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A B S T R A C T   

Peroxiredoxin 6 (PRDX6) has been associated with tumor progression and cancer metastasis. Its acting on 
phospholipid hydroperoxides and its phospholipase-A2 activity are unique among the peroxiredoxin family and 
add complexity to its action mechanisms. As a first step towards the study of PRDX6 involvement in cancer, we 
have constructed a human hepatocarcinoma HepG2PRDX6-/- cell line using the CRISPR/Cas9 technique and have 
characterized the cellular response to lack of PRDX6. 

Applying quantitative global and redox proteomics, flow cytometry, in vivo extracellular flow analysis, 
Western blot and electron microscopy, we have detected diminished respiratory capacity, downregulation of 
mitochondrial proteins and altered mitochondrial morphology. Autophagic vesicles were abundant while the 
unfolded protein response (UPR), HIF1A and NRF2 transcription factors were not activated, despite increased 
levels of p62/SQSTM1 and reactive oxygen species (ROS). Insulin receptor (INSR), 3-phosphoinositide-depen-
dent protein kinase 1 (PDPK1), uptake of glucose and hexokinase-2 (HK2) decreased markedly while nucleo-
tide biosynthesis, lipogenesis and synthesis of long chain polyunsaturated fatty acids (LC-PUFA) increased. 254 
Cys-peptides belonging to 202 proteins underwent significant redox changes. PRDX6 knockout had an anti-
proliferative effect due to cell cycle arrest at G2/M transition, without signs of apoptosis. 

Loss of PLA2 may affect the levels of specific lipids altering lipid signaling pathways, while loss of peroxidase 
activity could induce redox changes at critical sensitive cysteine residues in key proteins. Oxidation of specific 
cysteines in Proliferating Cell Nuclear Antigen (PCNA) could interfere with entry into mitosis. The GSH/Glu-
taredoxin system was downregulated likely contributing to these redox changes. Altogether the data demonstrate 
that loss of PRDX6 slows down cell division and alters metabolism and mitochondrial function, so that cell 
survival depends on glycolysis to lactate for ATP production and on AMPK-independent autophagy to obtain 
building blocks for biosynthesis. PRDX6 is an important link in the chain of elements connecting redox ho-
meostasis and proliferation.   

1. Introduction 

Peroxiredoxin-6 (PRDX6), the “non-selenium glutathione peroxi-
dase”, is the only member of “1-Cys” human peroxiredoxin family 
(Prdx). In contrast to the other members of the Prdx family, PRDX6 does 
not possess a “resolving Cys” and uses glutathione as a primary physi-
ological reductant together with Pi isoform of glutathione-S-transferase 

(GST-π) instead of thioredoxin [1–3]. PRDX6 also differs from the rest of 
Prdx for its multiple functions as it also presents Ca2+-independent 
phospholipase A2 (iPLA2) activity [4] and lysophosphatidylcholine acyl 
transferase (LPCAT) activity [5], being the only Prdx acting on phos-
pholipid hydroperoxides. PRDX6 is located in the cytoplasm but after its 
phosphorylation can be targeted to acidic organelles [6]. It can also 
translocate to damaged mitochondrial membranes to regulate 

* Corresponding author. Dep. of Biochemistry and Molecular Biology, Campus de Rabanales, Ed. Severo Ochoa, 1a Pl., University of Córdoba, 14071, Córdoba, 
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mitophagy by suppressing ROS [7] and to the plasma membrane to 
activate NADPH oxidase (NOX1, NOX2) activity [8]. 

PRDX1 and PRDX6 are the only members of the Prdx family with a 
binding site for the transcription factor nuclear factor erythroid 2- 
related factor 2 (NRF2), the master regulator of the cellular antioxi-
dant response, in their gene promoters [9]. Besides, PRDX6 stands out as 
the only member associated with phospholipid turnover and cell mem-
brane repair [10]. 

PRDX6 has an important role in cell physiology and pathology [11, 
12] and both peroxidase and PLA2 activities have been associated with 
tumor progression. The role of PRDX6 in cancer is controversial. 
Elevated levels of PRDX6 have been found in a broad variety of human 
cancers and its overexpression promotes invasion and metastasis in lung 
cancer [13] and growth of lung tumors in mice through activation of 
JAK2/STAT3 signaling [14]. However, PRDX6 has a reducing or pro-
moting effect on tumors depending on the state of tumor development in 
mice skin cells [15]. PRDX6 has also been related to pathogenesis of 
inflammatory, metabolic and neurodegenerative diseases as well as 
ocular damage and male infertility [12]. A relationship has been docu-
mented between PRDX6 and insulin signaling pathways with influence 
on glucose homeostasis, lipid metabolism and inflammation [11]. 

Several functions of PRDX6 linked to its PLA2 activity have been 
associated with lipid signaling, with each of the PLA2 reaction products 
acting as lipokines. These can be the liberated sn2-fatty acid, be it 
arachidonic acid (AA) [13,16–18] or a hydroxy fatty acid (HFA) [19] or 
lysophosphatidic acid (LPA) from the remaining moiety [20]. A rela-
tionship between PRDX6 PLA2 activity and the transcription factor 
nuclear factor erythroid 2-related factor 2 (NEF2L2 or NRF2) has been 
documented in several studies [18,19]. NRF2 is one of the main regu-
lators of cellular redox status whose activity increases under oxidative 
stress conditions with far-reaching actions on intermediary metabolism 
and adaptive responses by upregulating the repair and degradation of 
damaged macromolecules and recently established as a driver of cancer 
progression, metastasis and resistance to chemotherapy [21]. 

PRDX6 has been related to cell cycle arrest although with apparent 
contradictory results. On one hand, induction of cell cycle arrest at G2/ 
M transition in HeLa cells provoked by high concentrations of H2O2 ran 
parallel to Cys47 hyperoxidation and enhanced PLA2 activity of PRDX6 
[22]. On the other hand, cell cycle arrest was induced by PRDX6 
silencing with specific siRNA in HepG2 cells [23]. 

A connection exists between H2O2 concentration and the transition 
through specific stages during cell cycle progression [24], although the 
exact underlying mechanisms are not fully elucidated. The intracellular 
levels of H2O2 increase as the cell cycle progresses reaching the highest 
levels in G2-M phases [25]. NADPH oxidases (NOX), particularly NOX1 
and NOX4 may be the source of H2O2 [26] and H2O2 generated by NOX 
in response to growth factors are required to activate the extracellular 
signal-regulated kinase (ERK) and p38 which increase the expression of 
cyclin D to promote the transition from G0 to G1 phase. Several key 
proteins involved in different phases of the cell cycle with redox sensi-
tive residues at their active sites, like Cdc14B, PP1, PP2, Cdc25C, could 
be the targets [27,28] and it has been proposed that Prdx1, Prdx2 and 
Prdx3 play important roles to maintain the redox state of those target 
proteins thus protecting the cell against an undesired progression 
through the cell cycle [29,30]. More specifically and pertinent to the 
study reported herein, PRDX6 has been described to activate NOX1 
oxidase activity through physical interaction with NOX1 components 
and through its PLA2 activity [31] as occurred also with NOX2 [20]. 
Tumor suppressor protein p53, a transcriptional regulator which is 
rapidly induced in response to damaged DNA, is also redox regulated by 
reversible oxidation of specific Cys residues [32]. High levels of H2O2 
induce the activation of p53 by the protein kinase ATM [33] which leads 
to cell cycle arrest at G1/S or G2/M transition [24,25]. 

In a previous study we have detected evidences of cell cycle arrest in 
HepG2 cells where PRDX6 was down-regulated by treatment with spe-
cific siRNA [23]. To dig into the mechanisms of PRDX6 involvement in 

the regulation of cancer cell growth we have constructed a stable HepG2 
cell line devoid of PRDX6 and have carried out experiments to analyze 
the cellular response in terms of proteomic changes, alteration of redox 
status, mitochondrial functions, signaling pathways and cell cycle pro-
gression. Some results support but others dissent from those of the 
previous silencing study, adding relevant new data to confirm PRDX6 as 
an important link in the chain of elements connecting cell redox ho-
meostasis and proliferation. 

2. Materials and methods 

2.1. Materials and reagents 

All reagents were of analytical grade and were purchased from Sigma 
(St. Louis, Missouri, USA) unless otherwise specified. HepG2 cell line 
used in this work was obtained from the ATCC LGC Standards Company 
(Teddington, UK). Cell culture dishes and flasks were from TPP 
(Switzerland). ECL was from GE Healthcare (Wauwatosa, Wisconsin, 
USA). Antibodies against PRDX6 (#ab133348) were from Abcam 
(Cambridge, UK). Antibodies against CD95 (sc715) from Santa Cruz 
Biotechnology Inc. (Dallas, TX, USA), caspase 3 (#96628), and 8 
(#97465) were from Cell Signaling Technology (Leiden, The neder-
lands). MJ33 and antibodies against Actin (A-2066) were from Sigma. 

2.2. Cell growth conditions 

Cells were grown in EMEM Medium (Eagle Minimum Essential Me-
dium), pH 7.4, supplemented with 10% fetal bovine serum, 2.2 g/L 
NaHCO3, 1 mM sodium pyruvate, 100 U/L penicillin, 100 μg/mL 
streptomycin, 0.25 μg/mL amphotericin, and the corresponding selec-
tive zeocin antibiotic in 5% CO2 atmosphere at 37 ◦C. 

2.3. Construction of a human cell line of hepatoblastoma (HepG2) 
without peroxiredoxin 6 using the CRISPR/Cas9 methodology 
(HepG2PRDX6-/-) 

The CRISPR-Cas9 technique was applied to the human hep-
atocarcinoma HepG2 cell line, transfecting with a specific gRNA that 
was designed using the website of “Thermo Fisher TrueGuide Synthetic 
gRNA” so that the double-stranded cut was directed towards the third 
coding region of human prdx6 gene (Fig. 1A). 20,000 cells/cm2 were 
cultured in 24-well multiplates. When the cells reached 60–70% 
confluence they were transfected with 7.5 pmol of Cas9 Nuclease 
(“TrueCut™ Cas9 Protein v2”, ThemoFisher), 1.5 μL of lipofectamine 
(“Lipofectamine™ CRISPRMAX™ Cas9 Transfection Reagent”, Ther-
moFisher) and 15 pmol of gRNA-prdx6. After 48 h the cells were de-
tached, and a portion was lysed to calculate the efficiency using 
“GeneArtA™ Genomic Cleavage Detection Kit”(TermoFisher). The rest 
of the cells was used to carry out a “limit dilution” in 96-well plates, until 
a single clone was isolated. To provide the necessary growth and sur-
vival factors, the culture medium in these plates was complemented 
with 10% of filtered medium where HepG2 cells had grown to approx-
imately 50% confluence. Each isolated clone was analyzed by Western 
blot to check for the absence of PRDX6. 

2.4. Cell proliferation and viability, nuclear area, apoptosis and cell cycle 

Cell proliferation was analyzed using a colorimetric ELISA (Roche 
Applied Science, Penzberg, Germany). 20,000 cells/cm2 were cultured 
in 96-well multiplates. After 24 h cells were incubated with 10 μM BrdU 
labelling solution for 6 h at 37 ◦C following the protocol recommended 
by the manufacturer. Total number of cells and cell viability in a HepG2 
cell suspension were quantified using the trypan blue dye exclusion 
method. To measure the nuclear area, 20,000 cells/cm2 were cultured 
on a coverslip in a 24-well plate. After 48 h cells were fixed in methanol 
and permeabilized with 0.2% Triton-X100 solution in PBS and were 
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stained with DAPI. The area of cell nuclei was measured on the DAPI 
pictures using the open source software “ImageJ” [34]. Apoptosis was 
determined by Western blot analysis of CD95 and caspase-3 and -8 and 
by flow cytometry. BrdU incorporation into DNA was also determined 
by flow cytometric analysis: 1 × 106 cells were plated in 60 cm2 dish and 
after 24 h a 3-h pulse with BrdU (10 mg mL− 1) was carried out. BrdU 
incorporation was determined using the APC BrdU Flow Kit (Becton 
Dickinson Biosciences, Franklin Lakes, NJ, USA). The proportions of cell 
cycle phases were also determined by flow cytometric analyses of 
7-AAD-stained HepG2 cells. The cytometer used was BD LSRFortessa 
SORP (BD Biosciences) equipped with 4 lasers and allowing for the 
simultaneous analysis of up to 20 parameters plus dispersion FSC and 
SSC. The data were processed with the software BD FACSDiva v8.0.1 
(BD Biosciences). 

2.5. Transmission electron microscopy 

Cells were detached, collected by centrifugation and fixed in 2.5% 
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) for 30 min, post 
fixed in 1% osmium tetraoxide in the same buffer for 30 min, dehydrated 
in graded ethanol, washed with propylene oxide, embedded in Epon, 
and then sectioned on an ultramicrotome at 90 nm thickness. Thin 
sections were stained with 5% uranyl acetate and 5% lead citrate and 
then examined on a JEM1400 (Japan) transmission electron microscope 
at 80 kV. 

2.6. Seahorse extracellular flux analysis of mitochondrial respiration 

Agilent Seahorse XF Cell Mito Stress Test was applied to 
HepG2PRDX6+/+ and HepG2PRDX6-/- cells and oxygen consumption rate 
(OCR) determined using Agilent Seahorse XF24 Analyzer (Agilent Sea-
horse Bioscience, Santa Clara, CA, USA). 48 h before the assay, cells 
were seeded at 40,000 cells per well in a Seahorse 24-well XF Cell 

Culture microplate in 250 μL of culture medium and were allowed to 
adhere for 24 h in 5% CO2 atmosphere at a 37 ◦C. In addition, the 
Seahorse XF Sensor Cartridge was hydrated for around 24 h with 500 μL 
of Seahorse XF Calibrant Solution in a non-CO2 atmosphere at 37 ◦C to 
remove CO2 from the media that would interfere with measurements. 
After that, cells were washed three times with XF Assay Medium sup-
plemented with 10 mM glucose, 2 mM sodium pyruvate and 2 mM 
glutamine, pH 7.4, and then maintained in XF assay media at 37 ◦C in a 
non-CO2 incubator for 1 h. Mitochondrial function of the cells was 
analyzed by sequential injections of the modulators oligomycin (1 μM), 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 1 μM) 
and rotenone (0.5 μM), dissolved in pre-warmed XF Assay Medium and 
loaded into the designated injection ports of the hydrated sensor car-
tridge. The loaded XF Sensor Cartridge with a XF Utility Plate was placed 
into the XF24 Analyzer and calibrated. After calibration, the XF Utility 
Plate with the calibration fluid was replaced with the plate containing 
cells. Measurement cycles were performed at the beginning and after 
addition of each modulator and the parameters basal, ATP production- 
linked, maximal, proton leak-linked OCR, spare respiratory capacity 
and non-mitochondrial respiration determined following manufac-
turer’s guidelines. Data were normalized to protein concentration 
determined at the end of the assay. 

2.7. Measurement of enzymatic activities, glucose, lactate, ROS and 
protein 

PLA2 activity in HepG2 cells was assayed using the Red/Green 
BODIPY based EnzChek Phospholipase A2 Assay (Invitrogen) (pH 7.0, in 
the absence of calcium) in 96-well plates [35]. Cells were sonicated in 
PLA2 buffer (50 mM Tris-HCl, 1 mM EGTA, pH 7.0, protease and 
phosphatase inhibitors), and centrifugated at 15,000×g for 15 min. The 
supernatant was collected and 50 μg protein was preincubated for 10 
min at 37 ◦C in the absence or presence of MJ33 (10 μM) [36]. The 

Fig. 1. Construction and characterization of a stable HepG2PRDX6-/- cell line. A) Sequence of prdx6 gene with the exon coding region underlined, the gRNA 
region complementary to the prdx6 gene in red color and the sequence of the commercial primers in capital letters. B) Three bands are detected in the fourth lane, 
corresponding to the original amplified region with these primers (413 bp) and two bands resulting from the cut by Cas9 nuclease (330 and 80 bp). Efficiency and 
probability of obtaining a knockout was calculated. C) Analysis of knockout clone for PRDX6 protein by Western blot. D) The PLA2 activity of the constructed 
HepG2PRDX6-/- cell line compared to the standard HepG2 cell line; specific activity in arbitrary fluorescence units per mg protein in the standard assay ± the PRDX6 
specific inhibitor MJ33, was determined. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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substrate, 50 μL of Red/Green BODIPY, was added and samples were 
analyzed for 1 h in a Microplate Reader (Varioskan, Thermo Scientific) 
at excitation 470 nm, emission 515 nm. Glucose and lactate concen-
tration in the culture medium were determined by standard enzymatic 
colorimetric assays at 505 nm (Labkit, Chemelex, S.A., Spain). ROS were 
measured by the DCFDA/H2DCFDA method using a commercial ROS 
Assay Kit (Canvax Biotech S.L., Córdoba, Spain). Protein concentration 
in the samples was determined by the Bradford method (Bio-Rad) using 
BSA as standard. 

2.8. Global and redox proteome analysis 

The experiments were routinely carried out at 20,000 cells/cm2 and 
reduced cysteines were blocked with “light” Iodoacetamide (IAM) while 
reversibly oxidized Cys were labelled with “heavy” IAM (Iodoacetami-
de-13C2, 2d2) incorporating Δmass of 4 Da. The whole methodological 
strategy as well as the proteolytic digestion was as described previously 
[23]. Four biological replicas of each sample were analyzed. Proteomics 
analyses were performed at the Proteomics Facility (SCAI) at the Uni-
versity of Córdoba. The mass spectrometer used was the Thermo Orbi-
trap Fusion (Q-OT-qIT, Thermo Scientific) equipped with a nano-UHLC 
Ultimate 3000 (Dionex-Thermo Scientific). The setting of the instrument 
was as described before [37]. 

“Label-free” quantification was performed using the MaxQuant 
(v1.5.7.0) free software [38] configuring “light” IAM and “heavy” IAM 
and methionine oxidation as variable modifications. No imputation of 
missing values was implemented. The intensity values were transformed 
into logarithm base 2 and only the conditions with 3 or more values per 
identification were considered and analyzed through the Student’s 
T-test. The criteria for considering a significantly expressed protein were 
that it was identified and quantified using at least two unique peptides 
and it showed a fold change of at least 1.5 and a q < 0.05 value. MS2 
spectra were searched with SEQUEST engine against a database of 
Uniprot_Human_Oct2018 (www.uniprot.org). The Cys-containing pep-
tides independently labelled with light and heavy IAM modifications 
were quantified using the open software Skyline [39]. The reduc-
ed/oxidized ratio for each specific Cys residue was calculated in each 
sample in order to define the redox proteome. The intensities of mis-
scleavaged peptides were taken into account for the calculations. 

2.9. SDS-PAGE and Western blotting 

SDS-PAGE was performed in 12% Criterium XT Precast Gels (Bio- 
Rad) for detection of specific proteins (PRDX6, Grx1, Caspases 3 and 8, 
CD95 and Actin). After electrophoresis, proteins were transferred to a 
nitrocellulose membrane in a semi-dry electrophoretic transfer system 
(Bio-Rad) for 45 min at 400 mA. Transfer and protein load were checked 
by staining with Ponceau reagent. The membranes were incubated 
overnight at 4 ◦C with the corresponding dilutions of primary anti-
bodies: 1:500, CD95; 1:2000, PRDX6 and caspase-3 and -8; and 1:4000, 
Actin. They were then washed with TBS-T and incubated with the cor-
responding peroxidase-conjugated secondary antibody (anti-rabbit, 
anti-goat or anti-mouse) used at 1:8000 dilution. The chemiluminescent 
signal induced by ECL reagent (GE Healthcare) was detected in a 
ChemiDoc image analyzer (Bio-Rad) and quantified by densitometry 
with Quantity-One 1-D analysis software (Bio-Rad) using Actin as 
reference for loading normalization. 

2.10. Statistics 

Where appropriate, results are expressed as mean ± SD of at least 
three independent experiments. Statistical analysis of the data were 
performed by Mann-Whitney test, unpaired Student’s T-test or two-way 
ANOVA, depending on the experiment design, as detailed in the figure 
legends, with the threshold for statistically significant differences set at p 
adjust <0.05 value, except for the proteomics data that were statistically 

analyzed using the method of Storey [40] using the R-package and 
values with q < 0.05 were considered significant. 

3. Results 

3.1. Construction and characterization of a HepG2 cell line knockout for 
PRDX6 (HepG2PRDX6-/-) 

Cells were transfected following the CRISPR-Cas9 technique as has 
been described in M&M and the efficiency was calculated, getting a 
value of 0.153, which meant a probability of obtaining knockout cells of 
3.3% (Fig. 1B). The cells, preserved after transfection, were used to carry 
out a limit dilution in 96-well plates, to isolate one single clone per well. 
In this way, a considerable number of clones, 157, were able to grow. 
They were transferred to 24-well plates for later analysis by Western 
blotting. Only one clone was knocked out for PRDX6 which did not react 
with specific antibodies against PRDX6 but did with anti-Actin (Fig. 1C). 
Analysis of the PRDX6 gene of knockout clone by sequencing and in-
cubation of the amplified specific region of 413 bp (Fig. 1A) with gRNA 
and Cas9, both demonstrated that the mutation was biallelic and the two 
alleles were repaired differently (Suppl. Fig. 1). Collectively, we 
concluded that the monoclonal HepG2PRDX6-/- cell line constructed, 
knockout for human PRDX6, was biallelic and heterozygous. 

The phospholipase A2 activity (iPLA2) was markedly lower in 
HepG2PRDX6-/- cells than in HepG2PRDX6+/+ (Fig. 1D). The PRDX6 
peroxidase activity was not determined because it cannot be discrimi-
nated from other peroxidases in crude extracts with the currently 
available assays. The LPCAT activity of PRDX6 was not assayed either 
but the quantitative proteomic analysis (see below) showed that the 
enzyme LPCAT1, which was not detected in normal HepG2 cells (Suppl. 
file 1) was highly expressed in PRDX6 knockout cells, likely as a 
compensatory response mechanism. 

3.2. Differential quantitative proteomic analysis of HepG2PRDX6-/- and 
HepG2PRDX6+/+ cells 

A quantitative proteomic analysis was carried out to get a perception 
of the effects of eliminating PRDX6 at a global scale. 2843 proteins were 
identified of which 378 identified with ≥2 unique peptides, fold change 
≥1.5 or ≤0.67 and q-value<0.05 were considered differentially 
expressed (Supplementary file 1). Systems analysis with STRING showed 
four GO terms predominantly affected: Cell Cycle, Nucleotide Biosyn-
thetic Process, Lipid Metabolic Process and Regulation of Cell Death 
(Fig. 2A). The main canonical pathway activated by the lack of PRDX6 
according to IPA analysis was “Cell Cycle Control of Chromosomal 
Replication” while “PI3K/AKT signaling” and “AMPK signaling” were 
inactivated (Fig. 2B). IPA also predicted the activation of several up-
stream regulators like ERBB2, E2F1 and YAP1, whereas RB1, CDKN1A 
and HIF1A were inactivated (Fig. 2C). It is worth noting that there was 
not a compensatory response regarding antioxidant systems: among the 
peroxiredoxin family of proteins, the levels of Prdx1, Prdx2 and Prdx4 
did not change while those of the mitochondrial members Prdx3 and 
Prdx5 and peroxiredoxin-like 2A (PXL2A/FAM213A/PAMM) decreased 
significantly as well as did Grx1 (Suppl. file 1). 

Altogether, this systems analysis reveals a strong effect of PRDX6 
knockout on cell cycle progression and on metabolism. These and other 
effects will be considered in more detail below. 

3.3. The absence of PRDX6 has an impact on the redox proteome 

According to the canonical role of peroxiredoxins as part of the 
antioxidant cellular defenses, an increase in ROS should be expected 
when PRDX6 is eliminated, with consequences on redox homeostasis. 
The levels of ROS determined by the DCFDA fluorescence assay were 
actually higher in HepG2PRDX6-/- cells (Fig. 3A). To check the impact on 
protein thiols we analyzed the Redox Proteome following our already 
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tested methodology. We detected a total of 2158 Cys-labelled peptides of 
which 1112 could be quantified and 254, belonging to 202 proteins, 
showed a significant change ≥1.5 or ≤0.67 (q ≤ 0.05) in their reduced/ 
oxidized ratio upon PRDX6 knockout (Supplementary file 2). Among 
these peptides, 218 were more oxidized and 36 more reduced (Fig. 3B). 
IPA and DAVID systems analysis of the set of redox modified proteins 
revealed a widespread impact on metabolism and signaling pathways. 
The five more significant KEGG pathways were “Carbon metabolism”, 
“Glycolysis/gluconeogenesis”, “Biosynthesis of amino acids”, “Meta-
bolic pathways”, “Fatty acid degradation” (Suppl. file 2). Among the 
predicted up-stream regulators with the highest overlapping score (p- 
value ≤ 1.00E-07) were MYC, TP53, E2F1 related to cell cycle regula-
tion, NFE2L2 (NRF2), involved in the response to oxidative stress, XBP1, 
MLXIPL (ChREBP) and INSR, related to UPR and lipid and carbohydrate 
homeostasis (Fig. 3C). 

Compared to the redox changes in enzymes of carbon metabolism 
produced when PRDX6 was silenced with specific siRNA [23], those of 
cytosolic proteins like HK2-Cys368 and PHGDH-Cys281 behaved simi-
larly, but those of mitochondrial proteins like CLIC1-Cys191 and 
PCK2-Cys55/63 responded the opposite way and were more oxidized in 
PRDX6 knockout cells (Suppl. file 2). Special attention was paid to Grx1 
given its functional relationship to 1-Cys PRDXs [41]: from the global 
proteome and by Western blot, Grx1 was down-regulated (Fig. 3D) and 
its two “extra” cysteines, C79/C83, were more oxidized (FC = 0.32; q =
7,0E-03) (Fig. 3E) in PRDX6 knockout cells. Reciprocally, the “extra” 
Cys91 of PRDX6 was also more oxidized in siRNA-Grx1 treated HepG2 
cells [37] although these cysteine residues are not essential for the ac-
tivity of either protein [1,42], despite their redox sensitivity. C91 of 
PRDX6 was prone to glutathionylation [37] and C79/C83 of Grx1 can 
form a disulfide bond that implies drastic structural rearrangements 
[43] that may be potential sites for regulation [44]. 

Proliferating cell nuclear antigen (PCNA) and Protein arginine N- 
methyltransferase 1 (PRMT1), two proteins involved in cell cycle pro-
gression and regulation underwent oxidative and reductive changes, 
respectively (Suppl. file 2). 

The scope of these redox changes will be expounded on and discussed 
in context below. 

3.4. PRDX6 elimination leads to mitochondrial dysfunction, ER stress and 
metabolic alterations 

The reported connection between PRDX6 and mitochondrial clear-
ance and the increased accumulation of LC3B and p62 induced by 
PRDX6 depletion [7] together with our discovery that SQSTM1-p62 was 
markedly increased (Fold change = 1.9; q = 1,1E-03) in HepG2 cells 
upon PRDX6 knockout (see Suppl. file 1), prompted us to check the 
mitochondrial functional state. In vivo extracellular flow analysis 
(Seahorse) showed nearly 50% decrease in basal and maximal respira-
tion as well as in respiratory capacity reserve in HepG2 cells lacking 
PRDX6 (Fig. 4A and B). A drastic decrease in the levels of several critical 
components of the electron transport chain involved in assembly and 
catalysis of Complex I and Complex II (Fig. 4C) should explain the 
observed mitochondrial respiratory dysfunctionality. Mitochondrial 
appearance was prominently different in HepG2PRDX6-/- cells (Fig. 5). 

The levels of extracellular glucose were much higher and those of 
Insulin receptor (INSR) and key glycolytic enzymes (HK2, PFKL, 
ALDOC), lower in HepG2PRDX6− /- cells (Fig. 4D; Suppl. file 1) confirming 
a decreased rate of glucose catabolism in the absence of PRDX6 as 
observed previously when the cells were treated with specific siRNA- 
PRDX6 [23]. However, the levels of extracellular lactate were higher 
in HepG2PRDX6− /- cells (Fig. 4E), and the levels of several components of 
the Pyruvate Dehydrogenase Complex (PDHK, DLAT) were lower, 

Fig. 2. Systems analysis of the differential proteomics analysis. The set of statistically significant differentially expressed proteins with Fold Change ≥1.5 or 
≤0.67 (q ≤ 0.05) in HepG2PRDX6-/- compared to HepG2PRDX6+/+ was analyzed, A) with the STRING algorithm for clustering in terms of “GO Biological Process” and 
network plotted with the four main processes colored red, blue, green and yellow and other processes presented in grey color, and B) with IPA for canonical pathways 
enrichment. Only those pathways above the significance activation threshold z-score ≥2 and ≤-2, are shown. C) Predicted top upstream regulators involved; filter set 
for complex, group, kinase, phosphatase, transcription regulator and chemical-endogenous mammals; significance above activation threshold, z-score ≥2 and ≤-2. 
Statistical significance is indicated by the p-value. Only top upstream regulators with p-values <1.0E-08 are included in this list. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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indicating that despite the lower consumption of glucose, glycolysis to 
lactate was its prevailing metabolic fate under conditions of decreased 
mitochondrial respiratory capacity. 

Electron microscopy showed that HepG2 cells lacking PRDX6 have 
much less functional mitochondria than the wild type. They had a 
rarefied matrix and less cristae than normal HepG2 cells (Fig. 5). A 
decreased level (fold change = 0.67; q = 4.20E-04) of mitochondrial Lon 
protease (LONP1), the major component of the mitochondrial protein 
quality control system under oxidative stress conditions [45], could 
have caused accumulation of misfolded proteins thus explaining this 
appearance. ER stress was enhanced in KO cells as revealed by dilated 
ER cisternae (Fig. 5) and by down-regulation of HSPA5/BiP (FC = 0.63; 
q = 4.1E-03; Suppl. file 1), one of the main regulators of the unfolded 
protein response (URP) [46]. Autophagic vesicles were more abundant 
in KO cells Suppl. Fig. 2, a survival strategy under the stress caused by 
accumulation of damaged proteins and by starvation induced by the lack 
of PRDX6. 

A number of other archetypal mitochondrial proteins were also 
down-regulated, including four members of the pyruvate and 2-oxoglu-
tarate dehydrogenase complexes (DLAT, DLST, PDHX, OGDH), succi-
nate dehydrogenase (SDHB), PEP carboxykinase (PCK2) and pyruvate 
carboxylase (PC) and antioxidant enzymes like PRDX3 and PRDX5 
(Suppl. file 1). 

Altogether, our results obtained by different experimental ap-
proaches, Seahorse, proteomics and electron microscopy, support a role 
for PRDX6 in regulating mitochondrial biogenesis and function, and in 
the control of metabolism. 

3.5. NRF2 is not fully active despite the increased levels of ROS in HepG2 
cells lacking PRDX6 

Under the conditions of increased levels of ROS in HepG2PRDX6− /- 

cells the canonical cellular response should imply activation of NRF2 so 
that antioxidant defenses under the control of ARE promoter be induced. 
Two markers of NRF2 activation, NQO1 and GSTM3 were only slightly 
up-regulated, but the proteomic analysis showed prominently decreased 
levels of many other positively regulated markers and increased levels of 
negatively regulated markers [21,47] (Table 1). As mentioned above, 
the three cytosolic members of the peroxiredoxin family did not change 
while the two mitochondrial members and peroxiredoxin-like 2A 
decreased significantly. These data indicate that the activity of NRFF2 is 
lower in cells lacking PRDX6. The presence of a TPA-responsive element 
(TRE) within the ARE at the NQO1 promotor allows for different tran-
scription factors to compete for binding to both these elements [48] 
what would explain slightly induced levels of NQO1 even if NRF2 is not 
fully active. 

Fig. 3. ROS and Grx1 levels and systems analysis of the differential redox proteome of HepG2PRDX6-/- cell line. A) ROS levels in basal and 100 μM H2O2 
treated cells expressed as arbitrary fluorescence units in the DCFDA assay normalized for number of cells (n = 4). B) Volcano plot of the change the in reduced/ 
oxidized ratio of quantified Cys-peptides in PRDX6-knockout HepG2 cells; dotted lines indicate the significance thresholds, q-value<0.05 and fold change ≥1.5 or 
≤0.67. C) IPA systems analysis of the redox proteome showing the upstream regulators (filter set as in Fig. 2) predicted to be affected by redox changes in their target 
proteins, ordered by increasing p-value. D) Grx1 levels determined by Western blot (n = 4). The fold change (FC) determined by the quantitative proteomic analysis 
(n = 4) is shown on top of the graph; membrane images in which WT (+/+) and KO (− /− ) paired samples from different experiments (n = 4) were run in the same 
gel; membranes were cut at appropriate height according to expected migration of Grx1 (≈12 kDa) to reveal with specific antibody. Loading in each lane was 
normalized to actin. E) Redox change in Cys79/Cys83 of Grx1 in PRDX6 knockout cells; the reduced/oxidized ratio in shown. Statistical significance was assessed by 
Student’s t-test and is shown with a number of asterisks inversely proportional to the p-value (*** ≤0.001, **≤0.005, *≤0.05). 
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3.6. Loss of PRDX6 has an antiproliferative effect but does not induce 
apoptotic cell death 

Proliferation measured as BrdU incorporation into DNA and the 
number of cells counted two, three and four days after seeding were 
significantly lower in knockout HepG2PRDX6− /- cells compared with 
normal HepG2PDRX+/+ cells (Fig. 6A and B). The decrease in the number 
of cells is not justified by cell death since the viability did not decrease 
significantly (data not shown) and no signs of increased cell death due to 

apoptosis was observed by electron microscopy (Fig. 5) nor by flow 
cytometry (Fig. 7A and B). Coherently, the levels of caspases 3 and 8, as 
determined by Western blot (Fig. figs3), and by proteomics (Suppl. file 
1) did not change significantly. Moreover, there was a significant 
decrease in CD95 protein levels (Fig. 6C) as we had also observed pre-
viously in HepG2 cells with low levels of PRDX6 [23]. This receptor has 
been traditionally related to apoptosis but nowadays its involvement in 
other multiple non-apoptotic functions is well known and stimulation of 
CD95 in cancer cells can turn this death receptor into tumor promoting 

Fig. 4. Mitochondrial functionality of HepG2PRDX6-/- cell line. A) Representative recording of oxygen consumption rate (OCR) during the extracellular flow 
analysis (“Seahorse”) following the protocol for “Mitochondrial Function”; differences between WT and Prdx6 KO cells are highly significant despite a drop of OCR 
after addition of FCCP. B) Histogram plots of the calculated basal and maximum respiratory rate, ATP production rate and respiratory capacity reserve, normalized 
for protein content (n = 4). C) Table with mitochondrial protein components of Complexes I and II that were down-regulated in HepG2PRDX6− /- according to the 
quantitative proteomic analysis. UniProt ID, Protein name, fold change and statistical score are shown; “-inf” indicates that the protein was detected in normal HepG2 
cells but not in PRDX6 knockout cells. D) Extracellular glucose and E) lactate concentrations determined by standard methods normalized for number of cells (n = 4). 
(**** p-value ≤ 0.0001; ** p-value ≤ 0.005). 

Fig. 5. Electron micrographs of HepG2PRDX6+/ 

+ and HepG2PRDX6-/- cells. A) Transmission 
electron microscopy (TEM) image of HepG2 
showing normal hepatocytic organelles; nucleus 
(N), abundant mitochondria with cristae (M), 
rough and smooth endoplasmic reticulum (ER) 
are highlighted. B) Idem for HepG2 lacking 
PRDX6 showing alterations in cellular and nu-
clear morphology as well as in hepatocytic or-
ganelles; mitochondria with less cristae and 
dilated endoplasmic reticulum cisternae are 
indicated. Insets showing an amplified selection 
from each type of cell have been included to 
show the different appearance of mitochondria; 
scale bars are indicated.   
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receptor [49]. 

3.7. Loss of PRDX6 promotes cell cycle arrest at G2/M phase 

As described above in subsection 2 and Fig. 2, PRDX6 knockout had a 
clear effect on the cell cycle since a number of cell cycle proteins were 
differentially expressed (Scheme 1; Table 2). Increased levels of Cyclin- 
dependent kinase 4 (CDK4), Cyclin-dependent kinase 1 (CDK1), Cyclin- 
dependent kinases regulatory subunit 1 (CSK1B) and Proliferating cell 
nuclear antigen (PCNA) in HepG2PRDX6− /- would favor the G1/S tran-
sition, a likely result of mitogenic signals activation by oxidative stress 
associated with PRDX6 deficiency. Proteins related to MCM complex, 
DNA replication and DNA repair and involved in G1/S progression, such 
as all 6 replication-related proteins (MCM2-7), Mini-Chromosome 
Maintenance Complex-Binding Protein (MCMBP), Replication Factor C 
(RFC1-3), DNA ligase 1 (LIG1) and DNA Mismatch Repair Proteins 2 and 
6 (Msh2 and Msh6) were also increased in cells devoid of PRDX6. Even 
Thymidylate Synthase (TYMS) and Ribonucleoside-Diphosphate 
Reductase subunit M2 (RRM2), two enzymes responsible for the syn-
thesis of deoxyribonucleotides were also prominently elevated in 
HepG2PRDX6− /- cells. In addition, E2F1-3 upstream regulators appeared 

activated and RB1 inactivated according to IPA (Fig. 2C), which agrees 
with cell cycle progression beyond G1/S. However, proteins that favor 
cell cycle arrest at G1/S by inhibiting CDK4/6, such as CDKN2A/p16 
were also increased in knockout cells, although according to IPA anal-
ysis, CDKN1A and CDKN2A are inactive (Fig. 2C and Suppl. file 1). Our 
results also agree with entry of the cells into S phase since the levels of 
the inhibitor of CDK2/Cyclin complex, cyclin-dependent kinase inhibi-
tor 1B (CDKN1B/p27kip1) decreased in PRDX6 knockout cells while 
cyclin-dependent kinases regulatory subunit 1 (CSK1B) and S-phase 
kinase-associated protein 1 (SKP1) which are involved in poly-
ubiquitination of p27kip1 increased. 

Centrin-2 (CETN2) and DNA topoisomerase 2-alpha (TOP2A), two 
proteins necessary for G2/M transition and mitosis, were also increased 
in HepG2PRDX6− /- cells. Regarding p53, the lower expression of its 
repressor cullin-5 (CUL5) and higher expression of its activator 14-3-3σ 
(SFN) in HepG2PRDX6− /- is worth noting. 

Besides these important changes in the levels of cell cycle related 
proteins, we have also detected meaningful redox changes in some of 
these proteins. Among them, PCNA deserves special attention as it has 
been described to induce cell cycle progression through G1/S and arrest 
at G2/M [50]. It was induced (Table 2) in HepG2PRDX6− /- and notably, 
residues Cys135 and Cys162, underwent a 3-fold decrease in their 
reduced/oxidized ratio (Suppl. file 2; Fig. 8A). Whether this redox 
change affects the activity of PCNA remains to be demonstrated, but, 
interestingly, they are located in two different β-pleated sheets in the 
region of the protein near the binding site for most PCNA interacting 
proteins and they are within reach (3.45 Å) in the 3D structure. Actually, 
they form a disulfide bond in some of the structures resolved so far 
(Fig. 8B and C). 

These proteomics data clearly show that lack of PRDX6 affects the 
cell cycle, and flow cytometric analysis provided evidence that the cells 
were arrested at G2/M phase (Fig. 7A and B). Moreover, we observed a 
significant increase in nuclear size both by staining with DAPI (Fig. 7C) 
and by transmission electron microscopy (Fig. 5 and Fig. figs2) in 
HepG2PRDX6− /-, which is consistent with arrest at G2/M. 

4. Discussion 

Through the CRISPR/Cas9 technique we have obtained a stable 
monoclonal hepatocarcinoma cell line, HepG2, knockout for PRDX6. 
The process of CRISPR-Cas9-mediated gene disruption through non- 
homologous end joining (NHEJ) is caused by “indels”, which consist 
of insertions or deletions of few nucleotides. It is a cell survival response 
to be able to bind to broken DNA chains, where the “indels” must not be 
multiples of three, so that the corresponding gene produces a non- 
functional protein. In this case the mutation was biallelic and hetero-
zygous. We demonstrated that the two alleles were repaired differently: 

Table 1 
Changes in protein levels of NFR2 targets in HepG2PRDX6− /- cells.  

Gene UniProt 
ID 

Name FC q-value 

Positively regulated by Nrf2 

AKR1C2 P52895 Aldo-keto reductase family 1 
member C2 

-Inf 1,86⋅10− 10 

AKR1C3 P42330 Aldo-keto reductase family 1 
member C3 

0,64 5,47⋅10− 2 

MGST2 Q99735 Microsomal glutathione S- 
transferase 2 

0,46 9,91⋅10− 3 

GCLC P48506 Glutamate cysteine ligase catalytic 
subunit 

0,67 8,15⋅10− 3 

GCLM P48507 Glutamate cysteine ligase 
regulatory subunit 

1,15 4,94⋅10− 1 

TXNRD1 Q16881 Thioredoxin reductase 1, 
cytoplasmic 

0,73 2,97⋅10− 1 

GSTM3 P21266 Glutathione S-transferase Mu 3 1,51 4,51⋅10− 2 

NQO1 P15559 NAD(P)H dehydrogenase 
[quinone] 1 

1,34 4,13⋅10− 2   

Negatively regulated by Nrf2   

FADS2 O95864 Fatty acid desaturase 2 +Inf 4,70⋅10− 13 

FASN P49327 Fatty acid synthase 1,44 9,75⋅10− 4 

HMGCS1 Q01581 Hydroxymethylglutaryl-CoA 
synthase, cytoplasmic 

3,45 5,58⋅10− 4 

CYB5A P00167 Cytochrome b5 1,68 2,47⋅10− 2 

RBP1 P09455 Retinol-binding protein 1 3,74 1,65⋅10− 3  

Fig. 6. Growth characteristics of 
HepG2PRDX6− /- cell line. A) Cell count. 
B) Proliferation rate. Determinations 
were done after 24 h of cell culture in 4 
different experiments (n = 4). C) CD95 
levels in control and knockout cells 
determined by Western blot; membrane 
images in which WT (+/+) and KO 
(− /− ) paired samples from different 
experiments (n = 4) were run in the 
same gel; membranes were cut at 
appropriate height according to ex-
pected migration of CD95 (≈38 kDa) to 
reveal with specific antibody. Loading 
in each lane was normalized to actin. 
Statistical significance was assessed by 
unpaired Student’s t-test. Number of 
asterisks inversely proportional to the p- 
value (**< 0.005, * < 0.05).   
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one allele had a deletion of one nucleotide, and the other allele had an 
elimination of 11 nucleotides. Loss of PLA2 activity and increased levels 
of ROS as a consequence of PRDX6 elimination were experimentally 
confirmed. 

4.1. Role of NRF2 

The increased levels of ROS indicate that the cell response to lack of 
PRDX6 does not involve the expected activation of antioxidant defense 
mechanisms. ROS should have oxidized redox sensitive Cys in KEAP1 to 

Fig. 7. Cell cycle parameters of HepG2(PRDX6− /-) cell line. Flow cytometry analysis showing the distribution of cells along the different cell cycle phases and those 
undergoing apoptosis in normal and PRDX6 knockout HepG2 cells. A) Recordings of cytometer fluorescence event counts of one representative experiment (purple, 
apoptotic cells; green, G0/G1 phases; pink, S phase; orange, G2/M phases). B) Cell cycle phase distribution of the cells (n = 4; multiple t-test, ** p-value ≤ 0.005). C) 
Size of the nuclei determined as described in Materials and Methods section 2.4 (n > 500; unpaired, non-parametric Mann-Whitney test; Median and quartiles are 
shown, **** p-value ≤ 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Scheme 1. Cell cycle state in PRDX6 
knockout HepG2 cells. The cell cycle is 
shown in the middle with a different color 
for each phase and the phase transitions and 
checkpoints indicated by intersecting thick 
short lines; proteins differentially expressed 
in HepG2PRDX6− /- cells as determined by 
quantitative proteomics are represented; 
processes and regulators predicted to be 
activated or inhibited by systems analysis 
have also been included; green and red ver-
tical arrows indicate up- and down-regulated 
proteins, respectively; red crosses indicate 
inhibition; purple arrows and blunt lines 
indicate positive or negative action, respec-
tively. Read subsection 3.7. in the main text 
for a full explanation.   
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set NRF2 free from ubiquitination and ready to move to the nucleus to 
activate ARE promoters for antioxidant defense [21]. However, this does 
not seem to be the case, indicating that either oxidative equivalents do 
not reach KEAP1 cysteines when PRDX6 is absent or that NRF2 is being 
down-regulated by a KEAP1-independent mechanism. Trx-dependent 
redox regulation of Nrf2 in the nucleus through Cys514, a critical 
redox sensitive Cys residue conserved in the b-zip family of transcription 
factors, could be involved, but the levels and redox status of the Trx 
system are not affected in knockout cells (Suppl. files 1 and 2). However, 
redox regulation of NRF2 nuclear translocation [51] could be affected by 
the marked decrease observed in the Grx/GSH system in PRDX6 
knockout cells. S349-phosphorylated p62/SQSTM1 activates NRF2 by 
binding to and inactivating KEAP1 [52]. Although p62/SQSTM1 is 
highly induced in HepG2PRDX6− /- cells, this NRF2 activating mechanism 
does not prevail in these cells either because p62 is not phosphorylated 
or because other NRF2 inactivating mechanisms are functioning. 

NRF2 could also be inactivated by a mechanism dependent on GSK- 
3β [53] either through PI3K/Akt pathway or by ERBB2. Inhibition of the 
PI3K/Akt pathway (Fig. 2B) would keep GSK-3β active to phosphorylate 
and inactivate NRF2. At the same time, activation of ERBB2 (Fig. 2C) 
would phosphorylate and activate GSK-3β, but induction of PPP2R1A 
(Suppl. file 1) would counteract this effect. 

NRF2 negative regulation by HRD1 through down-regulation of the 
UPR could be operative, as occur during liver cirrhosis [54]. Actually, 
the pathway from UPR to NRF2 ubiquitination requires active IRE1α, 
which is maintained in its inactive monomeric state by binding to the 
endoplasmic reticulum chaperone HSPA5/BiP. This chaperone is 
markedly repressed in KO cells, which could stimulate HRD1 binding to 
and proteasomal degradation of NRF2. Finally, inhibition of NRF2 ac-
tivity by RXRα [55] cannot be discarded since this pathway is activated 
in PRDX6 knockout cells (Suppl. file 1). 

These data indicate that NRF2-dependent activation of antioxidant 
defenses in PRDX6 knockout cells is blocked by KEAP1-independent 
mechanisms. 

4.2. Lipid metabolism and PLA2 activity of PRDX6 

Lipogenesis, including cholesterol biosynthesis, was induced in 
PRDX6 knockout cells to cope with the need to synthesize new mem-
branes prior to cell division. The prominent induction of Fatty acylCoA- 
6-desaturase (FADS2) and microsomal cytochrome b5, two enzymes 
responsible for the first steps of long chain polyunsaturated fatty acids 
(LC-PUFA) and eicosanoids biosynthesis, could be a compensatory 
cellular response to deprivation of arachidonic acid (AA) caused by lack 
of PRDX6. A critical regulatory component of eicosanoid biosynthesis is 
at the level of availability of unesterified fatty acids liberated from 
membrane phospholipids. In normal HepG2 cells, AA could be provided 
by PRDX6 PLA2 activity if acting on sn-2-arachidonate containing 
phospholipids. Early characterization of PRDX6 PLA2 showed high ac-
tivity with AA containing phospholipids [56] and we have previously 
detected increased levels of 1-palmitoyl-2-arachidonoyl-GPC in PRDX6 
down-regulated HepG2 cells [23]. Moreover, a relationship has been 
described between AA and PRDX6 tumor promoting functions [13] 
through activation of NOX2 or Src family kinases (SFK) [16]. 

The PLA2 activity of PRDX6 on phosphatidylcholine phospholipids 
would stimulate the production of lysophosphatidic acid (LPA) and the 
sequential action of its peroxidase and PLA2 activities would also 
liberate a hydroxy fatty acid (HFA) [19,20]. Given the importance to 
dissect the mechanism of action of PRDX6 in cell physiology and the 
roles of AA, HFA and LPA as lipokines, it would be worth defining the 
substrate specificity of its PLA2 activity in vivo to solve this question. 

In summary, the release of lipokines would be compromised in cells 
devoid of PRDX6-dependent PLA2 activity. This would have conse-
quences in signaling pathways affecting cell integrity as observed at the 
level of mitochondria and endoplasmic reticulum. 

4.3. Mitophagy/autophagy 

Prominent down regulation of respiratory complex I subunits, 
diminished respiratory capacity, conspicuous mitochondrial morpho-
logical changes and marked up-regulation of p62 and down-regulation 
of HSP5A/Bip point to mitochondrial respiratory dysfunction and ER 
stress upon PRDX6 knockout in HepG2 cells. Involvement of NRF2 
inactivation in mitochondrial dysfunction, and particularly in mito-
chondrial biogenesis, has been put forward by several studies [57] and 
may play a role in the mitochondrial response of HepG2 cells to the 
absence of PRDX6. E2F1, which is activated in PRDX6 knockout cells, 
could be also involved as it is a transcription factor that, beyond a mere 
cell cycle regulator, plays a role in activating lipogenesis and nucleotide 
synthesis and represses mitochondrial biogenesis and oxidative phos-
phorylation [58]. The marked increase in TOMM34, the cytosolic 
cochaperone that protects mitochondrial protein precursors in an 
unfolded state, speaks of accumulation of mitochondrial precursors in 
the cytosol [59]. This would partly explain the general decrease in the 
levels of mitochondrial proteins observed in PRDX6 KO cells. 

It is well known that a complex connection exist between mito-
chondria and ER so that signals from damaged mitochondria may have 
stimulated the production of ROS from the ER surface with the 

Table 2 
Differential cell cycle related proteins in HepG2PRDX6− /- cells.  

Gene UniProt 
ID 

Name FC q-value 

TYMS P04818 Thymidylate synthase +inf 4,70⋅10− 13 

RRM2 P31350 Ribonucleoside-diphosphate 
reductase subunit M2 

+inf 1,45⋅10− 12 

CDKN2A; 
CDKN2B 

P42771; 
P42772 

Cyclin-dependent kinase 
inhibitor 2A/4B 

+inf 2,56⋅10− 9 

CKS1B P61024 Cyclin-dependent kinases 
regulatory subunit 1 

+inf 3,84⋅10− 10 

CDK4 P11802 Cyclin-dependent kinase 4 +inf 4,92⋅10− 11 

CDK5RAP1 Q96SZ6 CDK5 regulatory subunit- 
associated protein 1 

+inf 3,84⋅10− 10 

TOP2A P11388 DNA topoisomerase 2-alpha +inf 2,28⋅10− 8 

CETN2 P41208 Centrin-2 +inf 1,51⋅10− 9 

LIG1 P18858 DNA ligase 1 +inf 2,25⋅10− 10 

CDK1 P06493 Cyclin-dependent kinase 1 10,40 3,81⋅10− 4 

MCM2 P49736 DNA replication licensing 
factor MCM2 

2,99 6,89⋅10− 4 

MCM3 P25205 DNA replication licensing 
factor MCM3 

3,28 1,04⋅10− 4 

MCM4 P33991 DNA replication licensing 
factor MCM4 

2,82 7,71⋅10− 3 

MCM5 P33992 DNA replication licensing 
factor MCM5 

3,18 9,75⋅10− 4 

MCM6 Q14566 DNA replication licensing 
factor MCM6 

2,81 4,45⋅10− 4 

MCM7 P33993 DNA replication licensing 
factor MCM7 

2,70 1,58⋅10− 4 

PCNA P12004 Proliferating cell nuclear 
antigen 

1,82 2,00⋅10− 3 

RPA1 P27694 Replication protein A 70 kDa 
DNA-binding subunit 

1,51 1,94⋅10− 2 

MCMBP Q9BTE3 Mini-chromosome 
maintenance complex-binding 
protein 

2,12 9,23⋅10− 3 

RFC1 P35251 Replication factor C subunit 1 2,70 3,32⋅10− 5 

RFC2 P35250 Replication factor C subunit 2 1,93 6,45⋅10− 3 

RFC3 P40938 Replication factor C subunit 3 1,74 3,07⋅10− 2 

MSH2 P43246 DNA mismatch repair protein 
Msh2 

1,57 4,22⋅10− 2 

MSH6 P52701 DNA mismatch repair protein 
Msh6 

1,63 1,22⋅10− 3 

SKP1 P63208 S-phase kinase-associated 
protein 1 

1,52 8,05⋅10− 3 

SFN P31947 14-3-3 protein sigma 2,19 2,81⋅10− 3 

CUL5 Q93034 Cullin-5 -inf 4,40⋅10− 10 

CDKN1B P46527 Cyclin-dependent kinase 
inhibitor 1B 

-inf 1,86⋅10− 10  
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involvement of NOX complexes [60]. HepG2 cells respond to H2O2-in-
duced oxidative stress by activation of the unfolded protein response 
(UPR) and autophagy for survival [61]. However, the UPR was not 
activated in HepG2PRDX6− /- cells despite mitochondrial damage and ER 
stress, as indicated by decreased levels of HSP5A/Bip, nor was apoptosis 
as evidenced by flow cytometry and because caspases were not induced. 

The presence of oxidizable phospholipids acylated with poly-
unsaturated fatty acids (PUFA-PLs), as inferred from the striking in-
duction of Δ6-desaturase (FADS2) and LPCAT, and defective lipid 
peroxide repair caused by lack of PRDX6, together with high levels of 
ROS and inactive NRF2 could lead to cell death by ferroptosis [62,63], 
although proteomics and microscopy data do not provide additional 
evidences. 

Autophagy was induced instead, as revealed by the augmented 
presence of autophagosomes. The significant increase in HSP90AB1 and 
CDC37 (FC = 1.46 and 1.43, respectively; Suppl. file 1) are also indic-
ative of mitophagy activation [64]. In this way the cells would obtain 
building blocks for biosynthesis to compensate for the diminished 
glucose uptake. The canonical mechanism of autophagy regulation in-
volves nutrient sensing kinases mTOR and AMPK, but other independent 
pathways of autophagy induction have been described [65]. Since 
AMPK signaling was inhibited in PRDX6 knockout cells (Fig. 2B), in-
duction by unsaturated fatty acids requiring an intact Golgi apparatus 
[66] or through p38/MAPK14 [67], which is upregulated in PRDX6 KO 
cells, could be called. 

PRDX6 has been associated with regulation of glucose homeostasis 
and lipid metabolism through the insulin signaling pathway in muscle 
cells of mice [11]. Our proteomics results show that HepG2PRDX6− /- cells 
have lower levels of insulin receptor and PDPK1, a kinase that plays a 
central role activating PKB/AKT1 in insulin signaling. This is evidence 
for the involvement of PRDX6 in the regulation of metabolism in human 
hepatocarcinoma cells. These results together with a reduced uptake of 
glucose and the diminished flow through the glycolytic pathway (key 
glycolytic enzymes are decreased) cause these cells to have lost the 
characteristic Warburg effect of tumor cells what makes PRDX6 a good 
target for anticancer drugs. 

4.4. Cell cycle 

Our results indicate that PRDX6 deficiency in HepG2 causes a 
decrease in the number of cells as well as in proliferation as a conse-
quence of cell cycle arrest at G2/M phase. Cell cycle progression is a 
biological process regulated by multiple redox-dependent signal trans-
duction pathways to ensure the correct cell division and where the effect 
of ROS on cell fate oscillates during the cell cycle [24]. Thus, it is not 
surprising that the lack of PRDX6 affects cell cycle progression. We 
observed changes in proteins involved in G1 and S phases of the cell 
cycle that point to a successful progression through them with a central 
role of p27 degradation, p21 inactivation and E2F1 activation. However, 
previous reports claimed that PRDX6 silencing arrests cell cycle at G1/S 
by a mechanism dependent on its PLA2 activity [17,23,68]. Therefore, 
the arrest that we observe at G2/M should be related to its peroxidase 
activity, instead. A correlation has been reported between PRDX6 loss of 
peroxidatic activity by hyperoxidation and H2O2 induced G2/M arrest in 
HeLa cells [22]. 

The connection between PRDX6 and cell cycle could take place at the 
level of redox changes at key proteins and from our results, PCNA stands 
as a likely candidate. PCNA is necessary for the progression through 
transitions M/G1 and G1/S, for the execution of phase S and for S phase 
and G2 phase checkpoints [50]. In PRDX6 knockout HepG2 cells, PCNA 
seems to be operative in all these steps where it is required except for the 
last checkpoint dependent on ATR/Chk1. In this phase, progression 
through the cycle entails PCNA detachment from DNA with the help of 
several proteins followed by its degradation [50]. Redox changes that 
we found in Cys135 and Cys162 of PCNA could affect protein in-
teractions implicated in detachment from DNA, what would constitute a 
new connection between the redox status and cell cycle. 

There are many proteins known to interact with PCNA to accom-
modate its activity to the cellular demands and interestingly, one of 
them is PRDX6 [69,70]. A single point mutation, Ser228Ile (variant 
dbSNP:rs369958038), in the human PCNA gene was recently identified 
to cause a disease. The mutation lies near the binding site for most 
PCNA-interacting proteins and results in significantly decreased inter-
action with FEN1, LIG1 and ERCC5 [71]. Cys135 and Ser228 are located 

Fig. 8. Redox changes of PCNA Cys135- 
Cys162 in HepG2PRDX6− /- cell line. A) Cys- 
peptides of PCNA undergoing significant 
changes in their reduced/oxidized ratios in 
PRDX6 knockout HepG2 cells. The sequence of 
the peptides, the values and the fold change (FC) 
of their red/ox ratios and the statistical scores are 
shown. B) Structure of the protein highlighting 
its ring-shape (PDB 3VKX (Punchihewa et al., 
2012)); the red square highlights a region of the 
protein involved in interaction with its partner 
regulatory proteins. C) inset: detail of the resi-
dues clustered around in the red square, twisted 
180◦, showing Cys135 and Cys162 close enough 
(3.06 Å) to form a disulfide bond (orange dotted 
line); Ser228, essential for interactions with 
regulatory proteins (Baple et al., 2014), is con-
nected to Cys135 by a hydrogen bond (blue line); 
and Lys164, site for ubiquitination and sumoy-
lation; Image made using UCSFChimera (Pet-
tersen et al., 2004). Baple et al., 2014. J. Clin. 
Invest. 124:3137–3146. https://doi.org/10.1172 
/JCI74593. Pettersen et al., 2004. J. Comput. 
Chem. 25:1605–1612. https://doi.org/10.1002/ 
jcc.20084. Punchihewa et al., 2012. J. Biol. 
Chem. 287:14289–14300. https://doi.org/10.1 
074/jbc.M112.353201. . (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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in front of each other in two adjacent strands of an antiparallel β-sheet. 
One of the main PCNA regulatory mechanisms consists of ubiquitination 
and sumoylation at Lys164 also in the vicinity of Cys135, Cys162 and 
Ser228 (Fig. 8C). It is tempting to speculate that formation of a 
C135–C162 disulfide bond could compromise the flexibility needed for 
the large conformational changes that dramatically transform the 
binding pocket for PCNA client proteins [72]. However, whether PRDX6 
could be among the proteins PCNA needs to detach from DNA, either 
indirectly through H2O2 or NOX stimulation or even by direct interac-
tion [69,70] remains to be demonstrated, but would constitute a new 
connection between the cell redox status and the cell cycle. Interest-
ingly, Cys135 and Cys162 are not present in fungal and plant PCNA 
indicating that they might have been acquired by mammals through 
evolution as a “redox switch” to fine tune the link between the cellular 
redox state and progression of the cell cycle. This is an interesting 
starting hypothesis worth further investigation. Down-regulation of 
Grx1 and GCLC (Table 1 and Fig. 3C) as a consequence of NRF2 low 
activity would compromise the action of the GSH/Grx system allowing 
for the oxidation of those critical cysteine residues. The presence of Grx1 
in the nuclei of many cells [73–75] suggest that Grx1 could play a role in 
this so far hypothetical cell cycle regulatory redox mechanism. The 
absence of the protein Peroxiredoxin-like 2A (PXL2A/Fam213A/-
PAMM), an antioxidant peroxiredoxin secreted to the extracellular space 
[76] should be taken into account as another contributor to a more 
oxidative environment in PRDX6 KO cells. 

In summary, G2/M arrest induced by the absence of PRDX6 could 
take place through oxidative redox changes at critical cysteine residues 
of key proteins as part of the existing interplay between the redox status 
and progression of the cell cycle [24,25]. Oxidative changes resulting in 
the formation of an intramolecular disulfide bond between Cys330 and 
Cys377 in Cdc25c are important for binding of Cdc25c to 14-3-3 [77]. 
Formation of this disulfide induced by NRF2 genetic disruption led to 
G2/M arrest and was reverted by GSH [78]. Similarly, oxidation of key 
Cys residues leading to p53 activation and cell cycle arrest are well 
known [32,33]. Although we have not detected redox changes in Cdc25c 
and p53 in PRDX6 knockout cells, its functioning cannot be discarded. 
Besides, the data presented herein suggest the operation of a so far un-
known additional redox mechanism of cell cycle regulation by oxidation 
of PCNA Cys135 and Cys162. 

5. Conclusions 

Loss of PRDX6 deprives the cell of its lipid peroxidase and iPLA2 
activities with main consequences on mitochondrial function and 
integrity, ER stress and cell cycle arrest at G2/M phase in cultured 
HepG2 cells. Activation of NRF2, the main regulator of the cellular redox 
status and driver of cancer progression, is inhibited in a KEAP1- 
independent way, so that the antioxidant defenses are not set in mo-
tion. Insulin receptor is downregulated, and uptake of glucose and res-
piratory capacity decrease drastically. Effects on signaling pathways 
could be due to altered release of lipokines from phospholipids due to 
absence of PRDX6 PLA2 activity. The cell displays a survival response 
that involves activation of the autophagy program and stimulation of 
biosynthetic metabolic pathways that correlate with activation of E2F1 
transcription factor. There are changes in the redox proteome with as 
many as 202 proteins significatively affected at cysteine residues and the 
Grx/GSH system is weakened. Oxidation of Cys135 and Cys162 of 
PCNA, likely forming a disulfide bond, emerges as a new redox mech-
anism that adds up to other known regulatory links between the cell 
redox status and the cell cycle responsible for arrest at G2/M phase. 

These findings support a role for PRDX6 in regulating mitochondrial 
biogenesis and function, in the control of metabolism and in cell pro-
liferation in cultured cells. Further studies should confirm these effects 
in vivo. 
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[23] M.J. López-Grueso, R.M. Tarradas Valero, B. Carmona-Hidalgo, D.J. Lagal, 
J. Perinado, B. McDonagh, R. Requejo-Aguilar, J.A. Bárcena, C.A. Padilla, 
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M.J. López-Grueso et al.                                                                                                                                                                                                                       

http://cancerres.aacrjournals.org/cgi/doi/10.1158/0008-5472.CAN-12-3386
http://cancerres.aacrjournals.org/cgi/doi/10.1158/0008-5472.CAN-12-3386
http://linkinghub.elsevier.com/retrieve/pii/S0305049198100469
http://linkinghub.elsevier.com/retrieve/pii/S0305049198100469
https://doi.org/10.3389/fgene.2019.00435
https://doi.org/10.3389/fgene.2019.00435
https://doi.org/10.3389/fendo.2017.00311
https://doi.org/10.1016/j.tibs.2020.04.001
https://doi.org/10.1016/j.cmet.2013.07.005
https://doi.org/10.3892/mmr.2018.9443
https://www.annualreviews.org/doi/10.1146/annurev-cancerbio-030518-055844
https://www.annualreviews.org/doi/10.1146/annurev-cancerbio-030518-055844
https://doi.org/10.1038/s41401-019-0233-9
https://doi.org/10.1038/s41401-019-0233-9
https://doi.org/10.1016/j.molcel.2011.06.018
https://doi.org/10.1128/mcb.00303-18
https://doi.org/10.1128/mcb.00303-18
https://doi.org/10.15252/embj.201489363
https://doi.org/10.15252/embj.201489363
https://doi.org/10.1042/BJ20121122
https://doi.org/10.1159/000495934
https://doi.org/10.1016/j.febslet.2010.09.021
https://doi.org/10.1080/15384101.2015.1053667
https://doi.org/10.1080/15384101.2015.1053667
https://doi.org/10.1172/JCI74593
https://doi.org/10.1172/JCI74593
https://doi.org/10.1016/j.jmb.2015.11.029
https://doi.org/10.1016/j.jmb.2015.11.029
https://doi.org/10.1016/0303-7207(92)90119-Q
https://doi.org/10.1016/0303-7207(92)90119-Q
http://refhub.elsevier.com/S2213-2317(20)30942-3/sref74
http://refhub.elsevier.com/S2213-2317(20)30942-3/sref74
http://refhub.elsevier.com/S2213-2317(20)30942-3/sref74
https://doi.org/10.1093/molehr/5.10.914
https://doi.org/10.1093/molehr/5.10.914
https://doi.org/10.1089/ars.2009.2886
https://doi.org/10.1089/ars.2009.2886
https://doi.org/10.1074/jbc.M201589200
https://doi.org/10.1038/onc.2008.188
https://doi.org/10.1038/onc.2008.188

	Knockout of PRDX6 induces mitochondrial dysfunction and cell cycle arrest at G2/M in HepG2 hepatocarcinoma cells
	1 Introduction
	2 Materials and methods
	2.1 Materials and reagents
	2.2 Cell growth conditions
	2.3 Construction of a human cell line of hepatoblastoma (HepG2) without peroxiredoxin 6 using the CRISPR/Cas9 methodology ( ...
	2.4 Cell proliferation and viability, nuclear area, apoptosis and cell cycle
	2.5 Transmission electron microscopy
	2.6 Seahorse extracellular flux analysis of mitochondrial respiration
	2.7 Measurement of enzymatic activities, glucose, lactate, ROS and protein
	2.8 Global and redox proteome analysis
	2.9 SDS-PAGE and Western blotting
	2.10 Statistics

	3 Results
	3.1 Construction and characterization of a HepG2 cell line knockout for PRDX6 (HepG2PRDX6-/-)
	3.2 Differential quantitative proteomic analysis of HepG2PRDX6-/- and HepG2PRDX6+/+ cells
	3.3 The absence of PRDX6 has an impact on the redox proteome
	3.4 PRDX6 elimination leads to mitochondrial dysfunction, ER stress and metabolic alterations
	3.5 NRF2 is not fully active despite the increased levels of ROS in HepG2 cells lacking PRDX6
	3.6 Loss of PRDX6 has an antiproliferative effect but does not induce apoptotic cell death
	3.7 Loss of PRDX6 promotes cell cycle arrest at G2/M phase

	4 Discussion
	4.1 Role of NRF2
	4.2 Lipid metabolism and PLA2 activity of PRDX6
	4.3 Mitophagy/autophagy
	4.4 Cell cycle

	5 Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


