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ABSTRACT - Objective: The aldo-keto reductase (AKR) superfamily catalyzes the NAD(P)H-dependent reduc-
tion of aldehydes to less reactive alcohols, playing a critical role in detoxification and cellular redox homeostasis.
AKR family members have been increasingly implicated in tumor progression across various cancers. However, the
functional role and mechanism of AKR7A2 in hepatocellular carcinoma (HCC) progression remain poorly understood.
Here, we identified an essential role of AKR7A2 in HCC progression.

Materials and Methods: The expression of AKR7A2 was analyzed in HCC tissues and human cell line models
via immunohistochemistry (IHC) and Western blotting. The influence of AKR7A2 on HCC proliferation, migration,
and invasion was assessed through CCK-8, colony formation, and Transwell assays. Potential molecular mecha-
nisms were explored through bioinformatics analysis of The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) databases.

Results: We found that AKR7A2 expression was upregulated and significantly associated with poor prognosis.
Elevated AKR7A2 expression was also linked to resistance to radiotherapy and sorafenib treatment. Knockdown
of AKR7A2 suppresses HCC cell proliferation, migration, and invasion. Bioinformatics analysis further demonstrat-
ed that expression of AKR7A2 was positively correlated with oxidative phosphorylation (OXPHOS), mitochondrial
biogenesis, PPARG expression, and tumor-associated macrophage polarization.

Conclusions: Taken together, our results indicate that AKR7A2 promotes HCC cell proliferation, migration, and
invasion through PPARG-mediated OXPHOS and tumor-associated macrophage polarization. Therefore, AKR7A2
represents a promising therapeutic target for the treatment of HCC.

KEYWORDS: AKR7A2, Oxidative phosphorylation, Tumor-associated macrophage polarization, Hepatocellular
carcinoma, Progression.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and the third leading cause
of cancer-related mortality2. The most significant contributing factor to the development of HCC is the
chronic process of inflammation and remodeling of the cirrhotic liver, in which the interaction between the
tumor microenvironment (TME) and cancer cells plays a pivotal role**. Surgical resection remains a cor-
nerstone of curative treatment for patients with early-stage disease®. Despite significant advances in mo-
lecular targeted therapies and immunotherapy over the past decade, overall treatment outcomes for HCC
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remain suboptimal®®. The high rates of recurrence, intrinsic or acquired resistance to systemic therapies,
and profound tumor heterogeneity continue to pose major clinical challenges®. Therefore, a deeper un-
derstanding of the oncogenic signaling pathways and immune regulatory mechanisms that drive HCC pro-
gression is crucial for developing more effective therapeutic strategies and improving patient prognosis.

The aldo-keto reductase (AKR) superfamily comprises enzymes that catalyze the NAD(P)H-dependent
reduction of reactive aldehydes and ketones to less reactive alcohols, playing key roles in detoxification,
lipid metabolism, and steroid hormone biosynthesis'. In eukaryotes, AKR enzymes are classified into 15
families (AKR1-AKR15) based on sequence homology. Humans express 15 functional AKR isoforms, in-
cluding AKR1A1, AKR1B1, AKR1B10, AKR1B15, AKR1C1-C4, AKR1D1, AKR1E2, AKR6A3, AKR6AS5, AKR6AY,
AKR7A2, and AKR7A3!. We have previously demonstrated that AKR1C3 was markedly upregulated in
HCC and correlates with poor patient prognosis*?. Furthermore, AKR1C3 confers ferroptosis resistance
in HCC by modulating the YAP/SLC7A11 signaling axis®3.

AKR7A2, a member of the AKR superfamily, is predominantly expressed in metabolically active tis-
sues such as the liver and kidney. It exhibits catalytic activity toward reactive aldehydes generated
during lipid peroxidation, thereby playing a critical role in cellular defense against oxidative stress by
mitigating ROS-induced damage!***. Through the detoxification of cytotoxic aldehydes and interactions
with stress-responsive proteins such as cytoglobin, AKR7A2 contributes to redox homeostasis and cel-
lular protection®®. While these functions suggest a potential role in cancer biology, the involvement of
AKR7A2 in HCC progression remains poorly understood. In this study, we investigate the functional role
of AKR7A2 in HCC and elucidate the underlying molecular mechanisms.

MATERIALS AND METHODS
Cell lines and cell culture

Huh7 cells were obtained from Riken Cell Bank (Tsukuba, Japan). HepG2 cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The MHCC-LM3 and MHCC-97H cell
lines were obtained from the Liver Cancer Institute, Zhongshan Hospital of Fudan University (Shanghai,
China). All HCC cell lines used were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco) and maintained at 37°C in a humidified incubator with 5% CO,. All of the cell lines were
authenticated and characterized by the suppliers. Cells were used within 6 months of resuscitation.
These cell lines were mycoplasma-free and routinely authenticated by quality examinations of morphol-
ogy and growth profile.

Western Blotting

Total protein was extracted using a RIPA lysis buffer supplemented with Protease and phosphatase
inhibitor cocktail. The protein concentrations were quantified using the BCA Protein Assay Kit in ac-
cordance with the manufacturer’s instructions'’. Total cellular proteins were separated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore (Merck KGaA, Darmstadt, Germany). Membranes were blocked with 5% non-fat milk
or bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room
temperature, then incubated overnight at 4°C with primary antibodies diluted in blocking buffer. After
three washes with TBST, membranes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. Immunoreactive bands were visualized using en-
hanced chemiluminescence (ECL) detection reagent (Pierce, Thermo Fisher Scientific, Rockford, IL, USA)
and imaged on a chemiluminescent detection system. B-actin served as a loading control to confirm
equal protein loading across samples.

Cell Proliferation and Colony Formation Assays
Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) (Bimake, Houston, TX, USA) ac-

cording to the manufacturer’s instructions®®. Briefly, cells were seeded in 96-well plates and allowed
to adhere overnight. At the indicated time points, 10 pL of CCK-8 solution was added to each well,
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and the plates were incubated at 37°C for 1-4 h. The absorbance at 450 nm was measured using a
microplate reader. Each experiment was performed in triplicate and repeated independently at least
three times.

Colony formation assays were conducted following previously described protocols®®. HCC cells were
seeded into 6-well plates at a density of 10* cells/well and incubated at 37°C for 2 weeks. Colonies were
fixed with 4% phosphate-buffered formalin (pH 7.4) and subjected to Giemsa staining for 15 minutes.
Each assay was performed in three separate experiments.

Wound-Healing Assay

Cell migration was evaluated using the wound healing (scratch) assay®®. HCC cells were seeded into
6-well plates and cultured to 100% confluence to form a confluent monolayer. Wounds were created by
scratching the monolayer with a sterile 10-uL pipette tip. After scratching, cell debris was removed by
washing with phosphate-buffered saline (PBS), and fresh culture medium was added. Cells were then
incubated at 37°C in a 5% CO, humidified incubator. Images of the wound areas were captured at 0-,
48-, and 72-hours post-scratching using an inverted light microscope. Wound closure was quantified by
measuring the change in gap width over time using image analysis software (ImageJ).

Migration and Invasion Assays

Cell migration and invasion were assessed using Transwell assays according to established protocols?.
For migration, cells were serum-starved overnight and then resuspended in serum-free DMEM. Cells
were seeded into the upper chamber of a Transwell insert with an 8-um pore size (Corning, NY, USA). For
invasion assays, the upper chamber was pre-coated with Matrigel (BD Biosciences, NJ, USA) to mimic
the extracellular matrix. The lower chamber contained DMEM supplemented with 10% FBS as a chemo-
attractant. After incubation for 24 h (migration) or 48 h (invasion) at 37°C in 5% CO,, non-migrated or
non-invaded cells on the upper surface of the membrane were gently removed with a cotton swab. Cells
that had migrated or invaded the lower surface were fixed with 4% formalin, stained with Giemsa solu-
tion, and imaged under a light microscope. The number of migrated or invaded cells was quantified by
counting the nuclei in five randomly selected fields of view per insert. Each experiment was performed
in triplicate and repeated independently at least three times

Immunohistochemistry (IHC)

IHC assays were conducted as reported previously??. A total of 95 HCC tissues were obtained from
the Affiliated Hospital of Youjiang Medical College for Nationalities. The clinicopathological features
of HCC patients (n = 95) are shown in Table 1. Briefly, tissue sections were deparaffinized in xylene
and rehydrated through a graded ethanol series to distilled water. Antigen retrieval was performed by
heating sections in a microwave oven to just below boiling temperature using 10 mM sodium citrate
buffer (pH 6.0) for 20 min. After cooling to room temperature, sections were washed three times with
PBS. Endogenous peroxidase activity was blocked by incubating the sections with 3% hydrogen per-
oxide for 10 min at room temperature. Sections were then incubated overnight at 4°C with primary
antibodies diluted in antibody diluent. Following three PBS washes, sections were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody at 37°C for 30 min. Antigen detection
was performed using a diaminobenzidine (DAB) chromogen solution, and nuclei were counterstained
with Mayer’s hematoxylin.

Statistical Analysis

All data are expressed as mean + standard deviation (SDs). Comparisons between two groups were per-
formed using the unpaired two-tailed Student’s t-test. For comparisons among three groups, one-way
analysis of variance (ANOVA) was used. Survival analyses were conducted using the Kaplan-Meier meth-
od, and differences in survival curves were assessed using the log-rank test. p < 0.05 was considered
statistically significant.
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Table 1. Clinicopathological features of HCC patients (95 cases).

Clinicopathological features Number
Age

<50 44

>50 51
Gender

Male 78

Female 16

Missing 1
Intrahepatic Metastasis

Negative 86

Positive 9
Grade

| 13

1110 82
AFP (ng/mL)

<20 32

>20 56

Missing 7
HBV

Negative 27

Positive 67

Missing 1
Vessel carcinoma embolus (VCE)

Negative 90

Positive 5

RESULTS

Elevated AKR7A2 Expression Predicts Poor Prognosis in HCC

We first analyzed AKR7A2 expression using data from The Cancer Genome Atlas (TCGA). We found that
AKR7A2 mRNA levels were significantly elevated in HCC tissues compared to adjacent noncancerous
tissues (Figure 1A). In addition, AKR7A2 expression level was negatively correlated with radiotherapy
and sorafenib response using TCGA data and GEO data (Figure 1B-1C). We next investigated the associ-
ation between AKR7A2 expression and patient prognosis. Kaplan-Meier survival analysis revealed that
patients with high AKR7A2 expression had significantly shorter overall survival (OS) compared to those
with low expression (Figure 1D).

We next evaluated AKR7A2 expression in HCC tissues by IHC. Based on IHC staining intensity and
extent, patients were stratified into high or low AKR7A2 expression groups (Figure 1E). High AKR7A2
expression was significantly associated with the presence of microvascular invasion (MVI, also re-
ferred to as vessel carcinoma embolus, VCE) and hepatitis B virus (HBV) positivity (Table 2). However,
no significant correlation was observed between AKR7A2 expression and other clinicopathological
parameters, including age, sex, serum alpha-fetoprotein (AFP) level, or intrahepatic metastasis (Ta-
ble 2). Taken together, these findings indicate that high AKR7A2 expression is associated with a poor
prognosis in HCC patients and that AKR7A2 may play an important role in promoting the malignant
progression of HCC.
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Figure 1. Overexpression of AKR7A2 is associated with a poor prognosis in HCC patients. A, The expres-
sion of AKR7A2 in HCC tissues was compared with that in the corresponding noncancerous liver tissues
in the TCGA datasets. B, The expression of AKR7A2 in HCC patients with radiotherapy response or no-re-
sponse in the TCGA datasets. C, The expression of AKR7A2 in HCC patients with sorafenib response or
no-response in the GSE109211 datasets. D, Overall survival analysis of HCC patients TCGA cohort strati-
fied by the AKR7A2 expression. E, The expression of AKR7A2 in HCC tissues using IHC.

AKR7A2 Promotes HCC Cell Proliferation

To verify the function of AKR7A2 in HCC, we first examined the expression of AKR7A2 in HCC cell lines.
The MHCC-LM3 and HepG2 cells were selected for loss-of-function studies due to their high endoge-
nous AKR7A2 levels (Figure 2A-2B). A stable knockdown cell line of AKR7A2 was established using lenti-
viral transduction (Figure 2C-2D). We found that AKR7A2 knockdown inhibited HCC cell proliferation and
decreased the colony formation ability (Figure 2E-2F).

AKR7A2 Promotes HCC Cell Migration and Invasion

Since AKR7A2 was shown to be related to vessel carcinoma embolus (Table 2), we further examined the
effect of AKR7A2 on the migration and invasion of HCC cells. We found that the silencing of AKR7A2 mit-
igated cell migration using the Wound-healing assay (Figure 2G). Furthermore, Transwell assay showed
that silencing AKR7A2 mitigated cell migration and invasion (Figure 2H).
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Table 2. Correlation between AKR7A2 levels in HCC patients and their clinicopathological characteristics.

Clinicopathological Number Low expression High expression p-value
features N (%) N (%)

Age
<50 44 28(50.0) 16(41.0) 0.388
>50 51 28(50.0) 23(59.0)

Gender
Male 78 45(81.8) 33 (84.6) 0.722
Female 16 10(19.2) 6(15.4)

Grade
| 13 7(12.5) 6(15.4) 0.687
I 82 49(87.5) 33(84.6)

AFP (ng/mL)
<20 33 17(34.0) 15(39.5) 0.597
>20 56 33(66.0) 23(60.5)

HBV
Negative 27 21(38.2) 6(15.4) 0.016*
Positive 67 34(61.8) 33(84.6)

Vessel carcinoma embolus (VCE)
Negative 90 56(100.0) 34(84.6) 0.006**
Positive 5 0(0.0) 5(15.4)

Intrahepatic Metastasis
Negative 86 53(94.6) 33(67.7) 0.101
Positive 9 3(5.4) 6(32.3)

AKR7A2 Promotes Oxidative Phosphorylation and Mitochondrial
Biogenesis in HCC Cells

GSEA analysis showed that the AKR7A2 expression was positively correlated with genes related to “Elec-
tron transport chain” and “Oxidative phosphorylation” using TCGA data (Figure 3A-3D). Furthermore,
the expression of key mediators of OXPHOS, including SDHB, UQCRC1, and ATP5A1 were positively cor-
related with AKR7A2 expression in HCC using TCGA data (Figure 4A).

Given that PPARG, TFAM, PGCla, and c-Myc are well-established regulators of mitochondrial me-
tabolism?32°, we next investigated the correlation between AKR7A2 and these key regulatory genes.
We found that expression of AKR7A2 was positively PPARG expression (Figure 4A). However, there is no
significant positive correlation between the expression of AKR7A2 and the other three key genes (data
not displayed). Therefore, these findings suggest that AKR7A2 may promote oxidative phosphorylation
and mitochondrial biogenesis in HCC cells through the regulation of PPARG.

AKR7A2 Promotes HCC Progression by Affecting Tumor-Associated
Macrophage Polarization

AKR7A2 expression is associated with the expression of M2 polarization-related genes (CD163 and IL-10)
in HCC according to analysis of TCGA data (Figure 4B). Furthermore, we found that expression of AKR7A2
was positively correlated with M2 macrophage infiltration using GSE12368, GSE33731, and GSE10927
data (Figure 4C). In addition, expression of AKR7A2 was negatively correlated with M1 macrophage in-
filtration and CD8* T cell infiltration (Figure 4C). Therefore, these results suggest that AKR7A2 promotes
HCC progression by affecting tumor-associated macrophage polarization.
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Figure 2. Knockdown of AKR7A2 inhibits HCC cell proliferation, migration, and invasion. A-B, The ex-
pression of AKR7A2 was detected by WB in HCC cells. C, Fluorescence image of knockdown AKR7A2 in
HCC cells. D, AKR7A2 shRNA knockdown efficiency was validated using WB. E, Analysis of the effect of
AKR7A2 knockdown on proliferation using CCK-8 assay. F, Analysis of the effect of AKR7A2 knockdown
on proliferation using a colony formation assay. G, The effects of AKR7A2 knockdown on HCC cell migra-
tion were assessed by wound healing assay. H, The effects of AKR7A2 knockdown on HCC cell migration
and invasion were assessed by Transwell assays.

DISCUSSION

AKR7A2 is a member of the AKR superfamily that utilizes NADP(H) as a cofactor to reduce aldehydes
and ketones to their corresponding alcohols?. It is predominantly expressed in tissues such as the liver
and kidney and exhibits catalytic activity toward aldehydes generated by lipid peroxidation, thereby
contributing to the cellular defense against ROS and mitigating oxidative stress*”*°. Notably, AKR7A2 is
identical to human central nervous system succinic semialdehyde reductase (SSAR), an enzyme involved
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Figure 3. AKR7A2 promotes mitochondrial respiration and oxidative phosphorylation. GESA-GO analysis
(A), GESA-KEGG analysis (B), and GESA-Hallmark analysis (C) were performed using TCGA data. D, GES
analysis showed oxidative phosphorylation, respiratory electron transport chain, cellular respiration,
ATP synthesis coupled electron transport.

in y-aminobutyric acid (GABA) metabolism?®. GABA directly binds to B-catenin and stabilizes it, leading
to activation of the Wnt/B-catenin signaling pathway and promoting HCC metastasis®. In this study, we
found that upregulated AKR7A2 was associated with poor prognosis of HCC. AKR7A2 increased HCC cell
proliferation, migration, and invasion. Therefore, we speculated that the function of AKR7A2 may be
related to its metabolic enzyme activity.

Metabolic reprogramming has been well-known as a hallmark of cancer®®. Mitochondria are the
main suppliers of energy and are responsible for the balance between glycolysis and OXPHOS. A grow-
ing number of studies showed that mitochondrial OXPHOS may be a significant metabolic pattern during
metastasis®32, Increased OXPHOS in cancer not only provides energy for dissemination but also en-
hances crosstalk in the tumor microenvironment®. In this study, we found that AKR7A2 expression was
associated with OXPHOS and the electron transport chain (ETC) activity. Furthermore, we found a pos-
itive correlation between AKR7A2 and PPARG in HCC. Therefore, we speculated that AKR7A2 promoted
OXPHOS and electron transport chain activity through PPARG.

Macrophages are the most abundant innate immune cells in the tumor microenvironment (TME)34.
Tumor-associated macrophages (TAMs), which typically exhibit an M2-like polarization state, are key
components of the TME and promote cancer metastasis through direct and indirect interactions with
tumor cells®*. M2-polarized macrophages secrete a range of immunosuppressive cytokines, growth fac-
tors, and extracellular mediators that collectively foster an immunosuppressive TME®®. Immunoregu-
latory molecules, such as IL-10, contribute to M2 polarization®, and TAMs further suppress anti-tumor
immunity by expressing immune checkpoint molecules, including PD-L13%. A previous study showed
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Figure 4. AKR7A2 expression associates with tumor-associated macrophage polarization. A, Expression
of AKR7A2 was associated with ATP51A, SDHB, UQCRC1, and PPARG in HCC using TCGA data. B, Expres-
sion of AKR7A2 was associated with IL-10 and CD163 in HCC using TCGA data. C, Expression of AKR7A2
was associated with tumor-associated macrophage M2 polarization in HCC.

that M2 TAMs promoted HCC progression®. In this study, we found that AKR7A2 expression was posi-
tively associated with M2 macrophage infiltration in HCC tissues. Furthermore, a significant correlation
was observed between AKR7A2 and key immunoregulatory markers, including IL-10 and CD163. These
findings suggest that AKR7A2 may contribute to the establishment of an immunosuppressive tumor
microenvironment by modulating the recruitment or polarization of M2 macrophages. However, the
underlying molecular mechanisms require further investigation to be fully elucidated.
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CONCLUSIONS

In conclusion, our findings demonstrated that AKR7A2 is upregulated in HCC and is associated with poor
patient prognosis. AKR7A2 promotes HCC cell proliferation, migration, and invasion, potentially through
enhancing OXPHOS and facilitating M2 macrophage infiltration. Our study elucidates a critical role for
AKR7A2 in HCC progression and highlights its potential as a prognostic biomarker and therapeutic target.
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