector that included

the 3′‐UTR of SDC3 were undertaken to confirm that miR-144-

F IGURE 2 Heat map showing the expression of 65 genes targeted by miR-144-5p
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5p directly regulated SDC3 in a sequence‐dependent manner.

The TargetScanHuman database predicted that there was a bind-

ing site for miR-144-5p in the 3′‐UTR of SDC3 (position 2166‐
2172; Figure 5C). Cotransfection with miR-144-5p and

vectors significantly decreased luciferase activity in

comparison with those in mock and miR‐control transfectants

(Figure 5D).

3.6 | Effects of silencing SDC3 on cell proliferation,
migration, and invasion in RCC cells

We confirmed that the expression levels of SDC3 mRNA and SDC3

protein were decreased by si‐SDC3 in RCC cells (Figure 6A,B). Fur-

thermore, we investigated the effects of silencing SDC3 on cell pro-

liferation, migration, and invasion in RCC cells. Cancer

aggressiveness was significantly inhibited in si‐SDC3 transfectants in

comparison with that in mock‐ or miR‐control‐transfected cell lines

(Figure 6C‐E).

3.7 | Expression of SDC3 in RCC clinical specimens

We examined the mRNA expression levels of SDC3 in 17 RCC clini-

cal specimens using qRT‐PCR. The mRNA expression levels of SDC3

were significantly upregulated in cancer tissues compared with those

in adjacent noncancerous tissues (Figure 7A). Spearman's rank test

revealed a negative correlation between the expression of SDC3 and

miR-144-5p (P = .0409, R = −0.356, Figure 7B). Next, we investi-

gated the expression levels of SDC3 in RCC clinical specimens by

immunostaining. It was found that SDC3 was strongly overexpressed

in several cancer lesions compared with that in adjacent noncancer-

ous lesions with the same staining intensity (Figure 7C).

3.8 | Downstream genes affected by silencing of
SDC3 in RCC cells

Finally, we undertook a genomewide gene expression analysis using si-

SDC3‐treated 786‐O cells to investigate which genes were modulated

F IGURE 3 The Cancer Genome Atlas database analysis of putative targets of miR-144-5p in renal cell carcinoma. Kaplan‐Meier plots of overall
survival with log‐rank tests for 9 genes regulated by miR-144-5p with high and low gene expression from The Cancer Genome Atlas database
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by SDC3. A SurePrint G3 Human GE 60K v3 microarray (Agilent Tech-

nologies) was used for genomewide expression analysis. We focused on

genes that were significantly downregulated by transfection of both si-

SDC3_1 and si‐SDC3_2 (log2 [average‐si-SDC3/mock] < −1.0). SDC3

was the most significantly downregulated gene, indicating that the array

data were worthy of evaluation. We identified 26 candidate genes

F IGURE 4 Heat map showing gene expression and Kaplan‐Meier analysis of 9 candidate genes in renal cell carcinoma. A, Heat map
visualization of 9 candidate genes. B, Kaplan‐Meier analysis of disease‐free survival of patients with high gene signature expression and those
with a low gene signature expression. C, Kaplan‐Meier analysis of overall survival of patients with high gene signature expression and those
with a low gene signature expression

F IGURE 5 Regulation of SDC3 expression by miR-144-5p in renal cell carcinoma cells. A, Expression levels of SDC3 mRNA 48 hours after
transfection with 10 nmol/L miR-144-5p or miR-144-3p into cell lines. GAPDH was used as an internal control. *P < .0001. B, Protein
expression of syndecan‐3 (SDC3) 72 hours after transfection with miR-144-5p or miR-144-3p. GAPDH was used as a loading control. C, miR-
144-5p binding sites in the 3′‐UTR of SDC3 mRNA. D, Dual‐luciferase reporter assays using vectors encoding putative miR-144-5p target sites
(positions 2166‐2172) in the SDC3 3′‐UTR for both wild‐type and deletion‐type. Normalized data were calculated as the ratio of Renilla/firefly
luciferase activities. *P < .005; **P < .001; ***P < .05
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(Table 4), from which a gene expression heat map was constructed (Fig-

ure 8A). In the heat map, we focused on a gene cluster including SDC3

(IL18RAP, SDC3, SH2D1A, GZMH, KIF21B, TMC8, GAB3, HLA-DPB2,

PLEK, and C1Qb) (Figure 8B). Furthermore, patients with high gene sig-

nature expression (Figure 8B, red square) were significantly associated

with a lower overall survival rate than those with low gene signature

expression (Figure 8B, blue square) (P = 0.0064, Figure 8C). Further-

more, high expression of 7 genes (SDC3, PLXDC1, IL18RAP, GZMH,

ATP8B3, TBX15, and TMC8) was significantly associated with poor prog-

nosis of RCC patients by TCGA datasets (Figure S3).

3.9 | Analysis of pre‐miR‐144 and the SDC family in
RCC pathogenesis and clinical outcome from TCGA
database

Figure 9A shows that patients with high expression of SDC3 had

shorter disease‐free survival. Furthermore, high expression of SDC3

was significantly associated with advanced tumor stage and high

pathological grade (Figure 9B‐F).
Conversely, low expression levels of miR-144-5p and miR-144-3p

were significantly associated with shorter disease‐free survival and

advanced tumor stage (Figure S4).

The univariate and multivariate Cox proportional hazards

model showed that high expression of SDC3 was an indepen-

dent predictive factor for survival (hazard ratio, 1.77; 95% confi-

dence interval, 1.07‐2.97; P = 0.0249), as were well‐known

clinical prognostic factors such as T stage, M stage, and hemo-

globin level (Table 5).

In further analyses, we investigated the relationships

between other genes in the syndecan family (SDC1, SDC2, and

SDC4) and RCC pathogenesis. Interestingly, no other SDC family

gene had a significant relationship between its expression and

patient prognosis, tumor stage, or pathological grade in RCC

(Figure S5).

F IGURE 6 Effects of silencing SDC3 in renal cell carcinoma cell lines. A, SDC3 mRNA expression 72 hours after transfection with 10 nmol/L
si‐SDC3_1 or si‐SDC3_2 into renal cell carcinoma cell lines. GAPDH was used as an internal control. B, Syndecan‐3 (SDC3) protein expression
72 hours after transfection with si‐SDC3_1 or si‐SDC3_2. GAPDH was used as a loading control. C, Cell proliferation was determined with XTT
assays 72 hours after transfection with 10 nmol/L si‐SDC3_1 or si‐SDC3_2. D, Cell migration activity was determined by migration assays. E,
Cell invasion activity was determined using Matrigel invasion assays. *P < .0001
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3.10 | Effect of cotransfection of SDC3/miR-144-5p
in 786‐O cells

In order to investigate whether the SDC3/miR-144-5p axis is essen-

tial for RCC pathogenesis, we applied rescue studies in 786‐O cells.

Our present studies showed that cell proliferation, migration, and

invasive abilities were recovered by cotransfection of SDC3 expres-

sion vector and miR-455-5p mature miRNA compared to miR-144-5p

transfection alone (Figure 10). These findings suggested that overex-

pression of SDC3 contributed to aggressiveness of RCC cells.

A schema summarizing these results of the study is shown in

Figure S6.

4 | DISCUSSION

The general understanding of miRNA biogenesis posits that only

guide strands of miRNAs (derived from the miRNA duplex) are incor-

porated into the RISC and actually modulate target RNA tran-

scripts.25 Passenger strands of miRNAs are also thought to undergo

degradation, becoming nonfunctional.26 Contrary to this point of

view, our miRNA signatures showed that some miRNA passenger

strands were aberrantly expressed in several cancer tissues.15,17 Our

previous studies revealed that miR-145-3p (the passenger strand of

the miR-145 duplex) was significantly reduced in clinical specimens

of prostate cancer as well as head and neck squamous cell carci-

noma. Moreover, ectopic expression of miR-145-3p blocked cancer

cell aggressiveness, suggesting that the passenger strand of the miR-

145 duplex acts as an antitumor miRNA, as does miR-145-5p (the

guide strand).15,16 Moreover, miR-145-3p was incorporated into the

RISC and targeted several oncogenes (eg MELK, NCAPG, BUB1,

CDK1, and MYO1B) in cancer cells.15,16 Importantly, these miR-145-

3p targets were deeply involved in cancer pathogenesis. For exam-

ple, high expression of MELK, NCAPG, BUB1, and CDK1 significantly

predicted survival in patients with prostate cancer.15

Some miRNAs are distributed in clusters on human chromo-

somes.27 Analyses of our miRNA signature of RCC based on RNA

sequencing showed that miR-451a was significantly downregulated

in cancer tissues and it had antitumor functions.13 In the human gen-

ome, miR-451a, miR-451b, miR-4732, miR-144-5p, and miR-144-3p

form a miRNA cluster at 17q11.2. Among these miRNAs, low

expression of miR-451a, miR-144-5p, and miR-144-3p predicted poor

prognosis of patients with RCC according to TCGA database analy-

ses. Our data showed that both strands of miR-144-5p and miR-144-

3p had antitumor functions in RCC cells. Many studies have reported

that miR-144-3p acted as an antitumor miRNA in several types of

cancers.28,29 In contrast to recent analyses of miR-144-3p, few

papers have examined the function of miR-144-5p in cancer cells.

We previously showed that miR-144-5p had tumor‐suppressive func-

tions through its targeting of CCNE1 and CCNE2 in bladder cancer.18

It is very interesting that members of this miRNA cluster at 17q11.2

have cancer‐suppressing effects. These results suggest that the anti-

cancer effects of this miRNA cluster should be closely examined in

many cancers.

F IGURE 7 Expression of SDC3 in clinical specimens of renal cell carcinoma. A, Expression levels of SDC3 in RCC clinical specimens. GUSB
was used as an internal control. B, Spearman's rank test showed the negative correlation between SDC3 expression and miR-144-5p. C,
Immunostaining showed that SDC3 was strongly expressed in cancer lesions (100× and 400× magnification field)
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In miRNA‐based cancer research, elucidation of target genes and

RNA networks controlled by aberrantly expressed miRNAs is an

important approach to better understanding the development and

progression of tumors. In this study, we identified 65 putative tar-

gets of miR-144-5p regulation in RCC cells. Among these targets,

high expression of 9 genes (FAM64A, F2, TRIP13, ANKRD36, CENPF,

NCAPG, CLEC2D, SDC3, and SEMA4B) significantly predicted poor

survival in patients with RCC (P < .001), suggesting they might be

good prognostic markers. Among them, coagulation factor 2 (F2),

which was overexpressed in advanced RCC, is related to tumor pro-

gression in several types of cancers.30 Furthermore, centromere pro-

tein F (CENPF) was previously reported to be regulated by antitumor

miR-205 and involved in prostate cancer pathogenesis.31 Non‐SMC

condensin I complex, subunit G (NCAPG) was also directly regulated

TABLE 4 Candidate downstream genes of SDC3 in renal cell carcinoma cells

Gene
symbol Gene name

Log2
(si‐SDC3_
1/mock)

Log2
(si‐SDC3_
2/mock)

Average
Log2
(si‐SDC3/
mock)

GEO expression
data fold change
(tumor/normal) Cytoband

TCGA data
OS (P‐value)

SDC3 Syndecan 3 −2.319 −2.821 −2.570 2.432 hs|1p35.2 0.000271

GAB3 GRB2‐associated binding protein 3 −1.599 −1.879 −1.739 2.467 hs|Xq28 0.200000

PLXDC1 Plexin domain containing 1 −0.481 −2.365 −1.423 3.144 hs|17q12 0.001860

SH2D1A SH2 domain containing 1A −1.092 −1.692 −1.392 2.214 hs|Xq25 0.133000

SFMBT2 Scm‐like with four mbt domains 2 −1.240 −1.434 −1.337 2.189 hs|10p14 0.009770a

NFATC2 Nuclear factor of activated T

cells, cytoplasmic,

calcineurin‐dependent 2

−1.036 −1.624 −1.330 2.259 hs|20q13.2 0.002260a

KIF21B Kinesin family member 21B −1.385 −1.231 −1.308 2.701 hs|1q32.1 0.148000

NLGN1 Neuroligin 1 −0.971 −1.518 −1.244 2.423 hs|3q26.31 0.039100a

PREX2 Phosphatidylinositol‐3,4,5‐trisphosphate‐
dependent Rac exchange factor 2

−1.088 −1.390 −1.239 2.213 hs|8q13.2 0.069000

CALHM2 Calcium homeostasis modulator 2 −1.858 −0.617 −1.237 2.940 hs|10q24.33 0.135000

IL18RAP Interleukin 18 receptor accessory protein −0.431 −1.976 −1.203 3.967 hs|2q12.1 0.001070

PLEK Pleckstrin −1.275 −1.123 −1.199 3.395 hs|2p13.3 0.121000

PECAM1 Platelet/endothelial
cell adhesion molecule 1

−0.465 −1.931 −1.198 2.831 hs|17q23.3 0.036500a

ZNF660 Zinc finger protein 660 −0.452 −1.913 −1.183 2.274 hs|3p21.31 0.155000

ELTD1 EGF, latrophilin, and seven

transmembrane domain containing 1

−0.634 −1.612 −1.123 2.297 hs|1p31.1 No data

KCNJ8 Potassium channel, inwardly

rectifying subfamily J, member 8

−0.465 −1.720 −1.093 2.002 hs|12p12.1 0.495000

ITGA4 Integrin, alpha 4 (antigen CD49D,

alpha 4 subunit of VLA‐4 receptor)

−0.369 −1.788 −1.079 2.336 hs|2q31.3 0.573000

GZMH Granzyme H (cathepsin

G‐like 2, protein h‐CCPX)
−0.273 −1.882 −1.077 5.323 hs|14q12 0.012900

ATP8B3 ATPase, aminophospholipid transporter,

class I, type 8B, member 3

−0.470 −1.647 −1.059 2.941 hs|19p13.3 7.35E‐07

ZG16B Zymogen granule protein 16B −1.156 −0.955 −1.056 2.080 hs|16p13.3 0.596000

HLA-DPB2 Major histocompatibility complex,

class II, DP beta 2 (pseudogene)

−0.988 −1.111 −1.050 3.123 hs|6p21.32 0.968000

TBX15 T‐box 15 −0.442 −1.631 −1.036 4.119 hs|1p12 0.001930

C1QB Complement component 1, q

subcomponent, B chain

−1.363 −0.661 −1.012 6.547 hs|1p36.12 0.070700

TMC8 Transmembrane channel‐like 8 −0.651 −1.370 −1.011 2.786 hs|17q25.3 0.001460

SLITRK5 SLIT and NTRK‐like family, member 5 −1.372 −0.636 −1.004 5.478 hs|13q31.2 0.016200a

HECW2 HECT, C2, and WW domain

containing E3 ubiquitin protein ligase 2

−0.984 −1.017 −1.000 2.663 hs|2q32.3 0.000152a

aPoor prognosis with low expression.

GEO, Gene Expression Omnibus; OS, overall survival; TCGA, The Cancer Genome Atlas.
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F IGURE 8 Heat map showing gene
expression and Kaplan‐Meier analysis in
renal cell carcinoma cells. A, Heat map
visualization of candidate genes
downstream from SDC3. B, Heat map
visualization of a gene signature including
SDC3 (black square). C, Kaplan‐Meier
analysis of overall survival of patients with
high gene signature expression (red square)
and those with a low gene signature
expression (blue square)

F IGURE 9 The Cancer Genome Atlas database analysis of SDC3 in renal cell carcinoma. A, Patients with high SDC3 expression had shorter
disease‐free survival than those with low expression. B‐F, High SDC3 expression was significantly associated with advanced tumor stage and
pathological grade
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by miR-145-3p and associated with tumor development in prostate

cancer.15

In the present study, we focused on SDC3 as a crucial oncogene

directly regulated by miR-144-5p in RCC cells. The syndecan protein

family consists of four transmembrane proteoglycans in mammals

(SDC1-4). In carcinogenesis, syndecans, integrins, and growth factor

receptors interact and play important roles in cell signaling. They

appear to be involved in both cancer initiation and progression.32

F IGURE 10 Effects of cotransfection
of SDC3/miR-144-5p into 786‐O cells. A,
Syndecan‐3 (SDC3) protein expression was
evaluated by Western blot analysis of 786‐
O cells. The rescue studies were evaluated
48 hours after reverse transfection with
miR-144-5p and 24 hours after forward
transfection with the SDC3 vector. GAPDH
was used as a loading control. B, Cell
proliferation was determined using XTT
assays 72 hours after reverse transfection
with miR-144-5p and 48 hours after
forward transfection with the SDC3 vector.
C, Cell migration activity was assessed by
wound healing assays 48 hours after
reverse transfection with miR-144-5p and
24 hours after forward transfection with
the SDC3 vector. D, Cell invasive activity
was evaluated by invasion assays 48 hours
after reverse transfection with miR-144-5p
and 24 hours after forward transfection
with SDC3 vector. *P < .005, **P < .0001.
VC, vector control

TABLE 5 Univariable and multivariable Cox hazard regression models for overall survival in renal cell carcinoma

Variable Group

Univariable Multivariable

HR 95% CI P‐value HR 95% CI P‐value

SDC3 expression High/low 1.73 1.28‐2.36 0.0003 1.77 1.07‐2.97 0.0249

Age, years ≥60/<60 1.84 1.35‐2.54 0.0001 1.51 0.91‐2.57 0.1131

Gender Male/female 0.97 0.72‐1.34 0.8684 – – –

T stage 3 + 4/1 + 2 3.05 2.26‐4.14 <0.0001 2.94 1.05‐10.44 0.0381

N stage Positive/negative 3.07 1.49‐5.65 0.0038 0.66 0.19‐1.95 0.4708

M stage Positive/negative 4.27 3.11‐5.82 <0.0001 5.11 2.57‐10.07 <0.0001

Stage III + IV/I + II 3.72 2.72‐5.13 <0.0001 0.55 0.14‐1.82 0.3423

Histological grade G3 + 4/G1 + 2 2.59 1.86‐3.68 <0.0001 1.06 0.62‐1.86 0.8232

Serum Ca level High/normal 4.38 2.06‐8.18 0.0005 0.74 0.19‐2.33 0.6173

Serum Hb level Low/normal 2.13 1.52‐3.05 <0.0001 1.67 1.00‐2.89 0.0488

–, not included in analysis. Ca, calcium; CI, confidence interval; Hb, hemoglobin; HR, hazard ratio.
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Although they are similar in molecular structure, it has been reported

that their expression and biological roles in cancer cells are different.

Relatively little is known about SDC3, whereas SDC1, SDC2, and

SDC4 have been shown to possess oncogenic functions in several

types of cancers.33-35 SDC3 is primarily expressed in nerve tissue

and developed musculoskeletal tissues. Overexpression of the gene

might be involved in perineural invasion and shorter survival in pan-

creatic cancer.32 SDC3 and perlecan were particularly strongly

expressed in tumor stromal vessels, indicating that these heparan

sulfate proteoglycans play pivotal roles in tumor angiogenesis.32 Fur-

thermore, the SDC3‐mediated signaling pathway might lead to pros-

tate cancer cell migration, invasion, and metastasis.32 These findings

indicate that SDC3 expression could be associated with RCC

progression.

Furthermore, we identified a gene signature of SDC3 down-

stream and its expressions were significantly related to cancer

aggressiveness. Among 26 downstream genes, several genes have

already reported roles in RCC pathogenesis. ITGA4 promoted cancer

cell metastasis and the kinesin family was related to cell prolifera-

tion, invasion, and migration in RCC.36,37 Interestingly, high expres-

sion of 7 genes (SDC3, PLXDC1, IL18RAP, GZMH, ATP8B3, TBX15,

and TMC8) significantly predicted poor prognosis of RCC patients

according to TCGA datasets. PLXDC1 (also known as TEM7) was ini-

tially cloned as a high expression protein from vascular endothelium

of human cancer.38 Several studies showed that its expression con-

tributed to angiogenesis.39,40 In gastric cancer, aberrant expression

of PLXDC1 enhanced cancer cell migration and invasive abilities.41

TBX15 is a member of the T‐box family of transcription factors; dys-

regulated expression of some TBX members is involved in human

disease and carcinogenesis.42 In thyroid cancer cells, expression of

TBX15 induced Bcl2 and Bcl‐XL (anti‐apoptotic proteins) expression

and its overexpression played a role of anti‐apoptosis.43 These stud-

ies showed that SDC3 and its regulatory network have potential to

be therapeutic targets of RCC. Further analysis of SDC3 could con-

tribute to the development of novel therapeutic strategies for

RCC.44

In conclusion, we showed that the expression of both miR-144-

5p and miR-144-3p was significantly downregulated in RCC tissues

and that they functioned as tumor suppressors in RCC cells. We

found that SDC3 was directly regulated by miR-144-5p and that it is

a significant gene in RCC pathogenesis. Overexpression of SDC3 was

involved in the pathogenesis of RCC and acted as an oncogene. The

antitumor functionality of the passenger strand of miRNA is a new

concept in cancer research. Searching for RNA networks controlled

by passenger strands of miRNA is a new challenge in studies of RCC

pathogenesis.
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