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Abstract. The function of human dicarbonyl/L‑xylulose 
reductase (DCXR) in the pathophysiology of breast cancer is 
yet to be elucidated. The present study aimed to investigate the 
function of DCXR in glycolysis and the cell cycle of breast 
cancer cells with respect to cell proliferation. Differential 
expressed DCXR was identified in The Cancer Genome Atlas 
(TCGA) database and verified in clinical breast cancer tissue. 
DCXR silencing and overexpression were induced by RNA 
interference and lentiviral vectors, respectively. Cell cycle 
progression, proliferation and glycolytic activity of breast 
cancer cells were detected by flow cytometry, Cell Counting 
Kit‑8 assay and chemical methods, respectively. Tumorigenicity 
was detected using nude mice xenograft models. The expres‑
sion of DCXR was increased in TCGA breast cancer database 
and the function of DCXR was enriched in ‘glycolysis’ and 
‘cell cycle’. Further analysis using clinical breast cancer 
samples confirmed upregulation of DCXR. The silencing of 
DCXR suppressed proliferation and cell cycle progression of 
breast cancer cells and significantly decreased the capacity 
for glycolysis, thereby demonstrating the effect of DCXR on 
the function of breast cancer cells. Similar conclusions were 
obtained in DCXR overexpressing cells; notably, DCXR 
overexpression promoted proliferation, cell cycle progression 
at S phase and glycolysis. 2‑Deoxy‑D‑glucose inhibited the 
effect of DCXR on the proliferation and cell cycle progression 

of breast cancer cells. The present study revealed that DCXR 
regulated breast cancer cell cycle progression and prolifera‑
tion by increasing glycolysis activity and thus may serve as an 
oncogene for breast cancer. 

Introduction

Breast cancer surpassed lung cancer as the most commonly 
diagnosed cancer in 2020, with an estimated 2.3 million new 
cases, representing 11.7% of all cancer cases; in addition, it 
is the fifth leading cause of cancer mortality worldwide, 
with 685,000 deaths (1). Breast cancer is a life‑threatening 
malignant tumor, which is the major cause of premature 
death in women (2). Despite advances in the diagnosis, drug 
development and personalized treatment based on molecular 
classification of breast cancer (3,4), diagnostic markers and 
therapeutic targets are still lacking. Therefore basic research 
on this topic is a hotspot (5,6). Elucidating the function of 
metabolism‑associated proteins in regulating breast cancer cell 
metabolism is a promising prospect for identifying diagnostic 
and therapeutic targets for breast cancer (7). 

Cancer cells alter their metabolism to promote survival, 
proliferation and long‑term maintenance. The common features 
of this altered metabolism include increased glucose uptake 
and fermentation of glucose to lactate. This phenomenon is 
observed even in the presence of completely functioning 
mitochondria and is known as ‘the Warburg effect’ (8). Cancer 
cells use glycolysis as the primary energy source for prolifera‑
tion and cell cycle progression, which is different from normal 
cells that rely on oxidative phosphorylation in the mitochon‑
dria for energy  (9). Although this phenomenon is elusive, 
accumulating evidence since Warburg reported that cancer 
cells metabolize glucose in the 1920s (10), has supported the 
hypothesis that glycolysis is the primary energy metabolism 
method used to meet the needs of cancer cells for continuous 
cell proliferation  (9,11). Furthermore, aerobic glycolysis 
supports tumor progression, particularly in breast cancer 
cells (8). Previous studies have reported that glycolysis affects 
the proliferation and progression of breast cancer  (12‑14). 
However, the regulatory mechanism of aerobic glycolysis in 
breast cancer cells is unknown. 

Dicarbonyl/L‑xylulose reductase (DCXR) is a highly 
conserved enzyme in mammals that catalyzes conversion of 
L‑xylulose into xylitol (15). The role of DCXR in L‑xylulose 
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metabolism has been known for decades (16); however, the 
role of DCXR in normal human physiology and pathophysi‑
ology remains to be elucidated. Previous studies have shown 
that DCXR expression disorder is observed in age‑ and 
metabolism‑associated diseases, especially in human male 
infertility, nephropathy and diabetes (17). DCXR has multi‑
functional properties with respect to carbonyl reductase and 
non‑catalytic function (18). Previous studies have linked the 
role of DCXR with cell adhesion, indicating its novel role in 
tumor progression and metastasis (18,19). Moreover, certain 
studies have reported that DCXR is abnormally expressed in 
cancer tissue; for example, DCXR is overexpressed in prostate 
adenocarcinoma and melanoma (20‑22) and downregulated 
in hepatocellular carcinoma (23). Furthermore, these studies 
reported a correlation between abnormal DCXR expression 
levels and cancer progression or poor prognosis but did not 
determine the role of the protein. The correlation between 
DCXR and cancer is a promising research subject; therefore, 
the protein function needs to be assessed further. To the 
best of our knowledge, only a few studies have reported the 
expression of DCXR in breast cancer tissue (18,24); however, 
the effect of this protein on the pathological mechanisms of 
cancer progression has not yet been assessed. 

The present study evaluated the DCXR expression pattern 
in breast cancer tissue by assessing breast cancer databases 
and clinical tissue samples. Further functional analysis 
focused on the role of DCXR in glycolysis, cell cycle and 
proliferation using DCXR‑overexpression and ‑silencing in 
breast cancer cell lines. The assessment of the function and 
pathological mechanism of DCXR may demonstrate DCXR 
to be a candidate for cancer molecular targeting therapy in 
breast cancer. 

Materials and methods 

Bioinformatics analysis. DCXR expression data and survival 
data from patients with breast cancer [paracancerous (n=113) 
and tumor (n=1,104) tissue data] were obtained from The 
Cancer Genome Atlas (TCGA) databases (https://tcga‑data.
nci.nih.gov/tcga/). Gene set enrichment analysis (GSEA) was 
performed by the JAVA program (http://www.broadinstitute.
org/gsea) using MSigDB portal. Enrichment Score (ES) was 
calculated via the Kolmogorov‑Smirnov test and the calcula‑
tion of ES significance level was analyzed by permutation test; 
finally, the false discovery rate method was used for multiple 
hypothesis testing correction, and |log2fold‑change|>1 and 
P<0.05 were set as the cut‑off for enrichment.

Human samples. A total of 80 pairs of paracancerous and 
cancer tissue samples (1 cm distance) were obtained from 
patients (mean age, 49 years; age range, 30‑70 years) who 
underwent breast tumor resection surgery at Seventh People's 
Hospital of Shanghai University of Traditional Chinese 
Medicine (Shanghai, China) between September 2020 and 
August 2021. Patients who received chemotherapy or radia‑
tion prior to resection were excluded from the present study. 
Resected tissues were stored at ‑80˚C until examination. All 
patients provided written informed consent. Tissue DCXR 
mRNA and protein expression levels were assessed using 
reverse transcription‑quantitative PCR (RT‑qPCR) and 

immunohistochemistry. Protocols using human samples 
were approved by the Independent Ethics Committee of The 
Shanghai Seventh People's Hospital (approval no. 2020‑7th‑H
IRB‑031) and followed the Declaration of Helsinki. 

Cell culture. MDA‑MB‑231, BT‑474, T47D, MCF‑7 and 
ZR751 human breast cancer cell lines were purchased from 
the The Cell Bank of Type Culture Collection of The Chinese 
Academy of Sciences. MCF‑10A human normal mammary 
epithelium cell line (Procell Life Science & Technology Co., 
Ltd.) was used as the control. Cells were grown in DMEM 
(Thermo Fisher Scientific, Inc.), with 10% fetal calf serum 
(Thermo Fisher Scientific, Inc.), L‑glutamine (2 mM) and 
1% penicillin/streptomycin (Beijing Solarbio Science & 
Technology Co., Ltd.). All cells were cultured with 5% CO2 
at 37˚C. 

RT‑qPCR. From the 80 patients, a total of 30 pairs of para‑
cancerous and cancer tissue samples were randomly selected. 
Tissue and cell DCXR mRNA expression levels were assessed 
by RT‑PCR. Total RNA was extracted from BT‑474, ZR751, 
MCF‑7, MDA‑MA‑231, T47D and MCF‑10A cells, and human 
breast cancer and adjacent tissues using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.). After determination of 
purity and quality, RT was performed using Maxima SYBR 
Green/ROX Qpcr Pre‑mixed solution (2X) (cat. no. K0233; 
Thermo Fisher Scientific, Inc.) at 42˚C for 1 h, followed by 
70˚C for 15 min. The Cdna product was used for Qpcr with 
the following thermocycling conditions: Initial denaturation of 
95˚C for 10 min; followed by 40 cycles of 95˚C for 15 sec and 
60˚C for 45 sec (Takara Biotechnology Co., Ltd. ). The primers 
were as follows: DCXR forward, 5'‑GAA​TGT​CTC​CAG​CCA​
GTG‑3' and reverse, 5'‑GGA​TTC​GGT​TCA​GCA​TAG‑3'; 
GAPDH forward, 5'‑CAA​ATT​CCA​TGG​CAC​CGT​CA‑3' and 
reverse, 5'‑GCA​TCG​CCC​CAC​TTG​ATT​TT‑3'. GAPDH was 
used as an internal control. Relative DCXR Mrna expression 
levels were calculated using the 2‑ΔΔCq method in three replicate 
experiments (25). 

Western blotting. From the 80 patients, a total of 30 pairs 
of paracancerous and cancer tissue samples were randomly 
selected. Tissue and cell DCXR protein expression levels 
were assessed by western blotting. Total proteins were 
extracted from MDA‑MB‑231, BT‑474, T47D, MCF‑7 and 
ZR751 human breast cancer cell lines using RIPA lysis 
buffer (Thermo Fisher Scientific, Inc.). The protease inhibitor 
(Thermo Fisher Scientific, Inc.) was pre‑dissolved in the lysis 
buffer to prevent proteolysis. The obtained protein samples 
underwent quantitative analysis with an enhanced BCA 
protein assay kit (Thermo Fisher Scientific, Inc.) and stored at 
‑20˚C until subsequent experimentation. A mixture of loading 
buffer with an equal amount of protein samples (25 µg) was 
loaded onto 10% SDS‑PAGE to separate proteins of different 
molecular weights. Protein was then transferred to nitrocel‑
lulose membranes (MilliporeSigma). Non‑specific protein 
on the membrane was blocked using 5% non‑fat dried milk 
dissolved in 1X PBS containing 0.05% Tween‑20 for 1 h at 
room temperature. The membranes were then incubated with 
the blocking buffer‑diluted primary antibodies overnight 
at 4˚C. The primary antibodies used are as follows: DCXR 
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(1:1,000; cat. no.  ab110283; Abcam) and β‑actin (1:2,000; 
cat. no. 4970; Cell Signaling Technologies, Inc.). After rinsing 
with Tris‑HCl buffer (pH 7.4, 20 mM), membranes were incu‑
bated at room temperature with the corresponding secondary 
antibodies bound to horseradish peroxidase (anti‑rabbit, 
1:2,000, cat. no. A0208; anti‑mouse, 1:2,000, cat. no. A0216; 
both from Beyotime Institute of Biotechnology) for 2 h. The 
probed targeted proteins were visualized using a Tanon‑5200 
Multi‑Imaging System (Tanon Science and Technology Co., 
Ltd.) following treatment with an Tanon™ ECL chemilu‑
minescence substrate kit (cat. no. 180‑501; Tanon Science 
and Technology Co., Ltd.). The relative protein levels were 
semi‑quantified using ImageJ V1.8.0 software (National 
Institutes of Health). 

DCXR knockdown and overexpression vector construction 
and transduction into breast cancer cells. Three short hairpin 
(sh)RNAs targeting three different human DCXR gene loci 
were synthesized (shDCXR‑1, shDCXR‑2 and shDCXR‑3). The 
shRNA sequences were: shDCXR‑1, 5'‑CAC​CGG​CCT​TTG​
ACA​GAT​CCT​TTG​ACG​AAT​CAA​AGG​ATC​TGT​CAA​AGG​
CC‑3'; shDCXR‑2, 5'‑CAC​CGC​GGG​CAG​TAA​CTA​ACC​ATA​
GCG​AAC​TAT​GGT​TAG​TTA​CTG​CCC​GC‑3'; shDCXR‑3, 
5'‑CAC​CGA​ATC​CCA​CTT​GGC​AAG​TTT​GCG​AAC​AAA​
CTT​GCC​AAG​TGG​GAT​TC‑3'. A scrambled sequence was 
used as shRNA negative control (shNC). shDCXR and shNC 
were constructed in lentiviral plasmids (pLKO.1) using a 2nd 
generation system and 293T cells (The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences) were 
transfected with these plasmids to produce lentiviruses using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.); the ratio of plasmids, pMD2.G and psPAX2 (Shanghai 
GenePharma Co., Ltd.) was 2:1:2. All shRNAs were purchased 
from Shanghai Majorbio Bio‑Pharm Technology Co., Ltd. 
For overexpression of DCXR in the breast cancer cell lines, 
recombinant overexpression DCXR (oeDCXR) was gener‑
ated using the pLVX‑puro lentiviral plasmid constructed with 
DCXR (NM_016286.4) cDNA (2nd generation system). An 
empty plasmid was used as oeNC. The overexpression lenti‑
viral plasmids were generated in 293T cells according to the 
aforementioned protocol for shDCXR and shNC. oeDCXR 
and oeNC were purchased from Shanghai GenePharma Co., 
Ltd. The quantity of lentiviral plasmid used for transfec‑
tion was 5 µg (108 TU/ml). For breast cancer transduction, 
MDA‑MB‑231 cells were seeded in a 24‑well plate and 
cultured to 70‑80% confluency at 37 .̊ shDCXRs or oeDCXR 
were added in the presence of Lipofectamine 2000 (26). The 
concentration of purinomycin used for screening was 7 µg/ml 
,and after 48 h transduction at 37˚C, the cells were harvested 
for analysis. 

Cell Counting Kit‑8 (CCK‑8) assay for cell proliferation. Cell 
proliferation was evaluated using CCK‑8 assay (Signalway 
Antibody LLC). Briefly, followed by treatment with shRNA at 
0, 12, 24 or 48 h transduction, cells were incubated with CCK‑8 
solution (1:10) for 1 h and the absorbance was measured at 
450 nm using a microplate reader (BioTek Corporation).

Flow cytometry. Changes to the cell cycle were evaluated 
using propidium iodide (PI) staining on a flow cytometer 

(Accuri C6; BD Biosciences). ZR751 and BT‑474 cells (1x106) 
were suspended in PBS and fixed with 70% ethanol for 2 h at 
20˚C. RNase A (Beijing Solarbio Science & Technology Co., 
Ltd.) was used to treat cells for 15 min at 37˚C. Cells were 
stained using PI (7Sea PharmTech Co., Ltd.) for 30 min in the 
dark at 4˚C. The DNA content of each sample was analyzed by 
flow cytometry. The percentage of cells at G0/G1, S and G2/M 
phase was calculated using FlowJo v10.8 (FlowJo LLC).

Chemical detection of ATP and lactate dehydrogenase (LD). 
Cell ATP levels were assessed using a luciferase‑based ATP 
assay kit (Beyotime Institute of Biotechnology) according to 
the manufacturer's protocol. Briefly, breast cancer cells were 
transduced with or without shRNA, the cells were scraped 
off with a cell scraper, and cell precipitates were collected 
by centrifugation at 272 x g for 10 min at room temperature. 
Subsequently, the cell precipitates were added to the lysis 
buffer of the ATP assay kit at a ratio of 50‑100 µl of lysis 
buffer to each well of a 24‑well plate. The samples were then 
vortexed, after which, they were centrifuged at 12,000 x g for 
5 min at 4˚C, and the supernatant was obtained for subsequent 
determination. In 24‑well plates, 100 µl ATP detection reagent 
was added to 100 µl supernatant at room temperature for 
5 min. Luminescence was measured using a Safire II mono‑
chromator microplate reader (Tecan Group Ltd.). Standard 
curves were obtained by diluting standards using ATP dilu‑
ents. The concentration of ATP in each sample was calculated 
from the standard curve. In order to eliminate the error caused 
by the difference in protein amount in sample preparation, the 
protein concentration of each treatment group was assessed 
using Bradford Protein Assay.

LD levels were assessed using breast cancer cells at the 
logarithmic growth stage transduced with shRNA or over‑
expression lentiviral particles; the blank control group was 
cultured the same way. The supernatant was collected by 
centrifugation at 12,000 x g for 5 min and diluted with 400 µl 
normal saline at room temperature. The assay was performed 
according to the manufacturer's protocol (Lactic Acid assay 
kit; Nanjing Jiancheng Bioengineering Institute), heated 
in a 37˚C water bath for 10 min and stop solution was then 
added. After mixing, the absorbance was measured at 530 nm 
(ELx800™; BioTek Corporation).

Glycolysis and mitochondrial respiration assay. MDA‑
MB‑231 cells (5x105/well) were cultured in 24‑well plates. 
The extracellular acidification rate (ECAR) assay was used 
to evaluate glycolysis. Briefly, cells were grown in XF base 
medium (cat.  no.  103575; Seahorse Bioscience; Agilent 
Technologies, Inc.) supplemented with 2 mM L‑glutamine 
and 25 mM glucose. Glycolysis inhibitor 2‑deoxy‑D‑glucose 
(2‑DG; 10 mmol/l; Beijing Solarbio Science & Technology 
Co., Ltd.) and oligomycin (1 µM; Beijing Solarbio Science & 
Technology Co., Ltd.) were used to treat cells at 37˚C for 1 
h to suppress glycolytic metabolism and the effects on breast 
cancer cells were assessed. For oxygen consumption rate 
(OCR) assay, cells were cultured in XF base medium with 1.0 
oligomycin, 0.5 FCCP (a potent uncoupler of mitochondrial 
oxidative phosphorylation) and 0.45 µM rotenone/antimycin 
A to assess mitochondrial oxidative phosphorylation. ECAR 
and OCR examination were performed using an XFe24 
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Extracellular Flux Analyzer (Seahorse Bioscience; Agilent 
Technologies, Inc.).

Immunohistochemistry (IHC) and fluorescence staining. 
Human tissues were embedded in paraffin after fixing with 10% 
formalin at 4˚C for 24 h. The sections (2 µm) were dewaxed and 
rehydrated before IHC staining. Subsequently, the slides were 
soaked in 3% hydrogen peroxide solution for 15 min at room 
temperature to quench the endogenous peroxidase activity. 
To avoid producing non‑specific binding, 2.5% goat serum 
(cat. no. ab7481; Abcam) was used to block the sections at room 
temperature for 1 h. A primary antibody against DCXR (1:500, 
cat. no. ab110283; Abcam) was used to incubate the sections 
at room temperature for 1 h, followed by incubation with the 
secondary antibodies (1:2,000; anti‑mouse; cat. no. ab205719; 
Abcam) at room temperature for 30 min, and washing with 
TBS. Immunoreactivity was visualized using DAB and hema‑
toxylin was used for counterstaining at room temperature for 
1 min. Protein expression levels were assessed using a light 
microscope (ECLIPSE E100; Nikon Corporation) and imaged. 
For IHC, the scoring system was composed of staining intensity 
(A) and positive areas (B). A was scored as no staining (0), weak 
staining (1+), moderate staining (2+) or strong staining (3+). B 
was classified as 0% (0+), 1‑10% (1+), 11‑25% (2+), 26‑50% (3+) 
or 51‑100% (4+). The total score of A and B was 0‑9 for each 
specimen; 0‑3 was defined as low protein expression and 4‑9 
defined as high protein expression of DCXR. 

For fluorescence staining, tissue samples were fixed with 
4% paraformaldehyde at room temperature for 24 h, embedded 
in paraffin and cut into 2‑µm sections. Subsequently, the 
sections were dewaxed with xylene for 15 min and rehydrated 
conventionally using an ethanol gradient (from 99 to 70%, 
followed by demineralized water). The endogenous peroxidase 
activity was blocked at room temperature using 3% hydrogen 
peroxide solution for 15 min. After blocking the non‑specific 
protein binding with 5% skimmed milk at room temperature 
for 30 min, sections were incubated with anti‑Ki67 antibody 
(1:500; cat. no. ab15580; Abcam) at 4˚C overnight. Following 
incubation with Alexa Fluor 488‑labeled goat anti‑mouse 
IgG antibody (1:500; cat. no. A0428; Beyotime Institute of 
Biotechnology) for 1 h at room temperature. Images of the 
stained sections were captured using a ZEISS fluorescence 
microscope (Zeiss AG). 

Xenograft model in nude mice. The study protocol for animal 
experimentation was approved by the Ethics Committee of 
Shanghai Seventh People's Hospital (approval no. 2021‑AR‑011) 
and conformed to the ethical guidelines of the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 8023, revised 1978)  (26). 
Female BALB/c nude mice (age, 4 weeks; weight, 20±5 g) and 
ZR751 cells were used for tumor xenograft experiments. All 
mice were maintained under controlled temperature (22±1˚C) 
and humidity (50±5%) in a 12/12‑h light/dark cycle with 
food and water available ad libitum. ZR751 cells transduced 
with different constructs (shDCXR‑1 and shNC) were resus‑
pended in PBS and injected subcutaneously into the armpits 
of nude mice (5x106 cells/100 µl; 200 µl). A total of 12 mice 
were randomly divided into two groups as follows: shNC 
(mice injected subcutaneously with ZR751 cells transduced 

with shNC) and shDCXR (mice injected subcutaneously 
with ZR751 cells transduced with shDCXR‑1). Tumors were 
measured weekly and the tumor volume (V) was calculated 
as follows: V=(length x width x2)/2. After 33 days, mice 
were anesthetized using 1% pentobarbital sodium (40 mg/kg) 
injected intraperitoneally and sacrificed by acute exsanguina‑
tion after they became unconscious. The tumors were excised 
for IHC staining. 

Statistical analysis. Experimental data are presented as the 
mean ± standard error of the mean of a minimum of three inde‑
pendent experiments. GraphPad Prism 8 (GraphPad Software, 
Inc.) was used for statistical analysis. Unpaired Student's t test 
was used for comparisons between two groups, and paired 
Student's t‑test was used to determine the statistical signifi‑
cance of differences in the expression levels in clinical tissue 
samples. In addition, χ2 analysis was performed to assess the 
association of DCXR expression with tumor size, tumor stage, 
AJCC stage, distant metastasis and ER/PR/HER2‑status. 
Univariate and multivariate Cox regression analysis were used 
to evaluate prognostic significance. Survival rate was analyzed 
by Kaplan‑Meier with log‑rank test. To test statistical signifi‑
cance between multiple groups, one‑way ANOVA followed 
with Tukey's post hoc test was used. All statistical tests were 
two‑sided. P<0.05 was considered to indicate a statistically 
significant difference.

Results 

DCXR is upregulated and associated with tumor progression 
in human breast cancer tissue. DCXR expression was 
assessed in 1,104 breast cancer and 113 paracancerous tissue 
samples from TCGA database. The results showed that DCXR 
was significantly upregulated in breast cancer tissue (Fig. 1A). 
A total of 80 patients' samples and data were collected for 
univariate and multivariate risk factor analysis and 30 patients 
were selected for RNA and protein expression verification; the 
expression levels of DXCR in the 50 patients were determined 
by IHC. RT‑qPCR results showed that DCXR was signifi‑
cantly upregulated in breast cancer tissue compared with the 
paracancerous tissue (Fig. 1B). Furthermore, positive DCXR 
protein expression in breast cancer tissue was detected in 30 
tissue samples by IHC staining. Subsequently, 30 patients were 
grouped into low‑ and high‑expression populations according 
to the IHC score: 0‑3 was defined as low protein expression 
and 4‑9 was defined as high protein expression of DCXR 
(Fig. 1C). To determine the association between DCXR expres‑
sion and breast cancer progression, the protein expression and 
clinical characteristics of 30 patients were picked at random to 
analyze. Survival rate, which was analyzed by Kaplan‑Meier 
with log‑rank test, showed that high expression of DCXR was 
associated with poor prognosis in patients with breast cancer 
(Fig. 1D). The χ2 analysis of DCXR expression and tumor 
indicators suggested that high protein expression was associ‑
ated with tumor size, tumor stage, American Joint Committee 
on Cancer (AJCC) stage, ER/PR/HER2‑status and distant 
metastasis (Table I). Univariate regression analysis showed that 
DCXR expression, tumor size, tumor stage, AJCC stage and 
distant metastasis were significant predictors for breast cancer 
(Fig. 1E), whereas multivariate regression analysis further 
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demonstrated that, with the exception of AJCC stage, the other 
four risk factors were independent predictors of breast cancer 
aggressiveness, with significant HRs for predicting clinical 
outcome (Fig. 1F). These data indicated that upregulation of 
DCXR was associated with breast cancer progression.

DCXR silencing suppresses proliferation, arrests the cell 
cycle and decreases glycolysis activity in human breast 
cancer cells. GSEA showed that genes in the high‑expression 
DCXR group were primarily enriched in ‘glycolysis’ and ‘cell 
cycle’ (Fig. 2A and B).

Next, in vitro experiments using breast cancer cell lines 
were used to assess the function of DCXR. DCXR mRNA 
and protein levels were upregulated in MDA‑MB‑231, BT‑474, 
T47D, MCF‑7 and ZR751 cells compared with MCF‑10A 
normal human mammary epithelial cells (Fig. S1A and B). 
The two cell lines with the highest expression levels (ZR751 
and BT‑474) were selected for DCXR knockdown and 
MDA‑MB‑231, with the lowest expression, was selected 
for DCXR overexpression. DCXR was knocked down by 
transducing three different shDCXR into ZR751 and BT‑474 
cells; cells with shDCXR‑1 and shDCXR‑2 were selected for 
follow‑up study based on the efficiency of shRNA; the results 
showed that all three shRNAs could effectively inhibit the 
expression of DCXR, and the shRNA with the best knockdown 
effect (shRNA‑1) was selected for subsequent experiments 
(Fig. S1C and D). In shDCXR‑1‑ and shDCXR‑2‑transduced 
ZR751 and BT‑474 cells, proliferation was decreased at 24 
and 48 h (Fig. 2C and E), cell cycle was arrested in G1 phase 
(Fig. 2E and F), the production of ATP and LD was decreased 
(Fig. 2G and H) and ECAR was decreased (Fig. 2I and J). 
These data suggested DCXR knockdown inhibited glycolysis 
and cell cycle of breast cancer cells.

DCXR silencing suppresses tumorigenicity of human breast 
cancer cells in a mouse tumor model. To identify the effect of 
DCXR on tumorigenicity of breast cancer cells, tumor growth 
was observed following injection of shDCXR‑ or shNC‑trans‑
duced ZR751 cells into left flank of nude mice. At 33 days 
post‑injection, DCXR interference was found to suppress the 
tumorigenic and proliferative ability of breast cancer cells; the 
volume of subcutaneous tumors was significantly smaller in 
the shDCXR group compared with the shNC group at 33 days 
post‑injection (Fig. 3A and B). IHC assay for Ki‑67 was used 
to assess cancer cell proliferation (23). The results showed 
that expression of Ki‑67 was downregulated in tumor tissue of 
mice transplanted with DCXR‑silenced cells by fluorescence 
staining (Fig.  3C), suggesting that DCXR silencing may 
suppress cell proliferation.

Glycolysis inhibitor 2‑DG abolishes the effect of DCXR on 
proliferation and glycolysis of human MDA‑MB‑231 cells. The 
MDA‑MB‑231 cell line overexpressing DCXR was cultured 
to investigate the role of glycolysis inhibitor 2‑DG on DCXR 
function in MDA‑MB‑231 breast cancer cells. Overexpression 
and knockdown of DCXR were detected by RT‑qPCR 
and western blotting (Fig.  S1C‑F). DCXR overexpression 
promoted proliferation after 24 h (Fig. S2A), progression at 
S phase (Fig. S2B) and the production of ATP, LD and ECAR 
(Fig. S2C‑E, respectively). 2‑DG exposure for 24 and 48 h 
significantly inhibited cell proliferation, and its combination 
with DCXR overexpression suppressed oe‑DCXR‑induced 
cell proliferation (Fig. 4A). Subsequently, the role of 2‑DG on 
DCXR‑induced effects on cell cycle and glycolysis‑associated 
indexes were evaluated. 2‑DG exposure increased the number 
of MDA‑MB‑231 cells in G1 phase (Fig. 4B) and decreased 
production of ATP (Fig. 4C), LD (Fig. 4D) and ECAR (Fig. 4E), 

Figure 1. DCXR is upregulated and associated with cancer progression in human breast cancer tissue. (A) DCXR expression levels were increased in 1,104 
human breast cancer compared with 113 paracancerous samples in TCGA database. (B) DCXR mRNA expression levels were determined using reverse 
transcription‑quantitative PCR in 30 pairs of breast cancer and paracancerous tissue. The patients were grouped into low‑ and high‑expression populations 
according to the immunohistochemistry score; 0‑3 was defined as low protein expression and 4‑9 was defined as high protein expression of DCXR. ***P<0.001. 
(C) DCXR protein levels were examined using immunohistochemical staining assay in paracancerous and breast cancer tissue with low and high mRNA levels 
(scale bar, 200 µm). (D) High expression of DCXR was associated with poor prognosis in patients with breast cancer. (E) Univariate and (F) multivariate risk 
factor analysis of DCXR expression, tumor size, tumor stage, AJCC stage and distant metastasis with breast cancer. AJCC, American Joint Committee on 
Cancer; DCXR, dicarbonyl/L‑xylulose reductase; TCGA, The Cancer Genome Atlas.
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indicating that 2‑DG suppressed the cell cycle and glycolytic 
metabolism. 2‑DG treatment combined with oe‑DCXR in 
MDA‑MB‑231 cells attenuated the effects of DCXR protein 
overexpression on the cell cycle, and glycolysis‑associated 
indexes were also attenuated (Fig. 4A‑E). These data indi‑
cated that the effect of DCXR on cell cycle progression and 
glycolysis was abrogated when glycolysis was inhibited.

Discussion 

To the best of our knowledge, the present study is the first to 
report an association between DCXR and disease progression 

with respect to breast cancer. DCXR expression was upregu‑
lated and promoted cell cycle, proliferation and glycolytic 
metabolism in breast cancer. 

DCXR was first noticed because of its association 
with pentosuria, a deficiency that elevates urine levels of 
L‑xylulose (27). In addition to acting as a catalytic enzyme, 
DCXR performs other functions through protein‑protein 
interactions, such as affecting sperm‑zona pellucida interac‑
tion and cell adhesion  (22,28). Its role in disease, such as 
infertility and cancer, has also been considered (18); however, 
our understanding of the role of DCXR in cancer is limited. 
In the present study, DCXR was highly expressed in breast 

Table I. Association between DCXR expression and clinicopathological characteristic in patients with breast cancer.

	DC XR expression
	-------------------------------------------------------------
Clinicopathological characteristic	N umber of cases	 High (%)	L ow (%)	 P‑valuea

Age, years				    0.2007
  ≥50	 32	 14 (43.8)	 18 (56.2)	
  <50	 48	 28 (58.3)	 20 (41.7)	
Tumor size, cm				    0.0024
  ≥2	 54	 22 (40.7)	 32 (59.3)	
  <2	 26	 20 (76.92)	 6 (23.08)	
Histopathology				    0.2367
  Ductal	 55	 32 (58.2)	 23 (41.8)	
  Lobular	 25	 18 (72.0)	 7 (28.0)	
Histological grade				    0.0317
  1	 13	 3 (23.1)	 10 (76.9)	
  2	 44	 28 (63.6)	 16 (36.4)	
  3	 23	 11 (47.8)	 12 (52.2)	
AJCC stage				    0.0265
  I	 18	 3 (16.7)	 15 (83.3)	
  II	 20	 12 (60)	 8 (40)	
  III	 42	 27 (64.3)	 15 (35.7)	
Tumor stage				    0.0382
  T1	 11	 3 (27.3)	 8 (72.7)	
  T2	 20	 15 (66.7)	 5 (33.3)	
  T3	 49	 39 (33.3)	 10 (66.7)	
Distant metastasis				    0.0147
  Presence	 40	 33 (82.5)	 7(17.5)	
  Absence	 40	 23 (57.5)	 17 (42.5)	
ER status				    0.0150
  Positive	 50	 32 (62.7)	 19 (37.3)	
  Negative	 30	 10 (34.5)	 19 (65.5)	
PR status				    0.0015
  Positive	 54	 35 (64.8)	 19 (35.2)	
  Negative	 26	 7 (26.9)	 19 (73.1)	
HER2 status				    0.0257
  Positive	 22	 16 (72.7)	 6 (27.3)	
  Negative	 58	 26 (44.8)	 32 (55.2)	

aDifferences between groups were determined by χ2 test. AJCC, American Joint Committee on Cancer; DCXR, dicarbonyl/L‑xylulose reduc‑
tase; ER, estrogen receptor; PR, progesterone receptor.
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cancer tissue, based on the results of microarray assay 
from TCGA. Genome‑wide gene expression analysis based 
on microarray technology is a key step in elucidating the 
molecular mechanisms of chronic disease, such as obesity, 
cardiovascular disease and cancer, and to identifying the key 
genes involved. The characteristic genes that discriminate 
healthy from unhealthy samples may be used as a target for 
drug development or as a molecular marker for diagnosis and 
prognosis (29). The present study results demonstrated DCXR 
expression levels were significantly higher in 30 clinical breast 
cancer samples compared with paracancerous tissue, which 
was consistent with results from TCGA. Thus, DCXR may 
be a molecular marker for breast cancer diagnosis. DCXR 
was subsequently associated with poor prognosis, tumor size, 
tumor stage, AJCC stage and distant metastasis. Overall, 
these results suggested that DCXR may serve as a potential 

clinical diagnostic/prognostic marker and therapeutic target in 
breast cancer. Moreover, consistent with previously published 
articles, the presented data supported DCXR as an onco‑
gene (18,19). The present study showed DCXR upregulation 
may be associated with breast cancer tumor progression and 
may be an independent risk factor for breast cancer. 

The link between glycolysis and the cell cycle is impor‑
tant for cancer progression (30). The cell cycle is a process of 
cell division regulated by checkpoint controls; disrupted cell 
cycle underlies abnormal cell division and proliferation (31). 
Moreover, the cell cycle is an energy‑intensive process, 
supported by oxidative phosphorylation and/or glycolysis (32). 
Cancer cells usually exhibit enhanced glycolysis that provides 
abundant ATP when necessary (for example at G1/S transi‑
tion checkpoint) to support the proliferation and invasion of 
cancer cells (33,34). Certain studies have shown that signaling 

Figure 2. DCXR silencing suppresses proliferation, arrests the cell cycle and decreases glycolysis activity of human breast cancer cells. Bioinformatics 
analysis indicated that DCXR was enriched in (A) ‘glycolysis’ and (B) ‘cell cycle’ in breast cancer. Proliferation of (C) ZR751 and (D) BT‑474 cells was 
suppressed following transduction with shDCXR‑1 and shDCXR‑2. Knockdown of DCXR arrested cells in G0/G1 phase in (E) ZR751 and (F) BT‑474 cells. 
DCXR silencing decreased production of (G) ATP and (H) LD in ZR751 and BT‑474 cells. Both shDCXR‑1 and shDCXR‑2 suppressed ECAR (mpH/min) in 
(I) ZR751 and (J) BT‑474 cells. *P<0.05, **P<0.01, ***P<0.001 vs. shNC. ES, enrichment Score; NES, normalized enrichment score; 2‑DG, 2‑deoxy‑D‑glucose; 
DCXR, dicarbonyl/L‑xylulose reductase; ECAR, extracellular acidification rate; LD, lactate dehydrogenase; NC, negative control; OD, optical density; sh, 
short hairpin.



JIN et al:  DCXR PROMOTES AEROBIC GLYCOLYSIS IN BREAST CANCER8

Figure 3. DCXR silencing suppresses tumorigenicity of human breast cancer cells in a mouse tumor model in vivo. Nude mice were subcutaneously injected 
with ZR751 cells transduced with shDCXR or shNC. Following injection, tumor (A) volume and (B) weight were measured; *P<0.05, ***P<0.001 vs. shNC. 
(C) After 33 days of tumor growth, xenografts were removed for Ki‑67 immunohistochemical staining to evaluate cell proliferation (scale bar, 200 µm). 
DCXR, dicarbonyl/L‑xylulose reductase; NC, negative control; sh, short hairpin RNA.

Figure 4. Glycolysis inhibitor 2‑DG abolishes the effect of DCXR overexpression on proliferation and glycolytic metabolism of human MDA‑MB‑231 cells. 
(A) oeDCXR‑transduced MDA‑MB‑231 breast cancer cells exhibited decreased cell proliferation in the presence of 2‑DG. (B) 2‑DG abolished the effect of 
oeDCXR on promoting the cycle of MDS‑MB‑231 cells. 2‑DG exposure inhibited the production of (C) ATP and (D) LD in oeNC and oeDCXR‑transduced 
cells. (E) ECAR (mpH/min) of oeDCXR‑transduced cells was suppressed in the presence of the inhibitor 2‑DG. **P<0.01, ***P<0.001 vs. vehicle; ##P<0.01, 
###P<0.001 vs. Vehicle + oeDCXR. 2‑DG, 2‑deoxy‑D‑glucose; DCXR, dicarbonyl/L‑xylulose reductase; ECAR, extracellular acidification rate; LD, lactate 
dehydrogenase; NC, negative control; OD, optical density; oe, overexpression. 
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molecules critical for glycolysis regulate breast cancer cell 
proliferation (11,35‑37). To the best of our knowledge, however, 
the function of DCXR in cell events and glycolytic metabo‑
lism during disease progression has been rarely studied. The 
present study investigated the role of DCXR in regulating 
glycolysis and cell cycle in breast cancer cells because the 
function of DCXR was significantly enriched in ‘glycolysis’, 
as indicated by GSEA bioinformatics analysis. DCXR loss‑ or 
gain‑of‑function results suggested that DCXR silencing inhib‑
ited both glycolysis and cell cycle G1/S checkpoint progression, 
whereas DCXR overexpression promoted glycolysis and G1/S 
phase progression. To the best of our knowledge, this is the first 
study demonstrating that DCXR promotes glycolytic metabo‑
lism. Therefore, we hypothesized that DCXR may promote 
breast cancer development by regulating glycolysis and cell 
cycle. This phenomenon was further supported by in vivo 
experiments using mice with xenograft tumors, which showed 
that DCXR silencing limited tumor growth and proliferation; 
in vitro human breast cancer cell assays showed that exposure 
to glycolysis inhibitor 2‑DG abolished the promoting effect of 
DCXR overexpression on cell cycle and glycolysis. Previous 
studies have shown that the function of DCXR is enzyme 
catalysis and protein‑protein interaction‑mediated cell adhe‑
sion in cancer cells (19,20). The present study demonstrated a 
novel function of DCXR in enhancing glycolytic metabolism 
and promoting proliferation of breast cancer cells. The present 
study had certain limitations. First, the reason for the increase 
in DCXR has not been identified. Furthermore, the molecular 
mechanism of glucose metabolism in animals has not been 
clarified. These will be the focus of future research. 

The present findings suggested that DCXR may be an 
oncogene in breast cancer cells and may be associated with 
tumor progression. These results revealed that DCXR may 
regulate glycolysis, cell cycle progression and proliferation 
in breast cancer cells. This study investigated the biological 
function of DCXR and provided a basis for the application of 
DCXR as a marker or therapeutic target for breast cancer. 
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