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ABSTRACT
◥

AKR1C3 is an enzyme belonging to the aldo-ketoreductase
family, the members of which catalyze redox transformations
involved in biosynthesis, intermediary metabolism, and detox-
ification. AKR1C3 plays an important role in tumor progression
and metastasis, however, little is known about the function
and the molecular mechanism underlying the role of AKR1C3
in hepatocellular carcinoma (HCC). In this study, we report
that AKR1C3 is significantly upregulated in HCC and that
increased AKR1C3 is associated with poor survival. AKR1C3
positively regulated HCC cell proliferation and metastasis
in vitro and in vivo. AKR1C3 promoted tumor proliferation
and metastasis by activating NF-kB signaling. Furthermore,
AKR1C3 regulated NF-kB activity by modulating TRAF6 and
inducing its autoubiquitination in HCC cells. Activation of NF-
kB released proinflammatory factors that facilitated the phos-
phorylation of STAT3 and increased tumor cell proliferation

and invasion. Gain- and loss-of-function experiments showed
that AKR1C3 promoted tumor proliferation and invasion via the
IL6/STAT3 pathway. STAT3 also directly bound the AKR1C3
promoter and increased transcription of AKR1C3, thereby estab-
lishing a positive regulatory feedback loop. Treatment with
the AKR1C3 inhibitors indocin and medroxyprogesterone ace-
tate inhibited tumor growth and invasion and promoted apo-
ptosis in HCC cells. Collectively, these results indicate that a
AKR1C3/NF-kB/STAT3 signaling loop results in HCC cell pro-
liferation and metastasis and could be a promising therapeutic
target in HCC.

Significance: These findings elucidate a novel AKR1C3-driven
signaling loop that regulates proliferation and metastasis in HCC,
providing potential prognostic and therapeutic targets in this
disease.

Introduction
Primary liver cancer is the fourth most common cause of cancer-

related death and ranks sixth in incidence worldwide. Hepatocellular
carcinoma (HCC) is the most common type of primary liver cancer.
Surgical resection is recognized as an effective treatment for early-stage
HCC (1). However, the prognosis of HCC remains poor because of its
propensity for metastatic progression and its poor response to phar-
macologic treatment. Therefore, the identification of new diagnostic
and therapeutic targets to improve the prognosis of patients withHCC
is required.

The aldo-keto reductase (AKR) superfamily comprises enzymes
that catalyze redox transformations involved in biosynthesis, inter-
mediary metabolism, and detoxification. To date, 13 AKR proteins
have been identified in humans. As a soluble enzyme member of the

aldo-ketoreductase family, AKR1C3 (also known as type 5 17b-
hydroxysteroid dehydrogenase) has multiple cellular functions in
regulating prostaglandin, steroid hormone, and retinoid metabo-
lism (2). AKR1C3 has been reported to be significantly associated
with the progression and prognosis ofmany tumors. Because AKR1C3
is the major AKR1C isozyme in the human prostate, elevated expres-
sion of AKR1C3 is associated with prostate cancer progression,
aggressiveness, and resistance to AR-targeted therapies (3–5). Upre-
gulation of AKR1C3 expression is an indicator of poor prognosis in
HPV16-associated and HPV-negative oropharyngeal squamous cell
carcinoma (OPSCC; ref. 6). AKR1C3 is associated with doxorubicin
resistance in human breast cancer via PTEN loss (7). In addition,
previous reports have shown that AKR1C3 is a biomarker of sensitivity
to PR-104 in preclinical models of T-cell acute lymphoblastic leuke-
mia (8). Although it was previously reported that the expression of
AKR1C3 was upregulated and associated with poor overall survival
(OS) in patients withHCC, the function and themolecularmechanism
underlying the role ofAKR1C3 inHCCremain unclear (9–11). Thus, it
is important to elucidate the function of AKR1C3 and its regulatory
mechanisms in HCC.

The molecular events underlying AKR1C3-mediated malignancies
remain undefined, thus limiting the development of novel targeted
anticancer therapies. Previous studies have shown that AKR1C3
promotes epithelial–mesenchymal transition and metastasis by acti-
vating ERK signaling in prostate cancer (12). AKR1C3 also regulates
Siah2 stability and enhances Siah2-dependent regulation ofARactivity
in prostate cancer cells (13).Yoda and colleagues reported that
AKR1C3 produced FP receptor ligands whose activation resulted in
carcinoma cell survival in breast cancer (14). The transcription factor
ERG regulates the expression of AKR1C3 via direct binding to the
AKR1C3 gene in prostate cancer cells (15).However, the precise role of
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AKR1C3 in the inflammatory environment of HCC remains unclear.
Here, we examined the potential role of AKR1C3 in HCC progression
and focused on the potential contribution of AKR1C3 to the release of
proinflammatory factors and the acceleration of tumor proliferation
and metastasis.

Materials and Methods
Cell lines and cell culture

Huh7 cells were purchased from Riken Cell Bank (Tsukuba, Japan).
The MHCC-LM3 and MHCC-97L cell lines were obtained from the
Liver Cancer Institute, Zhongshan Hospital of Fudan University
(Shanghai, China). Human primary HCC-LY10 cell lines established
in our laboratory were cultured inWilliams’Medium E supplemented
with 10%FBS. PLC/PRF/5, SK-Hep1, Hep3B,HEK-293T, andHepa1–
6 cell lines were purchased from the ATCC. Li7 cells were purchased
from Shanghai BioLeaf Biotech Company Limited. Cells were cultured
in high-glucose DMEM (DMEM-HG) containing 10% FBS and were
incubated at 37�C in a humidified atmosphere with 5% CO2 (all
reagents from Gibco by Life Technologies). All cell lines were thawed
from the authenticated cell stock and used within four passages. All
cell lines were authenticated and characterized by the supplier. Cells
were used within 6 months of resuscitation. These cell lines were
Mycoplasma-free and routinely authenticated by quality examinations
of morphology and the growth profile.

Vector constructs, lentivirus production, and cell transduction
To generate stable AKR1C3-overexpressing cell lines, the AKR1C3

ORF (open reading frame) sequence was PCR amplified using specific
primers (forward: 50-ATGGATTCCAAACACCAGTGT-30, and
reverse: 50-TTAATATTCATCTGAATATGG-30) and cloned into the
lentiviral expression vector pWPXL (Addgene). The AKR1C3 lenti-
viral shRNA plasmid was supplied by GeneChem. The target
sequences are listed in Supplementary Table S1. Viral packaging was
performed in HEK-293T cells after cotransfection of the pWPXL-
AKR1C3 vector with the packaging plasmid psPAX2 and the envelope
plasmid pMD2.G (Addgene) using Lipofectamine 2000 (Invitrogen).
Virus was harvested 72 hours after transfection, and the viral titers
were determined. HCC cells were infected with 1 � 106 recombinant
lentivirus transduction units in the presence of 6 mg/mL polybrene
(Sigma).

Quantitative real-time RT-PCR
Total RNA extraction, reverse transcription, and qRT-PCR analysis

were performed as previously described using an ABI Prism 7500
System (Applied Biosystems) with SYBR Premix Ex Taq (Takara). The
primer sequences are listed in Supplementary Table S2.

Western blotting
Total proteins extracted from the cells was separated by 8% to 12%

SDS-PAGE and transferred onto nitrocellulose membranes, which
were incubated with specific antibodies overnight at 4�C, probed with
HRP-conjugated secondary antibodies, and visualized using enhanced
chemiluminescence reagent (Pierce). b-Actin was used as the loading
control. Information on the antibodies is provided in Supplementary
Table S3.

Cell proliferation and colony formation assays
Cell proliferation was estimated with a Cell Counting Kit-8 (CCK8;

Bimake) according to the manufacturer’s instructions. For colony
formation assays, cells were plated in each well of a 6-well plate and

incubated at 37�C for 2weeks. Colonies were fixedwith 4%phosphate-
buffered formalin (pH 7.4) and stained with Giemsa for 15 minutes.
Each experiment was performed in triplicate.

IHC
A tissue microarray containing 159 HCC tissues was used for IHC

procedures. All tissue samples were collected from Qi Dong Liver
Cancer Institute and Cancer Institute of Guangxi. All the patients
enrolled in this study provided written informed consent. The study
was approved by the Ethics Committee of Renji Hospital, Shanghai
Jiao Tong University School of Medicine. Informed consent was
obtained from participants prior to inclusion in the study. IHC assays
were conducted as reported previously (16). Briefly, sections were
deparaffinized with xylene and rehydrated before antigen retrieval by
heating to just below boiling temperature in Tris/EDTA buffer (pH
9.0) for 20 minutes in a microwave oven. The primary antibodies used
for the IHC assay were against AKR1C3, PCNA, Ki67, and cleaved
caspase-3. The staining intensity was scored as follows: 0, negative; 1,
weak; 2, moderate; 3, strong. The positively stained cell proportion was
scored on the basis of the following percentages of cells with positive
staining: 0, 0%; 1, <10%; 2, 10% to 35%; 3, 35% to 75%; 4, and >75%.
These results were scored on a scale of 0 to 4 by two independent
investigators. The individual scores for the staining intensity and
percentage of positivity cells were then multiplied to calculate the
immunoreactivity score for each sample. Samples having a final
staining score of ≤4 were considered to exhibit low expression and
those with a score of >4 were considered to be exhibit high expression.
Information on the antibodies is provided in Supplementary Table S3.

Transwell assay
For the in vitro migration and invasion assays, cells in serum-free

medium were seeded in the upper chamber of a transwell apparatus
(8 mmol/L pore size) or on a Matrigel-coated transwell insert (BD
Biosciences). The lower chamber contained DMEM supplemented
with 10% FBS as a chemoattractant. After 24 or 48 hours of incubation,
the nonmigrated or noninvaded cells were gently removed from the
upper chamber using a cotton swab. The remaining cells werefixed and
stained using Giemsa solution and counted in five randomly selected
visual fields.

Flow cytometric analysis
For cell-cycle analysis, cells were trypsinized, washed twicewith cold

PBS, and fixed with cold 70% ethanol at �20�C overnight. The cells
were thenwashed twicewith PBS and incubatedwith 10mg/mLRNase
A, 400mg/mL propidium iodide, and 0.1%Triton X-100 in PBS at 4�C
for 30 minutes. Finally, the cells were analyzed by flow cytometry. For
apoptosis analysis, the cells were then suspended in 100 mL of binding
buffer, and 5mL of PE-conjugated Annexin-V and 5mL of 7-AADwere
then added. The cells were incubated for 30minutes on ice in the dark.
Flow cytometric analysis was used to detect apoptotic cells. Cell-cycle
distribution profiles and the percentage of apoptotic cells were deter-
mined withModfit LT 3.2 and FlowJo 7.6.1 software. Each experiment
was performed in triplicate.

Immunofluorescence confocal imaging
Cells were grown on Lab-Tek chamber slides (Nunc), fixed with 4%

paraformaldehyde in PBS for 30minutes, and permeabilized with 0.1%
Triton X-100 in PBS for 5 minutes. The slides were incubated with
primary antibodies in blocking solution overnight at 4�C in a humid-
ified chamber. Subsequently, the glass slides were washed three times
in PBS and incubated with Alexa Fluor 594-conjugated and Alexa
Fluor 488-conjugated secondary antibodies and 40, 6-diamidino-2-
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phenylindole (DAPI) in blocking solution for 30 minutes at 37�C in a
humidified chamber. Images were acquired with a Leica TCS SP8
confocal system (Leica, Microsystems).

Luciferase assay
The AKR1C3 promoter (bp �1282/þ89 relative to the ATG start

codon) was cloned into the luciferase reporter gene vector pGL3-Basic
(Promega). Four 50-truncated sequences of the AKR1C3 promoter
were generated by PCR and cloned into the luciferase reporter gene
vector pGL3-Basic. The fidelity of the constructs were confirmed by
sequencing. The primer sequences are listed in Supplementary
Table S2.

Cells were cotransfected with the corresponding reporter plasmid
and the indicated plasmids in each experiment according to the
standard protocol. The pRL-TK reporter construct was used as the
internal control. Luciferase activity was detected using a Dual-
Luciferase Report Assay (Promega) system in accordance with the
manufacturer’s instructions.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed

with a ChIP Assay Kit (Upstate Biotechnology) following the man-
ufacturer’s instructions as described previously (17). HCC cells were
grown to 90% confluence, and crosslinking was performed with 1%
formaldehyde for 10 minutes. Cell lysates were sonicated to shear the
DNA to fragments of 500 to 1,000 bp. A mouse anti-STAT3 antibody
or mouse IgG was used to immunoprecipitate DNA-containing
complexes. After reverse cross-linking of protein/DNA complexes to
free DNA, qRT-PCR was used to detect the STAT3-binding site in the
AKR1C3 promoter region. The primer sequences are listed in Sup-
plementary Table S2.

Coimmunoprecipitation assay
Coimmunoprecipitation (co-IP) assays were performed using

HCC-LY10 and Li7 cells. Co-IP assays were performed according to
the manufacturer’s instructions as described previously (16). Briefly,
cells were harvested in RIPA (Upstate, Biotechnology) lysis buffer,
incubated for 40 minutes on ice and centrifuged at 12,000 � g for 10
minutes. Cell lysates were immunoprecipitated with antibodies against
AKR1C3 and TRAF6 or negative control IgG and protein A/G agarose
beads overnight with rotation. These beads were washed three times
with lysis buffer. After separation by SDS-PAGE, the immunopreci-
pitates were subjected to Western blot analysis.

In vivo growth and metastasis assays
For in vivo growth andmetastasis assays, amicrosyringe was used to

orthotopically inoculate nude mice in the left hepatic lobe through an
8-mm transverse incision made in the upper abdomen under anes-
thesia. A total of 1� 106 cells were suspended in 40 mL of a mixture of
serum-free DMEM/Matrigel (1:1 volume; BD Biosciences) per male
nude mouse.

To examine the in vivo function of AKR1C3, AKR1C3 overexpres-
sing and control Hepa1–6 cell line were established. A total of 4� 106

Hepa1–6 cells were suspended in 40 mL of a mixture of serum-free
DMEM/Matrigel (1:1 volume). The syngeneic orthotopic HCC xeno-
graft mouse model (male C57BL/6J mice) was established by direct
intrahepatic injection of Hepa1–6 cells (AKR1C3-overexpressing or
vector) according to the above method.

Six or ten weeks later, mice were sacrificed, and the tumors and liver
and lung tissues from individual mice were excised and fixed with 4%
phosphate-buffered neutral formalin for at least 72 hours. Metastatic

tissues were analyzed by hematoxylin and eosin staining. All of the
experiments were approved by the Shanghai Medical Experimental
Animal Care Commission.

Statistical analysis
All data are presented as the mean� SD values. Statistical compar-

isons of datawere performed using two-tailed Student t test or one-way
ANOVA for multiple comparisons. The chi-square test was used to
analyze the relationships between the expression of AKR1C3 and the
clinicopathologic features. OS curves were generated using the
Kaplan–Meier method and compared using the log-rank test. Uni-
variate andmultivariate analyses were performed using a stepwise Cox
proportional hazard regression model. P < 0.05 was considered
statistically significant (�, P < 0.05; ��, P < 0.01). Statistical analyses
were performed using SPSS 16.0 software.

Results
Upregulated AKR1C3 expression predicts poor prognosis in
patients with HCC

We first analyzed the expression of AKR1C3 in HCC using The
Cancer Genome Atlas (TCGA) andGene Expression Omnibus (GEO)
datasets. The results showed that the expression of AKR1C3 was
upregulated in HCC tissues compared with noncancerous tissues
(Fig. 1A–C). Moreover, AKR1C3 levels were increased in HCC tissues
compared with noncancerous tissues according to qRT-PCR and
Western blot data from our laboratory (Fig. 1D and E). Additional
data retrieved fromTCGAalso revealed that AKR1C3was upregulated
in other solid cancers (Supplementary Fig. S1). Therefore, these results
indicate that the expression of AKR1C3 is upregulated in several
different tumors, including HCC.

Because the expression of AKR1C3 was upregulated in tumors
derived from several different tissue types, we next investigated the
clinical significance of AKR1C3 in patients with HCC. Clinicopatho-
logical features of patients with HCC (159 cases) were shown in
Supplementary Table S4. We explored AKR1C3 expression in 159
HCC tissues using IHC. According to these results, patients were
divided into low expression and high expression groups (Fig. 1F).
There was no correlation between AKR1C3 expression and other
clinicopathological factors, including age, Edmondson’s grade, cir-
rhosis status, serum alpha-fetoprotein (AFP) level, sex, and HBV
positivity status (Supplementary Table S5). Kaplan–Meier survival
analysis revealed that higher levels of AKR1C3 were associated with a
shorter OS time than lower levels of AKR1C3 (P ¼ 0.024; Fig. 1G).
Similar results were observed in the TCGA HCC cohort (Fig. 1H).
Furthermore, univariate and multivariate Cox proportional hazard
analysis suggested that high AKR1C3 expression was associated with
worse survival in patients withHCC thanwas lowAKR1C3 expression
(P< 0.05;Fig. 1I and J).However, analysis of the TCGAcohort showed
that AKR1C3 mRNA level was positively correlated with the patho-
logical grade (Supplementary Fig. S2). Analysis of the GES40367
cohort showed that the AKR1C3mRNA level was positively correlated
withmetastasis (Supplementary Fig. S3). In addition, AKR1C3 expres-
sion was correlated with shorter OS times in many solid tumors
(Supplementary Fig. S4). Thus, these findings suggested that AKR1C3
could be a valuable predictive factor for the survival of patients with
cancer, including patients with HCC.

AKR1C3 promotes HCC cell growth in vitro and in vivo
To verify the role of AKR1C3 in HCC progression, we first

examined the expression of AKR1C3 in HCC cell lines. HCC cells
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were selected for loss- or gain-of-function studies due to their high or
low endogenous AKR1C3 levels (Supplementary Fig. S5). CCK8 and
colony formation assays showed enhanced proliferation of HCC cells
with AKR1C3 overexpression and reduced proliferation of HCC cells
with AKR1C3 knockdown (Fig. 2A and B; Supplementary Figs. S6A
and S6B).We also found that AKR1C3 knockdown inHCC cells led to

G1–S arrest, accompanied by amarked decline in the cell population in
S phase (Fig. 2C; Supplementary Figs. S7 and S8). Furthermore,
proliferating cell nuclear antigen (PCNA)was upregulated inAKR1C3
overexpressing HCC cells and downregulated in AKR1C3 knockdown
HCC cells (Fig. 2A). In addition, silencing AKR1C3 resulted in
significantly increased apoptosis inHCCcells (Supplementary Fig. S9).

Figure 1.

AKR1C3 upregulation is associatedwith poor prognosis in patientswith HCC.A,Bioinformatics analysis of AKR1C3 expression in HCC tumor tissues (T) and nontumor
tissues (N) using heatmaps fromTCGAdatasets and theGSE36376 dataset.B, The expression ofAKR1C3 inHCC tissueswas comparedwith that in the corresponding
noncancerous liver tissues in TCGA data sets (n¼ 50). C, The expression of AKR1C3 in HCC tissues was compared with that in the corresponding noncancerous liver
tissues in the GSE36376 dataset. D, The expression of AKR1C3 in HCC tissues was compared with that in the corresponding noncancerous liver tissues by qRT-PCR
(n ¼ 44). E, Western blot analysis of AKR1C3 expression in HCC tissues compared with corresponding noncancerous liver tissues. F, IHC analysis of AKR1C3
expression in 159 HCC samples. Representative images are shown. G, OS analysis of patients with HCC stratified by the AKR1C3 expression level in 159 samples.
H, Patients with high-expression levels of AKR1C3 had shorter OS times than patients with low expression levels, as determined using TCGA data sets. I and J,
Univariate (I) andmultivariate (J) Coxproportional hazards analyseswere conducted to evaluate theHRofAKR1C3 forOS inpatientswithHCC. � ,P<0.05; �� ,P<0.01.
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Figure 2.

AKR1C3 increases HCC cell proliferation and metastasis. A, The expression levels of AKR1C3 and PCNA were determined by Western blotting in AKR1C3
overexpressing and knockdown HCC cells. B, The effect of AKR1C3 overexpression and knockdown on HCC cell proliferation was assessed by a CCK8 assay.
C, The cell-cycle distribution of AKR1C3 knockdownMHCC-LM3 andHuh7 cells was analyzed by flow cytometry.D, Left, liver tissues from animals bearing xenografts
from Huh7 cells with stable AKR1C3 knockdown. Right, liver tissues from xenograft-bearing animals inoculated with HCC-LY10 cell lines stably expressing
AKR1C3. The dot plots show the quantitative analysis of liver weight. E, The expression of PCNA was evaluated by IHC in tissues of xenograft from Huh7-
shAKR1C3 and control vector cells. F, The effects of AKR1C3 overexpression and knockdown on HCC cell migration and invasion were assessed by wound
healing assay and transwell assay. G, Representative images of intrahepatic nodules and lung nodules formed by AKR1C3-overexpressing HCC-LY10 cells,
AKR1C3-knockdown Huh7 cells and control cells are shown. The numbers of intrahepatic metastatic nodules and lung metastatic nodules are shown in the
right panel. � , P < 0.05; �� , P < 0.01.
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After exploring the role of AKR1C3 in HCC cell growth in vitro, we
next investigated the effects of AKR1C3 on HCC tumorigenicity
in vivo using a mouse xenograft model. Consistent with our in vitro
data, the size of tumors derived from AKR1C3-overexpressing HCC
cells was significantly increased compared with that of tumors derived
from control cells (Fig. 2D). Results were additionally confirmed in
similar experiments using AKR1C3-overexpressing Hepa1–6 hepato-
ma cells (Supplementary Figs. S10A and S10B). Conversely, the size of
tumors derived fromAKR1C3 knockdownHCC cells was significantly
reduced compared with that of tumors derived from control cells
(Fig. 2D). Furthermore, our results showed that the number of PCNA-
positive cells was lower in murine xenografts from AKR1C3-knock-
down Huh7 cells than in those from shNC cells (Fig. 2E). Therefore,
these results showed that AKR1C3 promoted HCC cell proliferation.

AKR1C3 promotes HCC cell migration, invasion, and metastasis
in vitro and in vivo

We next explored the role of AKR1C3 in HCC cell migration and
invasion. Our results showed that cells with exogenous expression of
AKR1C3 had dramatically increased cell motility compared with
lentivirus-infected control cells. In contrast, AKR1C3 knockdown
suppressed HCC cell migration and invasion (Fig. 2F; Supplementary
Figs. S11A–S11D).

To further clarify the role of AKR1C3 in HCC metastasis in vivo,
AKR1C3-overexpressing HCC cells and AKR1C3-knockdown HCC
cells were orthotopically inoculated with a microsyringe into the left
hepatic lobe of mice. Histologic examination of the lung and
liver tissues indicated that mice bearing AKR1C3-overexpressing
tumors had significantly higher numbers of lung and intrahepatic
metastatic nodules than mice bearing control tumors (Fig. 2G).
Results were additionally confirmed in similar experiments using
AKR1C3-overexpressing Hepa1–6 hepatoma cells (Supplementary
Fig. S12). Conversely, mice bearing AKR1C3-knockdown tumors
had significantly lower numbers of lung and intrahepatic metastatic
nodules than mice bearing control tumors (Fig. 2G). Therefore,
these results indicated that AKR1C3 promoted HCC intrahepatic and
lung metastasis.

To assess the biochemical function of AKR1C3 in HCC cells, we
generated a catalytically inactive (CI) mutant form of AKR1C3 with a
point mutation in the tyrosine 55 residue (Y55F) in the catalytic
triad (18). We found that mutant AKR1C3 did not promote HCC cell
proliferation, colony formation, migration, or invasion (Supplemen-
tary Figs. S13A–S13E). Therefore, the functions of AKR1C3 in the
regulation of cell proliferation, migration, and invasion might be
dependent on its catalytic activity.

Matrix metalloproteinases, such as MMP2, MMP7, andMMP9, are
broadly recognized for their matrix-degrading ability and involvement
in cell invasion. Therefore, we assessed the expression of MMP2,
MMP7, and MMP9 in AKR1C3-overexpressing and AKR1C3 knock-
down HCC cells. Our results showed that overexpression of AKR1C3
increased MMP2, MMP7, and MMP9 expression in HCC cells.
Conversely, knockdown of AKR1C3 inhibited MMP2, MMP7, and
MMP9 expression in HCC cells. In addition, the expression of MMP2,
MMP7, andMMP9was inhibited inmurine xenografts fromAKR1C3
knockdown Huh7 cells (Supplementary Figs. S14A–S14C). Taken
together, these findings suggest that AKR1C3 promotes HCC
metastasis.

Activation of the NF-kB pathway by AKR1C3 in HCC cells
To explore the mechanism of AKR1C3 in HCC, RNA sequencing

was performed in AKR1C3-overexpressing cells. The results of gene

ontology (GO) functional enrichment analysis showed that AKR1C3
can regulate NF-kB activity in HCC cells (Supplementary Fig. S15).
NF-kB is one of the most important transcription factors known to
induceMMP9 expression (19). Therefore, we speculated that AKR1C3
can regulateHCCproliferation andmetastasis via theNF-kB pathway.
Next, we assessed the expression of IKKa/b, IkBa, and p65 in
AKR1C3-overexpressing and AKR1C3-knockdown HCC cells. The
results showed that AKR1C3 overexpression or knockdown increased
or inhibited p65 phosphorylation, respectively, in HCC cells (Fig. 3A
and B). We sought to determine how AKR1C3 can impact signaling
upstream of the NF-kB upstream signaling pathway. IkBa is
phosphorylated on serines 32 and 36 by the IKK complex. Our
results showed that AKR1C3 overexpression increased IkBa phos-
phorylation specifically on serines 32 and 36 in HCC cells. Knock-
down of AKR1C3 inhibited IkBa phosphorylation in HCC cells
(Fig. 3A and B). Phosphorylated IKKa/b (Ser176/180) was shown
to be indispensable for NF-kB activation (20). Our results showed
that overexpression of AKR1C3 increased the level of phosphory-
lated IKKa/b (Ser176/180; Fig. 3A and 3B). In addition, the same
effects were found in murine xenografts from AKR1C3-knockdown
HCC cells (Fig. 3C). The immunofluorescence assay results showed
that p65 nuclear translocation was enhanced in AKR1C3 over-
expressing HCC cells compared with vector cells (Fig. 3D). There-
fore, these results suggested that AKR1C3 regulated the NF-kB
pathway in HCC cells.

To confirm the role of the NF-kB pathway in AKR1C3-promoted
HCC cell proliferation, migration, and invasion, AKR1C3-overexpres-
singHCCcells were treatedwith anNF-kB/p65 inhibitor (JSH-23) and
p65 shRNA. Our results showed that AKR1C3 overexpression-
induced cell proliferation, migration, and invasion was reversed by
treatment with JSH-23 and p65 shRNAs (Fig. 3E–H, Supplementary
Figs. S16A–S16F). Furthermore, the immunofluorescence assay results
showed that JSH-23 suppressed p65 nuclear translocation in AKR1C3
overexpressing HCC cells (Fig. 3F). In addition, JSH-23 suppressed
AKR1C3 overexpression-mediated inflammatory cytokine (IL6, IL1b,
and TNFa) expression and STAT3 phosphorylation in HCC cells
(Supplementary Figs. S17A and S17B).

To further explore potential clinical applications of the experimen-
tal data, we next assessed the relationship between the levels of
AKR1C3 and phosphorylated p65 in human primary HCC tissues.
Our results showed that there was a significant positive correlation
between the levels of AKR1C3 and phosphorylated p65 in HCC tissue
(Fig. 3I and J).

AKR1C3 regulates NF-kB activity by interacting with TRAF6 in
HCC cells

TRAF6, a key upstream regulator of the IKK complex, is one of the
key signaling proteins in the NF-kB pathway. We next evaluated
whether AKR1C3 activated NF-kB through regulation of TRAF6. The
results showed thatAKR1C3overexpressionorknockdown increasedor
decreased TRAF6 expression inHCC cells, respectively (Fig. 4A andB).
Furthermore, cotransfectionofTRAF6augmented the effect ofAKR1C3
on inducing IkBa degradation andNF-kB transactivation, suggesting a
role of TRAF6 in mediating AKR1C3 activity (Fig. 4C and D). In
addition, the results of our co-IP and immunofluorescence assay showed
that AKR1C3 interacts with TRAF6 in HCC cells (Fig. 4E and F).

TRAF6 has E3 ligase activity, which can induce the autoubiquitina-
tion necessary for its activation of NF-kB. We thus determined
whether the interaction of AKR1C3 with TRAF6 can result in TRAF6
autoubiquitination. Our results showed that overexpression of
AKR1C3 promoted TRAF6 ubiquitination in HCC cells (Fig. 4G).
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Furthermore, IL6 promoted TRAF6 autoubiquitination in AKR1C3
overexpressing HCC cells (Fig. 4H). Therefore, these results demon-
strated that AKR1C3 activated the NF-kB pathway by interacting with
TRAF6 and inducing its autoubiquitination in HCC cells.

AKR1C3 regulates HCC cell function via the IL6/STAT3 pathway
Recent studies have shown that NF-kB activity-induced inflamma-

tion drives liver tumors (21). Therefore, we next assessed the expres-
sion of NF-kB-dependent cytokines. Our results showed that

Figure 3.

AKR1C3 activates the NF-kB pathway in HCC cells. A–C, Western blot analyses of the levels of p-IKKa/b, p-IkBa, p-65, total IKKa/b, IkBa, p65, and AKR1C3 in
AKR1C3-overexpressing Li7 and HCC-LY10 cells (A), AKR1C3-knockdown Huh7 and MHCC-LM3 cells (B), and AKR1C3-knockdown Huh7 xenograft tissues (C). D,
Effects of AKR1C3 overexpression on the nuclear translocation of p65 as assessed by an immunofluorescence assay. E, Cell migration and invasion were analyzed in
AKR1C3-overexpressing cells treated with JSH-23. F, Immunofluorescence assay evaluating the nuclear translocation of p65 in AKR1C3-overexpressing HCC-LY10
cellswith orwithout JSH-23 treatment.G, The expression ofAKR1C3 andp65was analyzed inAKR1C3-overexpressing cells treatedwith p65 shRNA.H,Cellmigration
and invasion were analyzed in AKR1C3-overexpressing cells treated with p65 shRNA. I, Representative immunostaining of AKR1C3 and p-p65 in HCC tissues. J, The
correlation between AKR1C3 expression and p-p65 levels in 159 HCC tissues was analyzed. �� , P < 0.01.
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knockdown of AKR1C3 inhibited expression of the target genes of NF-
kB including TNFa, IL6, and IL1b in HCC cells. Conversely, over-
expression of AKR1C3 increased the expression of TNFa, IL6, and
IL1b in HCC cells (Fig. 5A). Furthermore, there was a significant
increase in circulating levels of the pro-inflammatory cytokine in the
AKR1C3 overexpression Hepa1–6 mouse HCC syngeneic model
(Supplementary Fig. S18). Among numerous proinflammatory fac-
tors, IL6-mediated signaling has been extensively studied in the
context of chronic liver diseases and HCC development. Macrophages
are one of the most abundant immune cells in the microenvironment
of solid tumors (22).Therefore, we evaluated the effect of AKR1C3 on
macrophage infiltration. Our results showed that overexpression of
AKR1C3 increased the expression of F4/80 in the tumors derived from
Hepa1–6 and HCC-LY10. Conversely, knockdown of AKR1C3 inhib-

ited the expression of F4/80 in tumors derived fromHuh7-shAKR1C3
cells (Supplementary Fig. S19). Therefore, these results indicated that
AKR1C3 increased the release of proinflammatory factors that can
foster tumor-associated macrophage (TAM) infiltration to promote
HCC metastasis (22, 23). Activation of the IL6-dependent transcrip-
tion factor STAT3 has been implicated in chronic liver diseases and
HCC development. Therefore, we sought to determine whether these
proinflammatory factors can activate STAT3 in HCC cells. We found
that overexpression of AKR1C3 increased STAT3 phosphorylation in
HCC cells. Conversely, knockdown of AKR1C3 decreased STAT3
phosphorylation in HCC cells. The same effects were also found in
murine xenografts fromAKR1C3-knockdownHCC cells (Fig. 5B). To
confirm the role of STAT3 in AKR1C3-promoted HCC cell prolifer-
ation, migration, and invasion, a STAT3 inhibitor (BP-1–102) was

Figure 4.

AKR1C3 interacts with TRAF6 in HCC cells. A, The expression of TRAF6 was assessed byWestern blotting in AKR1C3-overexpressing HCC cells. B, The expression of
TRAF6 was assessed by Western blotting in AKR1C3-knockdown HCC cells. C, AKR1C3-overexpressing cells were transfected with TRAF6 as indicated. The
expression of IkBa, TRAF6, and AKR1C3 was assessed by Western blotting. D, AKR1C3-overexpressing cells were transfected with TRAF6 and NF-kB luciferase
reporter vectors. The corresponding relative luciferase activitieswere determined by reporter gene assays. E, Endogenous AKR1C3was immunoprecipitated with an
anti-TRAF6 antibody, with IgG as the negative control, and immunocomplexeswere analyzedwithWestern blottingwith anti-TRAF6 and anti-AKR1C3 antibodies. F,
The protein expression levels of AKR1C3 and TRAF6 in Li7 and MHCC-LM3 cells were determined by immunofluorescence assays. G, Cell lysates of AKR1C3-
overexpressing and control HCC-LY10 and Li7 cells were immunoprecipitated with an anti-TRAF6 antibody, and the immunocomplexes were immunoblotted with
antibodies against ubiquitin. H, AKR1C3-overexpressing and control cells with or without IL6 stimulation for 24 hours were immunoprecipitated with an anti-TRAF6
antibody and analyzed for TRAF6 ubiquitination by immunoblotting. �� , P < 0.01.
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used to treat AKR1C3 overexpressing HCC cells. Our results showed
that BP-1–102 suppressed STAT3 phosphorylation in AKR1C3 over-
expressing HCC cells (Fig. 5C). AKR1C3 overexpression-induced cell
proliferation, migration, and invasion were reversed by treatment with
BP-1–102 (Fig. 5D; Supplementary Figs. S20A–S20C). Knockdown of
AKR1C3 inhibited STAT3 phosphorylation in IL6-induced cells
(Fig. 5E). In addition, we found that knockdown of AKR1C3 inhibited
IL6-induced cell migration and invasion and inhibited STAT3 nuclear
translocation in IL6-induced cells (Fig. 5F; Supplementary Figs. S20D
and S20E). Therefore, these results indicated that AKR1C3 promoted
growth, migration, and invasion via the IL6/STAT3 pathway in HCC.

STAT3 directly binds to the AKR1C3 promoter and induces
AKR1C3 expression in HCC cells

The above mentioned results showed that AKR1C3 promoted cell
proliferation, migration, and invasion through activation of STAT3 in
HCC cells. We sought to determine whether STAT3 can directly
regulate AKR1C3 expression in HCC cells. We first assessed the
expression of AKR1C3 in IL6-treated cells. The results showed that
IL6 induced AKR1C3 expression in a time-dependent manner. Con-
versely, the STAT3 inhibitor BP-1–102 inhibited the expression of

AKR1C3 (Fig. 6A–D, Supplementary Fig. S21). Furthermore, similar
respective results were found in STAT3-overexpressing and STAT3-
knockdown cells (Fig. 6E and F). These results implied that STAT3
regulated AKR1C3 expression in HCC cells.

To assess the regulatory mechanism of AKR1C3 in HCC, we
performed a reporter assay to identify regulatory elements that control
AKR1C3 transcription (Fig. 6G). We found that IL-6 increased
AKR1C3 promoter activity in MHCC-LM3 and HEK293T cells
(Fig. 6H). Because the AKR1C3 promoter contains 5 putative
STAT3-binding sites (JASPAR version 3.0), we next defined
which binding site or sites were responsive to STAT3 (Fig. 6I
and J). Serial truncations of the AKR1C3 promoter were generated
on the basis of the location of the STAT3-binding sites (Fig. 6G).
Luciferase assays revealed that overexpression of STAT3 increased
AKR1C3 promoter activity (except for that of the -138/89 AKR1C3-
Luc construct, Fig. 6K). Therefore, STAT3-binding sites were poten-
tially located between nucleotides -391 and -138. Furthermore, STAT3
did not increase the activity of the AKR1C3 promoter containing a
mutated putative STAT3 binding site 2 (Fig. 6L; Supplementary
Fig. S22). To determine whether STAT3 can bind to the AKR1C3
promoter in intact cells, we performed ChIP assays. The ChIP assays

Figure 5.

AKR1C3 regulates HCC cell functions via the IL6/STAT3 pathway.A, The expression of IL6, IL1b, and TNFawas assessed by qRT-PCR in AKR1C3-overexpressing HCC
cells and AKR1C3-knockdown HCC cells. B, The levels of p-STAT3 and STAT3 in AKR1C3-overexpressing and AKR1C3-knockdown HCC cells and in tissues harvested
fromextracts of xenograft formed fromHuh7 cells treatedwith shNCor shAKR1C3.C,AKR1C3-overexpressingHCC cellswere treatedwith BP-1–102 as indicated, and
the levels of p-STAT3, STAT3, and AKR1C3 were determined byWestern blotting.D,AKR1C3-overexpressing HCC cells were treated with BP-1–102 as indicated, and
cell migration and invasionwere evaluated by a transwell assay.E,AKR1C3-knockdownHCC cells were treatedwith IL6 for different times as indicated, and the levels
of p-STAT3 and STAT3were determined byWestern blotting. F,AKR1C3-knockdownHCC cellswere treatedwith IL6 or control, and cell migration and invasionwere
evaluated by a transwell assay. � , P < 0.05; �� , P < 0.01.
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showed that STAT3 directly bound to the AKR1C3 promoter (Fig. 6M
and N).

To further explore potential clinical applications of the experimen-
tal data, we next assessed the relationship between AKR1C3 and
STAT3 phosphorylation in human primary HCC tissues. Our results
showed that there was a significant positive correlation between the
expression of AKR1C3 and phosphorylation of STAT3 in HCC tissue
(Fig. 6O). Therefore, collectively these results suggested a positive

feedback regulatory network betweenAKR1C3 and STAT3 expression
in HCC. To confirm that AKR1C3/NF-kB/STAT3 can form a positive
regulatory loop, we assessed the expression of AKR1C3 in lipopoly-
saccharide (LPS)-treated cells. The results showed that the expression
and promoter activity of AKR1C3 were increased in LPS-treated cells
(Supplementary Fig. S23A and S23B). Therefore, these results suggest
that AKR1C3/NF-kB/STAT3 can form a positive regulatory loop in
HCC cells.

Figure 6.

STAT3 binds to the AKR1C3 promoter and increases AKR1C3 expression.A, The expression of AKR1C3mRNAwas assessed by qRT-PCR in HCC cells treated with IL6.
B, The expression of AKR1C3 mRNAwas assessed by qRT-PCR in HCC cells treated with BP-1–102. C, The expression of AKR1C3 was assessed byWestern blotting in
HCCcells treatedwith IL6.D, The expression ofAKR1C3was assessedbyWestern blotting inHCC cells treatedwith BP-1–102.E,The expression ofAKR1C3mRNAwas
detected by qRT-PCR in HCC cells transfectedwith STAT3 plasmid or shRNA. F, The expression of AKR1C3was detected byWestern blotting in HCC cells transfected
with STAT3 plasmid or shRNA. G, MHCC-LM3 cells were transfected with different luciferase reporter vectors containing truncation mutants of AKR1C3. The
corresponding luciferase activities were determined by reporter gene assays. H,MHCC-LM3 cells were transfected with AKR1C3 luciferase reporter vectors (�1282/
þ89). Cells were treated with IL6 for 24 hours. The relative luciferase activities were determined by reporter gene assays. I, STAT3 binding motif. J, JASPAR analysis
showed five potential STAT3-binding sites within the 1.5-kb region upstream of the transcription start site of AKR1C3. K, MHCC-LM3 and HEK293T cells were
transfected with different luciferase reporter vectors containing truncation mutants of AKR1C3 and STAT3 or vector. The corresponding relative luciferase activities
were determined by reporter gene assays. L, MHCC-LM3 and HEK293T cells were transfected with AKR1C3 luciferase reporter vectors (containing wild-type or
mutant STAT3-binding sites,�196/�185). Cellswere treatedwith IL6 or transfectedwith a STAT3 vector or pcDNA3.1. The corresponding relative luciferase activities
were determined by reporter gene assays.M, Agarose electrophoresis for ChIP analysis of STAT3 binding to the AKR1C3 promoter. N, qRT-PCR for ChIP analysis of
STAT3 binding to the AKR1C3 promoter.O,Representative immunostaining of AKR1C3 and p-STAT3 in HCC tissues. The correlation betweenAKR1C3 expression and
p-STAT3 levels in 159 HCC tissues was analyzed. � , P < 0.05; �� , P < 0.01.
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Pharmacologic inhibition of AKR1C3 suppressed HCC growth,
migration, and invasion

Given the important oncogenic role of AKR1C3 in HCC, we
evaluated whether two AKR1C3 inhibitors, indocin and medroxypro-
gesterone acetate (MPA), could be repurposed for the prevention or
treatment of HCC. We treated Li7, MHCC-LM3, Huh7, and Hep3B
cells with different doses of indocin and MPA. We found that indocin
and MPA markedly suppressed the proliferation, migration, and
invasion (Fig. 7A–C; Supplementary Figs. S24 and S25A–S25D).
Indocin and MPA also induced G1–S cell-cycle arrest and apoptosis
and increased the cleavage of caspase-3 and PARP in HCC cells
(Fig. 7D–E; Supplementary Figs. S25D and S26). Furthermore, indo-
cin and MPA inhibited the phosphorylation of p65, IKKa/b, IkBa,
and STAT3 in HCC cells (Fig. 7F).

We next evaluated the efficacy of indocin andMPA in vivo. Indocin
and MPA significantly suppressed the growth of subcutaneous
MHCC-LM3, Huh7, and Li7 xenografts (Fig. 7G and H; Supplemen-
tary Fig. S27). Furthermore, compared with the control treatment,
indocin andMPA increased the cleavage of caspase-3 and inhibited the
expression of Ki67 and PCNA (Fig. 7I). In addition, the phosphor-
ylation of p65, IKKa/b, and IkBa was inhibited in murine xenografts
from indocin- and MPA-treated MHCC-LM3 cells (Fig. 7J). There
were no significant changes in animal weight (Supplementary
Fig. S28). In addition, indocin and MPA enhanced antitumor effect
of AKR1C3 knockdown in HCC cells (Supplementary Figs. S29A–
S29C). Therefore, pharmacologic inhibition of AKR1C3 may be a
promising approach for the prevention and treatment of HCC.

Discussion
In this study, we demonstrated that AKR1C3 was upregulated in

HCC and promoted cell proliferation and metastasis. Furthermore,
AKR1C3 increased NF-kB activity by interacting with TRAF6 inHCC
cells. NF-kB activation results in the release of inflammatory media-
tors (IL1b, IL6, and TNFa) and in constitutive activation of STAT3 in
HCC. Interestingly, we also found that STAT3was, in turn, involved in
the promotion of AKR1C3 expression, pointing to the existence of a
positive feedback loop in HCC. Moreover, the AKR1C3 inhibitors
indocin and MPA inhibited cell proliferation, migration, and invasion
in vitro and in vivo. To our knowledge, our research is the first to
present the molecular mechanisms of AKR1C3 in HCC.

Having established AKR1C3 as an oncogene in the progression of
prostate cancer, we investigated the role and possible molecular
mechanism of AKR1C3 in HCC. AKR1C3 facilitates the conversion
of androstenedione and 5a-androstanedione to the testosterone and
DHT, respectively (24, 25). Testosterone and DHT bind to AR and are
associatedwith prostate cancer progression and aggressiveness. There-
fore, AKR1C3 is an important target for the prevention or treatment of
both hormone-dependent and hormone-independent cancers. In this
study, we found that the expression of AKR1C3 was upregulated and
associated with poor prognosis in HCC. AKR1C3 promotes cell
proliferation and metastasis. However, the expression of AKR1C3
was not associated with AR expression in HCC (Supplementary
Fig. S30). These results suggest that AKR1C3 functions independently
of AR in HCC.

In this study, we found that AKR1C3 increases HCC cell prolifer-
ation, invasion, and metastasis by activating the NF-kB pathway. NF-
kB activation plays a critical role in cancer development and progres-
sion (21, 26). NF-kB activation can result in the production of
cytokines, growth factors, angiogenic factors, and proteases that
degrade the extracellular matrix to support cancer development and

progression. This study revealed that overexpression of AKR1C3
results in the production of proinflammatory cytokines including IL6,
IL1b, and TNFa. Previous studies have shown that the local inflam-
matory environment promotes tumor cell secretion of chemokines,
thereby enhancing immune cell recruitment and elevating IL1b and
IL6 levels, which feedback to promote HCC development (27). A
recent study showed that HCC patients with high serum IL6 levels
showed poorer OS than patients with low IL6 levels, and had a higher
incidence of early tumor recurrence (28). Furthermore, the IL1b level
in patients with HCC was significantly elevated compared with that in
healthy controls. The IL1b level was closely related to the presence of
CD68þ TAMs. IL1b promoted HCCmetastasis inmouse models (29).
Therefore, overexpression of AKR1C3 resulting from NF-kB activa-
tion may promote HCC progression. Given the role of the inflamma-
tory environment, we believe that anti-inflammatory effects could be
beneficial for disease control in patients with HCC. The anti-
inflammatory agents aspirin and celecoxib have been proven to inhibit
HCC development and progression in human and mouse mod-
els (30, 31). Indocin is a nonsteroidal anti-inflammatory drug that is
commonly prescribed to reduce fever, pain, stiffness, and/or swelling
due to a myriad of different causes. In addition to its function as a
nonselective inhibitor of cyclooxygenase (COX) 1 and 2, studies have
demonstrated that indocin can inhibit AKR1C3 activity (32). On the
basis of the clearly defined role of AKR1C3 in regulating the differ-
entiation of AML cells, an AKR1C3 inhibitor, 6-medroxyprogesterone
acetate (MPA), was used in early clinical trials to treat AML in
Europe (33, 34). Our present work showed that indocin and MPA
inhibited HCC development and progression in vitro and in vivo. We
found that indocin and MPA also inhibited Hep3B cell (AKR1C3 low
expression) proliferation, migration, and invasion. The possible rea-
sons are as follows: first, Hep3B cells express low level of AKR1C3.
Therefore, indocin and MPA can inhibit Hep3B cell proliferation,
migration, and invasion. Second, indocin and MPA were nonselective
AKR1C3 inhibitor. We speculated that effects of indocin and MPA
on Hep3B cells could be also associated with their nonselective
effects. Recently, OBI-3424, a novel AKR1C3-activated prodrug, was
shown to exhibit potent efficacy in preclinical models of T-ALL (35).
Thus, AKR1C3 inhibitorsmay be valuable for the treatment of patients
with HCC.

Recent evidence suggests a crucial role for STAT family proteins,
especially STAT3, in inducing and maintaining a procarcinogenic
inflammatory microenvironment. The IL6/STAT3 pathway has a key
role in the growth and development ofmany human cancers. Activated
STAT3 also induces the expression of factors that promote angiogen-
esis, metastasis, and immunosuppression (36, 37). Furthermore, IL6-
mediated STAT3 activation in the tumor microenvironment inhibits
the functional maturation of dendritic cells and T cells (38). In
addition, activation of STAT3 has been found to be associated with
NF-kB activation (39). Thus, crosstalk between STAT3 and NF-kB
activation promotes tumor progression. Previous studies showed that
�60% of patients with HCC exhibit nuclear localization of STAT3
pY705 in tumor tissues (40). Overexpression of STAT3 pY705 in
tumor tissues has been found to be correlated with poor prognosis in
patients with HCC (41). In this study, we found that AKR1C3 derived
NF-kB activation resulted in IL6/STAT3 pathway activity. Further-
more, STAT3 can directly bind to the AKR1C3 promoter and promote
AKR1C3 expression. Therefore, a positive feedback loop between
AKR1C3 and STAT3 controls HCC progression. Our present work
showed that the STAT3 inhibitor BP-1–102 not only inhibited
AKR1C3-mediated cell proliferation and invasion but also suppressed
AKR1C3 expression inHCCcells. Therefore, inhibition of STAT3may
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Figure 7.

Indocin and MPA suppress HCC cell growth, migration, and invasion and induce apoptosis.A, Indocin and MPA inhibited the proliferation of Li7 and MHCC-LM3 cells.
B, Indocin and MPA reduced the colony-forming ability of Li7 and MHCC-LM3 cells. C, Indocin and MPA suppressed themigration and invasion of Li7 andMHCC-LM3
cells.D, Indocin and MPA induced apoptosis in Li7 and MHCC-LM3 cells. E, Cleavage of caspase-3 and PARPwas assessed byWestern blotting in Li7 and MHCC-LM3
cells. F,Western blot analyses of the levels of p-IKKa/b, p-IkBa, p-65, total IKKa/b, IkBa, p65, p-STAT3, and STAT3 in Li7, Huh7, and MHCC-LM3 cells treated with
indocin and MPA. G,MHCC-LM3 cells were subcutaneously injected into the flank region of athymic nude mice. When the tumor volume reached approximately 100
mm3,mice bearingMHCC-LM3 xenograftswere treatedwith indocin (5mg/kg, i.p.), MPA (4mg/kg, i.p.), or vehicle control (i.p.) for 12 days. The tumor volume in each
group was measured on the indicated days of treatment. H, Tumor weights in mice after treatment with indocin, MPA, or vehicle control. I, The levels of Ki67, PCNA,
and cleaved caspase-3were assessedby IHC inMHCC-LM3xenograft tumors. J,Western blot analyses of the levels of p-IKKa/b, p-IkBa, p-65, total IKKa/b, IkBa, and
p65 in MHCC-LM3 cells xenograft tumor treated with indocin, MPA, or vehicle control. K, Schematic representation of the AKR1C3/NF-kB/STAT3 positive feedback
loop promoting HCC progression. AKR1C3 regulated NF-kB activity by modulating the expression of TRAF6 and inducing its autoubiquitination in HCC cells.
Activation of NF-kB released proinflammatory factors that facilitated the phosphorylation of STAT3 and increased tumor cell proliferation and invasion. In addition,
STAT3 directly bound to the AKR1C3 promoter and induced AKR1C3 expression, thereby establishing a positive regulatory feedback loop. �, P < 0.05; �� , P < 0.01.
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be a promising therapeutic strategy in HCC (42). Some STAT3
inhibitors, such as napabucasin and the STAT3-targeted antisense
oligonucleotide AZD9150, have been proven to inhibit tumor devel-
opment and progression in human and mouse models (43, 44).

In conclusion, we demonstrated that the AKR1C3/NF-kB/STAT3
loop mediates the local inflammatory environment and provided
evidence for the role of AKR1C3 in HCC proliferation and metastasis
(Fig. 7K). These findingsmay deepen our understanding regarding the
role of AKR1C3 in HCC progression and treatment.
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