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Abstract

Background: Hypoxia inducible factors, HIF-la and HIF-2a, 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 RES 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.! 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.” 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.” 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.* 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).>”’

In current clinical practice, there are several prognostic
models>**° 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,"" Fuhrman grade,"
WHO/ISUP grade,13 sarcomatoid differentiation,'> and
Eastern Cooperative Oncology Group performance sta-
tus (ECOG PS)."* The prediction accuracy (concordance
index) of these algorithms has generally exceeded 70% in
patients with ccRCC." 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.'®

Insufficient oxygen availability, hypoxia, is common
in RCC. Hypoxia inducible factors HIF-1a and HIF-2«
(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.!”'® In the presence of

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.

biomarker, hydroxylase-domain proteins (PHD), hypoxia inducible factors (HIF), recurrence-
free survival, renal cell carcinoma (RCC)

sufficient oxygen, PHDs hydroxylate HIF-a 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-a ubiquitination and
proteasomal degradation. The biallelic loss or inactivation
of VHL gene is typical in ccRCC.'® Hypoxia, or the inacti-
vation of VHL independent of tissue oxygen levels, results
in the accumulation of HIF-1a and HIF-2a transcription
factors in cancer cells. This affects the expression of over
300 genes regulating angiogenesis, cell cycle, and tumor
metabolism."”” 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.** PHD2
is the main regulator of HIF-1a stability whereas HIF-2a
isoform is generally thought to be mainly regulated by
PHD3.% In addition, PHD2 and, in particular PHD3, have
been suggested to possess other tumor suppressor proper-
ties apart from the HIF signaling pathway.****

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-1a and HIF-2a suggesting
HIF-1a to be associated with favorable prognosis and
HIF-2a with poor prognosis.**** PHD3 has been reported
to be inversely associated with Fuhrman grade®® 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.”>*” 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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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.*®

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 (NOMO)
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
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Patients treated with partial or radical nephrectomy during 2006-2013 in HUH
(n=1223)

Non-RCC histology Yes (n=251)

No

-cytoreductive nephrectomy or

-local lymph node metastasis or
-previous kidney cancer in history or
-multiple tumors at the time of diagnosis

Yes (n=129)

No

Patients with missing clinical data Yes (n=226)

Exclusion

No
Total 617 pts

617 pts stratified by the time to recurrence (TTR)

70 patients with shortest TTR and 150 patients with longest TTR selected to TMA

Non-clear cell renal cell cancer histoloy Yes (n=47)

No

Final data analysis (n=173)

FIGURE 1 Patient selection criteria flow chart for Helsinki
training cohort. HUH, Helsinki University Hospital.

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 pm/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 (1.0mm in the
Helsinki training cohort and 1.5mm 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.
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2.4 | Immunohistochemistry

Sections of 3.5pum 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 THC procedure included heat-induced epitope re-
trieval in a pressure cooker using a citrate buffer (pH6),
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-1a,
HIF-2a, 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-project.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 10years 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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TABLE 1 Patient characteristics.
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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 <0.001 (Fisher)
classification
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
111 54 31.2 70 36.6
I\% 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 70 40.5 68 35.6 0.331 (Fisher)
from RCC
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.

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-1«
and HIF-2a are described in Table S1. Distributions of

HIF-1a and HIF-2a 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),
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FIGURE 2 Representative images of nuclear expression
(brown) of PHD2 and PHD3.

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-1a, and HIF-2a in both
cohorts. Higher cytoplasmic expression of PHD2 was as-
sociated with lower nuclear expression of HIF-1a 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-1a and HIF-2a 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-1a and HIF-2« cytoplasmic expression are
visualized in Figure S6. Nuclear expressions of HIF-1o and
HIF-2a 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-1a, HIF-2a, 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-1a and HIF-2a 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
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FIGURE 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.

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."'® There are many prognostic studies about HIF-1o

and HIF-2a 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
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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.”**

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.?’~>' On the contrary,
in head and neck squamous cell carcinomas, the nuclear
translocation of PHD2 has been linked to a more aggres-
sive phenotype.*® 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.* 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.*> We observed that the cytoplasmic
expression of PHD2 and PHD3 was accompanied by the
cytoplasmic expression of HIF-1a and-2a, as expected, be-
cause their expression is elevated due to non-functional
VHL protein.'”*' The evidence about the role of PHD2
and PHD3 in tumor development may seem controversial
due to somewhat opposing effects observed in previous
studies.”****3* In this study, the nuclear percentage of
HIF-1a was inversely associated with the cytoplasmic ex-
pression of PHD2 and cytoplasmic expression of HIF-2«
was inversely associated with nuclear expression of PHD3
which is consistent with previous findings showing that
PHD2 is the main regulator of HIF-1a*>** and PHD3 is the
main regulator of HIF-2o.”>** However, in ccRCC one pre-
vious in vitro-study has suggested that high PHD3 gene
expression is needed to maintain high levels of HIF-2a
through regulation at mRNA level.*® In line, we observed
high cytoplasmic HIF-2a 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.”>***” 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.”**” PHD2 overexpression
has been shown to restrict tumor development regard-
less of HIF.*>*® 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.**° This oncogenic effect of PHD2 may be medi-
ated by HIF-independent mechanisms related to immune
tolerance and vascular normalization and neovascularisa-
tion.?”****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 THC 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.*’

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.
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SUPPORTING INFORMATION

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