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Abstract 

Background: Aberrant expression of Aldo-Keto reductase family 1 member B10 (AKR1B10) was associated with 
tumor size and metastasis of breast cancer in our published preliminary studies. However, little is known about the 
detailed function and underlying molecular mechanism of AKR1B10 in the pathological process of breast cancer.

Methods: The relationship between elevated AKR1B10 expression and the overall survival and disease-free survival 
of breast cancer patients was analyzed by Kaplan–Meier Plotter database. Breast cancer cell lines overexpressing 
AKR1B10 (MCF-7/AKR1B10) and breast cancer cell lines with knockdown of AKR1B10 (BT-20/shAKR1B10) were con-
structed to analyze the impact of AKR1B10 expression on cell proliferation and migration of breast cancer. The expres-
sion levels of AKR1B10 were detected and compared in the breast cancer cell lines and tissues by RT-qPCR, western 
blot and immunohistochemistry. The proliferation of breast cancer cells was monitored by CCK8 cell proliferation 
assay, and the migration and invasion of breast cancer cells was observed by cell scratch test and transwell assay. The 
proliferation- and EMT-related proteins including cyclinD1, c-myc, Survivin, Twist, SNAI1, SLUG, ZEB1, E-cadherin, PI3K, 
p-PI3K, AKT, p-AKT, IKBα, p-IKBα, NF-κB p65, p-NF-κB p65 were detected by western blot in breast cancer cells. MCF-7/
AKR1B10 cells were treated with LY294002, a PI3K inhibitor, to consider the impact of AKR1B10 overexpression on the 
PI3K/AKT/NF-κB signal cascade and the presence of NF-κB p65 in nuclear. In vivo tumor xenograft experiments were 
used to observe the role of AKR1B10 in breast cancer growth in mice.

Results: AKR1B10 expression was significantly greater in breast cancer tissue compared to paired non-cancerous 
tissue. The expression of AKR1B10 positively correlated with lymph node metastasis, tumor size, Ki67 expression, and 
p53 expression, but inversely correlated with overall and disease-free survival rates. Gene Ontology analysis showed 
that AKR1B10 activity contributes to cell proliferation. Overexpression of AKR1B10 facilitated the proliferation of 
MCF-7 cells, and induced the migration and invasion of MCF-7 cells in vitro in association with induction of epithelial-
mesenchymal transition (EMT). Conversely, knockdown of AKR1B10 inhibited these effects in BT-20 cells. Mechanisti-
cally, AKR1B10 activated PI3K, AKT, and NF-κB p65, and induced nuclear translocation of NF-κB p65, and expression 
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Background
Breast cancer originating from breast epithelial tissue, is 
one of the most frequently occurring malignant tumors 
in female adults [1]. Epidemiological studies suggest that 
the incidence rate of female breast cancer continues to 
rise annually in China [2]. Despite the significant pro-
gress made in diagnosis and treatment, the prognosis for 
patients remains poor [3]. Better insight into the mecha-
nisms underlying breast cancer would assist with the 
development of more effective diagnostic and/or thera-
peutic strategies.

Aldo-Keto reductase family 1 member B10 (AKR1B10), 
also known as Aldose reductase like protein-1 (ARL-1), 
is a member of the human aldo-keto reductase (AKR) 
superfamily which protects cells by reducing aldehyde 
ketone carbonyl compounds to alcohols [4]. AKR1B10 
plays a central role in cancer lipid metabolism by govern-
ing the synthesis of lipids through stabilizing acetyl coen-
zyme-A carboxylase α [5]. In recent studies, AKR1B10 
may be involved in the occurrence, and progression of 
many cancers [6–8]. In patients with hepatocellular car-
cinoma (HCC), high expression of AKR1B10 is positively 
correlated with poor prognosis, indicating the protein 
may effect tumor survival [9]. In patients with breast 
cancer, elevated AKR1B10 expression is also associated 
with chemotherapy drug resistance [10]. However, lit-
tle is known about the detailed function and underlying 
molecular mechanism of AKR1B10 in the pathology of 
breast cancer.

In our previous study, we showed that PI3K inhibitors 
block cell proliferation of breast cancer cells overexpress-
ing AKR1B10, which suggested that AKR1B10 may regu-
late the AKT signaling pathway in breast cancer. We also 
noted that AKR1B10-overexpression increased protein 
level of SNAI1, a transcription factor that regulates EMT. 
Based on these findings, we comprehensively investigated 
the effects of AKR1B10 and its associated mechanisms in 
breast cancer with the goal of developing a novel founda-
tion for future breast cancer diagnosis and treatment.

Methods
Patients and tissue specimens
Tumor and adjacent normal tissues were obtained from 
33 female breast cancer patients in the First People’s 
Hospital of Chenzhou between 2013 and 2016. Among 
them, none of the patients underwent chemotherapy, 
radiotherapy or immunotherapy prior to surgery. Tumor-
Node-Metastasis (TNM) classification was performed 
according to the 8th edition of the American Joint Com-
mittee on Cancer (AJCC) staging system. The study was 
approved by the Ethics Committee of The First Peo-
ple’s Hospital of Chenzhou and informed consent was 
obtained from all patients.

Cell culture and treatments
The human breast cancer cell lines MCF-7 
(RRID:CVCL_0031) and BT-20 (RRID:CVCL_0178) were 
purchased from the Shanghai Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences (Shang-
hai, China). All human cell lines have been authenti-
cated using short-tandem repeats (STR) profiling within 
the last 3  years. All experiments were performed with 
mycoplasma-free cells. Overexpression stable cell line 
and knockdown stable cell line were established as pre-
viously described in our laboratory [7]. For knockdown, 
5 ×  104 BT-20 cells were planted on a 6-well plates. When 
the cells have grown to 70–80% confluence, replace 
fresh RPMI1640 medium without fetal bovine serum 
and use the Scramble or shAKR1B10 virus infects the 
cells. After culturing for 72 h, the stable BT-20/Scramble 
and BT-20/shAKR1B10 cells were obtained by puromy-
cin screening. The shAKR1B10 sequence was as follow-
ing: shAKR1B10#1: GAT CCG TGT TGC AAT CCT CTC 
ATT TTC AAG AGA AAT GAG AGG ATT GCA ACA TTT 
TTTG. shAKR1B10#2: GAT CCG AAG TGA AAG AAG 
CAG TGA ATC AAG AGT TCA CTG CTT CTT TCA CTT 
TTT TTTG. Wherever mentioned, the cells were treated 
with 30 µM and/or 50 µM of the PI3K inhibitor LY294002 
(CST) for 48 h.

of proliferation-related proteins including c-myc, cyclinD1, Survivin, and EMT-related proteins including ZEB1, SLUG, 
Twist, but downregulated E-cadherin expression in MCF-7 cells. AKR1B10 silencing reduced the phosphorylation of 
PI3K, AKT, and NF-κB p65, the nuclear translocation of NF-κB p65, and the expression of proliferation- and migration-
related proteins in BT-20 cells. LY294002, a PI3K inhibitor, attenuated the phosphorylation of PI3K, AKT, and NF-κB p65, 
and the nuclear translocation of NF-κB p65. In vivo tumor xenograft experiments confirmed that AKR1B10 promoted 
breast cancer growth in mice.

Conclusions: AKR1B10 promotes the proliferation, migration and invasion of breast cancer cells via the PI3K/AKT/
NF-κB signaling pathway and represents a novel prognostic indicator as well as a potential therapeutic target in breast 
cancer.

Keywords: AKR1B10, PI3K/AKT, NF-κB, Proliferation, Migration, Breast cancer
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Immunohistochemistry (IHC)
IHC staining was conducted as previously described 
[11]. A rabbit polyclonal antibody against AKR1B10 
(1:100, self-prepared) was used to detect AKR1B10. 
The IHC score was calculated by multiplying the per-
centage of positive cells with the intensity of staining. 
The intensity of IHC staining was designated as: 0 (no 
staining), 1 (weak staining), 2 (moderate staining), and 
3 (strong staining). The percentage of stained cells was 
determined as: 1 (1–25%), 2 (26–50%), 3 (51–75%), and 
4 (76–100%). The IHC score of AKR1B10 expression 
was evaluated by two experienced pathologist.

Quantitative real‑time RT‑PCR
Total RNA was extracted from cell lysates and breast 
normal/tumor tissues using RNA TRIzol Reagent (Inv-
itrogen, USA) according to manufacturer’s instructions. 
Reverse transcription was performed using the GoS-
cript Reverse Transcription System (Promega, USA) 
following manufacturer’s protocols. RT-PCR reactions 
were performed using SYBR Premix Ex Taq II (Takara, 
Japan) in a Light Cycle480 Real-Time PCR Detection 
System (Roche, Germany) following the manufacturer’s 
instructions. The relative mRNA levels were normal-
ized against GAPDH using the  2−ΔΔCt formula. The 
primer sequences were as follows:

GAPDH forward: ACC ACA GTC CAT GCC ATC 
AC;
GAPDH reverse: ACC ACC CTG TTG CTGTA;
AKR1B10 forward: GCT GAG CTA TCT GGA CGT 
CT;
AKR1B10 reverse: CGT TAC AGG CCC TCC AGT 
TT.

Cell proliferation assay
Cell Counting Kit-8 (CCK-8, Beyotime, China) was 
used to detect cell proliferation. Briefly, 1 ×  103 breast 
cancer cells were seeded in each well of a 96-well plate 
and a CCK-8 kit was used every 24 h. The absorbance 
was measured 24  h later at 450  nm. The cell growth 
curve was generated over 3 consecutive days using the 
CCK-8 assay.

Wound healing assay
Cells were seeded and cultured in six-well plates for 
24  h. Wounds were created by introducing scratches 
in the monolayer of cells using 100 µL pipette tips. The 
medium was then replaced with serum-free medium. 
Plates were washed twice with fresh medium to remove 
non-adherent cells after the cells had been cultured 

for 48 h, and then photographed. Finally, the distances 
between wound edges were measured. The rate of 
wound healing = [(the wound width of 0 h − the wound 
width of 24 or 48 h)/the wound width of 0 h] × 100%.

Migration and invasion experiments
Cell migration and invasion were measured using a 
Corning polycarbonate film insert transwell chamber 
(Corning, USA) containing 8  μm pores in the presence 
or absence of Matrigel (BD Biosciences, USA) according 
to the manufacturer’s protocol. 5 ×  104 cells per well were 
seeded in the upper of chamber without Martrigel for 
migration assay, and 1 ×  105 cells per well were seeded in 
the upper of chamber with Martrigel for invasion assay. 
The medium containing 10% FBS was placed in the lower 
chamber as an attractant. 24 h later, the cells were fixed 
in 4% paraformaldehyde for 20  min and then stained 
with 0.1% crystal violet for 10 min. The cells in the upper 
chamber were removed with a cotton swab and dried, 
and the images were captured in 6 random zones under 
each microscope. The number of cells was counted by 
Image software. The mean cell count of three independ-
ent membranes was defined as the migration or invasion 
index. The experiment was repeated three times.

Bioinformatics analysis
The Kaplan Meier-plotter database (http:// www. kmplot. 
com) was used to evaluate the relationship between 
AKR1B10 expression and overall or disease-free survival 
rates in patients with breast cancer. Coexpedia (http:// 
www. coexp edia. org) [12] was used for AKR1B10 Gene 
Ontology (GO) term analysis.

Western blotting
Western blotting analyses were performed as previously 
described [13]. In detail, total protein was extracted using 
RIPA buffer, quantified by BCA assay, and subjected to 
SDS-PAGE gel electrophoresis and transferred to nitro-
cellulose membrane (NC). The blot was blocked with 5% 
non-fat milk and then incubated with primary antibodies 
overnight at 4 °C and then incubated with the secondary 
antibody for 1.5 h on a room temperature. The primary 
antibodies used in this study are listed in Additional 
file  1: Table  S1. After extensive washing in PBST, the 
expression levels of the proteins were detected by Quan-
tity-one software (Bio-Rad Laboratories, USA) using the 
ECL-chemiluminescent kit. The signal of protein bands 
was quantified by ImageJ software for Windows (NIH, 
USA).

http://www.kmplot.com
http://www.kmplot.com
http://www.coexpedia.org
http://www.coexpedia.org
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PIP3 ELISA assay
PIP3 concentrations were measured using the enzyme-
linked immunosorbent assay by ELISA kit (Jianglai Bio, 
China). Cells were rinsed with PBS, detached by scraping, 
collected by centrifugation, and disrupted by ultrasonic 
treatment. The blank well, standard well and the sample 
well were set, respectively; 40 µL sample dilution buffer 
and 10  µL sample solution were added in the test well. 
100  µL of enzyme labeling reagent was added to each 
well, except for blank wells. After incubation for 30 min, 
absorbance was measured at 450 nm and  PIP3 concentra-
tion was calculated using a standard curve.

In vivo tumor xenograft experiments
Animal experiments were performed on female BALB/c 
nude mice. At 6 weeks of age, the mice were inoculated 
s.c. with 5 ×  106 MCF-7/Vector or MCF-7/AKR1B10 cells 
mixed 1:1 with Matrigel (BD Biosciences Pharmingen) 
(n = 6 mice per group). The Mice receiving MCF-7 cells 
were, before tumor cell inoculation, implanted s.c. with 
a slow release estradiol pellet (0.72 mg, 60 days, Innova-
tive Research of America). Additionally, 5 ×  106 BT-20/
Scramble cells or BT-20/shAKR1B10 cells were injected 
into the mammary fat pad of the 2 groups respectively 
(n = 6 mice per group). Four weeks later, the mice were 
sacrificed, and the xenograft tumor tissues were weighed. 
The study protocol complied with the ARRIVE guide-
lines and was carried out by following the National Insti-
tutes of Health guide for the care and use of laboratory 
animals.

Statistical analysis
Statistical Package for the Social Sciences (SPSS) V.20 for 
Windows was used to run statistical analyses. Student’s 
t tests and ANOVA were used to compare the statistical 
differences between groups. A p-value less than 0.05 was 
considered to indicate a statistically significant difference.

Results
AKR1B10 expression in breast cancer tissues is associated 
with clinicopathological features
To investigate the expression of AKRB10 in breast cancer, 
the Curtis breast dataset data including 10 cases of ductal 
carcinoma in  situ and 144 cases of normal breast tissue 
were obtained from the Oncomine database. AKR1B10 
mRNA levels were significantly higher in breast cancer 
tissues compared to normal tissues (Fig.  1A). We ana-
lyzed AKR1B10 mRNA and protein levels in 30 pairs of 
fresh breast cancer tissue/normal tissue by qRT-PCR 
and western blotting. Both mRNA and protein levels of 
AKR1B10 were significantly higher in tumor breast tis-
sues than adjacent non-tumor counterparts (Fig. 1B–D). 

Furthermore, immunohistochemistry (IHC) was used to 
examine AKR1B10 expression in 30 breast cancer sam-
ples and paired adjacent non-tumor tissue. AKR1B10-
positive staining was significantly higher in cancer tissues 
than normal breast tissues (Fig.  1E, F). These results 
demonstrate that AKR1B10 is highly expressed in breast 
cancer tissues.

Next, the association between AKR1B10 expression 
and clinicopathological characteristics of patients with 
breast cancer (n = 63) was analyzed. The protein levels of 
AKR1B10 distinctly correlated with lymph node metas-
tasis (p = 0.016), tumor size (p = 0.010), Ki67 expres-
sion (p = 0.036), and p53 expression (p = 2.73E−04) 
(Table  1). Kaplan–Meier survival analysis showed that 
 AKR1B10high patients had markedly lower overall sur-
vival (OS, p = 0.0061) and disease-free survival (DFS, 
p = 0.014) rates compared to  AKR1B10low breast cancer 
patients (Fig. 1G, H). Taken together, these results indi-
cate that AKR1B10 may play an important role in breast 
cancer development and pathology.

AKR1B10 promotes proliferation, migration, invasion 
of breast cancer cells
To further study the biological function of AKR1B10 
in breast cancer, we first established stable breast can-
cer cell lines overexpressing AKR1B10 in MCF-7 cells 
by lentiviral infection. Similarly, BT-20 cells with stable 
knockdown of AKR1B10 were established by lentiviral-
mediated expression of shRNA. Stable overexpression 
and knockdown of the protein was confirmed by RT-
PCR and western blotting analysis (Fig. 2A, B). The clin-
icopathological correlation analysis indicates a role for 
AKR1B10 in the proliferation and metastasis of breast 
cancer cells. We thus examined functional terms corre-
lated with AKR1B10 genes using Gene Ontology (GO) 
terms in the coexpedia database. Gene function analysis 
of AKR1B10 indicated AKR1B10 is significantly associ-
ated with the terms “cell cycle process”, “regulation of cell 
proliferation”, ”regulation of cell cycle” etc. (Table 2). This 
further suggested that AKR1B10 may be associated with 
the tumor progression. Next, we performed CCK8 prolif-
eration assays, scratch wound assays and transwell assays. 
CCK8 assays showed that overexpression of AKR1B10 
promoted cell proliferation of MCF-7 cells compared to 
the MCF-7/Vector, while knockdown reduced cell pro-
liferation of BT-20 cells compared to the BT-20/Scram-
ble (Fig.  2C, D). AKR1B10 overexpression in MCF-7 
cells significantly enhanced cell migration and invasion 
(Fig. 2E, G). Conversely, loss of AKR1B10 suppressed cell 
migration and invasion ability (Fig. 2F, H). These in vitro 
results demonstrated that AKR1B10 not only affects cell 
proliferation but also promotes migration and invasion in 
breast cancer cells.
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Studies have shown that proliferation of cancer cells 
largely relies on proliferation-related proteins includ-
ing c-myc, Survivin and cyclinD1, which prompted us 
to investigate whether these regulators were involved in 
AKR1B10-induced proliferation of breast cancer cells. 
As expected, c-myc, Survivin and cyclinD1 were down-
regulated in BT-20 cells/shAKR1B10, but upregulated 
in MCF-7 cells/AKR1B10 (Fig.  2I, J). It is well known 
that several Epithelial–mesenchymal transition (EMT)-
related proteins play important roles in cell migration 
and invasion during tumor progression. We examined 
changes in the expression levels of the EMT-related pro-
teins ZEB1, SNAI1, SLUG, Twist and E-cadherin after 
AKR1B10-gene intervention in the breast cancer cells 
by western blot. ZEB1, SNAI1, SLUG, Twist expression 
increased, and E-cadherin expression decreased follow-
ing AKR1B10 overexpression in MCF-7 cells, whereas 

ZEB1 and Twist were downregulated following AKR1B10 
knockdown in BT-20 cells (Fig.  2K, L). These data sug-
gests that AKR1B10-induced proliferation, migration and 
invasion observed in breast cancer cells is mediated by 
regulation of transcription factors that control cell prolif-
eration and EMT.

AKR1B10 activates the NF‑κB pathway
Previous studies have shown that NF-κB signaling plays 
a critical role in tumor cell progression [14]. Hence, we 
examined the phosphorylation status of both IKBα and 
NF-κB p65 in breast cancer cells with AKR1B10 knock-
down or overexpression.

Overexpression of AKR1B10 significantly increased 
the phosphorylation of IKBα and NF-κB  p65 compared 
to control cells (Fig. 3A), while knockdown of AKR1B10 
inhibited the phosphorylation of these molecules 

Fig. 1 AKR1B10 is highly expressed in breast cancer tissues and correlates with patient prognosis. A AKR1B10 mRNA was upregulated in cancerous 
breast tissue compared to normal tissue in Curtis Breast dataset; B AKR1B10 mRNA levels was greater in 8 fresh breast tumor specimens than 
in paired adjacent normal tissue. The AKR1B10 relative expression levels were normalized to 1 in adjacent normal tissue; C, D AKR1B10 protein 
levels were higher in 4 fresh breast cancer tissues than in adjacent normal tissues. Data quantification relative to β-actin levels were compared for 
AKR1B10. E, F The immunohistochemical staining (IHC) score of AKR1B10 in cancerous tissue was significantly higher than the scores in adjacent 
normal tissues. Images a–d are representative images of 4 levels of expression from 0 to 8 score, such as 0 for no staining (a), 2 for week staining 
(b), 4 for moderate staining (c), 6 for strong staining (d). Scale bar = 50 μm; G, H Kaplan–Meier estimation revealed significantly lower overall and 
disease-free survival rates in patients with  AKR1B10high breast cancer than that in  AKR1B10low patients; all experiments were performed in triplicate 
and a representative WB analysis is depicted
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(Fig.  3B). We also examined the nuclear expression of 
NF-κB p65 by western blotting in AKR1B10-knockdown 
BT-20 cells as NF-κB p65 is a known nuclear transcrip-
tion factor which enters the nucleus upon activation. 
As shown in Fig.  3C, knockdown of AKR1B10 reduced 
NF-κB p65 protein presence within the nucleus. This 
result was supported by immunofluorescence analysis, 
which revealed increased nuclear accumulation of NF-κB 
p65 in AKR1B10-overexpressed MCF-7 cells (Fig.  3D), 
but decreased nuclear accumulation of NF-κB p65 in 
AKR1B10-knockdown BT-20 cells (Fig.  3E), Together, 
these results suggest that increased levels of AKR1B10 
activates the NF-κB signaling pathway.

AKR1B10 activates PI3K/AKT pathway
Recently, AKR1B10 has been reported to regulate phos-
phatidylinositol (3,4)-bisphosphate  (PIP2) production 
in breast cancer cells [5].  PIP2 is the substrate of phos-
phatidylinositol 3-kinase (PI3K) [15].  PIP3 is produced 
from  PIP2 by activated PI3K [15]. Gene function analy-
sis indicated that AKR1B10 was significantly associated 
with the terms “positive regulation of protein kinase B 
signaling” (data not shown). Based on these results, we 

first analyzed the levels of  PIP3 in breast cancer cells. As 
shown in Fig. 4A, overexpression of AKR1B10 increased 
 PIP3 levels in MCF-7 cells, while knockdown of AKR1B10 
decreased  PIP3 levels in BT-20 cells. These results prompt 
that AKR1B10 may be involved in regulating  PIP3 synthe-
sis. Next, we analyzed the phosphorylation and subse-
quent activation of PI3K/AKT signaling pathway-related 
proteins. AKR1B10 overexpression elevated the levels 
of phosphorylated-PI3K and phosphorylated-AKT, and 
not surprisingly, inhibition of AKR1B10 decreased the 
levels of these molecules in breast cancer cells (Fig.  4B, 
C). These findings suggest that the PI3K/AKT signaling 
pathway participates in AKR1B10-induced pathological 
progression observed in breast cancer cells.

PI3K/AKT‑activated NF‑κB signaling pathway contributes 
to the functionality of AKR1B10 in breast cancer
Previous studies have shown that NF-κB expression 
is regulated by inhibitory IκB proteins, which can be 
controlled by the upstream PI3K/AKT signaling path-
way. To test whether up-regulation in NF-κB p65 pro-
tein expression was due to activation of the PI3K/AKT 
signaling pathway, we used LY294002, a PI3K specific 

Table 1 The relationship between AKR1B10 expression and clinicopathological features of patients with breast cancer

Clinical parameters n AKR1B10 levels (IHC) X2 R P

≤ 4 > 4

Age 

 < 50 34 23 11 1.035 0.435 0.317

 ≥ 50 29 16 13

LN metastasis

 Yes 38 19 19 5.755 0.302 0.016 

 No 25 20 5

Tumor diameter (cm)

 ≤ 2 20 17 3 6.628 0.320 0.010 

 > 2 43 22 21

Ki67 (%)

 ≤ 20 29 22 7 4.439 0.265 0.036

 > 20 34 17 17

P53 (%)

 ≤ 40 29 25 4 13.457 0.462 2.73E−04 

 > 40 34 14 20

ER

 + 31 21 10 0.882 0.118 0.356

 − 32 18 14

PR

 + 25 17 8 0.653 0.102 0.427

 − 38 22 16

ERBB2

 + 45 27 18 0.242 − 0.062 0.629

 − 18 12 6
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Fig. 2 AKR1B10 promotes the proliferation, migration and invasion of breast cancer cells in vitro via regulation of epithelial-mesenchymal transition 
(EMT) and proliferation-related genes. A, B RT-PCR and western blot analysis of gene expression changes upon AKR1B10 overexpression and 
knockdown in MCF-7 cells and BT-20 cells, respectively; C, D AKR1B10 overexpression increased cell proliferation in MCF-7 cells and AKR1B10 
knockdown inhibited cell proliferation in BT-20 cells; E, F MCF-7 cell migration was significantly enhanced when AKR1B10 was overexpressed while 
BT-20 cell migration was significantly inhibited when AKR1B10 was knocked down in a scratch wound assay; G Migration and invasion ability of 
MCF-7 cells after AKR1B10 overexpressing in a transwell assay. H Migration and invasion ability of BT-20 cells after AKR1B10 knocking down in a 
transwell assay. I, J Western blotting analysis showed increased protein levels of c-myc, cyclinD1, and Survivin in MCF-7/AKR1B10 cells, and reduced 
protein levels in BT-20/shAKR1B10#1 cells, respectively; K Western blotting analysis showed significantly upregulated ZEB1, SNAI1, SLUG, Twist and 
downregulated E-cadherin in MCF-7/AKR1B10 cells compared to vector control cells; L Western blotting analysis showed significantly reduced 
ZEB1, Twist at protein level in BT-20/shAKR1B10#1 cells compared to scramble control cells. Experiment was repeated three times. Representative 
results were presented. *P < 0.05
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inhibitor to block this pathway. MCF-7/AKR1B10 cells 
were treated with 30 µM and 50 µM PI3K inhibitor for 
48 h. As anticipated, the levels of phosphorylated-PI3K 
and phosphorylated-AKT were significantly reduced 
in the presence of PI3K inhibitor (Fig.  5A). Interest-
ingly, we found that LY294002 dampened the levels 
of phosphorylated-IKBα and phosphorylated-NF-κB 
p65 in MCF-7/AKR1B10 cells (Fig. 5A). However, the 
changes in phosphorylated-NF-κB p65 were not con-
comitant with a decrease in NF-κB p65 protein levels. 

We further evaluated the effects of PI3K inhibitor on 
NF-κB p65 nuclear translocation using a nuclear/cyto-
sol fractionation assay. Nuclear expression of NF-κB 
p65 was decreased after treatment with the PI3K 
inhibitor in MCF-7/AKR1B10 cells (Fig.  5B). Taken 
together, these results demonstrate that AKR1B10 
activates the NF-κB signaling pathway, which can 
be inhibited by PI3K specific inhibitor LY294002. 
AKR1B10 may thus promote breast cancer progression 
by activating the PI3K/AKT/NF-κB signaling cascade.

Table 2 AKR1B10 gene ontology functional analysis

GO enrichment Term P

Biological process GO:0007049 Cell cycle 0.01653

Biological process GO:0042127 Regulation of cell proliferation 0.03943

Biological process GO:0051726 Regulation of cell cycle 0.04398

Biological process GO:0000083 Regulation of transcription involved in G1/S transition of 
mitotic cell cycle

0.04766

Fig. 3 AKR1B10 activates the NF-κB pathway in breast cancer cells. A, B Western blotting analysis showed increased protein levels of 
Phosphorylated-IKBα and Phosphorylated-NF-κB p65 in MCF-7/AKR1B10 cells, and reduced protein levels of Phosphorylated-IKBα and 
Phosphorylated-NF-κB p65 in BT-20 cells/shAKR1B10#1 cells, respectively; C Western blotting analysis showed decreased protein levels of nuclear 
NF-κB p65 in nucleus in BT-20/shAKR1B10#1 cells; D immunofluorescence colocalization experiments showed enhanced nuclear translocation of 
NF-κB p65 in MCF-7/AKR1B10 cells compared to vector control cells. E Immunofluorescence colocalization experiments showed decreased nuclear 
translocation of NF-κB p65 in BT20/shAKR1B10#1 cells compared to scramble control cells. Experiment was repeated three times. Representative 
results were presented. *P < 0.05; **P < 0.01
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AKR1B10 promotes breast cancer growth in vivo
We investigated the effect of AKR1B10 on the growth 
of breast cancer in an in  vivo mouse xenograft model. 
After implanting s.c. with a slow release estradiol pel-
let, the mice were inoculated s.c. with 5 ×  106 MCF-7/
Vector or MCF-7/AKR1B10 cells. BT-20/Scramble and 
BT-20/shAKR1B10 breast cancer cells were implanted 
orthotopically into nude mice mammary fat pads. About 
four weeks after inoculation, the nude mice were sacri-
ficed, and tumors were collected and weighted. As shown 
in Fig.  6, consistent with the results of the CCK8 assay, 
overexpression AKR1B10 significantly promoted tumor 
growth, while loss of AKR1B10 inhibited tumor growth 
in  vivo. This suggests that high expression levels of 
AKR1B10 in tumors are closely related to the prolifera-
tion of breast cancer cells.

Discussion
Breast carcinoma is the most common malignant tumor 
in females [1, 16]. According to statistics in China, 
breast cancer accounts for 17% of all malignant tumors 
in women [2]. Early diagnosis and treatment strategies 
for breast cancer have made significant progress, but 
the mortality rate of breast cancer is still high, mainly 
due to breast cancer metastasis [17]. The processes driv-
ing breast cancer progression are complex and further 
research on the underlying molecular mechanisms is 
warranted.

As a member of aldehyde ketone reductase superfam-
ily, AKR1B10 was first studied in the oncogenic mecha-
nisms of lung cancer [18]. A few studies have shown 
that AKR1B10 is closely correlated with the progression 
of cancer. In oral squamous cell carcinoma [8, 19], non-
small cell lung carcinoma [20] and liver carcinoma [6], 

high expression levels of AKR1B10 in patients is corre-
lated with poor prognosis. Large-scale and multicenter 
studies have demonstrated that AKR1B10 may serve as 
a serological marker for HCC in humans [9]. AKR1B10 
also plays a critical role in invasion and chemoresist-
ance in breast cancer cells [10]. In our study, we found 
that AKR1B10 is highly expressed in breast cancer tissue. 
Elevated expression of AKR1B10 is correlated with clin-
icopathological features (e.g. tumor size, Ki67 expression, 
and p53 expression), negative overall survival rate and 
negative disease-free survival rate. Similar findings were 
also reported in another related study [11]. These results 
supported the critical role of AKR1B10 in breast cancer.

EMT is a biological process whereby epithelial-like 
cells transform into mesenchymal-like cells and gain 
migratory and metastatic potential [21]. EMT plays an 
important role during development as it essential for 
the formation of the gastrointestinal system and neu-
ral tube formation, as well as in the wound-healing 
process [22]. Malignant progression of primary tumors 
highly depend on EMT to promote cellular dispersion 
throughout the body [23–25]. In the present study, we 
show that overexpression of AKR1B10 enhances migra-
tion and invasion of breast cancer cells in  vitro, while 
knockdown decreases cell dispersion. The increased 
migratory potential could be attributed to a decrease in 
E-cadherin expression upon AKR1B10 overexpression 
in MCF-7 cells. Further, we show that AKR1B10 influ-
ences the expression of EMT-related transcription fac-
tors, including ZEB1, SNAI1, SLUG and Twist. These 
results demonstrate possible roles for AKR1B10 in the 
regulation of EMT. However, it should be noted that 
knockdown of AKR1B10 in BT-20 cells did not result 
in significant changes in all EMT-related transcription 

Fig. 4 AKR1B10 promotes  PIP3 expression and subsequent activation of the PI3K/AKT pathway in breast cancer cells. A  PIP3 ELISA kit analysis 
showed increased expression levels of  PIP3 in MCF-7/AKR1B10 cells, and reduced expression levels of  PIP3 in BT-20/shAKR1B10#1 cells, respectively; 
B, C Western blotting analysis showed increased protein levels of Phosphorylated-PI3K and Phosphorylated-AKT in MCF-7/AKR1B10 cells, and 
reduced protein levels of Phosphorylated-PI3K and Phosphorylated-AKT in BT-20/shAKR1B10#1 cells, respectively. Experiment was repeated three 
times. Representative results were presented. *P < 0.05
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factors. Taking into account the heterogeneity of tumor 
cells, some differences in the activation of EMT induced 
by AKR1B10 can be expected. Abnormal proliferation 
is one of the hallmarks of tumorigenesis. Cell growth-
related factors, including c-myc, cyclinD1 and Survivin, 
constitute an important group of molecules that regu-
late cell proliferation in tumor cells [26]. In our study, 
we found that elevated expression of AKR1B10 in 
MCF-7 cells upregulates cyclinD1, c-Myc and Survivin, 
while knockdown of AKR1B10 in BT-20 cells downreg-
ulates these molecules. Taken together, we show that 
AKR1B10 regulates different genes known to regulate 
breast cancer proliferation, migration and invasion.

The PI3K/AKT signaling pathway is involved in vari-
ous cellular processes such as glucose metabolism, apop-
tosis, cell proliferation, and cell migration [15, 27, 28]. 
Sustained activation of EMT has been reported to be 
regulated by the PI3K/AKT signaling pathway in numer-
ous cancers. For example, cPLA2α has been shown to 
mediate EMT via the PI3K/AKT pathway [29]. Previous 
studies suggest that  PIP2 is upregulated in breast can-
cer cells in which AKR1B10 is overexpressed [5], which 
prompted us to investigate the phosphatidylinositol and 
PI3K/AKT pathway in detail. Consistently, our study 
demonstrated that the PI3K/AKT pathway was upregu-
lated in AKR1B10-induced breast cancer progression. 

Fig. 5 Nuclear translocation of NF-κB p65 was inhibited by PI3K inhibition. A Western blotting analysis showed that treatment with LY294002 
(30 µM, 50 µM) attenuated AKR1B10-induced Phosphorylated-PI3K, Phosphorylated-AKT; Phosphorylated-IKBα in MCF-7/AKR1B10 cells; B Western 
blotting analysis showed that treatment with LY294002 (30 µM, 50 µM) attenuated AKR1B10-incuded expression of nuclear NF-κB p65. Experiment 
was repeated three times. Representative results were presented. *P < 0.05
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Further, studies have shown that activation of the PI3K/
AKT pathway is also involved in activation of NF-κB via 
phosphorylation of inhibitory IκBα [30]. Our study found 
that LY294002, a specific PI3K inhibitor, suppressed 
NF-κBp65 nuclear translocation, which indicates that the 
activation of the PI3K/AKT/NF-κB signaling cascade is 
regulated by AKR1B10. CyclinD1, c-myc, Survivin and 
EMT-related proteins are downstream intracellular signal 
molecules for NF-κB signaling [26, 31]. AKR1B10 may 
therefore regulate proliferation-related and EMT-related 
proteins via the PI3K/AKT/NF-κB signaling cascade. 
Another recent study found that AKR1B10 can promote 
proliferation and migration/invasion of breast cancer 
cells via the ERK and FAK/Src/Rac1 signaling pathway 
[7, 32]. Several studies have also demonstrated that PI3K/
AKT and MEK/ERK signaling pathways can be activated 
together in tumors [33–35]. However, we noted a report 
that AKRB10 may play an important role in metabolic 
adaptability [36]. Some results were inconsistent with 
our results. However, considering that different cells were 
used, AKR1B10 may have different mechanisms in dif-
ferent cells. Taken together, AKR1B10 may affect several 
signaling pathways related to cell proliferation and migra-
tion in breast cancer. There is also evidence of elevated 
induction of AKR1B10 in some healthy tissues, such as 
colon tissue [4], suggesting that AKR1B10 regulation of 
cell proliferation and migration may be context and/or 
tissue dependent.

Conclusions
Our study demonstrates that elevated expression lev-
els of AKR1B10 in breast cancer tissues correlates with 
lymph node metastasis, tumor size and poor progno-
sis. AKR1B10, as a critical onco-protein, may activate 
the PI3K/AKT/NF-κB signaling cascade to promote the 
expression of proliferation-related and EMT-related pro-
teins and consequently stimulate proliferation, migra-
tion and invasion in breast cancer cells. Thus, AKR1B10 
might serve as a new prognostic indicator and a potential 
therapeutic target for breast cancer.
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