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Methionine sulfoxide reductases (Msr) belong to a family of enzymes that includes one
MsrA and three MsrBs (MsrB1l, MsrB2 and MsrB3) [Zhang et al., 2010, 2011]. We have
identified all four enzymes expressed in mouse embryonic stem cell cultures. In addition,
we have found a truncated form of MsrA transcript that could have easier access to oxidize
methionine residues on proteins than the longer form of the MsrA protein, thus possibly
providing an evolutionary selective advantage [Jia et al., 2011].

In this chapter, we will review and summarize the findings from our recent studies. We
have stated previously [Zhang et al., 2010, 2011] that the vital cellular functions of the Msr
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198 Oxidative Stress — Molecular Mechanisms and Biological Effects

family of enzymes are to protect cells from oxidative damage by enzymatically reducing the
oxidized sulfide groups of methionine residues in proteins from the sulfoxide form (-SO)
back to sulfide thus restoring normal protein functions as well as reducing intracellular
reactive oxygen species (ROS). Studies have been performed on the Msr family genes to
examine the regulation of gene expression. Using real-time PCR, we have shown that
expression levels of the four Msr family genes are under differential regulation by
anoxia/reoxygenation treatment, acidic culture conditions and interactions between MsrA
and MsrB. Results from these in vitro experiments suggest that although these genes
function as a whole in oxidative stress protection, each of the Msr genes could be responsive
to environmental stimuli differently at the tissue level [Zhang et al., 2011]. We have further
shown that one member of the Msr gene family, methionine sulfoxide reductase A (MsrA)
can reduce methionine sulfoxide residues in proteins formed by oxidation of methionine by
reactive oxygen species (ROS). Msr is an important protein repair system that can also
function to scavenge ROS. Our studies have confirmed the expression of MsrA in mouse
embryonic stem cells (ESCs) in culture conditions [Zhang et al., 2010]. A cytosol-located and
mitochondria-enriched expression pattern has been observed in these cells. To confirm the
protective function of MsrA in ESCs against oxidative stress, a siRNA approach was used to
knockdown MsrA expression in ESCs. MsrA siRNA treated cells showed less resistance than
control ESCs to hydrogen peroxide treatment. Overexpression of MsrA gene products in ES
cells showed improved survivability to hydrogen peroxide treatment. This indicates that
MsrA plays an important role in cellular defenses against oxidative stress in ESCs. Thus,
Msr genes may provide a new target in stem cells to increase their survivability during
therapeutic applications [Zhang et al., 2010].

We confirmed that oxidative stress was induced by exposing cells for increasing time
periods to anoxia and reoxygenation in a hypoxia chamber [Zhang et al., 2010, 2011]. The
expression of MsrA mRNA and protein expression decreased after 4 hours of oxygen
depletion. Localization of MsrA proteins in the cytosol and mitochondria of mouse ESCs
was evaluated by confocal microscopy and showed a differential distribution with more
concentrated levels in the mitochondria. In further studies, knockdown of MsrA expression
in mouse embryonic stem cells using siRNAs reduced resistance of the cells to H>O»
mediated oxidative stress. In these studies we also found that overexpression of an MsrA-
eGFP fusion protein in mouse ESCs provided additional protection against H>O, induced
oxidative stress [Zhang et al., 2011].

Based on our studies, we believe that by overexpressing MsrA in stem cells, we can provide
significant protection against harsh environments such as ischemia/reperfusion, for
example during stroke or heart attack. Currently new approaches to treat disease, such as
neurodegenerative disease or ischemia/reperfusion-induced brain or heart damage, are
being developed using adult or embryonic stem cell transplantation. One severe limitation
in using these stem cells is the low survival of the cells after surgery partly due to high
levels of oxidative stress. Results of our recent studies [Zhang et al., 2010, 2011; Jia et al.,
2011] suggest a very promising approach to solving this problem by enhancing the
resistance of stem cells to oxidative damage after transplantation into a hostile environment
caused by ischemia-reperfusion. It will be important to further investigate the differentiation
capability of stem cells overexpressing MsrA. Due to the antioxidant actions of these
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proteins and their reparative properties in recovering target protein function and indirect
control of cellular reactive oxygen species (ROS) levels, we believe that overexpressing Msr
genes in stem cells could reduce ROS damage to the cells without losing the cells’ sensitivity
to ROS as a differentiation signal. Thus, the Msr gene family could potentially serve a key
role in engineering stem cells to obtain higher resistance to oxidative damage, while
retaining the cells” potential for differentiation into adult cell types [Zhang et al., 2010].

2. Background and overview of oxidative stress

ROS are chemically-reactive molecules containing molecular oxygen. They are free radicals,
containing an unpaired shell electron: singlet oxygen, superoxide radical, superoxide anion,
hydrogen peroxide and hypochlorite ion. ROS are formed by an incomplete one-electron
reduction of oxygen. The other non-oxygen chemical radicals are also highly chemically
reactive, however, ROS are most abundant in biochemical reactions. They are capable of
damaging all bio-molecules: lipids, proteins and nucleic acids.

There are several cellular organelles that generate ROS. Mitochondria are the energy
powerhouses of cells producing the major biological energy carrier ATP. In mitochondria,
certain enzymes of the cycle transfer electrons from the substrates to carriers such as
NAD(P) and FAD which bring electrons to the electron transport (or respiratory) chain. The
electron transport chain is generally described as four protein complexes that include
NADH oxidase, succinic dehydrogenase, cytochome c reductase and cyotchrome c oxidase;
ATP synthase is sometimes referred to as a fifth complex. A small percentage of electrons
leak from complex I or III to oxygen resulting in the formation of superoxide anion radicals
instead of water. Superoxide anion radicals may spontaneously, or in the presence of metals,
turn into hydrogen peroxide and further into a hydroxyl radical: the most chemically active
reactive oxygen species.

There are defensive enzymes that are capable of catalyzing chemical reactions of these
reactive species to less harmful molecules. Protein oxidation potentially compromises many
protein functions, including inhibition of enzymatic and binding activities, increased
susceptibility to aggregation and proteolysis, increased or decreased uptake by cells, and
altered immunogenicity which then interrupts normal cell functions and induces significant
biological damage. Cells have multiple antioxidant systems to scavenge free radicals,
including superoxide dismutases (SODs), peroxidases, and catalases. SODs catalyze the
dismutation of superoxide anion radicals into molecular oxygen and the less toxic hydrogen
peroxide. Peroxidases are a group of enzymes that catalyze the conversion of multiple
peroxides (including hydrogen peroxide) into hydroxides. Catalase is an enzyme
responsible for conversion of hydrogen peroxide to water and oxygen. The other enzymes,
including methionine sulfoxide reductases, reduce oxidized protein molecules.

Methionine sulfoxide reductase is an important enzyme which catalyzes the reduction of
free and protein-bound methionine sulfoxide to methionine (Fig. 1). Depending on the
nature of the oxidizing species, methionine may undergo a two-electron oxidation to
methionine sulfoxide or a one-electron oxidation to the methionine radical cation. This
reduction is a repair mechanism for oxidatively damaged proteins. There are two enzymes
responsible for reduction of oxidized methionine in proteins: Methionine sulfoxide
reductase (Msr) A and B. Most organisms, from bacteria to humans possess MsrA and MsrB
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200 Oxidative Stress — Molecular Mechanisms and Biological Effects

genes. The MsrA and MsrB genes exhibit no sequence similarity. MsrA and MsrB genes in
several bacterial species are clustered as operons or are fused with each other via connecting
domains [Lowther et al., 2002]. In eukaryotes, the MsrA and MsrB genes are typically single.
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Fig. 1. Methionine Sulfoxide Reductase reduces oxidized methionine.

In mammals, three MsrB genes (MsrB1, B2 and B3) and one MsrA gene have been identified.
MsrB1 is distributed in the cytosol and nucleus of a cell while MsrB2 is localized in
mitochondria [Kim and Gladyshev, 2004]. In humans there are four alternatively spliced
isoforms of MSRB3 [Ahmed et al, 2011]. MsrB3 is targeted to the endoplasmic reticulum
(ER) and mitochondria [Kim and Gladyshev, 2004].

Although only a single MsrA gene is found in mammals, the corresponding protein is
localized in multiple cellular compartments [Kim and Gladyshev, 2005]. Studies on human
MsrA gene structures have identified two distinct putative promoters that generate three
transcripts. The main MsrA transcript (MsrAl, GenBank: mouse, NM026322; human,
NMO012331) has been translated into the longest protein. The long MsrA transcript consists
of six exons separated by introns (Fig. 2). In the first exon, MsrA has a mitochondrion
localization signal peptide (Fig. 3) that targets it to mitochondria [Kim & Gladyshev, 2005].
There is an alternative splicing form of MsrA (S) with short exon 1 missing a mitochondrion
localization signal peptide (Fig. 2 and 3) (GenBank: mouse, AK018338; human, AY690665).
MsrA (S) is targeted to the cytosol and nucleus. Expression of the MsrA (S) was mostly
found in the brain, especially in an early developmental stage.

Alternative forms without exon 3 were identified (Figure 2, GenBank: mouse, BC014738;
human, CK819754) which do not have enzymatic activity. MsrA shortform (-3) is present in
the cytosol and nucleus. An additional alternative form has also been detected, in which
exon 6, the last exon, is replaced with a segment of an unknown gene [GenBank: CD
365491]. This form shared the first exon with the mitochondrial MsrA form, but it is
probably catalytically inactive due to an absence of the last exon which contains two
cysteine residues critical for catalysis [Kim & Gladyshev, 2005].

Deletion of the fifth exon (113bp) was found in the smaller MsrA form that generates a
frame shift in the sixth exon directly attached to the fourth exon thereby forming a
premature stop codon (Figure 2). A c-terminal truncated form of MsrA also has been cloned

www.intechopen.com



Protection of Mouse Embryonic Stem
Cells from Oxidative Stress by Methionine Sulfoxide Reductases 201

from mouse ESCs due to the skipping of exon 5 and subsequent frame shift in exon 6, also
generating a premature stop codon (Figure 2). The total length of the truncated form protein
is 148 amino acids, compared to the full length long form protein that has 233 amino acids;
both contain a mitochondrial signal peptide at the N-terminus. The truncated form still
retains the GCFWG functional motif (catalytic active site) but contains neither of the two
cysteines at the c-terminus. The truncated protein shows a different subcellular localization
and altered response to anoxia/reoxygenation. These different methionine sulfoxide
reductases exhibit different substrate specificities. They may target different methionine
residues depending on the protein sequence. Due to the functional importance of the two c-
terminal cysteines in the redox reaction, it is likely that the enzyme activity of the variants
will be dramatically decreased.
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Fig. 2. Alternative splicing isoforms of MsrA gene. a. The long form of MsrA has six exons.
b. The one short form MsrA (S) has a short exon 1. c. The short form lacks exon 3. d. The
truncated form lacks exon 5, and exon 6 is truncated. (Reprinted with permission of the
authors from Jia et al., 2011 J. Biomed. Sci. 18:46).
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Fig. 3. Variants of mouse and human MsrAs. The mitochondrial signal peptide is indicated
in italic letters in the box. The arrows show the last amino acid residue of exon 1.
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3. Methionine sulfoxide reductase
3.1 Protection of embryonic stem cells

As described earlier, methionine sulfoxide reductase A (MsrA), a member of the Msr gene
family, can reduce methionine sulfoxide residues in proteins formed by oxidation of
methionine by reactive oxygen species (ROS). Msr can also function to scavenge ROS
[Levine et al., 1996]. We have confirmed the expression of MsrA in cultured mouse ESCs
with a mitochondria-enriched expression pattern [Zhang et al., 2010].

It is well known that oxidative stress plays a key role in cellular injury of patients suffering
acute ischemia/reperfusion of multiple tissues including acute myocardial infarction (AMI,
heart attack) or chronic insufficient blood perfusion (ischemia) caused by atherosclerosis or
vascular stenosis [Zhang et al., 2010]. During oxidative stress, excess reactive oxygen species
(ROS) induce damage to proteins, lipids, and nucleic acids that can lead to cell death [Honig
& Rosenberg, 2000; Boldyrev et al., 2004; Onyango et al., 2005]. Stem cell transplantation and
subsequent differentiation into mature tissues may be able to repair cells and tissues lost to
oxidative stress. Cells have multiple anti-oxidation mechanisms to protect against the
oxidative insults induced by ischemia/reperfusion [Boldyrev et al., 2004]. Enzymes
including superoxide dismutase, catalase, and glutathione peroxidase scavenge the
superoxide anion and H>O» to prevent ROS-induced damage. Cells that are modified to
over-express such genes are expected to be more resistant to oxidative stress [Blass, 2001].
However, if the levels of ROS become too low, this could have a deleterious effect because
ROS are required as signaling molecules to promote differentiation of ESCs, for example
into cells of the cardiovascular system [Boldyrev et al., 2004; Sauer et al., 2000; Thiruchelvam
et al.,, 2005; Wo et al., 2008]. Thus, reducing ROS inside cells by using direct anti-oxidants
such as vitamin E could interfere with normal cell function. Clearly, this also could interfere
with stem cell therapy since the ROS level must be balanced so that cells can undergo
normal differentiation without resulting in damage or cell death. Thus, if indeed this
hypothesis is correct, then an indirect mechanism to reduce ROS involving the Msr
pathways would be advantageous for stem cell therapy by retaining normal ROS basal
levels.

ESCs, with their remarkable property of totipotency, have the potential to produce new
adult cells to replace those in damaged tissues. Tissue damage and cell death can be caused
by reperfusion and ischemia from an accumulation of free radicals in the cells which could
result in oxidation and functional impairment directly or through signal transduction
pathways such as c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase
(MAPK) [Ueda et al., 2002]. In patients suffering from myocardial infarct or stroke, the
infarcted organ is stressed from acidosis due to lack of an adequate blood supply resulting
in hypoxia. Kubasiak et al. [2002] have proposed that hypoxia and acidosis are the two
conditions that can dramatically induce cell death in cardiomyocytes when present
simultaneously. Improvement in the survival of transplanted stem cells in harsh hypoxic
and acidic environments is a critical issue for the success of therapeutic tissue repair. Stem
cells under conditions of oxidative stress and in acidic environments are an area that
requires further study.

The Msr system [Weissbach et al., 2002] is an important self-defense mechanism that
protects cells against free radical damage. Proteins, lipids, nucleic acids and other cellular
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components can be oxidized by free radicals leading to impaired cellular function and/or
cell death. Methionine (met), either as a free amino acid molecule or as a peptide, can be
oxidized to methionine sulfoxide (Met-(O)). This kind of structural change can cause
impaired function of a variety of proteins [Abrams et al., 1981; Taggart et al., 2000; Jones et
al., 2008; Shao et al., 2008]. There is a family of enzymes, encoded by methionine sulfoxide
reductases (Msr) genes that can reduce Met-(O) to Met. MsrA and MsrB genes have been
identified that are specific for reducing the epimers, Met(O)-S and Met(O)-R [Weissbach et
al., 2002]. Both MsrA and MsrBs have been implicated in the protection of cells against
oxidative damage that in turn have been attributed to MsrA and MsrB genes, suggesting
that they may be involved in various age related diseases [Gabbita et al., 1999; Pal et al.,
2007; Brennan & Kantorow, 2008; Kim & Gladyshev, 2005].

With respect to protective mechanisms against oxidative damage, it will be important to
determine whether the local environment conditions within damaged tissues modulate Msr
expression in adjacent stem cells. Cross talk between family members is not well understood
and it is not clear whether altered expression levels of one enzyme in the Msr family affects
other(s), whether there might exist a co-regulation between different Msr genes; or what
controls Msr gene expression. In recent studies, we have described how individual Msr
genes respond to varying regulatory processes [Zhang et al., 2010, 2011; Jia et al., 2011]. An
acidic culture environment and depletion of oxygen affect Msr gene expression, at the
mRNA level; the most significant response was observed in MsrB3, indicating a non-
housekeeping activity for this particular gene [Zhang et al., 2011]. Interestingly, MsrB3
showed downregulation of transcription concomitant with MsrA mRNA knockdown by
MsrA-specific siRNA [Zhang et al., 2011].

Free radical damage to cellular components, including proteins, is commonly observed
under disease conditions and in aging processes. One of the cellular defense mechanisms to
reduce oxidation of proteins, thus reducing oxidative stress and restoring their functions,
relies on the methionine sulfoxide reductase (msr) family of genes in mammals. Although
both MsrA and MsrB genes conduct the redox reactions using a similar chemical reaction,
MsrBs convert the R epimer of Met-(O) (Met-R-(O)) back to methionine while MsrA reduces
the S epimer of Met-(O)(Met-S-(O)) [Kryukov et al., 2002; Kim & Gladyshev, 2005]. MsrBs
localize in different cellular compartments; the MsrB1 protein is cytosolic and nuclear while
the MsrB2 is localized in the mitochondria. Human MsrB3, by alternative first exon splicing,
produces two forms which targets the endoplasmic reticulum (ER) and the mitochondria of
the cell [Kim & Gladyshev, 2004, 2005, 2006].

Even though there is only a single MsrA gene in mammals, its corresponding protein is
found in multiple cellular compartments [Vougier et al., 2003]. It turns out that there are two
distinct putative promoters of the MsrA gene that generate three transcripts. MsrAl
transcript forms the longest protein that targets the mitochondria. MsrA2 and MsrB3 are
formed from a second promoter and localize in the cytosol and nuclei [Lee et al., 2006;
Pascual et al., 2009]. Two novel splice forms: MsrA2a and MsrA2b were found recently in
rat smooth muscle cells [Haenold et al., 2007]. Alternative splicing occurred in the second
exon with the MsrA2, a functional isoform. Thus, alternative promoters and alternative
splicing both contribute to the variety of MsrA isoforms that are responsible for methionine
sulfoxide reduction in the different cellular compartments.
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204 Oxidative Stress — Molecular Mechanisms and Biological Effects

Currently, most studies on MsrA isoforms emphasize the 5 terminus where different
isoforms for mitochondrial signal peptide are present and dictates where protein products
are localized within the mitochondria [Kim & Gladyshev, 2006; Lee et al., 2006; Haenold et
al., 2007]. There is evidence that transcripts of MsrA from alternative splicings at the 3" end
of the MsrA gene are present in the mammalian EST database, however, no detailed studies
on these transcripts have been reported [Kim & Gladyshev, 2006].

In our most recent studies in cultured mouse embryonic stem cells, we discovered an MsrA
transcript from alternative splicing at the 3’end, that skips exon 5, and produces a shortened
isoform with a truncated protein product containing the conserved catalytic active site [Jia et
al.,, 2011]. We performed studies on this truncated isoform’s expression pattern under
normal culture conditions and in response to oxygen depletion/reoxygenation conditions in
mouse embryonic stem cells. The MsrA/B system does not function to eliminate ROS
directly, but rather to reverse its damaging effects in the cells. Moreover, methionine is
oxidized by ROS in proteins, causing the formation of the R (Met-R-O) and S (Met-S-O)
epimers of methionine sulfoxide (met-O) and potential diminution of protein function.
MsrA and MsrB are able to reduce protein bound Met-S-O and Met-R-O, respectively, and
restore their function. MsrA has been shown to reduce Met-S-O in several oxidized proteins.
Scavenging ROS by the Msr system may result from methionine residues in proteins acting
as catalytic anti-oxidants. Strong support for a scavenger role of the Msr system is derived
from our recent studies on the overexpression of the Msr system, or knocking out the Msr
system in cultured cells [Zhang et al., 2010, 2011]. Overexpression of MsrA using adenovirus
delivery significantly lowers the hypoxia-induced increase in ROS ordinarily induced by
hypoxia and promotes cell survival of PC12 cells in culture [Yermolaieva et al., 2004]. The
siRNA knockdown of MsrA and MsrBs in human lens cells also reveals that the MsrA/B
system has a protective influence on hydrogen peroxide-induced cellular injury [Kantorow
et al., 2004; Yermolaieva et al., 2004].

MsrB is the only Msr family gene whose protein can reduce the R form of methionine
sulfoxide unlike the MsrA that is able to reduce the S form of methionine sulfoxide [Kim &
Gladyshev, 2004, 2005]. In our studies using siRNA to knockdown MsrA expression and
MsrA-GFP fusion protein overexpression, we demonstrated that MsrA plays an important role
in protecting stem cells against oxidative damage which has important implications in stem
cell therapy.

3.2 MsrA expression patterns in mouse ESCs under differing levels of oxidative
stress

We have confirmed MsrA gene expression in mouse embryonic stem cells and have
performed studies on MsrA gene expression during hypoxia/reoxygenation using real-time
RT-PCR for mRNA transcription, as well as Western blotting with anti-MsrA antibody for
MsrA protein expression. This work was published originally in detail in our recent paper
[Zhang et al., 2010] and will be summarized below.

Using real-time RT-PCR, mRNA transcription level regulation of the MsrA gene under
different levels of oxidative stress was analyzed. Oxidative stress levels were induced by
exposing cells to increased time periods of anoxia (in 90% N, 5% Hz and 5% CO;) and
reoxygenation combinations in a hypoxia chamber. It was found that the MsrA mRNA
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levels decreased with increased exposure to hypoxic and reoxygenation treatments. After 4
hours of oxygen depletion, decreases of MsrA mRNA could be observed; however, the
original expression level returned by 8 hours of reoxygenation. One explanation for this
observation is that it was a transient, instant response of stem cells to oxygen depletion,
since mRNA transcription reductions were apparent for MsrA, MsrBs and MMP9 (Matrix
Metalloproteinase-9) genes.

Mouse embryonic stem cell protein samples were collected after the above treatments. Proteins
from each sample were loaded in equal amounts onto 4-12% gradient NuPAGE
polyacrylamide gels (Invitrogen, Carlsbad, CA). Anti-MsrA antibodies (Abcam, Cambridge,
MA) were used in Western blot analysis that showed a gradual decrease of the MsrA protein,
with extending treatments of anoxia/reoxygenation, consistent with the mRNA level results.

3.3 Laser confocal microscopic analysis of MsrA protein localization in mouse ESCs

A MsrA-eGFP fusion plasmid was constructed in the pEGFP-N1 vector (Clontech, CA) and
transfected into the plasmids into ES cells. 48 to 72 hours after transfection, the ES cells were
observed in order to study the subcellular localizations of MsrA in the expression of MsrA-
eGFP fusion proteins [Zhang et al., 2010]. Cells then were incubated with MitoTracker
(Molecular Probes, WI) for mitochondrial staining before fixation and later mounted in
DAPI to stain the nuclei. Confocal microscopy demonstrated a strong colocalization of the
green fluorescence signals (MsrA-eGFP) with red MitoTracker signals (mitochondria). Also
observed was a general cytosol distribution of MsrA-eGFP outside of the nuclei and what
appeared to be between mitochondria. Cytosolic localization with concentrated
mitochondrial localization of MsrA-eGFP was not seen in stem cells transfected with the
PEGFP-N1 vector control. GFP (eGFP) expression in stem cells showed signals in both nuclei
and cytosolic domains suggesting nonspecificity (Figure 4).

3.4 Knock down of MsrA expression using siRNAs reduced resistance of mouse
embryonic stem cells to H,O>-mediated oxidative stress

To determine whether MsrA can protect stem cells from oxidative stress, we designed and
commercially synthesized three siRNAs for MsrA knockdown experiments (Invitrogen,
CA). A negative control siRNA and a FITC-labeled siRNA also were synthesized. Using
FITC-labeled siRNA, we optimized transfection conditions so that nearly 100% of the stem
cells were transfected with siRNA [Zhang et al., 2010].

3.4.1 Real-time RT-PCR confirms knock down of the MsrA mRNA

siRNA transfection in stem cells was performed and total RNA collected at one, two and
three days after transfection. The siRNA designed for the MsrA gene (168) and a negative
control siRNA, with randomized sequence (882c), were transfected into the stem cells using
identical methods. Real-time RT-PCR experiments were conducted with MsrA specific
primers designed against the c-teminal end coding sequence, in order to avoid the
alternative spliced 5 end transcripts [Kim & Gladyshev, 2006]. Comparing MsrA mRNA
levels after MsrA specific siRNA transfections with the negative control siRNA, we found
that one siRNA, from the three designed in our laboratory reduced the mRNA level of the
MsrA in the stem cells to only 20% of the control cells (Figure 5A). The reduced levels of
MsrA mRNA were maintained for at least 72 hours post-transfection [Zhang et al., 2010].
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206 Oxidative Stress — Molecular Mechanisms and Biological Effects

Fig. 4. Confocal microscopy of the subcellular localizations of MsrA-eGFP fusion protein in
mouse embryonic stem cells after pEGFP-N1-MsrA fusion expression plasmid transfection
for 3 days. A: Stem cells scanned for Mitotracker staining for mitochondria. B: Green
fluorescence shows the MsrA-eGFP fusion protein. C: DAPI staining shows nuclei. D:
Merged image of A-C showing that MsrA-eGFP localizes in both mitochondria and cytosol,
occasionally in nuclei (arrows). E: Phase contrast image of a colony of stem cells. Scalebar is
10 pm. (Reprinted with permission of the authors from Zhang et al., 2010 J. Cell. Biochem.
111(1):94-103).

3.4.2 Western blots confirm knock down of the MsrA proteins

Protein samples from stem cells were collected post-siRNA transfection at 24 hours, 48
hours and 72 hours. Western blotting experiments were conducted using anti-MsrA
antibody which binds to a 24kD MsrA protein band (Figure 5B). Western membranes were
stripped and rehybridized with B-actin antibody to normalize the MsrA concentrations in
each sample (Figure 5D). From the Western blotting data as well as the densitometry of blots
(Figure 5E) scanned by a gel imaging system (Alpha Innotech Corp., San Leandro, CA), we
unequivocally demonstrate a significant reduction of MsrA protein 24-hours after
transfection of MsrA-specific siRNA in the stem cells as compared to the negative control
siRNA. It is notable that the MsrA protein levels quickly return to normal levels on the
second day after transfection (Figure 5B and 5E), in spite of the mRNA levels still remaining
low (see Figure 5A). We also detected a faint band corresponding to MsrA protein dimers
(~50kD) from Western blotting after the protein samples were run in reducing
polyacrylamide gels (Figure 5B). To verify the existence of the dimer form of the MsrA
protein in mouse embryonic stem cells, we repeated the same Western blotting protocol but
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Fig. 5. A: Confirmation of the knockdown of MsrA mRNA by MsrA-specific siRNA
transfection using real-time RT-PCR. MsrA-specific siRNA (168) successfully reduces MsrA
mRNA levels to only ~20% compared to the negative control siRNA (882c) transfected cells
1 day post-transfectionally. mRNA levels remain low even 3 days after transfection. 168-1
stands for MsrA-specific siRNA (168) transfection for 1 day. B: Confirmation of the
knockdown of MsrA protein by MsrA-specific siRNA transfection using Western blot
analysis. Western blotting was done with protein samples from stem cells transfected with
MsrA-specific siRNA (168) or negative control siRNA (882c) for various days (days 1, 2, and
3) in a reducing PAGE gel. C: Western blot after running the same protein samples as in
panel B in a non-reducing PAGE gel. Arrow points indicate significantly reduced MsrA
dimers after 1 day transfection of MsrA-specific siRNA (168). D: The same blot as used in B
was reprobed for B-actin protein showing equal loading of protein samples in each lane. E:
Densitometry studies after scanning the monomer bands shown in panel B (shown with an
asterisk) a confirmed significantly decreased expression level of MsrA after 1 day
transfection of MsrA-specific siRNA compared to the negative control (168-1 vs. 882c-1).
Data were pooled from four separate experiments. 168-1 and 882c-1 stand for transfection of
MsrA-specific siRNA (168) or a negative control siRNA (882c) for 1 day. (Reprinted with
permission of the authors from Zhang et al., 2010 J. Cell. Biochem. 111(1):94-103).

used a non-reducing PAGE. It clearly shows that the dimer form is present in significant
amounts in the stem cells (Figure 5C). These data suggest that it is the dimer form, instead of
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monomer form, that is reduced after siRNA knockdown of the MsrA mRNA (arrow, Figure
5C) [Zhang et al., 2010]. Densitometry in Figure 5E illustrates the mean values using data
pooled from four separate experiments with reducing PAGE (i.e., from four blots as shown
in Figure 5B). Only densitometry of the monomer forms (indicated by * in Figure 5B) after
reducing PAGE was performed and shown in Figure 5E.

3.4.3 Stem cells show a lowered resistance to H.O, treatments after MsrA siRNA
transfection

After examining the effects of siRNA in the MsrA knockdown experiments, we transfected
the siRNA into mouse ES cells and treated the cells with hydrogen peroxide to evaluate their
resistance to hydrogen peroxide after maximal MsrA protein downregulation after 24 hours.
Hydrogen peroxide was diluted into the culture medium at differing concentrations and
incubated with the cells overnight prior to MTT assays to compare cell numbers in each
survival group. Results clearly showed a significantly reduced resistance of stem cells to
hydrogen peroxide treatment with less cell survival after MsrA knock down (Figure 6).
Importantly, differences, between MsrA-specific siRNA and the negative control siRNA
transfected cells were most significant at the higher hydrogen peroxide concentrations used
(i.e., between 100 uM and 300 uM). No differences were observed at lower concentrations
when cells begin to die (i.e., between 25 uM to 50 pM) [Zhang et al., 2010].

4. Overexpression of MsrA-eGFP provides additional protection against
hydrogen peroxide—induced oxidative stress to mouse embryonic stem cells

We performed experiments in which MsrA-eGFP fusion constructs were transfected into
cultured stem cells for two days [Zhang et al., 2010]. With the confirmation of expression of
fusion proteins by the appearance of green fluorescence under a fluorescence microscope,
hydrogen peroxide at a concentration of 75 pM was added to the medium for 2 hours before
the cells were incubated with propidium iodide to stain for non-living cells. At 75 pM
concentration, about 50% of the cells survived from previous serial dilution assays (Figure
6). In further studies (illustrations not included in this review —see Zhang et al., 2011), cells
were trypsinized and flow cytometry was performed to compare the differences of the cell
death ratios in cells with or without MsrA-eGFP fusion protein expression [Zhang et al.,
2010]. Results from flow cytometry confirm the expression of the MsrA-eGFP fusion protein,
when comparing the cell numbers of EGFP channels (excitation wavelength at 488 nm)
between transfected cells and nontransfected cells [Zhang et al., 2010]. Based on cell flow
cytometry, the cells were subdivided into four groups: 1. dead cells with no eGFP
expression; 2. dead cells with eGFP or MsrA-GFP expression; 3. live cells with no eGFP
expression; 4. dead cells with eGFP or MsrA-GFP expression. These experiments showed
that of those cells expressing MsrA-GFP fusion protein only 8.67% were dead cells [Zhang et
al., 2010]. However, in cells expressing eGFP only, 12.14% of the cells show propidium
iodide positive staining (dead). Therefore MsrA-eGFP protected the cells from hydrogen
peroxide-mediated oxidative damage,and thus, decreased cell death by 28.6% compared to
the eGFP control there are no significant differences in cell death ratios among

www.intechopen.com



Protection of Mouse Embryonic Stem
Cells from Oxidative Stress by Methionine Sulfoxide Reductases 209

nontransfected cells within DMEM medium (no DNA transfection), eGFP transfected cells
and MsrA-eGFP transfected cells without hydrogen peroxide treatment [Zhang et al., 2010].
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Fig. 6. MTT assays on stem cells treated by MsrA siRNA (168) versus a negative control
siRNA (882c). After MsrA-specific siRNA (168) transfection for 24 h, the cells are
significantly more prone to oxidative damage mediated by high concentrations of H>O>
treatment compared to a negative control siRNA (882c) transfected cells. The asterisks
indicate P < 0.05. (Reprinted with permission of the authors from Zhang et al., 2010 J. Cell.
Biochem. 111(1):94-103).

5. Confirmation of the maintained potency to differentiate into multiple adult
cell types from mouse embryonic stem cells in feeder-layer-free culture
conditions

To avoid interference of feeder layer embryonic fibroblast cells in our earlier stem cell
studies, we employed a feeder-layer-free culture system for our mouse embryonic stem cell
culture [Narayanan et al., 1993]. Cells were maintained at a low passage number (less than
20) and cultured on gelatin-coated culture dishes with Leukemia Inhibitory Factors (LIF)
added to the medium under conditions previously published [Zhang et al., 2011]. Cells
using these conditions maintain their typical stem cell morphology, growing into round
colonies with smooth edges (Figure 7A).

To confirm that cells used for subsequent studies would carry genuine stem cell
characteristics, we routinely stained the cells for embryonic stem cell specific markers and
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tested the capability of the cells to differentiate into various adult cell types at the same cell
passages we used for the studies of Msr gene expression regulation [Zhang et al., 2011]. The
cells under these culture conditions remain undifferentiated and positively stain for Stage-
specific Embryonic Antigen-1 (SSEA-1) antibody (Abcam, MA) (Figure 7B). From
immunostaining, we have determined that there are 90-95% SSEA-1 stainable cells in the
population. After induction of embryoid bodies from the stem cell cultures and subsequent
cell differentiation for 2-4 weeks [Muller et al., 2000], we have been able to stain
differentiated cells by various cell linage markers and confirmed multi-potency of the cells
using our feeder-layer-free culture conditions [Zhang et al., 2011]. Capability of these cells to

Fig. 7. Confirmation of stem cell identity and multipotent differentiation capability of the
cultured mouse embryonic stem cells (MESCs) in feeder-layer-free culture system. A: Phase-
contrast image of cultured MESCs without a feeder layer maintaining their typical round
colonies with smooth edges indicating lack of differentiation. B: Positive staining with stem
cell specific marker SSEA-1. C: Positive staining for the neuronal cell marker: neurofilament
(NF). Antibodies to NF stain both cell bodies (arrowhead) and axons (large arrow). Nuclei
are stained blue with DAPI (small arrow). D: Positive staining (green stain) for the cardiac
cell marker: cardiac Troponin T (cTnT). Organized myofibrils are seen. E: Positive staining
for the skeletal muscle cell marker, fast skeletal Troponin T (fsTnT) (green stain). DAPI, a
blue nuclear fluorescent dye shows nuclear staining. F: Positive staining for both a-actinin
(green) and desmin (red), markers for mesoderm-derived cell types. Magnifications for
Figure 1: (A) 100x; (B) 250x; (C) 100x; (D) 600x; (E) 250x; (F) 250x. (Reprinted with
permission of the authors from Zhang et al., 2011 J. Cell Biochem. 112(1):98-106).
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differentiate into neurons and cardiac muscle cells were of particular interest to us since
strokes and heart attacks are most likely the two most prominent health problems resulting
from ischemia. It is evident that both areas might benefit from advancing stem cell therapy.
Differentiated cells stained with neurofilament antibody were used to identify neuronal cells
(Figure 7C), while cardiac troponin T is specific for cardiomyocytes (Figure 7D). In addition,
fast skeletal muscle troponin T monoclonal antibodies stain only skeletal muscle troponin T
(Figure 7E), and desmin and a-actinin strongly suggest, but are not an absolute
conformation of general muscle cell types (Figure 7F).

5.1 Responses of Msr gene expression to anoxia/reoxygenation treatments

Using real-time RT-PCR, we have compared the regulation of methionine sulfoxide reductase
gene expression at the transcription level under oxidative stress [Zhang et al., 2011]. Different
levels of oxygen depletion and oxidative stress were induced by treating the embryonic mouse
stem cells with increasing time periods of anoxia (in 90% N2, 5% H2 and 5% CO2) and
reoxygenation (in air) in combined treatments. Results indicate that MsrA mRNA levels were
gradually decreased with prolonged anoxic and reoxygenation treatments. RT-PCR results of
MsrB1 and MsrB2 do not show an oxygen-dependent or oxidative stress regulated expression
pattern, however, an oxygen-dependent expression pattern for MsrB3 is evident [Zhang et al.,
2011]. Sensitivity of the MsrB3 mRNA expression level to oxygen depletion has been
unequivocally demonstrated with significantly decreased mRNA levels at four, eight, and
twelve hours of anoxic conditions to nearly half of the normal levels of normal oxygen levels.
We found that the mRNA levels return to normal values after prolonged reoxygenation (> 4
hours) [Zhang et al., 2011]. The same oxygen-dependent expression pattern has been observed
in matrix metalloprotein 2 and matrix metalloprotein 9 (MMP9). All real-time RT-PCR results
have been normalized to B-actin levels for comparison.

5.2 Knockdown of MsrA expression at the mRNA level has no direct impact on MsrB1 or
B2 gene expression but significantly decreases MsrB3 expression at the mRNA level

In view of earlier reports showing the potential for gene expression level interactions
between MsrA and MsrB [Moskovitz, 2007], we repeated real-time RT-PCR experiments on
all three reported MsrB genes (MsrBl, MsrB2 and MsrB3) using cells with MsrA mRNA
downregulated by the siRNA transfection approach [Zhang et al., 2011]. Results confirm
that all three MsrBs are expressed in mouse embryonic stem cells. Neither MsrB1 nor MsrB2
expression at the mRNA level were altered in the cells with MsrA mRNA downregulation
(Figure 8).

Nonetheless, MsrB3 expression was significantly decreased in MsrA-specific siRNA
transfected cells compared to the cells transfected with negative control siRNA. On the
basis of our data, we propose that there are no direct interactions between MsrA and
MsrB1 or MsrB2 gene expression at the mRNA level in mouse embryonic stem cells.
However, MsrB3 mRNA expression is shown to be influenced by the levels of MsrA
mRNA concentrations in the cells. A reduction of about 50% MsrB3 mRNA expression
was noted as early as day 2 after MsrA gene knockdown. It is noteworthy that MsrA-
specific siRNA downregulates MsrA mRNA for several days while its protein levels in the
cell start to return towards normal after only 24 hours post-transfection (Figure 8E and 8F)
[Zhang et al., 2010, 2011].
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Fig. 8. Real-time RT-PCR studies on MsrB gene expression at the mRNA level after
downregulation of MsrA expression by siRNA (168) transfection. A: MsrA mRNA levels; B:
MsrB1 mRNA levels; C: MsrB2 mRNA levels. D: MsrB3 RNA levels. MsrB3 is the only one
showing significantly increased mRNA expression after MsrA knockdown. E: MsrA protein
levels from densitometry of Western blots shown in F. F: Western blotting analysis of MsrA
protein and [-actin after treating MESCs with MsrA-specific siRNA(168) or negative control
siRNA(882) for days 1, 2, and 3. Triplets were used in each experiment. Two independent
experiments were performed for real-time RT-PCRs and three Western blotting experiments
were done. Results were averaged with standard errors of mean (SEM) presented with error
bars. 168-1 represents samples collected on day 1 with siRNA (168) treatment. Results from
MsrA-specific siRNA (168) treated samples labeled with asterisks (*) show statistically
significant differences from negative control siRNA (882) treated groups (P<0.05). (Reprinted
with permission of the authors from Zhang et al., 2011 J. Cell Biochem. 112(1):98-106).
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5.3 The pH of the culture medium influences Msr gene expression in cultured mouse
embryonic stem cells

In our published work on MsrA, it was observed that prolonged culture of mouse
embryonic stem cells (MES) in the same medium, without refreshing, promotes MsrA
mRNA expression [Zhang et al., 2010, 2011]. To further explore this phenomenon, we
cultured the cells in media pre-adjusted to pH 7.5, 6.8 or 6.4 by acetic acid or hydrochloric
acid, with either acid showing similar results. Media was changed every 24 hours for three
days and cells were collected just before the next culture media change. Total RNA and
proteins were extracted for real-time RT-PCR and Western blotting studies. When
comparing the different pH conditions on the same days, we found that MsrA, Bl and B3
genes have significantly increased their mRNA expression in cells cultured in the more
acidic media on day 3. Significant increases of MsrB3 mRNA were also found in pH 6.8
media on day 2. The most significant change was noticed in MsrB3 which had a 4-6 fold
increase of its mRNA in either pH 6.4 or 6.8 culture media compared to pH 7.5 on day 3.
However, even with the significant increase in MsrA mRNA expression in pH 6.4 medium
on day 3, no increase of protein level in stem cells was observed using MsrA antibody, the
only antibody available for Western blotting on mouse Msr family genes (Figure 9E and 9F).

6. Evidence of the existence of a truncated form of MsrA in mouse embryonic
stem cells

From our previous studies on MsrA [Zhang et al., 2010], we have consistently found that
there is an observable protein band with a molecular weight (MW) of about 16 kD from
Western blotting experiments using anti-MsrA antibody (Figure 10A, thick arrow), and we
examined this in much more detail, recently publishing our study in which we will
summarize the results and discussion in the following section of this review chapter [Jia et
al., 2011]. The hybridization signal is low, and becomes evident on the X-ray film only after
the longer form MsrA bands are overexposed (Figure 10A, thin arrow). There are also
protein bands with molecular weights of ~46 and ~48 kD indicating homodimers of MsrA
long form proteins (Figure 10A, arrow head), even with protein samples thoroughly treated
by reducing agents before SDS-PAGE, as has been reported by other laboratories [Lee et al.,
2006]. On our films, there is also a band with a molecular weight of 39 kD, possibly
heterodimers formed by a long form protein of MsrA (MW: 23 kD) and a smaller form of
MsrA protein (MW 16 kD) (Figure 10A, *). In addition, a minor band with a molecular
weight of ~32 kD, possibly formed by homodimers of two molecules of the smaller form of
MsrA proteins (Figure 10A, ** ). The 32kD and 39kD bands cannot readily be explained by
the dimerization from cytosolic isoforms of MsrA which are 19-20kD in size [Kim &
Gladyshev, 2006; Lee et al., 2006]. To confirm the existence of this smaller form of protein,
we have carried out RT-PCR using total RNA extracted from mouse embryonic stem cells to
amplify the full cDNA [Jia et al., 2011]. The forward and reverse primers were designed
based on the 5-UTR and 3’-UTR of the known full length MsrA cDNA respectively
(Genebank#: NM 026322.3 ). Products from RT-PCR were loaded onto an agarose gel for
electrophoresis; and two bands are readily visible on the gel, with the smaller one (Figure
10B, thick arrow) showing approximately 1/20th of the intensity and being about 100bp
smaller than the larger band (Figure 10B, thin arrow).
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Fig. 9. Real-time RT-PCR studies on Msr gene expression in culture media with different pH
conditions (pH 6.4, 6.8, and 7.5) at 1, 2, and 3 days in culture. All Msr genes, except for
MsrB2, show increased expression at the mRNA level after 3 days in culture with acidic
media with MsrB3 showing the most dramatic responses. A: MsrA mRNA levels; B: MsrB1
mRNA levels; C: MsrB2 mRNA levels; D: MsrB3 mRNA levels. E: Western blotting assays
on MsrA protein and p-actin after culturing MESCs in media with different pH for daysl, 2,
and3. F: Densitometry of MsrA bands normalized by p-actin after Western blotting shows
equal levels of MsrA protein expression in cells cultured in media with different pH on the
same days. In all comparisons, data from cells cultured at pH 7.5 are arbitrarily set as unit 1.
Results with statistically significant differences from control groups (pH 7.5) were labeled
with asterisks (*) (P<0.05). Triplets were used in each experiment and at least two
independent experiments were performed. Results were averaged with standard errors of
mean (SEM) presented as error bars. Results are labeled with asterisks (*) if there are
statistically significant differences (P<0.05) while comparing samples treated with acidic
culture media and cells cultured at pH 7.5. (Reprinted with permission of the authors from
Zhang et al., 2011 J. Cell Biochem. 112(1):98-106).
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Fig. 10. Western blotting experiment using MsrA antibody reveals a smaller MsrA protein in
cultured mouse embryonic stem cells. A. Thick arrow: the smaller form (~16 kD); thin
arrow: the large form (~23kD); arrowhead: possible dimers from the long form MsrA
proteins; *: possible heterodimers from a large form and a shorter form protein; **: possible
homodimers from two shorter form proteins. B. Agarose gel electrophoresis of the amplified
cDNA of MsrA showing a smaller band. PCR bands: long form: 857bp (thin arrow); short
form: 744bp (thick arrow). (Reprinted with permission of the authors from Jia et al., 2011 J.
Biomed. Sci. 18:46).

6.1 Cloning of the truncated cDNA form of MsrA

RT-PCR products of the smaller band described above were recovered from agarose gels
and ligated to the pGEM-T-easy vector (Invitrogen, CA). After determining the DNA
sequence, the smaller form sequence was aligned and compared to the full length GenBank
cDNA. A deletion of the fifth exon (113bp) was found in the smaller form which ends up
with a frame shift in the sixth exon directly attached to the fourth generating a new
premature stop codon (Figure 11 A and B). The total length of the truncated protein is 148
amino acids, compared to the full length protein of 233 amino acids in length, both
containing a mitochondrial signal peptide at the N-terminus (Figure 2). The truncated form
still retains the GCFWG functional motif (catalytic active site) but contains neither of the two
cysteines at the c-terminus (Figure 11B). Due to the functional importance of the two c-
terminal cysteines in the redox reaction, it is reasonable to believe that the enzyme activity for
methionine sulfoxide reduction will decrease dramatically, which requires confirmation by
studies on purified proteins translated from this truncated template. It is interesting that we
have also identified a virtually identical mouse EST sequence from a kidney cDNA library in
GenBank (GenBank ID: BG970953.1) with the same intron splicing pattern as the truncated
form of MsrA cloned from embryonic stem cells, indicating that this isoform might not be stem
cell specific. The comparison between the EST sequence and truncated MsrA is illustrated in
Figure 12. Except for missing ten nucleotides at the end of the third exon (boxes in Figure 12
and Figure 11A), the EST sequence showed 100% identity to the truncated cDNA from the
113th nucleotide (at the 5" UTR) to the very end of truncated form of the Msr cDNA.
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;\ 1 @ BETGGCTECGEAGGTGEAGELECGGCAGCAACTCTGACCTCCCGUGGTGEC
52 ¢ GUCCAGCCAGCATCAATTTTGGUCCCGCGCGFCTTCACGTACTCTGGGAACT
103: TTGTCCCTCAGAGLACAGCCAGGCCTGGAGGTCTGCCCCGCGAGACGGACRAC

154: GCCGCCCATGCTCTCCGCCTC TAGAAGGGCTCTCCAGCTCCTCTCTAGCGC
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E 2 L P ¢ R T E P I P W T K H H
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358: TGTATTTRGAATGGGCTGCTTCTGGGGAGC TGAGCGCAAGTTCTGGGTCTT
WV F m ¢ ¢ F W ¢ L E R K F W W L
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562: CTTCTGGEAGALTC ACGACCCGACCCAAGI GTTCTTTCAAAGCATALCTTTG
FDIENHDPTQGISFKIL*

613: GCCCCATCACCACCGACATCCGAGAGGGACAAGTGTTC TACTATGCCGARG
664: ACTACCACCAGCAATACCTGAGCAAGRACCCAGACGGCTACTGTGGCCTCG

715: GGGGTACTGGAGTTTCCTGECCEATGEECT

B Mitrochondria signal peptide
long 1 MLSASEEALQLLS SANPYREM D SASFVISAEEALP GRTEP IPUVTAFHHVE ATRTVER FP &0
short 1 MLSASEEALOLLS SANPYREM D SASEVISAEEALP GRTEP IPVTAFHHYS GTRTVER FP &0

GCFWE motif
lomgy 61 EGTOMAVFGMGCFUGA ERKFIVLEGTTS TOWGF AGGHT ENF TYREVCS ERT GHARWWRWY 120
short 61 EGTQMAVFCMGCF A ERFFIVLESTS TOWGF AGGHT BNP TYFEVCS ERT GHAEVVREYY 120

long 121 YRPEHISFEELLEVFWEMHDE T GIRQGNDF T OYRSAWYE TS AVIMEALL EEKEETFW 120

short 121 YTRPEHISFEELLEVFWEMHDT TQGESFHEAL* ld2

long 181 LEFHNFCPITTDIRECQVFYYAEDYHQOYLEFNIDETC CLECT s CPMATEE* 2332
# *

Fig. 11. The cDNA sequence of the truncated form of MsrA with the predicted open reading
frame. A. Thin lines indicate exon-exon junctions. The thick line points to the junction of
exon 4 and 6 skipping exon 5 in the truncated form but is included in the long form of MsrA.
Shaded sequences are the two primers used to amplify the whole cDNA. Sequences
underlined show the primer pairs for real time PCR to specifically amplify the truncated
form with the forward primer designed on the junction of exon 4 and 6. B. The truncated
form contains 148 amino acids with a mitochondrial signal peptide at the N-terminus and a
GCFWG motif but no c-terminal cysteines. (Reprinted with permission of the authors from
Jia et al., 2011 J. Biomed. Sci. 18:46).
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EST 1 GAGACAGCCAGGCCTRRAGETC T GOCCOGCGAGAC GRACAC GOCGCCCATGETCTCCGES &0
Frerrrererreerrererreereererrrrreer et rrererrerrrrrrrtd
Trime 115 GAGACAGCCAGGCCTGRAGETCTECCCCGLGAGACGGACALCGCCGCCCATGCTCTCCGEE 172
EST £l TCTARAAGGGCTICTCCAGCTCCTCTCTAGCGCCAACCCGGTACGRAGGATGGGCGACTCA 120
Frerrrererreerrererreererrerrrrr ettt rrerr e rerrerrrrrrrtd
Trime 172 TCTARAAGGGCTICTCCAGCTCCTCTCTAGCGOCAACCCGGTACGRAGGATGGGCOGACTCA 232
EST 171 GCTTCGARAGTCATCTCOCGCAGAGGAAGOCT TRCGEGACGCACCGAGCCEATCCCTGTA 180
Frrrreerrrreerrrerrrrrererreererrre et e eer et ettt rrrrrrnl
Trimec 235 GCTTCGARAGTCATCTCOCGCAGAGGAAGOCT TROCGEGACGCACCGAGCCGATCCCTGTA 292
EST 181 ACAGCCARACACCATGTCAGTGGCAACAGRACGGTTGAACCTTTCCCAGAGGAACACLG 240
Frerrrererreereererreerrererrr e e ettt r ettt et rrrertd
Trime 295 ACAGCCARACACCATGTCAGTGGCAACAGRACGGTTGAACCTT TCCCAGAGGGAACACLG SEZ
EST 241 ATGGCTGTATTIGGAATGGGCTGCTTCTGRGEAGCTGAGCGCAAGTTCTGEGTCTTRALE 200
Frerrrererreerrererreerrererrrrr e ettt et erertrerr el
Trimec 352 ATGGCTGTATTIGEAATGGECTGCTTCTGRGGAGC TCAGCGCARGTTCTGRGTCTTGALE 417
EST 201 GGAGTGTACTCAACCCAAGTGGGCTTTGOAGGAGGCCACACACGCAATCCCACCTACALA 269
Frerrrererreereererreerrererrrrr e ettt rr et ererrerr el
Trimec 412 GEAGTGTACTCAACCCAAGTGGGCTTTGOAGGAGGCCACACACGCAATCCCACCTACALE 472
EST 360 G L GARARRACTGRCCAC GOC GAAGT L GTCCGEGT TG TETACCGROCAGLG 410
| PP Err et et e et ettt et ettt rrrrrrrl
Trime 472 GF A GAAARAACTGGCCACGOC GAAGTCGTCCGGGTTGTGTACCGGOCAGAG  B32
EST 411 CACATCAGCTTIGAGGAACTGCTCAAGGTCTTCTIGGGAGAATCACGACCCGACCCAAGGT 470
Frerrrererreerrererreerrererrrer e ettt e rrererrerr el
Trime 535 CACATCAGCTTIGAGGAACTGCTCAAGGTCT TLIGRGAGLATCACGACCCGACCCAAGGT 592
EST 471 TCTTTCARAGCATAACTTITGGCCCCATCACCACCGACATCCGAGAGGGACAAGTGTTCTA &30
Frerrrererreerrererreerrererrr e e ettt r ettt rre et rrrertd
Trime 592 TCTTTCARAGCATAACTTITGGCCCCATCACCACCGACATCCGAGAGGEACAAGTGTTCTA K62
EST E3]1 CTATGCCGAAGACTACCACCAGCAATACCTGAGCAAGRACCCAGACGECTACTGTIGECCT 590
Frrrreerrrr et e e rrrr et e et reerrr e ettt rrrrrrn
Trime 652 CTATGCCGAAGACTACCACCAGCAATACCTGAGCAAGARCCCAGACGECTACTGTGECCT 712
EST £91 CGEEEGTACTGGAGTTTCCTGCCCGATGGCOCA E22
FEErrrererreer et rreer el
Trime 715 CEGGEGTACTGEAGTTTCCTGCCCGATGGOCA 744

Fig. 12. Comparison between truncated form of MsrA cDNA (Trunc) and a mouse EST

sequence from a kidney cDNA library in Genbank (EST). The EST sequence lacks ten
nucleotides comparing with the truncated cDNA which is shown in the box. The same area
is also shown in a box in Figure 2A, which is located at the very end of the third exon.
(Reprinted with permission of the authors from Jia et al., 2011 J. Biomed. Sci. 18:46).

www.intechopen.com



218 Oxidative Stress — Molecular Mechanisms and Biological Effects

6.2 Confocal microscopy reveals different subcellular localizations for the truncated
MsrA protein compared to the full length using eGFP fusion constructs

The long form of the MsrA full length protein conjugated with the eGFP tag has been
studied previously in our laboratory and was found to be localized predominantly in
mitochondria with some staining in the cytosol [Zhang et al., 2010, 2011]. Further studies
confirmed this finding with the MsrA long form-eGFP fluorescence signals (green, figure
13B); the mitochondria stained by MitoTracker (red, figure 13A) mostly overlap each other
and show an orange color (figure 13G).

After our discovery of the truncated form of the MsrA, we did a detailed study of this form
and have published these results [Jia et al., 2011], from which we describe and summarize
these recent findings in the following paragraphs. The MsrA truncated form-eGFP fusion
protein shows a more nonspecific localization, mostly in the cytosol, although green
fluorescent signals in mitochondria are detectable (Figure 13 D, E, F and H). To confirm this
observation, we have generated a combination of three single slices of confocal scans top view
(A), upper-side view (B) and right-side view (C) on a stem cell colony with the truncated-
MsrA-eGFP transfection (Figure 14A, B and C) [Jia et al., 2011]. This provides a clear three
dimensional image showing the localization of the truncated protein. On the focal point of the
scans (cross-point of the horizontal green line and the vertical pink line), the green fluorescent
signal is excluded from nuclei stained by DAPIL Most of the green signals are not overlapping
with the red mitochondria in all three view angles (arrowhead, Figure 14C) although there are
some detectable co-localizations evident (arrow, Figure 14B) [Jia et al., 2011].

Studies reported by Lee et al. [2006] and Pascual et al. [2009] show the existence of two
alternative promoters for the MsrA gene that encode different isoforms of MsrA proteins in
mitochondria or cytosol/nuclei due to the presence or absence of a N-terminal
mitochondrial signal peptide. Studies from Kim and Gladyshev [2006], using GFP fusion
techniques and deletion mutagenesis, reveal functional domains in the MsrA peptide
sequence, including sequences close to the c-terminus, that may also direct the specific
locations of the protein in subcellular compartments. Localization of the mitochondrial form
of MsrA in the cytosol and nuclei were also noted by Kim and Gladyshev [2005] in MsrA
overexpression experiments. Although syntheses of different isoforms with or without the
N-terminal signal peptide might be the optimal way for cells to direct protein sorting, it
should not be overlooked that the same isoform might be able to locate to multiple cellular
compartments. While we do not rule out the possibility that the altered localization pattern
of the truncated protein, compared to the long form, is due to GFP fusion interference, it is
very unlikely considering the fact this same method has been used successfully to reveal
subcellular localization of MsrA in all of our cell lines [Zhang et al., 2010, 2011; Jia et al,,
2011]. Previous studies from our laboratory on the truncated MsrA-eGFP fusion protein
suggest a necessary domain at the c-terminal sequence for permanently docking of the
protein on mitochondria. In addition to the mitochondrial signal peptide, there may exist
another essential domain at the c-terminal end of the full length protein, without which, the
truncated proteins are able to be sorted to the mitochondria but will eventually leak out
back into the cytosol. In the deletion mutagenesis studies of Kim and Gladyshev [2005], the
deletion is limited only to the very end or very middle of the N-terminus, not totally
overlapping the portion omitted in this truncated form which could harbor more functional
domain units [Kim & Gladyshev, 2005].
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Fig. 13. Confocal microscopy on the long form MsrA-eGFP (A,B, C,G) and truncated MsrA-
eGFP (D,E F H) transfected mouse embryonic stem cells. A,D: mitochondria stained by
propidium iodide; B,E: green fluorescence showing GFP tags; C,F: nuclei stained with DAPI;
G: overlapped image from A, B and C, but with higher magnification; H: image overlapped
from D, E and F; Bars: 10 pm. (Reprinted with permission of the authors from Jia et al., 2011
J. Biomed. Sci. 18:46).
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Fig. 14. Confocal microscopy of a single colony of mouse embryonic stem cells. A: top view
of a single slice of scanning showing most eGFP signals are not overlapping with
mitochondria or nuclei. B: single slice scanning from upper-side view; J-2: single slice
scanning from rightside view. The arrow in B indicates some overlapping signal of
truncated Msr-eGFP and mitochondria. The arrowhead in C points to the area where the
truncated Msr-eGFP signals are not overlapping with mitochondria, but mainly in cytosol.
The cross-point of the horizontal green line and vertical red line points to the area we are
observing. The blue lines in B and C show the current slice position for this confocal
scanning (Reprinted with permission of the authors from Jia et al., 2011 J. Biomed. Sci.
18:46).

6.3 Real time RT-PCR shows a different response of mRNA expression levels for the
trunctated form compared to the full length MsrA

Real time RT-PCR studies done in our laboratory on the long form MsrA expression
responses to oxygen deprivation and reoxygenation show that the expression levels
decrease along with longer anoxia/reoxygenation treatment combinations [Zhang et al.,
2010, 2011]. Similar studies on the truncated MsrA transcripts show different responses
compared to the long form except during 4 hours of anoxia treatment in which both
truncated and long forms show decreases at the mRNA level, likely an initial response of the
stem cells to oxygen deprivation as observed in all Msr genes as well as in other genes

www.intechopen.com



Protection of Mouse Embryonic Stem
Cells from Oxidative Stress by Methionine Sulfoxide Reductases 221

including metalloproteinases (MMP2 and MMP9) [Zhang et al., 2010, 2011; Jia et al., 2011].
mRNA expression of the truncated form decreases dramatically when a short period of
reoxygenation (4 hours) was given after a long period (12 hours) of anoxia (12+4 hrs). The
level of reactive oxygen species (ROS) in the cells are expected to rise substantially.
Expression level partially recovers after 12 hours of reoxygenation following the 12 hours of
anoxia treatment (12+12 hrs) to the same level as 12 hours of reoxygenation following 8
hours of anoxia (8+12 hrs), at which point the level of reactive oxygen species might have
decreased compared to the point of 12+4 [Jia et al., 2011]. We suggest that the truncated
form of the MsrA transcript is responsive to the cellular level of ROS. By comparing
expression levels at 12+4 and 12+12 time points for long and truncated forms of MsrA
mRNA, it is evident that the truncated form is more sensitive to oxidative stress changes
than the long form.

6.4 The c-terminal truncated form of MsrA was cloned from mouse embryonic stem
cells by skipping exon 5 and having a frame shift mutation in exon 6, generating a
premature stop codon

The truncated MsrA protein displays a different subcellular localization pattern expression
in response to anoxia/reoxygenation treatment of the stem cells. Further studies on the
enzymatic activity of this shortened peptide is required to classify it as a functional isoform.
One possibility for the evolutionary advantage of retaining such a truncated form might be
that producing a smaller size protein while containing an active GCWEFG site, may allow
this “mini-protein” to readily access the oxidized methionine residues on proteins, while the
larger structure hinders access of the long form protein. Since the truncated protein does not
contain c-terminal cysteines, perhaps the final relieving of the oxidation step needs the long
form MsrA. Interestingly, heterodimers between long form and truncated proteins were
observed in our Western blotting experiments [Jia et al., 2011].

7. Implications and conclusions on protection of mouse embryonic stem
cells from oxidative stress by methionine sulfoxide reductase A (MsrA)

Previous studies on methionine sulfoxide reductase (Msr) have been performed in various
mammalian cell lines [Kantorow et al., 2004; Yermolaieva et al., 2004; Petropoulos et al.,
2001] as well as animal models [Ruan et al., 2002; Moskovitz et al., 2003]. Regulation of the
Msr system as an antioxidant mechanism for stem cells, however, was totally unknown
before our studies [Zhang et al., 2010, 2011; Jia et al., 2011]. It is critical to understand more
about stem cell anti-oxidative stress capabilities in order to develop protocols for therapeutic
applications of stem cells stressed by high oxidative environments. Our published in vitro
studies using mouse embryonic stem cell cultures demonstrate the vital importance of the
MsrA protein protecting these stem cells from hydrogen peroxide mediated oxidative
damage [Zhang et al., 2010]. This same protection may exist in vivo and potentially may
improve the cell viability of stem cells in patients having ischemia/reperfusion oxidative
damage, such as in an infarcted myocardium. Msr genes also could play a major role in
shielding adult stem cells or embryonic stem cells stored in adult tissues, from oxidative
damage. Such cells apparently are maintained in a quiescent state in adult tissues for long
periods that probably extend throughout the entire lifetime of the individual [Ding, 2003,
Ryu et al., 2006].
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Three MsrBs have been cloned (MsrB1, B2 and B3) from mammals, which are localized in
subcellular compartments [Kim and Gladyshev, 2004, 2005, 2006] and show variable
expression patterns in different tissues. There is only a single known mammalian MsrA
gene and its proteins are localized in both the cytosol and in mitochondria [Vougier et al.,
2003]. Our published studies using the eGFP fusion protein to track MsrA expression show
that the majority of MsrA proteins are present in the cytosol and the mitochondria
components of cells [Zhang et al., 2010]; a similar localization pattern has been shown for rat
liver cells [Vougier et al.,, 2003]. In our experiments, limited fluorescent signals were
observed in the cell nuclei, indicating low concentrations of MsrA-eGFP [Zhang et al., 2010].
It is possible that these low eGFP fluorescent levels were due to steric molecular interference
being conjugated to MsrA [Hansel et al.,, 2002]. Studies on human MsrA showed the
exclusive mitochondrial protein localization [Hansel et al., 2002]. The mouse MsrA protein,
using the eGFP construct, revealed localization of MsrA in mitochondria, cytosol and nuclei
[Kim & Gladyshev, 2005]. Kim and Gladyshev [2005] proposed that the N-terminal
mitochondprial signal peptide directs the MsrA protein to the mitochondria. It appears there
is localization of MsrA variations according to species and type of cell.

In mammalian cells, MsrA is a gene lacking numerous exogenous influences unlike reports
for insects suggesting that ecdysone can induce MsrA expression in Drosophila
melanogaster during development [Cherbas et al., 1986; Roesijadi et al., 2007]. We have
demonstrated that combinations of anoxia and reoxygenation to treat mouse embryonic
stem cells have shown a unique result in which MsrA mRNA and protein expression
decreases with increased periods of anoxia or reoxygenation treatment [Zhang et al., 2010].
Increasing the periods of anoxia or reoxygenation results in elevated levels of reactive
oxygen species expression and MsrA mRNA and protein expression in stem cells. These
results are consistent with reports [Petropoulos et al., 2001] that rat MsrA gene expression
decreases with age and during replicative senescence of human WI-38 fibroblasts. Both
scenarios correlate aging with higher levels of oxidative stress. It is relevant to note that all
these studies show the MsrA expression levels to decrease, not increase, with prolonged
oxidative stress exposure/aging. Increasing MsrA expression would hypothetically provide
more protection for cells when exposed to higher levels of oxidative stress [Zhang et al.,
2010]. It remains unknown whether this mechanism exists in nature as a protective
mechanism to prevent stem cells in the body from turning into cancerous tissue by allowing
cells to die by ROS damage once the hypoxic environment is established in a growing tumor
[Zhang et al., 2010]. It is also possible that by decreasing MsrA via oxidative stress,
embryonic stem cells are allowing higher and longer periods of ROS spikes to signal for
differentiation initiation in which case overexpression of MsrA in stem cells will be
detrimental to their plasticity. It would be very interesting to further investigate this
phenomenon, for future guidance in manipulating MsrA expression in stem cells in
response to oxidative damage to increased cell survivability and differentiation [Zhang et
al., 2010]. We have found that after siRNA knockdown of MsrA, its mRNA remains at low
levels for 72 hours or more. The MsrA protein levels, however, return to normal within 48
hours. Our laboratory was the first to report translational regulation of the MsrA protein in
stem cells [Zhang et al., 2010]. The mechanism of regulation remains unknown. It seems
evident, however, that the stringent control in mouse ESC to keep the MsrA protein level
high, even with low levels of mRNA present, suggests that this protein is essential to
cellular function and survivability [Zhang et al., 2010].
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We confirmed the successful knockdown of MsrA mRNA levels in the stem cells after 24
hours following MsrA siRNA transfection. There was almost an 80% reduction of mRNA
levels and a 70% reduction of protein in the cells at this time point. In addition we added
H>O; to the cell cultures after 24 hours to determine a possible loss of the protective effect
after MsrA knockdown at high H>O, concentrations. We found that the protected loss after
MsrA knockdown was not significant if H,O, concentrations are low (< 50pM), suggesting
that the protective effects from other methionine sulfoxide reductases, such as MsrBs, are
intact in the stem cells to fight against oxidative damage [Zhang et al., 2010]. In order to test
our hypothesis and show that loss of protective effects is from MsrA alone rather than
concurrent loss of MsrBs’ expression after MsrA siRNA transfection, we performed
experiments using real-time RT-PCR on the three MsrB genes (MsrB1, MsrB2 and MsrB3)
using samples with MsrA siRNA transfection. These experiments proved that all three
MsrBs are present in stem cells after 24 hours of siRNA post-transfection, without any
changes in MsrB mRNA expression levels. Our earlier work confirms that there is no direct
interaction between MsrA and MsrBs gene expression in mouse embryonic stem cells.

These results reiterate the existence of additional protective effects of MsrA overexpression
in mouse embryonic stem cells. We conclude, based on our studies, that overexpression of
MsrA in stem cells provides major protection to stem cells in harsh environments such as
ischemia/reperfusion during strokes or heart attacks. New approaches to treat diseases,
including neurodegenerative diseases and ischemia/reperfusion-induced brain or heart
damage using adult or embryonic stem cell transplantation are being developed. A major
roadblock of using stem cells is their low survivability after surgery due to the harsh
oxidative environments into which these cells are placed. Without preparing and protecting
stem cells to resist high oxidative stress prior to transplanting them into damaged tissue
areas dictates likely failure and death of the implanted cells. In our recent studies, we
believe we have found a very promising approach to solving this problem by enhancing the
resistance of stem cells to oxidative damage once they are transplanted into an oxidatively
stressing environment [Zhang et al., 2010]. We believe it will be very important to further
investigate the differentiation capability of stem cells overexpressing MsrA. Since the Msr
genes can directly function to reduce oxidized proteins back to their functional forms by
indirectly controlling the ROS levels in these cells, it seems reasonable that overexpressing
Msr genes in stem cells might function to reduce ROS damage to the cells without losing the
cells’” sensitivity to ROS as a differentiation signal [Zhang et al., 2010]. Thus the Msr gene
family could potentially serve a key role in engineering stem cells to obtain higher resistance
to oxidative damage, while retaining the cells” potential for differentiation into the adult cell
types described in a given clinical application.

8. Potential regulatory interactions of the Msr genes

In our earlier studies, we demonstrated that knockdown of the MsrA gene in mouse
embryonic stem cells causes a loss of protection against H>O»-induced oxidative damage
[Zhang et al., 2010]. Studies from other laboratories have shown a potential intergenic
relationship of gene expression between the MsrA and MsrB genes from the MsrA knockout
mouse model; MsrA knockout mice showed parallel losses at the levels of the MsrB1 mRNA
and the MsrB1 protein [Moskovitz et al., 2003]. Subsequent studies on MsrA knockout mice
placed on selenium deficient diets showed a reduction of MsrB activity in a tissue specific
manner [Moskovitz, 2007]. In our studies [Zhang et al., 2011], a short term (three days) loss
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of MsrBl or MsrB2 expression was not detected and the long term effect of MsrA
knockdown of MsrBl and MsrB2 expressions is not known. MsrB3, however, shows
decreased expression at days 2 and 3. Although the mRNA of MsrA is still down 70%
compared to negative control siRNA transfected cells at day 3, the MsrA protein expression
has returned to normal levels. It is possible that the signal to decrease MsrB3 expression is at
the level of MsrA mRNA, and not its protein. The mechanism by which MsrA regulates
MsrB expression remains to be elucidated and will form a most interesting topic for further
studies, considering the fact that MsrB3 and MsrA genes are located on different
chromosomes in both human and mouse. Earlier studies from our laboratory, together with
previous findings from other laboratories, strongly suggest that MsrA plays a significant
role in MsrB gene expression [Zhang et al., 2010, 2011].

There have been a few studies on regulatory factors that influence Msr gene expression. In
prokaryotes, studies on H. pylori demonstrate that certain stress conditions such as
treatment with peroxide, peroxynitrite, or iron starvation, results in a 3- to 3.5-fold
transcriptional up-regulation of the Msr gene [Alamuri & Maier, 2006]. In H. pylori, Msr
codes for a 42-kDa protein with fused MsrA- and MsrB-like domain [Weissbach et al., 2002].
The only available evidence that Msr gene expression is influenced by pH stems from
studies on Streptococcus gordonii which when entering the blood stream (pH 7.3) from the
oral cavity (pH 6.2) promotes MsrA expression and possibly protects and increases
survivability of the bacteria [Vriesema et al., 2000]. In Drosophila, ecdysone was found to be
effective in promoting MsrA but not MsrB expression [Roesijadi et al., 2007]. In mouse, a
selenium deficient diet results in decreased enzymatic activities for both MsrA and MsrB
[Uthus & Moskovitz, 2007]. MsrA is also found downregulated in human hepatitis B
positive hepatocellular carcinoma (HCC) with metastasis compared to HCCs without
metastasis [Lei et al., 2007]. Recent studies on insulin/IGF receptor (IIR)/FOXO pathways
indicate that downregulation of signaling in this pathway has been shown to extend lifespan
in worms and flies [Minniti et al., 2009]. FOXO-mediated transcription is required for the
long lifespan, thus there is great interest in identifying FOXO target genes. Also, it was
reported recently that methionine sulfoxide reductase A expression is regulated by the DAF-
16/ FOXO pathway in Caenorhabditis elegans [Minniti et al., 2009]. Moreover, another
study has shown that Spx, a global transcriptional regulator of the disulfide specific
oxidative stress response in B. subtilis plays a central role in the paraquat-specific induction
of MsrA and MsrB expression [You et al., 2008].

Previously, we have demonstrated, for the first time that Msr genes are responsive to
environmental culture condition changes that mimic pathological situations [Zhang et al.,
2010, 2011; Jia et al., 2011]. Since MsrA is the only enzyme currently known for Met-S-(O)
reduction and since MsrB1 has the highest enzymatic activity for Met-R-(O) reduction [Kim
& Gladyshev, 2004], and both show only slight responses to oxygen level and media pH
changes, MsrA and MsrB1l (and possibly also MsrB2) likely function as housekeeping
enzymes for normalizing oxidative status in the cells [Zhang et al., 2011]. However, MsrA
and MsrB1 do possess the capability of being regulated in a severely harsh environment.
MsrB3, on the other hand, shows the lowest expression level in real time RT-PCR studies
compared to MsrB1 and B2, but the most dramatic response to both oxygen level and media
pH among all the Msr genes [Zhang et al., 2011]. Thus, MsrB3 could be a major player
responding to increased cellular oxidative stress. It seems also reasonable to hypothesize
that an acidic pH environment is an important signal for MsrB3 expression induction based
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on current results, while oxygen depletion, although also a tissue damaging signal, shuts
down MsrB3 transcription [Zhang et al., 2011].

Using real time RT-PCR, we have shown that MsrB3 responds most dramatically, among all
Msr genes, to oxygen deprivation, culture media pH changes and MsrA knockdown [Zhang
et al., 2010, 2011]. MsrB3 expression decreases significantly under anoxic conditions but
increases dramatically after two days of culture in acidic medium, suggesting that MsrB3 is
a major player in response to changes of tissue oxidative stress in embryonic stem cells.
Knockdown of MsrA by siRNA in these cells also has shown a parallel decrease of MsrB3
transcription (30-50%) compared with the negative controls, but not for MsrBl and B2,
indicating different intergenic interactions between MsrA and members of the MsrB group.
In the present studies, we suggest new evidence to examine the expressional regulation of
Msr genes. The flexibility of MsrB3 expression levels provides a potential target for future
research to improve oxidative stress resistance in therapeutic stem cells or even to reduce
this resistance in harmful tissues such as in cancer cells [Zhang et al., 2011].

9. Truncated form of methionine sulfoxide reductase A

Methionine sulfoxide reductase A (MsrA), an enzyme in the Msr gene family, is important
in the cellular anti-oxidative stress defense mechanism. It acts by reducing the oxidized
methionine sulfoxide in proteins back to sulfide and by reducing the cellular level of
reactive oxygen species. MsrA, the only enzyme in the Msr gene family that can reduce the
S-form epimers of methionine sulfoxide, has been located in different cellular compartments
including mitochondria, cytosol and nuclei of various cell lines [Zhang et al., 2010, 2011].
One possibility for the existence of a truncated form of the MsrA transcripts could be that
with a smaller protein size, yet retaining a GCWEFG action site, this protein might have
easier access to oxidize methionine residues on proteins than the longer form of the MsrA
protein, thus having an evolutionary selection advantage. This research opens the door for
further study on the role and function of the truncated MsrA embryonic mouse stem cells
[Jia et al., 2011].

10. Conclusions

Studies from our laboratories and others support the concept that the Msr family of
enzymes protects cells from oxidative sulfide groups of methionine residues in proteins. As
a consequence, normal protein functions are restored and there is a reduction of intracellular
reactive oxygen species. Further experiments suggest that the four Msr family genes are
under differential regulation by anoxia/reoxygenation, acidic culture conditions and MsrA
and MsrB interactions. Results of experiments on mouse embryonic stem cells reveal that
the gene family functions in oxidative stress protection with each of the Msr genes
responding differently to environmental stimuli at the tissue level. Based upon our
experiments using mouse embryonic stem cell cultures (ESC), it is clear that one member of
the Msr gene family, methionine sulfoxide reductase A (MsrA) reduces methionine
sulfoxide residues in proteins formed by oxidation of methionine by reactive oxygen species
(ROS). In these mouse ESC cultures, knockdown of MsrA expression resulted in a
significantly lowered resistance of the mouse ESCs to hydrogen peroxide treatment, while
overexpression of the MsrA gene resulted in increased survivability of the ESCs. Thus,
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MsrA appears to play a significant role in the resistance of ESCs to oxidative stress. As
future studies go forward on the use of embryonic stem cells in therapeutic applications, the
Msr family of genes may prove to be important in producing stem cells that have the ability
to differentiate into the desired adult end tissues, while at the same time possessing a high
resistance to the severe oxidative environment that stem cells are subjected to, especially at
the early phases of transplantation. Further studies on the methionine sulfoxide reductases
(Msr) at the enzyme as well as molecular genetic levels may be a key to future successful
stem cell therapeutic applications.

11. References

Abrams WR, G. Weinbaum, L. Weissbach, H. Weissbach, and N. Brot. Enzymatic reduction
of oxidized alpha-1-proteinase inhibitor restores biological activity. Proc Natl Acad
Sci US A. 1981;78(12):7483-6.

Ahmed Z.M., R. Yousaf, B.C. Lee, S.N. Khan, S. Lee, K. Lee, T. Husnain, A.U. Rehman, S.
Bonneux, M. Ansar, W. Ahmad, S.M. Leal, V.N. Gladyshev, I.A. Belyantseva, G.
Van Camp, S. Riazuddin, T.B. Friedman, and S. Riazuddin. Functional null
mutations of MSRB3 encoding methionine sulfoxide reductase are associated with
human deafness DFNB74. Am ] Hum Genet. 2011, 88(1):19-29.

Alamuri, P, and R.J. Maier. Methionine sulfoxide reductase in helicobacter pylori:
Interaction with methionine-rich proteins and stress-induced expression. ]
Bacteriol. 2006 Aug;188(16):5839-50.

Blass, J.P. Brain metabolism and brain disease: is metabolic deficiency the proximate cause
of Alzheimer dementia? J. Neurosci. Res. 2001:66:851-856.

Boldyrev, A., E. Bulygina, and A. Makhro. Glutamate receptors modulate oxidative stress in
neuronal cells. A mini-review. Neurotox Res. 2004:6:581-587.

Brennan LA, and M. Kantorow. Mitochondrial function and redox control in the aging eye:
Role of MsrA and other repair systems in cataract and macular degenerations. Exp.
Eye Res., 2009 Feb;88(2):195-203. Epub 2008 Jun 7.

Cherbas, C.L.,, R.A. Schultz, M.M.D. Koehler, C. Savakis, P. Cherbas. Structure of the
EIP28/29 gene, an ecdysone-inducible gene from Drosophila. ]. Mol. Biol. 1986: 189:
617-631.

Choi, D., HJ. Lee, S. Jee, S. Jin, SK. Koo, S.S. Paik, S.C. Jung, S.Y. Hwang, K.S. Lee, and B.
Oh. In wvitro differentiation of mouse embryonic stem cells: enrichment of
endodermal cells in the embryoid body. Stem Cells. 2005:23:817-827.

Ding, S., T.Y. Wu, A. Brinker, E.C. Peters, W. Hur, N.S. Gray, and P.G. Schultz. Synthetic
small molecules that control stem cell fate. Proc. Natl. Acad. Sci. U.S.A.
2003:100:7632-7637.

Gabbita, SP, M.Y. Aksenov, M.A. Lovell, and W.R. Markesbery. Decrease in peptide
methionine sulfoxide reductase in alzheimer's disease brain. J. Neurochem. 1999
Oct ;73(4):1660-6.

Haenold, R, R. Wassef, A. Hansel, S.H. Heinemann, and T. Hoshi. Identification of a new
functional splice variant of the enzyme methionine sulphoxide reductase A
(MSRA) expressed in rat vascular smooth muscle cells. Free Radic. Res. 2007
Nov;41(11):1233-45.

www.intechopen.com



Protection of Mouse Embryonic Stem
Cells from Oxidative Stress by Methionine Sulfoxide Reductases 227

Hamada, H., M. Kobune, K. Nakamura, Y. Kawano, K. Kato, O. Honmou, K. Houkin, T.
Matsunaga, and Y. Niitsu. Mesenchymal stem cells (MSC) as therapeutic
cytoreagents for gene therapy. Cancer. Sci. 2005:96:149-156.

Hansel, A., L. Kuschel, S. Hehl, C. Lemke, H.J. Agricola, T. Hoshi, and S.H. Heinemann.
Mitochondrial targeting of the human peptide methionine sulfoxide reductase
(MSRA), an enzyme involved in the repair of oxidized proteins. FASEB ].
2002:16:911-913.

Hansel, A., S. Jung, T. Hoshi, and S.H. Heinemann. A second human methionine sulfoxide
reductase (hMSRB2) reducing methionine-R-sulfoxide displays a tissue expression
pattern distinct from hMSRB1. Redox Rep. 2003:8:384-388.

Honig, L.S.,, and R.N. Rosenberg. Apoptosis and neurologic disease. Am. J. Med.
2000:108:317-330.

Huang, J.Q., ].M. Trasler, S. Igdoura, J. Michaud, N. Hanal, and R.A. Gravel. Apoptotic cell
death in mouse models of GM2 gangliosidosis and observations on human Tay-
Sachs and Sandhoff diseases. Hum. Mol. Genet. 1997:6:1879-1885.

Jia, P, C. Zhang, Y. Jia, K.A. Webster, X. Huang, A.A. Kochegarov, S.L. Lemanski, and L.F.
Lemanski Identification of a truncated form of methionine sulfoxide reductase A
expressed in mouse embryonic stem cells J. Biomed. Sci. 2011:18:46.

Jones, EM., T.C. Squier, C.A. Sacksteder. An altered mode of calcium coordination in
methionine-oxidized calmodulin. Biophys J. 2008 Dec;95(11):5268-80.

Kantorow, M., J.R. Hawse, T.L. Cowell, S. Benhamed, G.O. Pizarro, V.N. Reddy, and ].F.
Hejtmancik. Methionine sulfoxide reductase A is important for lens cell viability
and resistance to oxidative stress. Proc. Natl. Acad. Sci. U.S.A. 2004:101:9654-
9659.

Kim, H.Y. and V.N. Gladyshev. Methionine sulfoxide reduction in mammals:
characterization of methionine-R-sulfoxide reductases. Mol. Biol. Cell. 2004:15:1055-
1064.

Kim, H.Y.,, and V.N. Gladyshev. Role of structural and functional elements of mouse
methionine-S-sulfoxide reductase in its subcellular distribution. Biochemistry.
2005:44:8059-8067.

Kim, H.Y., and V.N. Gladyshev. Alternative first exon splicing regulates subcellular
distribution of methionine sulfoxide reductases. BMC Mol. Biol. 2006:7:11

Kryukov G.V,, R.A. Kumar, A. Koc, Z. Sun, and V.N. Gladyshev. Selenoprotein R is a zinc-
containing stereo-specific methionine sulfoxide reductase. Proc. Natl. Acad. Sci.
USA. 2002, 99:4245-4250.

Kubasiak L.A., O.M. Hernandez, N.H. Bishopric, and K.A. Webster. Hypoxia and acidosis
activate cardiac myocyte death through the bcl-2 family protein BNIP3. Proc. Natl.
Acad. Sci. USA. 2002;99(20):12825-30.

Lee J.W., N.V. Gordiyenko, M. Marchetti, N. Tserentsoodol, D. Sagher, S. Alam, H.
Weissbach, M. Kantorow, and I.R. Rodriguez. Gene structure, localization and role
in oxidative stress of methionine sulfoxide reductase A (MSRA) in the monkey
retina, Exp. Eye Res. 2006; 82:816-827.

Lei , KIF., Y.F. Wang, X.Q. Zhu, P.C. Lu, B.S. Sun, H.L. Jia, N. Ren, Q.H. Ye, H.C. Sun, L.
Wang, Z.Y. Tang, and L.X. Qin. Identification of MSRA gene on chromosome 8p as

www.intechopen.com



228 Oxidative Stress — Molecular Mechanisms and Biological Effects

a candidate metastasis suppressor for human hepatitis B virus-positive
hepatocellular carcinoma. BMC Cancer. 2007 Sep 4 ;7:172.

Levine, R.L., L. Mosoni, B.S. Bertlett, E.R. Stadtman. Methionine residues as endogenous
antioxidants in proteins. Proc. Natl. Acad. Sci. USA. 1996: 96: 15036-15040.

Lowther, W.T, H. Weissbach, F. Etienne, N. Brot, B.W. Mathews. The mirrored methionine
sulphide reductases of Neisseria gonorrhoeae pilB. Nature Structural Biology. 2002:
9(5): 348-352.

Minniti A.N., R. Cataldo , C. Trigo , L. Vasquez , P. Mujica , F. Leighton , N.C. Inestrosa , R.
Aldunate . Methionine sulfoxide reductase A expression is regulated by the DAF-
16/FOXO pathway in Caenorhabditis elegans. Aging Cell. 2009: 8(6):690-705.

Moskovitz, J., and E.R. Stadtman. Selenium-deficient diet enhances protein oxidation and
affects methionine sulfoxide reductase (MsrB) protein level in certain mouse
tissues. Proc. Natl. Acad. Sci. USA. 2003:100:7486-7490.

Moskovitz, J. Roles of methionine suldfoxide reductases in antioxidant defense, protein
regulation and survival. Curr. Pharm. Des. 2005:11:1451-1457.

Moskovitz , J. Prolonged selenium-deficient diet in MsrA knockout mice causes enhanced
oxidative modification to proteins and affects the levels of antioxidant enzymes in a
tissue-specific manner. Free Radic. Res. 2007 Feb;41(2):162-71.

Narayanan, R, K.A. Higgins, ]J.R. Perez, T.A. Coleman, and C.A. Rosen. Evidence for
differential functions of the p50 and p65 subunits of NF-kappa B with a cell
adhesion model. Mol . Cell. Biol. 1993 Jun;13(6):3802-10.

Onyango, 1.G., J.P. Bennett Jr, and J.B. Tuttle. Endogenous oxidative stress in sporadic
Alzheimer's disease neuronal cybrids reduces viability by increasing apoptosis
through pro-death signaling pathways and is mimicked by oxidant exposure of
control cybrids. Neurobiol. Dis. 2005:19:312-322.

Pal, R, D.B. Oien, F.Y. Ersen, and ]. Moskovitz. Elevated levels of brain-pathologies
associated with neurodegenerative diseases in the methionine sulfoxide reductase
A knockout mouse. Exp. Brain Res. 2007 Jul; 180(4):765-74.

Pascual, I, LM. Larrayoz, and I.R. Rodriguez. Retinoic acid regulates the human methionine
sulfoxide reductase A (MSRA) gene via two distinct promoters, Genomics 2009;
93:62-71

Petropoulos, 1., J. Mary, M. Perichon, and B. Friguet. Rat peptide methionine sulphoxide
reductase: cloning of the cDNA, and down-regulation of gene expression and
enzyme activity during aging. Biochem.]J. 2001:355:819-825.

Roesijadi, G., S. Rezvankhah, D.M. Binninger, and H. Weissbach. Ecdysone induction of
MsrA protects against oxidative stress in Drosophila. Biochem. Biophys. Res.
Commun. 2007:354:511-516.

Ruan, H.,, X.D. Tang, M.L. Chen, M.L. Joiner, G. Sun, N. Brot, H. Weissbach, S.H.
Heinemann, L. Iverson, C.F. Wu, and T. Hoshi. High-quality life extension by the
enzyme peptide methionine sulfoxide reductase. Proc. Natl. Acad. Sci.USA.
2002:99:2748-2753.

Ryu, B.Y., K.E. Orwig, ].M. Oatley, M.R. Avarbock, and R.L. Brinster. Effects of aging and
niche microenvironment on spermatogonial stem cell self-renewal. Stem Cells.
2006:24:1505-1511.

www.intechopen.com



Protection of Mouse Embryonic Stem
Cells from Oxidative Stress by Methionine Sulfoxide Reductases 229

Sauer, H., G. Rahimi, ]. Hescheler, and M. Wartenberg. Role of reactive oxygen species and
phosphatidylinositol 3-kinase in cardiomyocyte differentiation of embryonic stem
cells. FEBS Lett. 2000:476:218-223.

Shao, B, G. Cavigiolio, N. Brot, M.N. Oda, and J].W. Heinecke. Methionine oxidation impairs
reverse cholesterol transport by apolipoprotein A-I. Proc. Natl. Acad. Sci. USA.
2008 Aug 26;105(34):12224-9.

Taggart, C, D. Cervantes-Laurean, G. Kim, N.G. McElvaney, N. Wehr, ]J. Moss, et al.
Oxidation of either methionine 351 or methionine 358 in alpha l-antitrypsin
causes loss of anti-neutrophil elastase activity. J Biol Chem. 2000 Sep
1,275(35):27258-65.

Thiruchelvam, M., O. Prokopenko, D.A. Cory-Slechta, B. Buckley, and O. Mirochnitchenko.
Overexpression of superoxide dismutase or glutathione peroxidase protects against
the paraquat + maneb-induced Parkinson disease phenotype. ]. Biol. Chem.
2005:280:22530-22539.

Ueda, S, H. Masutani, H. Nakamura, T. Tanaka, M. Ueno, and J. Yodoi. Redox control of cell
death. Antioxid. Redox Signal. 2002;4(3):405-14.

Uthus, E.O,, and ]J. Moskovitz . Specific activity of methionine sulfoxide reductase in CD-1
mice is significantly affected by dietary selenium but not zinc. Biol. Trace Elem.
Res. 2007 Mar ;115(3):265-76.

Vougier, S., J. Mary, and B. Friguet. Subcellular localization of methionine sulphoxide
reductase A (MsrA): evidence for mitochondrial and cytosolic isoforms in rat liver
cells. Biochem. J. 2003:373:531-537.

Vriesema, A.]., J. Dankert, S.A. Zaat. A shift from oral to blood pH is a stimulus for adaptive
gene expression of streptococcus gordonii CH1 and induces protection against
oxidative stress and enhanced bacterial growth by expression of msrA. Infect.
Immun. 2000 Mar;68(3):1061-8.

Weissbach, H, F. Etienne, T. Hoshi, S.H. Heinemann, W.T. Lowther, B. Matthews, et al.
Peptide methionine sulfoxide reductase: Structure, mechanism of action, and
biological function. Arch. Biochem. Biophys. 2002;397(2):172-8.

Wo, Y.B., D.Y. Zhu, Y. Hu, Z.Q. Wang, J. Liu, and Y.]. Lou. Reactive oxygen species involved
in prenylflavonoids, icariin and icaritin, initiating cardiac differentiation of mouse
embryonic stem cells. J. Cell. Biochem. 2008:103:1536-1550.

Wodarz, D. Effect of stem cell turnover rates on protection against cancer and aging. J.
Theor. Biol. 2007:245:449-458.

Yermolaieva, O., R. Xu, C. Schinstock, N. Brot, H. Weissbach, S.H. Heinemann, and T.
Hoshi. Methionine sulfoxide reductase A protects neuronal cells against brief
hypoxia/reoxygenation. Proc. Natl. Acad. Sci.USA. 2004:101:1159-1164.

You, C.,, A. Sekowska , O. Francetic , I. Martin-Verstraete , Y. Wang , A. Danchin . Spx
mediates oxidative stress regulation of the methionine sulfoxide reductases operon
in Bacillus subtilis. BMC Microbiol. 2008: 8:128.

Zhang, C., P. Jia, Y. Jia, H. Weissbach, K.A. Webster, X. Huang, S.L. Lemanski, M. Achary,
and L.F. Lemanski. Methionine Sulfoxide Reductase A (MsrA) Protects Cultured
Mouse Embryonic Stem Cells from H202-mediated Oxidative Stress, ]J. Cell.
Biochem. 2010: 111(1):94-103.

www.intechopen.com



230 Oxidative Stress — Molecular Mechanisms and Biological Effects

Zhang, C, P. Jia, Y. Jia, Y. Li, K.A. Webster, X. Huang, M. Achary, S.L. Lemanski and L.F.
Lemanski. Anoxia, acidosis, and intergenic interactions selectively regulate
methionine sulfoxide reductase transcriptions in mouse embryonic stem cells J. Cell
Biochem. 2011:112(1):98-106.

www.intechopen.com



Oxidative Stress - Molecular Mechanisms and Biological Effects
Edited by Dr. Volodymyr Lushchak

OXIDATIVE STRESS

MOLECULAR MECHANISMS AND
BROLOGICAL EFFLCTS

Exkbed By Wolodymer |, Linhcha
Halyna M, Semchyshy

ISBN 978-953-51-0554-1

Hard cover, 362 pages

Publisher InTech

Published online 25, April, 2012
Published in print edition April, 2012

Since the discovery of free radicals in biological systems researchers have been highly interested in their
interaction with biological molecules. Denoted in 1980, and due to fruitful results and ideas, oxidative stress is
now appreciated by both basic and applied scientists as an enhanced steady state level of reactive oxygen
species with wide range of biological effects. This book covers a wide range of aspects and issues related to
the field of oxidative stress. The association between generation and elimination of reactive species and
effects of oxidative stress are also addressed, as well as summaries of recent works on the signaling role of
reactive species in eukaryotic organisms. The readers will gain an overview of our current understanding of
homeostasis of reactive species and cellular processes they are involved in, as well as useful resources for
further reading.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Larry F. Lemanski, Chi Zhang, Andrei Kochegarov, Ashley Moses, William Lian, Jessica Meyer, Pingping Jia,
Yuanyuan Jia, Yueijin Li, Keith A. Webster, Xupei Huang, Michael Hanna, Mohan P. Achary, Sharon L.
Lemanski and Herbert Weissbach (2012). Protection of Mouse Embryonic Stem Cells from Oxidative Stress by
Methionine Sulfoxide Reductases, Oxidative Stress - Molecular Mechanisms and Biological Effects, Dr.
Volodymyr Lushchak (Ed.), ISBN: 978-953-51-0554-1, InTech, Available from:
http://www.intechopen.com/books/oxidative-stress-molecular-mechanisms-and-biological-effects/protection-of-
mouse-embryonic-stem-cells-from-oxidative-stress-by-methionine-sulfoxide-reductases

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




