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Glutathione peroxidase 4 (GPx4), an abundant selenoenzyme,
is ubiquitously expressed in a tissue-, cell- and differentiation-
dependent manner, and it is localized in cytoplasmic, mitochon-
drial, and nuclear cellular compartments. Here, we report cyto-
plasmic and nuclear localization of GPx4 in Caco-2 intestinal
epithelial cells. Enterocytic differentiation of Caco-2 cells trig-
gers an increase in GPx4 mRNA and protein levels, mediated by
enhanced promoter activity. We identified a combined cAMP
response element (CREB) and CCAAT/enhancer binding pro-
tein (C/EBP) site as critical for the differentiation-triggered
GPx4 promoter activity. Induction of GPx4 correlated with
C/EBPa transcript levels during differentiation, suggesting a
role of C/EBPa as regulator of enterocytic GPx4 expression.
Consistent with the in vitro results, GPx4 protein was detected
in cytoplasmic and nuclear compartments of enterocytes in
human intestinal epithelia. GPx4 is uniformly expressed in
colonic crypts and is differentially expressed along the crypt-
to-villus axis in the small intestine with a more pronounced
expression of GPx4 in the upper villi, which contain fully
differentiated enterocytes. These data suggest that intestinal
GPx4 expression is modulated by the enterocytic differentia-
tion program, and the results support a direct role of nuclear
GPx4 in the (selenium-dependent) prevention of oxidative
damage in the gastrointestinal tract.

The essential trace element selenium is of fundamental
importance to human health, acting through low molecular
weight selenium compounds as well as selenocysteine-contain-
ing selenoproteins (1). Adequate selenium intake, maintaining
optimized expression and/or activity of selenoproteins, has
been proposed to be beneficial with respect to prevention of
several oxidative stress-related neurodegenerative and cardio-
vascular diseases and, most notably, cancer (1, 2). Secondary
end point analyses of the Nutritional Prevention of Cancer
study provided compelling evidence that dietary supplementa-
tion with 200 ug selenium/day in form of high selenium yeast
lowered the incidence of lung, prostate, and colorectal cancer as
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well as cancer mortality (3). Since the publication of this land-
mark trial, the anticarcinogenic capacity of selenium com-
pounds has been further substantiated, particularly with regard
to the gastrointestinal tract (4—7). Mice with genetically im-
paired biosynthesis of selenoproteins due to a mutant seleno-
cysteine transfer RNA gene have been shown to be more sus-
ceptible to colon cancer than wild-type mice, thus suggesting a
key role for selenoproteins as mediators of the cancer-protec-
tive effects of selenium in the colon (5). Selenoproteins that are
abundantly expressed in the healthy gastrointestinal tract and
putatively relevant in malignant transformation comprise thi-
oredoxin reductases, selenoprotein P, and glutathione peroxi-
dases (GPx)® (8—11). To date, five selenium-dependent GPx
isoenzymes have been identified in humans: GPx1 and GPx2
are highly expressed in the intestinal epithelium, having
important yet redundant functions in the intracellular anti-
oxidant defense via reduction of various hydroperoxides
with overlapping substrate specificity (12). GPx3 most likely
contributes to the extracellular antioxidant defense of the
intestinal mucosa, as it is secreted by intestinal epithelial
cells and uses various secreted thiols as reductants (14).
GPx4 activity has been detected in colonic and ileal tissue
homogenates from mice (44). Among the glutathione peroxi-
dases, GPx4 stands out in terms of its broad substrate speci-
ficity and its protective function in a variety of cellular com-
partments. GPx4 prevents damage of cellular membranes
and subsequent cell death, based on its unique capacity (in
comparison to the other GPx isoenzymes) to reduce phos-
pholipid hydroperoxides and to repress 12/15-lipoxygenase-
derived lipid peroxidation (15). Moreover, a role for GPx4 in
the prevention of mutagenesis has been suggested; GPx4
repairs oxidatively damaged DNA by reduction of thymine
hydroperoxide (16), and increased levels of mutagenic DNA
adducts have been detected in murine embryonic fibroblast
cells from GPx4"’~ mice (17). A functional variant of the
human GPX4 gene has been identified (18), which is associated
with increased risk of colorectal adenoma and colorectal cancer
(9, 11). The relevance of an adequate GPx4 expression for colon
tissue homeostasis in humans notwithstanding information on
protein expression, localization, and regulation of GPx4 in
enterocytes is limited. Thus, we examined regulation and local-

3 The abbreviations used are: GPx, glutathione peroxidase; tBHP, tert-butyl
hydroperoxide; CREB, cAMP-responsive element binding protein; CBP,
CREB binding protein; C/EBP, CCAAT/enhancer binding protein; CuOOH,
cumene hydroperoxide; NFYA, nuclear transcription factor Y «; PARPT,
poly(ADP ribose)polymerase-1; lug, luciferase.
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ization of intestinal GPx4 in differentiating Caco-2 cells, an
established in vitro model of the intestinal epithelium, and ver-
ified the in vitro results by immunohistochemistry analyses of
human small intestine and colon tissue.

EXPERIMENTAL PROCEDURES

Materials—Primary antibodies used in this study were as fol-
lows: rabbit anti-GPx4 (AbFrontier, Seoul, Korea); rabbit anti-
HNF-4a (hepatocyte nuclear factor 4«; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA); mouse anti-E-cadherin (Santa Cruz
Biotechnology); rabbit anti-PARP (Cell Signaling; Beverly, MA)
and mouse anti-B-actin (Sigma). Secondary HRP-coupled goat
anti-rabbit and anti-mouse IgG antibodies were obtained from
Dianova (Hamburg, Germany). Secondary antibodies for im-
munofluorescence microscopy were Alexa Fluor 488-coupled
goat anti-mouse and Alexa Fluor 546-coupled goat anti-rabbit
IgG (Invitrogen). Reagents for SDS-PAGE were from Carl Roth
GmbH (Karlsruhe, Germany); all other reagents were from
Sigma, unless otherwise stated. Primers for real-time PCR and
mutagenesis were synthesized by Invitrogen.

Cell Culture—Caco-2 human intestinal epithelial cells
(European Collection of Cell Cultures no. 86010202) were
kindly provided by Dr. R. Schins (Institut fiir Umweltmedizinis-
che Forschung, Diisseldorf, Germany) and cultured as
described (19). The cells were used for experiments between
passage numbers 12 and 25. For differentiation studies, cells
were seeded at a density of 32,000/cm?, and samples were taken
at various time points ranging from day —2 to day 14 with
respect to the day initially reaching confluency (day 0). Culture
medium was changed every 2—3 days.

Cell Lysis and Immunoblotting—Nuclear and cytoplasmic
fractions were prepared with NE-PER nuclear and cytoplasmic
extraction reagents (Pierce). Whole cell lysates for immuno-
blotting were obtained by lysis with 1% SDS. Immunoblotting
was done by standard techniques as described (19, 20): Aliquots
of 20-50 pg protein were separated on SDS-PAGE gels, fol-
lowed by electroblotting onto PVDF membranes (GE Health-
care). Immunodetection was carried out with SuperSignal West
Pico Substrate (Pierce) and x-ray film (GE Healthcare).

Immunofluorescence Microscopy—Caco-2 cells were grown
on glass coverslips in six-well plates until day 5. Medium was
then replaced by serum-free medium supplemented with 200
nM sodium selenite for 24 h. Cells were fixed with methanol,
and nonspecific binding sites were blocked with 3% goat serum
in PBS with 0.3% Triton X-100. Cells were co-stained with
GPx4 and E-cadherin antibodies diluted in PBS with 1% goat
serum, followed by incubation with the secondary antibodies
diluted in PBS. Coverslips were mounted with ProLong Gold
antifade reagent containing DAPI (Invitrogen) and analyzed on
aLSM510-Meta confocal microscope (Zeiss, Oberkochen, Ger-
many) equipped with 40/1.3 or 63/1.4 immersion objectives.

Glutathione Peroxidase Activity Assay—Nuclear and cyto-
plasmic fractions were extracted from proliferating (day —1)
and differentiated (day 6) Caco-2 cells. GPx activity in each
fraction was assessed as described (20) with slight modifica-
tions: GPx assay buffer was supplemented with 3 mm gluta-
thione, 600 milliunits/ml glutathione reductase and 200 um
NADPH (Roche Applied Science). Reaction was started by
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TABLE 1
Primers (5'-3') for real-time RT-PCR analysis
Gene Forward primer Reverse primer

ACTB CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG
ATF7 ACAGAAAAAGACTCAAGGCTATTTAGA TTGCTGAGCTGTGCTGAATC
CBP TTTCCGGCAGCCTGTAGAT TCCATGGGATTCTTTACGATG
C/EBPa GGAGCTGAGATCCCGACA TTCTAAGGACAGGCGTGGAG
CREB GGAGCTTGTACCACCGGTAA GCATCTCCACTCTGCTGGTT
Gpx1 CAACCAGTTTGGGCATCAG GTTCACCTCGCACTTCTCG
Gpx2 GCTTCGCTCTGAGGCACAACCAC GGCGCACAGGGCTCCAAATG
Gpx4-all  GCCTTCCCGTGTAACCAGT GCGAACTCTTTGATCTCTTCGT
Gpx4-var2 GGACACCGTCTCTCCACAGT GGGGCAGGTCCTTCTCTATC
Gpx4-var3 AGATCCACGAATGTCCCAAG ATGTCCTTGGCGGAAAACT
NEYA GGCAAGCCCGAGCTAAAC CCGAGACTCATGCAGGTATTT

addition of tert-butyl hydroperoxide or cumene hydroperoxide
to a final concentration of 100 uM and detected for a period of 4
min by measurement of NADPH consumption at 340 nm with
a Lambda 25 spectrophotometer (PerkinElmer Life Sciences).
GPx activity was calculated using the extinction coefficient of
NADPH at 340 nm (e = 6.2 mM ' cm ™).

Alkaline Phosphatase Activity Assay—Caco-2 cells were col-
lected at day —1 and day 6 in 50 mm Tris/HCl buffer (pH 7.0)
containing 1% (v/v) Triton X-100 and lysed by sonication.
Lysates were assessed for alkaline phosphatase activity as
described elsewhere (21), using para-nitrophenyl phosphate
(Sigma) as substrate.

Isolation of RNA and Real-time Reverse Transcription-PCR—
Total RNA was extracted from Caco-2 cells using the RNeasy
Mini kit (Qiagen; Hilden, Germany), and subjected to RT-PCR
analysis using a LightCycler quantitative PCR system (version
2.0, Roche Applied Science) as described (19). Expression of
B-actin was used as internal normalization control, in consid-
eration of a comparative analysis of reference genes for Caco-2
cell differentiation studies (22). Primers were designed using
the Universal ProbeLibrary Assay Design Center (Roche) and
are listed in Table 1.

Plasmid Constructs and Luciferase Reporter Gene Assay—A
400-bp promoter fragment of the human GPX4 gene was
amplified from isolated genomic DNA of Caco-2 cells using Pfu
DNA polymerase (Fermentas; St. Leon-Rot, Germany and the
primers: 5'-GAATGGTGGATGAGCCTGTT-3' (sense) and
5'-CAAGGTCACTGGAGCCTGAG-3' (antisense). The PCR
product served as template in a subsequent PCR with primers
carrying recognition sites for BglIl and Ncol as described else-
where (23). After restriction digest, the product of this second
PCR was cloned into the BgllI/Ncol restriction sites of the
firefly luciferase reporter gene plasmid pGL3basic (Promega;
Madison, WI). The resulting plasmid, carrying the 400-bp
GPx4 promoter fragment (—291/+107), was termed GPx4-luc.
Mutant GPx4 promoter constructs with an inactivated CRE or
NFYA binding element were generated from the wild-type con-
struct GPx4-luc by site-directed in vitro mutagenesis using Pfu
DNA polymerase (Fermentas) and complementary pairs of
primers for PCR as well as Dpnl restriction enzyme (Fermentas)
for digestion of the nonmutated template plasmid. Mutation
of the CRE site was achieved with the primers CCGGCCT-
CCCATTGGCTGAATTCGGCGCGAGCGCTCAACA and
TGTTGAGCGCTCGCGCCGAATTCAGCCAATGGGAG-
GCCGQG to generate the plasmid GPx4-CREmut-luc; whereas
the NFYA site was mutated using the primers TTCCCA-
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CTCCGGCCTCCCTTTAGCTGACGTCGGCGCGAGC and
GCTCGCGCCGACGTCAGCTAAAGGGAGGCCGGAGT-
GGGAA to yield the plasmid GPx4-NFYAmut-luc. Sequences
of all plasmids were confirmed by DNA sequencing.

For luciferase reporter gene assays, Caco-2 cells grown in
12-well plates were co-transfected at day —2 or day 5 with 0.7
png GPx4 promoter-firefly luciferase fusion construct (GPx4-
luc, GPx4-CREmut-luc, or GPx4-NFYAmut-luc) and 0.1 ug
Renilla luciferase expression plasmid pRL-SV40 together with
2.4 ul FuGENE 6 HD (Roche Applied Science) transfection rea-
gent in serum-free medium. The promoter/enhancerless firefly
luciferase vector pGL3basic was co-transfected with pRL-SV40
in control experiments for the determination of background pro-
moter activity. 24 h after transfection, luciferase activities were
measured in cell lysates by chemiluminescence detection in a Vic-
tor 1420 multilabel counter (PerkinElmer Life Sciences) using the
Dual-Luciferase Reporter Assay (Promega) as described (19).

Immunohistochemistry—Samples of non-neoplastic human
large and small intestine were collected during abdominal
surgery from patients suffering from colonic and pancreatic
adenocarcinoma (two men and two women; mean age 67
years, range 60 —73 years). The procurement of human mate-
rial during surgery was in accordance with the guidelines
approved by the Ethics comittee of the Medical Faculty of
the University of Diisseldorf. Oral informed consent was
obtained from each patient before surgery. For immunohis-
tochemical analysis, tissues were fixed in 4% buffered form-
aldehyde for 24 h, dehydrated, and embedded in paraffin.
From paraffin-embedded tissue, 5-um-thick sections were
cut and mounted onto adhesive glass slides (Engelbrecht,
Edermiinde, Germany). After deparaffinization in xylol,
slides were incubated in methanol containing 1% H,O, for
inhibition of endogenous peroxidase activity. Antigen
retrieval was performed in citrate buffer (30 mm, pH 6.0)
using a Dako Pascal $2800 System (DakoCytomation,
Carpintera, CA), and nonspecific binding was blocked by
incubation in PBS containing 0.2% saponin (Sigma) and 10%
normal goat serum (Vector Laboratories, Burlingame, CA).
Slides were incubated with anti-GPx4 antibody (AbFron-
tier), diluted in PBS containing 0.1% saponin and 2% normal
goat serum. Control slides were incubated similarly, but the
primary antibody was replaced by a rabbit-IgG (Sigma, 1-8140).
Subsequently, slides were incubated with diluted goat anti-rabbit-
IgG antibody (Dianova), and GPx4 was detected by applying the
VECTASTAIN Elite ABC kit (Vector Laboratories). Slides were
dried submerged in xylol and cover slipped with DPX (Merck,
Darmstadt, Germany). Digital images were produced using a Leica
DM 4000B microscope equipped with a Leica DFC 295 camera
(Leica; Bensheim, Germany).

Statistics—Values are given as means = S.D. of three or more
independent experiments. Differences between groups were
tested for significance by Student’s ¢ test with *, p < 0.05; **, p <
0.01, and ***, p < 0.001 as levels of significance.

RESULTS

Differentiation Triggers an Increase in GPx4 Protein Expres-
sion and GPx Activity in Cytoplasm and Nucleus of Caco-2 Cells—
Differentiation of Caco-2 cells is initiated by contact inhibition
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and is accompanied by morphological and phenotypical
changes similar to the process of intestinal and colonic epithe-
lial cell maturation (24, 25). As part of an extensive genetic
reprogramming (26), mRNA and protein levels of antioxidant
proteins such as catalase and selenoprotein P increase
together with their transcriptional regulators PGC-1a (per-
oxisomal proliferator-activated receptor-vy coactivator la),
FoxOla (forkhead box protein class O1) and HNF-4« during
differentiation (19, 27). We hypothesized that expression and
activity of the selenoenzyme GPx4 might be regulated in the
course of differentiation: Caco-2 cells were cultured over a
period of 18 days, ranging from subconfluent proliferating cells
to differentiated cells 14 days post confluency, and GPx4 was
detected in immunoblots of whole cell lysates as a single band
with an approximate molecular mass of 19 kDa. Densitometric
analysis revealed a continuous increase in GPx4 expression
during differentiation of Caco-2 cells. GPx4 levels were 3-fold
higher at 14 days post confluency compared with proliferating
cells at day —2. The most pronounced elevation was observed
from day —1 to day 6, when GPx4 levels reached a plateau (Fig.
1A); therefore, we decided to compare those two time points in
further experiments. Differentiation of Caco-2 cells was vali-
dated by determining the enzymatic activity of the brush border
enzyme intestinal alkaline phosphatase, a marker of differenti-
ated enterocytes. Specific intestinal alkaline phosphatase activity
increased from 18 milliunits/mg (day —1) to 69 milliunits/mg
(day 6). Furthermore, the transcription factor HNF-4.«, another
marker of enterocyte differentiation (19, 28), was robustly
induced (Fig. 1B).

GPx4 has been reported to be localized in nuclear, mitochon-
drial, and/or cytoplasmic cellular compartments (29). We
determined GPx4 localization in Caco-2 cells by separation of
nuclear and cytoplasmic compartments followed by immuno-
blot analysis. As shown in Fig. 1B, GPx4 is expressed at similar
levels in the nuclear and the cytoplasmic fraction. Both frac-
tions contained the 19-kDa GPx4 isoform that was also found in
whole cell lysates. Consistent with the pattern observed in
whole cell lysates, both nuclear and cytoplasmic GPx4 levels
were significantly higher in differentiated (day 6) than in pro-
liferating cells (day —1). Proper fractionation of the nuclear and
cytoplasmic compartments was controlled by detection of the
nuclear proteins HNF-4a and PARP1; both proteins were
almost exclusively found in the nuclear fraction, except for a
faint PARP1 band at day —1 in the cytoplasmic fraction. In
contrast to GPx4 and HNF-4a, PARP1 expression is not
affected by differentiation and thus served to confirm equal
protein loading. We next analyzed the localization of GPx4 in
intact methanol-fixed Caco-2 cells by means of fluorescence
microscopy: GPx4 immunoreactivity was found mainly in the
cytoplasm though it was co-localized with less intensity to
nuclear structures. It was frequently focused around nuclei,
pointing to localization of GPx4 in nuclear and/or endoplasmic
membranes. In contrast, no GPx4 immunoreactivity was ob-
served on plasma membranes as evident from the E-cadherin
control staining (Fig. 1C).

By measuring glutathione peroxidase activities in nuclear
and cytoplasmic fractions of Caco-2 cells at days —1 and 6,
we tested whether variable GPx4 protein levels impact the
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FIGURE 1. GPx4 expression is stimulated in the nuclear and cytoplasmic compartment of Caco-2 cells in the course of differentiation. Caco-2 cells were
cultured for the indicated periods of time with respect to the day reaching confluency (day 0). A, GPx4 protein levels were determined in whole cell lysates by
immunoblotting, using B-actin as loading control (upper panel). In the densitometric analysis of GPx4 immunoblots, the data represent means =+ S.D. of three
independent experiments (middle panel); *, p < 0.05 and ***, p < 0.001. Alkaline phosphatase activity as marker of differentiation was measured in proliferating
(day —1) and differentiated (day 6) Caco-2 cells (lower panel). ***, p < 0.001. B, detection of GPx4 protein levels in nuclear and cytoplasmic fractions of
proliferating and differentiated Caco-2 cells by immunoblotting (upper panel) and densitometric analysis of three independent experiments (middle panel). *,
p < 0.05 and **, p < 0.01. Fractionation was monitored by detection of nuclear proteins HNF-4a and PARP1 (lower panel). C, determination of subcellular
localization of GPx4 in differentiated Caco-2 cells (day 6) by immunostaining: GPx4 (red), E-cadherin, a plasma membrane-associated protein (green), nuclei
stained with DAPI (blue). mU, milliunits; rel., relative; a.u., arbitrary units.
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2A). When CuOOH was used as substrate, we measured a sub-
stantially different pattern of GPx activity. Proliferating Caco-2
cells degraded CuOOH at a similar rate as tBHP, but the GPx
activity against CuOOH was markedly increased in the nuclear
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FIGURE 2. Nuclear and cytoplasmic GPx activity in differentiating Caco-2
cells. GPx activities in nuclear and cytoplasmic fractions of proliferating (day
—1) and differentiated (day 6) Caco-2 cells were measured with tert-butyl
hydroperoxide (A) or cumene hydroperoxide (B) as substrate. Experiments

(+ 480%, p < 0.001) as well as in the cytoplasmic (+ 360%, p <
0.01) fraction of differentiated cells at day 6 (Fig. 2B).

Analysis of GPx4 mRNA Expression in Differentiating Caco-2
Cells—The structural organization of the human GPX4 gene
(NCBI Gene ID 2879) has been elucidated elsewhere (31) and is
depicted schematically in Fig. 3A. Three discrete human GPx4
mRNA variants may result from the use of two alternative tran-
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were performed in triplicate, the data representing means + S.D. **, p < 0.01
and ***, p < 0.001.

scription initiation sites and from alternative splicing (Fig. 3B).
The relative abundance of the three mRNA variants in Caco-2
cells was analyzed by real-time RT-PCR, employing three pairs
of primers that either bind to a particular (GPx4-var2 or GPx4-
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FIGURE 3. Analysis of GPx4 mRNA variants in Caco-2 cells. A, schematic
representation of the exon-intron structure of the human GPX4 gene accord-
ing to Ref. 31. B, schematic drawing of the composition of the three human
GPx4 mRNA variants, resulting from use of two alternative transcription
initiation sites and from alternative splicing. The binding sites of the three
primer pairs, designed to distinguish between the GPx4 mRNA variants, are
depicted. C, comparison of mRNA copy numbers (GPx4/B-actin) of total GPx4
and GPx4 variants 2 and 3 in proliferating (day —1) Caco-2 cells (left panel),
and deduced calculation of the relative abundance of the three GPx4 mRNA
variants (right panel). Data represent means * S.D. of four independent
experiments.

var3) or all (GPx4-all) variant(s). GPx4 mRNA variants 2 and 3
have unique partial sequences not shared by the other vari-
ants, but this does not apply to variant 1 (Fig. 3B). We there-
fore calculated the relative abundance of mRNA variant 1 by
subtracting the amounts of the separately quantified variants
2 and 3 from the total amount of all three GPx4 mRNA
variants quantified with primers GPx4-all. GPx4 mRNA var-
iant 1 (NM_002085.3) was found to be by far the predomi-
nant isoform in Caco-2 cells (Fig. 3C).

As the observed increase in GPx4 protein expression in the
course of differentiation might result from transcriptional
induction, we compared GPx4 mRNA expression (all variants)
at days —1 and 6. Transcript levels of GPx4 were 4-fold higher
in differentiated than in proliferating cells (Fig. 4). Selenopro-
tein transcripts are differentially affected by selenium availabil-
ity, being rapidly degraded, unaffected, or even stabilized dur-
ing periods of selenium deficiency (32). GPx4 mRNA levels
remained unchanged whether the cells were cultured in seleni-
um-deficient or in selenium-supplemented (200 nm sodium
selenite) medium, confirming previous findings obtained by
Northern blotting (33). Control experiments revealed that sel-
enite did not affect Caco-2 cell differentiation as determined by
alkaline phosphatase activity (data not shown).

We next explored how GPx4 in Caco-2 cells is regulated in
comparison with the two other intracellular GPx isoenzymes,
GPx1 and GPx2. Enterocytic differentiation was accompanied
with significant up- and down-regulation of GPx1 and GPx2
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FIGURE 4. Effect of selenium status and differentiation on mRNA levels of
GPx4 in comparison to GPx1 and GPx2. Proliferating (day —2) and differ-
entiated (day 5) Caco-2 cells were cultured for 24 h in serum-free medium
with or without supplementation with 200 nm sodium selenite. GPx4 mRNA
levels (upper panel) as well as GPx2 (middle panel) and GPx1 mRNA levels
(lower panel) were determined by quantitative PCR with normalization
against B-actin. Data represent means * S.D. of four independent experi-
ments. ¥, p < 0.05; **, p < 0.01; and ***, p < 0.001. rel., relative.

mRNA levels, respectively. This pattern extended to the effect
of selenium supplementation, which caused a marked stimula-
tion of GPx1 and a slight attenuation of GPx2 mRNA levels (Fig.
4). The different regulation of the glutathione peroxidase isoen-
zymes is intriguing with regard to the opposite distribution of
GPx1 and GPx2 along the crypt to villus axis in the intestine and
their reciprocal expression pattern in tumorous versus nontu-
morous human colon tissue, as reported by others (10, 12, 44).

Regulation of GPx4 Promoter Activity in Differentiating
Caco-2 Cells—The observed increase in GPx4 mRNA levels
prompted us to analyze the GPx4 promoter and to identify the
transcription factor binding site(s) involved in its presumed
activation during Caco-2 cell differentiation. We cloned a frag-
ment of the human GPx4 promoter, spanning 400 bp around
the transcriptional start site of mRNA variant 1, into the
pGL3basic luciferase reporter gene vector (Fig. 5A4). This region
is essential for basal GPx4 promoter activity as shown in a series
of 5'-deletion constructs (23). The wild-type promoter con-
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FIGURE 5. A combined CREB and C/EBP (CRE) element located near the
transcriptional start site contributes to differentiation-triggered induc-
tion of GPx4 promoter activity. A, shown is a schematic drawing depicting
the locations of the adjacent NFYA and CRE elements in the human GPx4
promoter. The wild-type sequence and the base exchanges (in boldface let-
ters) in the mutated luciferase (luc) reporter gene constructs are specified.
B, proliferating (day —2) and differentiated (day 5) Caco-2 cells were co-trans-
fected with the reporter gene constructs GPx4-luc (containing a 400-bp frag-
ment of wild-type human GPx4 promoter) or one of the mutated constructs
GPx4-CREmut-luc and GPx4-NFYAmut-luc (containing the GPx4 promoter
fragment mutated in either site) and the Renilla luciferase control plasmid
pRL-SV40. 24 h post-transfection, relative (rel.) firefly luciferase activity was
determined. Data are given as means * S.D. of three independent experi-
ments performed in duplicates. **, p < 0.01 and ***, p < 0.001. C, Caco-2 cells
were assessed for mRNA levels of NFYA, CREB, CBP, ATF7, and C/EBPa by
quantitative PCR with B-actin as normalization control. Data are given as
means * S.D. of four independent experiments and represent the mRNA
levels of the transcriptional factors in differentiated cells (day 6) in relation to
proliferating cells (day —1). **, p < 0.01. The dashed line indicates the mRNA
expression levels of the transcription factors in proliferating Caco-2 cells
(day —1) setat 1.

struct (GPx4-luc) was active in Caco-2 cells, yielding >100-fold
higher reporter gene activity as compared with the background
activity driven from the promoter/enhancerless control vector
pGL3basic. The relative promoter activity of GPx4-luc was ele-
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vated by 3-fold at day 6 versus day —1 (Fig. 5B). Analysis of the
cloned GPx4 promoter fragment using the TRANSFAC data-
base (34) revealed putative binding sites for the transcription
factors SP1 (stimulating protein 1), MZF1 (myeloid zinc finger
1), GATA1/2 (GATA binding protein), CREB (cCAMP response
element binding protein), and NFYA (nuclear transcription
factor Y «). The latter two sites are located adjacent to each
other in close proximity to the GPx4 transcription initiation
site (—48/—35) of exon El, in a region critical for basal pro-
moter activity (23, 35). The binding site for CREB (—42/—35)
overlaps with a binding site for C/EBP transcription factors
(35); in the following, we refer to this combined element as the
CRE site (Fig. 5A4). We applied site-directed in vitro mutagene-
sis to inactivate the CRE site and the binding site for NFYA.
Inactivation of either binding site had no impact on GPx4 pro-
moter activity in proliferating Caco-2 cells. However, mutation
of the CRE site significantly impaired the induction of GPx4
promoter activity during Caco-2 cell differentiation, whereas
inactivation of the NFYA site had no effect. It is concluded that
the CRE site, but not the NFYA site, represents a relevant cis-
regulatory element for the differentiation-triggered induction
of GPx4.

Next, we assessed the expression levels of NFYA and the
following CRE site-specific transcription factors and coactiva-
tors in Caco-2 cells at days —1 and 6: CREB, CBP, ATF7 (acti-
vating transcription factor 7), and C/EBPa. Differentiation had
no significant effect on CBP and ATF7 mRNA levels but
resulted in 3-fold up-regulation of CREB and 11-fold up-regu-
lation of C/EBP« in Caco-2 cells at day 6. In addition, NFYA
mRNA levels were stimulated 3-fold in the course of differen-
tiation (Fig. 5C).

Localization of GPx4 in Human Small Intestine and Colon—
Immunohistochemistry of non-neoplastic human samples, col-
lected during abdominal surgery, demonstrated expression of
GPx4 in all cells of the intestinal epithelium, including entero-
cytes, goblet cells, and neuroendocrine cells. GPx4 immunore-
activity was present in both the nucleus and the cytoplasm and
displayed a more pronounced expression in the upper part of
the villi in the small intestine and the upper parts of the cryptsin
the large intestine (Fig. 6).

DISCUSSION

Glutathione peroxidase 4 is ubiquitously expressed with
highest levels found in the testis (36). In the murine intes-
tine, GPx4 mRNA is one of the most abundant selenoprotein
transcripts (8); genetic variant analysis of the human GPX4
gene links it to malignant disease risk in the gastrointestinal
tract (9, 11). Investigation of intestinal GPx4 has so far been
limited to the mRNA level (33, 36) and to the measurement
of GPx4 activity in mouse tissue homogenates (44). To our
knowledge, we provide here the first detailed characteriza-
tion of GPx4 expression in human intestinal epithelia and its
transcriptional induction during enterocytic differentiation
of Caco-2 cells.

We applied differentiating Caco-2 cells as an in vitro
model for small and large bowel-like enterocytes and dem-
onstrated the presence of one GPx4 isoform (~19 kDa) in
the cytoplasm and nucleus of both proliferating and differ-
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FIGURE 6. Localization of GPx4 in the human small and large intestine.
Analysis of paraffin sections from small intestine (A) and colon (B) by immu-
nohistochemistry demonstrates expression of GPx4 in cytoplasmic and
nuclear compartments of enterocytes in human intestinal epithelia.

entiated cells. Nuclear GPx4 expression is most prominent
in spermatozoa (29), in which a testes-specific isoform with a
nuclear transit peptide tag is encoded by GPx4 mRNA vari-
ant 3 (NM_001039848.1). We demonstrated the absence of
this isoform in Caco-2 cells by RT-PCR analysis with primers
discriminating between the three human GPx4 mRNA vari-
ants. Instead, the variant 1 (NM_002085.3) encoding mito-
chondrial and nonmitochondrial GPx4 is almost the only
variant expressed in Caco-2 cells. Nuclear and cytoplasmic
localization of the non-nuclear GPx4 isoform in Caco-2 cells
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is consistent with the cellular distribution of ectopically
expressed homologous rat GPx4 isoforms that do not con-
tain a nuclear leader sequence (37). Our finding of increased
GPx4 mRNA and protein expression during enterocytic dif-
ferentiation of Caco-2 cells adds GPx4 to a group of antiox-
idant enzymes, such as selenoprotein P, catalase, and super-
oxide dismutase (19, 27, 38), whose expression and/or
activity is induced during Caco-2 cell differentiation. The
elevation of GPx4 levels in differentiating Caco-2 cells was
paralleled by increased degradation rates of the GPx sub-
strates tBHP and, most notably, CutOOH. Given that GPx4
preferably reduces CuOOH over tBHP (30), we conclude
that differentiation of Caco-2 cells is accompanied by an
increase of GPx4 activity in both nuclear and cytoplasmic
compartments.

In agreement with a previous study (33), GPx4 mRNA
levels in Caco-2 cells were resistant to selenium depletion. In
contrast, GPx1 and GPx2 mRNA levels were down- and up-
regulated in the absence of supplemental selenium, respec-
tively. A constant level of GPx4 mRNA during periods of
limited selenium availability as against the concomitant deg-
radation of other GPx isoforms such as GPx1 reflects the
high ranking of GPx4 in the so-called selenoprotein hierar-
chy (32) and argues for an important role of this protein in
enterocytes. Intriguingly, a function of GPx4 as a candidate
mediator of selenium-dependent chemoprevention in the
colon arises from studies on the association of a single nucle-
otide polymorphism (rs713041) in the human GPX4 gene with
colorectal adenoma and colorectal cancer risk (9, 11, 18). The
enzymatic capacity of GPx4 extends beyond those of other
hydroperoxide-degrading GPx isoforms. GPx4 is well estab-
lished as a regulator of lipid hydroperoxide and arachidonic
acid metabolism, and is capable of detoxifying a broad range of
hydroperoxide substrates, including complex lipid hydroper-
oxides in membranes and the mutagenic nucleobase lesion thy-
mine hydroperoxide (16, 29, 39). In the colon, malignant trans-
formation is frequently triggered by elevated levels of reactive
oxygen species, causing an increased rate of epithelial cell turn-
over and the formation of mutagenic DNA adducts. The
enterocytic expression of GPx4, as shown here by immunohis-
tochemistry on sections of human jejunum and colon, likely
contributes to the antioxidative capacity of the intestinal
mucosa and might counteract colon carcinogenesis and inflam-
mation. GPx4 exhibited the highest enzymatic activity among a
number of DNA hydroperoxide-reducing enzymes tested
against thymine hydroperoxide as a substrate in vitro (16).
These findings gave rise to the hypothesis that GPx4 may pro-
tect DNA integrity by prevention of lipid peroxidation-induced
DNA damage, e.g. etheno-nucleotide adducts, and via direct
repair of oxidatively damaged DNA adducts such as thymine
hydroperoxide (16, 40). The nuclear localization of GPx4, as
presented in this study, supports this notion for enterocytes.
We therefore propose that optimized GPx4 levels in entero-
cytes might be related to selenium-dependent prevention of
colorectal carcinogenesis. However, the function and physio-
logical relevance of GPx4 in enterocytes needs to be established
by knockdown strategies in vitro and cell type-specific gene
disruption in vivo, respectively.
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Activity of the GPx4 promoter was up-regulated at day 6
compared with day —1, and we therefore presumed that
transcriptional induction is a major cause for the increase in
GPx4 mRNA and protein expression and GPx activity during
Caco-2 cell differentiation. To identify cis-regulatory ele-
ments in the human GPx4 promoter involved in this effect,
we focused on two previously described functional binding
sites for transcription factors (23, 35): a NFYA site and an
adjacent CREB overlapping with a C/EBP site, designated
here as the CRE site. We inactivated these two cis-acting
elements by introducing site-directed mutations that have
been shown to effectively diminish the activity of other pro-
moters with identical binding sites (45, 46). Neither site
appeared to be relevant for basal GPx4 promoter activity in
proliferating Caco-2 cells, whereas a wild-type CRE site was
necessary for full promoter activation during differentiation.
Mutation of the NFYA site has been demonstrated to lower
GPx4 promoter activity in A431 epidermoid cells, but it had
no effect in nondifferentiated HL60 cells. Opposite effects
occur at the combined CREB and C/EBP (CRE) site. In A431
cells, the CRE site apparently does not bind to CRE or C/EBP
transcription factors (23); however, it is capable of binding to
C/EBPe in HL60 cells (35). Thus, it obviously depends on the
cell type and likely reflects different availabilities of the tran-
scription factors, their interacting partners and activation
states, whether binding sites for the NFYA and/or CREB and
C/EBP in the GPx4 promoter are functional.

To figure out which transcription factor(s) are involved in
induction of GPx4 via the combined CREB and C/EBP (CRE)
site, we assessed changes in the mRNA levels of CRE site-spe-
cific transcription factors and coactivators during enterocytic
differentiation of Caco-2 cells. Even though we observed a
3-fold stimulation of CREB mRNA levels, total and Ser'33-
phosphorylated protein levels of CREB have been shown to be
rather unchanged during Caco-2 cell differentiation (41).
Moreover, neither the CREB coactivator CBP nor the CREB-
related transcription factor ATF7 were influenced in the course
of differentiation, arguing against a role for protein kinase
A/CREB signaling in the differentiation-triggered induction of
GPx4. Three isoforms of C/EBP have been detected in the
murine intestine: C/EBP«, C/EBP, and C/EBP6 (42). C/EBP«
is differentially expressed along the crypt-to-villus axis with
highest expression in postmitotic villus-associated enterocytes
in the adult mouse intestine, and it has been discussed as a
mediator of enterocyte differentiation marker expression (43).
We found strongly up-regulated C/EBPa mRNA levels in dif-
ferentiated Caco-2 cells. The results of the promoter studies
and the differentiation-induced changes in the pattern of tran-
scription factors make it appear very likely that up-regulation of
C/EBPa is responsible for transcriptional induction of GPx4 in
differentiating Caco-2 cells via the combined CREB and C/EBP
(CRE) binding site. Similarly, C/EBP isoforms stimulate expres-
sion of superoxide dismutase genes (13), and the elevation of
superoxide dismutase enzymatic activity during early stages of
Caco-2 cell differentiation (38) might be due to the up-regula-
tion of C/EBPa.
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