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mRNA overexpression of prolyl hydroxylase PHD3 is
inversely related to nuclear grade in renal cell carcinoma
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Abstract. The aim of the present study was to evaluate the
relative mRNA expression levels of genes involved in the
hypoxia inducible factor (HIF) signalling pathway in renal
cell carcinoma (RCC) and to analyse their associations
with clinicopathological parameters and survival outcomes.
Reverse transcription-quantitative PCR was used to quan-
tify the mRNA expression levels of HIF-1a, HIF-2a, prolyl
hydroxylase (PHD)1, PHD2 and PHD3 in formalin-fixed
paraffin-embedded (FFPE) tumour tissue samples from
41 patients with RCC, including 33 cases of clear cell RCC
(ccRCC). FFPE samples of corresponding adjacent normal
kidney tissues were used as a comparison. mRNA expres-
sion levels were analysed in regard to clinical parameters,
histological type, stage, nuclear grade, cancer specific survival
and overall survival. Compared with adjacent normal kidney
tissue, HIF-1a levels were lower in 16/33 ¢ccRCC samples
(48.48%), while HIF-2a, PHD1 and PHD?2 levels did not
exhibit a specific expression pattern. By contrast, the PHD3
mRNA level was higher in 29/33 (87.87%) of the tumour
samples. HIF-1a was positively associated with HIF-2a, PHD1
and PHD2. HIF-2a levels were associated with PHDI1, PHD2
and PHD3, while PHD3 was strongly associated with PHD2.
PHD3 mRNA levels were inversely associated with nuclear
grade (P=0.015). However, in univariate analysis, PHD3 was
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not associated with cancer-specific or overall survival rates.
The present findings suggest an important involvement of
PHD3 in ccRCC, since PHD3 mRNA expression was inversely
associated with nuclear grade. However, PHD3 mRNA levels
did not have an independent prognostic value. Further studies
are required to investigate whether PHD3 could be used as
either a therapeutic target or prognostic marker.

Introduction

Kidney cancer accounts for 2-3% of all malignancies in adults
and is the 12th most common cancer type worldwide (1,2).
Overall, 80-90% of kidney cancer cases develop in the renal
parenchyma and are referred to as renal cell carcinoma
(RCC) (3). There are three main RCC types: Clear cell RCC
(ccRCC), papillary RCC (pRCC; type I and II) and chro-
mophobe RCC (chRCC) (3). Unfortunately, 25% of patients
present with metastatic disease, while up to 40% of patients
with locoregional RCC experience recurrence postoperatively,
indicating the necessity to optimize treatment strategies
for such patients. In addition to clinical and histological
prognostic factors, numerous molecular factors have also
been identified. These factors indicate which patients with
localized RCC are at greater risk for recurrence, and which
patients with metastatic disease are at risk of progression or
death (2.,4).

The tumour microenvironment is characterized by
decreased oxygen levels. Cancer cells, with their specific
genetic and epigenetic mechanisms, have the ability to adapt
to these hypoxic conditions (5,6). This is partly achieved by
regulation of gene products in response to hypoxia. A number
of these hypoxia-regulated genes require the mediation of
hypoxia inducible factors (HIFs), HIF-1a and HIF-2a (7).
These two molecules heterodimerise with the aryl hydrocarbon
nuclear translocator protein (also known as HIF-f), move into
the nucleus and bind to DNA, leading to gene transcription
activation of the responsive genes, which plays a pivotal role
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in angiogenesis (8). Under normoxia condition, HIF-1la and
HIF-20 are continuously expressed and degraded. Degradation
is mediated by the prolyl hydroxylases (PHDs). PHDI, PHD2
and PHD3 hydroxylate two proline residues (Pro-402/564)
in the oxygen-dependent degradation domain of the HIF-a
subunits. This allows the binding of HIF-a subunits to von
Hippel-Lindau tumour suppressor (pVHL) to form a dimer
that is degraded by the proteasome (Fig. 1) (9).

The present study investigated the possible involvement of
the HIF/PHD pathway in RCC by evaluating HIF-1a, HIF-2a,
PHDI1,PHD2 and PHD3 mRNA expression levels using reverse
transcription-quantitative PCR (RT-qPCR). The associations
of these expression levels with clinicopathological parameters
and survival outcomes were then analysed.

Patients and methods

Patients. The present study included 41 patients who under-
went radical or partial nephrectomy for histopathologically
verified RCC between December 2010 and September 2013.
All patients were treated by the same surgical team at the 1st
Department of Urology, Aristotle University of Thessaloniki,
Greece. Written informed consent was obtained from every
patient and the study protocol was approved by the Ethics
Committee of Aristotle University of Thessaloniki.

Patients' clinical and pathological data were obtained
prospectively, while follow-up and survival data were obtained
by clinical appointments and/or telephone communication.
Data included age, sex, tumour-node-metastasis (TNM) classi-
fication, Fuhrman grade, ECOG performance status, primary
tumour size and presence of tumour necrosis. The RCC types
were assessed according to the Heidelberg classification
system (3). Tumour size was measured at the maximum diam-
eter of the surgical specimen. Tumour stage and grade were
determined by two independent pathologists, and controversies
were resolved by consensus. Patients were evaluated from the
time of diagnosis to the end of the study (June 2018). Overall
survival (OS) time was defined as the time from nephrectomy
to mortality from any cause.

Tissue processing and RNA template preparation.
Hematoxylin and eosin (H&E)-stained slides from
formalin-fixed paraffin-embedded (FFPE) tissue blocks were
reviewed for confirmation of diagnosis and abundance of
tumour tissue. Tumour and matched normal tissues were used
for the construction of low-density tissue microarrays (TMAs)
with a manual arrayer (Model I; Beecher Instruments Inc.).
TMASs contained two 1.5-mm sections per tumour (one from
the front of the tumour and one from the centre of the tumour)
and two sections from adjacent normal kidney tissue.

Total RNA was extracted from 8-um TMA sections, one
from adjacent normal tissue and one from tumour tissue per
patient. The tumour section contained tissue from both the
front and centre of the tumour. Tissue samples were trans-
ferred into a lysis buffer containing 500 pg/ml proteinase K
for overnight lysis at 56°C. Tissue lysates were then processed
for total RNA extraction with TRIzol LS reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's instructions. Subsequently, 4-5 ug total RNA was
reverse transcribed into single-stranded complementary DNA

(cDNA) with random hexamers and SuperScript® III Reverse
Transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions (10,11).

RT-gPCR. Relative mRNA expression was assessed by qPCR
with the ABI 7900HT system under default conditions.
B-glucuronidase (GUSB) was used as the endogenous reference
for quantifying the relative mRNA expression levels (12).
Reactions with 100 ng template cDNA were performed in
duplicate.

The following TagMan-MGB probes (Thermo Fisher
Scientific, Inc.) were used for the interrogated gene targets:
HIF-1o (Hs00153153_m1; NM_001243084.1; exons 4-5;
76 bp), HIF-20. (Hs01026149_m1; NM_001430.4; exons 7-8;
70 bp), PHDI (Hs00363196_m1; NM_053046.3; exons 5-6;
77 bp), PHD2 (Hs00254392_m1; NM_022051.2; exons 1-2;
70 bp), PHD3 (Hs00222966_m1; NM_022073.3; exons 3-4;
62 bp) and GUSB (Hs00939627_m1; NM_000181.3; exons 8 -
9; 96 bp). The data in parentheses refer to assay ID; Genbank
reference; amplicon location; and size.

Relative mRNA expression of the target genes. Following
amplification of all cDNA samples, the standard curves and
the cycle threshold values of the samples (Cq) were recorded.
Then, the relative gene expression was calculated using the
2-44¢4 method. The corresponding values in matched normal
samples were used a reference (Fig. S1) (13). Samples with
an endogenous control Cq =36 were excluded. A 2-fold
increase (=2) or decrease (<0.5) in expression was considered
biologically significant (for overexpression or downregula-
tion, respectively), as previously published (14). Two samples
for PHD1 and PHD3 and three samples for PHD2 were not
eligible for analysis as the cDNA sample was inadequate or
they had an endogenous control Cq =36.

Statistical analysis. Continuous variables are presented as the
median and interquartile range (IQR), while certain categorical
variables are presented as frequencies and percentages [n (%)].
Fisher's exact test was used to analyse the associations between
categorical variables. The non-parametric tests Mann-Whitney
(for two groups) and Kruskal-Wallis (for multiple comparison)
were used to compare the median values of continuous
variables. In case of a significant result in Kruskal Wallis test
multiple Mann-Whitney U Tests were applied using Bonferroni
correction. Furthermore, Spearman's rank correlation (R,)
coefficient was used to identify the correlation between
continuous variables. Cox proportional hazard model was used
to analyse the prognostic value of RNA levels in RCC. Test of
normality was conducted using Shapiro-Wilk test, as well as
histograms, P-P plots and Q-Q plots. P<0.05 was considered
to indicate a statistically significant difference. All reported
P-values are two-sided. Data were analysed using SPSS 23.0
(IBM Corp.).

Results

Patients. Demographic data and clinicopathological
characteristics of the patients are summarised in Table I. The
mean age of the patients was 63.05+£12.29 years at the time of
surgery and the mean follow-up time was 51.78+25.02 months.
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Table I. Patient demographic data and clinicopathologic
characteristics.

Characteristic Value
Number of patients 41
Body mass index (mean + SD) 28.26+4.86

Age, years (mean + SD)
ECOG performance status (n, %)

63.05+12.29 (34-82)

0 30(73.2)

1 10 (24.4)

2 1(02.4)
Sex (n, %)

Male 25 (61.0)

Female 16 (39.0)
Follow-up, months (mean + SD) 51.78+25.02
Smoking (n, %)

Yes 14 (34.1)

Former 16 (39.0)

No 11 (26.8)
Tumour size, cm (mean = SD) 6.00+2.78
Nephrectomy (n, %)

Partial 5(12.2)

Radical 36 (87.8)
Tumour histology (n, %)

ccRCC 33 (80.5)

pRCC 4(9.8)

chRCC 4(9.8)
Tumour pathological stage (n, %)

pTla 12 (29.3)

pT1b 13 (31.7)

pT2a 3(7.3)

pT2b 3(7.3)

pT3a 10 (24 .4)
Fuhrman nuclear grade RCC (n, %)

1 0(0.0)

2 12 (29.3)

3 18 (43.9)

4 11 (26.8)
Tumor necrosis (n, %)

Yes 20 (48.8)

No 21 (51.2)

ccRCC, clear cell renal cell carcinoma; pRCC, papillary renal cell
carcinoma; chRCC, chromophobe renal cell carcinoma.

Histology revealed 33 cases of ccRCC, 4 cases of pRCC and
4 cases of chRCC. At the end of follow-up, 13 patients had
died, of which 7 were renal cancer-related. The median OS
time was 64 months (IQR, 1-82).

ccRCC. The results of RT-qPCR analysis for the relative
mRNA expression levels of the five genes in different tumours
are presented in Fig. 2. PHD3 mRNA overexpression was
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Figure 1. Hypoxia pathway. In normoxia, PHD (blue) hydroxylates HIF-a
(green), which then binds to VHL, leading to proteosomal degradation. In
hypoxia, HIF-a enters the nucleus, forms a dimer with HIF-f, which then
binds to DNA, leading to gene transcription activation. A second pathway,
that of PI3-K/Akt (yellow), initiates the mTOR and enhances the transla-
tion of HIF. FIH (red) adds a further level of control by reducing the
transcriptional activity of HIF-a. FIH, factor-inhibiting HIF; HIF-a, hypoxia
inducible factor a; PHD, prolyl hydroxylase; VHL, von Hippel-Lindau tumor
SUppressor.

recorded in 87.87% (29/33) of the ccRCC samples. HIF-1a
levels were decreased in 16/33 (48.48%) cases of ccRCC, while
HIF-2a did exhibit a specific pattern. In addition, PHD1 and
PHD?2 transcript levels were similar in the majority of patients.

HIF-1a was positively correlated with HIF-2a (P=0.001),
PHDI1 (P<0.001) and PHD2 (P=0.035). HIF-2a levels were
significantly correlated with PHD1 (P<0.001), PHD2 (P<0.001)
and PHD3 (P<0.001), while PHD3 was significantly correlated
with PHD2 P<0.001).

chRCC and pRCC. PHD3 overexpression was observed in 2/4
of the chRCC cases and in 3/4 of the pRCC cases (Fig. 2).
Relative mRNA expression levels of interrogated genes in
different renal cell carcinomas are shown in Table II.

Correlation of HIF-1a, HIF-2a, PHDI, PHD2 and PHD3
expression levels with clinical parameters of ccRCC samples.
Relative mRNA expression levels of the analysed genes were
not associated with the majority of the clinical parameters
evaluated, including age, BMI, smoking history, performance
status, red blood cell count, haemoglobin, platelet count,
calcium, LDH and creatinine. The only positive correlation
identified was between PHD3 expression and pre-operative
haemoglobin level (P=0.032).

With regard to pathological parameters, PHD3 expres-
sion levels were inversely associated with Fuhrman grade
(P=0.015; Fig. 3). The median relative expression level of
PHD3 mRNA was 43.51 (31.93-123.09) in grade II tumours,
41.53 (7.89-60.00) in grade III tumours and significantly
lower in grade IV tumours, which had a relative expression
level of 6.29 (3.43-24.59). No other association was recorded
between mRNA expression levels and tumour stage, presence
of necrotic or presence of sarcomatous elements.
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Table II. Relative mRNA expression levels of genes of interest.

Gene Clear cell Papillary Chromophobe
HIF1a 0.48 (0.28-0.95) 3.79 (0.24-35.15) 0.17 (0.07-0.26)
HIF2a 1.17 (0.29-1.96) 0.36 (0.16-3.26) 0.42 (0.12-0.73)
PHDI1 0.65 (0.43-1.19) 0.63 (0.12-50.20) 0.25 (0.05-0.46)
PHD2 1.34 (0.86-1.99) 0.56 (0.26-9.89) 0.48 (0.12-0.83)
PHD3 34.80 (6.69-58.19) 5941 (2.26-197.92) 3.38 (2.48-4.30)

Data are presented as the median and interquartile range. HIF, hypoxia inducible factor; PHD, prolyl hydroxylase.
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Figure 2. Cumulative results of the reverse transcription-quantitative PCR analysis of the relative mRNA expression of the five genes. Overexpression of PHD3
(purple colour) was observed in 29/33 clear cell renal cell carcinoma cases. HIF, hypoxia inducible factor; PHD, prolyl hydroxylase.
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Figure 3. PHD3 expression levels and Fuhrman grade (P=0.015;
Kruskal-Wallis test). "Extreme exceptions. PHD, prolyl hydroxylase 3.

All the aforementioned clinical and pathological variables
were evaluated for their prognostic value (Table I1T). Of these,
stage, grade, serum LDH, age and PHD2 mRNA expression
demonstrated a statistically significant correlation with OS in
the univariate analysis.

Discussion

A key feature in the development of ccRCC, is the inactivation
of the tumour suppressor pVHL, which leads to activation of
the HIF pathway. Important regulators of HIF-a are PHDI,
PHD2 and PHD3, which mediate the degradation of HIF-1a
and HIF-2a. PHD3 has been shown to be the critical isoform
that demonstrates the most robust induction of expression under
hypoxia, while it is inactive in normoxic conditions (15,16).
Aside from its HIF-dependent functions, PHD3 has been
suggested to have the widest range of non-HIF targets
and downstream effectors (17). Recently, Hogel er al (18)
demonstrated that PHD3 maintains cell growth and enhances
cell cycle progression in renal cancer by decreasing the
stability of p27. Additionally, there is a crucial involvement of
PHD3 in the maintenance of key cellular functions, including
glycolysis and protein synthesis, in ccRCC. PHD3 depletion
significantly affects cellular processes associated with glucose
metabolism, post-transcriptional modification and translation
regulation in ccRCC cells (19).

In ccRCC, PHD3 is highly expressed. Sato et al (20)
reported that PHD3 is frequently overexpressed in RCC
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Table III. Univariate Cox regression analysis for overall survival.

Factor HR 95% CI P-value
HIF1a 0.39 0.10-1.44 0.158
HIF2a 0.98 0.81-1.20 0.863
PHDI1 0.56 0.22-1.48 0.244
PHD2 0.46 0.22-0.99 0.049
PHD3 0.99 0.97-1.01 0.449
Stage 245 1.32-4.54 0.004
Grade 441 1.73-11.25 0.002
LDH 1.01 1.00-1.01 0.042
Calcium 0.87 041-1.82 0.711
PLT 1.00 1.00-1.01 0.362
Hb 0.92 0.70-1.20 0.537
RBC 1.00 1.00-1.00 0.568
ECOG performance status 2.13 0.88-5.15 0.093
Age 1.06 1.00-1.18 0.041
Smoking history 2.12 0.96-4.66 0.062

HR, hazard ratio; CI, confidence interval; LDH, lactate dehydrogenase; Hb, hemoglobin; RBC, red blood cells; ECOG, Eastern Cooperative
Oncology Group; HIF, hypoxia inducible factor; PHD, prolyl hydroxylase.

tissue and demonstrated its usefulness as a novel tumour
antigen in immunotherapy for RCC (20). In this previous
study, expression of PHD3 was quantified by RT-qPCR and
immunostaining of RCC cell lines and primary RCC tissues.
Increased PHD3 mRNA expression levels were observed in
tumour tissues in 13/15 (87%) cases, which is similar to the
present result of 87.87%. The previous study determined that
PHD3 is selectively expressed in cancerous tissue but not in
non-cancerous tissue (20).

Tanaka et al (21) further confirmed the aforementioned
findings, demonstrating with RT-qPCR that PHD3 was over-
expressed in 21/22 (95.4%) of the RCC tumour specimens (21).
However, a notable finding of their study was that PHD3
overexpression at the mRNA level was equally observed in
RCC tissues, with no associations with mutations or epigenetic
modifications of the VHL gene, which was also the case in
chromophobe and spindle cell carcinoma (21). An alternative
mechanism that could potentially explain this phenomenon
is that tissue hypoxia may induce PHD3 expression, as the
catalytic activity of PHD3 is oxygen-dependent, and hypoxia
may induce accumulation of unhydroxylated and undegraded
HIF proteins (22).

Tanaka et al (23) also studied the mechanism and role of
PHD3 expression in RCC using RCC cell lines with and without
VHL gene mutation, as well as RCC tissues. High mRNA
expression levels of PHD3 were observed in both VHL-mutant
cell lines and VHL-wild-type cell lines. The aforementioned
increased expression levels were highly associated with
activation of the PI3K/Akt pathway in the VHL-wild-type RCC
cell lines, independent of HIF proteins (Fig. 1). On the other
hand, in the VHL-mutant RCC cell lines, PHD3 expression
was more strongly associated with HIF accumulation, likely
due to inactive VHL. The previous study also examined
PHD3 expression by immunohistochemistry in 116 patients

with ccRCC who underwent radical or partial nephrectomy
between 2001 and 2009, and correlation analysis was performed
between the expression levels and prognosis. PHD3-positive
cells were observed in 82 of the 116 cases (70.7%), with the
5-year recurrence-free survival to be statistically improved
in patients with PHD3-positive tumours compared with those
with PHD3-negative tumours (P=0.003). However, there was
no significant difference in the cancer-specific survival between
the two groups (23).

The present mRNA expression data of five main hypoxia
genes in 33 cases are in agreement with the previous studies.
PHD3 mRNA expression levels in ccRCC were found to be
significantly high in comparison with other genes related to
the tumour hypoxia pathway.

In the ccRCC samples analysed in the current study,
PHD3 mRNA overexpression was inversely associated with
nuclear grade. To the best of our knowledge, this is the first
study to identify a correlation between PHD3 expression
level and the aggressiveness of tumour cells, suggesting a
crucial involvement of PHD3 in ccRCC. Kroeze et al (24)
studied the same pathway by immunohistochemistry of a
tissue microarray containing tumours from 100 patients who
underwent nephrectomy for ccRCC. Significant correlations
between Fuhrman grade and the expression levels of all
three PHD proteins were identified (PHD1, P=0.024; PHD2,
P=0.0067; PHD3, P=0.0012) (24). This correlation was not
confirmed for PHDI and PHD2 in the present study sample.
However, both studies did not record any association of
PHD3 expression with survival outcomes. This may be
due to the small number of patients included in the current
study. In the study of Kroeze et al, nuclear factor-inhibiting
HIF (FIH) expression in the primary tumour exhibited a
significant independent prognostic value for patients with
ccRCC in multivariate analysis, suggesting that FIH may have
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an important function as one of the final checks of HIF-a
transcriptional activity.

It is notable, that in ccRCC, the HIF pathway is upregulated
by inactivation of the pVHL tumour suppressor (25). Both
HIF-1a and HIF-2a are important regulators of angiogenesis
and cell proliferation. In ccRCC, HIF-2a has been reported
to be involved in tumorigenesis and tumour progression (24).
Recent data from Chen et al (26) and Wallace et al (27)
demonstrates that HIF-2a can be specifically targeted by
small molecule antagonists, which may offer a novel approach
for treating RCC. In the present study, PHD3 mRNA levels
were significantly associated with HIF-2a levels and inversely
associated with Fuhrman grade; these findings may indicate
that PHD3 potentially serves a negative feedback role to
decrease HIF-2a activity, representing a possible therapeutic
target in controlling HIF-2a.. However, further experiments
are necessary to confirm the suggested correlation between
PHD3 and HIF-20.

Finally, it would be negligent not to mention that the present
study has some limitations. The mutation status of the VHL
gene was not evaluated since extensive previous literature has
reported the absence of any correlation between VHL gene
mutations and clinicopathological parameters or survival of
patients (21,24). Additionally, the number of patients included
in the present study was small, but similar to other studies in
the field, which is expected given the low incidence of renal
carcinoma in the general population. However, the current
study presents, to the best of our knowledge, the largest cohort
for the evaluation of mRNA expression levels of five main
hypoxia-related genes by RT-qPCR and subsequent analyses.

In conclusion, the present study demonstrated that PHD3
may play an important role in the valuable host molecular
adaptation that occurs during oxidative stress in ccRCC.
Further studies are required to validate the present results in
view of employing PHD3 as a prognostic and/or therapeutic
target for ccRCC.
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