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ABSTRACT: Various liver diseases, including hepatocellular carcinoma
(HCC), have been linked to mitochondrial dysfunction, reduction of
reactive oxygen species (ROS), and elevation of nitric oxide (NO). In this
study, we subjected the human liver mitochondrial proteome to extensive
quantitative proteomic profiling analysis and molecular characterization to
identify potential signatures indicative of cancer cell growth and
progression. Sequential proteomic analysis identified 2452 mitochondrial
proteins, of which 1464 and 2010 were classified as nontumor and tumor
(HCC) mitochondrial proteins, respectively, with 1022 overlaps. Further
metabolic mapping of the HCC mitochondrial proteins narrowed our
biological characterization to four proteins, namely, ALDH4A1, LRPPRC,
ATP5C1, and ALDH6A1. The latter protein, a mitochondrial
methylmalonate semialdehyde dehydrogenase (ALDH6A1), was most
strongly suppressed in HCC tumor regions (∼10-fold decrease) in
contrast to LRPPRC (∼6-fold increase) and was predicted to be present in plasma. Accordingly, we selected ALDH6A1 for
functional analysis and engineered Hep3B cells to overexpress this protein, called ALDH6A1-O/E cells. Since ALDH6A1 is
predicted to be involved in mitochondrial respiration, we assessed changes in the levels of NO and ROS in the overexpressed cell
lines. Surprisingly, in ALDH6A1-O/E cells, NO was decreased nearly 50% but ROS was increased at a similar level, while the former
was restored by treatment with S-nitroso-N-acetyl-penicillamine. The lactate levels were also decreased relative to control cells.
Propidium iodide and Rhodamine-123 staining suggested that the decrease in NO and increase in ROS in ALDH6A1-O/E cells
could be caused by depolarization of the mitochondrial membrane potential (ΔΨ). Taken together, our results suggest that hepatic
neoplastic transformation appears to suppress the expression of ALDH6A1, which is accompanied by a respective increase and
decrease in NO and ROS in cancer cells. Given the close link between ALDH6A1 suppression and abnormal cancer cell growth, this
protein may serve as a potential molecular signature or biomarker of hepatocarcinogenesis and treatment responses.
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■ INTRODUCTION

Hepatocellular carcinoma (HCC) is among the most prevalent
malignancies in Asian countries and the most rapidly
increasing incidence in the United States, ranking the third
leading cause of cancer-related death worldwide.1 Globally,
approximately 87% of HCC cases are associated with hepatitis
C virus (HCV) and chronic hepatitis B virus (HBV)
infections.2 Many types of liver diseases, including HCC, are
known to cause mitochondrial dysfunction.3 This condition is
associated with high levels of reactive oxygen species (ROS)
production, particularly in HCC, alcoholic liver disease4 and
nonalcoholic fatty liver disease.5

The mitochondria play a central role in cellular energy
homeostasis, metabolism, and cell death via the electron
transport chain that synthesizes ATP in the inner membrane.6

Consequently, the leakage of electrons induces the production
of ROS, which contribute to cellular aging and DNA damage.7

Mitochondrial dysfunction is also known to elevate nitric oxide
(NO) levels in HCC cells.8 In these cells, NO acts to suppress
cellular respiration and enhance glycolysis,9 which are typical
phenomena in HCC cells.10 Therefore, NO and ROS play very
prominent roles in malignancies, wherein mitochondrial
function and membrane potential appear to influence cancer
cell growth and maintenance.
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Although some proteomic and molecular pathogenesis
studies of HCC have evaluated the levels of various
mitochondrial molecules,11 the functional aspects of these
molecules remain poorly understood in human HCC tumors.
Therefore, we performed extensive quantitative proteomic
profiling analyses of HCC tumors as well as Hep3B cell lines,
and subsequent molecular characterization to identify any
differentially expressed mitochondrial proteins in human HCC
tissues. Here, we identified ALDH6A1 as a potential molecular
signature, which reflects not only abnormal NO and ROS
production but also mitochondrial respiratory function in
HCC.

■ EXPERIMENTAL SECTION

Clinical Specimens

All clinical samples were obtained from the archives of the
Department of Pathology, Yonsei University (Seoul, Korea),
and the Liver Cancer Specimen Bank of the National Research
Resource Bank Program affiliated with the Korea Research
Foundation of the Ministry of Science and Technology. All
diagnoses of HCC (n = 25) (Table S1, Supporting
Information) were made by pathologists at Severance Hospital,
Yonsei University. Twenty-five cases of HCC were included.
The mean age (± standard deviation [SD]) and male: female
ratio of each group was 54.6 ± 12.5 and 22:3, respectively.
This research was approved by the Institutional Review Board
(IRB, 4-2015-0474) of the Yonsei University College of
Medicine.
Child-Pugh Classification

The severity of liver disease was assessed in each patient based
on five clinical features: total bilirubin level, serum albumin,
prothrombin time, the degree of ascites, and the grade of
hepatic encephalopathy. The total point score was used to
determine the patient’s Child-Pugh class: Class A (a score of
5−6), Class B (7−9), or Class C (10 or above) (Table S1,
Supporting Information). The Class B level has been accepted
as a criterion for listing liver transplantation indicating, liver
decompensation.

Sample Preparation for Proteomic Analysis

The tissue samples were washed with phosphate-buffered
saline (PBS) solution and stored at −80 °C until use.12 Tissue
(100 mg) was homogenized in modified RIPA buffer (50 mM
Tris−HCl, 150 mM NaCl, 1% NP-40, and 0.25% sodium
deoxycholate, pH 7.4) containing a protease inhibitor (Sigma-
Aldrich, St. Louis, MO), and the supernatant was collected via
centrifugation at 14 000 rpm for 20 min. The protein
concentration was determined using a 2D Quant kit (GE
Healthcare, Uppsala, Sweden). After lysis, we concentrated and
purified the cell lysates using Amicon Ultra centrifugal filters
(Millipore, Billerica, MA). The human liver mitochondria
standard was purchased from XenoTech (Lenexa, KS). The
standard mitochondrial protein was only used for internal
authenticity verification of the HCC tumor mitochondrial
fraction by cross-comparison of protein bands between two
samples in Western blot. The experiment was initiated with 50
μg of protein to minimize loss during the desalting process.
The protein was diluted in 50 μL, and 1 μL of the solution was
then injected into the liquid chromatography with tandem
mass spectrometry (LC/MSMS). Therefore, the total amount
of each peptide was 1 μg. The peptide samples from the in-
solution digestion were desalted with an Oasis HLB column

(Waters, Milford, MA) and lyophilized using a speed vac. Next,
the peptides were dissolved in 0.1% formic acid and 3%
acetonitrile (ACN) in a volume of 50 μL, and 1 μL was loaded
onto a nano-LC-MS/MS.

Mitochondrial Enrichment

Differential centrifugation was used to enrich mitochondria in
liver tissue samples (tumor or nontumor). After lysis of the
liver tissue, the supernatant was centrifuged at 800g for 10 min.
The pellet was discarded to remove the unbroken cells and
nuclei. Next, the supernatant was centrifuged at 7000g for 15
min, and the supernatant was discarded. Next, the resulting
pellet was transferred to a new tube and centrifuged at 18 000g
for 25 min. The mitochondrial protein pellets were
resuspended in 50 μL of liver mitochondria isolation buffer
containing protease inhibitor.13 The extent of mitochondrial
enrichment was estimated by western blotting for the
respective mitochondrial and cytosolic markers COX4 and β-
actin.

Trypsin Digestion

Pelleted proteins from nontumor and tumor (HCC) tissue
samples (50 μg/sample) were digested by in-solution. In-
solution digestion was performed according to the modified
protocol, as previously described.14 The sample for denatura-
tion and reduction was added to 8 M urea/5 mM DTT/25
mM NH4HCO3 (pH 8.0), and the tube was incubated at 60
°C for over 1 h. The resulting solution was cooled at room
temperature. The solution was prepared at room temperature
in 25 mM iodoacetamide in the dark for 20 min. Urea was
diluted to a concentration of 1 M with 25 mM NH4HCO3 (pH
8.0) and then subjected to proteolytic digestion with trypsin
(Promega Co., Madison, WI) at an enzyme to substrate ratio
of 1:20 at 37 °C overnight. The peptide samples from the in-
solution digestion were desalted with an Oasis HLB column
(Waters, Milford, MA) and were lyophilized using a speed vac.
Then, the dry residues were resuspended in 50 μL of loading
buffer containing 0.1% formic acid and 3% ACN, and 1 μL was
loaded onto nano-LC-MS/MS.

Large-Scale Tandem Mass Spectrometry (MS/MS) Data
Collection and Analysis

Liquid chromatography separation was performed using an
Ultimate 3000 RS nano-LC system (Thermo Scientific, MA).
A C18 Easy nanocolumn (150 mm, 75 μm, 3 μm particle size,
100A pore size, Thermo) was used for peptide separation. The
mobile phase A for the LC separation consisted of 0.1% formic
acid in deionized water, and the mobile phase B consisted of
0.1% formic acid in acetonitrile. Then, 1 μg of desalted
peptides was loaded onto the column with a starting mobile
phase of 4% ACN and 0.1% formic acid. The chromatography
gradient consisted of 2% ACN for 10 min with a linear increase
from 4% B to 40% B over 55 min, 40% B to 60% B over 5 min,
95% B for 7 min, and 4% B for 11 min at a flow rate of 500 μL/
min. Mass spectra were acquired with an Orbitrap Q Exactive
mass spectrometer (Thermo Fisher, San Jose, CA) for the
identification or quantification of peptides, with automatic
switching between MS and MS/MS scans using a top-10
method. MS spectra were acquired at a resolution of 70 000
with an automatic gain control (AGC) target value of 1 × 106
ions or maximum integration time of 100 ms. The full MS scan
ranges were acquired from 350 to 1800 m/z. The minimum
threshold was set to 20 000 ion counts. Peptide fragmentation
was performed via higher-energy collision dissociation (HCD)
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with the energy set at 27 NCE. Intensity threshold for ion
selection was set at 1.0 e 5 with charge exclusion of z = 1 and z
> 7. The MS/MS spectra were acquired at a resolution of
17 500, with a target value of 2 × 105 ions or maximum
integration time of 120 ms, and the isolation window was set at
2.0 m/z. The mass spectrometry proteomics data have been
interpreted according to HPP Guidelines15 and deposited to
the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD014252.

Peptide Identification and Quantification

Proteome Discoverer software (version 1.4; Thermo Fisher
Scientific) was used for protein identification and quantifica-
tion. Mascot (version 2.1: Matrix Science) was used as a search
engine. Peptides were identified using UniProt (release date:
June 2012; www.uniprot.org). The database search criteria
were as follows: taxonomy, Homo sapiens (86 875 sequences);
carboxyamidomethylated (+57) at cysteine residues for fixed
modifications; oxidized (+16) at methionine residues for
variable modifications; maximum of two allowed missed
cleavages; 10 ppm MS tolerance, a 0.1 Da CID, and 20
mmu (high-energy collision dissociation [HCD]) MS/MS
tolerance. Only peptides resulting from tryptic digests were
considered. For normalization and alignment of intensity and
retention time, SIEVE 2.1 (Thermo Fisher Scientific, MA) was
used according to the manufacturer’s protocol. Here, “frames”
represent rectangular regions in the m/z vs retention time
plane, whereas “hits” refer to MS/MS identification scans. One
can lower the threshold value and increase the number of
frames if required. These settings produce more peaks and
might produce more false positives.

Western Blot Analysis

Sample proteins were separated by 10% sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) and
transferred onto nitrocellulose membranes using an iBLOT dry
blotting system (Invitrogen, Carlsbad, CA). The membranes
were then blocked with TBS-T buffer (20 mM Tris, 137 mM
NaCl, 0.1% Tween-20, 5% skim milk, pH 7.6), incubated
overnight at 4 °C with anti-ALDH4A1, anti-APTG
(ab119686), anti-COX4 (ab16056), anti-HSP60 (ab46798,
abcam), anti-LRP130 (sc-66845), or anti-ALDH6A1 (sc-
271582, SantaCruz) antibody, and subsequently incubated
for 1 h with a 1:5000 dilution of secondary antibody
(SantaCruz). Immunoreactive proteins were detected using
ECL Plus Western blotting detection reagents (GE Healthcare,
Chicago, IL). Western blot experiments were carried out using
the biological replicates, as seen in Figure S1 (Supporting
Information), in which uncropped membrane data were
included.

Comparison of ALDH6A1 Expression in Various Tissues

ALDH6A1 was identified using GEPIA,16 a tool that enables
web server-based gene expression profiling interactive analysis
based on the TCGA database. GEPIA measures gene
expression levels in units of transcripts per million (TPM)
and transformed into log2(TPM + 1) values. Next, the median
expression in each cancer type was calculated to generate a bar
plot of the ALDH6A1 transcriptome abundance in TCGA and
its normal counterpart tissues. Then, the median (expression
value) of each tissue type was calculated to determine whether
differences between the two samples were statistically
significant. We determined whether differences between the
two samples were statistically significant, differential analysis

was performed using a one-way analysis of variance (ANOVA)
and the log2 (fold change), defined as the median (tumor)−
median (normal). ALDH6A1 was searched in 32 cancer tissues
using the TCGA Pan-Can Atlas17 and cbioportal.18 In each
tissue, the ALDH6A1 expression level was measured in TPM
using the TCGA RNASeqV2 data and normalized using RSEM
(RNA-Seq by expectation-maximization) to generate log2-scale
plots of the ALDH6A1 transcriptome abundance.
Preparation of ALDH6A1-O/E (Overexpression) Cell Lines

The Hep3B HCC cell line was purchased from ATCC
(Manassas, VA). A Mycoprobe mycoplasma detection kit
(R&D Systems, Minneapolis, MN) was used to identify the
cell line as mycoplasma-negative. The following ATCC-
specified cell culture media were used: Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and Hank’s balanced salt solution (HBSS;
Gibco, Grand Island, NY). The cells were cultured in a 37 °C
incubator with an atmosphere of 5% CO2. Hep3B cells were
transfected (with the pCMV6-Entry vector with or without
human ALDH6A1 cDNA) using Lipofectamine 3000 (In-
vitrogen) and selected using G418 (Sigma-Aldrich, St. Louis,
MO) to isolate ALDH6A1-O/E cells according to the
manufacturer’s instructions. All of the cellular experiments
were performed using stably transfected Hep3B cell lines.
Human ALDH6A1 and human ATP5C1 DNA were purchased
from Origene (Rockville, MD).
Measurement of Nitric Oxide (NO)

Hep3B cells and ALDH6A1-O/E cells were seeded into 6-well
plates at the same density (0.8 × 105 cells/2 mL DMEM). The
medium in each well was replaced with HBSS on the following
day. The cells were then incubated with 5 μM 4-amino-5-(N-
methylamino)-3′ ,6′-bis(acetyloxy)-2′7′difluoro-spiro-
[isobenzofuran-1(3H), 9′-[9H]xanthen]-3-one (DAF-FM DA;
Sigma-Aldrich) in a 37 °C incubator with a 5% CO2
atmosphere for 20 min as described above. Additionally, the
cells treated with 100 μM S-nitroso-N-acetyl-penicillamine
(SNAP; Sigma-Aldrich, St. Louis, MO), a NO donor, were
used as the positive control. The absorbance of each well at
488 nm was analyzed using a plate reader. The average
absorbance is the value of NO levels.
Measurement of Reactive Oxygen Species (ROS)

Hep3B cells and ALDH6A1-O/E cells were seeded into 6-well
plates at the same density (0.8 × 105 cells/2 mL DMEM). The
medium in each well was replaced with HBSS on the following
day. The cells were subsequently incubated with 10 μM DCF-
DA (2′,7′-dichlorofluorescein diacetate; Sigma-Aldrich) in a 37
°C incubator with a 5% CO2 atmosphere for 20 min as
described above. The absorbance of each well at 488 nm was
analyzed using a plate reader. The average absorbance is the
value of ROS levels.
Mitochondrial Membrane Potential

Hep3B cells and ALDH6A1-O/E cells were seeded into 6-well
plates at the same density (0.8 × 105 cells/2 mL DMEM). The
medium was replaced with HBSS on the following day.
Subsequently, the cells were incubated with 10 μg/mL
Rhodamine-123 (Sigma-Aldrich) in a 37 °C incubator with a
5% CO2 atmosphere for 8 min, and the absorbance of each
well at 488 nm was analyzed using a plate reader at 30 sec
intervals. FCCP (carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone) was used to disrupt the membrane. The
average absorbance is the value of membrane potentials.
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Lactate Assay

Hep3B cells and ALDH6A1-O/E cells were seeded into 96-
well plates at the same density (0.4 × 105 cells/100 μL
DMEM). Cellular lactate levels were measured using an L-
lactate assay kit (BioAssay Systems LLC, Hayward, CA)
according to the manufacturer’s instructions.
Propidium Iodide (PI) Staining

Hep3B cells and ALDH6A1-O/E cells were seeded into 6-well
plates (0.8 × 105 cells/2 mL DMEM) and incubated with
propidium iodide in an RNase staining buffer (BD Biosciences,
San Jose, CA) for 30 min. The absorbance of each well at 493/
636 nm was analyzed using a plate reader.
Statistical Analysis

All data are presented as means ± SDs. Three independent
experiments (biological replicates) were performed per assay,
and the data were analyzed using Student’s t-test (technical
replicates). A p-value of <0.05 was considered to indicate
statistical significance.

■ RESULTS

Human Mitochondrial Protein Extraction

To identify specific mitochondrial protein(s) that might be
involved in liver tumorigenesis (e.g., HCC), we prepared
whole mitochondrial extracts of Edmondson grade II/III
tumor and the adjacent nontumor samples from similarly aged
male HCC patients (adjusted age: 50−59 years) (Figure S2A,
Supporting Information) as outlined (Figure 1).19 We further

fractionated the solubilized HCC tissue lysates using differ-
ential centrifugation to enable quantitative MS analysis of these
mitochondrial proteins. Each lysate fraction was subjected to
western blotting for the standard mitochondrial markers,
COX4 and HSP60, to confirm the enrichment of mitochon-
drial proteins in the final sample fractions (Figure S2B,
Supporting Information). Notably, the extracted mitochondria
from HCC samples yielded essentially the same pattern of
labeled protein bands as the commercial human mitochondria
sample (Figure S2C, Supporting Information) (lane 1, labeled
as “control” in the blot). We used this mitochondrial fraction
for subsequent experiments unless otherwise specified.
Quantitative Proteomic Profiling and Gene Ontology (GO)
Analysis of the HCC Mitochondrial Proteome

The relative expression levels of mitochondrial proteins were
compared between the tumor and adjacent nontumor tissues
from eight patients with HCC using a shotgun proteomic

analysis facilitated by a high-resolution Q Exactive LC-MS
spectrometer.20 Our analysis resulted in the identification of
2452 proteins. The protein thresholds were 88.0% minimum
(cut-off values) and a 2 peptide minimum, with a protein false
discovery ratio (FDR) of 1.0% (decoy), and the peptide
thresholds were 5.0% minimum (cut-off values) with a peptide
FDR of 0.1% (decoy). They were largely classifiable into two
groups: 1464 nontumor mitochondrial proteins and 2010
HCC mitochondrial proteins,13,21 with 1022 proteins over-
lapping both groups (Figure S2D, Supporting Information).
After excluding the latter 1022 proteins, 988 and 442 proteins
from the tumor and nontumor regions remained, respectively
(Figure S2D, Supporting Information, left panel). However,
these numbers might have included proteins localized in both
the mitochondria and cytosol.
For GO analysis, we selected 239 mitochondrial proteins

that were well matched to annotated mitochondrial proteins
deposited in the UniProt human protein database. These
proteins included 194 proteins expressed in the tumor region
and 188 expressed in the nontumor region (Figure S2D,
Supporting Information, right panel), of which 143 were
predicted to overlap between the regions. To further
differentiate the gene sets encoding these mitochondrial
proteins, the 239 differentially expressed mitochondrial
proteins were subjected to GO analysis according to the
molecular function, cellular component, and biological process
(Figure S2E, Supporting Information). In the molecular
functional group, proteins with catalytic activity accounted
for 68%, and the remainder were classified as binding proteins,
transporters, and others for 12, 12, and 8%. In the cellular
component group, proteins associated with cellular compart-
ments, organelle, membrane, and macromolecular complexes
accounted for 37, 25, 25, and 13%, respectively. In the
biological process group, proteins associated with the
metabolic process accounted for 82%, whereas those associated
with localization and others accounted for 14 and 4%,
respectively (Figure S2E, Supporting Information).

Distribution of HCC Mitochondrial Proteins in Metabolic
Pathways

Next, we subjected proteins detected in the tumor or
nontumor tissues to a further quantitative classification based
on their expression level. We used the SIEVE program22 to
perform peptide quantitative analysis of these proteins as
described in the Experimental Section. Subsequently, we
compared the MS intensity values between the tumor and
nontumor region according to the retention time in a
chromatogram (Figure S3A, Supporting Information). SIEVE
uses Chromalign, a proprietary algorithm, to align the data.
Chromalign evaluates the quality of the alignment between the
samples by assigning a score. Alignments with scores above
0.75 are considered acceptable for further quantitative analysis.
After excluding the samples with scores lower than 0.75, our
data showed an average alignment score of 0.896, with the
control (normal) and HCC groups clustering together. SIEVE
allows the calculated peptide ratios between the samples to be
filtered not only based on p values using Fisher’s combined
probability test but also based on variations in the MS peak
intensities between the experimental replicates.23 Next, we
constructed a principal component analysis (PCA) plot based
on the MS data. A subsequent analysis using SIEVE software
revealed notable differences between principal components 1
and 2 (Figure S3B, Supporting Information). This result

Figure 1. Schematic representation of the overall workflow.
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suggests that at least two different classes of mitochondrial
proteins are present between tumor and nontumor regions.
Next, we attempted to map the differentially expressed

proteins in HCC against a metabolic network, as this may
inform our interpretation and understanding of the changes in
individual mitochondrial proteins in the tumor and nontumor
regions of HCC tissues. In an analysis focused on overall
mitochondrial function (Figure 2A) and the oxidative
respiratory pathway (Figure 2B), proteins with >2-fold
differences between tumor and nontumor regions (i.e.,
upregulation, ↑) were mostly located in oxidative phosphor-

ylation systems (except for Oxphos II) and tricarboxylic acid
(TCA) cycle pathways (metabolic component supply) (Figure
2). This finding is consistent with a previous report, that is,
regulation of mitochondrial energy metabolism and its
interaction with cytoplasmic and other compartments.24

Furthermore, it implies that the expression of a wide range
of metabolic proteins during liver tumorigenesis is influenced
by mitochondrial energy production pathways.
We next compared these findings with the database of

differentially expressed proteins in human cancer (dbDEPC
3.0) (HCC Proteins-Heatmap)25 and identified relatively high

Figure 2.Map of mitochondrial proteomic interactions in hepatocellular carcinoma (HCC). (A) Differentially expressed peptides in mitochondrial
protein samples from nontumor and HCC patients were mapped based on mitochondrial function.26 This figure is based on the peptide levels.
Much decreases are denoted largely, and the arrow is pointed downward. (B) Differentially expressed peptides were mapped based on the stages of
mitochondrial respiration. The respiratory complexes are as follows: complex I, NADH reductase; complex II, succinate dehydrogenase; complex
III, cytochrome c reductase; complex IV, cytochrome o oxidase; and complex V, ATP synthase.
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similarities in the differential expression of these mitochondrial
proteins in cells and tissues. However, we also observed some
differences. For example, the peptide levels of several proteins
(e.g., ETFA, ATP5A1, SUCLG1, PC, ECH1, ACSM2B,
HADHA, ACAA2, PRDX3, and SLC25A13) are decreased in
HCC according to the dbDEPC database but were increased in
our data sets. The reverse pattern was observed for other
proteins (e.g., ATP5D and FXDR). Moreover, some proteins
(e.g., ATP5B, SOD2, ALDH1B1, and SLC25A3) that did not
differ between tumor and nontumor regions in the dbDEPC
were differentially expressed in our data set. Notably, we also
identified some proteins not listed in the dbDEPC (e.g., PDB1,
GLUD2, LRPPRC, MCCC2, ATP5C1, FADH1, ACOT2, and
SLC25A18). The proteins with increased expression in tumor
regions are involved in the TCA cycle, Huntington’s disease,
the degradation of branched amino acids (valine, leucine, and
isoleucine), Alzheimer’s disease, and Parkinson’s disease
pathways, whereas those with decreased expression in tumor
regions are associated with the degradation of branched amino

acids, fatty acid degradation, and butanoate and pyruvate
metabolism.

Functional Prediction of Differentially Expressed
Mitochondrial Proteins in HCC Tissues

We next selected 52 of 70 secreted mitochondrial proteins
predicted by UniProt DB in HCC patients to identify a
potential molecular signature of malignancy. Of the 28
differentially expressed proteins exhibiting either a log2(5)-
fold increase or log2(2)-fold decrease in the plasma of HCC
patients compared with nontumor patients, we selected eight
mitochondrial proteins that were uniquely detected in HCC
plasma via western blotting with a commercially available
monoclonal antibody (mAb) (Table 1). A peptide-level MS
analysis identified four proteins that were differentially
expressed at the protein level (western blotting): ALDH4A1
(delta-1-pyrroline-5-carboxylate dehydrogenase), LRPPRC (a
leucine-rich PPR motif-containing protein), ATP5C1 (ATP
synthase subunit γ), and ALDH6A1 (methylmalonate semi-
aldehyde dehydrogenase). MS revealed that LRPPRC,
ATP5C1, and ALDH6A1 differed quantitatively between the

Table 1. Eight Candidate Mitochondrial Proteins Studied in Hepatocellular Carcinoma

no. gene name full name possible function

1 ALDH4A1 delta-1-pyrroline-5-carboxylate dehydrogenase interconnecting the urea and TCA cycle
2 LRPPRC leucine-rich PPR motif-containing protein RNA metabolism
3 ATP5C1 ATP synthase subunit γ F1F0 ATP synthase
4 MCCC2 methylcrotonoyl CoA carboxylase β chain leucine and isovaleric acid catabolism
5 SUCLG1 succinyl-CoA ligase, subunit α catalyze the ATP-, GTP-dependent ligation of succinate and CoA to form succinyl-CoA
6 NDUFA9 NADH dehydrogenase 1 α subcomplex, subunit 9 transfer of electrons from NADH to the respiratory chain
7 ALDH6A1 methylmalonate semialdehyde dehydrogenase valine and pyrimidine metabolism
8 ACOT2 acyl-coenzyme A thioesterase 2 catalyze the hydrolysis of acyl-CoAs to free fatty acid and CoASH

Figure 3. Expression levels of detected mitochondrial peptides and proteins. (A) Peptide levels of various proteins were determined by liquid
chromatography (LC)-tandem mass spectrometry (MS/MS) and compared between nontumor and HCC tissues. (B) Protein levels in individual
HCC patients were determined by western blotting. (C) Protein levels in individual samples from HCC patients were determined by western
blotting. *p < 0.001, **p < 0.005, ***p < 0.0001. N.S., not significant for the indicated comparison.
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tumor and nontumor regions of HCC samples (Figure 3A).
Specifically, a comparison of tumor relative to nontumor
expression yielded a maximum increase of 14-fold and 6.1-fold
in the LRPPRC peptide and protein, a 6-fold and 2.1-fold
decrease in the ATP5C1 peptide and protein, and a 3.3-fold
and 8.4-fold decrease in the ALDH6A1 peptide and protein
levels, respectively (Figures 3A,B and S4, Supporting
Information). Western blot analyses of individual HCC tissue
samples revealed an approximately 6-fold increase in LRPPRC
and an ∼10-fold and 2-fold decrease in ALDH6A1 and
ATP5C1, respectively (Figure 3C). In contrast, the levels of
ALDH4A1 did not differ significantly between the tumor and
nontumor regions. As LRPPRC was previously studied as a
potential biomarker for colorectal cancer27 and ATP5C1 is a
common enzyme in energy metabolism,28 ALDH6A1 was
selected for further functional analyses.

Negative Correlation between NO Levels and ALDH6A1
Expression in HCC

We next explored why ALDH6A1 was expressed at high levels
in nontumor regions but suppressed in HCC tumor regions
(Figures 3 and S5A, Supporting Information). To characterize
the potential cellular or regulatory function of ALDH6A1 with

respect to hepatocellular carcinogenesis, we engineered Hep3B
cells, which express low levels of endogenous ALDH6A1, to
overexpress this protein (ALDH6A1-O/E cells) (Figure 4A).
ALDH6A1, one of the human ALDH super families, is usually
involved in mitochondrial respiration, which is highly
influenced by the changes in NO and ROS levels.29 First, we
wanted to assess changes in NO and ROS levels in ALDH6A1-
O/E cells. Surprisingly, we detected a fairly low level of NO in
ALDH6A1-O/E cells (Figure 4B), which is quite opposite to
that in Hep3B cells. This lower level of NO was recovered to
approximately 78% of the control when the ALDH6A1-O/E
cells were treated with S-nitroso-N-acetyl-penicillamine
(SNAP), a nitrosothiol derivative that releases NO under
certain physiological conditions (Figure 4B). Second, since an
opposite relation has been identified between NO and ROS in
Hep3B cells as well as ALDH6A1-O/E cells, we then checked
ROS levels in the overexpressed cells. We found that the ROS
levels were increased by approximately 50% ALDH6A1-O/E
cells relative to the control cells (Figure 4C). Additionally,
ALDH6A1-O/E cells exhibited a decreased level of lactate
(Figure 4D), consistent with previous studies of hepatoma cell
lines.32 Taken together, these data suggest that NO levels are
negatively correlated to the expression of mitochondrial

Figure 4. Establishment of an ALDH6A1-overexpressing cell line (ALDH6A1-OE) and measurement of reactive chemical species. (A) Schema of
the establishment of ALDH6A1-overexpressing cell lines. Western blot analysis confirmed the successful overexpression of ALDH6A1. (B)
Fluorescence imaging of nitric oxide (NO) in Hep3B cells and ALDH6A1-OE cells after adding a NO donor (SNAP), DAF-FM DA. The
intensities of experimental samples were normalized to that of the control. (C) Fluorescence imaging of reactive oxygen species (ROS) in Hep3B
cells and ALDH6A1-OE cells using DCFH-DA. The intensities of experimental samples were normalized to that of the control. (D) Lactate
production in Hep3B cells and ALDH6A1-OE cells were detected using a lactate assay kit. The intensities of experimental samples were normalized
to that of the control. *p < 0.001, **p < 0.005, and ***p < 0.0001.
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ALDH6A1 in HCC. This supports the notion that ALDH6A1
may play a role as a signatory or biomarker molecule in liver
cancer. This deserves further validation work using the HCC
patients’ plasma samples.

Role of ALDH6A1 in the Maintenance of Mitochondrial
Membrane Potential in HCC

In some cancer cells, a low level of NO is coupled with a
depolarized membrane potential (ΔΨ), and these features
have been linked to uncontrolled proliferation and differ-
entiation.33 However, the underlying mechanisms are not fully
characterized. To clarify the mechanism underlying the
opposite patterns of NO and ROS production in ALDH6A1-
O/E cancer cells, we measured the membrane potential in
these and control cells. As expected, we observed a depolarized
mitochondrial membrane potential (ΔΨ) in ALDH6A1-O/E
cells (Figure 5A), and PI staining suggested that this
depolarization might have caused cell death (Figure 5B). We
tentatively suggest that in cancer cells ALDH6A1 expression is
strongly suppressed, which may subsequently promote
uncontrolled cell growth and proliferation (Figure 6).34,35

■ DISCUSSION

The most important step in this study was the validation of our
enriched mitochondrial protein samples using mitochondrial
marker proteins (e.g., COX4 and HSP60) and β-actin (dual-
localization in the cytosol and mitochondria) (Figure S2C,
Supporting Information).36 This efficient enrichment, together
with a highly stringent cut-off (peptide level, < 1% FDR),
enabled us to detect >2500 mitochondrial proteins, one of the
largest populations identified using shotgun proteome profiling
to date.37 The achievement of a highly enriched mitochondrial
fraction is one of the most difficult steps in a mitochondrial
protein study.38 Therefore, we hope that our data may
contribute to existing data sets of mitochondrial proteins.39

Notably, our GO analysis-based comparison of mitochon-
drial proteins in HCC tissues revealed that in the molecular
function field, a reduction of approximately 4% in the number
of proteins attributed to catalytic activity was observed in

Figure 5. Variations in mitochondrial membrane potential and cell death. (A) Mitochondrial membrane potential (ΔΨ) values are normalized to
that of the control. (B) Fluorescence imaging of cell death in propidium iodide-stained Hep3B cells and ALDH6A1-OE cells. The intensities were
normalized to that of the control. *p < 0.001 and ***p < 0.0001.

Figure 6. Proposed role for ALDH6A1 in hepatocellular carcino-
genesis. (A) Levels of ALDH6A1 were found to be very low in HCC
cells. This phenomenon is accompanied by a decreased level of ROS
and increased levels of NO, which may support abnormal tumor cell
growth. Proteomic analysis also identified increased levels of
LRPPRC, SUCLG, MCCC2, and NDRFA9 in HCC cells. (B)
When the levels of ALDH6A1 were increased in its overexpression
cells (ALDH6A1-O/E), ROS is increased, but NO is decreased,
which results in the stimulation of apoptosis. Proteomic analysis also
identified increased levels of ALDH4A1, ACOT2, and ATP5C1 in
ALDH6A1-O/E cells.
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tumor regions relative to the number in nontumor regions.
Proteins associated with cellular component organization or
biogenesis accounted for approximately 3.1% of those in the
biological process field. The proteins identified in the tumor
regions of HCC included dynamin-like 120 kDa protein,
mitochondrial import inner membrane translocase 9 (TIM9),
and TIM44, which are involved in apoptosis and mitochondrial
fusion. Overall, the observed reductions in proteins associated
with metabolism were consistent with a previous report.40

Taken together, these results suggest that reduced ATP
production and signal transduction are typical phenomena in
cancer cells.41

Moreover, our data clearly demonstrate the upregulation of
LRPPRC, SOD2, and UQCRC1 and 2 expression in
mitochondria from the tumor region. These proteins are
involved in antiapoptotic processes, tumorigenesis, and
uncontrolled cell growth.42 Interestingly, we also observed
the downregulation of ornithine transcarbamylase (OTC), a
liver-specific mitochondrial matrix enzyme involved in liver
fibrosis and biomarker of HCC.43 This finding was consistent
with previous studies of hepatitis B and C patients.44 In
particular, we observed a very high level of LRPPRC
expression in the tumor regions of HCC, again consistent
with a previous report that identified this protein as an
antiapoptotic and tumorigenic marker.45

Based on our previous works where alternation of ALDH
isozyme variants was found to be closely correlated to HCC,46

we proposed that like other ALDH isozymes, ALDH6A1 may
also have a role of molecular signature to indicate progress on
cancer cell growth. This proposal can be supported in part that
ALDH6A1 was identified as one of six genes associated with
the risk and prognosis of HCC metastasis.45 Even more, our
results on the ALDH6A1 are consistent with those of Jiang et
al. (CNHPP liver data set).47 As outlined in Figure 6,
ALDH6A1 expression seems to have a negative correlation
with cancer progression,34,35,45,48 although the underlying
mechanism has not been explored. After completing our
proteomic analysis, we cross-checked public genomic databases
to identify molecular evidence of ALDH6A1 expression in
various cancers. We found that in a normal state, liver tissues
expressed substantially higher levels of ALDH6A1 than tumor
state (Figure S5A, Supporting Information). Similarly, nearly
all surveyed cancer tissues exhibited lower ALDH6A1 levels
relative to normal tissues (Figure S5B, Supporting Informa-
tion). It was also noted that HCC exhibited a relatively higher
expression level of ALDH6A1 compared to other cancer
tissues surveyed (Figure S5C, Supporting Information).
Interestingly, ALDH6A1 expression decreases with cellular
aging,49 suggesting that this protein also plays important roles
in cellular metabolism and cancer cell progression. Notably,
the lack of ALDH6A1 appears to be associated with
developmental delays.50 In addition, based on its KEGG
pathway description (a database designed to evaluate the high-
level functions and utilities of biological systems) and its GO
annotation, ALDH6A1 is also associated with propanoate
metabolism, metabolic pathways, inositol phosphate metabo-
lism, β-alanine metabolism, and carbon metabolism, as well as
the valine, leucine, and isoleucine degradation pathways.
In HCC, the increased NO and the decreased ROS might

have caused the host redox status. Although both are known to
act together to induce cell death,30,31 the former is expressed
primarily in macrophages following exposure to cytokines and
microbial products, whereas the latter is produced as a

byproduct of stress and respiration. They are known to play
dual roles with respect to tumor cell apoptosis during cancer
progression,51 and hence elevation of NO levels and reduction
of ROS levels in HCC cells could be a target for cancer
treatment. For example, overexpression of ALDH6A1 was
clearly associated with cell death (Figure 5B), which appears to
be due to depolarization of the mitochondrial membrane
potential, leading to an increase in ROS and decrease in NO
(Figure 6B), consistent with a previous report.29 From the
mechanistic point of view, it was previously reported that an
increase in ALDH might induce a decrease in NAD+/NADH,
which would then induce mitochondrial dysfunction and
oxidative stress.30 Considering this notion, we may propose
that an increase in ALDH6A1 in ALDH6A1-O/E cells would
cause a reduction in NAD+/NADH that consequently disrupts
mitochondrial membrane potential (Figure 5A,B). The
disruption in membrane potential would then lead to
decreased NO and increased ROS levels. It is also conceivable
that some parts of the increased ROS might react with NO,
resulting in the production of peroxynitrite (ONOO−), which
may scavenge NO, leading to the decreased NO level (Figure
6B) as previously reported.52 Even more, as the ROS level
increases, some of these peroxynitrites would cause endothelial
dysfunction.53

In conclusion, hepatic neoplastic transformation appears to
suppress the expression of ALDH6A1, accompanied by a
respective increase and decrease in NO and ROS (Figure 6A).
Our findings may contribute to a better understanding of the
progressive liver disease and could provide clues for the
diagnosis and the response to treatment of HCC, provided the
detection of plasma ALDH6A1 would be made by its antibody.
Since ALDH6A1 is predicted to be present in both the
mitochondria and plasma (UniProt, www.uniprot.org), it may
be feasible to use anti-ALDH6A1 antibody for diagnostic
purpose as in the case of hCE1, which showed very low
expression in HCC tissue but higher expression in HCC
plasma.54 Given the close link between ALDH6A1 suppression
and abnormal cancer cell growth, it deserves further study to
examine if this protein would serve as a potential molecular
signature or biomarker of hepatocarcinogenesis (in tissues or
serum) and treatment responses.
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