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Abstract

Background: One of the main factors in response to hypoxia in the tumor microenvironment is the hypoxia-inducible factor
(HIF) pathway. Although its role in other solid tumors, particularly renal cell carcinoma, has been sufficiently elucidated, it remains
elusive in prostate cancer. The aim of the present study was to investigate the expression of main proteins involved in this pathway
and determine the correlation of the results with clinicopathological outcomes of patients with prostate cancer. Methods: The
immunohistochemical expression of HIF-1a, HIF-2a and their regulators, prolyl hydroxylase domain (PHD)I, PHD2 and PHD3
and factor inhibiting HIF (FIH), was assessed on a tissue microarray. This was constructed from radical prostatectomy specimens,
involving both tumor and corresponding adjacent non-tumoral prostate tissues from 50 patients with localized or locally advanced
prostate cancer. Results: In comparison with non-tumoral adjacent tissue, HIF-1a exhibited an equal or lower expression in 86%
of the specimens (P = 0.017), while HIF-2a was overexpressed in 52% (P = 0.032) of the cases. HIF-1la protein expression was
correlated with HIF-2a (P < 0.001), FIH (P = 0.004), PHDI| (P < 0.001), PHD2 (P < 0.001) and PHD3 (P = 0.035). HIF-2a
expression was positively correlated with Gleason score (P = 0.017) and International Society of Urological Pathologists (ISUP)
grade group (P = 0.022). Conclusions: The findings of the present study suggest a key role for HIF-2a in prostate cancer, as HIF-
2a expression was found to be correlated with Gleason score and ISUP grade of the patients. However, further studies are
required to validate these results and investigate the potential value of HIF-2a as a therapeutic target in prostate cancer.
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factor inhibiting HIF (FIH) playing important roles.* PHDs
(PHD1, PHD2, PHD3) are enzymes that contribute to the reg-
ulation of HIF stability in an oxygen-dependent manner. When
oxygen is available, these enzymes regulate HIF protein stabi-
lity by hydroxylation of 2 proline residues in its o subunit.

Introduction

Hypoxia and nutrient deprivation are common characteristics
in the microenvironment of solid tumors. The lack of oxygen
leads to genetic and epigenetic alterations, so that tumor cells
can adapt to the low oxygen levels. Part of this adaptation is the
regulation of gene products in response to hypoxia.! A number
of these genes are mediated by hypoxia-inducible factor (HIF)-
la and HIF-2a.” HIF activation can induce a large array of gene
products that control neovascularization, energy metabolism,
intracellular pH and cell migration, all of which are promoters
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of tumor growth.?
The HIF response includes a complex series of regulatory
interactions, with prolyl hydroxylase domains (PHDs) and the

Corresponding Author:
Spyridon Kampantais, 20 llia Pileidi str, Panorama, Thessaloniki, Greece.
Email: kabspir@hotmail.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0001-5743-0333&NoBreak;
https://orcid.org/0000-0001-5743-0333&NoBreak;
mailto:kabspir@hotmail.com
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1533033821990010
http://journals.sagepub.com/home/tct

Technology in Cancer Research & Treatment

Under conditions of limited oxygen supply, these enzymes are
inactive, resulting in an increase in the levels and activity of
HIF.> FIH hydroxylates HIF-a, thereby inhibiting transcrip-
tional activation by blocking the subsequent association of
HIFs with the transcriptional co-activators CBP/p300.*
Although HIF-1a has been previously investigated in pros-
tate cancer, there are limited data regarding HIF-2a, PHDs and
FIH.® The aim of the present study was to evaluate the expres-
sion of 6 main proteins (HIF-1a, HIF-2a, FIH, PHD1, PHD2
and PHD3) involved in the hypoxia pathway in prostate cancer
and determine the correlation between the results and the clin-
icopathological parameters of patients with prostate cancer.

Methods

Patients

The present study included 50 consecutive, treatment naive
patients who underwent open radical prostatectomy, with or
without pelvic lymph node dissection, for localized or locally
advanced prostate cancer. The diagnosis was histologically
confirmed preoperatively via transrectal prostate biopsy. All
operations were performed in the 1st Department of Urology
of Aristotle University of Thessaloniki between August 2010
and March 2012. All patients provided written informed con-
sent to participate and the study protocol was approved by the
Ethics Committee of the Aristotle University of Thessaloniki
(No 5224/29-4-2015).

The clinical and pathological data of the patients were pro-
spectively collected. These included age, TNM classification,
Gleason score, Eastern Cooperative Oncology Group perfor-
mance status, International Society of Urological Pathologists
(ISUP) grade group, surgical margins (positive or negative),
prostate-specific antigen (PSA) level before and after surgery,
lymph node status and biochemical recurrence. Gleason score,
pathological stage and status of surgical margins were deter-
mined by 2 separate pathologists. Disagreements were resolved
by consensus. The patients were followed up for up to 1 year
postoperatively, with clinical appointments at 3, 6 and 12
months after surgery.

Tissue Microarray Construction

Hematoxylin-eosin-stained sections from each formalin-fixed,
paraffin-embedded tissue block were reviewed by an experi-
enced pathologist, and the most representative tumor areas
were marked for the construction of the TMA blocks with the
use of a manual arrayer (Model I, Beecher Instruments, Inc.).
Each case was represented by 4 tissue cores, 1.5 mm in dia-
meter, 2 obtained from the primary tumor and 2 from adjacent
non-tumoral prostate tissue. Tissue from tonsil, breast, testis
and placenta was used in one side of each block and tonsil,
placenta and ovary (all non-tumoral) from the other side as
markers for calculating the position of every specimen, while
using them also as control markers for the antibodies.

Immunohistochemical Analysis

Sections (3 mm) from the TMA blocks were cut and mounted
on adhesive microscope slides. Immunohistochemical staining
was performed using Bond Max™™ (Leica Microsystems,
GmbH) and Bond Polymer Refine Detection kit (DS9800,
Leica Biosystems, GmbH). The primary antibodies used were
as follows:

HIF-1a (Hlalpha67, cat. no. MS-1164, Neomarkers, Thermo
Fisher Scientific, Inc.), HIF-2a (ep190b, cat. no. NB100-132,
Novus Biologicals, Ltd.), PHD1 (EPR2746, cat. no. NBPI1-
40773, Novus Biologicals, Ltd.), PHD2 (366G/76/3, cat. no.
NBP1-30328, Novus Biologicals, Ltd.), PHD3 (EG188e/d5, cat.
no. NBP1-30440, Novus Biologicals, Ltd.) and FIH (epr3658,
cat. no. NBP1-40688, Novus Biologicals, Ltd.).

Scoring

All specimens were scored by 2 pathologists who were blinded
to the relevant clinical data for 2 separate characteristics (Fig-
ures 1 and 2): Intensity of staining (0, no staining; 1, weak; 2,
moderate; and 3, strong) and percentage of immunostained
epithelial (neoplastic or normal) prostatic cells (0, no staining;
1, <25%; 2, 25-50%; 3, 50-75%; and 4, >75%). For each anti-
body, the appropriate expression pattern was taken account to
evaluate cytoplasmic or nuclear scoring. HIFla and HIF2a
were evaluated both for nuclear and cytoplasm staining, while
PHD-1, PHD-2, PHD-3 and FIH were assessed for cytoplasmic
staining.

Immunohistochemical Expression Score

The total score of each sample was calculated by summing the
intensity score (0-3) and the percentage (0-4), yielding an
expression score of 0-7.° The difference between cancerous
tissue and adjacent non-tumoral tissue [(expression score in the
cancerous tissue) — (expression score in the adjacent non-
tumoral prostate tissue)] determined the biological signifi-
cance, with a final result of <1 representing reduced or normal
expression and >1 representing overexpression. Some of the
stains that showed a diffused pattern were evaluated in com-
parison with the control specimens or with the summary of total
expression for cancerous and non-tumoral tissue respectively.

Statistical Analysis

In the statistical analysis, the baseline characteristics of the
patients who participated in the study were calculated. Contin-
uous variables are demonstrated as mean with standard devia-
tion or as median with interquartile range, while frequencies
with percentages were used for categorical variables. The x>
test was applied to investigate the association between catego-
rical variables. If there were expected counts of <5, Fisher’s
exact test was applied. Furthermore, the non-parametric test of
Mann-Whitney was used to compare the medians of continuous
variables in different categories of categorical variables. Spear-
man’s rank correlation coefficient (r;) was used in order to
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Figure 1. HIF-2a immunohistochemistry. A, Score 0: no staining. B, Score 1 out of 3 for intensity (weak) and 1 out of 4 for percentage (<25% of
prostatic cells). C, Score 2/3 for intensity (moderate) and 3/4 for percentage (>50% and <75%). D, Score 3/4 for intensity (strong) and 4/4 for
percentage (>75%).

Figure 2. Immunohistochemical stains for the selected antibodies in prostatic adenocarcinoma with various scores. A, FIH antibody scoring 2
out of 3 for intensity and 2 out of 4 for percentage (nuclear stain). B, HIF-1a antibody with 3/3 intensity and 4/4 percentage (cytoplasmic stain).
C, PHD-1 antibody with 1/3 intensity and 1/4 percentage (cytoplasmic stain). D, PHD-2 antibody with 2/3 intensity and 2/4 percentage (mostly
cytoplasmic stain). E, PHD-3 antibody with 0/3 intensity and 0/4 percentage (no stain).
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examine the correlation between continuous variables. The
association between the genes when they were categorized into
2 categories (overexpression vs. normal or low expression) was
investigated by McNemar’s test. Test of normality was con-
ducted using Kolmogorov-Smirnov and Shapiro-Wilk tests as
well as histograms, P-P and Q-Q plots. P < 0.05 was

Table 1. Patient Clinical and Pathological Characteristics.

Number of patients

Mean Age (years) (SD)
Median Pre-op PSA (IQR)
Perineural Inv in biopsy (%)

50
67 (5.8)
8.64 (5.89-11.24)

Yes 5(5.0)

No 45 (90.0)
Median Weight Sp in gr (MIN-MAX) 49.5 (40-66)
Gleason (%)

6 20 (40.0)

7 21 (42.0)

8 1(2.0)

9 8 (16.0)
Surgical Margins (%)

Negative 40 (80.0)

Positive 10 (20.0)
pT stage (%)

pTO 1 (2.0)

pT2a 7 (14.0)

pT2b 5 (10.0)

pT2¢ 22 (44.0)

pT3a 4 (8.0)

pT3 b 11 (22.0)
Biochemical Recurrence (%)

No 28 (56.0)

Yes 22 (44.0)

Median PSA (MIN-MAX)

0.03 (0.01-0.06)

SD: Standard deviation, PSA: Prostatic Specific Antigen, IQR: interquartile

range.

considered to indicate statistically significant differences. All
reported P-values are 2-sided. Data were analyzed using SPSS
25.0 (IBM Corp.).

Results

Patients

The mean age of the patients at the time of surgery was 67 +
5.8 years. The median PSA level prior to treatment was 8.46
ng/ml. The majority of the patients were classified as inter-
mediate risk (48%), 38% had low-risk prostate cancer and
14% high-risk prostate cancer, according to the pre-treatment
risk stratification described by D’Amico et al.® A total of 82%
of the patients underwent pelvic lymph node dissection at the
time of surgery; 30% had locally advanced prostate cancer
(pT3a or pT3b), 18% had a Gleason score >8 and 8% had
positive lymph nodes in the final specimen. The detailed patho-
logical outcomes are shown in Table 1.

HIF-1a, HIF-2a, PHD I, PHD2, PHD3 and FIH
Expression

Cumulative results of each protein expression for intensity of
staining and percentage of immunostained epithelial prostatic
cells are presented in Figure 3. In comparison with non-tumoral
adjacent tissue, HIF-1a exhibited equal or lower expression
levels in 86% of the specimens (P = 0.017), while HIF-2a was
overexpressed in 52% (P = 0.032) of the cases. With regard to
PHD proteins, PHD2 was overexpressed in 62% of the cases
(P = 0.005). HIF-1a protein expression was correlated with
HIF-2a (P <0.001), FIH (P = 0.004), PHD1 (P <0.001), PHD2
(P < 0.001) and PHD3 (P = 0.035). PHD 1 was positively
correlated with PHD2 (P = 0.022) and PHD3 (P = 0.033). FIH
was correlated with PHD2 (P = 0.027).

359

B Tumor

__ Non-
' tumoral

Expression Score

Figure 3. Cumulative results of each protein expression for intensity of staining and percentage of immunostained epithelial prostatic cells.
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Figure 4. Distribution of Gleason Score among patients with HIF-2a overexpression and patient with normal or low HIF-2a expression.

Correlation of HIF-1a, HIF-2a, PHD I, PHD2, PHD3,

Table 2. Distribution of Gleason Score According to Immunohisto-

FIH Expression With Clinicopathological Parameters

There was no significant association between the expression of
HIF-1a, PHD1, PHD2, PHD3 and FIH and preoperative PSA
level, pathological disease stage (pT stage), Gleason score or

chemical Expression.

Reduced or normal expression Overexpression p-value

Gleason score (median, range)

( _ HIF-1a 7 (6-7) 7(6-7) 0.848

ISUP grade group in the final prostatectomy specimen, pres- HF-2a 6.5 (6-7) 7 (6-9) 0.017
ence of positive lymph nodes or biochemical recurrence. By FIH 7 (6-7) 7 (6-8) 0.347
contrast, HIF-2a expression in the tumor (when compared with PHDI 7 (6-7) 7 (6-7) 0.633
non-tumoral adjacent tissue) was positively correlated with both ~ PHD2 7(6-7) 7(6-7) 0.248
PHD3 7 (6-7) 7 (6-7) 0.840

Gleason score (P = 0.017) and ISUP grade group (P = 0.022)
(Figure 4, Table 2).

The abovementioned pathway has been extensively investi-
gated in a number of solid tumors, particularly clear cell renal
cell carcinoma (ccRCC). The role of HIF-2a in ¢ccRCC has
recently emerged, and its expression may also affect the sur-
vival of patients.” Moreover, HIF-2a may be specifically tar-
geted by small molecules, representing a new therapeutic
target.'® In prostate cancer, however, there are limited data
with regard to the expression of the abovementioned proteins
and their correlation with pathological and survival outcomes.’

HIF-1a has been shown to be overexpressed in prostate can-
cer compared with non-tumoral prostate tissue. This overexpres-
sion was also observed in patients with bone metastases.'' This
likely represents an early event in prostate carcinogenesis, as it is
also observed at a high rate in cases with high-grade prostatic
intraepithelial neoplasia.'? Using immunohistochemistry, Du
et al and Lekas et al studied the expression of the HIF-1a protein

Discussion

HIF is a key transcription factor activated by intratumoral
hypoxia. In humans, 3 HIF genes have been identified, namely
HIF-1a, HIF-2a and HIF-3a, which encode the respective pro-
teins. HIF-1a and HIF-2a share similar structure, function and
regulatory pathways, while HIF-3a acts as an inhibitor of tran-
scriptional responses to hypoxia.' HIF-1a and HIF-2a are tran-
scription factors that transactivate genes encoding
erythropoietin, transferrin, endothelin-1, inducible nitric oxide
synthase, vascular endothelial growth factor (VEGF), insulin-
like growth factor (IGF)-2, IGF-binding protein-1, -2 and -3,
glucose transporters and glycolytic enzymes. The majority of
these proteins are involved in tumor progression.” PHD
enzymes and FIH are negative regulators of HIF signaling.®
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in prostate cancer and benign prostate hyperplasia (BPH) and
confirmed that its levels in cancer were higher. They also found
that the high expression of HIF-1a protein was correlated with
an increase in angiogenesis, which may be explained by the
increased hypoxia and subsequent production of VEGF.'*!'*
Pipinikas et al studied the expression levels of the HIF-1a gene
in patients suffering from BPH, localized and metastatic prostate
cancer, and control subjects, and observed that HIF-1a upregula-
tion occurred in localized prostate cancer, but not in patients
with metastatic disease or BPH, while it was undetectable in
controls (P < 0.001)."

The findings of the present study were not consistent with
the results mentioned above. HIF-1a immunohistochemical
expression was not found to be upregulated in prostate cancer
in the majority of the cases (86%), exhibiting equal or low
expression when compared with non-tumoral adjacent tissue.
This may be explained by the difference in methodology, as in
the present study, protein expression in each tumor was com-
pared with that in non-tumoral adjacent tissue of the same
individual, whereas the expression in tumor, non-tumoral or
hyperplastic prostate tissue was not compared among different
patients. HIF-1a expression was also found to be correlated
with the expression of all other investigated proteins, but not
with any of the clinical or pathological parameters of the
patients.

The present findings indicate a crucial role for HIF-2a in
prostate cancer, similar to that in RCC. HIF-2a was found to be
overexpressed in 52% of the cases. Moreover, there was a
positive correlation between HIF-2a immunohistochemical
expression and Gleason score/ISUP grade group in the final
radical prostatectomy specimen. To the best of our knowledge,
this is the first study to demonstrate a correlation between the
expression of a protein involved in the hypoxia pathway and
the pathological outcome of patients with localized or locally
advanced prostate cancer.

The findings of the present study are in agreement with
those of a previous study suggesting that the HIF-2a isoform
may be more important than HIF-1a in prostate cancer. Boddy
et al were the first to confirm the role of HIF-2a in the disease
process. In their study, 149 specimens of radical prostatectomy
were assessed by immunohistochemical analysis for the
expression of androgen receptor, VEGF, HIF-1a, HIF-2a and
their regulatory enzymes PHDI1, PHD2 and PHD3. It was
demonstrated that HIF-1a and HIF-2a were significantly corre-
lated, and that both HIF-1a and HIF-2a were significantly asso-
ciated with the expression of VEGF.? Furthermore, PHDI,
PHD2 and PHD3 were significantly associated with one
another, and PHD2 expression was significantly inversely cor-
related with that of HIF-2a. It was suggested by the authors that
HIF-2a may be the dominant isoform in prostate cancer, with
PHD?2 downregulation leading to higher expression of HIF-2a.
Although the findings of the present study confirmed the sig-
nificant role of HIF-2a, we did not identify a significant corre-
lation between HIF-2a and PHDs. However, PHD1, PHD2 and
PHD3 were also positively correlated with one another in the
present study.

The emerging role of HIF-2a in prostate cancer is also sup-
ported by the findings of Chae et al, suggesting that autocrine
tumor growth factor-f1 production may contribute to tumor
angiogenesis via HIF-2a signaling under non-hypoxic condi-
tions, providing a selective growth advantage for prostate
tumor cells.'® Moreover, another study including prostatect-
omy specimens indicated that, unlike HIF-1a, the expression
of HIF-2a has been associated with tumor volume, as large
tumors (>22 cm’) were more often HIF-2a-positive and exhib-
ited higher levels of HIF-2a expression.'’

There were certain limitations to the present study. The
individual cohorts included were limited by the small sample
size. However, as mentioned above, in order to reliably assess
the expression of the investigated proteins with immunohisto-
chemistry, we obtained both normal and cancerous tissue from
each individual, to compare the true difference in expression in
each patient, which represents one of the main strengths of the
study. Another limitation may be the short follow-up of our
patients (up to 1 year). It would be of interest to correlate these
results with the biochemical recurrence and survival outcomes
of our patients. However, this may also be affected by certain
treatment-related factors, including the surgical technique and
the decision to perform/extend lymph node dissection during
the radical prostatectomy.

In summary, HIF-2a protein expression was found to be
positively correlated with pathological Gleason score and ISUP
grade group of patients undergoing radical prostatectomy for
prostate cancer in the present study. However, further studies
are required to validate these results and elucidate the role of
HIF-2a as a prognostic factor and/or therapeutic target.
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