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Abstract

Plasma extracellular superoxide dismutase (ecSOD) concentrations are signif-
icantly (2 - 3-fold) higher in 129 mice than in the C57 strain. We reported
earlier that the 129 strain carries a different allele of this enzyme, characte-
rized by two amino acid substitutions and a 10 bp deletion in the 3’UTR of the
mRNA. One of the substitutions is at the signal peptide cleavage site (position
21) while the other is within the catalytic site. Since the differences in plasma
enzyme concentrations persist in congenic mice expressing the different al-
leles, the differences in plasma concentrations appear to be largely al-
lele-driven and independent of the remainder of the genome. As expected, in
vitro translation using rabbit reticulocyte lysate showed no differences in
translational efficiency of transcripts and processing of the newly synthesized
enzymes. Determinations of the rates of synthesis and secretion of the two
isoforms of this enzyme in stably transfected CHO cells clearly demonstrate
that the mature 129 variant is synthesized at rates nearly twice those of the
wild-type isoform and has an intracellular pool size twice as large. However,
both isoforms are secreted at the same fractional rate and have identical
intracellular T, as well as similar extent of degradation. These data explain, at
least partially, the higher levels of ecSOD in congenic mice expressing the 129
variant, as well as enzyme levels in the 129 strain of mice. /n silico calculations
support this conclusion and indicate that the aa change at the signal peptide
cleavage site (N21D) results in a substantial increase in cleavage probability at
this site for the 129 variant. Our results also highlight the importance of signal
peptide cleavage in determining steady-state levels of secretory proteins.
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Rates of Synthesis, Rates of Secretion, Allelic Differences

1. Introduction

Extracellular superoxide dismutase (ecSOD or SOD3) is the only enzyme that
scavenges superoxide specifically in the extracellular compartment and protects
components of the extracellular matrix from oxidative damage. Recent studies
further strengthen the case for ecSOD and its degree of expression/tissue distri-
bution being a significant factor in the various oxidative stress-related diseases.
For instance, it has been documented that decreased ecSOD expression (possibly
due to decreased copy number or promoter methylation) correlates with poor
prognosis in lung and mammary carcinomas [1] [2] and pancreatic ductal ade-
nocarcinomas [3]. Decreased ecSOD expression, which leads to increased oxida-
tive degradation of the ECM, may thus promote cancer metastasis.

Recent studies have also shown the protective role of ecSOD on muscle inte-
grity and congestive heart failure: it protects against cachexia, exercise intoler-
ance, loss of mitochondria and atrophy gene expression [4]. EcSOD polymor-
phism has also been linked to lung function [5]. Novel polymorphisms in the
non-coding 5’untranslated region (E1) and first intron (I1) are associated with
reduced lung function and increased risk of clinical COPD [5]. Any polymor-
phisms/mutations that lead to reduced expression, activity or extracellular ma-
trix attachment, result in increased lung tissue matrix collagen I, hyaluronan and
heparin sulfate oxidative fragmentation. Such fragments are chemotactic and
contribute to the recruitment of inflammatory cells [6] [7] [8].

Clearly, the understanding of the etiology of a number of oxidative stress-re-
lated diseases as well as potential therapeutic approaches for their treatment
would be significantly enhanced by understanding factors that regulate the ex-
pression of this enzyme. While the involvement of several transcription factors
or epigenetic regulation of ecSOD expression has been examined [1] [2] [9]-[15],
there is essentially no information regarding potential regulatory mechanisms at
the posttranscriptional level [16].

We previously reported that the 129P3/] strain of mice express an ecSOD allele
which differ in several aspects from the wild-type (w?) allele expressed by the C57-
BL/6]J and most other strains. It contains an N21D substitution within the putative
signal sequence of ecSOD, an A186S substitution in the catalytic domain and a 10
bp deletion in the 3’untranslated region (UTR) of the mRNA [17]. This genotype
has a profound effect on the ecSOD phenotype: plasma ecSOD level and activity in
the 129P3/] mice are 2 - 3 fold higher than those in the C57BL/6 mice, showing no
apparent change in specific activity. The phenotype associated with this allele
(“129°) is mostly allele-driven, as congenic mice (C57.129-s0d3) expressing either
ecSOD genotype on a C57BL/6 background fully recapitulate the allele-specific
ecSOD phenotype [18]. The congenic mice expressing either of the ecSOD alleles
are genetically 99.8% identical to C57BL/6] [18]; taken together, these observations
suggest the possibility that differences in post-transcriptional processes are re-
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sponsible for observed differences in the ecSOD phenotype in mice. Moreover, one
of the amino acids substitutions (N21D) is positioned at the site of signal peptide
cleavage and may thus produce changes in processing efficiency.

We now report that the relative translational efficiency of the transcripts of
the two ecSOD alleles was identical in a rabbit reticulocyte translation system, in
which no post-translational modification occurs. However, the rate of ecSOD
mature protein synthesis in stably transfected CHO cells is significantly higher
for the 129 allele, when compared to the C57 allele. These results confirm the
notion that even a single amino acid substitution in the right place can have

profound effects on the extent of enzyme expression.

2. Experimental Procedures

In vitro transcription and translation:

pcDNA3.1D/V5-His-TOPO plasmids with either wt or 729 ecSOD alleles (as
previously described by Mirossay et al [19]) were linearized with Not I (New
England Biolabs) at 37°C for 2 hr. The linearized plasmids were extracted with
phenol, precipitated with ethanol, and re-suspended in nuclease-free water
(Ambion). In vitro transcription was performed with 5 pg linearized plasmid
using the RiboMax T7 Large-Scale RNA Production kit (Promega), according to
the manufacturer’s protocol, followed by purification by the phenol:chloroform
method. The sequences of the template ecSOD for the in vitro transcription were
confirmed in both directions. In vitro transcribed mRNAs were modified by
7-methyl G capping and polyadenylation. The capping reaction was carried out
according to the manufacturer’s protocol (EPICENTRE) using 20 pmoles of
mRNA/capping reaction. Capped mRNAs were polyadenylated for 30 min at
37°Cin 25 pl, containing 10 pmoles of capped mRNA and 600 U PAP, according
to the manufacturer’s protocol (Ambion). Polyadenylated transcripts were puri-
fied using oligo-dT beads (Ambion). The in vitro transcribed RNAs and polya-
denylated transcripts were monitored on 1% agarose-formaldehyde gels and
were tested for quantity and quality by Nanodrop and Experion microcapillary
electrophoresis (Bio-Rad), respectively.

In vitro translation assay reactions were performed in nuclease-treated rabbit
reticulocyte lysates (RRL, Promega, cat. #L.4960) at 30°C. The translation system
was charged with an equal amount of in vitro transcribed mRNA. EcSOD ex-
pression was examined by Western blotting. Semi-purified mouse plasma ec-
SOD, incubated with or without peptide: N-glycosidase F (PNGase F, New Eng-
land Labs), was used as a reference. Post-heparin plasma ecSOD was semi-puri-
fied by ConA-sepharose column as previously described [18].

Cell culture:

CHO cells were stably transfected with either wz or 729 allele of ecSOD and
established as previously published [19]. Cells were incubated with DMEM/10%
FBS at 37°C in a humidified atmosphere containing 5% CO,. To purify mRNA
and genomic DNA, cells were washed with ice-cold PBS and dissolved in 1mL of
TRIreagent (Molecular Research Center) and kept at —80°C until used.

Real-time RT-PCR:
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CHO cell RNA was purified according to the manufacturer’s protocol (Mole-
cular Research Center). ECSOD mRNA levels in stably transfected CHO cells
were evaluated by real-time RT-PCR, as previously published [18]. Only cells
that expressed the same amount of mRNA for either of the ecSOD alleles were
used for the studies outlined below.

Continuous and pulse-chase labeling studies:

CHO cells (1.8 x 10° cells/well) were seeded in 6-well plates in DMEM/10%
FBS. For continuous labeling studies (up to 8 hrs) cells were washed 2 times in
methionine- and cysteine-free DMEM, followed by an incubation in the labeling
medium (Met- and Cys-free DMEM, containing 60 uCi/ml [**S]-Met and Cys
(Perkin Elmer, USA). Incubations were stopped at 30 min to 60 min intervals,
for up to 8 hours. Total labeled protein as well as ecSOD was quantitated in cell
extracts as well as medium at each time point, as described below.

Pulse-chase labeling studies were carried out in a similar manner; cells were
pre-labeled with Met- and Cys-free DMEM containing 60 pCi/ml [**S]-Met and
Cys for 3 hours (to label the total cellular pool of ecSOD), washed and chased in
regular DMEM for indicated periods of time. To quantitate total protein and
ecSOD intracellularly, as well as in the medium, cell lysates and media were col-
lected in the presence of protease inhibitors (Sigma), containing 100 uM 4-(2-
aminoethyl) benzenesulfonyl fluoride, 10 uM leupeptin and E-64, 1 uM bestatin
and pepstatin-A, and 15-nM aprotinin. Prior to lysis, cells were washed twice
with ice-cold PBS and collected in a final volume of 1 mL.

TCA precipitation: Total radiolabeled secreted (medium) or cellular protein
synthesis was determined by trichloroacetic (TCA) acid precipitation, as pre-
viously described [20]. The results were calculated in terms of corrected cpm/mg
cell protein. Cellular protein content was determined by the Lowry assay [21].

Immunoprecipitation: Incorporation of [**S] Met and Cys into cellular and me-
dium ecSOD was determined by immunoprecipitation with a rabbit anti ecSOD
serum. Total medium ecSOD was immunoprecipitated in the presence of 0.05%
Triton X-100 and a protease inhibitor cocktail (Sigma) at 4°C for 24 h, as pre-
viously described (20). The immunoprecipitate was resolved by 12% SDS-
PAGE. Slab gels processed for fluorography were soaked first in a conditioning
solution (1% glycerol, 7% acetic acid and 7% methanol) and next in an enhancer
solution (1 M salicylic acid) and dried. X-ray films were exposed at —80°C and
developed. The X-ray films were scanned and densitometry of ecSOD was per-
formed using the supplied software AlphaEaseFC (Alpha Innotech). Results
were expressed as “Integrated Density Value” or IDV, calculated by the software.

Intracellular ecSOD was immunoprecipitated in a similar fashion, except that
1% Triton X-100 was used and the cell lysates were pre-cleared by addition of non-
immune rabbit serum, followed by protein A-agarose, to minimize background.

Statistical Analysis:

Results from experiments were reported as mean + SEM. Statistical analyses
were done using #tests, linear regression comparisons or two-way ANOVA

(GraphPad Prism). P < 0.05 was considered statistically significant.
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3. Results

The in vitro translational efficiency and processing of the wr and 129
ecSOD transcript

We first examined the translation of in vitro transcribed wtor 129 ecSOD
transcripts in nuclease-treated rabbit reticulocyte lysates. The translated wt and
129 ecSOD proteins appear to be the same size as the full-length, de-glycosy-
lated mouse plasma ecSOD. The translation efficiency of the two transcripts ap-
pears to be similar, regardless of the transcript concentration (Figure 1), sug-
gesting that the reticulocyte lysate was saturated even at the lowest mRNA con-
centrations used to allow for the detection of the product by Western blotting.

Rates of ecSOD synthesis and secretion in stably transfected CHO cells

To test the allele-dependent ecSOD phenotype in mammalian cells, we estab-
lished stably transfected CHO cells, as previously described (19) with either of
the ecSOD alleles. The genomic copy number and the mRNA level of ecSOD
were checked by real-time qPCR. Only CHO cell clones with an equal mRNA
copy number/total mRNA were used for the labeling experiments.

To compare the rates of synthesis, cellular pool size and secretion, we em-
ployed a continuous labeling technique. Labeled cellular ecSOD levels increased
with time and both products reached plateau at about 180 min of incubation, in-
dicating that the intracellular ecSOD pool is fully labeled within 3 hours. As
shown in Figure 2(a) and Figure 2(b), the synthetic rate of mature 729 ecSOD,
derived from the calculated slope of the initial rates (between times 30 - 120
min) appears to be nearly 2-fold (1.9-fold) higher than that of wzecSOD (3.11 £
0.39 vs. 5.90 * 0.32 IDV/ug of protein/min), matching exactly the allele-specific
differences in the cellular pool size of ecSOD (439 + 17 vs. 850 + 74 IDV/ug of
protein, or a 1.9-fold difference). To check if the increased synthetic rates of 729
ecSOD are coupled to higher rates of secretion, ecSOD was also immunopreci-

pitated from the medium and is shown in Figure 2(a) & Figure 2(c). Since the

RNA template lpg 2ug 3ug  Opg
Genotype 129 wt 129 wt 129 wt

<+ Full-length
Full-length ~.,. . .ﬂ- Cleaved
Ly

Cleaved -

PNGase + - -_

Figure 1. In vitro translation of wt and 129 ecSOD. In vitro translated ecSODs using
same amounts (1 - 3 pg) of in vitro transcribed wt or 129 ecSOD mRNA were detected by
Western blot to evaluate synthesis. ConA-purified mouse plasma ecSOD (first lane) and
deglycosylated ecSOD by PNGase F treatment (second and last lanes) were used as a con-
trols. Full-length subunit of mouse plasma ecSOD is 32-kDa while the heparin-binding
domain-cleaved form is 30-kDa. When ecSOD is deglycosylated by PNGase, both sub-
units are reduced by ~3 kDa. A reaction without any RNA template (-) was used as a
negative control (second to last lane). The size of wtand 129 in vitro synthesized ecSOD
are similar to deglycosylated full-length plasma ecSOD.
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Figure 2. The rate of [*°S]-labeled ecSOD synthesis and secretion in stably transfected
CHO cells, as determined by continuous labeling. (a) Accumulation of labeled cellular
(full symbols) and medium (open symbols) ecSOD in CHO expressing the wt (circles) or
129 (squares) isoform. The slope of the linear portion of the curve (30 - 150 min)
representing incorporation of [**S]-met and -cys into cellular ecSOD, which was norma-
lized with total protein level, was used to calculate the rate of ecSOD synthesis (expressed
as Integrated Density Value or IDV/ug/minute). Steady state pool sizes were calculated by
averaging intensity during 180 - 240 min when the labeled ecSOD plateaud after norma-
lization with protein. Typical fluorographs of cellular (b) or medium (c) immunoprecipi-
tates of 729 and wr ecSOD at indicated time points. SDS-PAGE gels resolving the immu-
noprecipitates were exposed for 15 days in —80°C. Densitometric analysis of labeled ec-
SOD was normalized by protein level.

intracellular 129 isoform of ecSOD is labeled twice as rapidly as that of the wt, it
is not surprising that it appears in the medium earlier and at a more rapid rate;
the time of appearance in the medium was almost 45 minutes earlier for the 729
enzyme, when compared to the wt enzyme (85 vs. 131 min of labeling). The in-

creased rate of 729 ecSOD synthesis was matched with a significant apparent in-
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crease in the rate of secretion, relative to that of wz ecSOD. In contrast, total
protein synthesis and secretion by these cells was identical (Figure 3(a) & Fig-
ure 3(b), respectively).

Pulse-chase experiments

Secretion rates derived from continuous labeling studies can be misleading
and difficult to interpret, since they do not account for differences in the cellular
pool size and involve partially labeled products. Moreover, such design does not
provide any information regarding the potential degradation (intra- or extra-
cellular) of the secreted protein. We therefore used the “pulse-chase” design, in
which cells are pulsed with a label until all cellular ecSOD is labeled (3hrs, as de-
termined in experiments shown in Figure 2) and then chased in label-free me-
dium. Intracellular and medium ecSOD is quantitated at each time point. This
allows for the calculation of secretion rates (as a portion or % of the cellular pool
size at time 0 of chase) as well as the degradation (as the difference in the
amounts recovered from cells and medium, relative to that found in cells at time
0 of chase). We therefore examined the half-lives and the extent of degradation
of both isoforms of ecSOD. The results are shown in Figure 4. As observed in
continuous labeling experiments, cellular 729 ecSOD pool size at time 0 of chase
is nearly 2-fold higher (1.86-fold, 985 * 47 vs. 1836 + 68 IDV/ug, data not

shown) than that of wz ecSOD. The apparent secretion rate is also shown to

500,000 gy —T—T—T—T—T—T
— 400,000-5 (@) ) ¢ .-E
£ i :
e 3oo,ooo-: ;
o3 : ]
L 200,000+ 3
Py E ]
S 1oo,ooo-: r
-+ - -
(&) - o
© O e S B A E . S S T R
._g 0 60 120 180 240
g 20;000: TrlTiJfrirfrrY“srmr—Tmrm—mmT7J1m—mT l:
c ’ (b) .
‘© 15,0004 J
) - -
o - -
— ] ]
& 10,000+ -
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46 - -
P 5000 ]
o4 ]
0 60 120 180 240 300 360

Time (min)

Figure 3. The rate of [*°S]-labeled total protein synthesis (a) and secretion (b) in stably
transected CHO cells, as determined by continuous labeling for indicated times followed
by TCA precipitation and quantitation, as described in Methods in CHO cells expressing
the wt (closed symbols) or 129isoform of ecSOD (open symbols).
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Figure 4. Rates of ecSOD secretion, T, and extent of degradation, as determined by
pulse-chase experiments (3 independent sets of experiments). CHO cells were pre-la-
beled, as described in the Methods, for 3 hours following which they were switched to
normal media. The loss of labeled ecSOD in the cells and the appearance of ecSOD in the
medium were followed by immunoprecipitation (as described in Methods). Data at each
subsequent time point were normalized to the amount of labeled ecSOD found at time 0.
The extent of degradation was calculated by subtracting the percentage of the sum of cel-
lular and medium ecSOD at T, , from that found at time 0 of chase %.

be significantly higher in 729 ecSOD when compared to the wzin the media (not
shown). However, when secretion (Ze., loss in cellular ecSOD and appearance of
medium ecSOD) is expressed as a fraction (%) of the ecSOD labeled pool size at
time 0, the fractional rates of secretion of both isoforms were identical.
Pulse-chase experiments can also reveal the intracellular half-life (T,,,) of ecSOD
as well as the extent of degradation (intra- or extra-cellular). The half-life of both
isoforms of ecSOD was the same (86 - 87 min). Our data indicate that once
processed, the rates of ecSOD secretion are similar for both isoforms and that a

similar (~20%) proportion of cellular enzyme is degraded.

4. Discussion

Our results clearly demonstrate that ecSOD polymorphism has a profound effect
on several aspects of ecSOD phenotype, including rates of synthesis, cellular pool
size and proteolytic cleavage, independent of the genomic context. The synthetic
rate and steady state levels of intracellular 729 ecSOD are significantly higher
than those of w7z ecSOD in stably transfected CHO cells, despite similar levels of
mRNA. These observations are analogous to the in vivo situation we reported
earlier [18]. Although the apparent secretion rate is higher in CHO cells secret-
ing 129 ecSOD compared with wt ecSOD, pulse-chase studies indicate that the
fractional secretion rate is identical. These results may explain the allele-driven

difference in the phenotype observed in vivo, in tissue expression vs. mRNA le-
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vels [18].

Using the simplest expression system, the rabbit reticulocyte lysate, the trans-
lational efficiency and processing rate were similar for both transcripts, regard-
less of capping or polyadenylation. These results suggest that the nuclease-
treated rabbit reticulocyte lysate system may not contain the required compo-
nents of the regulatory machinery responsible for the ecSOD phenotype in vivo.

The continuous labeling studies show that the synthetic rate of 729 ecSOD is
1.9-fold greater than that of wt ecSOD, leading to 1.9-fold greater steady-state
intracellular levels of the enzyme. Since the detectable intracellular ecSOD is the
same size as the mature glycosylated form, these results suggest that the rates of
129 ecSOD synthesis and/or processing to the mature form are greater than
those of wt ecSOD. This result is supported by in silico analysis of the signal
peptide cleavage likelihood or efficiency. Public domain software SignalP4.1 [22]
predicts the presence of signal peptide in both sequences unequivocally, identi-
fying residue 21 as the cleavage site. But the cleavage site score (C-score) is
nearly 20% higher for the 729 allele (N21) sequence, when compared to the
wild-type, C57 sequence (D21). The relative cleavage site probability at this
point rises from 0.617 in the wt product to 0.774 in the 729isoform. Although it
is not clear whether the increased probability can account for the nearly 2-fold
increase in the rates of synthesis, a few studies have demonstrated that sequence
variation in the signal peptide can affect protein targeting and translocation,
signal sequence cleavage and even post-cleavage events [23]-[28]. Importantly,
the modulation of specific steps in the recognition and processing of signal se-
quences can have an essential role in protein biogenesis [23]. Signal sequences
regulate the timing and efficiency of cleavage which can control the exit of pro-
teins from the ER; the exceptionally slow cleavage of the native HIV gp 120 sig-
nal sequence causes prolonged retention of the protein in the ER [23] [24]. Fur-
thermore, an amino acid substitution at the 1 position of signal peptide cleavage
site of human preproapolipoprotein A-II was shown to lower the processing ef-
ficiency by signal peptidase activity [25].

Several studies reported that signal peptidase cleavage site mutations had sig-
nificant clinical effects. A substitution at the 3 position with respect to the signal
peptide-processing site in Factor Xg,,, pomingo Prevented signal peptide cleavage
and the mutant protein was not secreted, leading to a bleeding disorder [26]. An
Ala to Thr change at the 1 position in preprovasopressin, causing familial central
diabetes insipidus, also led to failure of signal peptide processing and reduced
secretion [27]. Same change at 1 position (A25T) of ADAMTSI10 signal peptide
cleavage site affected the secretion of full-length protein, causing recessive Weill-
Marchesani syndrome (WMS) [28]. A transition mutation at position 172 of
human ecSOD gene (Ala40Thr), which disrupts the tetramerization of ecSOD
and prevents its secretion, leads to increased susceptibility to type 2 diabetes as
well as hepatocellular carcinoma in Chinese (29). These studies clearly demon-
strate that a single aa change (in the signal peptide or elsewhere) can modulate

protein secretion.
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It appears unlikely that the substitution in catalytic domain (A186S) of 129
ecSOD plays a role in the protein production, but we have not investigated this.
It does not appear to have an effect on the specific activity, as previously shown
[18]. Another major difference between the two ecSOD transcripts is a 10 bp de-
letion in the 3'UTR in the 129. allele. Since the 3’'UTR sequence of many tran-
scripts is subject to translational regulation by miRNA, we examined the effects
of two selected miRNAs: miR-744 and miR-663. These are expected to bind to
the 3’UTR of the mouse ecSOD in an area overlapping the 10 bp deletion (10 -
19 bp) region in the 729 ecSOD mRNA. The 10 bp deletion in the 729 ecSOD
mRNA results in 2 (miR-744) or 3 (miR-663) mismatches of miRNA binding
sites, when compared to wt allele. Although not shown, the effects of these
miRNAs on the translational efficiency were examined by using a firefly lucife-
rase assay cloned to the 3’UTR of either the wt or 129 allele of ecSOD. Neither
miR-744 nor miR-663 significantly altered the rates of synthesis of the luciferase
regardless of the source of 3’UTR. These results do not eliminate the possibility
of other, yet to be identified miRNA(s) that may modulate translational effi-
ciency of either transcript.

It has been suggested that ecSOD can be stored in intracellular vesicles in tis-
sues which have the potential to be secreted upon stimulation [29] [30] [31] [32].
Previous study, which has shown localization of ecSOD in the endosomal frac-
tion [33], suggests that there might be some degradation of intracellular ecSOD.
In this study, we observed about 21% of degradation regardless of the genotype.

In summary, our data suggest that the increased efficiency of 729 ecSOD
processing contributes to the increased protein level in 729 congenic mice [18]
and in the 729 strain of mice [17]; the rates of degradation and secretion per se
do not appear to play a role. These findings are in agreement with recent find-
ings that genetic polymorphisms in ecSOD modulate protein synthesis and
processing, which impact cellular and extracellular distribution of this enzyme
[34]. Furthermore, these differences can profoundly impact susceptibility to
multiple oxidative stress-related diseases including cardiovascular disease, can-
cers, lung fibrosis, even resistance to bacterial infections not only in animal
models [34] [35] [36] [37] [38] but also in humans [39] [40] [41] [42] [43].

It appears likely that additional, yet to be discovered mutations in the ecSOD
gene lead to variations in gene expression at both, transcriptional and transla-
tional level and disease susceptibilty. Considering the important role ecSOD
plays in maintaining the integrity of the extracellular matrix and the extent of
oxidative stress in that compartment, it is clear that a good understanding of the
factors that regulate the expression of this enzyme is of high clinical relevance
and merits further studies. As our study indicates, even small, single amino acid
substitutions, while having little or no effect on the enzyme activity may pro-
foundly affect the extent of secretion and thus the extent of protection of the
ECM.
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