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High expression of fructose-bisphosphate aldolase A
induces progression of renal cell carcinoma
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Abstract. Aldolase A (fructose-bisphosphate aldolase A,
ALDOA) is a glycolytic enzyme that catalyzes reversible
conversion of fructose-1,6-bisphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate. ALDOA has
been revealed to be related with many carcinomas, but its
expression and function in renal cell carcinoma (RCC) remain
unknown. This study aimed to detect expression of ALDOA
in human RCC tissue samples and to explore its function in
RCC cell lines. Reverse transcription-polymerase chain reac-
tion was used to quantify ALDOA in human RCC samples. A
total of 139 RCC tissue samples obtained after surgery were
analyzed in tissue microarray for ALDOA immunohistochem-
istry-based protein expression. Assays for cell cycle, viability,
migration, and invasion were performed to assess phenotypic
changes in RCC cells after ALDOA knockdown by small
interfering RNA-mediated gene silencing approach and
ALDOA upregulation by overexpression plasmids. Western
blot analysis was used to identify alterations in markers for
epithelial-mesenchymal transition (EMT), which affects
metastasis and the Wnt/B-catenin signaling pathway that
influences RCC cell growth. ALDOA was upregulated in RCC
samples and RCC cell lines (P<0.01). Expression of ALDOA
was significantly associated with metastasis (P=0.020) and
survival (P=0.0341). Downregulation of ALDOA suppressed
proliferation (P<0.05) by triggering GO/G1 cell cycle arrest
(P<0.05) and also inhibited migration (P<0.05) and invasion
(P<0.01). Upregulation of ALDOA promoted proliferation
(P<0.05) and enhanced migration (P<0.001) and invasion
(P<0.001). Low expression of ALDOA could reverse EMT

Correspondence to: Dr Min Gu or Dr Zengjun Wang, Department of
Urology, The First Affiliated Hospital of Nanjing Medical University,
300 Guangzhou Road, Nanjing, Jiangsu 210029, P.R. China

E-mail: lancetgu@aliyun.com

E-mail: zengjunwang@njmu.edu.cn

“Contributed equally

Key words: renal cell carcinoma, ALDOA, EMT, Wnt

and inactivate the Wnt/B-catenin signaling pathway. Our data
revealed that ALDOA functions as a tumor promoter, plays
a prominent role in proliferation, migration, and invasion of
RCC cells with high expression, and may promote EMT and
activate the Wnt/B-catenin signaling pathway.

Introduction

Renal cell carcinoma (RCC) is commonly diagnosed in
urological malignant tumors. In 2016, the American Cancer
Society estimated that the number of new kidney cancer cases
would reach almost 62,000 in the United States, accounting
for 1 in 20 new diagnoses in men and 3% for women (1).
An estimated 14,000 Americans will succumb to kidney
cancer this year. In China, RCC is also one of the common
diseases in urology. Projected age-standardized incidence rate
(per 100,000) of kidney cancer reaches 2.4 in males and 1.0
in females (2). Although scientists have not identified exact
causes of RCC occurrence, accumulating evidence suggests
that obesity, hypertension, smoking, alcohol, occupational
exposure to trichloroethylene, and genetic factors are risk
factors for this disease (3).

ALDOA, also named ALDA, GSDI2 and HEL-S-87p,
encodes the protein aldolase A (or fructose-bisphosphate
aldolase), which is a glycolytic enzyme that catalyzes revers-
ible conversion of fructose-1,6-bisphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate. Three different
genes encode three aldolase isozymes (A, B and C). Aldolase A
is the major aldolase in early embryos and adult muscles and
is expressed lowly in adult liver, kidneys, and intestines (4).
Aldolase A deficiency is associated with hemolytic anemia and
severe rhabdomyolysis (5-7). High expression of ALDOA is
related to lung squamous cell carcinoma (8), highly metastatic
pancreatic cancer (9) and colorectal cancer (10). Researchers
discovered that RCC patients feature elevated serum aldolase A
compared with those with other urological tumors and benign
urological diseases (11). A recent study identified ALDOA as
candidate marker of late-stage clear cell RCC (12). However,
further studies are still warranted to determine the mecha-
nism of tumorgenesis and progression with aberrant ALDOA
expression in RCC.

ALDOA has been reported to promote epithelial-mesen-
chymal transition (EMT) and migration in lung squamous
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cell carcinoma (8). EMT has been widely demonstrated to
contribute to cancer dissemination and progression. EMT
causes downregulation of epithelial markers, most notably
E-cadherin, and upregulation of mesenchymal markers, such as
N-cadherin and vimentin (13). Kidney organogenesis involves
mesenchymal-epithelial transition from original mesenchymal
cells and formation of renal vesicles and tubules and matura-
tion of nephrons (14). In RCC, this transition reverses, leading
to EMT and dedifferentiation. The Wnt/B-catenin signaling
pathway is one of the major signaling pathways involved in
RCC (15). B-catenin, a transcriptional coactivator, emerges as
akey molecule in canonical Wnt signaling. Caspi et al reported
that ALDOA regulates the Wnt signaling pathway (16).

In the present study, we aimed to determine the expres-
sion and function of ALDOA in RCC tissues and cells and its
possible mechanism utilizing small interfering RNA (siRNA)
and overexpression plasmids. Our results revealed that down-
regulated ALDOA expression could affect aberrant expression
of E-cadherin, N-cadherin, and vimentin in RCC cells and
inactivate the Wnt/B-catenin signaling pathway. These obser-
vations revealed that ALDOA may be a novel biomarker and
provide a potential therapeutic strategy for treatment of RCC.

Materials and methods

Patients and tissue microarray (TMA). A total of 139 RCC
tissues were obtained from patients who were treated
by radical nephrectomy or partial nephrectomy between
February 2008 and May 2011 at the First Affiliated Hospital
of Nanjing Medical University (Nanjing, China). Pathologists
confirmed identification of tumor tissues. None of the patients
had been treated by either radiotherapy or chemotherapy. This
study was approved by the Medical Ethics Committee of the
hospital. Table I summarizes clinical and pathological features
of 139 patients.

TMAs were constructed using the aforementioned 139 RCC
tissues. All tissues were pathologically confirmed as RCC.
An experienced pathologist reviewed hematoxylin and eosin
slides again. Representative areas of specimens were identified
and marked. Tissue cores measuring 2 mm from marked areas
were selected from donor blocks and transferred to recipient
paraffin blocks of TMA. Paraffin blocks were sectioned to
produce serial 4-um sections. Then, immunohistochemical
studies were performed on positively-charged slides mounted
with 4 ym of TMA paraffin blocks.

Immunohistochemistry. Sections from TMA paraffin blocks
were removed from the incubator and successively dewaxed
in xylene I and xylene II for 10 min. Subsequently, the slides
were rehydrated with sequential ethanol washes, starting at
100%, followed by 95%, 85%, and 75%, and then incubated for
10 min in 3% H,0, to block endogenous peroxidase. Antigen
retrieval was performed for 10 min by a steam pressure cooker
containing citrate buffer. Then, the samples were blocked
with 5-10% animal serum for 10 min and incubated with the
appropriate antibody against ALDOA monoclonal antibody
(1:100; cat. no. HO0000226-M02; Abnova, Tapei, Taiwan) at
37°C for 2 h and 4°C overnight. After 5 min of washing with
phosphate-buffered saline (PBS) thrice, slides were cultured in
peroxidase-conjugated goat anti-mouse IgG (H+L) secondary
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antibody (1:1,000; cat. no. ZB-2305; ZSGB-BIO, Inc., Beijing,
China) for 20 min. After two 5-min washes in PBS, reactions
were visualized with a fresh substrate solution containing
3,3'-diaminobenzidine. Sections were counterstained with
hematoxylin, dehydrated and dewaxed. Slides were sealed and
analyzed by optical microscopy.

Evaluation of staining. Evaluation of protein staining was
performed independently by two experienced pathologists
who had no knowledge of obtained clinical and pathological
data. Results of immunostaining for ALDOA were determined
according to a previously described scoring system (17,18).
Percentages of positive tumor cells were estimated in at least
five areas at an x400 magnification and assigned with one of the
following quantitative scores: 0, 0-5%; 1, 6-25%; 2, 26-50%;
3, 51-75%; and 4, 76-100%. Intensity of positive staining was
scored as follows: 1, low; 2, moderate; and 3, strong. Finally,
a total score (0-12) for each sample was calculated by multi-
plying the quantitative score by the intensity score. Scores 0
to 4,5 to 8, and 9 to 12 indicated negative (-), positive (+), and
strong positive (++) expression of ALDOA, respectively.

Cell culture and tissue samples. Human RCC cell lines (769-P,
786-0, ACHN and Caki-1) and normal renal proximal tubular
cells (HK-2) were purchased from the Cell Bank Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). Cells of 769-P and 786-0 lines were maintained
in Roswell Park Memorial Institute (RPMI)-1640 (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), ACHN
and HK-2 cells were maintained in Dulbecco's modified
Eagle's medium, and Caki-1 was cultured in McCoy's 5A
(both from Gibco; Thermo Fisher Scientific, Inc.). All media
were supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) within a humidified atmosphere
containing 5% CO, at 37°C.

Following the Local Ethics Committee of the First
Affiliated Hospital of Nanjing Medical University (Nanjing,
China), 21 paired tumor specimens and normal tissue samples
for the detection of ALDOA expression were obtained with
informed consent from RCC patients who had undergone
radical nephrectomy or partial nephrectomy at the Department
of Urology of the First Affiliated Hospital of Nanjing Medical
University (Nanjing, China). Fresh samples were obtained
during surgery, immediately frozen in liquid nitrogen, and
stored at -80°C until further analysis. Identification of tumor
tissues and adjacent normal tissues was confirmed by histo-
pathological examination.

Celltransfection.Cells from 786-0,Caki-1 and 769-Plines were
seeded at a density of 1x10° cells/well in 6-well plates at 70%
confluence on the day before transfection. 786-0 and Caki-1
cell transfection was performed with Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. Cells grown in 6-well plates
were transfected with 100 pM of synthetic ALDOA siRNA
or negative control (NC). 769-P cells were transfected with
ALDOA overexpression plasmids or vector controls using
DNAfectin™ Plus (Applied Biological Materials (ABM),
Richmond, BC, Canada), according to the manufacturer's
instructions. Cells overexpressing ALDOA were defined as



2998 ONCOLOGY REPORTS 39: 2996-3006, 2018

Table I. Association between ALDOA expression and clinicopathological factors in 139 RCC patients.

ALDOA expression
Variables Negative (-) Positive (+)  Strong positive (++) P-value n Proportion (%)
Sex 0.004
Male 6 41 37 84 60.4
Female 11 13 31 55 39.6
Age, median (range), years 55(37-75) 55 (20-86) 57 (27-81) 0.763 56
Side 0.621
Left 9 24 36 69 49.6
Right 8 30 32 70 504
Surgical procedure 0.175
Partial nephrectomy 2 11 21 34 24.5
Radical nephrectomy 15 43 47 105 75.5
Pathological type 0.026
Clear cell renal cell carcinoma 17 53 56 126 90.6
Papillary carcinoma 0 0 5 5 3.6
Chromophobe renal cell carcinoma 0 1 6 7 50
Other 0 0 1 1 0.7
Maximum diameter of the tumor, cm 0452
<4 10 25 35 70 504
>4-7 5 22 23 50 36.0
>7-10 1 7 7 15 10.8
>10 1 0 3 4 2.9
Metastasis 0.020
Yes 2 1 12 15 10.8
No 15 53 56 124 89.2
Histological grade 0.033
Highly differentiated 15 42 45 102 734
Moderately differentiated 1 12 18 31 223
Poorly differentiated 1 0 5 6 43
Bold, P<0.05.
Table II. The sequences of siRNA and NC.
Name Sequences
ALDOA-siRNA-1 Sense 5'-GCCUUGCCUGUCAAGGAAATT-3'
Anti-sense 5'-UUUCCUUGACAGGCAAGGCTT-3'
ALDOA-siRNA-2 Sense 5'-GCGUUGUGUGCUGAAGAUUTT-3'
Anti-sense 5'-AAUCUUCAGCACACAACGCTT-3'
ALDOA-siRNA-3 Sense 5'-GCCAGUAUGUGACCGAGAATT-3'
Anti-sense 5'-UUCUCGGUCACAUACUGGCTT-3'
Negative control (NC) Sense 5'-UUCUCCGAACGUGUCACGUTT-3'
Anti-sense 5'-ACGUGACACGUUCGGAGAATT-3'

the OV group, while cells transfected with the vector alone
were defined as the NC group. Six hours post-transfection with
siRNA or NC and 16 h post-transfection with overexpression
plasmids or vector controls, culture medium was replaced with

RPMI-1640 or McCoy's 5A containing FBS. Table II contains
the sequences of ALDOA siRNA and NC. All used siRNA and
NC were designed and synthesized by Shanghai GenePharma
Co.,Ltd,.,(Shanghai, China). ALDOA overexpression plasmids



HUANG et al: HIGH EXPRESSION OF ALDOA INDUCES RCC PROGRESSION

were constructed and purchased from Obio Technology Ltd.
(Shanghai, China). Total RNA was collected 24 h after trans-
fection and used for reverse transcription-polymerase chain
reaction (RT-PCR) analysis to evaluate ALDOA expression.
Total protein was prepared 60 h after transfection and used
for western blot analysis. Other parts of the cells were used
for cell proliferation, cell cycle, cell colony formation, and cell
migration and invasion assays.

RNA isolation and RT-PCR. Total RNA was isolated from
tissue samples or cultured cell lines by using TRIzol
(Invitrogen; Thermo Scientific, Inc.) according to the manu-
facturer's instructions. Total RNA was reverse-transcribed
into cDNAs using PrimeScript™ RT Master Mix (Perfect
Real-Time) (Takara Biotechnology, Co., Ltd., Dalian, China)
in accordance with the manufacturer's instructions. Conditions
of reverse transcription were as follows: 37°C for 15 min,
85°C for 5 sec, and 4°C until the end of the procedure. RNA
and cDNA concentrations were assessed by NanoDrop
(Thermo Fisher Scientific, Inc.). ALDOA expression was
analyzed by RT-PCR using SYBR Green assay in accordance
with the manufacturer's instructions (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Relative expression of ALDOA
was calculated using the 2-2%“* method. The following primer
sequences were used: ALDOA: forward 5'-CGGGAAGAAG
GAGAACCTG-3' and reverse 5'-GACCGCTCGGAGTGTA
CTTT-3"; and B-actin: forward 5'-ACTGGAACGGTGAAG
GTGAC-3' and reverse 5'-AGAGAAGTGGGGTGGCTTTT-3'
(synthesized by Invitrogen, Shanghai, China). RT-PCR was
performed under the following conditions: 50°C for 2 min,
95°C for 2 min; 40 cycles at 95°C for 15 sec and 60°C for
1 min; and 95°C for 15 sec, 60°C for 1 min and 95°C for
15 sec. Reactions were performed and analyzed by Applied
Biosystems StepOne Plus Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.). All reactions were
run in triplicate.

Cell proliferation assay. Cells of 786-0, Caki-1 and 769-P lines
were transfected to investigate the influence of ALDOA on
the proliferative capacity of RCC cells. After 48 h of transfec-
tion, the cells were seeded onto 96-well plates at a density of
2x10° cells/well and cultured for 24, 48,72 and 96 h. Cell prolif-
eration was determined using Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Kumamoto, Japan) following
the manufacturer's protocol. Absorbance was detected at an
optical density (OD) of 450 nm by a spectrophotometer. In each
group, three wells were assessed at each time-point.

Cell cycle assay. For the cell cycle analysis, 1x10° cells were
harvested 48 h after transfection, washed twice with ice-cold
PBS, and fixed with 70% ethanol at -20°C overnight. Cells
were incubated with 50 mg/ml of propidium iodide and
1 mg/ml RNase for 30 min in the dark at room temperature.
Using flow cytometry, treated cells were analyzed to determine
distribution of cell cycle stages after transfection. At least
100,000 cells were necessary for each sample. Experiments
were performed in triplicate.

Colony formation assay. To determine the long-term effects of
ALDOA on cell colony formation, 48 h after transfection, the
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cells were seeded in culture dishes at a density of 1x10° cells/
dish and cultured at 37°C with medium exchange. Cells were
grown for 10 days to form colonies contained more than
50 cells, which were stained with crystal violet, photographed,
and counted under a fluorescence-inverted microscope
(x100 magnification).

Cell migration and invasion assays. To investigate the
possible effects of ALDOA on metastasis of RCC cells, migra-
tion and invasion assays were performed after transfection
for 48 h. For the migration assays, 2x10* cells in 200 ul of
serum-free medium were placed in the upper chamber of
the Transwell (pore size, 8 ym; BD Biosciences, San Jose,
CA, USA). For the invasion assays, 5x10* cells in 200 pl of
serum-free medium were placed in the upper chamber coated
with Matrigel (BD Biosciences) in accordance with the manu-
facturer's protocol. The lower chamber was filled with 500 ul
of media containing 20% FBS. After incubating the cells for
24 h at 37°C, the cells remaining in the upper membrane were
removed by cotton swab, and those on the lower membrane
surface were fixed in methanol and stained with crystal violet.
Five random fields were photographed and counted under an
optical microscope (x200 magnification). All experiments
were performed in triplicate.

Protein isolation and western blot analysis. To further study
the effects of ALDOA on protein changes in signaling path-
ways related to cell proliferation and metastasis in RCC cells,
we isolated proteins from transfected cells and performed
a western blot assay. Cells were washed thrice in PBS and
lysed using radioimmunoprecipitation assay buffer (KeyGen
Biotech Co., Ltd., Nanjing, Jiangsu, China) supplemented with
protease inhibitors at 4°C for 30 min. The protein concentra-
tion was measured using a BCA kit (Beyotime Institute of
Biotechnology, Nantong, Jiangsu, China), according to the
manufacturer's instructions. The same amounts of proteins
were electrophoresed in 10% sodium dodecyl sulfate poly-
acrylamide gel, transferred to a polyvinylidene fluoride
membrane (EMD Millipore, Billerica, MA, USA), blocked
for 2 h with 5% non-fat milk at room temperature, and incu-
bated with primary antibodies at 4°C overnight. Then, the
membrane was incubated with horseradish peroxidase-conju-
gated secondary antibody for 2 h after washing thrice with
Tris-buffered saline and 0.1% Tween-20. Antibodies against
ALDOA (1:400; cat. no. H0O0000226-M02; Abnova, Tapei,
Taiwan), actin (1:3,000; cat. no. ab179467; Abcam, Cambridge,
UK), E-cadherin (1:1,000; cat. no. 3195), N-cadherin
(1:1,000; cat. no. 13116), vimentin (1:1,000; cat. no. 5741),
B-catenin (1:1,000; cat. no. 8480), phospho-f3-catenin (1:1,000;
cat. no. 9567), cyclin DI (1:1,000; cat. no. 2978), Met (1:1,000;
cat. no. 8198), matrix metalloproteinase-7 (MMP-7) (1:1,000;
cat.no. 3801) and c-Myc (1:1,000; cat. no. 5605) (Cell Signaling
Technology, Danvers, MA, USA) were used in western blot
analysis in accordance with the manufacturer's instructions.
Blots were detected using enhanced chemiluminescence
(Thermo Fisher Scientific, Inc.). The protein levels were deter-
mined by normalization to actin.

Statistical analyses. SPSS Statistics 20 software package
(IBM Corp. Armonk, NY, USA) and GraphPad Prism 5
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Figure 1. High expression of ALDOA in RCC tumor tissues. (A) Compared with paired adjacent non-tumor tissues, RCC samples exhibited significantly
upregulated ALDOA levels. The median in each triplicate result was used to calculate the relative ALDOA concentration by using the comparative 24
method. "P<0.05 compared with the non-tumor tissues. (B) Expression of ALDOA was assayed by immunohistochemical staining. (-), negative; (+), positive;
(++), strongly positive. (C) Univariate Kaplan-Meier/log-rank (Mantel-Cox) analysis of survival vs. ALDOA expression. ALDOA, fructose-bisphosphate

aldolase A; RCC, renal cell carcinoma.

(GraphPad Software, Inc., La Jolla, CA, USA) were used for
statistical analysis. We used Chi-square test to analyze the
relationship between ALDOA expression and clinicopatho-
logical factors. Univariate survival was assessed using the
Kaplan-Meier curve and log-rank test. Results are presented
as the mean + standard deviation (SD). Differences between
two groups were analyzed using Student's t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

High expression of ALDOA in RCC tumor tissues. To detect
ALDOA expression pattern in RCC, we first examined mRNA
levels of ALDOA in 21 patients diagnosed with the disease.
RT-PCR was performed to investigate ALDOA expression
in 21 paired RCC tissues and adjacent non-tumor tissues.
Compared with paired adjacent non-tumor tissues, RCC
samples presented significantly upregulated ALDOA levels
(20/21) (P<0.0001; Fig. 1A). To investigate the presence of
similar changes at the translational level, we determined
ALDOA protein expression in 139 cases of RCC. The TMA of
139 RCC tissues and immunohistochemistry staining revealed
that percentages of positive and strong positive ALDOA
expression reached 38.8% (54/139) and 48.9% (68/139),
respectively (ALDOA expression rate = 87.8%, Fig. 1B).

Next, we used the Chi-square test to evaluate the relation-
ship of ALDOA expression and clinicopathological factors of

RCC. The results revealed the absence of a significant differ-
ence between the ALDOA expression and constituent ratio in
the different groups of the maximum diameter of the tumor
(P=0.452) (Table I). However, ALDOA expression was signifi-
cantly associated with metastasis (P=0.020) and histological
grade (P=0.033) (Table I).

Kaplan-Meier analysis of patient data revealed notably
shorter overall survival time of higher ALDOA-expressing
individuals than those with lower ALDOA expression
(P=0.0341) (Fig. 1C). The overall survival rates of the nega-
tive, positive and strong positive ALDOA expression groups
were 94.1, 92.6 and 79.4%, respectively. Thus, high expression
of ALDOA in RCC patients contributed to advanced RCC
and poorer survival. Then, we carried out research on the
biological roles of ALDOA in RCC cell lines to further study
the aforementioned findings.

ALDOA is upregulated in RCC cell lines. The expression level
of ALDOA was determined in four RCC cell lines (769-P,
786-0, ACHN and Caki-1) and in normal renal proximal
tubular cell line (HK-2) by RT-PCR and western blot analysis.
Expression of ALDOA was significantly higher in RCC cell
lines than in HK-2 cells (P<0.01; Fig. 2A and B). Among the
four RCC cell lines, 786-0 and Caki-1 exhibited the highest
ALDOA level and 769-P exhibited the lowest ALDOA level.
Thus, 786-0, Caki-1 and 769-P were selected for subsequent
cell functional experiments.
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Figure 2. ALDOA is upregulated in RCC cell lines. (A) Compared with normal renal cell line HK-2, RCC cell lines exhibited relatively high expression levels
of ALDOA. The median in each triplicate result was used to calculate the relative ALDOA concentration by using the comparative 2% method. "P<0.05
compared with the normal cell line. (B) ALDOA protein expression in RCC cell lines and a normal renal cell line. Actin was used as an internal control.
(C) ALDOA mRNA expression after 24 h of transfection with ALDOA-siRNA or NC. The median in each triplicate result was used to calculate the relative
ALDOA concentration using comparative the 224 method. "P<0.05 compared with NC. (D) ALDOA protein expression after 48 h of transfection with
ALDOA-siRNA or NC in 786-0 and Caki-1 cells. Actin was used as an internal control. (E) ALDOA mRNA expression after 24 h of transfection with ALDOA
overexpression plasmids or vector controls. The median in each triplicate result was used to calculate the relative ALDOA concentration using the comparative
2-24% method. "P<0.05 compared with NC. (F) ALDOA protein expression after 48 h of transfection with ALDOA overexpression plasmids or vector controls

in 769-P cells. Actin was used as an internal control.

To investigate the effects of ALDOA in RCC cells, we
knocked down ALDOA expression by transfecting siRNA
and overexpressed ALDOA by transfecting overexpression
plasmids. ALDOA expression in RCC samples was signifi-
cantly lower with ALDOA-siRNA transfection than that in
NC (P<0.05; Fig. 2C and D) and markedly upregulated after
ALDOA overexpression plasmid transfection (P=0.008;
Fig. 2E and F). Due to more efficient transfection we used the
first and second ALDOA-siRNA in the following experiments.

ALDOA promotes cell proliferation of RCC cells. CCK-8 assay
was performed to assess cell proliferation in 786-0, Caki-1 and

769-P cells after transfection. Compared with the NC group, a
significant difference was detected at 72 and 96 h in 786-0 and
769-P cells and at 96 h in Caki-1 cells (P<0.05; Fig. 3A). Flow
cytometric analysis was performed to explore the effects of
inhibition on cell proliferation. Analysis revealed remarkably
higher percentages of 786-0 and Caki-1 cells transfected with
ALDOA-siRNA in the GO/G1 phase than those transfected
with NC siRNA, indicating that ALDOA can induce GO/G1
cell cycle arrest in RCC cells (P<0.05; Fig. 3B).

ALDOA promotes colony formation of RCC cells. Colony
formation was observed after transfection with ALDOA-siRNA
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Figure 3. ALDOA promotes cell proliferation and colony-forming potential in RCC cell lines. (A) Assessment of cell proliferation was performed using CCK-8
assay. Downregulation of ALDOA significantly inhibited proliferation of 786-0 and Caki-1 cells ('P<0.05). Overexpression of ALDOA significantly promoted
proliferation of 769-P cells ("P<0.05). (B) Flow cytometric analysis revealed that after downregulation of ALDOA, the cell cycle of 786-0 and Caki-1 cells was
arrested at the G1 phase. The histogram indicates the percentage of cells in the G1 phase ("P<0.05). (C) Downregulation of ALDOA inhibited colony formation
in RCC cell lines. Data represent the mean = SD of at least three independent experiments ("P<0.05).

and NC siRNA. Compared with the NC group, downregulation
of ALDOA significantly inhibited colony formation in 786-0
and Caki-1 cell lines (P<0.001; Fig. 3C).

ALDOA promotes migration and invasion in RCC cells. We
used Transwell assays to detect changes in migration and
invasion capabilities after knocking down and upregulating
ALDOA expression. The migration assay indicated that
downregulation of ALDOA significantly suppressed migra-
tion capability in 786-0 and Caki-1 cells compared with NC
(P<0.05; Fig. 4A). Similarly, the invasion assay indicated that
downregulation of ALDOA inhibited invasion capability in

786-0 and Caki-1 cells compared with NC (P<0.01; Fig. 4B).
Conversely, overexpression of ALDOA enhanced the migra-
tion and invasion of 769-P cells (P<0.001; Fig. 4C and D).
These results revealed that ALDOA may play an important
role in RCC progression.

ALDOA promotes EMT in RCC cells. As aforementioned,
EMT is a key process in RCC progression and metastasis.
Considering the effect of ALDOA on RCC cell migration and
invasion, we further investigated whether ALDOA could affect
EMT markers in RCC cells using western blot analysis. The
results revealed a gain in E-cadherin expression in Caki-1 cells
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and loss of N-cadherin and vimentin in both 786-0 and Caki-1
after transfection with ALDOA-siRNA (Fig. 5A), suggesting
that ALDOA induced EMT.

ALDOA may activate the Wnt/3-catenin signaling pathway.
Our aforementioned results revealed that ALDOA promoted

RCC cell proliferation, colony formation, migration and
invasion, and EMT. Thus, to assess the mechanism by
which ALDOA contributed to RCC progression, we exam-
ined the effect of transient ALDOA downregulation on
the Wnt/p-catenin signaling pathway, which is involved in
tumor development. Although no difference was detected
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Figure 5. ALDOA may induce RCC progression via EMT and the
Wnt/B-catenin signaling pathway. (A) We used western blot analysis to
detect changes in EMT markers in 786-0 and Caki-1 cells transfected by
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MMP-7, Met, c-Myc, and cyclin D1 levels were decreased with downregu-
lation of ALDOA, but no changes were detected in the expression of total
B-catenin. Actin was used as a loading control.

in total -catenin expression, phospho-f-catenin (Ser675)
was effectively reduced in ALDOA-siRNA-transfected RCC
cells (Fig. 5B). Downstream target proteins, such as MMP-7,
Met, c-Myc, and cyclin DI, were significantly decreased in
ALDOA-downregulated RCC cells (Fig. 5B). All these find-
ings revealed that ALDOA may induce cell proliferation and
metastasis through the Wnt/p-catenin signaling pathway.

Discussion

Given the improvement of people's health awareness and
inspection technology, incidence of RCC, which is one of
the common malignant tumors of the urinary system, has
increased recently. However, in patients with localized RCC,
probability of metastasis remains as high as 40%; and tumor
metastasis of these patients results in a median survival time
of approximately 6-12 months, with a 5-year survival rate of
9% (19). As radiotherapy and chemotherapy are insensitive
to RCC, surgical resection remains the first choice for treat-
ment (19). Therefore, in absence of other effective therapies,
further studies on the mechanism of genesis and develop-
ment of RCC and finding new biomarkers are necessary for
promoting early diagnosis and treatment.

ALDOA participates not only in glycolysis but also in tumor
development and affects prognosis with aberrant expression in
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some tumors (8-10,20). In the present study, we firstused RT-PCR
to confirm high expression of ALDOA in RCC tissues and cells
in comparison with normal ones, suggesting that increased
expression of ALDOA may be related to the occurrence of
RCC. Then, TMA and immunohistochemistry were performed
to analyze 139 RCC tissue samples. Strong positive expression
of ALDOA accounted for 48.9% (68/139), positive expression
reached 38.8% (54/139), and negative expression totaled 12.2%
(17/139), further supporting high ALDOA expression in RCC,
and this condition may be related to oncogenesis. Our clinical
data indicated that patients with strong positive expression of
ALDOA featured higher incidence of metastasis and worse
histological differentiation. However, tumor size did not exhibit
any association with ALDOA expression. During follow-up
of the 139 RCC patients, Kaplan-Meier analysis revealed that
negative ALDOA expression resulted in the longest survival
among patients, whereas those with strong positive ALDOA
expression exhibited the shortest survival period. All these
results strongly suggest that ALDOA possesses clinical value
as a prognostic factor for RCC.

Considering the confirmed high ALDOA expression in
RCC cell lines by RT-PCR and western blot analysis, siRNA
and overexpression plasmid transfection approaches were
employed to investigate the potential biological effects of
ALDOA on RCC cell function. Two independent siRNAs
significantly decreased the expression of ALDOA in 786-0
and Caki-1 cells, and the overexpressed plasmid effectively
upregulated ALDOA expression in 769-P cells. We observed
that ALDOA knockdown significantly inhibited growth
of 786-0 and Caki-1 cells, resulting from the arrest in the
GO0/G1 phase of the cell cycle. The Gl phase starts from mitosis
to the period before DNA replication, in which RNA and ribo-
somes are synthesized. When arrested in the Gl phase, the
cells remain in the GO phase, where cell division stops, thus
inhibiting cell proliferation. Western blot analysis revealed
decreased expression of protein cyclin D1 in RCC cells trans-
fected with ALDOA-siRNA compared with NC. Cyclin D1 is
a critical target of proliferative signals in the G1 phase and
is rapidly synthesized and accumulated in the nucleus in the
G1 phase and disappears as cells proceed to the S phase (21).
Overexpression of cyclin D1 is considered to be associated
with early-stage cancer and progression (22). Thus, decreased
cyclin D1 expression may induce arrest in the G1 phase after
downregulating ALDOA expression. Combined with colony
formation, we speculated that ALDOA may promote RCC cell
proliferation. Previous studies reported that EMT, which plays
an important role in cancer invasion and metastasis, induces
physical translocation of cancer cells to distant organs and
their development into metastatic lesions (23,24). Our data
indicated that ALDOA overexpression increased the migration
and invasion abilities of RCC cells, while ALDOA knock-
down significantly reduced these abilities by blocking EMT,
downregulating the expression of N-cadherin and vimentin
in 786-0 and Caki-1 cells, and upregulating the expression of
E-cadherin in Caki-1 cells. Coinciding with results reported in
literature (25,26), E-cadherin was not detected in 786-0 cells.
These findings revealed that ALDOA may function as a tumor
promoter in RCC.

Recently, a research study reported that aldolase proteins
can regulate novel Wnt signaling; for example, ALDOA
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activates Wnt signaling by disrupting glycogen synthase
kinase 3 (GSK-3) and f3-axin interaction and targeting axin to
the dishevelled-induced signalosomes (16). The Wnt signaling
pathway is involved in many cellular processes, including
proliferation, migration, differentiation, movement, and
survival (27). In unstimulated cells, the 3-catenin destruction
complex, which contains scaffolding protein axin, adenoma-
tous polyposis coli protein, GSK-3 a/f, and casein kinase-1a,
maintains extremely low cytosolic and nuclear levels of
[-catenin by promoting phosphorylation and ubiquitination
of B-catenin (28,29). In the present study, we revealed that
ALDOA knockdown reduced the expression of phospho-
[-catenin (Ser675). Previous studies have demonstrated that
[-catenin can be phosphorylated by protein kinase A (PKA) at
site Ser675, and phosphorylation by PKA promotes transcrip-
tional activity and binding of -catenin to its transcriptional
coactivator (30,31). Thus, knockdown of ALDOA expression
decreased transcriptional activity of (-catenin at the nuclear
level. Expression of Wnt/B-catenin-activated target proteins
MMP-7, Met, c-Myc and cyclin D1 decreased after ALDOA
knockdown. MMP-7, Met and c-Myc are important factors
of tumor invasion, angiogenesis, carcinogenesis, and apop-
tosis (32-34), whereas cyclin DI is associated with the cell cycle
(22). Thus, we speculated that ALDOA may influence RCC
progression through the Wnt/B-catenin signaling pathway.

In summary, our results revealed that ALDOA was signifi-
cantly upregulated in RCC. Positive ALDOA expression was
associated with metastasis, histological differentiation, and
prognosis of RCC patients. Silencing ALDOA expression in
RCC cells by specific siRNA significantly decreased their
proliferative, migratory, and invasive abilities, while ALDOA
overexpression increased these abilities. ALDOA may serve
as a potential tumor promoter in RCC by EMT and the
Whnt/p-catenin signaling pathway. Consequently, ALDOA
may be a competent candidate target for the diagnosis and
therapy of RCC. Further studies are still required to research
the mechanism and assess the role of ALDOA in vivo in the
future.
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