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Received 10 January 2005
Available online 1 February 2005
Abstract

NAD(P)H oxidases (Nox) generate reactive oxygen species (ROS) that function in host defense and cellular signaling. While ana-
lyzing the expression of Nox4 at the protein and the mRNA levels, we identified four novel Nox4 splice-variants Nox4B, Nox4C,
Nox4D, and Nox4E, which are expressed in human lung A549 cell line and lung tissues. One Nox4 isoform lacks the first NAD(P)H
binding site (Nox4B) while another lacks all FADH and NAD(P)H binding sites (Nox4C). Cells over-expressing NoxB or Nox4C
exhibited a decrease in ROS levels. Thus, these isoforms have dominant negative characteristics for ROS generation. Two other
splice-variants (Nox4D, Nox4E) lack the transmembrane domains, suggesting these as non-membrane associated isoforms. Nox4D
contains all FADH and NAD(P)H binding domains and shows the same rate of ROS generation as Nox4 prototype. Taken
together, we suggest that Nox4 exists as several isoforms that may have different functions in ROS-related cell signaling.
� 2005 Elsevier Inc. All rights reserved.
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Reactive oxygen species (ROS) are generated enzy-
matically by NAD(P)H oxidases [1,2], mitochondria
[3], xanthine oxidase [4], and under certain conditions
by endothelial nitric oxide synthase [5]. The ROS are in-
volved in diverse biological processes including host de-
fense [1], signal transduction [6], oxygen sensing [7],
proliferation, apoptosis, and response to mechanical
strain [8]. They also control gene regulatory pathways
mediated by antioxidant-responsive-element via mito-
gen-activated protein (MAP) kinase [9] or hypoxia-re-
sponsive-element via hypoxia-inducible factor (HIF)
[10,11]. The activation of ROS metabolism has been
associated with inflammation, vascular atherosclerosis
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[12], diabetes [13], hypertension [14], and tumorigenesis
[15].

The family of NAD(P)H oxidases (Nox/Duox) con-
sists of Nox1, Nox2 (gp91phox), Nox3, Nox4, Nox5 as
well as the Duox1 and Duox2 [16], which contain addi-
tional extracellular peroxidase domains and calcium
binding domains. The Nox1–4 members share consider-
able homology and contain five or six transmembrane
domains. This region also contains conserved histidine
residues that coordinate binding of a Fe2+ heme group
that mediates electron flow from NAD(P)H to oxygen.
The C-terminal region is intracellular and exhibits re-
gions of homology with other FAD binding proteins.
This region also contains four domains exhibiting
homology with pyridine nucleotide binding proteins that
interact with NAD(P)H.

The NAD(P)H oxidases are expressed in a tissue and
cell-type specific manner. Originally, gp91phox was found
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in phagocytes [17]. gp91phox is the best-characterized
member of the family and interacts with the membrane
bound p22phox comprising the flavocytochrome b558.
This core unit interacts with various cytosolic regulating
and activating subunits p47phox, p67phox, p40phox, and
rac being recruited upon activation [18].

Recently, the related Nox1, Nox3, and Nox4 have
been cloned [15,16,19]. Two further homologues of
p47phox and p67phox named NoxO1 and NoxA1 have
been isolated and were shown strongly to enhance
ROS generation when coexpressed with Nox1 [20].
However, none of these subunits have been demon-
strated to interact with Nox4.

The localization and assembly of new Nox subtypes is
not known and is inferred from studies of the gp91phox

form in phagocytes. One cytochemical study shows
immunostaining of Nox1 on the plasma membrane
while Nox4 surprisingly is detected mainly in nucleus
[21]. Furthermore, whether ROS are released intra- or
extracellularly is not known for the non-gp91phox

members.
When analyzing the Nox4 expression on both protein

and mRNA levels in A549 cell line, and on mRNA level
in human lung tissue and pulmonary vessel cells, we ob-
served several Nox4 isoforms in addition to Nox4 proto-
type, which were expressed in significant expression
rates. The presence of splice variants for Nox4 has been
documented earlier with the two independent NCBI
database entries XP208058 and AY288918. Using shot-
gun-cloning approach, four isoforms were cloned.
Sequencing data revealed three new Nox4 splice-vari-
ants and one similar to the previously reported Nox4
variant (AY288918), with differences in domains that
have critical functions. Strikingly, two of these isoforms
lacked one NAD(P)H or all NAD(P)H and FADH
binding sites, and suppressed ROS generation. Another
striking variant lacked all transmembrane domains and
exhibited the same potency of ROS generation, as did
Nox4 prototype. In this study, we describe the structural
organization and sub-cellular localization of these iso-
forms. We analyzed their ROS-generating properties in
comparison with those of Nox1.
Materials and methods

Cell culture and transfection. The A549 human pulmonary epithe-
lial cell line and HEK 293 human embryonic kidney cell line were
maintained according to the protocol of the American Type Culture
Collection. Plasmid DNA was transfected by cationic lipids (Lipo-
fectamine 2000) according to the manufacturer�s protocol (Invitrogen,
Carlsbad, USA).

Human lung tissue. Healthy donor lung tissue not utilizable for
transplantation was processed in accordance with national and uni-
versity regulations. Lung tissue sections and vessels were prepared
from fresh lungs and frozen in liquid nitrogen.

RNA-extraction and RT-PCR: Total RNA was extracted and RT-
PCR performed as described [10]. The following primers were used:
Nox4 (derived from EMBL Acc. No: BC040105), forward (containing
improved Kozak sequence, underlined): 5 0 GCCGCCGCCATGGC
TGTGTCCTGG 3 0 reverse: 5 0 GGCATAACACAGCTGATTGA
TTCCGCTGAG 3 0. HPRT (derived from NCBI Acc.No:
NM_000194), forward: 5 0 TCGAGATGTGATGAAGGAGATG
GGA 3 0 reverse: 5 0 TCAAATCCAACAAAGTCTGGCTTAT 3 0. The
thermal cycler program used was (95 �C, 15 m, followed by 40 cycles:
94 �C, 15 s, 58 �C, 30 s and 72 �C, 2 min, and 72 �C, 10 min).

Construction of plasmids recombinant for Nox4 isoforms and Nox1.

For cloning of the Nox4 variants, we performed RT-PCR using RNA
extracts from the A549 cells and the same primers as described in RT-
PCR section. Purified PCR products were ligated into pGEM-Teasy
plasmid (Promega) and the clones were sequenced. The inserts were
subcloned into pcDNA3.1 expression plasmid (Invitrogen) and a
modified pCMV plasmid (Clontech) with a hemagglutinin A (HA) tag
in-frame at the C-terminus using NotI restriction site. The Nox1
expression vector based on pcDNA3.1 plasmid was employed as de-
scribed [10].

Western-blot. Western-blot analysis for the HA-tag and for Nox4
was performed using monoclonal mouse antibody against HA (Sigma–
Aldrich) and an antibody was raised in rabbit against a synthetic
peptide corresponding to position 556–569: LHKLSNQNNSYGTR of
the Nox4 protein (GenBank Accession No. NP_058627). This anti-
body was purified by affinity chromatography by coupling of the
peptide used for immunization. Cells were lysed using Laemmli buffer
and denatured for 5 min at 95 �C. Samples were run on a SDS–PAGE
gel for Western-blot as described [10]. HA or Nox4 antibodies were
added at dilutions of 1:10,000 and 1:2000, respectively. For blocking of
the Nox4 antibody, Nox4 peptide was added at a concentration of
20 lg/ml to the antibody solution for 3 h. As a control a non-related
peptide of the same length was used. Specific immunoreactive signals
were detected employing a chemiimager (FluorChem 8900, Alpha
Innotech).

Immunocytochemistry. Cells were cultured on chamber slides,
treated as indicated, fixed in acetone and methanol (1:1), and
blocked with 5% (m/v) BSA in phosphate-buffered saline (PBS) for
30 min followed by incubation for 1 h with HA (1:500) antibody
diluted in 0.1% (m/v) BSA in PBS. Indirect immunofluorescence
was obtained by incubation with FITC-conjugated anti-mouse
(Dako, Denmark) antibody diluted 1:100 in 0.1% (m/v) BSA in
PBS for 1 h. Cells were stained for DAPI (1:100 in 0.1% (m/v)
BSA in PBS).

ROS measurement. Intracellular ROS concentration was measured
using 2 0,7 0-dichlorofluorescein diacetate (DCFH-DA, Sigma–Aldrich,
St. Louis, USA) and a spectrofluorometer (FL-600, BIO-TEK
Instruments, Winooski, USA) as described [10]. Values are given as
relative induction of fluorescence at 535 nm compared to control
vector-transfected cell. Background fluorescence was taken into ac-
count by subtracting values of fluorescence derived from wells without
cells.

Bioinformatic analysis. Sequence analysis was performed using
CLUSTAL and PSORT II from Heidelberg UNIX Sequence analysis
resources (HUSAR software package).
Results

Expression analysis of Nox4 on protein and mRNA level

Analysis of Nox4 protein expression in human lung
A549 cells by Western-blot using Nox4 specific antibody
demonstrated several bands between 20 and 70 kDa
(Fig. 1A). The specificity of these bands due to Nox4
antibody and not due to secondary antibody was
confirmed since co-incubation of Nox4 antibody with



Fig. 1. (A) Nox4 Western-blot analysis of A549 cells. Nox4 antibody
was blocked by preincubation with a Nox4 peptide used for immu-
nization (+) or non-related peptide (�). Arrows represent specific
Nox4 immunoreactive bands. The left part shows the high molecular
mass range and the right part shows the lower molecular mass range
(size marker: M). (B) RT-PCR analysis of RNA extracts from A549
cells (1), primary cultured cells from pulmonary artery adventitial
fibroblasts (2), and tissue extracts of pulmonary artery (3), pulmonary
vein (4), lung tissue (5), and HEK 293 cells (6) (size marker in
kilobases, kb). The upper boxes represent RT-PCR analysis using
Nox4 full-length primers and lower boxes represent RT-PCR using
HPRT primers. Bold arrow indicates the expected full length Nox4
cDNA while dotted arrows indicate bands that differ between tissue
types.
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Nox4 derived peptide (against which the antibody was
raised) abrogated antibody binding. In addition, we per-
formed mRNA expression analysis by RT-PCR. Several
smaller bands in addition to Nox4 prototype (�1.8 kb)
were observed in A549 cells. Some of these bands were
also observed in RNA extracts from homogenates of
pulmonary artery, pulmonary veins, cultured primary
pulmonary artery adventitial fibroblasts, and lung
(Fig. 1B). The expression profiles of these bands were
also observed to be different between one tissue type
and another when compared with expression for house-
keeping gene HPRT. As Nox4 was originally identified
in kidney, we also performed mRNA expression analysis
of RNA extracts from HEK 293 cells. In kidney, bands
were observed only between 1 and 1.8 kb range (includ-
ing full length) and no smaller bands were observed.

Structural organization of Nox4 isoforms

For further characterization of these bands, we per-
formed cloning and sequencing of Nox4 RT-PCR prod-
ucts and isolated four new Nox4 splicing variants. The
exon structure (Fig. 2) and the alignment of derived ami-
no acid sequences with corresponding functional do-
mains are shown (Fig. 3). Variant B also described in
another database entry (Accession No. AY288918) re-
vealed splicing of exon 14 resulting in the lack of the first
NAD(P)H binding site in the protein. Variant C is a re-
sult of splicing of exons 9–11, which generates a frame
shift in mRNA, and hence a new stop codon in the
beginning of exon 12. Consequently, this variant does
not contain any FADH or NAD(P)H binding sites in
protein. Variants D and E are both a consequence of
splicing of exons 3–11 whereas variant E has an addi-
tional splicing of exon 14. These two variants have only
the first transmembrane domain, which is followed by
N-terminal signal peptide cleavage site. Variant D con-
tains all FADH and NAD(P)H binding sites, whereas
variant E additionally lacks one NAD(P)H binding site
similar to variant B.

Transient overexpression of tagged Nox4 isoforms and

subcellular localization of Nox4 by immunocytochemistry

For functional characterization, we subcloned the
Nox4 isoforms into expression plasmid. Since not all
variants were detectable by our Nox4 antibody, which
is targeted to the C-terminus of the prototype, we also
tagged these isoforms with HA-tag at the C-terminus
of the protein. The expression of these variants after
transfection into A549 cells is shown by HA Western-
blot (Fig. 4A). The molecular masses of the new variants
correspond with those derived from the open reading
frame analysis of the sequences. Interestingly, in the case
of variants D and E, we detected minor additional bands
approximately 4 kDa higher than the expected band. As
glycosylation is the most common post-translational
modification that can result in such an increase in molec-
ular mass, we treated A549 cells over-expressing variants
D and E either with the solvent or with the glycosylation
inhibitor tunicamycin (2.5 lg/ml). Treatment of cells
with glycosylation inhibitor resulted in disappearance
of the additional band confirming glycosylation of vari-
ants D and E (Fig. 4B).

We also studied localization of HA-tagged Nox4 var-
iant by immunostaining of the A549 cells over-express-
ing HA-tagged Nox4 variants using a HA antibody
(Fig. 5). Staining of all variants was mainly detected in
the cytoplasm and was enriched in the perinuclear area,
whereas no staining was observed in the nucleus and the



Fig. 2. Exon structure of newly identified Nox4 splice-variants compared to Nox4 prototype. The numbers in the boxes represent the exon number.
The accession numbers of the sequences deposited in the EMBL database are as follows: variant B (AJ704726), variant C (AJ704727), variant D
(AJ704728), and variant E (AJ704729).
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plasma membrane. This differs from the bioinformatic
analysis using PSORT II for prediction of sub-cellular
localization (Table 1). For Nox4 prototype, variants B
and C nearly 70% probability for association with endo-
plasmic reticulum was calculated. Since these variants
also have the N-terminal hydrophobic domains, associ-
ation with plasma membrane must also be considered.
However, using PSORT II for Nox4 prototype only
11% probability for plasma membrane association was
predicted, whereas no probability for plasma membrane
association of variants B and C was predicted. For vari-
ants D and E, PSORT II predicted nearly 70% probabil-
ity of being localized within the cytoplasm and not
associated with membranes. In comparison, for Nox1
a much higher probability of 34% was predicted.

Generation of reactive oxygen species by Nox4 isoforms

Since NAD(P)H oxidases are ROS generating en-
zymes, it was of interest to investigate the effects of these
variants on ROS generation. Thus, we performed ROS
measurements in A549 cells over-expressing Nox4 vari-
ants. Since C-terminal tagged NAD(P)H oxidases were
shown to have diminished activity, we employed non-
tagged expression vectors for functional assays. In these
experiments, Nox1 [10] was included as a control (Fig.
6A). As expected, the Nox1 and Nox4 prototype showed
elevated ROS generation when compared with control
vector. Variants B and C, which lack one or all
NAD(P)H/FADH binding domains, exhibited reduced
ROS concentration. The variant D that lacks transmem-
brane domains exhibited elevated ROS generation com-
parable with that observed for the Nox4 prototype.
Variant E, which additionally lacks one NAD(P)H bind-
ing site, exhibited no change in ROS concentration.
Effect of glycosylation on Nox4D and Nox4E activity

As Nox4D and Nox4E were observed to be glycosyl-
ated, it was of interest to investigate the effect of glyco-
sylation on the activity of these proteins. Inhibition of
glycosylation by tunicamycin abrogated the increase in
ROS due to Nox4D overexpression, while it had no
effect in control cells as well as cells overexpressing
Nox4E (Fig. 6B).
Discussion

In this study, we have analyzed the expression of
Nox4 in human A549 cells. Western-blot analysis of
A549 cells indicated several Nox4 immuno-reactive
bands in addition to Nox4 prototype. Analysis of
A549 mRNA by RT-PCR also indicated the presence
of many smaller bands together with full length Nox4
described in the literature. Using shotgun-cloning and
sequencing approach we identified three new Nox4
splice-variants and one variant similar to a previously
documented NCBI database entry (AY288918) together
with the full length Nox4. The presence of two indepen-
dent database entries for Nox4 variants also gives a hint
for the existence of differential splicing of Nox4 gene.
Analysis of mRNA derived from lung homogenates,
lung vessel preparations, primary cultured lung adventi-
tial fibroblasts, and kidney HEK 293 cells by RT-PCR
also revealed the presence of some of these variants.

Recently, a splice variant of Nox1 was described [22],
which was later proved to be an artifact [23] due to
template switching during cDNA synthesis. This Nox1
variant was not in agreement with the GT-AG splice
rule and analysis of the sequence in the region of splicing



Fig. 3. The alignment of translated peptide sequences of the Nox4 prototype (Nox4) with identified Nox4 variants (Nox4B, Nox4C, Nox4D, and
Nox4E). The arrow shows putative signal peptide cleavage site. Hydrophobic transmembrane domains are shown in gray. An asterisk shows
conserved histidines representing putative iron/heme binding sites. FADH and NAD(P)H labeled black boxes represent FADH and NAD(P)H
binding sites.
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revealed the presence of repetitive sequence that resulted
in template switching during cDNA synthesis. However,
the splice variants of Nox4 as described in our study are
in accordance with the GT-AG splice rule. Also, in these
regions we could not detect any repetitive sequences that
may result in template switching.

These Nox4 variants carry deletions in critical struc-
tural and functional domains. The Nox4 variants B and
C lack the first NAD(P)H or all of the NAD(P)H and
FAD binding sites. Both variants acted as dominant-neg-
ative molecules, since A549 cells transfected with these
variants had lower ROS concentrations as compared to
control plasmid transfected cells. Interestingly, this
inhibitory effect on ROS generation was similar
between variant B and C, thus indicating that the first
NAD(P)H binding site has a strong impact on NAD(P)H



Fig. 4. (A) The HA-Western-blot analysis of A549 cells transfected
with HA-tagged expression constructs fused to a cDNA encoding
Nox4 splicing variants (Nox4B, Nox4C, Nox4D, and Nox4E). The
molecular masses correspond to the predicted molecular masses from
open reading frame analysis (Nox4B: 62.7 kDa, Nox4C: 25.7 kDa,
Nox4D: 31.8 kDa, and Nox4E: 27.6 kDa, not including the additional
1.7 kDa molecular mass of HA-tag). (B) HA-Western blot analysis of
A549 cells transfected with Nox4D or Nox4E, treated with either the
solvent or the glycosylation inhibitor tunicamycin (2.5 lg/ml).

Fig. 5. HA immunocytochemical analysis of A549 cells transfected
with HA-tagged expression constructs fused to a cDNA encoding
Nox4 prototype (Nox4), Nox4 splicing variants (Nox4B, Nox4C,
Nox4D, and Nox4E) or control (control vector). The left column
represents HA staining (green). The right column represents corre-
sponding nuclear DAPI staining (blue) = 20 lm. (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this paper.)
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oxidase activity and cannot be fully compensated by the
other NAD(P)H and FADH binding sites. The domi-
nant-negative mechanism may be explained by the com-
plexing of Nox4 with other subunits. The most likely
candidate is p22phox, which is co-localized with Nox4
[21], however other non-identified factors also have to
be considered. A dominant-negative Nox4 isoform may
competitively bind these factors rendering Nox4 inactive.

This observation is in line with a recent study, where
a recombinant Nox4-encoding construct lacking the
FADH/NAD(P)H oxidase-binding domains was dem-
onstrated to be dominant- negative [24]. This domi-
nant-negative form inhibited insulin stimulated H2O2

generation, demonstrating the role of Nox4 in this sig-
naling process. In our study, we show that dominant-
negative NAD(P)H oxidases are expressed endoge-
nously. The function of endogenously expressed domi-
nant-negative Nox4 variants is speculative. It may
counterbalance specific intracellular signaling pathways.
It may also have a protective function against ROS
overloading of the cell or may contribute to the fine-tun-
ing of ROS concentrations in specific sub-cellular com-
partments [21].

Two further variants, variants D and E, are described
in this study that lack the hydrophobic putative trans-
membrane domains. Variants D and E are hence consid-
ered as soluble variants. When compared to variant D,
variant E also lacks the first NAD(P)H oxidase-binding
site, similar to variant B. Both of these variants were ob-



Table 1
Probability for sub-cellular localization of Nox4 prototype and Nox4
variants in comparison to Nox1 as analyzed by PSORT II software

Endoplasmic
reticulum (%)

Plasma
membrane (%)

Nuclei
(%)

Cytoplasm
(%)

Nox4 67 11 — —
Nox4B 78 — — —
Nox4C 67 — — —
Nox4D — — 17 70
Nox4E — — 17 70
Nox1 44 34 — —

Fig. 6. (A) Measurement of ROS in A549 cells with the dichloroflu-
orescein technique. The A549 cells were transfected with control vector
(control), or expression constructs for Nox4 prototype (Nox4), or
Nox4 splice-variants (Nox4B, Nox4C, Nox4D, and Nox4E) or Nox1.
ROS was measured 24 h after transfection. *Significant difference
compared with control (n = 6, SEM, p < 0.05, Wilcoxon signed rank
test). (B) The A549 cells were transfected with control vector (control),
or expression constructs for Nox4 splice-variants Nox4D, or Nox4E
and cultured in the presence or absence of tunicamycin (2.5 lg/ml).
ROS was measured 24 h after transfection. *Significant difference
compared with Nox4D cultured in absence of tunicamycin (n = 6,
SEM, p < 0.05, Wilcoxon signed rank test).
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served to be glycosylated. While variant D had an activ-
ity comparable to that of full length Nox4 prototype,
variant E had no impact on cellular ROS concentration.
Glycosylation of Nox4D was crucial for its activity
as inhibition of glycosylation abrogated the inducing
effects of Nox4D on ROS concentrations.
Of particular interest is variant D which lacks the
transmembrane domains, apart from the first one how-
ever contains all NAD(P)H and FADH binding sites.
This variant was shown to have NAD(P)H oxidase
activity comparable to that of Nox4 prototype and is
most likely a soluble NAD(P)H oxidase. Interestingly,
this brings into question the necessity of conserved his-
tidines distributed within the transmembrane contain-
ing N-terminus for enzymatic activity. These
histidines are postulated to bind iron in complex with
the heme group that is required for electron transfer
to oxygen [25].

At present, it is not clear which additional subunits
are indispensable in the soluble active Nox4 complex
and if these subunits differ from those required for activ-
ity of the membrane bound Nox4 forms. A search for
additional Nox4 binding partners is currently underway.

Sub-cellular localization of the presented Nox4 vari-
ants was studied using HA-tagged Nox4 variants. Tag-
ging the protein allowed us to study the localization of
Nox4 variants, which was not possible using our Nox4
antibody, since it could not detect variant C and could
not distinguish between the Nox4 prototype, and vari-
ants B, D, and E. Immuno-staining of Nox4 variants
using HA antibody indicated cytoplasmic and perinu-
clear expression, excluding the nuclei and the plasma
membrane. No major differences were observed between
soluble and membrane bound forms. One potential con-
cern is that the over-expression of Nox4 variants will
lead to overloading of the cell, making it difficult to
localize the protein precisely at its final target. When
performing bioinformatics analysis (PSORT II), we
found high probabilities of Nox4 prototype, variants B
and C to be associated with endoplasmic reticulum
(ER), due to the presence of the ER retention signal rep-
resented by amino acids KESF. When performing this
analysis on Nox4 variants D and E, which lack trans-
membrane domains, a high probability for cytoplasmic
localization was calculated, supporting their soluble
characteristics. These findings contrast with a study,
which has shown prominent Nox4 expression within
the nucleus of vascular smooth muscle cells [21].

The existence of different Nox4 isoforms and Nox1
within the same cell as found for A549 cells [10] ques-
tions their function. One possible reason could be that
the subcellular targeting of Nox isoforms may represent
different site-specific requirements of ROS. Compart-
mentalized generation of ROS, which have a rather
short half-life, may be of importance for their role in cel-
lular signaling.

The occurrence of the newly discovered Nox4 vari-
ants is of interest for the mechanism of NAD(P)H oxi-
dase regulation. Regulation of NAD(P)H oxidases by
phosphorylation is well documented. The cytosolic pro-
teins p47phox, p67phox, p40phox, and the small G-protein
rac translocate to the cell membrane and interact with
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flavocytochrome b558 upon cell activation. Cell activa-
tion can occur by protein kinase C-dependent phosphor-
ylation of p47phox. In addition, relevant protein kinase
A, PI3 kinase, and MAP-kinase phosphorylation sites
may also play a role [21]. In the context of the findings
reported in this study, a regulatory role for the newly
discovered Nox4 isoforms on overall Nox activity can
be considered. Differential splicing may contribute to
the control of compartmentalized ROS generation and
related signaling.

Taken together, we describe the isolation and charac-
terization of four new Nox4 isoforms that lack different
structural domains, which alter their intracellular traf-
ficking and regulate ROS generation.
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