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Background: Nin one binding protein (NOB1) was identified as a potential oncogene in human glioma and miR-646 plays an
important role in human growth and development. However, the underlying molecular mechanisms of NOB1 in tumorigenicity
and its correlation with miR-646 in renal cell carcinoma (RCC) have not been investigated.

Methods: We performed bioinformatic analysis to explore miRNA targeting NOB1. The expression of NOB1 and miR-646 from
100 cases of clear cell RCC (ccRCC) and 30 cases of adjacent non-tumour tissues were detected by quantitative real-time PCR.
The expression of miR-646 was correlated with NOB1 expression, tumour features and patient metastasis-free survival. The effect
of overexpression of mir-646 on renal cancer cell proliferation was detected by colony formation in soft agar. Using a xenograft
tumour model, we observed the in vivo tumorigenesis effect of miR-646 and NOB1.

Results: miR-646 negatively regulated NOB1 and inhibited the proliferation and migration of renal cancer cells. There was a
significant upregulation of NOB1 in ccRCC and it was further increased in metastatic cases, while miR-646 was downregulated in
tumour tissues and further decreased in metastatic ccRCC. Additionally, expression of miR-646 was inversely correlated with the
expression of NOB1. The downregulation of miR-646 also indicated a higher probability of developing metastasis. Most
importantly, miR-646 expression was an independent predictor of ccRCC metastasis by the univariate analysis and binary logistic
regression model (both P<0.05). Colony formation in soft agar and xenograft tumour model suggested that miR-646 and NOB1
are required for tumorigenesis in vitro and in vivo. Furthermore, suppression of NOB1 increased the phosphorylation of several
proteins in MAPK pathway.

Conclusions: Downregulated miR-646 in ccRCC was associated with tumour metastasis through MAPK pathway by targeting
NOB1. miR-646 and NOB1 may play an important role in the development of ccRCC.

Renal cell carcinoma (RCC) is a common urologic malignancy and  chemotherapy resistant. Biomarkers for early detection and follow-
accounts for ~3% of adult malignancies and causes ~90000 up of the disease are not available at present. Overall, 30% of
deaths worldwide annually (Jemal et al, 2011). Clear cell RCC patients with newly diagnosed disease have evidence of metastases
(ccRCC) is the largest subtype of RCC and accounts for ~70% of at presentation (Hutson and Figlin, 2007). In the case of metastasis,
these tumours. Apart from surgery, it is both radiotherapy and few patients achieve a durable remission with currently available
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therapies, with a response rate of ~15-25% and overall median
survival of <12 months (Gupta et al, 2008; Motzer et al, 2013).
The early identification of ccRCC metastatic potential may be
beneficial for a more precise prediction of clinical outcomes and
may ultimately be used to identify subsets of patients that may
benefit from specific targeted therapies. MicroRNAs (miRNAs)
function as regulatory molecules by inhibiting protein translation,
which play important roles in differentiation, development,
proliferation, and apoptosis (Bartel, 2004). Downregulation of
miRNAs has been suggested to play a critical role in cancer
progression (Aguda, 2013; Farazi et al, 2013; Fendler and Jung,
2013).

miR-646 was first identified in a study of miRNAs expressed in
human cerebral cortical grey and white matter. miR-646 is known
to be mammalian specific, and it only appears in humans and
chimpanzees but has not been found in rhesus monkeys (Finnerty
et al, 2010). miR-646 belongs to the miR-15/107 gene group; in
fact, the normal functions of miR-15/107 gene group members
seem to have roles in cell division, angiogenesis, and metabolic
pathways. However, dysfunction in miR-107 expression may
contribute to neoplasia, neurodegeneration, cardiovascular dys-
function, and other diseases (Gatsiou et al, 2012). However, the
dysregulation of miR-646 and its possible involvement in ccRCC
has not been reported.

The yeast nin one binding protein (NOBI) is required for the
biogenesis and function of the 26S proteasome and plays a role in
RNA metabolism. The NOB1 gene encodes a 50 KDa protein
consisting of a PIN (PilT amino terminus) domain and a zinc
ribbon domain. NOBI protein is mainly expressed in the spleen,
liver and lung. The human ortholog of the NOBI1 gene was cloned
several years ago (Zhang et al, 2005). To date, the physiological and
pathological functions of NOB1 remain unclear, and its relation-
ship with miR-646 has not been reported.

miRNAs were shown to negatively regulate gene expression at
the post-transcriptional level by binding to the 3’ untranslated
region (3'-UTR) of target mRNAs (Zantarpia et al, 2010). miRNAs
have been shown to be involved in tumour progression and
metastasis in kidney and other carcinomas (Huang et al, 2009).
Thus, we searched for miRNAs targeting NOB1 using miRNA
target prediction algorithms such as TargetScan, miRDB and
PicTar. miR-646 was found to be a potential target for NOBI.
However, experimental validation of miR-646 targeting NOBI has
not yet been documented, and the role of miR-646 in ccRCC needs
to be elucidated.

In this study, we show that miR-646 could directly regulate
NOBI. Furthermore, we investigated the role in MAPK pathway in
ccRCC and found that miR-646 inhibits the activation of the
MAPK pathway by suppressing NOBI. In addition, miR-646
overexpression impaired cell viability and invasiveness of cancer-
ous cells. Thus, we elucidated the role of miR-646 as a regulator in
NOBI expression and MAPK pathway activity in human ccRCC,
which could be a potential therapeutic target for cancer therapy.

MATERIALS AND METHODS

Ethics statement. Written Informed Consent was obtained from
all patients. This study was approved by the Protection of Human
Subjects Committee, Tongji University Affiliated Shanghai Tenth
People’s Hospital.

Tissue samples. A total of 100 cases of ccRCC and 30 cases of
adjacent non-tumour kidney tissues were obtained from our
hospital (Table 1). All ccRCC cases were confirmed by a senior
pathologist, and staged based on the 2011 Union for International
Cancer Control TNM classification of malignant tumours. The
pathological diagnoses of all enrolled patients were confirmed by

Table 1. Characteristics of patients with RCC and associations with

clinicopathologic variables

Variable Total (%) Variable Total (%)
Gender Grade

Male 79 (79) 1 65 (65)
Female 21 (21) 2 27 (27)
Age 3 8(8)
<45 9 (9 Clinical stage

45-55 61 (61) | 39 (39)
>55 30 (30) Il 13 (13)
BMI 1l 20 (20)
<25 54 (54) v 28 (28)
>25 46 (46) Metastatic status

Tumour size (cm) NM 72 (72)
<4 23 (23) LM 7(7)
4-7 3131 DM 21 (21)
7-10 28 (28) T stage

>10 18 (18) T 46 (46)
Tumour Necrosis T2 20 (20)
No 48 (48) T3 29 (29)
Yes 52 (52) T4 5 (5)
Abbreviations: BMI=body mass index; DM=tumours involving distant metastases;
LM =tumours involving lymphatic metastases; NM=tumours involving non-metastasis;
RCC =renal cell carcinoma.

two different pathologists, according to the WHO grading system
(Gelb, 1997).

Cell culture and cell transfection. HEK-293T cells and human
renal cancer cells 786-O, ACHN and Caki-2 (American Type
Culture Collection, Manassas, VA, USA) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 Uml '
penicillin and 100 mgml ~ " of streptomycin. Cells were cultured at
37 °C in a humidified atmosphere of 5% CO,.

HEK-293T, 786-O, ACHN and Caki-2 cells were seeded in
24-well plates and incubated overnight, then transiently transfected
with miR-646 precursor, control miR-646 antisense oligonucleo-
tide or siRNA oligos using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Precursor miRNA and control oligos were obtained from Applied
Biosystems (Carlsbad, CA, USA). The scrambled shRNA (stem-—
loop-stem structure) targeting NOBI sequence was designed and
synthesised (NOB1-shRNA: 5'-AAGGTTAAGGTGAGCTCAT-3).
The corresponding sequences of the negative control shRNA
(control siRNA) was: 5-AATTCTCCGAACGTGTCACGT-3'.
Approximately, 48 h after transfection, the effects of gene silencing
were measured via western blotting and real-time PCR analysis. The
full-length NOB1 (NM_014062.2) ¢cDNA containing plasmid was
ordered from IBSbio (IBS Solutions Co. Ltd, Shanghai, China). The
complete NOB1 ¢cDNA was reverse transcribed by PCR and ligated
into the pcDNA3.1 mammalian expression vector (Invitrogen). This
pcDNA3.1-NOB1 plasmid consisted of the entire 1239bp ORF
(LNA-anti-miR-NC: 5'-UCUACUCUUUCUAGGAGGUUGUGA-3';
LNA-anti-miR-646-5'-GCCUCAGAGGCAGCUGCUU-3').

Prediction of miRNAs targeting NOB1. miRNA target predict-
ing algorithms miRDB (http://mirdb.org/miRDB/), TargetScan
(http://www.targetscan.org/), and PicTar (http://pictar.mdc-
berlin.de/) were used to predict miRNAs targeting NOB1 and
the binding regions.
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Plasmids constructs and luciferase reporter assay. 3'-UTR of
NOBI and a mutation sequence were amplified by PCR using the
primers that included a Bgl II restriction site on the 5 and 3’
strands. The PCR products were inserted into the Bgl II sites of the
pGL3-control vector (Promega, Madison, W1, USA) and identified
by DNA sequencing. The wild-type plasmid was created containing
the 3’-UTR of NOB1 with complementary sequence of miR-646
(pGL3-NOB1 3’-UTR wild), and a mutant plasmid with the
mutation sequence without complementary sequence of miR-646
(pGL3-NOB1 3-UTR mut). Following primers were used:
(Forward) NOB1-3'-UTR wild-F, 5'-CAAGCTTAGCGAGTTCCC
GCAGGCAAAT-3' (Reverse) NOB1-3'-UTR wild-R, 5-CTCTAG
ACATGATCTCTGGGCACAC-3"  (Forward) ~NOBI1-3-UTR
mut-F, 5-CAAGCTTAGCGAGTTCCCGCAGGCAAAT-3' (Reverse)
NOBI-3'-UTR mut-R, 5-CTCTAGACATGATCTCTTTTCACAC
AGC-3.

For the luciferase reporter assay, the human malignant renal cell
line 786-O was seeded on 24-well plates and co-transfected using
Lipofectamine 2000 (Invitrogen) with 100ng per well of the
resulting luciferase UTR-report vector, 2 ng per well of pRLCMV
vector (internal control, Promega) and 20 ng per well of miR-646
precursor molecules or control precursor (Applied Biosystems)
following the manufacturer’s instructions. After 24 h the cells were
lysed and the relative luciferase activity was assessed with the Dual-
Luciferase Assay Reporter System (Promega).

Total RNA extraction and quantitative real-time PCR. Total
RNAs containing miRNAs were extracted from frozen tissue
samples or the harvested cells using 1ml of Trizol reagent
(Invitrogen) following manufacturer’s instructions. cDNA was
synthesised from total RNA (2mg) using M-MLV Reverse
Transcriptase Kit (Promega). cDNA (20 ng) was mixed with SYBR
GreenMasterMix (Bio-Rad, Hercules, CA, USA) and amplified in
CFX96 real-time detection system (Bio-Rad) according to the
manufacturer’s protocol (Wang et al, 2011). Each sample was run
in triplicate for each gene. Relative expression levels of NOB1
mRNA were calculated by normalising to the level of GAPDH
expression by using comparative threshold cycle method, in which
fold difference is 27(Act Of target gene-Act of reference) 'By[1ving primers
were used: (Forward) NOBI-F, 5-ATCTGCCCTACAAGCCTA
AAC-3' (Reverse) NOB1-R, 5'-TCCTCCTCCTCC TCCTCAC-3'
(Forward) GAPDH-F, 5-GAAGGTGAAGGTCGGAGTC-3' and
(Reverse) GAPDH-R, 5-GAAGATGGTGATGGGATTTC-3'.

Protein extraction and western blotting. Proteins were extracted
from human renal cancer tissues or subconfluent culture of cells,
and were then characterised by using western blot analysis. Cells
were lysed in lysis buffer, resolved in SDS-PAGE gel, and
transferred onto an Immobilon-P membrane (Millipore, Billerica,
MA, USA). The membrane was blocked with 5% nonfat milk in
PBST for 1h at room temperature. The membrane was probed
with primary antibody against NOB1 (1:10000, Abcam, Cam-
bridge, MA, USA) or GAPDH (1:5000, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and was incubated overnight at 4°C. After
extensive washing, the membrane was incubated with secondary
antibody conjugated with horseradish peroxidase (1:10000; Santa
Cruz Biotechnology, Inc.) for 1h at room temperature. Blots were
developed using ECL (PE LifeScience, Waltham, MA, USA).

Analysis of cell cycle by flow cytometry. Different cell cycle
phases (G1, S or G2/M phase) were characterised by different DNA
contents. Fluorescence dyepropidium iodide (PI; Sigma, Santa
Clara, CA, USA) was used to analyse the DNA in cell cycle phase at
a ratio of 1: 1. Cells were serum starved for 24 h to synchronise the
cells, and media was replaced with complete medium containing
growth factor. After 48h of incubation, cells were harvested with
trypsin-EDTA, washed with chilled phosphate-buffered saline
(PBS) twice and fixed with 70% ethanol at —20°C for 2h.

The cells were harvested and resuspended in PI/RNase/PBS
(100 ugml~" PI and 10 ugml ' RNase A) for 30 min at 37°C in
dark, and filtered through a nylon mesh (400 screen meshes, Metal
Enterprise Co. Hebei, China). No less than 10000 cells were
analysed in each sample. The percentage of cells in Go/G;, S and
Gy/M phases was determined by (fluorescence-activated cell
sorting) FACS Calibur flow cytometer (BD Biosciences, San Jose,
CA, USA). The experiment was repeated thrice and the results
were averaged.

Analysis of cell proliferation in vitro. The in vitro cell
proliferation of RCC cell lines was measured using the MTT
method (Ai et al, 2012). In brief, cells were seeded into 96-well
plates and transfected with miR-646 precursor, control precursor,
NOBI1-shRNA, control shRNA or nothing for 72h. In the
indicated time periods, 0.1 ml of spent medium was replaced with
an equal volume of fresh medium containing MTT 0.5mgml .
Plates were incubated at 37°C for 4h, and then the medium was
replaced with 0.1 ml of DMSO (Sigma, St Louis, MO, USA) and
plates were agitated at room temperature for 10min. The
absorbance was measured at 490 nm. BrdU assay was also used
for cell proliferation measurement. After 72 h of transfection, RCC
cell lines were given a 2-h pulse of BrdU (Sigma) at 4mgml ™.
Visualisation of new DNA synthesis was done by indirect
immunohistochemistry on adherent cultures using primary anti-
BrdU antibody followed by a secondary antibody conjugated
with horseradish peroxidase. TMB Peroxidase substrate kit (Vector,
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Figure 1. miR-646 targets the 3'-UTR of NOB1 in luciferase reporter
assay. (A) Ideograph of NOB1 mRNA. The predicted miR-646-binding
site in the NOB1 3'-UTR. The sequence of wild-type (WT) and mutant
(MUT) miR-646 target sites in the NOB1 3'-UTR shown in frame. A point
mutation (underlined) was made in the seed region to block the
binding between miR-646 and mRNA. (B) The luciferase reporter assay
was used to confirm the contribution of the four miR-646 target sites.
ACHN cells were co-transfected with luciferase reporter plasmids
containing either WT or MUT miR-646 target sites and miR-646, control
precursors, LNA-anti-miR NC and LNA-anti-miR-646. miR-646 and full-
length wild-type NOB1 3'-UTR decreased luciferase activity. All results
were derived from independent experiments performed in triplicate
(*P<0.01).
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Figure 2. miR-646 overexpression can downregulate NOB1 protein and mRNA expression. HEK-293T, 786-O, ACHN and Caki-2 cells were
transfected with previously generated miR-646, miR-NC, NOB1-shRNA or untreated control vectors. (A and B) The results of western blot were
analysed with Quantity One (n = 3). miR-646 significantly repressed NOB1 protein expression in RCC cell lines. (C) The downregulation of NOB1
mRNA following miR-646 transfection in three RCC cell lines was analysed by RT-PCR (*P<0.01). (D) HEK-293T, 786-O, ACHN and Caki-2 cells
were transfected with LNA-anti-miR-646, LNA-anti-miR NC, pcDNA3.1-NOB1 or untreated control vectors. The results of western blot shown
miR-646 significantly increased NOB1 protein expression in RCC cell lines. (E) The upregulation of NOB1 mRNA following LNA-anti-miR-646

transfection in three RCC cell lines was analysed by RT-PCR (*P<0.01).

Burlingame, CA, USA) was used for detection. The absorbance rate at
450 nm was recorded using a 96-well plate reader.

Wound-healing assay and invasive assay. 786-O cells was
cultured in 25 cm? culture flask to ~ 80-90% confluency, collected
by digestion and centrifugation, and then seeded into six-well

plates at 2.5 x 10° cells per well. LNA-anti-miR-646 or LNA-
anti-miR-NC or pcDNA3.1-NOB1 was transfected into 786-O
cells. The floating cells were removed by washing with PBS,
and the width of scratch was observed at 0 and 48h using
inverted microscope (50-fold). Each experiment was repeated
three times.
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Transwell chambers precoated with Matrigel (BD Bioscience)
were used to perform the invasion assay. Cells were cultured in
serum-free medium in the upper chambers of the Transwell
(Corning, Union City, CA, USA) insert (1 x 10° cells per chamber),
which are separated from the lower chambers with permeable 8 um
polycarbonate membranes. Medium containing 10% FBS served as

the attractant in the lower chambers. After 12h, the cells were fixed
with 75% ethanol and stained with crystal violet. Non-migrating cells
on the upper side of the membrane were gently wiped off, and the
stained cells on the lower side were observed under a microscope.
The number of migrating cells in five fields per chamber were
counted and average values were calculated.
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Figure 3. Cell viability and proliferation were detected in human renal cancer cells transfected with pre-miR-646. 786-O (A) and ACHN (C) cells
were transfected with miR-646 precursor, control precursor, NOB1-shRNA, non-treatment and control shRNA for 3 days as described in the
methods section before measurement of the conversion of MTT to a coloured formazan product. A statistically significant delay of cell proliferation
was observed after day 3. 786-O cells (B) and ACHN cells (D) were transfected with miR-646 precursor, control precursor, NOB1-shRNA, nothing
and control shRNA for 3 days as described in the methods section, and the BrdU incorporation assay was performed. BrdU incorporation was
decreased in the miR-646 group and NOB1-shRNA group compared to the controls at 3 days. Significant differences between transfected cells
and mock-infected cells were determined using the two-tailed Student's t-test (**P<0.01, *P<0.05).
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Figure 4. Effect of NOB1 and miR-646 expression on the cell cycle and apoptosis in renal cancer cells. (A and B) 786-O and ACHN cells were
transfected with pre-miR-646, NOB1-shRNA, control percursor or control shRNA, respectively. After being cultured for 48 h, cells were fixed and
stained with propidium iodide and cell cycle was analysed by flow cytometry. Representative analysis of three independent experiments is shown.
(C and D) Quantities of the apoptosis cells with Annexin V-FITC/PI stain and flow cytometry analysis. miR-646 expression or NOB1 silencing causes

G1-phase cell cycle arrest, and induced early apoptosis (Annexin V + /Pl —). Three independent experiments were performed in each group
(*P<0.05).
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Figure 5. Association of miR-646 with ccRCC distant metastasis and metastasis-free survival. (A) Real-time PCR analyses of miR-646 expression in
non-metastatic (NM; n=70), lymphatic metastatic (LM; n=9) and distant metastatic (DM; n=20) ccRCC (*P<0.05 between the DM and NM
groups). (B) A total of 70 cases of NM RCC were grouped into two, ‘low miR-646" (n=50) and 'high miR-646" (n=20) according to miR-646
expression at the threshold giving the lowest P value of log-rank test comparing metastasis-free survival between the two groups. (C) NOB1
expression was negatively correlated with miR-646 expression in ccRCC (linear correlation analysis, r= — 0.745, P<0.001). (D) Kaplan-Meier graph
representing the probability of metastasis-free survival in ccRCC from the two groups. The status was defined as ‘occurred metastasis or not’, ‘high’
referred to ‘high level of miR-646 expression’, and ‘low’ referred to ‘low level of miR-646 expression’. (E) Inhibition of the expression of miR-646
and overexpression of NOB1promoted the migration of 786-O cells in a wound-healing assay. (F) LNA-anti-miR-646 and pcDNA3.1-NOB1 of

786-0O cells exhibited more invasive potential in a transwell chamber invasion assay (*P<0.05; the P value was from a log-rank test).

Analysis of apoptosis by Annexin V-FITC and PI. The Annexin
V-FITC Apoptosis Detection kit (Calbiochem, Darmstadt, Ger-
many) and PI (Sigma) was used to assess the apoptotic effect of
miR-646. ACHN cells with different treatments were suspended at
a concentration of 1x 10° cells per millilitre, centrifuged and
washed by PBS. The cells were resuspended in 0.5 ml cold Binding
Buffer (Santa Cruz Biotechnology, Inc.) with 1.25ul Annexin
V-FITC, and incubated for 15 min at room temperature in the dark
and centrifuged for 5min. Cells were resuspended in 0.5ml cold
Binding Buffer with 10 ul PI, incubated for 4h and analysed by
flow cytometry.

Nude mouse tumorigenicity assay. Nude mouse tumorigenicity
assay were performed as previously reported (Hillman et al, 1994).
Briefly, specific pathogen-free six-week-old female BALB/C-nu/nu
mice were purchased from the Cancer Research Center (Shanghai,
China) and maintained under specific pathogen-free conditions in

Tongji University. When the female BALB/cnu mice were ~7-8
weeks old, each mouse was inoculated with 1.5 x 10 ACHN cells
transfected with miR-646 or miR-control or NOB1-shRNA in
0.2ml of PBS subcutaneously in the forelimb with the mice being
injected with mock-infected cells as control. Tumour sizes were
measured every 5 days in two dimensions using a caliper, and the
volume was calculated using the formula: V =width® x
length x 0.5 (mm’). The tumours were excised and weighed after
35 days. All animal experiments were undertaken in accordance
with the National Institute of Health Guide for the Care and Use of
Laboratory Animals, with the approval of Animal Care and Use
Committee in Tongji University.

Measuring phosphorylation of signalling proteins. The
phosphorylation changes of selected proteins involved in signalling
pathways were analysed with Proteome Profiler Array kit
(ARY003; R&D Systems, Minneapolis, MN, USA). 786-O and
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Table 2. Univariate and multivariate model measured ORs and 95% Cls of RCC associated with distant and other covariates

\ Univariate I Multivariate |
Variables DM (%) P OR P OR (95% ClI)
Gender 0.724 0.441 0.312 0.361 (0.265-1.980)
Male (79) 18 (22.8)
Female (21) 3(14.3)
Age 0.376 0.801 0.432 1.459 (0.189-2.430)
<60 (71) 13 (18.3)
> 60 (29) 8 (27.6)
Tumour size 0.043 3.147 0.021° 4.776 (0.476-5.832)
<7 (54) 8 (14.8)
>7 (46) 13 (28.3)
Grade 0.174 1.756 0.338 2.249 (0.347-3.781)
1 (65) 11 (16.9)
2-3 (35) 10 (28.6)
pT Stage 0.0342 1.95 0.047° 3.161 (0.590-4.291)
T1-T2 (65) 7 (10.8)
T3-T4 (35) 14 (40.0)
miR-646 expression 0.027° 5.049 0.017°2 5.483 (1.214-18.815)
Low (70) 19 (27.1)
High (30) 2(6.7)
NOB1 expression 0.039° 4.714 0.048° 5.197 (2.364-20.863)
Low (27) 4 (14.8)
High (73) 17 (23.3)
Abbreviations: Cl = confidence interval; DM = distant metastasis; OR = odds ratio; RCC =renal cell carcinoma.
Statistically significant.

ACHN cells were treated with miR-646 precursor, control
precursor or NOB1-shRNA. At the designated times, each dish
was washed twice with PBS and processed to harvest 1 to 5 million
cells. Incubation was done with an array that contained 300 ug of
lysate protein. Net integrated pixel density for each spot (an
average of duplicate spots after subtraction of average background
density) was determined by densitometry and analysed using
Quantity One software (ISBE, Sheffield, UK). The data were
normalised to net integrated pixel density of kit-supplied internal
positive controls.

Immunohistochemical staining and clinical and pathological
evaluation. Immunohistochemical staining for NOB1 protein was
performed on the validating set of renal cancer patients. In brief,
paraffin embedded slides were treated with hydrogen peroxide
(H,0,) to block endogenous peroxidase activity, and washed with
ddH,0O and PBS. Diluted Rabbit polyclonal antibody to NOB1
(Abcam, San Francisco, CA, USA) was added to it and incubated at
room temperature for 60 min. The slides were washed with PBS,
incubated with biotinylated secondary antibody (Abcam), and
treated with Immunopure Metal enhanced DAB substrate (Pierce,
Rockford, IL, USA). Staining was categorised into four grades
according to immunohistochemical scores. For each slide, 10
randomly selected fields of view under a light microscope were
examined for the average intensity of positive cells and the
intensity scores were assigned to each sample as follows: none (—),
none/weak (+ —), weak (+), intermediate (+ + ), and strong
(+++).

Statistical analysis. The relative quantification of gene expression
detected by real-time PCR was log;, transformed and analysed by

Student’s t-test or ANOVA. Linear or rank correlation analysis
was performed to determine the correlation between the gene
expression levels. The univariate analysis and binary logistic
regression model were performed to select the risk factors
associated with metastasis. Briefly, Fisher’s exact test was used to
compare the immunolabelling results of NOB1 between high-grade
and low-grade ccRCC. All covariables were transformed into
binary data, and the tumour metastasis status (metastasis or not)
was selected as dependent variable. The Enter method was used in
this model. The Kaplan-Meier method and log-rank test were used
to estimate and compare the probability of metastasis-free survival.
SPSS 15.0 (SPSS Inc, Chicago, IL, USA) was used for the statistical
analysis and a significance level of P <0.05 was used to evaluate the
difference between groups.

RESULTS

NOBI1 is the target of miR-646. Using TargetScan software
(Lewis et al, 2005), NOB1 was verified as a likely target of miR-646
because it contains a putative miR-646 target site in the 3’-UTR
(Figure 1A). To confirm this, the luciferase reporter vector was
constructed containing oligonucleotides fully complementary to
the 3'-UTR of wild-type NOBI, or its relevant mutant. Pre-
hsa-miR-646 RNAs or non-functional control miR-NC RNAs
or LNA-anti-miR-646 or LNA-anti-miR-NC were co-transfected
with the reporter vectors into the human renal cancer cell line
786-0. The miR-646 target sequences and wild-type NOB1 3'-UTR
reduced the relative luciferase activity only when miR-646

1194

www.bjcancer.com | DOI:10.1038/bjc.2014.382


http://www.bjcancer.com

Downregulated miR-646 in clear cell renal carcinoma

BRITISH JOURNAL OF CANCER

was present, but not when the corresponding mutant
was introduced with miR-646 (Figure 1B). The luciferase
reporter data showed that NOB1 is a specific target of
miR-646.

MiR-646 inhibits the proliferation of renal cancer cells and
directly targets NOB1. Based on our finding that NOB1 mRNA
is a specific target of miR-646, we hypothesised that miR-646
might inhibit cell proliferation and arrest cell cycle progression
through the downregulation of NOBI expression. To test this

assumption, 786-O, ACHN and Caki-2 cells were transiently
transfected with miR-646 or miR-NC precursors. We found out
that miR-646 significantly repressed the NOBI1 expression, the
intervention effects of which was similar to NOBI RNA
interference (Figure 2).

786-O and ACHN cell lines were transfected with miR-646,
miR-NC, NOBI-shRNA, control shRNA or non-treated controls
and were inspected using the MTT [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H tetrazolium bromide] assay. As shown in
Figure 3A and C, ectopic expression of miR-646 significantly
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Figure 6. The effect of miR-646 and NOB1-shRNA treatment on tumour growth in 786-O and ACHN cells and xenograft model. (A and B) Soft
agar assay was performed to investigate the effect of miR-646 on tumour growth in vitro. 786-O cells had been infected with miR-646 precursor,
control precursor, non-treatment or NOB1-shRNA were plated in wells coated with agar. (C and D) The same assay was performed on ACHN cells.
Significant differences between transfected cells and mock-infected cells were determined using the two-tailed Student’s t-test (*P<0.05).
miR-646 overexpression or NOB1 silencing decreased colony formation. (E) Xenograft model was used to examine the effect of miR-646 on
tumorigenesis in vivo. Tumour volume was calculated as width? x length x 0.5 (mm?) every 5 days. miR-646 overexpression significantly inhibited
tumour formation was observed. (F) Vertical bars indicate mean tumour weight at the end of the experiment. *P<0.05 as compared to the control
precursor. (G) Tumour volume was evaluated periodically at the indicated days postinoculation. Data represent mean *s.d. of three independent
experiments. All error bars indicated s.e.m. (**P<0.01, *P<0.05).
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Figure 7. Overexpression of miR-646 transform the three key components of the MAPK pathway. (A) Cell extracts of 786-O and ACHN cells
treated with pre-miR-646, NOB1-shRNA, control or nothing were incubated on a Phospho-Kinase Array and phosphorylation status was detected
by subsequent incubation with anti-phosphotyrosine horseradish peroxidase. Each protein was spotted in duplicate. (1, positive control; 2, P38; 3,
ERK 1/2; 4, JNK). (B and C) In 786-O and ACHN cells, the phosphorylation of all three components of MAPK pathway were significantly increased
after miR-646 overexpression or NOB1-shRNA compared to the control. Values are presented as the mean *s.d. of at least three independent
experiments performed in triplicate (*P<0.05).
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inhibited the growth of 786-O and ACHN cell lines compared
to the negative control 3 days after infection (P<0.05), and no
statistically significant differences in growth rate between miR-
646 overexpressing cells and NOB1-shRNA-infected cells was
observed. After 5 days, the growth of 786-O cells expressing
miR-646 or treated with NOB1-shRNA was decreased to 50%
when compared to control cells. There were no significant
differences in cell growth detected between miR-NC cells and
the untreated controls (Figure 3A and C). The effect of miR-
646 on the proliferation of human renal cancer cells was
confirmed using a BrdU incorporation assay. Similarly, no
significant difference in BrdU incorporation was observed
between cells with different treatments at 24 h. However, BrdU
incorporation was decreased in 786-0 cells expressing miR-646
or through NOB1-shRNA treatment compared to the controls
at 72h, and similar results were observed in ACHN cells
(Figure 3B and D). Overall, these data suggest that NOB1 may
play a role in regulating the proliferation of human renal
cancer cells.

Then we examined the cell cycle distribution by FACS after
transfection. Compared with miR-control cells, miR-646 over-
expressing cells and NOBI silencing cells showed a substantial
decrease in the proportion of cells in S phase and an increase in the
number of cells in GI phase in 786-O and ACHN cell lines
(Figure 4A and B).

To evaluate the effect of miR-646 on apoptosis, 786-O and
ACHN cells were stained with Annexin V-FITC and propidium
iodide after transfection with miR-646, miR-NC, control shRNA
or NOB1-shRNA for 72 h. As shown in Figure 4C and D, >80%
of the untreated controls or miR-NC cells were viable, whereas
only ~68% of the miR-646 cells or NOBI silenced cells were
viable. Early apoptosis rates averaged from four experiments
were 14.6% in the miR-NC group, 13.5% in the untreated
control group, 28.5% in the miR-646 group, and 29.3% in the
NOB1-shRNA group (P<0.01). Further, late apoptosis rates of
the four groups were 8.3% with no distinct differences.
We found that miR-646 induced early apoptosis in renal
cancer cells.

Low-level miR-646 was associated with ccRCC metastasis and
shorter metastasis-free survival. We then determined whether
miR-646 was associated with tumour distant metastasis. Tumour
samples were divided into three groups according to their
metastatic status. Non-metastatic (NM) samples were obtained
from primary sites without lymphatic or distant metastases.
Lymphatic metastatic (LM) samples were obtained from primary
sites with lymph node metastasis, and distant metastatic (DM)
samples were obtained from primary sites in the metastatic
presence of distant metastases but absence of lymph node
metastases. Our data showed that miR-646 expression decreased
form NM and LM groups to DM group. However, there was no
statistically significant difference between NM and LM groups in
these variables (Figure 5A). Our findings showed that down-
regulated miR-646 might increase the risk of metastasis in ccRCC.
To link miR-646 expression to distant metastasis, 70 patients
without synchronous metastases were prospectively followed up
for a 5-year observational period. The patients were divided into
two groups based on relatively high or low levels of miR-646
expression at the threshold giving the lowest P value of log-rank
test comparing metastasis-free survival between the two groups
(Figure 5B). As shown in Figure 5C, NOBI1 expression was
negatively correlated with miR-646 expression in ccRCC (linear
correlation analysis, r= — 0.745, P<0.001). Metastases developed
in 19 out of 50 cases in the low-level miR-646 group, whereas
distant metastasis developed in only 2 out of 20 cases in the high-
level miR-646 group during the follow-up period. Moreover,
patients in the high-level miR-646 group obtained better
metastasis-free survival time than that in the low-level miR-646
group (Figure 5D; log-rank test, P=0.012). Similarly, wound-
healing assays were performed to investigate the motility of 786-O
cell line. The pcDNA3.1-NOB1 and LNA-anti-miR-646 cells had
migrated significantly faster than the empty vector and LNA-anti-
miR NC cells 48 h after wound creation (Figure 5E). In addition,
we used Transwell chambers precoated with Matrigel (BD
Bioscience) to perform the invasion assay. As shown in
Figure 5F, NOB1 enhanced the cell invasive ability by 2.75-fold
relative to the vector control cells.
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Figure 8. The expression levels of NOB1 in different grade RCC samples. (A and B) The expression of NOB1 protein was detected by western
blotting (n = 3). Quantity One analysis showed that NOB1 was significantly higher in high-grade RCC samples compared with low-grade RCC
(P=0.011) and normal renal samples (P<0.001). (C) Data analysis revealed that NOB1 mRNA was upregulated both high-grade RCC and low-
grade RCC tissue samples (P=0.013 and P=0.021, respectively) compared with normal renal tissues by quantitative RT-PCR. (D) RCC patients
who lived >2-year survival (21 patients) showed reduced NOB1 mRNA expression, whereas patients who lived < 2-year survival (36 patients)
showed higher NOB1 mRNA expression in spite of RCC grade (P<0.01). (E) In high-grade RCC group, those who lived >24 months (nine patients)
showed NOB1 mRNA expression was downregulation, further those who lived <24 months (21 patients) showed higher NOB1 mRNA expression
(P<0.01). (F) In low-grade RCC group, patients lived >24 months (11 patients) showed NOB1 mRNA expression was lower, meanwhile those
who lived <24 months (13 patients) showed higher NOB1 mRNA expression (P=0.026). The differences between groups were verified by
Mann-Whitney U test. Values are presented as the mean + s.d. of at least three independent experiments performed in triplicate (*P<0.05, **P<0.01).
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miR-646 was a predictor of ccRCC distant metastasis in
univariate and multivariate analyses. To evaluate the association
of miR-646 with distant metastasis, a multivariate logistic
regression model was constructed by considering the clinicopatho-
logical features. The features involved patients’ characteristics
(gender and age), tumour features (size, grade, and pT stage),
NOB1 and miR-646 expression. As shown in Table 2, the
covariables were transformed into binary data, and the tumour
distant metastasis status was selected as the dependent variable.
miR-646 expression was divided into low or high levels at the 70th
percentile. The analyses indicate that miR-646 expression, NOBI,
pT stage and tumour size were predictors of ccRCC distant
metastasis. The risk of distant metastasis in tumours expressing
low-level miR-646 was 8.2-fold higher than that in tumours
expressing high-level miR-646 (P=0.017). Moreover, large
tumours appeared to have more possibilities of distant metastasis
than small tumours (OR =4.776, P=0.021). In univariate analysis
and multivariate analysis (chi-square test), miR-646 and NOBI
expression were associated with distant metastasis (P=0.027,
P=0.039 and P=0.017, P=0.048, respectively). Similarly, the
tumour pT stage showed statistical significance (P=0.034 and
P =0.047). Further, the grade, age and gender, were not associated
with distant metastasis in this model.

Overexpression of miR-646 inhibits carcinogenesis in human
renal cancer cells. For examining the involvement of miR-646 in
the tumorigenesis of human renal cancer cells in vitro, colony
formation in soft agar was assessed in 786-O and ACHN cells.
Similar to NOBI silencing, overexpression of miR-646 caused a
substantial reduction in colony formation in soft agar compared
with the control group (P<0.05; Figure 6A-D). Further, to verify
the effect of miR-646 levels on the tumorigenesis of renal cancer
cells in vivo, we subcutaneously injected the genetically modified
(overexpressed miR-646 or NOB1-shRNA) ACHN cells, as well as
their control cells, into the forelimbs of nude mice. The tumour
volume was monitored for 5 weeks. Mean tumour volume in the
miR-646 group or the NOB1-shRNA group was 702.2mm’ or
761.8 mm’, whereas tumour volumes in mice treated with saline or
negative control plasmid were 973.0 mm® or 1163.8 mm”, respec-
tively (P<0.01) after 35 days (Figure 6E-G). The results further
indicate that miR-646 overexpression could significantly inhibit the
tumour formation in human renal cancer cells, suggesting that
miR-646 may play a vital function in the tumorigenicity of human
renal cancer cells in vitro and in vivo.

miR-646 regulates the key components of the MAPK signalling
pathway. The phosphorylation of several proteins was analysed
using the Phospho-Kinase Array Kit (Wayen Biotechnologies, Inc.,
Shanghai, China). In 786-O and ACHN cells, the phosphorylation
of p38 (T180/Y182), ERK1/2 (T202/Y204, T185/Y187), and JNK
(T183/Y185, T221/Y223) increased significantly after NOBI
suppression compared to the negative control (P <0.05; Figure 7).

The expression of NOBI1 in renal cancer tissues and over-
expression correlated with poor prognosis. The expression of
NOBI in high-grade renal cancer was significantly higher than in
low-grade cancer and normal tissues (P<0.001 and P=0.011,
respectively). NOB1 protein expression in RCC and normal tissues
were detected by western blotting as shown in Figure 8A and B. As
shown in Figure 8C, the expression of NOB1 mRNA in high-grade
tumour was ~5.9-fold (P=0.013) higher, whereas in the low-
grade cancer, the expression was 2.3-fold (P =0.021) higher than
that of tumour-adjacent normal tissues. The difference in NOB1
expression between the high-grade cancer and low-grade cancer
was statistically significant (P=0.031). We then tested the
correlation between NOBI1 expression and the prognosis of ccRCC
patients. Among the ccRCC patients analysed, those who lived
>24 months (21 patients) had lower expression of NOB1, while

Figure 9. Immunohistochemical staining of NOB1 in RCC specimens
and normal renal tissues. NOB1 immunohistochemical staining was
performed on different types of RCCs and normal renal tissues, and
representative images are shown. (A and B) H&E staining of RCC tissue
(magnification, left x 100, right x 200). (C and D) Immunohistochemical
staining of normal renal tissue, staining revealed that no significant
staining was observed in normal renal tissues (magnification, left x 200,
right x 400), and with the increasing of grade I-IV (E-L), renal tissue
specimens expressing NOB1 protein. NOB1 staining was stronger in
high-grade RCC than that in low-grade RCC.
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those who lived <24 months (36 patients) had relatively higher
expression of NOB1 (P<0.01, Figure 8D). Similar results were
obtained after stratification of patients into high-grade ccRCC
(P<0.01; Figure 8E) and low-grade tumour (P = 0.026; Figure 8F).
Our results showed that higher levels of NOB1 mRNA in ¢ccRCC
patients lead to a relatively shorter survival time.

Further, immunohistochemical detection of NOBI1 in renal
cancer tissues (Figure 9) showed stronger staining for NOB1 in the
high-grade cancer than in the low-grade cancer samples
(P=10.005), whereas the tumour-adjacent normal tissues did not
show significant NOBI1 staining. The association between NOB1
expression and tumour grades in renal cancer strongly suggests
that NOB1 might be involved in human ¢cRCC tumorigenesis.

DISCUSSION

Small non-coding RNA has drawn more attention in the recent
years due to their role in the gene transcriptional and post-
transcriptional regulation. Nearly, 30% of gene expression in the
human body is regulated by miRNAs (Shen et al, 2013). Recently,
targeted therapies were developed to interfere with the transduc-
tion of key signalling pathways or to inhibit the function of
tumour-specific molecules in malignant ccRCC (Cancer Genome
Atlas Research Network, 2008; Coller et al, 2013).

MicroRNAs are unique in their ability to regulate many protein-
coding genes. Increasing evidence suggests that miRNAs play an
important role in the occurrence and development of many human
cancers (Yi et al, 2010). The changes in miRNAs profiling are
associated with almost all aspects of cancer biology such as cell
proliferation, angiogenesis and invasion (Wu et al, 2012). The
important roles of miRNAs in cancer suggest that they may be
useful in clinical diagnosis and treatment. In the present study, we
focussed on miR-646, which has been shown to suppress tumour

growth in ccRCC. The downregulation of miR-646 in ccRCC was
revealed to be associated with a feedback loop involving NOBI that
impaired renal cancer cell tumorigenicity.

In a previous report, NOBI, an essential protein, was found to
be associated with the 26S proteasome and hence plays an essential
role in universal biological processes. In this study, we showed that
miR-646 inhibits tumorigenesis by blocking a novel target, NOB1,
both in vitro and in vivo (Rosenzweig and Glickman, 2008). When
the cell cycle of human renal cells was assessed by FACS, we
observed that overexpression of miR-646 showed significant
decrease in S-phase and an increase in Gl-phase populations in
the human renal cells, leading to a significant delay in cell
proliferation. The growth inhibitory effect was observed by colony-
forming and nude mouse xenograft assays, indicating that miR-646
and NOB1 are crucial for human ccRCC tumorigenesis. In
addition, upregulation of NOB1 expression in human renal cancer
tissue samples is related strongly to survival rate; the higher the
level of NOBI, the shorter the overall survival of the patients,
indicating that upregulated NOB1 plays an important role in the
stages or grades of ccRCC. Our results are supported by datasets in
Oncomine (www.oncomine.org). In the database, NOBI was
overexpressed in renal cancer compared to the normal kidney
tissue. Also, in the dataset of French brain, NOB1 was over-
expressed in human anaplastic oligodendroglioma compared to the
normal brain. The results support the involvement of NOBI in the
tumorigenesis of different types of cancer.

MAPK signalling pathways can induce either cell proliferation
or cell survival depending on the cell type and stimulus, the
activation of the MAPK pathway has been associated with renal
cancer proliferation (Salinas-Sanchez et al, 2012). The three
main members that integrate the MAPK family in mammalian
cells are ERK1/2, JNK and p38 MAPK, which are important in
the control of cell differentiation, proliferation and apoptosis
(Yao et al, 2008; Nissan et al, 2013). We hypothesised that the
induction of early apoptosis by NOB1 downregulation in renal

miR-646-NOB1-MAPK pathway
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Figure 10. Abridged general view for the interplay among miR-646, NOB1 and the MAPK pathway in ccRCC. miR-646 as a tumour suppressor by
targeting NOB1, which decreased the tumorigenesis of RCC cells in vivo and in vitro through the modulation of the MAPK pathway.
Overexpression of miR-646, which suppresses the expression of NOB1, activates the MAPK pathway by increasing the phosphorylation of ERK1/2,
JNK and p38 MAPK, which inhibits cell proliferation and induced apoptosis in human ccRCC.
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cancer cells might be related to the MAPK signalling pathway.
Our results indicate that silencing of NOBI expression increased
the phosphorylation of these proteins, suggesting that the anti-
tumour effect of NOB1 might be mediated by MAPK activation.
NOBI protein is a key factor linking the proteasome and cellular
growth, and therefore investigation of the NOB1 function will
shed some light on the mechanism of growth control by the
ubiquitin-proteasome pathway (Fasanaro et al, 2010). Upregu-
lating miR-646 or downregulating NOB1 expression can both
inhibit the activation of the proteasome. Perhaps the inhibition
of the proteasome leads to stabilisation of proteins that increase
phosphorylation of the three key components in the MAPK
pathway.

Recently, several profiling analyses reported that miRNAs were
involved in tumorigenesis and metastasis in ccRCC (Ramana,
2012; Zhang et al, 2012). Interestingly, miR-15 family members
were found to play critical role in pronephros development or
apoptosis in RCC (Wessely et al, 2010). Moreover, miR-15 family
members were downregulated in ¢ccRCC and further down-
regulated in metastatic RCC (Jung et al, 2009; Heinzelmann et al,
2011). The result of our study showed that downregulation of
miR-646 was correlated with high metastasis ratio in ccRCC. The
aberrant expression of miR-646 protein linked to poor prognosis
of patients has not been investigated in renal cancer before. Their
molecular mechanisms are poorly understood and need further
investigation.

In conclusion, our studies have demonstrated that NOBI as a
novel target of miR-646. Overexpression of miR-646 decreased
tumorigenesis of renal cancer cells through the modulation of
MAPK pathway. Clinically, NOBI1 expression might be associated
with tumour grade as well as the prognosis of ccRCC. As depicted
in Figure 10, the interplay among miR-646, NOB1 and the MAPK
pathway scratched the surface of the terra incognita was shown.
Our findings suggest that exogenous overexpression of miR-646
may be considered as a promising strategy for targeted therapies in
renal cancer.
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