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Clinical significance and therapeutic potential of prostate cancer
antigen-1’/ALKBH3 in human renal cell carcinoma
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Abstract. Prostate cancer antigen-1 (PCA-1)/ALKBH3 has
been recently identified in human prostate cancer and its
expression is correlated with disease progression and prognosis.
However, the precise role and function of PCA-1/ALKBH3
in human malignancies are largely unknown. In the present
study, we investigated the clinical significance and thera-
peutic potential of PCA-1/ALKBH3 in renal cell carcinoma
(RCC). PCA-1/ALKBH3 expression was examined by
immunohistochemistry in 101 RCC patients who underwent
radical or partial nephrectomy. Its expression was positively
correlated with advanced pathological T- and M-factors and
TNM stage (T, P<0.05; M, P<0.01; TNM, P<0.01, respec-
tively). In the prognostic analysis, PCA-1/ALKBH3-negative
patients with RCC had a significantly better prognosis than
PCA-1/ALKBH3-positive patients (5-year survival rate, 92.9
vs. 75.9%, respectively; P<0.05). Next, the therapeutic poten-
tial of targeting PCA-1/ALKBH3 was further evaluated by
small interfering RNA method using a human RCC cell line
(CAKI-1). We found that PCA-1/ALKBH3 knockdown signifi-
cantly inhibited the growth of CAKI-1 cells compared with the
control (P<0.001). Furthermore, knockdown of PCA-1 induced
apoptosis in CAKI-1 cells, as assessed by poly(ADP-ribose)
polymerase-cleavage assays. We demonstrated for the first
time that PCA-1/ALKBH3 expression has a significant prog-
nostic impact on patient prognosis in RCC. Furthermore, its
knockdown has a therapeutic efficacy on RCC. Taken together,
both our clinical and experimental data strongly suggest that
PCA-1/ALKBH3 may be functionally important and a novel
molecular target for human RCC.
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Introduction

Renal cell carcinoma (RCC) is the most common type of
kidney cancer, and the incidence has been rising steadily. Due
to the lack of symptoms at the early stages, approximately
one-third of patients present with advanced disease, either
locally advanced or metastatic (1,2). Early stage RCC is usually
curable by surgery. On the other hand, therapy for recurrent or
metastatic tumors still needs to be improved. RCC is gener-
ally refractory to conventional anticancer treatments including
chemotherapy and radiotherapy. Although immunotherapy
remains the effective therapy when treating advanced RCC,
long-term outcome has been disappointing (1,3). Furthermore,
targeted therapies have been demonstrated to have a signifi-
cant clinical response and prolong patient survival (4-11).
However, these treatments are not effective enough to achieve
a complete response and also cause several adverse effects.
Therefore, novel approaches against RCC need to be devel-
oped to improve patient prognosis.

Prostate cancer antigen-1 (PCA-1) has been identified in
human prostate cancer and its expression is associated with
disease progression and prognosis (12,13). Furthermore, it was
found to be identical to ALKBH3, a member of the human
AlkB homologs. In Escherichia coli (E. coli), the alkB gene
product was identified as a protein which carries out DNA
repair by oxidative demethylation and repairs both DNA and
RNA methylation (14-16). Nine AlkB homologs have been
identified in human tissues (17-20). Among these human
AlkB homologs, PCA-1/ALKBH3 has been reported to have a
protein structure and catalytic mechanisms of repairing DNA
and RNA quite similar to E. coli AlkB (17-24). In addition
to these physiological roles of PCA-1/ALKBH3 in humans,
recent studies have demonstrated that PCA-1/ALKBH3 is
highly expressed and associated with poor disease outcome in
several human types of cancers including prostate, non-small
cell lung and pancreatic cancer (12,13,25,26). However, the
precise functions and clinical significance of PCA-1/ALKBH3
are still largely unknown.

The aim of the present study was to investigate the clinical
importance of PCA-1/ALKBH3 in human RCC. Furthermore,
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we also aimed to clarify its therapeutic potential using siRNA
knockdown method.

Materials and methods

Patients. We analyzed 101 patients with RCC, who received
radical or partial nephrectomy from 2003 to 2008 at Nara
Medical University Hospital. The age of the patients ranged
from 31 to 84 years (median 66 years), and the male to female
ratio was 2.6:1.0. None of these patients received preoperative
anticancer treatments including immunotherapy and arte-
rial embolization therapy. They were histopathologically
composed of 81 cases (80%) of clear cell type, 9 cases (9%) of
granular cell type, 4 cases (4%) of papillary cell type, 4 cases
(4%) of spindle cell type, 2 cases (2%) of cystic cell type
and 1 case (1%) of mixed clear and spindle type. The tumor
stage was classified according to the UICC TNM classifica-
tion of renal tumors (27). Pathological grades were assigned
according to the criteria proposed by Fuhrman et al (28). The
present study was approved by the Ethics Review Committee
of Nara Medical University Hospital.

Preparation of antisera. Anti-PCA-1/ALKBH3 antisera
were prepared as previously described against a synthetic
PCA-1/ALKBH3 peptide (amino acids 64-76) as the
antigen (13). After a 0.5-mg aliquot of peptides was emulsified
and injected into rabbits, blood was collected at 2-week inter-
vals. The relative activity of the antisera against the synthetic
peptide was tested by enzyme-linked immunosorbent assay.

Immunohistochemistry. Immunohistochemical staining for
PCA-1/ALKBH3 was performed with a Dako Envision™ kit
(Dako, Tokyo, Japan). Formalin-fixed, paraffin-embedded
tissues were cut into 5-um sections, deparaffinized and rehy-
drated in a graded series of ethanols. Antigen retrieval was
carried out by heating the tissue sections using a target retrieval
solution, pH 9.0 (Dako). Then, the samples were incubated for
5 min in peroxidase blocking solution (Dako) to inhibit endog-
enous peroxidase. The sections were then incubated overnight
at 4°C with anti-human PCA-1/ALKBH3. A subsequent reac-
tion was carried out using secondary antibodies (Dako) at 37°C
for 30 min. Then, the sections were washed three times with
phosphate-buffered saline, and subsequently the color was
displayed with diaminobenzidine (DAB) (Dako) for ~5 min.
Sections were counterstained with hematoxylin, dehydrated in
ethanol, cleared in xylene and coverslipped.

Evaluation of the immunostaining. Evaluation of the immu-
nostaining was performed by a consensus of two pathologists
blinded to the clinicopathological data. The staining intensity
was graded on a scale of 0 to 2 (0, no staining; 1, weak staining;
and 2, strong staining). Specimens in which one or more tumor
areas with different staining intensities were present were
scored for the most prevalent intensity. The PCA-1/ALKBH3
expression level was divided into two categories: low (scale
0-1) and high (scale 2) expression.

Cell culture and reagents. The human RCC line, CAKI-1,
was obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). The CAKI-1 cells were grown
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in RPMI-1640, supplemented with 10% heat-inactivated fetal
bovine serum and incubated at 37°C in a humidified atmo-
sphere of 5% CO, in air. Anti-poly(ADP-ribose) polymerase
(PARP) and anti-caspase 3 antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA); anti-actin
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Transfection of ALKBH3 siRNA. For our transfection analyses,
CAKI-1 cells were seeded in 6-well plates and transfected
either with the control RNA (Santa Cruz Biotechnology) or
with 100 nmol/l of the siRNA of PCA-1/ALKBH3.
Transfections were carried out using the Lipofectamine system
(Invitrogen, Tokyo, Japan) in accordance with the manufac-
turer's protocol when cells achieved ~30% confluency. The
PCA-1/ALKBH3 siRNA duplexes, generated with 30-dTdT
overhangs and prepared by Qiagen (Tokyo, Japan), were
chosen against the DNA target sequences as follows:
PCA-1/ALKBH3 (1) target sequence, 5'-CAGAGAGGATA
TAACTTATCA-3' and (PCA-1/ALKBH3 (2) target sequence,
5-ATCGCTATCATCTTTAGGCAA-3.

Reverse transcription-polymerase chain reaction. Total
RNA was extracted using TRIzol reagent and subjected to
reverse transcription (RT) and polymerase chain reaction
(PCR) using a One-Step RT-PCR kit (Qiagen) according to
the manufacturer's protocol. The PCR conditions were 95°C
for 30 sec, 55-60°C for 30 sec and 72°C for 1 min, for a
total of 35 cycles. The PCR primers were: PCA-1/ALKBH3
forward, 5-"TACCACTGCTAAGAGCCATCTCC-3'"; PCA-1
reverse, 5'-ACCTGCTGAGGTTCTTTGAACAC-3"; glyc-
eraldehyde-3-phosphate dehydrogenase (G3PDH) forward,
5'-ACCACAGTCCATGCCATCAC-3' and G3PDH reverse,
5"TCCACCACCCTGTTGCTGTA-3'. The PCR products were
analyzed on a 1.5% agarose gel and visualized by ethidium
bromide staining.

Real-time reverse transcription-polymerase chain reaction.
Total RNA was isolated from the cells using RNAspin Mini
(GE Healthcare, Tokyo, Japan). cDNA was synthesized from
1 ug RNA using a High Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Foster City, CA, USA) following a
standard protocol. Specific TagMan primers and probes were
obtained from Applied Biosystems. cDNA was amplified in
TagMan® Fast Universal PCR Master Mix with gene-specific
primers and probe on the StepOnePlus™ Real-Time PCR
System. Expression of the gene was normalized against nRNA
expression of the housekeeping gene P2-microglobulin.
Real-time PCR experiments for each gene were performed for
three independent experiments.

Western blot analysis. We resolved the cell lysates from the
CAKI-1 cells on SDS polyacrylamide gels and transferred
them onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA), which were blocked in 5% skimmed
milk at room temperature for 1 h. The membranes were
then incubated with each of the antibodies described in the
previous section for 1 h, followed by incubation with horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit IgG
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). We
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detected peroxidase activity on X-ray film using an enhanced
chemiluminescence detection system.

Cell proliferation assay. The 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxypheny-1)-2-(4-sulfophenyl)-2H-tetrazo-
lium, inner salt (MTS) assay was used for evaluation of cell
proliferation. Aliquots of 2x10° cells/well were cultured in
96-well plates. After 72 h, the MTS assay was performed using
CellTiter 96 Aqueous One Solution (Promega, Madison, WI,
USA) following the manufacturer's instructions.

Statistical analysis. Comparisons among the clinicopatho-
logical features were evaluated using %> and Fisher's exact tests
as appropriate. Statistical significance between two groups of
parametric data was evaluated using an unpaired Student's
t-test. Survival curves were estimated using the Kaplan-Meier
method, and the significance of differences between survival
curves was determined using log-lank test. All tests were
two-sided, and P<0.05 was considered to indicate a statisti-
cally significant result.

Results

PCA-1/ALKBH3 expression in RCC. First, we evaluated the
PCA-1/ALKBH3 expression in actual human RCC tissues.
Surgical specimens from 101 RCC patients were exam-
ined by immunohistochemistry. The protein expression of
PCA-1/ALKBH3 was observed mainly in the cytoplasm of
tumor cells (Fig. 1). PCA-1/ALKBH3 expression was detected
in 55 of the 101 RCC specimens. Of these, 11 (10.9%) were
weakly positive and 44 (43.6%) were strongly positive.
Forty-six specimens (45.5%) exhibited negative staining.

Associations between PCA-1/ALKBH3 status and the
clinicopathological factors. According to the intensity of
the immunohistochemical staining for PCA-1/ALKBH3,
101 specimens were divided into two categories: low (scale 0-1,
n=57) and high (scale 2, n=44) expression. The associations
between PCA-1/ALKBH3 expression and various clinico-
pathological factors are shown in Table I. The expression of
PCA-1/ALKBH3 was positively correlated with advanced
pathological T- and M-factors and TNM stage (P=0.025,0.012
and 0.006, respectively). Furthermore, the increased pre-oper-
ative serum C-reactive protein (CRP) levels, which are known
to be a negative prognostic factor, were significantly correlated
with the PCA-1/ALKBH3 status (P<0.001). In contrast, there
were no significant correlations of PCA-1/ALKBH3 expres-
sion with age, gender, Eastern Cooperative Oncology Group
Performance Status (ECOG-PS), N-factor, nuclear grade,
histology, hemoglobin (Hb), lactate dehydrogenese (LDH) or
corrected Ca level.

Patient prognosis. At the time of analysis, 13 out of 101
patients died due to RCC. The median (range) time to death
was 12.5 (2-23.4) months. The estimated cancer-specific
survival rate 5 years after surgery was 85.9%. Patients with
low PCA-1/ALKBH3 expression had a significantly better
prognosis than patients with high expression (5-year survival
rate, 92.9 vs. 75.9%; P<0.05; Fig. 2A). Moreover, 21 patients
had a metastatic lesion at the time of surgery and 13 patients
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Table I. Clinicopathological characteristics of the RCC cases
according to PCA-1 tumor expression.

PCA-1low PCA-1 high

(n=57) (n=44) P-value
Age at surgery (years) 63.7+x11.6  63.2+114 0.84
Gender
Female 15 13 0.82
Male 42 31
ECOG-PS
0 23 19 0.30
1 28 20
2 6 5
T stage
pT1 39 26 0.025
pT2 2 8
pT3 16 8
pT4 0 2
Lymph node
involvement
Absent 53 39 0.50
Present 4 5
Distant metastases
Absent 53 32 0.012
Present 4 12
TNM stage
I 40 26 0.006
I 0 2
I 12 3
v 5 13
Nuclear grade
1 28 14 0.19
2 22 21
3+4 7 9
Histology
Clear cell 49 32 0.13
Non-clear cell 8 12
Hemoglobin (mg/dl) 13.8+1.6 13.3+22 0.26
Lactate dehydrogenese 190+39 194+48 0.65
aunm
Corrected Ca (mg/dl) 9.4+0.5 9.5+0.5 0.17
C-reactive protein 0.84+0.27  2.34+0.69 0.001
(mg/dl)

ECOG-PS, Eastern Cooperative Oncology Group Performance
Status; PCA-1, prostate cancer antigen-1.

developed metastasis after surgery in the present study. In
these metastatic patients, 17 patients (50%) were classified
in the PCA-1/ALKBH3 high group. According to Memorial
Sloan-Kettering Cancer Center (MSKCC) risk classification
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Figure 1. Immunohistochemical staining of PCA-1/ALKBH3 expression in
renal cell carcinoma tissues. Representative case of tumors with (A) strong
expression, (B) weak expression and (C) negative expression of PCA-1/
ALKBH3. Original magnification, x400. PCA-1, prostate cancer antigen-1.

(29), 29 patients (85%) were defined in the intermediate risk
group, while 1 (3%) and 4 (12%) patients were defined in the
favorable and poor risk groups, respectively. The metastatic
patients with low PCA-1/ALKBH3 expression had a significantly
better survival than those with high expression (5-year survival
rate, 82.4 vs. 39.2%; P<0.05; Fig. 2B).

Effect of small interfering RNA knockdown of PCA-1/ALKBH3
in RCC cells. We investigated the therapeutic efficacy of
targeting PCA-1/ALKBH3 in a human RCC cell line, CAKI-1.
To this end, we employed conventional small interfering
RNA (siRNA) knockdown method. We first confirmed the
PCA-1/ALKBH3 protein and gene expression in the CAKI-1
cells using western blotting, RT-PCR and real-time RT-PCR
analysis. These data indicated that PCA-1/ALKBH3 gene
expression was successfully depleted by 100 nM siRNA trans-
fection and culture for 72 h (Fig. 3A-C). In the MTS assay,
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Figure 2. (A) Kaplan-Meier survival analysis of cancer-specific survival of all
patients according to PCA-1/ALKBH3 tumor expression. Patients with low
PCA-1/ALKBH3 expression (n=57) had a significantly better prognosis than
patients with high expression (n=44). (B) Kaplan-Meier survival analysis of
cancer-specific survival of metastatic patients according to PCA-1/ALKBH3
tumor expression. Patients with low PCA-1/ALKBH3 expression (n=17) had
a significantly better prognosis than patients with high expression (n=17).
PCA-1, prostate cancer antigen-1.

we found that siRNA-mediated depletion of PCA-1/ALKBH3
significantly inhibited the growth of CAKI-1 cells compared
with that in the control (Fig. 3D, P<0.001). There was 48%
inhibition in CAKI-1 cell growth.

PCA-1/ALKBH3 knockdown induces apoptosis in RCC cells.
Furthermore, we evaluated apoptosis using PARP-cleavage
analysis. As a result, PCA-1/ALKBH3 knockdown induced
apoptosis in the CAKI-1 cells (Fig. 4). We also observed
the cleavage of caspase-3 (Fig. 4). The results suggest that
PCA-1/ALKBH3 protects renal cancer cells from mitochon-
drial pathway-mediated apoptosis.

Discussion

Humans are continuously exposed to agents that methylate
DNA and RNA. Such agents initiate abnormal methylation on
genes. When DNA methylation is dysregulated, the harmful
methylation contributes to several disease conditions including
cancer. Therefore, the enzymatic functions of repairing these
abnormalities are critical for maintaining DNA and RNA
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Figure 3. Inhibition of PCA-1/ALKBH3 expression by siRNA decreases cell proliferation in vivo. CAKI-1 cells were transfected with the control or siRNA
of PCA-1/ALKBH3. After 72 h of incubation, protein and mRNA levels of PCA-1/ALKBH3 were examined. (A) The protein and (B) mRNA expression of
PCA-1/ALKBH3 was successfully suppressed in the CAKI-1 cells. (C) PCA-1/ALKBH3 mRNA expression was significantly reduced following transfection
with PCA-1/ALKBH3 siRNA (n=4 of each group). (D) After 72 h of incubation, cell proliferation was determined by MTS assay. Cell proliferation was
significantly suppressed by PCA-1/ALKBH3 gene silencing (n=6 of each group). The results are representative of three independent experiments. Data are

presented as means + SD. "P<0.001. PCA-1, prostate cancer antigen-1.
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Figure 4. Inhibition of PCA-1/ALKBH3 expression by siRNA induces
apoptosis in vivo. CAKI-1 cells were transfected with the control or
siRNA of PCA-1/ALKBH3. After 72 h of incubation, protein expres-
sion of PCA-1/ALKBH3, full-length and cleaved poly(ADP-ribose)
polymerase (PARP) and cleaved caspase-3 were examined by western blot-
ting. PCA-1/ALKBH3 gene silencing induced apoptosis in the CAKI-1 cells,
as demonstrated by appearance of cleaved PARP and cleaved caspase-3.
PCA-1, prostate cancer antigen-1.

integrity. It has been reported that AlkB proteins play an
important roles in the demethylation of DNA (14-16). At least
9 AlkB homologs (ALKBHI-8, FTO) have been identified
in human tissues (17-20). Among the diverse functions of
the AlkB family, there are only limited number of studies
that have described its role in cancer biology. For example,

ALKBHS8 was reported to contribute to the progression
of human bladder cancer (30). Another study showed that
ALKBH?2 knockdown enhanced the sensitivity of human
lung cancer cells to cisplatin-based chemotherapy (31). In
contrast, the overexpression of ALKBH2 was found to inhibit
the cell growth in gastric cancer (32). Taken together, each
AlkB family member has distinctive role and exerts various
functions in each type of cancer.

Among the human AlkB homologs, ALKBH3 is known
as a unique member which demethylates RNA besides
repairing methylated DNA. In tumors, PCA-1/ALKBH3 has
originally been identified in human prostate cancer (12,13).
PCA-1/ALKBH3 has been shown to significantly contribute
to the tumor growth and clinical outcome in several types of
cancers including not only prostate, but also lung and pancre-
atic cancer (25,26). Furthermore, PCA-1/ALKBH3 was also
reported to be one of the candidate gene associated with the
risk of papillary thyroid cancer (33). In contrast, it has been
reported that PCA-1/ALKBH3 plays a protective role in
chronic inflammation-associated colon carcinogenesis (34).
Taken together, the precise role of PCA-1/ALKBH3 in human
types of cancers remains to be fully elucidated. Since there
is no report to address the roles of the AlkB family in RCC,
we investigated the clinical significance of PCA-1/ALKBH3
in RCC.

First, we found that PCA-1/ALKBH3 protein was expressed
in approximately half of the RCC tissues. Furthermore, we also
found that intense PCA-1/ALKBH3 expression was signifi-
cantly associated with advanced pathological T-factor, TNM
stage and distant metastasis in the RCC cases. Our previous
study showed no association between PCA-1/ALKBH3 expres-
sion and distant metastasis in pancreatic cancer (25). Therefore,
in contrast to pancreatic cancer, the present study suggests that
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PCA-1/ALKBH3 plays a critical role in tumor metastasis as
well as progression in human RCC. Importantly, patients with
high PCA-1/ALKBH3 expression had a significantly poorer
prognosis than patients with low PCA-1/ALKBH3 expression.
Furthermore, we also evaluated PCA-1/ALKBH3 expression
in 34 metastatic patients. Notably, although most metastatic
patients in the present study were classified as an intermediate
risk by the MSKCC classification, there was a significant
difference in the cancer-specific survival rate between the
PCA-1/ALKBH3 high and low group. These clinical data
suggest that PCA-1/ALKBH3 may be functionally important
in RCC. However, to confirm our preliminary findings, further
large-scale studies are required.

Next, we examined the biological roles of PCA-1/ALKBH3
in RCC using siRNA method. Our data indicated that
siRNA-mediated knockdown of PCA-1/ALKBH3 resulted in
the significant reduction of human renal cancer cell growth.
This was consistent with previous data on pancreatic and lung
cancer (25,26). The data suggest that PCA-1/ALKBH3 signifi-
cantly contributes to tumor progression in several human
types of cancers. Furthermore, we used the PARP-cleavage
assay in order to evaluate the effect of PCA-1/ALKBH3
blockade on the apoptosis of renal cancer cell. We found
that inhibition of PCA-1/ALKBH3 induced mitochondrial
pathway-mediated apoptosis in the RCC cells. This was also
consistent with previous studies on prostate and pancreatic
cancer cells (12,13,25). However, in contrast, PCA-1/ALKBH3
knockdown suppressed cell proliferation through p21/p27
mediated cell cycle arrest, yet did not induce apoptosis in
human lung cancer cells (26). Other mechanisms may be
involved in tumors associated with PCA-1/ALKBH3 expres-
sion. We previously reported that PCA-1/ALKBH3 silencing
downregulated VEGF expression and inhibited angiogen-
esis in pancreatic cancer (25). Similarly, angiogenesis was
suppressed by PCA-1/ALKBH3 gene silencing in urothelial
carcinoma (35). Therefore, we evaluated the correlation
between VEGF expression and PCA-1/ALKBH3 in RCC.
However, there was no difference in VEGF expression
between the RCC cells treated with PCA-1/ALKBH3 siRNA
and those with control RNA (data not shown). Taken together,
PCA-1/ALKBH3 contributes to tumor progression through
distinct mechanisms in each type of human cancer.

Finally, we found that preoperative CRP levels were
positively associated with expression of PCA-1/ALKBH3.
In contrast, there were no significant correlations of
PCA-1/ALKBH3 expression with other factors including Hb,
LDH or corrected Ca level. CRP is well known as an indicator
of systemic inflammatory response. Previous studies showed
that increased CRP levels predict poor survival in patients with
both localized and metastatic RCC (36-38). We confirmed that
the patients with a high CRP level had a significantly poorer
prognosis than patients with a normal CRP level in the present
study (data not shown). More recently, studies found that CRP
plays a functionally important role in the proliferation of tumor
cells through various mechanisms including the protection of
cancer cells from apoptosis (39,40). Although the underlying
mechanism of the positive association between CRP level
and PCA-1/ALKBH3 is still unrevealed, further studies are
warranted to clarify the fundamental tumor biology and to
explore a novel therapeutic strategy.
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In conclusion, we demonstrated for the first time that
PCA-1/ALKBH3 tumor expression has a significant impact on
patients with RCC. Since our data suggest that PCA-1/ALKBH3
may play a functionally important role in RCC, it may be a
novel therapeutic target as well as a useful marker for human
RCC.
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