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ABSTRACT

Hypoxia-inducible factors (HIFs) are key regulators in oxygen homeostasis. Their
stabilization and activity are regulated by prolyl hydroxylase domain (PHD)-1, -2, -3 and
factor inhibiting HIF (FIH). This study investigated the relation between these oxygen
sensors and the clinical behaviors and prognosis of hepatocellular carcinoma (HCC).
Tissue microarray and RT-PCR analysis of tumor tissues and adjacent non-tumor liver
tissues revealed that mRNA and protein levels of both PHD3 and FIH were lower within
tumors. The lower expression of PHD3 in tumor was associated with larger tumor size,
incomplete tumor encapsulation, vascular invasion and higher Ki-67 LI (p < 0.05). The
lower expression of FIH in tumor was associated with incomplete tumor encapsulation,
vascular invasion, as well as higher TNM stage, BCLC stage, microvascular density and Ki-
67 LI (p < 0.05). Patients with reduced expression of PHD3 or FIH had markedly shorter
disease-free survival (DFS), lower overall survival (0S), or higher recurrence (p < 0.05),
especially early recurrence. Patients with simultaneously reduced expression of PHD3
and FIH exhibited the least chance of forming tumor encapsulation, highest TNM stage
(p < 0.0083), lowest OS and highest recurrence rate (p < 0.05). Multivariate analysis
indicated that a lower expression of FIH independently predicted a poor prognosis in
HCC. These findings indicate that downregulation of PHD3 and FIH in HCC is associated
with more aggressive tumor behavior and a poor prognosis. PHD3 and FIH may be
potential therapeutic targets for HCC treatment.

INTRODUCTION shown that the annual incidence of HCC in China alone
contributes to 55% of global HCC cases [3]. Previously, we

Hepatocellular carcinoma (HCC) is one of the have conducted a series of clinical investigations involving

most common cancers and the third most frequent cause the traditional hepatic resection and targeted therapy on
of cancer-related death worldwide [1, 2]. This situation unresectable HCC patients [4-9]. Unfortunately, most
is particularly concerning in China. Statistics have HCC patients present with symptoms at a late advanced
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stage, at which point the tumor is unresectable and carries
a very poor prognosis, and conventional therapy with
cytotoxic agents provides a marginal benefit [1]. More
importantly, because of its heterogeneity and aggressive
nature, full prognostic evaluation and effective systemic
therapies for HCC patients are urgently needed [10].

Because the diffusion limit of oxygen in tissue is
approximately 100 pm, the rapidly expanding mass of
tumor cells becomes inadequately oxygenated [11]. This
phenomenon makes hypoxia one of the fundamental micro-
environmental features of solid tumors and even in some
non-solid tumors, such as leukaemias [12, 13]. Hypoxia
plays a critical role in various tumor-related cellular and
physiologic events [14, 15]. It has been accepted for a long
time that the ability of tumor cells to adapt to a reduced
oxygen and nutrient supply is vital for their survival [16].
Hypoxia-inducible factors (HIFs) are the key molecules
to maintain oxygen homeostasis and mediate the adaptive
responses to reduced oxygen levels in cells, making the cells
capable of surviving under a hypoxic microenvironment.
Many recent studies have provided convincing evidence of
a strong correlation between the activated HIF-1 pathway
and tumor metastasis, angiogenesis, and poor patient
prognosis as well as tumor resistance therapy [17-19]. In
one of our in vivo study with H22 cell-bearing mice model,
increased HIF expression and one of its downstream event,
angiogenesis, were both observed [20].

Given that HIFs have very wide range of
transcriptional targets, more than 100 direct target genes
of HIF-1 have been uncovered till now [21], the intricate
regulation process of HIF has gained increasing attention.
As a heterodimer, HIFs are composed of an oxygen-
regulated o subunit and a constitutively expressed 3
subunit. It is well known that its stability is regulated, at
the post-translation level, by oxygen-sensing HIF prolyl
hydroxylases, also named prolyl hydroxylase domain-
containing (PHD) proteins. Site-special hydroxylation by
PHDs enables HIF-a binding with VHL tumor suppression
protein and subsequently undergoing proteasomal
degradation by ubiquitation. Under hypoxia, the enzymatic
activity of PHDs is inhibited, leading to the accumulation
of HIF-0, which then is dimerized with HIF B and
translocates into the nucleus to activate its transcription
of target genes. In human, three different subtypes of
PHDs have been identified, which had conserved COOH-
terminal regions responsible for hydroxylase activity but
different N terminus and hydroxylation sites [22, 23]. In
the meanwhile, the transcriptional activity of HIF could
be controlled by asparaginyl hydroxylase factor inhibiting
HIF-1 (FIH). By hydroxylase on Asp803 of the HIF-1
C-terminal transactivation domain, the ability of HIF-1
binding to the transcriptional coactivator p300/CBP in
the nucleus was inhibited. With these two hydroxylation
processes, the HIF pathway could be effectively repressed
by either the destruction or inactivation of HIF-a in well-
oxygenated cells but activated in hypoxia cells [24].

HIF hydroxylases were recently recognized as
important players in cancer biology by interfering with
angiogenesis and metastasis, such as in prostate cancer
[25], breast cancer [26], colorectal cancer (CRC) [27], and
renal cell carcinoma [28]. Interestingly, in recent years,
several studies on different tumor type, in vivo or in vitro,
demonstrated inconsistent data of the expression pattern,
subcellular distribution, as well as the prognostic value
of these enzymes [29-31], suggesting that they may have
diverse effects on the basis of tumor type.

Unfortunately, few clinical studies on the expression
level of PHDs or FIH had been conducted in HCC
patients. Additionally, several questions need to be
answered in HCC, such as how these hydroxylases are
expressed, what is the correlation among different types of
hydroxylases, HIF-1 a and clinical behaviors, and whether
they can influence the prognosis of HCC patients. In the
current study, we determined both the mRNA and protein
expression of PHD1-3 and FIH in HCC tissue samples by
RT-PCR, tissue microarray (TMA) immunohistochemistry
(IHC) analysis and western blotting assay, and correlated
the different expression levels of these hydroxylases to the
clinical and histoprognostic characteristics and prognosis
of HCC patients.

RESULTS

Patient characteristics

The demographic, clinical and histopathological data
for 81 patients with HCC are presented in Supplementary
Table 1. The majority of the study population was
male (90.12%) with a median age of 47 years (range:
27-75 years). The median follow-up time of the survivors
was 41 months (range: 3—62 months). Eighty-eight percent
of the patients had been diagnosed with liver cirrhosis.
Approximately 89% of the patients had HBV, but only
1 case had HCV. Based on the TNM classification of
malignant tumors, 43 patients were categorized as
stage I to II, and 38 were categorized as stage III to IV.
Recurrence occurred in 49 patients (60.49%) during the
follow-up. The tumor recurrence in most of the cases
occurred in the liver (47 cases); there was one metastasis
in the lung and one in both the liver and lung.

Expression of PHD1 in HCC patients

To explore and compare the different expression
levels of four HIF hydroxylases in HCC tumor tissue
and ANLTs, IHC on TAMs and western blotting were
conducted. THC analysis showed that PHD1 was
predominantly cytoplasmic, although nuclear staining
was observed. Neither the median score of PHD1 nor the
percentage of PHD1(+) (indicating higher expression) in
tumor tissues was obviously different from that in paired
ANLTs in all 81 cases (p = 0.5196, Wilcoxon signed-rank
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test; p = 0.7532, % test), as shown in Supplementary Table 2
and Supplementary Figure 1A and 1B. Consistently,
western blotting of 24 randomly collected cases also
indicated that there was no significant difference in the
relative PHD1 protein level between the tumor tissue
and ANLTs (p = 0.5427, paired ¢-test) (Supplementary
Figure 1C and 1D).

Moreover, we performed a comparison of the
PHD1 mRNA in 40 randomly selected pairs of tumor
tissues and their ANLTs. The relative expression of PHD1
was normalized to the expression of the endogenous
gene GAPDH. According to our classification criteria,
AACt < —1 or > 1, PHDI1 in tumor tissue was increased
in 8 cases and decreased in 16 cases. However, in
16 cases, no obvious change could be detected. The box
plot analysis visualized the ACt distribution and indicated
that the PHD1 mRNA level showed no difference between
the tumor tissue and ANLTs (p = 0.0635, paired ¢ test)
(Supplementary Figure 1E and 1F).

Expression of PHD2 in HCC patients

Similar to the result concerning PHDI1, IHC
analysis also showed that PHD2 was predominantly
cytoplasmic, although nuclear staining was observed.
There was no significant difference between the median
score of PHD2 or the percentage of PHD2(+) in tumor
tissues and paired ANLTs (p = 0.4477, Wilcoxon signed
rank test; p = 0.5152, 4 test), as shown in Supplementary
Table 2 and Supplementary Figure 2A to 2B. By contrast,
when detected by western blotting analysis, tumor tissue
presented a considerably higher PHD2 protein level than
ANLTs (p = 0.0224, paired #-test).

Results from real-time PCR indicated that PHD2
in tumor tissue was increased in 8 cases and decreased
in 11 cases. However, in 21 cases, no obvious change
could be detected (Supplementary Figure 2E). The box
plot analysis showed no difference in the ACt value
between tumor tissue and ANLT (p = 0.6772, paired ¢ test)
(Supplementary Figure 2F).

Expression of PHD3 in HCC patients

From Figure 1A, it can be observed that PHD3 was
predominantly cytoplasmic, although nuclear staining was
observed. The median score for PHD3 in tumor tissues
was much lower than that in ANLTs, 6 vs. 8 (p < 0.0001,
Wilcoxon signed rank test). A PHD3(—) tumor was considered
in 30 cases, with 12 in ANLTs (p = 0.0013, ¥ test), as shown
in Supplementary Table 2 and Figure 1A to 1B. Similar to
what was found in IHC, western blotting detected that the
PHD3 level was markedly degraded in tumor tissue (21 in 24
cases, p = 0.0039), shown in Figure 1C and 1D.

Regarding PHD3 mRNA expression in tumor, it was
increased in 7 cases, decreased in 25 cases and no changing
in 8 cases (Figure 1E). We further displayed the distribution

of ACt in Figure 1F. The result indicated that ACt in
tumor tissue was significantly higher than that in ANLTs
(p = 0.0005, paired ¢ test) (Supplementary Figure 2C and
2D) indicating that PHD3 mRNA expression was down-
regulated in HCC.

Expression of FIH in HCC patients

Unlike breast carcinoma or clear cell renal cell
carcinoma, in which FIH staining was predominantly
nuclear [28, 32], in current study, the staining was mainly
in cytoplasm, but very weak in the nucleus. The median
score for FIH in TAMs from tumor tissue was 6, which was
much lower than the median score of 12 in ANLTSs as seen
in Supplementary Table 2 and Figure 2A, 2B (p < 0.0001,
Wilcoxon signed rank test). In all cases, FIH(+) was
detected in 59.30% of tumor tissue, significantly lower
than 95.10% detected in ANLTs (p < 0.0001, Fisher’s
exact test). The results from IHC were further confirmed
by western blotting (Figure 2C). The mean value of the
relative density of FIH protein was 0.2573 in tumor but
0.4058 in ANTLs (p = 0.0065) (Figure 2D).

At the transcriptional level, FIH in tumor tissue was
up-regulated in six cases, down-regulated in 20 cases, and
no obvious change in 14 cases (Figure 2E). The box plot
displayed a much higher level of distribution of ACt value
which meant lower expression of FIH in tumor tissue
(p =0.0013, compared with ANTLs; paired ¢ test) (Figure 2F).

Correlation of the PHD3 and FIH expression
with the clinicopathological characteristics of
HCC patients

After it was confirmed that both the mRNA and
protein levels of PHD3 and FIH were obviously reduced in
tumor tissue, we were notably interested in whether these
changes had any correlation with the clinicopathological
features of HCC patients. As seen in Table 1, the following
variables: gender, age, AFP level, GGT level, tumor size,
ALT level, HBV, HCV, cirrhosis, tumor encapsulation,
number, invasion, distant metastasis, differentiation,
TNM stage, BCLC stage, adjuvant TACE, microvascular
density (MVD) and Ki-67 were chosen. Pearson y? test or
Fisher exact tests revealed that PHD3(—) was significantly
associated with larger tumor size (p = 0.009), none tumor
encapsulation (p = 0.012), vascular invasion (p = 0.041)
or higher Ki-67 Li (p = 0.006). At the same time, FIH(-)
showed correlation with none tumor encapsulation
(p = 0.018), vascular invasion (p = 0.048), higher TNM
stage (p = 0.003), higher BCLC stage (p = 0.015), higher
MVD (p = 0.009) and higher Ki-67 LI (p = 0.020).

The above results indicated that PHD3(—) or FIH(-)
correlated with a more aggressive degree of HCC.
Next, we divided all of the patients into the following
groups according to both the PHD3 and FIH expression
status in TAMs, as PHD3(+)/FIH(+), PHD3(-)/FIH(+),

www.impactjournals.com/oncotarget

12985

Oncotarget



Table 1: Correlation between the PHD3 and FIH expression levels in TAMs and the clinicopathologic
characteristics in HCC patients (n = 81)

Clinicopathological PHD3 ) FIH ,
. Total - X p-value - X p-value
variables Low  High Low High
Gender
Mal
ale 73 26 47 0.460* 29 44 0.710%
Female 8 4 4 4 4
Age
<50 45 17 28 18 27
N 0.024 0.877 0.023 0.879
> 50 36 13 23 15 21
AFP (ug/)
<20 16 5 11 4 12
0.286 0.593 0.256*
> 20 65 25 40 29 36
GGT (UN)
<54 31 8 23 10 21
N 2.71 . 1.4 221
> 54 50 22 28 716 0.099 23 27 o7 0
ALT (ng/ml)
<75 65 26 39 28 37
0.388* 0.744 0.388
>175 16 4 12 5 11
HBV
Negative 9 4 5 0.720% 3 6 0.731*
Positive 72 26 46 ' 30 42 '
HCV
Negative 80 30 50 33 47
. 1.000* 1.000*
Positive 1 0 1 0 1
Cirrhosis
No 10 4 6 4 6
1.000* 1.000*
Yes 71 26 45 000 29 42 000
Tumor size (cm)
<5 31 6 25 10 21
N 6.733 0.009 1.497 0.221
>5 50 24 26 23 27
Tumor encapsulation
None 34 18 16 19 15
Complete 47 12 35 6.356 0.012 14 13 5.564 0.018
Tumor number
Single 61 22 39 22 39
Multiple 20 2 12 0.100 0.752 1 9 2.237 0.135
Vascular invasion
No 52 15 37 17 35
Yes 29 15 14 4.179 0.041 16 13 3.897 0.048
Distant metastasis
No 80 30 50 33 47
* *
Yes ) 0 ) 1.000 0 | 1.000
Differentiation
-1 56 20 36 19 37
LIV 25 10 I5 0.136 0.712 14 1 3.488 0.062
TNM stage
I-1I 43 12 31 11 32
LIV 18 13 20 3.276 0.070 ” 16 8.725 0.003
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BCLC stage

0+A 45 13 32
B+C 36 17 19
Adjuvant TACE

No 75 28 47
Yes 6 2 4
MVD (per HPF)

<45 46 14 32
>45 35 16 19
Ki-67 LI

<5% 32 6 26
>5% 49 24 25

2.883

1.990

7.586

13 32

0.090 5.891 0.015
20 16
30 45

1.000* 0.683*
3 3
13 33

0.158 6.868 0.009
20 15
8 24

0.006 5.429 0.020
25 24

*Fisher’s exact test; Statistically significant (p < 0.05); Ki-67 LI, Ki-67 labeling index.

PHD3(+)/FIH(-) and PHD3(-)/FIH(-). Comparison
between patients in the PHD3(+)/FIH(+) group and
PHD3(-)/FIH(-) group was performed by ¥* test with the
Bonferroni correction, as seen in Supplementary Table 3,
indicating that PHD3(—)/FIH(-) patients had an obviously
lower chance of forming tumor encapsulation but higher
chance of TNM stage than PHD3(+)/FIH(+) patients
(p < 0.0083). Comparison between multiple groups further
confirmed that HCC patients with reduced PHD and FIH
simultaneously had more aggressive behaviors.

Correlation between PHD3 and FIH expression
and the prognosis of HCC patients

We further explored whether the different expression
levels of PHD3 or FIH in TAM had a correlation with the
prognosis of patients with HCC. As seen in Figure 3A,
the log-rank test showed that, compared with PHD3(+)
patients, those with PHD3(—) had markedly higher
recurrence rate (RR) (80.392% vs. 54.693%, p = 0.0061)
and a shorter disease-free survival time (DFS, median
value of 9 months vs. 38 months; p < 0.05), but no
significant difference was observed in overall survival
(OS) (42.555% vs. 62.901%; p = 0.0711). We also found
that, in Figure 3B, between patients with FIH(—) and
FIH(+), all three indexes were different (28.235% vs.
73.989% for OS, p = 0.0001; 9 months vs. 45 months for
the median DFS, p < 0.05; and 81.818% vs. 51.034% for
RR, p = 0.0004).

Next, tumor recurrence was classified as early
recurrence and late recurrence using 2 years as the cutoff.
Figure 3C and 3D indicated that PHD3(-) patients and
FIH(-) patients both presented with a higher early-stage
recurrence, 72.549% vs. 38.066% (p = 0.0037) in PHD3(+)
patients and 72.727% vs. 34.712% (p = 0.0005) in FIH(+)
patients. No difference was found in late-stage recurrence.

When the patients were divided into four groups,
according to the expression of both PHD3 and FIH status

in TAMs, an obvious difference was found among multiple
groups (p = 0.0021 in OS and p = 0.0010 in RR; log-rank
test). Patients with PHD3(—)/ FIH(—) had a higher RR of
88.889% than 46.529% in patients with PHD3(+)/FIH(+).
The OS of the former group was as low as 21.429%, while
in the latter group was 73.893% (Figure 3E). The Results
indicated that PHD3(—)/FIH(—) was associated with a
poorest prognosis in patients with HCC.

Stratified analysis of the prognostic significance
of PHD3 or FIH expression in patients with
different clinicopathological characteristics

To determine how much the status of PHD3 or FIH
expression contributed to the prognosis of HCC patients
with different clinicopathological characteristics, we next
divided the patients into several subgroups. After analysis
using the stratification method, prognostic significance of
PHD3 was found in HCC patients with a single tumor,
tumor size > 5 cm, HBV(+), AFP < 20 pg/l, Edmondson
stage I-1I or BCLC stage 0+A. In these clinical subgroups,
patients with PHD3(—) had a significantly less favourable
OS or higher RR (Figure 4). Similar results also occurred
in patients with a single tumor, tumor size > 5 cm, HBV
(+), no vascular invasion, complete tumor encapsulation,
Edmondson stage I-11I, ITII-T1V, TNM stage I-I1I and BCLC
stage 0+A. They had obviously reduced OS or higher RR
when FIH was expressed at a lower level (Figures 5 and 6).

Correlations among four hydroxylases, HIF-1 a,
Ki-67 and MVD

Using the Spearman’s rank correlation test, it was
confirmed that the positive correlations among the three
PHDs (PHD1 vs. PHD2, PHD2 vs. PHD3 and PHDI vs.
PHD3) were close (» = 0.394, 0.269 and 0.297, respectively)
(Supplementary Table 4). PHD3 but not PHD1 or PHD2,
had linear correlation with FIH (» = 0.301, p = 0.006).
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At the same time, HIF-1a, ki-67, a commonly used
tumor cell proliferation index, and MVD are biologically
and clinically relevant [33]. The relevance of these mostly
used histoprognostic factors [34] and the above hydroxylases
was considered. Since PHDs and FIH regulate the nucleus
translocation and intranuclear transcriptional activity of
HIF-1 o in nuclei, respectively, HIF-1 o was evaluated
only according to its staining in the nuclei. Representative

images of HIF-la, CD34 and Ki-67 staining are shown
in Supplementary Figure 3. The following negative
correlations were observed: PHD3 vs. Ki-67 (r = —0.306,
p = 0.005), FIH vs. Ki-67 (r = —0.259, p = 0.020) and FIH
vs. MVD (r =—-0.291, p = 0.008). We further assessed the
relationship between HIF-1 o and the above indexes, and
obvious correlation ( = 0.245, p = 0.028, vs. PHD2) was
found.
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Figure 1: Expression of PHD3 in HCC patients. (A) IHC analysis of PHD3 expression in 81 HCC tissues and paired ANLTs.
Representative images were taken. Scale bar, 500 pm (upper) or 100 um (lower). (B) IHC scoring was displayed by a scatter plot, with the
median indicated. (C) Western blotting of tumor tissue and paired ANLTSs in 24 randomly selected HCC cases with B actin as the loading
control. (D) The relative densities of PHD3 protein in 24 cases were calculated and shown by a scatter plot, with the mean and SEM
indicated. (E) the mRNA level of PHD3 was analysed by Real-time PCR in 40 randomly selected HCC tissues and paired ANLTs. The
vertical axis means the logarithm base 2 of the relative expression of PHD3 in tumor tissue compared with ANLTs. Bar value <—1 and > 1
indicate that the expression of PHD3 is decreased and increased in tumors, respectively. (F) The ACt value was presented with a box plot

reporting the median values and the interquartile range.
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Univariate and multivariate analysis of OS and Univariate analysis of prognostic factors showed that PHD3

DFS expression (p =0.009), FIH expression (p = 0.001), tumor
number (p = 0.002), tumor encapsulation (p = 0.002),
Finally, univariate and multivariate analyses were vascular invasion (p < 0.001), TNM stage (p < 0.001)
performed to evaluate the potential risk factors of HCC. and BCLC stage (p < 0.001) had significant prognostic
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Figure 2: Expression of FIH in HCC patients. (A) IHC analysis of FIH expression in 81 HCC tissues and paired ANLTSs.
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influences on DFS (Table 2); regarding OS, FIH expression
(»p < 0.001), tumor size (p = 0.030), tumor number
(p = 0.013), tumor encapsulation (p = 0.023), vascular
invasion (p = 0.006), TNM stage (p = 0.001) and BCLC
stage (p = 0.001) were the risk factors (Table 3). According
to the results of univariate analysis of OS and DFS, we
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Figure 3: Kaplan-Meier curves for patients with HCC. (A) OS and RR of patients according to the different expression levels of
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patients according to the different expression levels of PHD3 in TAMs. (D) early and late recurrence of patients according to the different
expression levels of FIH in TAMs. (E) OS and RR of patients according to the different expression levels of PHD3 and FIH in TAMs. The

log-rank test was used.

www.impactjournals.com/oncotarget

12990

Oncotarget



Table 2: Univariate and multivariate analysis of factors associated with disease-free survival of

81 HCC patients

Disease-free survival

Factors Univariate analysis Multivariate analysis* Multivariate analysis”
HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value
Age (> 50 vs < 50) 0567  0.317-1.014  0.056
Gender (male vs female) 0.791 0.313-1.999 0.620
Cirrhosis (yes vs no) 1.018 0.433-2.392 0.968
HBV (+vs ) 2040 0.634-6563 0232
Edmondson (III-IV vs I-II) 1.587  0.879-2.865  0.126
Serum AFP (>20vs <20 ug/l) 1781  0.800-3.966  0.158
Child-Pugh score (B vs A) 0.946 0.294-3.047 0.925
Tumor size (> 5 vs < 5 cm) 1.776 0.975-3.235 0.061
(T;‘lrlﬁz;‘l‘e“?sb;;gle) 2506 14234737 0002 1329 0577-3.061 0503 1416  0610-3286 0418
(Tn‘;“;:rvznccjri;‘il;;‘)"“ 2507 14164437 0.002 1618  0.866-3.023  0.131 1400 0.717-2.735  0.325
Vascular invasion (yes vs no) 2.817 1.591-4.987 0.000 0.859 0.303-2.441 0.776 0.869 0.305-2.475 0.792
TNM stage (III-IV vs I-II) 3471 19346229  0.000 1310 0337-5.082  0.697 0993  0.261-3.782  0.992
BCLCstage (B+Cvs0+A)  3.626  2.027-6486  0.000 2304  0529-10.039 0266  2.804  0.667-11.782  0.159
?ggfg"fgﬁsjon 0466  0.263-0.824  0.009 0615  0336-1.124 0114  —— — —
FIH expression (high vs low) 0.376 0.213-0.665 0.001 — — — 0.516 0.271-0.984 0.044

*FIH expression was not included; #, PHD3 expression was not included; Statistically significant (p < 0.05).

0OS) from the diagnosis of HCC (Table 2 and Table 3).
Other factors, like tumor number (p = 0.0418), tumor
encapsulation (p = 0.325), vascular invasion (p = 0.792),
TNM stage (p = 0.992) and BCLC stage (p = 0.159) for
DFS did not reach the statistical significance (Table 2).
At the same time, tumor size (p = 0.358), tumor number
(p = 0.661), tumor encapsulation (p = 0.963), vascular
invasion (p = 0.967), TNM stage (p = 0.647) and
BCLC stage (p = 0.805) all did not reach the statistical
significance for OS (Table 3). In another multivariate
analysis including PHD3, none of PHD3 expression
(» = 0.114), tumor number (p = 0.503), tumor
encapsulation (p = 0.131), vascular invasion (p = 0.776),
TNM stage (p = 0.697) and BCLC stage (p = 0.266) for
DFS reached the statistical significance (Table 2). Taken
together, the results indicated that the reduced expression
of FIH predicts a poor prognosis and may contribute to the
progression of HCC.

DISCUSSION

Although different PHD displays its own tissue
and cell specific expression pattern as well as particular
subcellular distribution [29], positive correlations were
found between three PHD isoforms in our study, and
more interestingly, PHD3 also had linear correlation
with FIH in HCC patients. Similar correlation was also
observed in patients with non-small cell lung cancer

(NSCLC), pancreatic endocrine tumors and head and
neck squamous cell carcinoma (HNSCC) [34-36]. An
important fact should be noticed that PHDs not only
served as the regulator of HIF, they could also be the
transcriptional targets of HIF. At the same time, it is
widely accepted that under normoxia, PHDs and FIH act
synergistically to restrict the activity of HIF to minimum.
Obviously, studying these hydroxylases together in a
certain type of tumor will be more beneficial than study
them separately. To our knowledge, it is for the first time
that such clinical investigations on the correlation between
four HIF hydroxylases in HCC had been conducted. This
provoked us to make a thorough comparison between their
expression pattern in HCC and normal tissue.

Other than altered expression of PHD1 and PHD2
in NSCLC, pancreaticobiliary cancer, cervical carcinoma
and CRC [27, 37-40], in current study, PHD1 and PHD2
remained unchanged in HCC compared with normal liver
tissue, although PHD2 was considered as most abundant
and important PHD isoform in setting the steady-state
level of HIF-1a [41]. Our results suggested that neither
PHD1 nor PHD2 was involved in the progression of HCC.
As pointed out by Peurala, the intracellular shuffling
of PHD2 is a cancer-type-specific phenomenon [42].
Although, different with our results, Li Zhen et al. reported
that higher PHD2 expression was prevalent in a study on
20 pairs of HCC tumor and matched normal tissue [43],
this result was not further verified by western blotting and
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Figure 4: Kaplan-Meier curves for patients with different clinicopathological characteristics according to PHD3
expression level in TAMs. (A) Prognosis of the patients with a single tumor. OS 43.732% in PHD3(-) vs. 70.595% in PHD3(+),
p = 0.0516. RR 74.432% in PHD3(-) vs. 48.583% in PHD3(+), p = 0.0054. (B) Prognosis of the patients with tumor size > 5 cm. OS
35.622% in PHD3(-) vs. 60.577% in PHD3(+), p = 0.1900. RR 83.750% in PHD3(-) vs. 60.921% in PHD3(+), p = 0.0338. (C) Prognosis
of the patients with HBV (+). OS 40.071% in PHD3(-) vs. 69.020% in PHD3(+), p = 0.0343. RR 82.692% in PHD3(-) vs. 57.358% in
PHD3(+), p = 0.0106. (D) Prognosis of the patients with AFP <20 pg/l. OS 30.000% in PHD3(-) vs. 80.000% in PHD3(+), p = 0.1703.
RR 100.000% in PHD3(-) vs. 20.455% in PHD3(+), p = 0.0007. (E) Prognosis of the patients with Edmondson stage I-II. OS 44.318%
in PHD3(-) vs. 69.347% in PHD3(+), p = 0.0485. RR 77.143% in PHD3(-) vs. 51.302% in PHD3(+), p = 0.0108. (F) Prognosis of
the patients with BCLC 0+A. OS 56.643% in PHD3(-) vs. 76.103% in PHD3(+), p = 0.0596. RR 64.835% in PHD3(-) vs. 41.791% in
PHD3(+), p = 0.0463. Log-rank test was used.
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real-time PCR. Meanwhile, the small sample size in this
study is a weakness with regard to conducting statistical
analysis.

At the same time, data from the present study
confirmed a lower expression of PHD3 and FIH in tumor
tissue, which is also correlated with more aggressive
behaviors of HCC. Similarly, Tanaka and his colleagues
found that PHD3 was weakly or even negatively stained
in HCC [31]. This result suggests the possibility of
PHD3 and FIH-1 as suppressor in HCC tumorigenesis.
Unlike most of the studies targeting FIH describing a
commonly reduced expression in tumor [44-46], clinical
investigations on PHD3 had controversial results, such as
elevated in pancreaticobiliary cancer and HNSCC [39, 47]
but reduced in gastric cancer [48]. To our opinion, this
diversity of PHD3 expression might be at least partly
due to the tissue heterogeneity. It is also worth mention

that several independent clinical trials on CRC not only
indicated a decreased expression of PHD3 and FIH, but
also revealed their association with higher tumor grade
and metastasis [27, 45, 46, 49, 50].

What interests us most is that the expression of FIH
was obviously decreased in patients with more aggressive
HCC, including the clinical features like vascular invasion,
no complete tumor encapsulation or higher stage. This is
in accordance with what others found in CRC and invasive
breast cancer [32, 46], additionally, higher expression of
FIH related to a low incidence of metastasis to the lymph
nodes in NSCLC [35]. In additional to the conventional
hypoxia dependent FIH inside tumor, hypoxia independent
pathway might also take part in the regulatory effect of FIH
in cellular migration, for example, it was also confirmed
to be the target of miR-31 and miR-135b in tumorigenesis
[44, 51]. Similarly, reduction of PHD3 expression was more

100+ 100+ 100-
X 801 g 80+ g 80
s T 3
2 60 2 60 2 60
> > >
i = -
= S 5
» 40 © 40 9 40
® —— FIH- (n=22) © ©
= 5 —— FIH- (n=23 . - (n=
€ 20 —— FIH+ (n=39) S g z{ — FIH-(n=30)
3 é FIH+ (n=27) o —— FIH+ (n=42)
0 Tumor number single (P<0.0001) 04 Tumor size >5¢cm (P=0.0029) 04 HBV(+) (P<0.0001)
T T T T 1 T T T T 1 T T T T 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
D Months after surgery E Months after surgery F Months after surgery
100+ 1004 100+
:\; 804 :\? 80 :\? 804
s s T
2 60 2 60 2 60
< < <
= > >
2 40 2 40 2 40
S " —— FIH- (n=19) e ol = FIH- (n=14) o " —— FIH- (n=17)
3 —— FIH+ (n=37) 3 — FIH+ (n=11) 3 —= FlH+ (n=35)
04 Edmondson stage [ -1 (P=0.0029) 0 Edmondson stage 111-1V (P=0.0437) 0 Vascular invasion (-) (P<0.0001)
T T T T 1 T T T 1 T T T T 1
0 20 40 60 80 0 20 40 60 0 20 40 60 80
G Months after surgery H Months after surgery I Months after surgery
100+ 100+ 100+
g 80 X 801 = 80
] = =
§ 60+ .g 60 .g 60+
< 2 <
= =] =]
2 401 2 40 2 40
§ g0l —— FIH-(n=14) g —— FIH- (n=11) s == FIH-(n=13)
3 —— FIH+ (n=33) 3 21 — FH+(n=32) 3 207 = FlHr (n=32)
0- Tumor encapsulation complete (P<0.0001) 0- TNM stage I -1I (P=0.0006) 04 BCLC stage 0+A (P=0.0004)
T T T T 1 T T T T 1 T T T T 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Months after surgery

Months after surgery

Months after surgery

Figure S: Overall survival Kaplan-Meier curves for patients with different clinicopathological characteristics
according to FIH expression level in TAMS. (A) OS of the patients with single tumor. 25.510% in FIH(-) vs. 81.525% in FIH(+),
p <0.0001. (B) OS of the patients with tumor size > 5 cm. 18.599% in FIH(-) vs. 72.754% in FIH(+), p = 0.0029. (C) OS of the patients
with HBV (+). 26.561% in FIH(-) vs. 81.080% in FIH(+), p < 0.0001. (D) OS of the patients with Edmondson stage I-1I. OS 27.632% in
FIH(-) vs. 76.246% in FIH(+), p = 0.0029. (E) OS of the patients with Edmondson stage III-IV. 28.571% in FIH(-) vs. 65.455% in FIH(+),
p =0.0437. (F) OS of the patients with no vascular invasion. 36.953% in FIH(-) vs. 81.802% in FIH(+), p < 0.0001. (G) OS of the patients
with complete tumor encapsulation. 18.857% in FIH(-) vs. 80.875% in FIH(+), p < 0.0001. (H) OS of TNM I-II stage. 37.500% in FIH(-)
vs. 83.986% in FIH(+), p = 0.0006. (I) OS of the patients with BCLC 0+A. 40.280% in FIH(-) vs. 83.986% in FIH(+), p = 0.0004. Log-

rank test was used.
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Table 3: Univariate and multivariate analysis of factors associated with overall survival of 81

HCC patients
Overall survival
Factors Univariate analysis Multivariate analysis* Multivariate analysis*
HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value
Age (> 50 vs <50) 0.986 0.490-1.983 0.969
Gender (male vs female) 0.588 0.205-1.681 0.321
Cirrhosis (yes vs no) 0.834 0.321-2.167 0.709
HBV (+vs ) 0.520 0.214-1.264 0.149
Edmondson (III-1V vs I-1I) 1.586 0.774-3.248 0.208
Serum AFP (> 20 vs <20 pg/l) 1.545 0.595-4.013 0.372
Child-Pugh score (B vs A) 0.551 0.075-4.035 0.557
Tumor size (> 5 vs < 5cm) 2.429 1.090-5.417 0.030 1.532 0.616-3.809 0.358
(Trﬁﬁfi‘;)?:?sb;;gle) 2505  1217-5.155  0.013 1243 0.470-3.284 0.661
(Trﬁ)‘ﬁgrv:n::ﬁj‘il;g"“ 2255 1.119-4544  0.023 1020 0436-2385 0.963
Vascular invasion (yes vs no) 2.647 1.319-5.311 0.006 0.974 0.279-3.397 0.967
TNM stage (IITI-1V vs I-1I) 3.603 1.700-7.635 0.001 1.564 0.230-10.638 0.647
BCLC stage (B+Cvs 0+ A) 3.358 1.614-6.988 0.001 1.294 0.168-9.997 0.805
Z?;%‘Z"lgr;;m“ 0.534  0266-1.072  0.078 — — —
FIH expression (high vs low) 0.261 0.124-0.547 0.000 0.364 0.159-0.834 0.017

*FIH expression was not included. #, PHD3 expression was not included; Statistically significant (p < 0.05).

obviously in the HCC patients with higher tumor size or less
complete tumor encapsulations. Combining with the results
from CRC and gastric cancer [48, 49], we have reason to
assume that the inhibition of PHD3 in HCC might rely on
some growth- or metastasis-promoting factors. Several
studies further provided compelling evidences to elucidate
the effective of PHD3 in tumorigenesis and metastasis.
It could inhibit the tumor migratory potential both
in vivo and in vitro by reducing matrix metalloproteinases
production, blocking the colony formation, decrease the
mitochondrial ATP generation, suppress the beta-catenin/
T-cell factor signaling and inhibit IKKB/NF-«xB signaling,
independent of its hydroxylase activity [48—50]. On the
other hand, activity of PHD3 to induce apoptosis through
HIF-1-dependent, or independent pathway by activation of
caspase-3 also contributed to the above correlation [52, 53].
More interestingly, when comparison was carried out
between multiple groups, patients with lower expression of
both PHD3 and FIH exhibited the least chance of forming
tumor encapsulation and highest TNM stage. It was found
in HeLa cells, when cells were combined silenced of PHD2
together with PHD3, up-regulation of HIF-1a was more
obvious than silencing PHD2 or PHD3 separately [54, 55].
Simultaneously inhibition of PHD and FIH could enhance
the activity more seriously than inhibition of two PHD
alone [56]. We speculate that synergistic enhancing both
the stabilization and transcriptional activity of HIF-1a

by combined low expression of PHD3 and FIH is the reason
for the worse clinical outcome. Even through the complete
metastasis-promoting event involving the combined lower
expression of FIH and PHD3 still need further exploration,
our result is still of high value to provide the first evidence
that lower level of PHD3 and FIH may be an important co-
regulator of metastasis in HCC.

In view of the fact that, as the target of PHD3 and FIH,
HIF is not only a marker of poor prognosis in HCC [57], but
also an important regulator of uncontrolled cell proliferation
and neovascularization in tumor [58]. In order to explore
the possible mechanism that how PHD3 or FIH function as
tumor suppressor, HIF-1a, Ki-67 and MVD were considered.
It was beyond our expectations that, no correlation between
PHD?3 and HIF-1a was found in current study. It was similar
with what other groups found in colorectal cancer and NSLC
[35, 37]. Study from Appelhof and his colleagues might help
us explain this observation. Using small interfering RNA-
mediated suppression of PHDs model, they confirmed a
stronger inhibitory effects of PHD3 on HIF-2a than HIF-1a
[23]. And, we should not neglect that HIF-1-dependent PHD3
induction forms an auto-regulatory loop controlling HIF-1a
[59-61]. That is to say nuclear accumulation of HIF-1a,
caused by lower level of PHD3, could also up regulate the
expression of PHD3. This could explain why PHD3 had no
obvious negative correlation with nuclear HIF-1 a in our
study.
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However, PHD2 was positively correlated with the
nuclear staining of HIF-1a in HCC. Similar phenomena
were also reported in NSCLC and HNSCC [35, 36]. It
might be because of PHD2 as a physiological rather than
a pathological regulator of HIF. Because there are several
other oxygen-independent pathways involving in the
regulation of HIF-1a [17], it could be understandable that
in HCC, PHD2 alone might not be sufficient to decrease
the accumulation of HIF-1 or form a negative correlation.
It is no doubt that the regulation of HIF is far more
complicated than we expected in HCC.

Although FIH did not show close correlation
with the nuclear staining of HIF-1a, since it primarily
modulates the activity rather than expression or
degradation of the latter, we still found that the patients
with lower expression of FIH had much higher MVD,
same as in HNSCC [51]. As one of the hallmark of tumor,

A B

neovascularization is a well-known downstream event of
activated HIF-1a through up-regulation of erythropoietin,
vascular endothelial growth factor and its receptor [15]. It
is easily to understand why there was a reverse association
between FIH and vascular generation in HCC, which was
also proved in Hep3B cells in vitro and HNSCC [44, 62].
As for the other histopathological factor, also a
commonly used tumor cell proliferation index, Ki-67
showed strong negative correlation with both PHD3
and FIH. Reduced expression of FIH caused a relatively
higher transcriptional ability of HIF-la and in turn,
higher expression of its targets genes which including
several pro-proliferation factors like glucose transporter
1 [46]. FIH knocking out experiments confirmed
enhanced proliferation both in vitro and in vivo [44—46].
Compared with FIH, this negative influence of PHD3
on proliferation was more serious in our study, and also
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Figure 6: Recurrence Kaplan-Meier curves for patients with different clinicopathological characteristics according
to FIH expression level in TAMs. (A) RR of the patients with single tumor. 77.273% in FIH(-) vs. 46.038% in FIH(+), p = 0.0025.
(B) RR of the patients with tumor size > 5 cm. 91.304% in FIH(—) vs. 53.489% in FIH(+), p = 0.0003. (C) RR of the patients with HBV (+).
83.333% in FIH(-) vs. 53.818% in FIH(+), p = 0.0007. (D) RR of the patients with Edmondson stage I-1I. 68.421% in FIH(-) vs. 56.704
in FIH(+), p = 0.1586. (E) RR of the in patients with Edmondson stage III-IV, RR 100.000% in FIH(-) vs. 28.409% in FIH(+), p = 0.0004.
(F) RR of the patients with no vascular invasion. RR 70.588% in FIH(-) vs. 44.889% in FIH(+), p = 0.0145. (G) RR of the patients with
complete tumor encapsulation. RR 71.429% in FIH(-) vs. 43.273% in FIH(+), p = 0.0160. (H) RR of the patients with TNM I-II stage.
RR 63.636% in FIH(-) vs. 42.550% in FIH(+), p = 0.1015. (I) RR of the patients with BCLC 0+A. RR 61.538% in FIH(-) vs. 42.550% in
FIH(+), p = 0.1071. Log-rank test was used.

www.impactjournals.com/oncotarget 12995 Oncotarget



confirmed in several other tumor types, including CRC,
gastric cancer and breast cancer, which might involving
HIF-1-dependent or independent pathway, such as IKKf/
NF-kB, the beta-catenin/T-cell factor, activation of
caspase-3 and phosphorylation of focal adhesion kinase
[42, 48, 49, 53]. Another two studies provided further
information of human hepatoma cell line. By using
PHD3 steady expression plasmid transfected HepG2 and
constructing HepG2-bearing subcutaneous tumor in nude
mice, researchers found out that PHD3 gene may inhibit
proliferation and induce apoptosis by activating caspase-3
activity [63, 64]. Taken together, the tumor suppressive
effect of FIH and PHD3 should exert through inhibiting
proliferation or blocking neovascularization.

Despite both PHD1 and PHD2 had no obvious
change between tumor and normal tissue; further statistic
investigation presented a reverse correlation between the
tumor PHD1 level and recurrence of HCC patients (Seen
in Supplementary Figure 4). We also found that patients
with low level of PHDI1 tend to have incomplete tumor
encapsulation, however, patients with higher PHD2 level
are more often to have higher serum AFP (Supplementary
Table 5). In regard to PHD2, different conclusions
had been reached dependent on the cancer type, some
indicating PHD2 as either a poor or favorable prognostic
factor [37, 43], however, some similar to ours indicating no
prognostic significance of PHD2 [39]. We hold the opinion
that it is still too early to make the final judgment about
the role of PHD2 in HCC tumorigenesis. As expected,
lower expression of PHD3 or FIH correlated with a poor
prognosis of HCC, including the higher RR, shorter DFS
or shorter OS, especially with more serious early stage
of recurrence. As we know, HCC recurrence, generally
in the hepatic remnant, occurs in very high percentage of
cases after resective surgery [65]. Identification of poor
prognostic factors in early recurrence, not only prompt us
to perform enhanced surveillance for recurrence following
surgical resection, but also guide the doctors in the choice
of therapy for individuals.

There is a tendency, quite supportive to our finding,
that the higher expression of FIH, the longer survival
time or lower risk of recurrence those patients will
have [28, 46]. In current study, multivariable analysis
further identified the reduced expression of FIH as an
independent and significant prognostic parameter for both
DFS and OS. This was also confirmed in CRC and ccRCC
[28, 46]. We are quite impressed with the phenomena
that even within the nucleus, unhydroxylated HIF-1a still
could be asparaginyl-hydroxylated by nuclear FIH, as a
compensation for the function of cytoplasm PHDs and
FIH [56]. That is to say, for a maximum efficiency, both
cytoplasmic and nuclear FIH should work simultaneously.
For this reason, we think it maybe not comprehensive
to consider cytoplasmic FIH-1 as an independent poor
prognostic factor based on the statistics only focusing
on the cytoplasm FIH [32], especially when as high as

62.71% nucleus expression of FIH was detected in
invasive breast cancer cells. In our opinion, if FIH in both
cytoplasm and nucleus had be taken into consideration
together, the results in this study would be more beneficial
[32]. Actually, prognostic significance was more obvious
when nuclear FIH was considered alone [66].

Much more important finding is obtained from
multigroup comparison. Patients with simultaneous
underexpression of FIH and PHD3 not only exhibited the
least chance of forming tumor encapsulation and highest
TNM stage, but also had lowest OS and highest recurrent
rate. Our study raised the possibility that combining FIH
and PHD3 as co-factors will be more accurate to predict
the outcome of HCC patients. It could not be ignored that
the present study was a single-institute research with small
sample size. The inherent feature of biomarkers verifying,
and the nature of retrospective study, are also inevitable
limitations. A more rigorous evaluation and validation of
PHD3 and FIH in multi-institute, large-scale prospective
trials performance by multi-institute are advocated. We
further compared the cellular expression of PHD3 and
FIH in 2 normal liver cell line and 12 HCC cell line. It
was (results were shown in Supplementary Figure 5),
hoping it would be beneficial for the further investigation
on detailed mechanisms.

Taken together, we confirmed a reduced expression
of PHD3 and FIH in HCC which is associated with
more aggressive behaviors. Combining with the fact that
the hydroxylase activity of PHD3 and FIH is partially
decreased under the relatively hypoxic condition in HCC,
the action of lower level of PHD3 and FIH, individually
and collectively, as unfavorable prognostic factors for
HCC has much higher value. These data suggest that
PHD3 and FIH are potential therapeutic targets for HCC
treatment.

MATERIALS AND METHODS

Patients and tumor samples

Eighty-one pairs of tumors and adjacent non-tumor
liver tissues (ANLTs) were collected from patients with HCC
who had undergone surgical resection at the Hepatic Surgery
Center, Tongji Hospital of Huazhong University of Science
and Technology, Wuhan, China, between July 2010 and June
2013. All of the recruited patients in this study were not
subjected to preoperative radiotherapy and/or chemotherapy.
The HCC diagnosis was based on the histochemistry assay
according to World Health Organization criteria [67, 68]. The
recurrence of intrahepatic tumor was confirmed with imaging
and the elevation of tumor markers and/or histology. Whole-
body positron emission tomography/computed tomography
was used to assess extra-hepatic metastasis. All of the
clinical data, including the patient characteristics, clinical
presentation, tumor differentiation, lesion sites and laboratory
findings, were collected from the hospital information

www.impactjournals.com/oncotarget

Oncotarget



system. OS was defined as the interval between the date of
resection and date of death or last follow-up. The recurrence
time was calculated from the date of operation to the date of
diagnosis of intrahepatic tumor or metastasis in other organs.
Informed content was obtained, and access to human samples
was carried out in accordance with the approved consent of
the Ethics Committee of Tongji Hospital (Approval ID: TJ-
C20141113).

Cell lines and cell culture

The cell line from noncancerous liver tissue QSG-
7701 and HCC cell line PLC/PRF-5 were all purchased
from cell bank of Chinese Academy of Sciences (Shanghai,
China). Human fetal liver cell line HL-7702, HCC cell
line HepG2, Hep3B, Huh7, SK-Hepl, SMMC7721 and
Bel7402 were obtained from China Center for Type
Culture Collection (CCTCC, Wuhan, China). Human
HCC cell lines MHCC97-L, MHCC97-H and HCCLM3
were purchased from Liver Cancer Institute, Zhongshan
Hospital, Fudan University, Shanghai, China [69]. HLE
and HLF cells were kindly provided by Shanshan Wang
and Gang Li (Department of Molecular Biology, Peking
University Health Science Center, Beijing, China) [70].
These cell lines were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum (Gibco, Grand Island, NY) ,100 U/ml
penicillin and 100 pg/ml streptomycin and maintained at
37°Cin a 5% CO,, 95% humidified atmosphere incubator.

TMA construction and IHC staining

As previously reported [71], the TMAs were
constructed using a tissue array instrument (Quick-Ray,
UTO06; UNITMA, Korea). Briefly, tissue cores (2 mm in
diameter) were punched from representative formalin-
fixed paraffin-embedded tissue and put in order in the TMA
blocks, which were then sectioned into series of 4-pm-thick
slices. The expression of target proteins in TMA was tested
through standard IHC methods, which were performed using
primary antibodies, including mouse anti-PHD1 (1:100;
Abcam, Cambridge, UK), rabbit anti-PHD2 (1:100; NOVUS
Biologicals, Littleton CO, USA), rabbit anti-PHD3 (1:250;
NOVUS Biologicals, Littleton CO, USA), mouse anti-FIH
(1:200; NOVUS Biologicals, Littleton CO, USA), mouse
anti-HIF-1a (1:400; Abcam, Cambridge, UK), mouse anti-
Ki-67 (1:200; Dako, Glostrup, Denmark) and rabbit anti-
CD34 (1:350; Abcam, Cambridge, UK), incubated overnight
at 4°C, and then incubated with HRP-conjugated secondary
antibodies (1:5000; Envision detection kit, DAKO) for
30 min at room temperature.

Assessment of four hydroxylases

To score the immunostaining of four hydroxylases as
we published previously [34, 72], the intensity of IHC was

classified into 4 categories—0, 1, 2 and 3—corresponding
to no staining, weak staining, moderate staining and
strong staining, respectively. The percentage of positively
staining tumor cells was classified into 5 categories—0, 1,
2, 3, 4—which corresponding to < 10%, 10-25%, 26-50%,
51-75% and > 75%, respectively. The product of the
staining intensity score and percentage of positive cells
was considered the final score of target protein expression,
which ranged from 0 (no staining) to 12 (75-100% of
cells with 3 staining intensity scores). TAM tissue with
the final score > 6 was considered as higher expression or
(+), while < 6 was considered as lower expression or (-).
All the immunostaining results were assessed and scored
independently by two pathologists.

Evaluation of HIF-1a

HIF-1a was scored according to the presence of
nuclear staining as previously published [73]. Only cells
with completely and darkly stained nuclei were interpreted
as positive expression. Additionally, because of the narrow
range of the staining intensity, HIF-1o was only scored as
1+ and 0 according to the presence and absence of nuclear
expression, respectively.

Evaluation of MVD

MVD in tumor tissue was determined by the
presence of CD34 (as an endothelial marker) [74].
Briefly, tumor TAMs from HCC patients were scanned at
low-power fields (x40) to find the areas that showed the
most intense neovascularization (hot spots). Individual
microvessels were counted in three fields at high power
fields (HPF) (%x200). Any positively stained endothelial
cells or endothelial cell cluster that was clearly separated
from adjacent microvessels, tumor cells, and connective
elements was considered a single and countable
microvessel. The final MVD was the mean value obtained
from the counts of three fields, expresses as the absolute
number of microvessels/HPF.

Evaluation of the Ki-67 labeling index

Five representative areas of each section were
chosen to count the immunoreactive cells, and at least
200 cells from each area were evaluated (x400). The
percentage of Ki-67-positive nuclei to the total number of
nuclei was used as the labeling index [75].

Western blot analysis

Proteins in the tumor and paired ANLTSs in a set of
24 randomly selected cases (from 81 HCC patients) were
extracted using RIPA lysis buffer (50 mM Tris at pH 7.4,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
and 0.1% SDS) with phenylmethanesulphonyl fluoride

www.impactjournals.com/oncotarget

12997

Oncotarget



(17.4 ng/ul) and a protease inhibitor cocktail (0.89 pg/ul,
Sigma-Aldrich). After the protein concentration was
determined using a BCA Protein Assay Kit (Pierce),
the proteins were separated on SDS-polyacrylamide
gels followed by transfer to polyvinylidene difluoride
membranes, which were blocked in 5% fat-free milk
with TBS-Tween-20 at room temperature for 1 h,
followed by incubation with primary antibodies mouse
anti-PHD1 (1:1000; Abcam, Cambridge, UK), rabbit
anti-PHD2 (1:1000; NOVUS Biologicals, Littleton CO,
USA), rabbit anti-PHD3 (1:1000; NOVUS Biologicals,
Littleton CO, USA), mouse anti-FIH (1:200; NOVUS
Biologicals, Littleton CO, USA), or anti-§ actin antibody
(1:1000; Santa Cruz, USA) at 4°C overnight. Following
incubation with an HRP-conjugated secondary antibody
(1:5000; Jackson Immmuno Research Laboratories, INC,
West Grove, PA, USA), the blots were visualized using
enhanced chemiluminescence (Pierce Biotechnology,
USA) and were exposed to the Syngene GBOX/iCHE gel
imaging systems. The intensity of each band was analyzed
by Image J and normalized to B-actin.

Real-time PCR

The tumor and paired ANLTs in a set of 40
randomly selected cases (from 81 HCC patients) were
suspended in Trizol (Invitrogen, Carlsbad, CA, USA),
and total RNA was extracted and reverse transcribed
according to the manufacturer’s instructions (Revertra
Ace-a kit; TOYOBO, Osaka, Japan). Real-time PCR
of human PHD1, PHD2, PHD3, FIH and GAPDH was
performed using a Bio-Rad CFX Connect Real-time PCR
Detection system (Bio-Rad Laboratories, Richmond, CA,
USA) according to the manufacturer’s instructions for
the SYBR Green Master mix (TOYOBO, Osaka, Japan).
GAPDH was served as the internal control. The forward
and reverse primers are shown in Supplementary Table 6.
The relative expression of the target gene was calculated
using the comparative CT method. In details, ACt(A) = Ct
value of the target gene —Ct value of GAPDH in ANLTs.
ACt(T) = Ct value of the target gene —Ct value of GAPDH
in HCC tumor tissue. The target mRNA of the tumor
is 242¢ _fold of that in paired ANLTs (AACt = ACH(T)
—ACt(A)). AACt > 1 (or —AACt < —1) indicates that the
expression of the target gene is decreased in tumors. AACt
< -1 (or —AACt > 1) indicates that the expression of the
target gene is increased in tumors.

Statistical methods

All of the data were analyzed by SPSS version 17.0
or GraphPad Prism version 5.0. The IHC score of the target
protein in TAMs was compared using the non-parametric
approach (Wilcoxon signed-rank test) between the tumor
tissue and paired ANLTs. The relative protein level in the
western blotting assay and mRNA level in real-time PCR

were compared with paired ¢ test. Pearson y? test and Fisher
exact tests were applied to analyze the difference between
categorical variables, as well as the correlation between
PHD3 or FIH expression and clinicopathological features.
If multiple comparisons were further used, pairwise > test
was applied with the Bonferroni correction. Spearman rank
correlation was applied to assess the correlation among
the four hydroxylases, HIF-1a, MVD and Ki-67. OS or
recurrence curves were plotted using the Kaplan-Meier
method and were evaluated for the statistical significance
using the log-rank test. Variables with significant results in
univariate analysis were entered into the multivariate Cox
proportional hazards model. P < 0.05 was considered to
indicate a statistically significant difference.
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