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Abstract
Clear cell renal cell carcinoma (ccRCC) is characterized by the activation of hypoxia-inducible factors and enhanced aerobic
glycolysis. In our previous study, metabolic profiling revealed a threefold increase of fructose 1,6-bisphosphate (FBP) in
ccRCC tissue compared with normal kidney tissue. As an important intermediate metabolite, its role in cancer development
remains unknown. We found that high levels of FBP were required for cancer growth because of its ability to affect the
redox status. Mechanistically, FBP regulated the redox status partially by suppressing NADPH oxidase isoform NOX4
activity in ccRCC cells. ccRCC maintained high levels of FBP through the downregulation of aldolase B (ALDOB).
Reduction of FBP levels in cancer cells by the ectopic expression of ALDOB disrupted redox homeostasis, arrested cancer
proliferation, and sensitized ccRCC cells to a chemotherapy agent (paclitaxel). Furthermore, low expression of ALDOB
portended significantly worse disease-free survival and overall survival in ccRCC patients. In summary, the downregulation
of ALDOB and accumulation of FBP promote ccRCC growth by counteracting oxidative stress.

Introduction

Cancer cells exhibit the activation of specific metabolic
patterns (e.g., the Warburg effect) to provide for their
energy demands. More importantly, increased steady-state
concentrations of specific metabolites, such as 2-hydro-
xyglutarate, fumarate, and succinate, can result in altered
cell signaling and promote cancer initiation and progression
[1]. In our previous research, we noticed that fructose 1,6-
bisphosphate (FBP) levels were nearly threefold higher in
clear cell renal cell carcinoma (ccRCC) tissue than those in
normal kidney tissue, but the steady-state concentrations of
metabolites in the earlier stages of glycolysis were

significantly reduced [2]. Similarly, a metabolic profile
dataset from nearly 140 primary ccRCC tumors revealed the
distinct behavior of metabolites in the upper and lower parts
of glycolysis, suggesting that flux through glycolysis may
be differentially partitioned [3]. Thus, FBP forms an inter-
esting watershed in glycolysis. However, whether FBP is
able to afford an advantage to tumor cells and its underlying
mechanism remain unknown.

Previous research has shown that FBP acts as a bioactive
molecule not just simply as a fuel. Statistical simulations of
metabolomics data have shown that FBP is highly dynamic
and variable in cancer. Simulated probability density func-
tion of FBP levels exhibited a bimodal distribution using
Monte Carlo sampling [4]. Despite the allosteric regulation
of pyruvate kinase, it has been found that the absence of
FBP is capable of activating metabolic tumor suppressor
adenosine monophosphate-activated protein kinase
(AMPK) in mouse embryonic fibroblasts and HEK293 cells
[5]. FBP triggers the activation of Ras in yeast [6]. FBP
directly binds to the epidermal growth factor receptor and
enhances the activity of the epidermal growth factor
receptor in triple-negative breast cancer [7]. Our previous
research has demonstrated that high levels of FBP block the
activation of the p53 pathway [2].

The role of FBP in ccRCC metabolism is not clear. In
this study, we confirmed the accumulation of FBP in human
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ccRCC and found that the downregulation of aldolase B
(ALDOB) contributes to increased levels of FBP. FBP
alters the redox status and preserves dihydronicotinamide-
adenine dinucleotide phosphate (NADPH) independent of
the pentose phosphate pathway. Downregulation of
ALDOB and accumulation of FBP promote ccRCC growth
and development in vitro and in vivo. Furthermore, the low
expression of ALDOB predicts poorer survival. Our studies
identify ALDOB and FBP as critical reactive oxygen spe-
cies (ROS) regulators, which contribute to tumor
progression.

Materials and methods

Samples

The authors’ institutional review board approved the
experiments in this study. Informed consent was obtained
from all the patients. Tissue samples were collected from
surgical patients at Shanghai General Hospital, Shanghai
Jiao Tong University School of Medicine.

Cell culture

The Caki-1 and OSRC-2 cell lines were obtained from the
Type Culture Collection of the Chinese Academy of Sciences,
Shanghai, China. All cells were cultured in RPMI 1640
(Invitrogen Life Technologies, USA) supplemented with 10%
fetal bovine serum, 2 mmol/l L-glutamine, 100U/ml peni-
cillin, and 100 g/ml streptomycin at 37 °C in a humidified
5% CO2 atmosphere.

Immunofluorescence

Briefly, the slices were first fixed, then washed three times
with phosphate-buffered saline (PBS), and incubated with
indicated primary antibodies (dilution ratio 1:100) overnight.
The primary antibodies were ALDOA (Proteintech Group,
USA), ALDOB (Proteintech Group, USA), and ALDOC
(Sigma-Aldrich, USA). 4′,6-diamidino-2-phenylindole was
used for nuclear staining. All images were photographed at
the same exposure time with a Nikon Eclipse Ti microscope.

siRNA transfection

Custom-designed siRNAs directed against G6PD
(siG6PD1: TGATGAAGAGAGTGGGTTT; siG6PD2: AG
TCGGATACACACATATT) and NOX4 (siNOX4-1: GC
CUCAGCAUCUGUUCUUATT; siNOX4-2: CCAGGAG
AUUGUUGGAUAATT) were synthesized and annealed.
Using lipofectamine RNAiMAX (Invitrogen Life Technologies,

USA), the cells were transfected with siRNAs according to the
manufacturer’s instructions.

cDNA transfection

The cDNA of human ALDOB was obtained by reverse
transcription polymerase chain reaction and verified by
sequencing. The ALDOB cDNA was then subcloned into
the lentiviral vector pCDH-CMV-EF1-Puro (System Bios-
ciences). The ALDOB cDNA, together with the packaging
plasmids PMD2G and PSPAX2, was transfected into
293T cells with Lipofectamine 2000 (Invitrogen Life
Technologies, USA) according to the manufacturer’s
instructions. Viral supernatant was collected after 48 h. Five
milliliters of viral supernatant and 5 ml of fresh medium
were added to OSRC-2 and Caki-1 cells plated in 10 cm
dishes. Cells stably transfected with ALDOB were selected
using 1 μg/ml puromycin.

Western blot analysis

Total protein extracts from human tissue and cells were
obtained by using the radioimmunoprecipitation assay lysis
buffer (Sigma, USA). Protein samples were subjected to
electrophoresis by using 7.5 and 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and trans-
ferred to Immuno-blot PVDF Membrane (Bio-Rad, USA).
Antibodies against ALDOB (Proteintech Group, USA),
ALDOA (Proteintech Group, USA), HIF1a (Cell Signaling
Technology, USA), HIF2a (AbSci, USA), NOX4 (Novus,
USA), β-actin (Sigma-Aldrich, USA), and α-tubulin (Pro-
teintech Group, USA) were used for western blotting.

Cell proliferation

Cells were replated in six-well plates with a density of 4000
cells/well. Cell numbers were counted on days 1, 2, 3, and 4
after replating.

Bromodeoxyuridine assay

For bromodeoxyuridine (BrdU) analysis, cells were pulsed
with 10 μM BrdU (BD Biosciences, USA) for 5 h, then
trypsinized, fixed, and labeled using BrdU Flow Kits (BD
Biosciences, USA) according to the manufacturer’s
instructions, and analyzed by flow cytometry using a
FACSCalibur flow cytometer (BD Biosciences, USA).

Oxidative DNA damage quantification assay

DNA damage was assessed by the quantification of apuri-
nic/apyrimidinic (AP) sites using the DNA damage
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quantification kit (BioVision, USA) according to the man-
ufacturer’s instructions.

ROS measurement

Cellular ROS content was determined by using the
dichlorofluorescein (DCFH) diacetate probe according
to the manufacturer’s instructions (Sigma-Aldrich).
Briefly, cells were incubated with 10 μM DCFH at 37 °C
for 10 min in the dark and washed with PBS. Washed
cells were then trypsinized and suspended for flow
cytometry. Alternatively, following the treatment, the
medium was removed and cells were loaded with 10 μM
DCFH diluted in PBS for 15 min at 37 °C. Cells were
washed three times with PBS, and fluorescence intensity
was measured using a plate reader. For the measurement
of mitochondrial ROS, cells cultured in 96-well plates
were washed with PBS, incubated with 4 μM MitoSOX
(Invitrogen, USA) in media for about 15 min, cells
washed again with PBS, and then the plates were read in
the plate reader.

Metabolic assays

Enzymatic measurements of FBP were conducted according
to the described procedure [2]. Briefly, the neutralized
extract was added in the reaction buffer that contains 0.5
mM Na-ethylenediaminetetraacetic acid, 50 mM Tris-HCl
(pH 7.5), and 0.2 mM NADH. Sequential addition of 0.2 U
glycerol-3-phosphate dehydrogenase (Sigma, USA), 1 U
triosephosphate isomerase (Sigma, USA), and 0.2 U aldo-
lase (Sigma, USA) catalyzes the reactions. Absorbance was
recorded at 340 nm at room temperature by using a
spectrophotometer.

Metabolomic quantitation by high-performance
liquid chromatography–mass spectrometry

For metabolite extraction, cells were washed three times
using PBS and harvested in a solution of acetonitrile,
methanol, and water (2/2/1 by v/v; all HPLC grade). These
extracts were centrifuged at 12000 × g for 10 min at 4 °C,
and the supernatants were dried under N2 stream at room
temperature. Liquid chromatography–tandem mass spec-
trometry data were acquired by following the previously
described methods [2].

NADPH oxidase assay

NADPH-dependent superoxide generation in cell extracts
was measured by lucigenin-enhanced chemiluminescence
as previously described [8, 9].

Animal experiments

All animal experiments were conducted following protocols
approved by the Institutional Animal Care and Use Com-
mittee. Female BALB/c nude mice were ordered from the
Shanghai SLAC Laboratory Animal Co. Ltd. and subjected
to subcutaneous tumorigenesis as described previously [2].
Briefly, 1 × 107 indicated cells were resuspended in 200 μl
PBS and subcutaneously injected into the flanks of nude
mice. Intraperitoneal paclitaxel, 10 mg/kg, on day 14, 18,
and 22 schedules, was administered to mice bearing sub-
cutaneous xenografts. Four weeks after injection, tumors
were excised, weighed, and assayed for protein expression.

RNA sequencing data analysis

Raw sequence files of GSE102101 and GSE76207 datasets
were downloaded from sites of GEO [10]. Reads were aligned
to the human GRCh38 reference genome using HISAT
(2.1.0) [11] and counted by using featureCounts (1.6.2) [12].

Statistical analysis

Statistical analysis was performed by using R version 3.2.3
(http://www.r-project.org/). Experiments were performed at
least three times independently. P values were two-sided; it
was considered statistically significant when P < 0.05.

Results

FBP accumulates in ccRCC and controls redox status

Previous studies have shown the metabolic profiling in nor-
mal kidney tissue and ccRCC tissue by using liquid
chromatography–mass spectrometry (LCMS) [3]. Compared
with normal kidney tissue, the isobars including FBP, glu-
cose-1,6-bisphosphate, myo-inositol-1,4, and 1,3-bispho-
sphate were upregulated in ccRCC tissue. To confirm the
accumulation of FBP in ccRCC tissue, we used enzymatic
methods to detect FBP, dihydroxyacetone phosphate
(DHAP), and glyceraldehyde 3-phosphate (G3P) without the
interference of isobars. In line with the LCMS results, levels
of FBP in ccRCC were significantly higher than those of
normal kidney tissue, while the products of aldolase, DHAP,
and G3P were significantly downregulated in ccRCC com-
pared with normal kidney tissue (Fig. 1a). Analysis of pre-
viously reported LCMS dataset also showed that the
abundances of metabolites of the lower part of glycolysis,
such as 3-phosphoglyceric acid, 2-phosphoglyceric acid (2-
PG), and phosphoenolpyruvate, were interestingly lower in
ccRCC tissue (Supplementary Fig. S1) [3].
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We first hypothesized that the accumulation of FBP
might affect HIF1a and HIF2a in ccRCC in a manner
similar to the effects of fumarate in fumarate hydratase-
deficient renal cancers. However, FBP treatment did not
significantly alter the levels of HIF1a and HIF2a (Supple-
mentary Fig. S2). We then evaluated the significance of
FBP accumulation in cancer metabolism. We incubated
Caki-1 cells with FBP, and intracellular metabolites were
detected by using LCMS (Fig. 1b). The rise of intracellular
FBP only led to a slight accumulation of fructose 6-
phosphate (F6P) and DHAP/G3P. Levels of FBP did not
significantly influence the product of the pentose phosphate
pathway (ribulose-5-phosphate) and the lower part of gly-
colysis (i.e., 3-phosphoglyceric acid, 2-phosphoglyceric
acid) (Fig. 1b). More interestingly, FBP conserved NADPH
and altered the redox status in Caki-1 and OSRC-2 cells
(Fig. 1c, d).

FBP regulates redox status partially by suppressing
the activity of NOX4

Then, we explored the mechanism of FBP affecting ROS. To
investigate whether FBP altered the redox status through the

oxidation branch of the pentose phosphate pathway, we
knocked down glucose-6-phosphate dehydrogenase (G6PD),
which is the key enzyme in the oxidation branch of the
pentose phosphate pathway (Fig. 2a). G6PD depletion did not
abolish the effect of FBP (Fig. 2b, c), which indicates that
FBP’s effect is independent of the pentose phosphate path-
way. Further, to investigate whether the effects of FBP were
through the effects of upstream or downstream metabolites
(F6P, G3P, and DHAP), we incubated cells with these
metabolites (1 mM). A supplement of these intermediate
metabolites did not significantly change the redox status (data
not shown).

We detected mitochondrial ROS with mitochondria-
specific probe MitoSOX. Consistent with the previous
total ROS results, FBP also reduced mitochondrial ROS
levels (Fig. 2d). Kidney-specific NADPH oxidase isoform 4
(NOX4) also produces considerable amounts of ROS in
ccRCC [8, 9, 13]. To determine whether FBP regulates the
activities of NADPH oxidases, activities of NADPH oxi-
dases in Caki-1 cells were measured. Addition of FBP (200
μM) into Caki-1 cell extracts significantly decreased the
activities of total NADPH oxidases, suggesting that NADPH
oxidases may be involved (Fig. 2e). As NOX4 is the

Fig. 1 FBP accumulates in ccRCC and controls redox status. a Rela-
tive concentrations of FBP, DHAP, and G3P in 10 human RCC tissue
samples (T) and 8 adjacent non-malignant kidney tissue samples (N)
measured using an enzymatic approach. b LCMS profile of Caki-1
cells incubated with FBP compared with control cells. c Relative
NADPH levels of Caki-1 and OSRC-2 cells treated with 1 mM FBP.

d Relative DCFH intensities of Caki-1 and OSRC-2 cells treated with
1 mM FBP. ccRCC, clear cell renal cell carcinoma; DCFH, dichlor-
ofluorescein; DHAP, dihydroxyacetone phosphate; FBP, fructose 1,6-
bisphosphate; G3P, glyceraldehyde 3-phosphate; LCMS, liquid
chromatography–mass spectrometry
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predominant isoform in ccRCC [8], we knocked down
NOX4 in Caki-1 cells (Fig. 2f). Compared with control cells,
NOX4 knockdown significantly reduced the ROS levels in
ccRCC cells and partially abolished the impact of FBP on
redox status, suggesting that FBP regulates redox status
partially by suppressing the activity of NOX4 (Fig. 2g).

Downregulation of ALDOB contributes to FBP
accumulation

A change in the level of an individual metabolite is caused
by a change in the rate of production relative to the rate of
consumption in a metabolic pathway. FBP is mainly formed
by phosphofructokinase-1 (PFK1) and metabolized by
aldolase. Our previous study had shown that PFK1 platelet
isoform was upregulated in ccRCC and its depletion led to
decreased levels of FBP. But it does not explain the
shrinkage of the lower part of glycolysis. In humans, there
are three isoenzymes (ALDOA, ALDOB, and ALDOC) in
the aldolase family. We analyzed two RNA sequencing

datasets from GEO (gene expression omnibus) and found
that ALDOB was the predominant form in the context of
kidney and almost diminished in ccRCC (Fig. 3a, b).
ALDOC was barely detectable in both normal kidney and
ccRCC tissue. Although the levels of ALDOA were slightly
higher in ccRCC, the total abundance of aldolase diminished
in ccRCC. Consistent with the results of RNA sequencing
analysis, immunofluorescence showed that ALDOB was
depleted in ccRCC tissue; ALDOC was almost undetectable
in normal and tumor slices (Fig. 3c). Western blotting fur-
ther confirmed that ALDOB was significantly down-
regulated in ccRCC; ALDOA was at a similar level
compared with normal kidney tissue (Fig. 3d). We compared
fold changes of ALDOB among cancer types in The Cancer
Genome Atlas (TCGA) program (types with normal tissue
sample size < 10 were excluded) and found that ccRCC and
two relatively rare subtypes of kidney cancer had the three
highest fold changes of downregulation of ALDOB, which
indicates that downregulation of ALDOB may play an
important role in kidney cancer (Fig. 3e).

Fig. 2 FBP regulates redox status partially by suppressing the activity
of NOX4. a Western blot analysis of Caki-1 cells transiently trans-
fected with siCtrl, siG6PD1, or siG6PD2 at 72 h after transfection.
b Relative NADPH levels of Caki-1 cells transiently transfected with
siCtrl, siG6PD1, and siG6PD1 followed by 1 mM FBP incubation at
72 h after transfection. c Relative DCFH intensities of Caki-1 cells
transiently transfected with siCtrl, siG6PD1, and siG6PD1 followed by
1 mM FBP incubation at 72 h after transfection. d Relative MitoSOX

intensities of Caki-1 treated with 1 mM FBP. e Relative NADPH
oxidase activities (relative luminometer units) of Caki-1 cell extracts
treated with or without FBP. f Western blot analysis of Caki-1 cells
transiently transfected with siCtrl, siNOX4-1, or siNOX4-2 at 72 h
after transfection. g Relative DCFH intensities of Caki-1 cells tran-
siently transfected with siCtrl, siNOX4-1, and siNOX4-1 followed by
1 mM FBP incubation at 72 h after transfection. *P < 0.05. DCFH,
dichlorofluorescein diacetate; FBP, fructose 1,6-bisphosphate
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Fig. 3 Downregulation of ALDOB contributes to FBP accumulation. a
Mean abundance of ALDOA, ALDOB, and ALDOC from dataset
(GSE102101) in ccRCC and normal kidney tissue (N= 20). b Mean
abundance of ALDOA, ALDOB, and ALDOC from dataset
(GSE76207) in ccRCC and normal kidney tissue (N= 32). c The
tissue slices of the human kidney (N) and ccRCC (T) were incubated
with indicated antibodies. DAPI was used to achieve nuclear staining.
All images were acquired under the same conditions and displayed at
the same scale. Magnification: 10 × . d Western blot analysis of
ALDOA and ALDOB for eight paired ccRCC and normal kidney
tissue. e Fold changes of mean abundance of ALDOB from TCGA in
various cohorts: KIRP (kidney renal papillary cell carcinoma), KICH
(kidney chromophobe), KIRC (kidney renal clear cell carcinoma),
STES (stomach and esophageal carcinoma), LIHC (liver hepatocel-
lular carcinoma), STAD (stomach adenocarcinoma), BRCA (breast

invasive carcinoma), LUSC (lung squamous cell carcinoma), BLCA
(bladder urothelial carcinoma), THCA (thyroid carcinoma), UCEC
(uterine corpus endometrial carcinoma), LUAD (lung adenocarci-
noma), HNSC (head and neck squamous cell carcinoma), and
COADREAD (colon adenocarcinoma and rectum adenocarcinoma). f
Western blot analysis of Caki-1 and OSRC-2 cells stably transfected
with control vector (Ctrl) or ALDOB. g Enzymatic quantification of
FBP, DHAP, and G3P in Caki-1 and OSRC-2 cells stably and ecto-
pically expressing ALDOB compared with control cells. h Relative
NADPH levels of Caki-1 and OSRC-2 cells stably and ectopically
expressing ALDOB compared with control cells. *P < 0.05. ALDOB,
aldolase B; ccRCC, clear cell renal cell carcinoma; DCFH, dichloro-
fluorescein; DHAP, dihydroxyacetone phosphate; FBP, fructose 1,6-
bisphosphate; G3P, glyceraldehyde 3-phosphate; TCGA, The Cancer
Genome Atlas
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FBP accumulation, we established two ccRCC cell lines
that stably expressed ALDOB: Caki-1-ALDOB and OSRC-
2-ALDOB (Fig. 3f). ALDOB overexpression decreased the
levels of FBP and increased the levels of DHAP and G3P
(Fig. 3g). ALDOB overexpression decreased NADPH
levels in Caki-1-ALDOB and OSRC-2-ALDOB cells
compared with control cells (Fig. 3h).

Downregulation of ALDOB and accumulation of FBP
counteract oxidative stress to support ccRCC
development

We postulated that the accumulation of FBP in cancer would
substantially affect the metabolism of cancer cells. As cancer
cells already have relatively high levels of FBP, we used
Caki-1-ALDOB and OSRC-2-ALDOB as models for low-
FBP cells. Ectopic expression of ALDOB alone only had
limited effects on the proliferation of Caki-1 and OSRC-2
cells (Fig. 4a, b). We next examined the effect of ALDOB on
cellular capacity to withstand oxidative stresses. We used a
low concentration (10 μM) of hydrogen peroxide (H2O2) to
induce oxidative stresses without significant apoptosis.
Compared to the control groups, Caki-1-ALDOB and OSRC-
2-ALDOB cells were much more sensitive to the low con-
centration (10 μM) of H2O2 treatment. BrdU assay also
revealed the decreased proliferation in Caki-1-ALDOB cells
compared with negative controls under oxidative stress
(Fig. 4c, d). To ascertain that the vulnerability of ALDOB-
expressing cells to oxidative stresses is due to the reduction in
FBP level, we tested the effect of FBP supplement in these
cells. Supplement of FBP significantly enhanced the pro-
liferation of ALDOB-expressing cells in the presence of H2O2

(Fig. 4a–d). Furthermore, FBP treatment inhibited oxidative
DNA damage in Caki-1-ALDOB cells (Fig. 4e). These data
suggest that the downregulation of ALDOB and accumula-
tion of FBP play a role in protecting against oxidative stress.

ccRCC is typically resistant to both chemotherapy and
radiotherapy. Increasing evidence has suggested that the
reduction of oxidative stress protects cancer cells from
chemotherapy. Several studies have utilized various means
to efficiently enhance the sensitivity of ccRCC cells to
chemotherapy drug paclitaxel [14–17]. In light of this, we
explored if re-expression of ALDOB would sensitize cancer
cells to paclitaxel treatment. We implanted Ctrl and
ALDOB ectopic-expressing Caki-1 cells into nude mice,
which were administered with low doses of paclitaxel.
Expression of ALDOB apparently retarded the growth of
tumors compared with control cells (Fig. 4f–h).

Low expression of ALDOB predicts poor prognosis

We analyzed ALDOB expression and the clin-
icopathological features of ccRCC tissues from the TCGA

database. We noticed that the expression of ALDOB in pT2
ccRCC was significantly lower than that in pT1; the
expression of ALDOB in pT4 ccRCC was significantly
lower than that in pT3 (Fig. 5a). ALDOB expression was
negatively correlated with distant metastasis (M1) but not
with the presence of positive regional lymph nodes (Fig. 5b,
c). Moreover, the expression of ALDOB in grade 4 ccRCC
was significantly lower than that in lower grades (1, 2, and
3) (Fig. 5d). In general, our data show the downregulation
of ALDOB expression in higher stage and higher grade
ccRCC. We further explored whether the downregulation of
ALDOB was correlated with the prognosis of patients with
ccRCC. Kaplan–Meier analysis with TCGA datasets was
used to compare the subgroups with low and high expres-
sion of ALDOB. Median expression levels of ALDOB were
used as the cut-off point (Fig. 5e, f). Patients with low
expression of ALDOB had significantly worse disease-free
survival (DFS) and overall survival (OS) (P= 1.800e-5 and
P= 5.421e-5, respectively).

Discussion

In the past decade, tremendous efforts have been made to
explore the mechanisms underlying Warburg effect. There
is evidence to suggest that aerobic glycolysis maximizes the
production of macromolecules and antioxidants. Histori-
cally, glycolysis is thought to be a simple sequential model
with three rate-limiting steps. In fact, oncogene-driven
metabolic rewiring profoundly modifies the normal pathway
and affects non-rate-controlling enzymes, such as glucose-
6-phosphate isomerase and triosephosphate isomerase 1;
these enzymes also play pivotal roles in cancer progression
[18, 19]. The accumulation of fumarate activates oncogenic
hypoxia-inducible factor pathways in a rare subtype of
kidney cancer, HLRCC (hereditary leiomyomatosis and
renal cell cancer). Our studies provide evidence that inter-
mediate products such as FBP accumulated in ccRCC cells.
Furthermore, the accumulation of FBP offers ccRCC cells
additional survival advantages, especially under oxidative
stress. Changes in levels of individual metabolites are
caused by changes of production and consumption in
metabolic pathways. Li, et al. [20] and our previous
research [2] have shown that depleted fructose 1,6-bispho-
sphatase 1 and overexpressed PFK1 isoenzyme contribute
to increasing supplies of FBP. However, low abundances of
metabolites in the earlier steps of glycolysis cause us to
question whether aldolase forms an alternative bottleneck in
the context of rewired aerobic glycolysis. In this study, we
found that ALDOB was downregulated in ccRCC; ectopic
expression of ALDOB significantly reduced the difference
in concentration between intracellular FBP and downstream
metabolites (G3P and DHAP). In summary, the
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Fig. 4 Downregulation of ALDOB and accumulation of FBP coun-
teract oxidative stress to support ccRCC development. a, b Cell
growth curves of Caki-1 (a) and OSRC-2 (b) cells stably transfected
with Ctrl, ALDOB after 1 mM FBP treatment and subjected to various
treatments (H2O2, FBP or a sequential incubation of H2O2 and FBP).
c Caki-1 cells stably transfected with Ctrl or ALDOB were subjected
to various treatments (H2O2 or a sequential incubation of H2O2 and
FBP) and BrdU-incorporation assay. d Histogram of the quantification
of BrdU-incorporation assay. e Caki-1 cells stably transfected with
ALDOB were subjected to 0.1 mM H2O2 or sequential incubation of

0.1 mM H2O2 and 1 mM FBP and quantification of apurinic/apyr-
imidinic (AP) sites. f Picture of subcutaneous tumors from nude mice
subcutaneously injected with Caki-1 cells stably transfected with Ctrl
or ALDOB. Scale bar= 1 cm. g, h Weight (g) and size (h) of sub-
cutaneous tumors from nude mice subcutaneously injected with Caki-1
cells stably transfected with Ctrl or ALDOB. *P < 0.05. ALDOB,
aldolase B; BrdU, bromodeoxyuridine; ccRCC, clear cell renal cell
carcinoma; FBP, fructose 1,6-bisphosphate; G3P, glyceraldehyde 3-
phosphate
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downregulation of ALDOB contributes to the accumulation
of FBP, which counteracts oxidative stress to support
ccRCC development (Fig. 6).

Mechanistically, we found that FBP regulates ROS
levels partially by suppressing the activities of NOX4 in
ccRCC (Fig. 6). In contrast to other NOX isoforms, NOX4

Fig. 5 Low expression of ALDOB predicts poor prognosis. a The
correlation between the expression of ALDOB in ccRCC tumors and
different pT (1, 2, 3, and 4). b The correlation between the expression
of ALDOB in ccRCC tumors and different pN (0 and 1). c The cor-
relation between the expression of ALDOB in ccRCC tumors and

different pM (0 and 1). d The correlation between the expression
of ALDOB in ccRCC tumors and different grades (1, 2, 3, and 4).
e, f Kaplan–Meier curves for disease-free survival (e) and overall
survival (f) in RCC patients with low and high ALDOB expression.
*P < 0.05. ALDOB, aldolase B; ccRCC, clear cell renal cell carcinoma
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is the only NADPH oxidase highly expressed in ccRCC
cells [8]. Apart from FBP, NOX4 is also negatively regu-
lated by another high-energy molecule, ATP [9]. Addi-
tionally, NOX4 is closely associated with the HIF2a
pathway in ccRCC [13]. In fact, FBP suppresses ROS
production through multiple mechanisms. Earlier studies
have shown that FBP protects the brain from
ischemia–reperfusion injury [21]; FBP has also been clini-
cally used as a neuroprotective agent to treat stroke for
decades. Several mechanisms have been postulated for the
effects of FBP, including the repression of mitochondrial
oxidative phosphorylation, direct chelation of calcium, and
sequestration of ferrous to inhibit Fenton-related reactivity
[22–24]. Furthermore, FBP alters intracellular nitric oxide
production and inhibits the conversion of xanthine

dehydrogenase to xanthine oxidase [24]. These mechanisms
are able to lower the production of ROS. These may be the
reasons that kidney cancer cells accumulate FBP and sur-
vive under exogenous oxidative stress. In addition, the
downregulation of ALDOB affords an advantage to cancer
cells by lowering the production of toxic methylglyoxal, a
product formed by the spontaneous decomposition of G3P
and DHAP. We also found that ALDOB expression was
negatively correlated with the prognosis of ccRCC patients.
However, the prognostic value of FBP remains unknown.
This is one of the potential weaknesses of this study.

In humans, there are three isoenzymes in the aldolase
family: ALDOA, which is predominantly found in the
muscle tissue and erythrocytes; ALDOB, in the liver, kid-
ney, and intestine; and ALDOC, in the central nervous
system. ALDOB also plays a pivotal role in fructose
metabolism. Defects in ALDOB can cause the accumulation
of fructose 1-phosphate and hereditary fructose intolerance.
We observed a ninefold increase in fructose 1-phosphate
accumulation in ccRCC. More interestingly, since the liver
is the predominant organ to metabolize fructose, hepato-
cellular carcinoma also significantly downregulates
ALDOB [25], which theoretically blocks the metabolism of
fructose. Somehow, it seems contradictory to some reports
that declared the importance of fructose utilization in acute
myeloid leukemia and pancreatic cancer [26, 27]. Thus,
further research is needed.
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