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miR-210 is a target of hypoxia-inducible
factors 1 and 2 in renal cancer, regulates ISCU
and correlates with good prognosis
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Background: Clear cell renal cancer frequently harbours von Hippel-Lindau (VHL) gene mutations, leading to stabilisation of the
hypoxia-inducible factors (HIFs) and expression of their target genes. We investigated HIF-1 and HIF-2 in the regulation of
microRNA-210 (miR-210), and its clinical relevance in renal tumours.

Methods: RCC4 and 786-O renal cancer cell lines transfected with either an empty vector or functional VHL and incubated in
normoxia or hypoxia were examined for miR-210 expression. Hypoxia-inducible factor siRNAs were used to examine their
regulation of miR-210. Seventy-one clear cell renal tumours were sequenced for VHL mutations. Expression of miR-210, VHL, CA9,
ISCU and Ki-67 were determined by immunohistochemistry and gRT-PCR.

Results: In addition to HIF-1 regulating miR-210 in renal cancer, HIF-2 can regulate this microRNA in the absence of HIF-1.
MicroRNA-210 is upregulated in renal cancer compared with normal renal cortex tissue. MicroRNA-210 correlates negatively with
its gene target ISCU at the protein and mRNA level. MicroRNA-210 correlated with positive outcome variables and negatively with
Ki-67.

Conclusion: We provide further evidence of miR-210 activity in vivo, and show that high miR-210 expression is associated with
better clinico-pathological prognostic factors.

MicroRNAs (miRNAs) are non-coding oligonucleotides, which
bind to complementary sites on target genes, leading to transla-
tional inhibition or mRNA degradation (Pillai, 2005). MicroRNA-
210 (miR-210) is the most ubiquitously upregulated miRNA in
multiple cancer cell lines in hypoxia (Camps et al, 2008; Gee et al,
2010; Ho et al, 2010; McCormick et al, 2010). It is upregulated in
many tumour types, presumably because of the inherently
hypoxic nature of many expanding tumours, as disordered angio-
genesis does not maintain adequate blood supply to the lesions

(Kulshreshtha et al, 2007). Tumour hypoxia has been shown to
correlate with poorer response to radiotherapy and chemotherapy,
and poor outcome regardless of modality. Our group and others
have shown miR-210 to correlate with poorer prognosis in breast
and head and neck cancer (Camps et al, 2008; Gee et al, 2010).
Renal cancer is the third most common urological malignancy,
and represents 5% of cancer diagnoses. Clear cell renal cell cancer
(CCRCC) is the most common histological subtype, which is
characterised by mutations of the von Hippel-Lindau (VHL) gene
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in 75% of tumours. The VHL gene is responsible for degrading the
hypoxia-inducible factor (HIF) transcription factors. In normoxia,
HIF-o molecules are hydroxylated, leading to binding to VHL,
ubiquitination, and proteasomal degradation. In hypoxia, lack of
HIF-o hydroxylation leads to stabilisation of the molecules, which
are able to bind to HIF-f (also known as the aryl hydrocarbon
nuclear translocator), translocate to the nucleus, and mediate gene
transcription. Inactivating mutations of the VHL gene lead to
constitutive stabilisation of the HIF-o. molecules, and overexpres-
sion of the HIF target genes involved in processes such as
angiogenesis, the shift to glycolysis, invasion, metastasis and
proliferation. Hypoxia-inducible factor exists in two major iso-
forms — HIF-1a and HIF-2a (referred to henceforth as HIF-1 and
HIF-2, respectively), which lead to transcription of overlapping but
distinct sets of gene targets (Harris, 2002).

We, and others, have shown that miR-210 targets ISCU (iron
sulphur cluster homologue), which acts as a scaffold protein for the
formation of iron sulphur (Fe-S) clusters (Chan et al, 2009; Chen
et al, 2010; Favaro et al, 2010). Fe-S clusters function as electron
transporters and are key components of complexes I and II of the
mitochondrial electron transport chain, and also of TCA cycle
enzymes (Rouault and Tong, 2008). We showed that miR-210
knockdown of ISCU led to reduction in complex I and aconitase
activity, leading to an increase in the lactate:pyruvate ratio and an
increase in reactive oxygen species production (Favaro et al, 2010).
Thus, some of the phenotypes of HIF induction may be regulated
by the miR-210 response.

We therefore investigated the regulation of miR-210 in renal
cancer cell lines, and showed that both HIF-1 and HIF-2 can
contribute to its overexpression. We assessed whether in primary
tumours there was reciprocal regulation of ISCU expression with
miR-210, which would support the in vitro studies. Finally, we
demonstrated that miR-210 expression correlates with clinico-
pathological data corresponding to better prognosis, in contrast to
other cancer types, potentially reflecting the more potent effect of
HIF-1 than HIF-2.

MATERIALS AND METHODS

Cell lines. RCC4 and 786-0 cell lines were a generous gift from Dr
William G Kaelin, Farber Institute. They had previously been
transfected with either an empty vector control or a vector
containing the functional wild-type VHL gene (Iliopoulos et al,
1995). They have been authenticated through determination of
HIF-1 and HIF-2 expression status by western blotting. Papillary
and CCRCC renal tumours, and matched normal renal cortex from
patients who underwent nephrectomy, were obtained from the
Oxford Radcliffe Biobank. RNA and DNA were extracted from the
tumours in parallel. Tumours were homogenised using FastPrep
Lysing System Matrix D (MP Biomedicals, Solon, OH, USA), and
then lysed in Trizol Reagent (Invitrogen, Paisley, UK). Extraction
of RNA and DNA was carried out as per the manufacturer’s
protocol. RNA from 30 tumours was also obtained from the Leeds
biobank (Young et al, 2009). Ethical approval for use of clinical
samples has been obtained from the local research ethics
committee, reference 09/H0606/5.

Tissue microarray. A tissue microarray (TMA) containing 40
CCRCCs was constructed, containing three replicate cores of each
tumour. Immunohistochemistry was carried out with antibodies to
ISCU (Novus Biologicals, Cambridge, UK), CA9 (murine M75
monoclonal antibody (Saarnio et al, 1998)) and VHL (BD
Biosciences, Oxford, UK). Staining was scored using the percen-
tage-intensity method (Chia et al, 2001).

qRT-PCR. MicroRNA-210 analysis was carried out by qRT-PCR
using TagMan reagents (Applied Biosystems, Austin, TX, USA).

MicroRNA-210 was normalised to the average expression of three
small-nucleolar RNA control genes: RNU44, RNU48 and RNU6B.
qRT-PCR for CA9 and VHL were carried out using the Roche
probe system (Roche, Burgess Hill, UK), using SensiMix PCR
mastermix (Bioline, London, UK). Data were normalised to beta-
actin expression. The VHL primers left: 5-ATCCGTAGCGGTTG
GTGAC-3, right: 5-CTCACGGATGCCTCAGTCTT-3'. CA9
primers left: 5-CTTGGAAGAAATCGCTGAGG-3/, right: 5'-TG
GAAGTAGCGGCTGAAGTC-3'. Statistical analysis of the data
from tumour samples was normally performed with non-
parametric Mann-Whitney tests because of the increased
variability of data in the tumour samples.

Western blotting. Cells were lysed with 8 M urea lysis buffer, and
run on 12% SDS-PAGE gels. They were probed with antibodies for
ACTB (Sigma-Aldrich, St Louis, MO, USA), HIF-la (BD
Biosciences) and HIF-20. (Abcam, Cambridge, UK).

RESULTS

MicroRNA-210 is upregulated in renal cancer cell lines. RCC4
and 786-0 renal cancer cell lines were selected for analysis of miR-210
expression. Both harbour an inactivating mutation of VHL, with
constitutive HIF overexpression. 786-O cells lack functional HIF-1,
whereas RCC4 cells express both HIF-1 and -2. Both cell lines had
been transfected with either an empty vector (referred to as ‘VHL —)
or a vector containing functional VHL (referred to as ‘VHL+’)
(Iliopoulos et al, 1995). RCC4 cells were incubated in normoxia or
0.1% O, for 24h, and expression of HIF-1 and HIF-2 protein was
determined by western blotting. As expected, the RCC4 VHL + cells
demonstrated expression of HIF-1 and -2 in hypoxia alone, whereas
the VHL — cells constitutively overexpressed HIF in normoxia with
further increased expression in hypoxia (Figure 1A).

786-O cells also demonstrated the expected hypoxia-induced
expression of HIF-2 in the VHL+ cells, and constitutive
expression in normoxia in the VHL— cells (Figure 2A).
Hypoxia-inducible factor was not detected in this cell line.
MicroRNA-210 expression was determined by qRT-PCR in both
cell lines following culture in normoxia and 0.1% O, for 24h.
RCC4 VHL + cells demonstrated a six-fold induction of miR-210
in hypoxia (P<0.05, two-tailed t-test), whereas the VHL — cells
constitutively overexpressed miR-210 approximately 15-fold in
both normoxia and hypoxia (P<0.01, t-test) (Figure 1B). The 786-
O VHL+ cells showed increased expression of miR-210 in
hypoxia by 2.5-fold (P<0.05, t-test). The VHL — cells demon-
strated constitutive overexpression of miR-210 in normoxia
(P<0.05, t-test) (Figure 1C).

Hypoxia-inducible factor-2a regulates miR-210 in 786-O cells.
MicroRNA-210 has been shown to be a HIF-1a target in many
previous in vitro experiments (Huang et al, 2009). To explain miR-
210 overexpression in 786-O VHL — cell lines, which do not
express HIF-1o, we investigated HIF-2u as a potential regulator in
this cell line.

786-O VHL + and VHL — cells were incubated in normoxia or
0.1% O, for 24h, following transfection with either a scrambled
control or siRNA to HIF-2 (si-HIF-2). The si-HIF-2 blocked the
induction of HIF-2 in VHL + cells in hypoxia, and reduced it to
undetectable levels in the VHL — cell lines (Figure 2A). In the
VHL + cells, hypoxic miR-210 overexpression was inhibited by
si-HIF-2. In the VHL — cells in normoxia, si-HIF-2 reduced miR-
210 to baseline levels. In the VHL — cells in hypoxia, there was
reduction in miR-210 expression by si-HIF-2, but not to baseline
levels, and was not statistically significant (Figure 2B).

Further evidence for the ability of HIF-2 to substitute for HIF-1
in 786-O cells was provided through a pan-genomic analysis of
HIF-200 and HIF-1f binding by chromatin immunoprecipitation
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Figure 1. The hypoxic regulation of miR-210 in RCC4 cells.

(A) Hypoxia-inducible factor-1a and -2u expression in RCC4 cells.
RCC4 cells were transfected with an empty vector (VHL —) or vector
coding for functional VHL (VHL+) and cultured in normoxia or 0.1%
O, for 24 h. Protein was immunoblotted on SDS-PAGE gels.

(B) MicroRNA-210 is upregulated six-fold in hypoxia in RCC4 VHL+
cells, and constitutively expressed in VHL — cells. (C) MicroRNA-210
is upregulated in 786-O cells expressing HIF-1-only. 786-O VHL+ and
VHL — cells were cultured in normoxia or 0.1% O for 24 h. Hypoxic
upregulation of 2.5-fold was observed in VHL + cells. VHL — cells
showed constitutive upregulation of miR-210 in normoxia, with further
upregulation in hypoxia. The degree of overexpression was lower than
in RCC4 cells. *P<0.05, “"P<0.01, unpaired t-test.

coupled to high-throughput sequencing (CHIP-seq). This showed
strong HIF-2 binding centred on a hypoxia response element
(HRE, the core RCGTG motif recognised by HIF) contained within
both a DNase-hypersensitivity cluster and a CpG island approxi-
mately 420bp from the miR-210-coding region (Figure 3).
Previous work by collaborators on MCF7 cells, which express
both HIF-1 and -2, demonstrated that only HIF-1 knockdown
inhibited the hypoxic induction of miR-210 (Camps et al, 2008).
Nevertheless, as shown in Figure 3, the miR-210 locus in these cells
has binding sites for both HIF-1 and HIF-2.

MicroRNA-210 is upregulated in renal cancer. Three types of
renal tumour were obtained from our biobank, in Oxford, of snap-
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Figure 2. Hypoxia-inducible factor-2 mediates hypoxic miR-210
regulation in 786-O cells. (A) Validation of si-HIF-2a.. 786-O VHL + and
VHL — cells were transfected with si-HIF-20 or a control molecule and
incubated in normoxia or 0.1% O, for 24 h. Hypoxia-inducible factor-2a
was induced in hypoxia in the VHL + cells, and constitutively expressed
in the VHL — cells. Treatment with si-HIF-2« reduced expression to
baseline. (B) MicroRNA-210 is regulated by HIF-2o in 786-O cells.
786-O cells were cultured as in the experiment in A. Hypoxic induction
of miR-210 was almost completely reversed by si-HIF-2a in VHL + cells.
Constitutive overexpression of miR-210 in VHL — cells in normoxia was
reduced to basal levels in VHL + cells in normoxia. In hypoxia, si-HIF-2o
only partially inhibited miR-210 expression. *P<0.05, **P<0.01,
unpaired t-test.

frozen nephrectomy specimens: CCRCCs, papillary renal tumours
and benign oncocytomas, along with paired normal renal cortex
controls. The tumours were collected between 2005 and 2008, with
up to 5 years of follow-up. The clinical details of the patients are
summarised in Table 1. Compared with normal tissue controls,
miR-210 was overexpressed over 10-fold greater in the CCRCCs
(N=32, P<0.001, Mann-Whitney test), 2.8-fold in the papillary
tumours (N=9, P<0.05, Mann-Whitney test), and there was no
change in the oncocytomas (N=4) (Figure 4A).

Forty-one CCRCC tumours were sequenced for VHL mutations.
In all, 78% of the tumours initially sequenced had VHL mutations,
with the majority (39%) occurring in exon 1.

RNA from a further 30 CCRCC tumours was obtained from the
Leeds bank of frozen tissues, which had been characterised for loss
of heterozygosity, promoter methylation and VHL mutations.
These tumours were collected between 2000 and 2007, with up to
10 years of follow-up. All but one of the 30 tumours showed VHL
inactivation by one of these processes (Young et al, 2009).
Combining this with our set resulted in a total of 71 CCRCC
tumours, in which miR-210 expression was analysed by qRT-PCR.
The CCRCCs with (N=49), and without VHL gene mutations
(N=22), both showed miR-210 overexpression of approximately
16-fold compared with normal controls (P<0.0001, Mann-
Whitney test). However, there was no significant difference in
expression of miR-210 between the CCRCCs with and without
detected VHL mutations (Figure 4B).

MicroRNA-210 expression correlates with CA9 and VHL mRNA
in renal tumours. The expression of CA9 in CCRCC tumours was
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Figure 3. CHIP-seq data for HIF-binding sites. A combination of chromatin immunoprecipitation of the HIF isoforms and high-throughput
sequencing was used. 786-O cells showed strong HIF-2 binding at a HRE motif near the miR-210-coding sequence. MCF7 cells, which express
functional HIF-1 and -2, demonstrate binding of both isoforms at the HRE near the miR-210-coding sequence.

Table 1. Clinical characteristics of patients with CCRCC renal tumours

Clinical features Number of patients
Oxford tumour Set

Sex

Male 29

Female 12

Age

Median 64 years

Range 38-86 years
Stage

T1 13

T2 2

T3 27

Leeds tumour set

Sex

Male 15

Female 15

Age

Median 62.1 years
Range 35-80 years
Stage

T1 6

T2 4

T3 20
Abbreviation: CCRCC = clear cell renal cell cancer. The clinical details of the patients with
CCRCC are shown, including sex, age and clinical stage according to the TNM classification
system.

measured by gRT-PCR (N =43). There was a significant but weak
correlation of CA9 with miR-210 expression (R*=0.16, P<0.05,
F-test) (Figure 5A). VHL mRNA was also measured by qRT-PCR,

using primers designed to the 3’ UTR. There was a negative
correlation of VHL mRNA expression with miR-210 (R*=0.2,
P<0.01, F-test) (Figure 5B).

MicroRNA-210 correlates inversely with ISCU expression in
CCRCCs. It has been previously published by our group and
others that ISCU is a miR-210 target (Chan et al, 2009; Chen et al,
2010; Favaro et al, 2010). We sought to determine whether miR-
210 expression correlated with ISCU expression in clear cell renal
tumours. ISCU mRNA expression was measured in 46 CCRCC
tumours, along with matched normal controls. Normal renal tissue
expressed 1.83-fold more ISCU mRNA compared with the
tumours (N=23 in each group, P<0.0001, Mann-Whitney test)
(Figure 6A). A TMA of 40 CCRCCs and 40 matched normal
controls was stained for ISCU by immunohistochemistry and
scored for cytoplasmic expression using a percentage-intensity
score (PIS). The tumours expressed 40% less ISCU than the normal
controls (P<0.001, Wilcoxon matched-pairs signed-rank test)
(Figure 6B). The tumours were placed into two groups based on
whether they expressed high (PIS score 4-12) or low (PIS 0-3)
levels of ISCU. The analysis was performed in two groups as the
PIS scoring does not return a continuous variable; the cut-offs
selected for each PIS score range resulted in two equal-sized groups
(N=20 each). MicroRNA-210 expression of the tumours in each
group was plotted (Figure 6C). MicroRNA-210 expression was
2.7-fold higher in the low ISCU-scoring group, indicating a
negative correlation of miR-210 with ISCU expression (P<0.001,
Mann-Whitney test). The TMAs also contained eight papillary
tumours. The CCRCCs displayed approximately half the ISCU
expression of the papillary tumours (P<0.05, two-tailed t-test
because of small sample size) (Figure 6D).

MicroRNA-210  expression correlates with favourable
clinico-pathological factors. High miR-210 expression in
CCRCCs was associated with lower stage and grade (Figure 7A
and B). Higher grade (Fuhrman 3-4, N=49) tumours expressed
45% of the miR-210 compared with lower grade (Fuhrman 1-2,
N=24) tumours (P<0.01, Mann-Whitney test) (Figure 7C).
Similarly, higher-stage tumours (T3 +, N=49) expressed 74% of
the miR-210 compared with lower-stage (T1-2, N=24) tumours
(P<0.05, Mann-Whitney test) (Figure 7D).

Patients were divided into three equal-sized groups based on
miR-210 expression levels (N=23 in each group). As shown in

1136

www.bjcancer.com | DOI:10.1038/bjc.2013.56


http://www.bjcancer.com

miR-210 in renal cancer

BRITISH JOURNAL OF CANCER

A 0.3 1
*kk
S
[9]
g 0.2 -
o
x
[0}
o
2 0.1 4 %
E
0.0 -
> L > O > &
& L RN & &
< <& N\ N\ SRS
Y 0(, S QQ o o"*
o
*kkk Kk kk
B 06 =
L]
L]
0.5 1 . °
C ..
S 0.4 °
% %
5 oot
3 031 o
o (X}
& b °
é ] A .oo.
g 0.2 ° : -
0g0® LYY
L]
0.1 ¢ e
o0
o0 ) L]
00 L e 083 [ L o2t
Normal Tumour Normal Tumour

No VHL mutation (N=22) VHL mutation detected (N=49)

Figure 4. Expression of mir-210 in renal cancer. (A) MicroRNA-210
expression was measured by qPCR in renal tumours and normal
controls. MicroRNA-210 was overexpressed 9-fold in CCRCCs (N=43),
2.7-fold in papillary tumours (N=9), and was not upregulated in
oncocytomas (N=4). *P<0.05 and ***P<0.001, Mann-Whitney test.
(B) MicroRNA-210 expression in normal and CCRCC tissue in tumours
with, and without, VHL mutation. In tumours with VHL mutations, there
was a 16-fold upregulation of miR-210 compared with normal control
tissue (N=49), ***P<(0.0001.

Figure 7E, high miR-210 expression was associated with improved
survival post nephrectomy, compared with medium and low levels
of miR-210 (P =0.05, log-rank test for trend; low miR-210 group:
12 deaths, 11 censored; medium miR-210 group: 8 deaths, 15
censored; high miR-210 group: 4 deaths, 19 censored). The analysis
had also been performed based on two groups, but a significant
survival difference was seen only in un-normalised miR-210 data
(Figure 8). The three-group analysis demonstrated a larger
difference in the miR-210-high group.

In view of the above survival data, it was decided to examine
tumour proliferation by analysing the expression of Ki-67, an
established marker of proliferation. The TMAs were stained for
Ki-67, and the tumours were separated into two groups based on
high (N=19) or low (N=20) Ki-67 expression. MicroRNA-210
expression in the Ki-67-low tumours was 1.7-fold higher than in
the Ki-67-high group (P<0.05, Mann-Whitney test) (Figure 7F).

Validation of control snoRNAs and mRNAs. Variation of
RNU44, RNU48 and RNU6B with grade, stage and between
normal tissue and tumour was plotted (Figure 9). No significant
variation in average expression was seen between the two tissue
types (normals CT = 26.0, tumours CT = 25.7). Average expression
(CT value) of these controls did not vary greatly between high and
low stage (CT=25.77 vs 25.71) or grade (CT =25.61 vs 25.99).
The mRNA expression of the commonly used control beta actin
(Seliger et al, 2007; Neal et al, 2010) did, however, vary more
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Figure 5. Correlation of CA9 and VHL mRNA expression with miR-210
in renal tumours. MicroRNA-210 correlates positively with CA9
expression and negatively with VHL expression. Expression of mRNA in
43 tumours was measured by qRT-PCR. (A) CA9 correlates with miR-
210 expression. R?=0.16, P<0.05, F-test. (B) VHL correlates negatively
with miR-210 expression. R?=0.2, P<0.01, F-test (Fisher's linear
regression).

between normal (average CT =17.8) and tumour tissue (average
CT =17.0) (Figure 10). Reassuringly, another control gene GUSB
(which was not used for normalisation of VHL/CA9 in this study)
demonstrates variation in the same direction with reduced
expression in the normal tissues (average CT =23.3) compared
with tumour tissues (average CT =22.2).

DISCUSSION

Hypoxia-inducible factor-1 and -2 are known to regulate distinct
sets of genes (Raval et al, 2005; Gordan et al, 2007). Nevertheless,
there is considerable overlap of the data sets, and the targets can
vary among different tissue or cell types (Raval et al, 2005). Our
group and others have previously shown miR-210 to be induced by
HIF-1 in cell lines including RCC4, MCF7 and HUVEC (Camps
et al, 2008; Pulkkinen et al, 2008). In this study, RCC4 VHL — cells
upregulated miR-210 in the expected fashion, with the RCC4
VHL + cells overexpressing miR-210-only in hypoxia. 786-O cells
also upregulated miR-210, although to a lesser extent than the
RCC4 cells expressing HIF-1. Knockdown of HIF-2 with siRNA
blocked the hypoxic upregulation of miR-210 in VHL + cells, and
in the VHL — cells in normoxia. These findings are in contrast to
Nakada et al (2011), who found that miR-210 was not upregulated
in hypoxia, and concluded that HIF-1o was necessary for miR-210
induction. This may be explained by their use of 1% O, compared
with 0.1% O, used in our study (Nakada et al, 2011). CHIP-seq
data confirmed the presence of HIF-2 binding near the gene locus
of miR-210, providing strong additional evidence of HIF-2-
mediated regulation. However, hypoxia further increased miR-
210 expression over the normoxic baseline in VHL — 786-O cells,
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the papillary tumours. *P<0.05, unpaired t-test.

and si-HIF-2 failed to prevent hypoxic miR-210 upregulation in
the VHL — cells, suggesting that a HIF-independent mechanism is
also promoting transcription of this miRNA. The fact that RCC4
cells upregulate miR-210 to a greater extent than 786-O cells
suggests, although does not prove, that HIF-1 is the preferential
regulator of miR-210. In support of this is the finding in MCF7
cells, which express both HIF isoforms, that only HIF-1 knock-
down prevents miR-210 induction in hypoxia (Camps et al, 2008).
Our CHIP-seq data in MCF7 cells confirm that both HIF-1 and
HIF-2 bind close to the miR-210-coding region. Apparent
dominance of HIF-1 in miR-210 regulation would be consistent
with the findings of Elvidge et al (2006), who found that HIF-1
knockdown reduced general hypoxic upregulation of genes to a
greater extent than HIF-2.

MicroRNA-210 has previously been reported to be upregulated
in renal cancer (Juan et al, 2010; Weng et al, 2010; White et al,
2011), and has been described as part of a miRNA classification
system for this disease (Fridman et al, 2010). We have confirmed
miR-210 overexpression in both CCRCC and papillary renal
cancers to a lesser extent, in agreement with the findings of Valera
et al (2011). The CCRCCs induced higher levels of miR-210,
presumably due to VHL dysfunction. We did not see a significant
difference in expression of miR-210 between CCRCCs with VHL
gene mutations and those without. This is most likely to be because
of the presence of alternative mechanisms of VHL inactivation by
methylation or loss of heterozygosity. Promotor hypermethylation
of the VHL gene, even in the absence of VHL mutation, has been
described, and could account for increased miR-210 in patients
with tumours harbouring a normal VHL gene. In one study,
hypermethylation of VHL was found in 5 out of 26 CCRCCs, 4
(15%) of which had no detectable VHL mutation (Herman et al,
1994). Thirty of our tumour samples (Leeds tumour data set) were
analysed for all three mechanisms of VHL mutation, and 29 out of

30 tumours were found to have VHL inactivation by one of these
means (Young et al, 2009).

There was a great range of miR-210 expression within the
tumour samples, with much less variation in normal kidney tissue.
The correlation of miR-210 with CA9 suggests that its expression
could be due to HIF-1 transcriptional activity. CA9 is predomi-
nantly a HIF-1 target, and is not overexpressed in 786-O cells.
Gordan et al (2008) categorised CCRCCs by their expression of
HIF-o subtypes, into those expressing no HIF (VHL WT), HIF-1
and HIF-2 (H1H2), or H2-only (H2). Hypoxia-inducible factor-1
represses Myc by displacing it from its transcriptional binding
sites, leading to pro-apoptotic p21 and p27 stabilisation. Con-
versely, HIF-2 enhances Myc activity, leading to enhanced
CyclinD2 and E2F3 activity, thus conferring a more proliferative
phenotype in the ‘H2’ tumours (Gordan et al, 2007). Hypoxia-
inducible factor-2, but not HIF-1, has been shown to be necessary
to overcome the tumour-suppressor effect of VHL in xenograft
models (Maranchie et al, 2002; Covello et al, 2005; Raval et al,
2005). We hypothesise that miR-210 levels are dictated by the
balance of HIF-1 vs HIF-2 activity. Thus, when both are present,
HIF-1 predominates, but HIF-2 alone can function with a lower
level of effect.

Interestingly, miR-210 expression inversely correlated with VHL
mRNA expression. The primers to VHL were designed to target
the 3 UTR, and thus the expression measured by qRT-PCR should
be of transcripts that have not been halted by a truncating
mutation. The position or type of VHL mutation may lead to
different copy numbers of the VHL transcript, and consequently
different levels of functionality of the resulting VHL protein.
However, it is recognised that missense mutations can also lead to
loss of VHL function without changes in mRNA copy number.

We have previously shown that ISCU is a target of miR-210.
Although this work was in completion, Neal et al (2010) showed
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(A) Controls in low- or high-grade tumours. Average CT in low

grade =25.61 and high grade =25.99. (B) Control genes in low- or
high-stage tumours. Average CT across all three controls in low

stage =25.71 and high stage =25.77. (C) Controls in normal or tumour
tissue. Average CT in normals=26.0 and tumours =25.7.

that ISCU displayed an inverse relationship to miR-210 at mRNA
level. We have confirmed this at both the mRNA and protein level,
providing additional evidence of miR-210 activity in vivo. In
contrast to their findings, however, we found that high miR-210
expression in CCRCC is associated with better prognosis and lower
grade/stage of tumours. This was unexpected, with both our group
and others having shown that miR-210 is correlated with poorer
prognosis in other cancer types. However, CA9 expression has
previously been shown to be associated with good prognosis in
CCRCC (Bui et al, 2003, 2004).

The association of miR-210 with good clinico-pathological
parameters in CCRCC is surprising. This is unexpected partly
because of the presumed increased activity of the hypoxia-HIF axis
relieved of its suppression by VHL. In addition, the loss of HIF-
independent VHL-mediated suppression of targets such as cyclin
D1 (Zatyka et al, 2002) or SP1 (Yuen et al, 2007) would be
predicted to confer a more aggressive phenotype. However,
although VHL inactivation in CCRCCs should lead to constitutive
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Figure 10. Expression of control genes in normal and CCRCC tissue.
Whiskers =minimum to maximum, box 25th-75th percentile. Beta-
actin CT in normal vs tumour=17.80 vs 17.02 (mean) and 17.73 vs
16.72 (median). GUSB CT in normal vs tumour=23.3 vs 21.15 (mean)
and 23.12 vs 20.87 (median).

HIF activation and miR-210 upregulation, further loss of cell
differentiation coupled with ongoing mutations may manifest with
reduction in expression of genes such as miR-210. Perhaps a more
likely explanation is that reduced miR-210 (and CA9) expression
reflects a shift from HIF-1 to HIF-2 predominance. In support of
this, we showed that miR-210 has an inverse relationship to Ki-67
expression in tumours. Though this is not necessarily a direct
mechanistic association with miR-210, it has been shown that renal
tumours expressing only HIF-2 exhibit increased growth rates and
higher Ki-67 expression. Interestingly, Nakada et al (2011) showed
that miR-210 overexpression resulted in growth suppression in
renal cancer cell lines, with accumulation at G2/M phase. Although
this would seem to support a protective effect of miR-210 in renal
cancer, they also report miR-210 overexpression causing centro-
some amplification and increased aneuploidy.

An explanation for the association of HIF-2-only tumours
with higher proliferation is suggested in a model of wound
re-epithilialisation in hypoxia. Keratinocyte proliferation, as
measured by Ki-67 expression, was reduced in hypoxia due to
HIF-1-mediated miR-210 overexpression, leading to repression
of the cell-cycle regulatory protein, E2F3 (Biswas ef al, 2010).
A switch from HIF-1 to HIF-2 might, therefore, be predicted to
increase proliferation through de-repression of E2F3. Low
miR-210 in oesophageal squamous cell carcinoma has been
associated with poorly differentiated tumours, with miR-210
acting as a tumour suppressor by downregulating fibroblast
growth factor receptor-like 1, leading to cell-cycle arrest in GGy
(Tsuchiya et al, 2011).

In conclusion, we provide further evidence of miR-210
upregulation in renal cancer. We show that its regulation is
predominantly HIF-1-mediated, but that HIF-2 can regulate it in
the absence of HIF-1, albeit to a lesser extent. In CCRCC, we have
demonstrated that it correlates inversely with ISCU expression,
both at the mRNA and protein level. Increased miR-210 is
associated with lower tumour stage and grade, better survival and
reduced proliferation. Finally, we show that VHL mRNA
expression correlates inversely with miR-210 expression.
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