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Abstract
Background: Hypoxia inducible factors, HIF-1α and HIF-2α, and their main 
regulators, the prolyl hydroxylase domain proteins (PHDs), mediate cellular re-
sponse to hypoxia and contribute to tumor progression in clear cell renal cell 
carcinoma (ccRCC). These biomarkers may improve the value of traditional his-
topathological features in predicting disease progression after nephrectomy for 
localized ccRCC and guide patient selection for adjuvant treatments.
Patients and Methods: In this study, we analyzed the associations of PHD2 and 
PHD3 with histopathological tumor features and recurrence-free survival (RFS) 
in a retrospective cohort of 173 patients who had undergone surgery for local-
ized ccRCC at Helsinki University Hospital (HUH), Finland. An external valida-
tion cohort of 191 patients was obtained from Turku University Hospital (TUH), 
Finland. Tissue-microarrays (TMA) were constructed using the primary tumor 
samples. Clinical parameters and follow-up information from 2006 to 2019 were 
obtained from electronic medical records. The cytoplasmic and nuclear expres-
sion of PHD2, and PHD3 were scored based on immunohistochemical staining 
and their associations with histopathological features and RFS were evaluated.
Results: Nuclear PHD2 and PHD3 expression in cancer cells were associated 
with lower pT-stage and Fuhrman grade compared with negative nuclei. Patients 
with positive nuclear expression of PHD2 and PHD3 in cancer cells had favorable 
RFS compared with patients having negative tumors. The nuclear expression of 
PHD2 was independently associated with a decreased risk of disease recurrence 
or death from RCC in multivariable analysis. These results were observed in both 
cohorts.
Conclusions: The absence of nuclear PHD2 and PHD3 expression in ccRCC 
was associated with poor RFS and the nuclear expression of PHD2 predicted RFS 
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1   |   INTRODUCTION

Renal cell carcinoma (RCC) represents 2% of all cancer 
deaths worldwide.1 The primary treatment of localized 
RCC is radical or partial nephrectomy (PN). However, one 
third of the patients with localized RCC will eventually 
develop metastases after surgery.2 Metastases lead usually 
to death although antiangiogenic receptor tyrosine kinase 
inhibitors (TKI), immune checkpoint inhibitors (ICI), and 
combination therapies have prolonged survival in meta-
static RCC.3 In addition, a recent Phase III trial led to the 
approval of pembrolizumab as an adjuvant treatment for 
patients with clear cell RCC (ccRCC) at intermediate-high 
and high risk of recurrence after nephrectomy.4 However, 
the optimal selection of patients for adjuvant treatment is 
unclear as three other adjuvant and perioperative treat-
ment trials failed to improve recurrence-free survival 
(RFS).5–7

In current clinical practice, there are several prognostic 
models2,4,8–10 to assess the risk of metastases or death after 
surgery for localized RCC. These algorithms are based 
on clinical and histopathological variables, such as the 
tumor-node-metastasis (TNM) stage,11 Fuhrman grade,12 
WHO/ISUP grade,13 sarcomatoid differentiation,13 and 
Eastern Cooperative Oncology Group performance sta-
tus (ECOG PS).14 The prediction accuracy (concordance 
index) of these algorithms has generally exceeded 70% in 
patients with ccRCC.15 Since the introduction of effective 
systemic treatments and the availability of adjuvant treat-
ment, there has been a need for individualized, risk-based 
follow-up with thoracic and abdominal computed tomog-
raphy (CT) scans and improved selection of patients for 
adjuvant treatment after surgery for localized RCC. Novel 
tumor tissue biomarkers could provide additional prog-
nostic information and have been extensively studied in 
metastatic RCC but, so far, none of them has been adopted 
into routine clinical practice.16

Insufficient oxygen availability, hypoxia, is common 
in RCC. Hypoxia inducible factors HIF-1α and HIF-2α 
(HIFs) and their regulators, the prolyl hydroxylase domain 
proteins that is, HIF prolyl hydroxylases (PHDs), play a 
central role in mediating cellular response to hypoxia and 
contribute to progression of RCC.17,18 In the presence of 

sufficient oxygen, PHDs hydroxylate HIF-α subunits at 
two proline residues. This leads to binding of Von Hippel 
Lindau (VHL) E3-ubiquitin ligase tumor suppressor pro-
tein and subsequent increase in HIF-α ubiquitination and 
proteasomal degradation. The biallelic loss or inactivation 
of VHL gene is typical in ccRCC.19 Hypoxia, or the inacti-
vation of VHL independent of tissue oxygen levels, results 
in the accumulation of HIF-1α and HIF-2α transcription 
factors in cancer cells. This affects the expression of over 
300 genes regulating angiogenesis, cell cycle, and tumor 
metabolism.17 Among the activated genes are PHD2 
(a.k.a. EGLN1) and PHD3 (a.k.a. EGLN3) which generate 
a negative feedback loop in normal conditions.20 PHD2 
is the main regulator of HIF-1α stability whereas HIF-2α 
isoform is generally thought to be mainly regulated by 
PHD3.21 In addition, PHD2 and, in particular PHD3, have 
been suggested to possess other tumor suppressor proper-
ties apart from the HIF signaling pathway.22,23

The prognostic value of biomarkers in the HIF path-
way is controversial, indicating that the signaling network 
may be more complex than previously thought. There 
are several studies about HIF-1α and HIF-2α suggesting 
HIF-1α to be associated with favorable prognosis and 
HIF-2α with poor prognosis.24,25 PHD3 has been reported 
to be inversely associated with Fuhrman grade26 but the 
evidence of prognostic potential of PHD2 and PHD3 in 
large cohort studies remains sparse. Although PHD2 is 
widely recognized as a key oxygen sensor regulating the 
HIF pathway and thereby inhibiting angiogenesis, the role 
of PHD2 in tumor suppression and as a prognostic factor 
is unclear.22,27 Our aim was to study the associations of 
HIF-hydroxylases, PHD2 and PHD3, with histopatholog-
ical features and RFS in two separate cohorts of patients 
with localized ccRCC and to evaluate their potential as 
prognostic biomarkers.

2   |   PATIENTS AND METHODS

2.1  |  Helsinki training cohort

Electronic medical records were searched for patients 
treated with radical nephrectomy (RN) or PN at the 
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regardless of other known histopathological prognostic factors. Nuclear PHD2 
and PHD3 are potential prognostic biomarkers in patients with localized ccRCC 
and should be further investigated and validated in prospective studies.

K E Y W O R D S

biomarker, hydroxylase-domain proteins (PHD), hypoxia inducible factors (HIF), recurrence-
free survival, renal cell carcinoma (RCC)
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Helsinki University Hospital (HUH) between 2006 and 
2013 resulting in an initial cohort of 1223 patients with 
RCC. Patients with cytoreductive nephrectomy (M1), 
regional lymph node metastases (N1), previous kidney 
cancer in history, or multiple kidney tumors at the time 
of diagnosis, as well as patients with missing clinical 
data were excluded. The baseline prognostic features of 
the primary tumor including histological subtype, tumor 
size, TNM stage (according to AJCC 8th edition), tumor 
grade (determined using the 4-tiered nuclear grading 
system applied at the time of diagnosis), information on 
the presence of micro- and macrovascular invasion, rhab-
doid and sarcomatoid differentiation, histological tumor 
necrosis, a positive surgical margin, and tumor invasion 
into the adjacent structures were retrospectively obtained 
from the medical records and pathology reports of HUH. 
Histological features were centrally re-assessed by two 
uropathologists (T.M. and J.L.). The baseline clinical fea-
tures included age, sex, clinical stage determined with 
computational tomography (CT), and serum creatinine at 
the time of surgery.

Follow-up information including the date of disease 
recurrence, death, or the last follow-up visit and the 
cause of death (RCC or other) was obtained from the 
electronic medical records of HUH and the database of 
Statistics Finland. Postoperative follow-up with regular 
thoracic and abdominal CT was performed according 
to local clinical practice to detect disease recurrence. 
The follow-up cutoff date were September 9, 2019 for 
the training cohort. After analyzing RFS time, 70 pa-
tients with the shortest RFS and 150 patients with the 
longest RFS were selected for tissue microarray (TMA) 
construction. Patient selection criteria are described in 
Figure 1. A representative tissue block from each surgi-
cal specimen was selected by two pathologists (J.L. and 
T.M.). After excluding 47 patients with non-clear cell 
histology, a total of 173 patients with localized ccRCC 
were included into the final TMA (Helsinki training co-
hort). The study protocol is reported according to the 
REMARK guideline for prognostic biomarkers.28

2.2  |  Turku validation cohort

An external validation cohort was obtained from Turku 
University Hospital, Finland using the same inclusion 
and exclusion criteria as for the Helsinki training co-
hort. The Turku validation cohort included 191 patients 
who had undergone PN or RN for localized (N0M0) 
ccRCC between 2005 and 2014 regardless of RFS time. A 
uropathologist (P.V.) selected the representative blocks 
from the surgical specimens for TMA construction and 
reviewed the original pathology reports. The baseline 

histopathological and clinical features as well as the fol-
low-up information for patients in the Turku validation 
cohort were collected (by K.M. and P.V.) from the elec-
tronic medical records of Turku University Hospital as 
described in the Helsinki training cohort. The follow-up 
cutoff date were July 11, 2019 for the Turku validation 
cohort.

2.3  |  Tissue microarrays

Hematoxylin–eosin-stained clinical surgical specimen mi-
croscope slides were digitally scanned for the selection of 
representative cancer and normal kidney tissue from the 
formalin-fixed paraffin embedded (FFPE) tissue blocks, 
and for subsequent TMA annotation. For each slide, digital 
images were acquired at 0.24 μm/pixel resolution using a 
Pannoramic Flash III slide scanner (3DHistech, Budapest, 
Hungary). The images were uploaded to a secure server 
and annotated with Caseviewer software (3DHistech) for 
TMA construction with TMA Grand Master equipment 
(3DHistech). For each patient, two cores (1.0 mm in the 
Helsinki training cohort and 1.5 mm in the Turku valida-
tion cohort) from the central area of the tumor, two from 
tumor border area, and two representing adjacent normal 
kidney tissue were punched yielding altogether 1161 cores 
from the Helsinki training cohort and 1123 cores from the 
Turku validation cohort.

F I G U R E  1   Patient selection criteria flow chart for Helsinki 
training cohort. HUH, Helsinki University Hospital.
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2.4  |  Immunohistochemistry

Sections of 3.5 μm were cut from the TMA blocks 
and mounted on adhesive microscope slides 
(Superfrost+, Menzel-Glazer, Braunschweig, Germany). 
Immunohistochemical staining (IHC) was performed 
using an autostainer (Dako A/S, Glostrup, Denmark). 
First, TMA sections were deparaffinized and rehydrated. 
The IHC procedure included heat-induced epitope re-
trieval in a pressure cooker using a citrate buffer (pH 6), 
followed by primary antibody incubation with the fol-
lowing antibodies and their respective dilutions: HIF-1a 
(code 610959, BD Transduction Laboratories, 1:100), 
HIF-2a (NB100-122, NOVUS BIOLOGICALS, Cambridge, 
UK, 1:100), PHD2 (NB100-137, NOVUS BIOLOGICALS, 
Cambridge, UK, 1:2000), and PHD3 (NB100-139, NOVUS 
BIOLOGICALS, Cambridge, UK, 1:500). The primary an-
tibodies were detected with Dako Envision anti-rabbit/
mouse HRP-conjugated secondary antibodies (code 
K5007, Dako A/S, Glostrup, Denmark). All reactions were 
visualized using diaminobenzidine and the slides were 
counterstained with hematoxylin.

2.5  |  Scoring of protein expression

TMA slides were scanned with Pannoramic Flash III 
scanner and uploaded to Aiforia platform (Aiforia 
Technologies Plc., Helsinki, Finland). Samples were visu-
ally scored unaware of clinical data using Aiforia Cloud 
software (Aiforia Technologies Plc., Helsinki, Finland) 
in consensus by two observers (L.L., T.M.). For HIF-1α, 
HIF-2α, PHD2, and PHD3, the intensity of cytoplasmic or 
cell membrane staining (0 = no expression; 1 = weak ex-
pression; 2 = moderate expression; 3 = strong expression) 
in cancer cells, referred as cytoplasmic expression, was 
recorded and nuclear expression was recorded as positive 
(1) or negative (0) staining. Any nuclear staining visually 
observed in cancer cells was considered a positive result. 
The percentage of the cells demonstrating nuclear stain-
ing (nuclear percentage) was also recorded. Maximum 
values of four cores from each tumor were used in the 
final analysis.

2.6  |  Statistical analysis

Descriptive statistics included median with range or in-
terquartile range (IQR) for continuous variables and 
frequency with percentages for categorical variables. 
Continuous variables were compared using the Kruskal–
Wallis test and pairwise comparisons were performed 
using the Mann–Whitney-U test. Categorical variables 

were compared using the Fisher exact test or Pearson's chi-
squared test. Spearman's rank order correlation was used 
to examine the associations between clinicopathological 
variables and HIF pathway proteins. The Kaplan–Meier 
method was used to illustrate the association of biomark-
ers with RFS. RFS was defined as the time from surgery to 
radiologically verified disease recurrence (event) or death 
from RCC (event). Patients who were alive or had died 
from other causes than RCC were censored at the time of 
the last follow-up visit or death. The association of prog-
nostic factors with RFS was evaluated using univariable 
Cox proportional hazards model followed by multivari-
able Cox proportional hazards model. p < 0.05 was consid-
ered significant. All analyses were performed with IBM 
SPSS (version 28) and R statistical software (version 4.3.0; 
R Core Team (2022). R: A language and environment for 
statistical URL https://​www.​R-​proje​ct.​org/​).

3   |   RESULTS

3.1  |  Clinical characteristics and 
treatment outcomes

Baseline patient and tumor characteristics at the time of 
surgery and treatment outcomes during the follow-up 
period are described in Table 1. Patients in the Helsinki 
training cohort were on average 3 years younger (p = 0.01) 
and had more commonly pT3–pT4 tumors (p < 0.001) 
compared to patients in the Turku validation cohort. 
Histological tumor necrosis was more common (p = 0.009) 
in the Turku validation cohort.

After the median follow-up of over 10 years in both 
cohorts, 72 patients (42%) in the Helsinki training cohort 
and 68 patients (36%) in the Turku validation cohort were 
diagnosed with disease recurrence or had died from RCC 
without statistically significant differences in the RF status 
between the patient cohorts (Table 1). In the Turku valida-
tion cohort, more patients had died from non-RCC causes 
compared to the Helsinki training cohort (p < 0.001). 
There were six patients with unknown causes of death in 
the Turku validation cohort (of whom two patients had 
experienced disease recurrence earlier). Thus, RFS status 
could not be confirmed for four patients.

3.2  |  Expression of HIF 
pathway biomarkers

Positive nuclear expression of PHD2 and PHD3 in can-
cer cells was detected in 98.8% and 75.1% of patients in 
the Helsinki training cohort and in 72.2% and 44.3% of 
patients in the Turku validation cohort, respectively. The 
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mean nuclear percentage of PHD2 and PHD3 was 55.0% 
(IQR 26.6%–85.0%) and 33.9% (IQR 0.6%–59.4%) of all 
nuclei in the Helsinki training cohort and 29.66% (IQR 
0%–50%) and 8.0% (IQR 0%–5%) of all nuclei in the Turku 
cohort, respectively. Any cytoplasmic expression of PHD2 
and PHD3 (weak, moderate, or strong) in cancer cells was 
observed in 100% of patients in the Helsinki training co-
hort and 100% and 91.1% of patients in the Turku valida-
tion cohort, respectively.

Representative images of nuclear PHD2 and PHD3 
IHC staining are visualized in Figure 2. Examples of cy-
toplasmic PHD2 and PHD3 IHC staining are visualized in 
Figure S1. Distributions of the cytoplasmic expression of 
PHD2 and PHD3 (weak, moderate, and strong) and the nu-
clear expression of PHD2 and PHD3 (positive, negative) in 
both cohorts are described in Figure S2. Detailed informa-
tion on the cytoplasmic and nuclear expression of HIF-1α 
and HIF-2α are described in Table  S1. Distributions of 

HIF-1α and HIF-2α expressions are described in Figure S3 
and examples of expression levels are shown in Figure S4.

3.3  |  Associations of HIF pathway 
biomarkers with tumor characteristics

Associations of nuclear expression of PHD2 and PHD3 
with baseline clinical and histopathological features 
are detailed in Table  2. In the Helsinki training cohort, 
nearly all patients had positive nuclear PHD2 expression. 
Tumors with positive nuclear PHD3 expression had more 
commonly lower pT-stage (p = 0.018) and lower nuclear 
grade (p = 0.019). In the Turku validation cohort, tumors 
with positive nuclear PHD2 expression had more com-
monly lower pT-stage (p < 0.001), lower nuclear grade 
(p = 0.002), as well as lower rates of microvascular inva-
sion (p < 0.001), histological tumor necrosis (p = 0.001), 

T A B L E  1   Patient characteristics.

Helsinki training cohort Turku validation cohort

n = 173 % n = 191 % p-value

Age, years 0.01 (Kruskall–Wallis)

Median 65.567 68.054

Range 23.96–89.62 33.64–90.22

Sex

Male 91 52.6 111 58.1 0.294 (Fisher)

Female 82 47.4 80 41.9

2002 primary tumor 
classification

<0.001 (Fisher)

pT1 79 45.7 116 60.7

pT2 23 13.3 50 26.2

pT3-pT4 71 41.0 25 13.1

Nuclear grade 0.664 (Fisher)

I 10 5.8 12 6.3

II 99 57.2 97 50.8

III 54 31.2 70 36.6

IV 10 5.8 12 6.3

Microvascular invasion 36 20.8 38 19.9 0.896 (Fisher)

Tumor necrosis 50 28.9 81 42.6 0.009 (Fisher)

Sarcomatoid features 10 5.8 11 5.8 0.993 (Fisher)

Disease recurrence or death 
from RCC

70 40.5 68 35.6 0.331 (Fisher)

Death <0.001 (Fisher)

From RCC 46 26.6 56 9.3

Other cause 10 5.8 40 20.9

Missing cause of death 0 0 6 3.1

Median follow-up (IQR) 122.6 (109.2–131.4) 127.4 (106.3–157.8) 0.055 (Mann–Whitney)

Bold values were considered statistically significant at the p < 0.05 level.
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and sarcomatoid differentiation (p = 0.046). Tumors with 
positive nuclear PHD3 had lower rates of microvascular in-
vasion (p = 0.005), histological tumor necrosis (p = 0.001), 
and sarcomatoid differentiation (p = 0.016) and statisti-
cally non-significantly lower pT-stage and lower nuclear 
grade.

Spearman's rank order correlations were computed to 
analyze relationships between HIF pathway biomarkers 
and histopathological tumor characteristics. Statistically 
significant associations are shown in Table S2. Higher per-
centages of cancer cells with positive nuclear expression 
of PHD2 and PHD3 were associated with lower pT-stage 
and lower nuclear grade in both cohorts. Higher cytoplas-
mic expression of PHD2 was associated with higher cyto-
plasmic expression of PHD3, HIF-1α, and HIF-2α in both 
cohorts. Higher cytoplasmic expression of PHD2 was as-
sociated with lower nuclear expression of HIF-1α in both 
cohorts.

3.4  |  Association of HIF prolyl 
hydroxylases with RFS

Patients with positive nuclear expression of PHD2 in can-
cer cells as well as patients with positive nuclear expres-
sion of PHD3 in cancer cells had significantly longer RFS 
in both cohorts. Kaplan–Meier survival analyses for prob-
ability of disease recurrence or death from RCC are visu-
alized in Figure  3. The median RFS (mRFS) of patients 

with positive nuclear PHD2 and PHD3 expression was not 
reached compared to the mRFS of 14.2 months in patients 
with negative nuclear PHD2 and 54.3 months in patients 
with negative nuclear PHD3 in the Helsinki training co-
hort (log-rank p = 0.0037 and p = 0.0028, respectively). 
Similarly, median RFS times were longer in patients with 
positive nuclear PHD2 expression (mRFS 176.2 months) 
and PHD3 expression (mRFS 176.3 months) compared to 
patients with negative nuclear PHD2 expression (mRFS 
69.9 months) and PHD3 expression (mRFS 133.8 months) 
in the Turku validation cohort (log-rank p < 0.001 and 
p = 0.03, respectively). The patients without disease re-
currence or death from RCC also had a higher nuclear 
percentage of PHD2 compared to patients with disease 
recurrence or death from RCC (p = 0.001 in the Helsinki 
cohort and p = 0.028 in the Turku cohort, Mann–Whitney 
U-test) as visualized in Figure S5.

Cytoplasmic expressions of PHD2 or PHD3 were not 
associated with RFS in either of the cohorts. Cytoplasmic 
expressions of both HIF-1α and HIF-2α were significantly 
associated with shorter RFS in the Helsinki training co-
hort (log-rank p = 0.004 and p < 0.001) but did not reach 
statistical significance in the Turku validation cohort 
(log-rank p = 0.920 and p = 0.784). Kaplan–Meier survival 
analyses of HIF-1α and HIF-2α cytoplasmic expression are 
visualized in Figure S6. Nuclear expressions of HIF-1α and 
HIF-2α did not have significant associations with RFS.

3.5  |  Univariable and multivariable 
analyses of the association of patient and 
tumor characteristics with RF

We evaluated the prognostic value of the HIF prolyl hy-
droxylases PHD2, PHD3 and HIF-1α, HIF-2α, and the fol-
lowing clinical and histopathological features. The results 
of univariable and multivariable COX proportional haz-
ards models in both cohorts are described in Table 3.

In univariable analysis, positive nuclear expression of 
PHD2 and PHD3 were associated with decreasing risk of 
disease recurrence and death from RCC in both cohorts. 
In addition, higher pT-stage, higher nuclear grade, the 
presence of peripelvic fat invasion, macrovascular and 
microvascular invasion, histological tumor necrosis and 
cytoplasmic expressions of HIF-1α and HIF-2α were sig-
nificantly associated with a higher risk of disease recur-
rence or death from RCC in univariable analysis in both 
cohorts.

Clinical and histopathological features that had a sig-
nificant association with RFS in the univariable analysis 
were included into the multivariable Cox model. Some 
of the clinical variables were significant in either, but 
not both, of the cohorts in multivariable analysis. Of the 

F I G U R E  2   Representative images of nuclear expression 
(brown) of PHD2 and PHD3.
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biomarkers, elevation in HIF1-a cytoplasmic expression 
was significant in Helsinki cohort but not in Turku co-
hort. The only variable, including biomarkers and clinical 
parameters, that had significant HR in multivariable Cox 
analysis was PHD2 nuclear expression (positive vs. nega-
tive). For comprehensive Cox regression analysis results, 
see Table 3.

4   |   DISCUSSION

Members of the HIF pathway are known to be important 
regulators of malignant transformation and progression of 
ccRCC.17,18 There are many prognostic studies about HIF-1α 

and HIF-2α but the prognostic role of PHDs and their cel-
lular localization has remained less clear, which is why we 
focused on the results of PHDs in this study. Here, we stud-
ied the expression of PHD2 and PHD3 in tumor samples 
from patients who had undergone radical or PN for local-
ized ccRCC and analyzed their associations with RFS in two 
independent patient cohorts. In this study, we observed that 
the absence of nuclear expression of PHD2 and PHD3 in 
cancer cells was associated with shorter RFS in the Helsinki 
training cohort as well as in the Turku validation cohort. 
Positive nuclear expression of PHD2 was associated with a 
decreased risk of disease recurrence or death from RCC in 
univariable analysis and retained its association in multivar-
iable analysis regardless of other relevant histopathological 

F I G U R E  3   Kaplan–Meier survival analyses for probability of disease recurrence or death from RCC in the Helsinki training cohort and 
Turku validation cohort. PHD2 nuclear expression (A and C) and PHD3 nuclear expression (B and D) P-values are from a two-sided log-
rank (Mantel-Cox) test.
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prognostic factors such as pT-stage, nuclear grade, micro-
vascular invasion, and histological tumor necrosis in both 
cohorts. Higher percentages of cancer cells with positive 
nuclear PHD2 and PHD3 expression were also associated 
with lower pT-stage and nuclear grade underlining the role 
of PHD2 and PHD3 mainly as a tumor suppressors as sug-
gested earlier.22,23

The findings of our study reveal positive nuclear PHD2 
expression as a potential independent biomarker of favor-
able prognosis in patients with localized ccRCC. In other 
cancers, promising prognostic potential of PHD2 has been 
observed as high PHD2 levels have been reported to be 
associated with better prognosis at least in gastric cancer, 
breast cancer, and colorectal cancer.29–31 On the contrary, 
in head and neck squamous cell carcinomas, the nuclear 
translocation of PHD2 has been linked to a more aggres-
sive phenotype.30 In univariate analysis, the nuclear ex-
pression of PHD3, in line with PHD2, was also associated 
with favorable RFS in both cohorts. In accordance with 
our findings, Kampantais et al. demonstrated that mRNA 
overexpression of PHD3 is inversely related to nuclear 
grade in RCC, but there has been a lack of evidence re-
garding the value of PHD3 in predicting treatment out-
comes in ccRCC.32 The results of our study suggest that 
positive nuclear PHD3 expression could also be used as a 
favorable prognostic biomarker in patients with localized 
ccRCC.

Cytoplasmic expressions of PHD2 or PHD3 were not 
associated with RFS in either of the cohorts. This is in line 
with our previous study on PHD2 expression in HNSCC 
showing association of nuclear PHD2 rather than cyto-
plasmic PHD2 with tumor aggressiveness. The rationale 
behind this stronger effect of nuclear versus cytoplasmic 
expression must be studied further and the answer for this 
remains unknown.33 We observed that the cytoplasmic 
expression of PHD2 and PHD3 was accompanied by the 
cytoplasmic expression of HIF-1α and-2α, as expected, be-
cause their expression is elevated due to non-functional 
VHL protein.17,21 The evidence about the role of PHD2 
and PHD3 in tumor development may seem controversial 
due to somewhat opposing effects observed in previous 
studies.21,22,29,34 In this study, the nuclear percentage of 
HIF-1α was inversely associated with the cytoplasmic ex-
pression of PHD2 and cytoplasmic expression of HIF-2α 
was inversely associated with nuclear expression of PHD3 
which is consistent with previous findings showing that 
PHD2 is the main regulator of HIF-1α22,35 and PHD3 is the 
main regulator of HIF-2α.20,23 However, in ccRCC one pre-
vious in vitro-study has suggested that high PHD3 gene 
expression is needed to maintain high levels of HIF-2α 
through regulation at mRNA level.36 In line, we observed 
high cytoplasmic HIF-2α levels accompanied by high cy-
toplasmic PHD3 expression.

Besides HIF-pathway, PHD2 and, in particular, PHD3 
have been suggested to regulate several non-HIF targets 
either in hydroxylase activity-dependent or indepen-
dent manner.22,23,27 PHD3 has been suggested to possess 
tumor suppression properties and to regulate the tran-
scription of proteins involved in glucose metabolism, 
translational machinery, and proliferation in ccRCC cell 
lines apart from HIF pathway.23,37 PHD2 overexpression 
has been shown to restrict tumor development regard-
less of HIF.22,38 On the contrary, the silencing of PHD2 
expression in a mouse osteosarcoma, lung carcinoma, 
and melanoma has been shown to restrict tumor growth 
suggesting PHD2 to be a potential target for anti-tumoral 
therapy.34,39 This oncogenic effect of PHD2 may be medi-
ated by HIF-independent mechanisms related to immune 
tolerance and vascular normalization and neovascularisa-
tion.27,34,39,40 Further studies are warranted to fully under-
stand the complex and controversial mechanisms of the 
HIF pathway proteins.

To our knowledge, this study is the first study with an 
external validation cohort evaluating the association of 
PHD2 and PHD3 expression with RFS in patients with 
localized ccRCC. The limitations of this study include its 
retrospective design which makes both cohorts vulnera-
ble to selection bias and the limitations of reproducibility 
of IHC staining. Positive nuclear PHD2 expression was 
more applicable biomarker in the Turku validation cohort 
where 72.2% of tumors expressed positive nuclear PHD2 
compared to 98.8% in the Helsinki cohort (p < 0.001). The 
ultimate reason for the difference is probably multivari-
able. In the Turku validation cohort, patients had more 
commonly pT1 and pT2 and low-grade tumors, but also 
more commonly histological tumor necrosis compared 
to the Helsinki training cohort. Also, technical aspects 
on the processing of tumor samples, such as the forma-
lin fixation time and the age of tissue block, could have 
affected the results of IHC stainings. However, the results 
on the association of positive nuclear PHD2 and PHD3 ex-
pression with longer RFS as well as lower pT-stage and 
nuclear grade were similar in both cohorts supporting the 
generalizability of these results.

Moreover, our findings of the prognostic role of PHD2 
and PHD3 in patients with localized ccRCC were in line 
with previous results observed in other cancer types on 
the prognostic value of HIF prolyl hydroxylases in cancer 
progression.30–32

5   |   CONCLUSIONS

According to this externally validated cohort study, the 
absence of nuclear HIF-hydroxylases, PHD2 and PHD3, 
in cancer cells was associated with short RFS in patients 
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with localized ccRCC. Moreover, positive nuclear ex-
pression of PHD2 predicted long RFS regardless of other 
relevant histopathological prognostic factors. The study 
suggests that nuclear PHD2 and PHD3 are potential 
prognostic biomarkers that could supplement traditional 
histopathological prognostic factors in patients with lo-
calized ccRCC. In conclusion, our novel PHD2/EGLN1 
and PHD3/EGLN3 results warrant in-depth mechanistic 
analysis. While there are certain limitations, primarily as-
sociated with sample size, the results are significant and 
suggest that these hydroxylases may play a crucial role in 
predicting the disease's course. Larger retrospective pa-
tient cohorts and prospective studies are needed to pro-
vide stronger evidence on the prognostic impact of PHD2 
and PHD 3 in ccRCC.

AUTHOR CONTRIBUTIONS
Lassi Luomala: Conceptualization (equal); data cura-
tion (lead); formal analysis (lead); funding acquisition 
(equal); investigation (lead); methodology (lead); re-
sources (equal); software (equal); visualization (equal); 
writing – original draft (lead); writing – review and ed-
iting (lead). Kalle Mattila: Data curation (equal); in-
vestigation (equal); validation (equal); writing – original 
draft (supporting); writing – review and editing (equal). 
Paula Vainio: Data curation (equal); validation (equal); 
writing – review and editing (supporting). Harry Nisén: 
Conceptualization (equal); data curation (equal); resources 
(supporting); supervision (equal); writing – review and 
editing (supporting). Teijo Pellinen: Conceptualization 
(supporting); investigation (supporting); resources (sup-
porting); software (supporting); writing – review and 
editing (supporting). Jouni Lohi: Conceptualization 
(supporting); data curation (supporting); investigation 
(supporting); writing – review and editing (supporting). 
Teemu D. Laajala: Software (supporting); visualiza-
tion (lead); writing – review and editing (supporting). 
Petrus Järvinen: Conceptualization (equal); data cura-
tion (supporting); methodology (supporting); project ad-
ministration (supporting); writing – review and editing 
(supporting). Anna-Riina Koskenniemi: Data curation 
(supporting); writing – review and editing (supporting). 
Panu Jaakkola: Conceptualization (equal); investiga-
tion (equal); methodology (equal); project administration 
(supporting); supervision (lead); validation (equal); writ-
ing – original draft (supporting); writing – review and ed-
iting (equal). Tuomas Mirtti: Conceptualization (lead); 
data curation (equal); formal analysis (supporting); fund-
ing acquisition (lead); investigation (equal); methodology 
(equal); project administration (lead); resources (support-
ing); software (supporting); supervision (lead); validation 
(equal); writing – original draft (supporting); writing – re-
view and editing (equal).

FUNDING INFORMATION
This work was supported by Kidney Foundation 
(Munuaissäätiö), the Finnish Urological Association, 
Diagnostic Center (Helsinki University hospital) and the 
Cancer Foundation Finland.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author, [L.L], upon reason-
able request. Restrictions and additional conditions may 
apply to the availability of these data from the Helsinki 
University Hospital.

ETHICS STATEMENT
The study was approved by the Institutional Review 
Boards of Helsinki and Turku University Hospitals: The 
Ethical Committee of Helsinki University Hospital (diary 
number HUS/1040/2018), the hospital study permit 
from the corresponding unit head (HUS/419/2018), and 
Turku University Hospital License number T06/032/15. 
Informed consent was waived due to the retrospective de-
sign of the study according to Finnish legislation on the 
secondary use of health data. Data were anonymized be-
fore statistical analyses and handled in a manner that met 
general regulations on data protection.

ORCID
Lassi Luomala   https://orcid.org/0000-0003-0053-7302 

REFERENCES
	 1.	 Sung H, Ferlay J, Siegel RL, et  al. Global cancer statistics 

2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209-249. doi:10.3322/caac.21660

	 2.	 Leibovich BC, Lohse CM, Cheville JC, et al. Predicting onco-
logic outcomes in renal cell carcinoma after surgery. Eur Urol. 
2018;73(5):772-780. doi:10.1016/j.eururo.2018.01.005

	 3.	 Hemminki K, Försti A, Hemminki A, Ljungberg B, Hemminki 
O. Progress in survival in renal cell carcinoma through 
50 years evaluated in Finland and Sweden. PLoS ONE. 
2021;16(6):e0253236. doi:10.1371/journal.pone.0253236

	 4.	 Powles T, Tomczak P, Park SH, et  al. Pembrolizumab versus 
placebo as post-nephrectomy adjuvant therapy for clear cell 
renal cell carcinoma (KEYNOTE-564): 30-month follow-up 
analysis of a multicentre, randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Oncol. 2022;23(9):1133-1144. 
doi:10.1016/S1470-2045(22)00487-9

	 5.	 Motzer RJ, Russo P, Grünwald V, et  al. Adjuvant nivolumab 
plus ipilimumab versus placebo for localised renal cell carci-
noma after nephrectomy (CheckMate 914): a double-blind, 
randomised, phase 3 trial. Lancet. 2023;401(10379):821-832. 
doi:10.1016/S0140-6736(22)02574-0

	 6.	 Pal SK, Uzzo R, Karam JA, et  al. Adjuvant atezoli-
zumab versus placebo for patients with renal cell carci-
noma at increased risk of recurrence following resection 

 20457634, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cam

4.6998 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-0053-7302
https://orcid.org/0000-0003-0053-7302
https://doi.org//10.3322/caac.21660
https://doi.org//10.1016/j.eururo.2018.01.005
https://doi.org//10.1371/journal.pone.0253236
https://doi.org//10.1016/S1470-2045(22)00487-9
https://doi.org//10.1016/S0140-6736(22)02574-0


14 of 15  |      LUOMALA et al.

(IMmotion010): a multicentre, randomised, double-blind, 
phase 3 trial. Lancet. 2022;400(10358):1103-1116. doi:10.1016/
S0140-6736(22)01658-0

	 7.	 Staff TAP. PROSPER RCC Neoadjuvant Nivolumab Prior to 
Nephrectomy Followed by Additional Nivolumab in Patients 
With Renal Cell Carcinoma - The ASCO Post. Accessed May 14, 
2023. https://​ascop​ost.​com/​news/​septe​mber-​2022/​prosp​er-​rcc-​
neoad​juvan​t-​nivol​umab-​prior​-​to-​nephr​ectom​y-​follo​wed-​by-​
addit​ional​-​nivol​umab-​in-​patie​nts-​with-​renal​-​cell-​carci​noma/​

	 8.	 Frank I, Blute ML, Cheville JC, et al. A multifactorial postop-
erative surveillance model for patients with surgically treated 
clear cell renal cell carcinoma. J Urol. 2003;170(6):2225-2232. 
doi:10.1097/01.ju.0000095541.10333.a7

	 9.	 Lam JS, Shvarts O, Leppert JT, Pantuck AJ, Figlin RA. 
Belldegrun As. Postoperative surveillance protocol for patients 
with localized and locally advanced renal cell carcinoma based 
on a validated prognostic nomogram and risk group stratifi-
cation system. J Urol. 2005;174(2):466-472. doi:10.1097/01.
ju.0000165572.38887.da

	10.	 Mattila KE, Laajala TD, Tornberg SV, et al. A three-feature pre-
diction model for metastasis-free survival after surgery of lo-
calized clear cell renal cell carcinoma. Sci Rep. 2021;11:8650. 
doi:10.1038/s41598-021-88177-9

	11.	 Amin MB, Greene FL, Edge SB, et al. The eighth edition AJCC 
cancer staging manual: continuing to build a bridge from a 
population-based to a more “personalized” approach to can-
cer staging. CA Cancer J Clin. 2017;67(2):93-99. doi:10.3322/
caac.21388

	12.	 Fuhrman SA, Lasky LC, Limas C. Prognostic significance of 
morphologic parameters in renal cell carcinoma. Am J Surg 
Pathol. 1982;6(7):655-664.

	13.	 Delahunt B, Cheville JC, Martignoni G, et al. The International 
Society of Urological Pathology (ISUP) grading system 
for renal cell carcinoma and other prognostic parame-
ters. Am J Surg Pathol. 2013;37(10):1490-1504. doi:10.1097/
PAS.0b013e318299f0fb

	14.	 Oken MM, Creech RH, Tormey DC, et al. Toxicity and response 
criteria of the eastern cooperative oncology group. Am J Clin 
Oncol. 1982;5(6):649-656.

	15.	 Klatte T, Rossi SH, Stewart GD. Prognostic factors and prognos-
tic models for renal cell carcinoma: a literature review. World J 
Urol. 2018;36(12):1943-1952. doi:10.1007/s00345-018-2309-4

	16.	 Li F, Aljahdali IAM, Zhang R, Nastiuk KL, Krolewski JJ, Ling 
X. Kidney cancer biomarkers and targets for therapeutics: sur-
vivin (BIRC5), XIAP, MCL-1, HIF1α, HIF2α, NRF2, MDM2, 
MDM4, p53, KRAS and AKT in renal cell carcinoma. J Exp Clin 
Cancer Res. 2021;40(1):254. doi:10.1186/s13046-021-02026-1

	17.	 Schödel J, Grampp S, Maher ER, et  al. Hypoxia, hypoxia-
inducible transcription factors, and renal cancer. Eur Urol. 
2016;69(4):646-657. doi:10.1016/j.eururo.2015.08.007

	18.	 Turner KJ, Moore JW, Jones A, et  al. Expression of hypoxia-
inducible factors in human renal cancer: relationship to angio-
genesis and to the von Hippel-Lindau gene mutation. Cancer 
Res. 2002;62(10):2957-2961.

	19.	 Gnarra JR, Tory K, Weng Y, et al. Mutations of the VHL tumour 
suppressor gene in renal carcinoma. Nat Genet. 1994;7(1):85-90. 
doi:10.1038/ng0594-85

	20.	 Aprelikova O, Chandramouli GVR, Wood M, et al. Regulation 
of HIF prolyl hydroxylases by hypoxia-inducible factors. J Cell 
Biochem. 2004;92(3):491-501. doi:10.1002/jcb.20067

	21.	 Appelhoff RJ, Tian YM, Raval RR, et  al. Differential func-
tion of the prolyl hydroxylases PHD1, PHD2, and PHD3 
in the regulation of hypoxia-inducible factor. J Biol Chem. 
2004;279(37):38458-38465. doi:10.1074/jbc.M406026200

	22.	 Meneses AM, Wielockx B. PHD2: from hypoxia regulation 
to disease progression. Hypoxia. 2016;4:53-67. doi:10.2147/
HP.S53576

	23.	 Jaakkola PM, Rantanen K. The regulation, localization, and 
functions of oxygen-sensing prolyl hydroxylase PHD3. Biol 
Chem. 2013;394(4):449-457. doi:10.1515/hsz-2012-0330

	24.	 Gkagkalidis K, Kampantais S, Dimitriadis G, Gourvas V, 
Kapoukranidou D, Mironidou-Tzouveleki M. Expression of 
HIF-2a in clear-cell renal cell carcinoma independently pre-
dicts overall survival. Med Mol Morphol. 2020;53(4):229-237. 
doi:10.1007/s00795-020-00249-3

	25.	 Lidgren A, Hedberg Y, Grankvist K, Rasmuson T, Vasko J, 
Ljungberg B. The expression of hypoxia-inducible factor 1alpha 
is a favorable independent prognostic factor in renal cell carci-
noma. Clin Cancer Res. 2005;11(3):1129-1135.

	26.	 Kim KH, Lee HH, Yoon YE, Na JC, Kim KS, Han WK. Prolyl hy-
droxylase-3 is a novel renal cell carcinoma biomarker. Investig 
Clin Urol. 2019;60(6):425-431. doi:10.4111/icu.2019.60.6.425

	27.	 Chan DA, Giaccia AJ. PHD2 in tumour angiogenesis. Br J 
Cancer. 2010;103(1):1-5. doi:10.1038/sj.bjc.6605682

	28.	 Altman DG, McShane LM, Sauerbrei W, Taube SE. Reporting 
recommendations for tumor marker prognostic stud-
ies (REMARK): explanation and elaboration. PLoS Med. 
2012;9(5):e1001216. doi:10.1371/journal.pmed.1001216

	29.	 Kamphues C, Wittschieber D, Klauschen F, et  al. Prolyl hy-
droxylase domain 2 protein is a strong prognostic marker 
in human gastric cancer. Pathobiology. 2012;79(1):11-17. 
doi:10.1159/000330170

	30.	 Peurala E, Koivunen P, Bloigu R, Haapasaari KM, Jukkola-
Vuorinen A. Expressions of individual PHDs associate with 
good prognostic factors and increased proliferation in breast 
cancer patients. Breast Cancer Res Treat. 2012;133(1):179-188. 
doi:10.1007/s10549-011-1750-5

	31.	 Xie G, Zheng L, Ou J, et al. Low expression of prolyl hydrox-
ylase 2 is associated with tumor grade and poor prognosis in 
patients with colorectal cancer. Exp Biol Med. 2012;237(7):860-
866. doi:10.1258/ebm.2012.011331

	32.	 Kampantais S, Kotoula V, Kounatidis I, et al. mRNA overexpres-
sion of prolyl hydroxylase PHD3 is inversely related to nuclear 
grade in renal cell carcinoma. Mol Clin Oncol. 2020;13(3):11. 
doi:10.3892/mco.2020.2076

	33.	 Jokilehto T, Rantanen K, Luukkaa M, et  al. Overexpression 
and nuclear translocation of hypoxia-inducible factor pro-
lyl hydroxylase PHD2 in head and neck squamous cell carci-
noma is associated with tumor aggressiveness. Clin Cancer Res. 
2006;12(4):1080-1087. doi:10.1158/1078-0432.CCR-05-2022

	34.	 Klotzsche-von Ameln A, Muschter A, Mamlouk S, et  al. 
Inhibition of HIF prolyl hydroxylase-2 blocks tumor growth in 
mice through the antiproliferative activity of TGFβ. Cancer Res. 
2011;71(9):3306-3316. doi:10.1158/0008-5472.CAN-10-3838

	35.	 Berra E, Benizri E, Ginouvès A, Volmat V, Roux D, Pouysségur 
J. HIF prolyl-hydroxylase 2 is the key oxygen sensor set-
ting low steady-state levels of HIF-1α in normoxia. EMBO J. 
2003;22(16):4082-4090. doi:10.1093/emboj/cdg392

	36.	 Miikkulainen P, Högel H, Seyednasrollah F, Rantanen K, 
Elo LL, Jaakkola PM. Hypoxia-inducible factor (HIF)-prolyl 

 20457634, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cam

4.6998 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1016/S0140-6736(22)01658-0
https://doi.org//10.1016/S0140-6736(22)01658-0
https://ascopost.com/news/september-2022/prosper-rcc-neoadjuvant-nivolumab-prior-to-nephrectomy-followed-by-additional-nivolumab-in-patients-with-renal-cell-carcinoma/
https://ascopost.com/news/september-2022/prosper-rcc-neoadjuvant-nivolumab-prior-to-nephrectomy-followed-by-additional-nivolumab-in-patients-with-renal-cell-carcinoma/
https://ascopost.com/news/september-2022/prosper-rcc-neoadjuvant-nivolumab-prior-to-nephrectomy-followed-by-additional-nivolumab-in-patients-with-renal-cell-carcinoma/
https://doi.org//10.1097/01.ju.0000095541.10333.a7
https://doi.org//10.1097/01.ju.0000165572.38887.da
https://doi.org//10.1097/01.ju.0000165572.38887.da
https://doi.org//10.1038/s41598-021-88177-9
https://doi.org//10.3322/caac.21388
https://doi.org//10.3322/caac.21388
https://doi.org//10.1097/PAS.0b013e318299f0fb
https://doi.org//10.1097/PAS.0b013e318299f0fb
https://doi.org//10.1007/s00345-018-2309-4
https://doi.org//10.1186/s13046-021-02026-1
https://doi.org//10.1016/j.eururo.2015.08.007
https://doi.org//10.1038/ng0594-85
https://doi.org//10.1002/jcb.20067
https://doi.org//10.1074/jbc.M406026200
https://doi.org//10.2147/HP.S53576
https://doi.org//10.2147/HP.S53576
https://doi.org//10.1515/hsz-2012-0330
https://doi.org//10.1007/s00795-020-00249-3
https://doi.org//10.4111/icu.2019.60.6.425
https://doi.org//10.1038/sj.bjc.6605682
https://doi.org//10.1371/journal.pmed.1001216
https://doi.org//10.1159/000330170
https://doi.org//10.1007/s10549-011-1750-5
https://doi.org//10.1258/ebm.2012.011331
https://doi.org//10.3892/mco.2020.2076
https://doi.org//10.1158/1078-0432.CCR-05-2022
https://doi.org//10.1158/0008-5472.CAN-10-3838
https://doi.org//10.1093/emboj/cdg392


      |  15 of 15LUOMALA et al.

hydroxylase 3 (PHD3) maintains high HIF2A mRNA levels in 
clear cell renal cell carcinoma. J Biol Chem. 2019;294(10):3760-
3771. doi:10.1074/jbc.RA118.004902

	37.	 Miikkulainen P, Högel H, Rantanen K, et  al. HIF prolyl hy-
droxylase PHD3 regulates translational machinery and glucose 
metabolism in clear cell renal cell carcinoma. Cancer Metab. 
2017;5:5. doi:10.1186/s40170-017-0167-y

	38.	 Chan DA, Kawahara TLA, Sutphin PD, Chang HY, Chi JT, 
Giaccia AJ. Tumor vasculature is regulated by PHD2-mediated 
angiogenesis and bone marrow-derived cell recruitment. 
Cancer Cell. 2009;15(6):527-538. doi:10.1016/j.ccr.2009.04.010

	39.	 Gaete D, Rodriguez D, Watts D, Sormendi S, Chavakis T, 
Wielockx B. HIF-prolyl hydroxylase domain proteins (PHDs) 
in cancer—potential targets for anti-tumor therapy? Cancer. 
2021;13(5):988. doi:10.3390/cancers13050988

	40.	 Klotzsche-von Ameln A, Muschter A, Heimesaat MM, Breier 
G, Wielockx B. HIF prolyl hydroxylase-2 inhibition diminishes 
tumor growth through matrix metalloproteinase-induced TGFβ 
activation. Cancer Biol Ther. 2012;13(4):216-223. doi:10.4161/
cbt.13.4.18830

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Luomala L, Mattila K, 
Vainio P, et al. Low nuclear expression of HIF-
hydroxylases PHD2/EGLN1 and PHD3/EGLN3 are 
associated with poor recurrence-free survival in 
clear cell renal cell carcinoma. Cancer Med. 
2024;13:e6998. doi:10.1002/cam4.6998

 20457634, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cam

4.6998 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.1074/jbc.RA118.004902
https://doi.org//10.1186/s40170-017-0167-y
https://doi.org//10.1016/j.ccr.2009.04.010
https://doi.org//10.3390/cancers13050988
https://doi.org//10.4161/cbt.13.4.18830
https://doi.org//10.4161/cbt.13.4.18830
https://doi.org/10.1002/cam4.6998

	Low nuclear expression of HIF-­hydroxylases PHD2/EGLN1 and PHD3/EGLN3 are associated with poor recurrence-­free survival in clear cell renal cell carcinoma
	Abstract
	1|INTRODUCTION
	2|PATIENTS AND METHODS
	2.1|Helsinki training cohort
	2.2|Turku validation cohort
	2.3|Tissue microarrays
	2.4|Immunohistochemistry
	2.5|Scoring of protein expression
	2.6|Statistical analysis

	3|RESULTS
	3.1|Clinical characteristics and treatment outcomes
	3.2|Expression of HIF pathway biomarkers
	3.3|Associations of HIF pathway biomarkers with tumor characteristics
	3.4|Association of HIF prolyl hydroxylases with RFS
	3.5|Univariable and multivariable analyses of the association of patient and tumor characteristics with RF

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


