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Abstract

Glutaredoxins (Grxs) have been shown to be critical in maintaining redox homeostasis in living
cells. Recently, an emerging subgroup of Grxs with one cysteine residue in the putative active
motif (monothiol Grxs) has been identified. However, the biological and physiological functions
of this group of proteins have not been well characterized. Here, we characterize a mammalian
monothiol Grx (Grx3, also termed TXNL2 / PICOT) with high similarity to yeast ScGrx3 /
ScGrx4. In yeast expression assays, mammalian Grx3s were localized to the nuclei and able to
rescue growth defects of grx3grx4 cells. Furthermore, Grx3 inhibited iron accumulation in yeast
grx3gxr4 cells and suppressed the sensitivity of mutant cells to exogenous oxidants. In mice, Grx3
mMRNA was ubiquitously expressed in developing embryos, adult tissues and organs, and was
induced during oxidative stress. Mouse embryos absent of Grx3 grew smaller with morphological
defects and eventually died at 12.5 days of gestation. Analysis in mouse embryonic fibroblasts
revealed that Grx3~/~ cells had impaired growth and cell cycle progression at the Go/M phase,
whereas the DNA replication during the S phase was not affected by Grx3 deletion. Furthermore,
Grx3-knockdown Hel a cells displayed a significant delay in mitotic exit and had a higher
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percentage of binucleated cells. Therefore, our findings suggest that the mammalian Grx3 has
conserved functions in protecting cells against oxidative stress and deletion of Grx3 in mice
causes early embryonic lethality which could be due to defective cell cycle progression during late
mitosis.
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Introduction

Reactive oxygen species (ROS) can be formed as by-products in all oxygenic organisms
during aerobic metabolism [1,2]. Cells also actively generate ROS as signals through
activation of various oxidases and peroxidases in response to internal developmental cues
and external stresses [3]. ROS-dependent signals are vital for normal growth and
developmental processes, like blastocyst cleavage, neuronal differentiation, digit formation,
immune response and hormone action [4-8]. However, because of the cytotoxic and
extremely reactive nature of ROS, excess ROS, namely oxidative stress, can cause a wide
range of damage to macromolecules, which are often associated with pathogenesis [9-12].

To overcome such oxidative damage and control signaling events, cells have orchestrated an
elaborate antioxidant network [1,13,14]. Of these antioxidant systems, glutaredoxins (Grxs)
appear to be involved in many cellular processes and play an important role in protecting
cells against oxidative stress [15]. Grxs are ubiquitous, small heat-stable disulfide
oxidoreductases which are conserved in both prokaryotes and eukaryotes [16]. Biochemical
analyses of Grxs (dithiol Grx) from various organisms reveal that this group of proteins can
catalyze the reduction of protein disulfides and glutathione—protein mixed disulfides via a
dithiol or monothiol mechanism [17,18]. Recently, a group of Grxs have been identified that
contain a single cysteine residue in the putative motif, ‘CGFS’, and have been termed
monothiol Grxs [19]. Monothiol Grxs were initially identified in yeast (ScGrx3, -4 and -5),
and subsequently found in all types of living cells [19]. There is a growing body of evidence
that monothiol Grxs may have multiple functions in biogenesis of iron—sulfur clusters, iron
homeostasis, protection of protein oxidation, cell growth and proliferation [19].

In yeast, ScGrx3 and ScGrx4 have a conserved thioredoxin homology domain (Trx-HD) and
Grx-HD [19,20]. ScGrx3 and ScGrx4 have been shown to be critical in regulating iron
homeostasis through interactions with a transcriptional factor, Aftl and protecting cells
against oxidative stress [21,22]. Furthermore, ScGrx4 interacts with a p53-related protein
kinase, piD261/Bud32, and is proposed to have a critical function in cell proliferation [23].
Interestingly, a recent study suggests that ScGrx3 and ScGrx4 appeared to modulate the
mitochondrial iron—sulfur cluster synthesis [24,25].

In mammalian cells, there are two monothiol Grxs identified [26,27]. Mammalian Grx5,
similar to yeast and zebrafish Grx5s, is a mitochondrial Grx and plays a critical role in iron—
sulfur cluster biogenesis and heme synthesis in red blood cells [28-32]. Grx3, also termed
thioredoxin-like 2 (Txnl2) or PICOT, was originally identified through a yeast two-hybrid
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screening, in which Grx3 physically interacts with the protein kinase C theta isoform [27].
Transient expression of Grx3 positively regulates calcineurin—-NFAT activation in rat
basophilic leukemia cells (RBL-2H3) [33]. Furthermore, forced expression of Grx3 in
transgenic mice (heart) enhances cardiomyocyte contractility and inhibits calcineurin—
NFAT-mediated signaling in the progression of pressure-overload-induced heart
hypertrophy [34,35]. Other studies show that a single Grx3 allele deletion augments cardiac
hypertrophy in transgenic mice under pressure overload [36]. Our previous work indicates
that Grx3 plays a critical role in regulating human beast cancer cell growth and metastasis
via redox homeostasis and NF-kB signaling [37]. However, the physiological functions of
mammalian Grx3 in oxidative stress and ROS-mediated signaling remain to be explored.

In this study, we analyzed the functions of mammalian Grx3s by heterologous expression of
mouse Grx3 (MmGrx3) or human Grx3 (HsGrx3) in yeast grx3grx4 mutants. We examined
the expression pattern of MmGrx3 mRNA in mouse tissues and its response to oxidative
stress in myoblast cells. We generated Grx3-deficient mice and characterized the vital role
of MmGrx3 in embryo development. We also generated HsGrx3 knockdown (KD) HelLa
cells and examined the function of HsGrx3 in cell cycle progression. Taken together, these
findings suggest that mammalian Grx3s have important roles in controlling cell cycle
progression and growth.

to complement the growth defects of yeast grx3grx4 double mutant

HsGrx3 is 95% identical to MmGrx3 at the amino acid level (data not shown) and both Grxs
have a conserved Trx-HD and two tandem Grx-HDs, which are similar to yeast monothiol
Grxs, ScGrx3 and ScGrx4, whereas ScGrx3 and ScGrx4 have only one Grx-HD at their C-
termini [19]. ScGrx3 and ScGrx4 appear to have redundant functions in cell growth [21,22].
Neither ScGrx3 nor ScGrx4 deletion affects yeast cell growth, however deletion of both
ScGrx3 and ScGrx4 reduced cell growth in both nutrient rich medium (YPD) and minimal
medium (Fig. 1A and Fig. S1) [28]. The impaired growth was rescued by the overexpression
of ScGrx3 and ScGrx4 (Fig. 1A and Fig. S1).

To examine whether mammalian Grx3 could complement ScGrx3 and ScGrx4 function in
grx3grx4 cells, HsGrx3 and MmGrx3 were expressed in the yeast mutant strain. As shown
in Fig. 1A and Fig. S1, both mammalian Grx3s rescued mutant cell growth in a manner
similar to ScGrx3 and ScGrx4. ScGrx3 targeted to nuclei when ScGrx3-RFP was expressed
in grx3grx4 mutant cells (Fig. 1B) and this nuclear localization has been shown to be a
prerequisite for ScGrx3 function [23,38]. To determine whether MmGrx3 could target to
nuclei in yeast cells, MmGrx3 was fused with green fluorescent protein (GFP) and
expressed in grx3grx4 cells. The MmGrx3-GFP appeared functional because the fusion
protein rescued the growth defects of yeast mutant cells in a manner similar to MmGrx3
expression (data not shown). When coexpressed with ScGrx3—-RFP in yeast, MmGrx3-GFP
colocalized with ScGrx3 in the nuclei (Fig. 1B). These heterologous expression studies
suggest that mammalian Grx3 functions in cell growth.
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Grx3 suppresses the sensitivity of grx3grx4 mutants to oxidative stress

Previous studies indicate that yeast ScGrx3 and ScGrx4 are required for cell survival under
oxidative stress [21]. To determine whether mammalian Grx3 could suppress the sensitivity
of grx3grx4 cells to external oxidants, both human and mouse Grx3s were expressed in
mutant cells and grown in media with or without oxidants. Yeast grx3grx4 cells grew more
slowly than wild-type cells and mutant cells expressing ScGrx3, ScGrx4 or two mammalian
Grx3s in synthetic media (Fig. 2A and Fig. S1B). The growth of yeast mutant cells was
significantly inhibited when exposed to exogenous oxidants, whereas both ScGrx3 and
ScGrx4 were able to restore the growth of mutant cells (Fig. 2A and Fig. S1B). Furthermore,
mammalian Grx3s were also able to rescue the growth of mutant cells as did ScGrx3 or
ScGrx4 (Fig. 2A and Fig. S1B).

Previous studies have shown that disruption of iron regulation and/or intracellular iron
accumulation, which subsequently causes a Fenton reaction, may account for the sensitivity
of mutant cells to excess oxidants [21,22,39]. Human and mouse Grx3s, like ScGrx3, could
partially inhibit both intracellular and total iron accumulation in grx3grx4 cells (Fig. 2B,C).
Together, these findings demonstrate that monothiol Grxs have a conserved function in
protecting cells against oxidative stress.

Grx3 expression in tissues and embryos

The tissue distribution of HsGrx3 was previously determined by semiquantitative RT-PCR
and the expression of HsGrx3 mRNA is ubiquitous [27]. Similarly, RNA blotting analysis
revealed that MmGrx3 mRNA was expressed ubiquitously in the tissues and organs tested
(Fig. 3A). In contrast to human tissues, mouse Grx3 expression appeared to be more robust
in testis, brain, kidney and stomach (Fig. 3A). In addition, there was no significant
difference in MmGrx3 mRNA levels and tissue distribution between male and female mice
(data not shown). To determine the spatial expression of MmGrx3 in mouse embryos, we
performed in situ hybridization using E10.5 embryo and MmGrx3-specific probes. As shown
in Fig. 3B, similar to adult mouse, MmGrx3 was ubiquitously expressed in most tissues and
developing organs, with stronger signals in the brain (Fig. 3B). This ubiquitous distribution
and expression implies that Grx3 may play a role in various tissues and organs.

Grx3 expression in response to oxidative stress

To understand how MmGrx3 expression is regulated by oxidative stress, mouse myoblast
cells (C2C12 cells) were treated with various oxidants. To determine the effect of exogenous
oxidants on cell viability, C2C12 cells were treated with 100 um H»05, 50 um diamide or
100 pm tert-butylhydroperoxide (tBHP) for 1 h, and then stained with a Trypan Blue stain.
The staining patterns indicated that the various treatments did not reduce cell viability (Fig.
S2). Quantitative RT-PCR of MmGrx3 mRNA levels revealed that MmGrx3 was induced by
all tested oxidants (Fig. 3C-E). Interestingly, the responsiveness (duration and amplitude) of
MmGrx3 to exogenous oxidants appeared to be different among the tested conditions. For
example, MmGrx3 expression was not induced when cells were treated with H,O, for 0.5 h,
but was enhanced at 1 h (Fig. 3C). In contrast, when cells were treated with tBHP, MmGrx3
expression was rapidly increased at 0.5 h, but reset to the resting levels when cells were
treated for 1 h (Fig. 3E). Among the three oxidants, only diamide treatment resulted in
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induction of MmGrx3 expression at both 0.5 and 1.0 h (Fig. 3D). These results suggest Grx3
may function in response to oxidative stress.

Disruption of Grx3 in mice results in embryonic lethality

To delineate the function of Grx3 in vivo, we generated Grx3-deficient mice (Fig. 4). The
Grx3 gene trap 129/SvEv embryonic stem cells contained a beta-galactosidase neomycin
insertion within the second intron of Grx3 at chromosome 7 (Fig. 4A). This target allele
could be detected by diagnostic PCR (Fig. 4B). After splicing, the third exon of Grx3 was
fused to the insertion to generate a truncated Grx3 transcript, but it did not produce the full-
length Grx3 transcript (data not shown). Thus, the Grx3 protein was not produced (Fig. 4C).
With the single Grx3 allele (heterozygote), the protein levels of Grx3 were reduced by ~50%
compared with wild-type embryos (Fig. 4C). Genetic analysis of F, transgenic mice
generated by sibling crossing revealed that 79 of 120 F, mice had the target allele, but were
all heterozygous (Table 1), the ratio of heterozygous to wild-type mice was ~2:1. No
homozygous F, mice were found at weaning age (Table 1), although homozygous embryos
could be identified from early embryos at E12.5 (Fig. 4D-F and Table 1). The majority of
homozygous embryos appeared to be morphologically normal, but smaller than
heterozygous and wild-type embryos (Fig. 4D). However, some homozygous embryos
displayed growth defects, such as open anterior neural tubes and pericardial effusion (Fig.
4E,F). Heterozygous and wild-type embryos were morphologically indistinguishable, but
heterozygous embryos may have minor pericardial effusion as well (data not shown). These
observations indicate that Grx3 is required for mouse embryo development.

Grx3~~ mouse embryonic fibroblasts (MEF) have impaired cell proliferation

In yeast, the deletion of ScGrx3 and ScGrx4 impairs cell proliferation, particularly under
oxidative stress [21]. Mammalian Grx3 is able to complement ScGrx3 or ScGrx4 function
(Fig. 1 and Fig. S1). Grx3 null allelic mice displayed early embryonic lethality (Fig. 4).
These findings that Grx3-deficient embryos could not survive beyond E12.5 indicate that
Grx3 is critical for cell viability.

To investigate the role of Grx3 in cell proliferation, mouse embryonic fibroblasts (MEFs)
were derived from Grx3*/*, Grx3*/~ and Grx3~/~ embryos. Similarly, Grx3 was not
produced in Grx3~/~ MEFs and the protein levels of Grx3 were reduced in Grx3*/~ MEFs in
comparison with that of Grx3** MEFs (Fig. 5A). Cell proliferation was impaired in Grx3~/~
MEFs during the 6-day growth period (Fig. 5B). The growth of Grx3*/~ MEFs was slightly
slower than that of Grx3*/* MEFs (Fig. 5B). Notably, Grx3~~ MEFs could not survive
beyond passage 4 under our culture conditions, whereas Grx3*/* and Grx3*/~ MEFs grew
normally at passage 4 (data not shown).

Analysis of cell cycle distribution in asynchronously growing MEFs revealed that there was
an increase in the proportion of Grx3™/~ cells at the Go/M phase compared with Grx3*/* and
Grx3*~ cells (Fig. 5C). DAPI staining of nuclei revealed that Grx3~~ MEFs consisted of
more binucleated cells (21.1 + 2.62%) compared with wild-type MEFs (7.1 + 1.31%) (Fig.
5D,E). To directly determine whether deletion of Grx3 affects the G,-to-S progression,
DNA replication in MEFs was examined by measuring the percentage of incorporation of
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BrdU. As shown in Fig. 5(F,G) Grx3~'~ cells consist of 18 + 3.4% BrdU-positive cells,
which is comparable with Grx3*/* (16 + 4.3% of BrdU positive cells), indicating that
deletion of Grx3 did not alter the G1/S phase progression.

Grx3 is required for efficient mitotic exit during cell cycle progression

To understand the underlying mechanism that Grx3~~ MEFs accumulated at the G,/M
phase, we generated stable Grx3-KD HelLa cells using two Grx3-specific small hairpin
RNAs shRNAs [37]. In comparison with control cells, Grx3 shRNA1- and 2-KD cells had
significantly reduced Grx3 protein levels (12.1 + 2.0% of control levels in ShRNA#1 cells
and 6.97 + 1.19% of control levels in ShRNA#2 cells) (Fig. 6A,B). These Grx3-KD Hela
cells also proliferated at a slower rate (data not shown).

To closely monitor cell cycle progression in Grx3-KD cells, we synchronized the cells using
a double thymidine block (DTB) method [40]. More than 95% of the cells proceeded
through S phase synchronously after being released from DTB and no difference was
observed among control and Grx3-KD cells (Fig. 6C). Like control cells, 6-8 h after DTB
release, most of Grx3-KD cells progressed into the G,/M phase (Fig. 6C). However, Grx3-
KD cells displayed a significant delay in mitotic exit at 10-12 h after DTB release, whereas
the control cells completed mitosis and entered the next G phase (Fig. 6C). Accordingly,
protein levels of PIk1, cyclin B1 and Securin, which are important mitotic regulators,
remained high in Grx3-KD cells compared with control cells at 10-12 h after DTB release
(Fig. 6D). Furthermore, similar to Grx3~~ MEFs, Grx3-KD HeLa cells had a higher
percentage of binucleated cells (15.7 £+ 3.8% in sShRNA#1 cells and 25.9 £ 4.7% in
ShRNA#2 cells) than control cells (5.2 + 1.6%) at 16 h after DTB release (Fig. 6E,F),
indicating that more cytokinesis failure occurred in Grx3-KD cells. Taken together, our
results suggest that Grx3 may be involved in the regulation of mitotic progression,
particularly at the later stages of mitosis.

Discussion

In this study, we demonstrate that a mammalian monothiol glutaredoxin, Grx3, has
conserved functions in the protection of cells against oxidative stress and complete loss of
Grx3 causes mouse embryonic lethality likely due to cell cycle defects at the Go/M
progression.

The ability of Grx3 to complement yeast ScGrx3/ScGrx4 function in mutant cells suggests
that this group of Grxs may have conserved protective roles in response to oxidative stress
(Figs 1 and 2A and Fig. S1). Deletion of ScGrx3 and ScGrx4 in the strain (CML235) used in
this study results in mild growth retardation under normal growth conditions, but mutant
cells are sensitive to oxidative stress (Fig. 1 and Fig. S1). Our results are consistent with the
original report [28] and a publication from another group [21]. Notably, recent studies report
severe growth defects in some yeast strains when ScGrx3 and ScGrx4 are deleted [22,25].
We speculate that this phenotypic change could be due to the genetic background. For
example, Wanat et al. [41] reported that mlh1 alleles (DNA mismatch repair gene MLH1) in
both S288c and SK1 strains displayed difference in mismatch repair efficiency that is strain
dependent. In yeast, ScGrx3 and ScGrx4 contain one Trx-HD and one Grx-HD, but all
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mammalian Grx3 have two repeated Grx-HDs (data not shown; [19]). Computational
analysis indicated that multiple Grx-HDs have also been identified in Grx3 from plants,
nematodes and fish, but not from prokaryotes, fungi and insects (data not shown). The
conserved biological function among various Grxs suggests that one Grx-HD may be
sufficient for Grx activity [42]. For example, yeast ScGrx5, a mitochondrial monothiol Grx,
is able to suppress grx3grx4 mutant phenotypes, when the mitochondrial targeting sequence
is removed [22]. In addition, yeast ScGrx3, a nucleocytoplasmic Grx, can restore Grx5
function in grx5 cells when ScGrx3 is targeting to mitochondria [38]. Most interestingly, a
single Grx-HD from a poplar monothiol Grx, GrxS17, which has three Grx-HDs at its C-
terminus, can fully suppress yeast grx5 mutant phenotypes [43]. However, the
interchangeability among mammalian Grx3 Grx-HD and Grx5 has not been determined. In
comparison with the C-terminal Grx-HD, the N-terminal Trx-HD is more diverse (data not
shown). It has been proposed that the Trx-HD is involved in protein—protein interactions
instead of modulating oxidative stress response [26]. For example, the yeast Grx4 N-
terminal region physically interacts with piDB26, a p53-related protein kinase [23], and a
human Grx3 interacts with protein kinase C theta isoform through the N-terminal Trx-HD
[26]. A recent report indicates that Grx3 binds two bridging [2Fe-2S] clusters in a
homodimeric complex with the active site Cys residue of its two Grx-HDs, suggesting that
this unique structure could act as a redox sensor [44]. Future studies are needed to determine
how Grx3 and its functional domains regulate cellular redox homeostasis and antioxidative
processes in vivo.

There is growing evidence that ScGrx3/ScGrx4 play essential roles in iron sensing,
trafficking and homeostasis in yeast [21,22,24,25,45-47]. Mammalian Grx3s are able to
inhibit free iron accumulation in grx3grx4 mutant cells (Fig. 2B,C). Notably, similar to
ScGrx3, Grx3 could only partially rescue double-mutant phenotypes in terms of iron
accumulation (Fig. 2B,C). This partial restoration has been seen in several previous studies,
in which single mutant cells (either grx3 or grx4) accumulate significantly more free iron
and/or less efficiently incorporate Fe into some Fe-containing proteins; this is most likely
caused by the nonredundant functions of ScGrx3 and ScGrx4 or gene-dosage effects
[21-23,25,48]. Nevertheless, our findings suggest that Grx3s may have similar functions to
yeast ScGrx3/ScGrx4 in regulating iron homeostasis in mammalian cells (Fig. 2B,C).

Ubiquitous expression of Grx3 in both mouse embryos and tissues indicates that Grx3 is
required for cell growth, organ development and normal metabolism during growth and
development (Fig. 3). Grx3 expression was induced by exogenous oxidants (Fig. 3).
Interestingly, the induction of Grx3 expression was differentially modulated by oxidants.
We speculate that each oxidant may preferentially activate different stress-responsive
signaling pathways and/or transcriptional machinery. For example, H,O, (100 pm) activates
AP-1 in cultured chondrocytes, whereas tBHP triggers increased expression of hypoxia-
inducible factor-1alpha (HIF-1a) [49,50]. Furthermore, diamide, a thiol oxidant, activates
NF-kB activity and tumor necrosis factor-a-induced gene expression [51]. Further studies
will be required to clarify factors modulating Grx3 expression in response to oxidative stress
and identify downstream targets.
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Mice lacking Grx3 are unable to survive beyond E12.5 (Fig. 4) [36]. The embryonic
lethality of Grx3 null mice indicates that Grx3 is essential for embryogenesis. Although
Grx3~~ embryos could survive up to E12.5, the effects of Grx3 dysfunction on embryo
development might take place at early stages because we noticed smaller Grx3~/~ embryos
compared with Grx3*/~ and Grx3*/* embryos, and an increased number of resorbing
embryos at E9.5-E11.5 (Fig. 4D and Table 1). We did not observe any morphological
change in embryos among three genotypes at or before E8.5, or any difference in decidua at
early stages, although molecular and biochemical changes might occur before the
phenotypes of whole embryo could be distinguished (data not shown). It is worth noting that
Grx3~/~ embryos survive to E12.5 at a variable frequency that may depend on the genetic
background. For example, most E12.5 Grx3~/~ embryos were dissected from pregnant
female mice in a mixed background (50% 129Sv and 50% C57BL6) and most E9.5 Grx3~/~
embryos were dissected from C57BL6 mice (after being backcrossed to C57BL6 for 10
generations). The majority of embryos with severe growth defects were found in C57BL6
mice (data not shown). Interestingly, this observation has been reported in Igf-1 mutant
mice, where the survival rate of homozygous mutants depends on the genetic background
[52]. In young adulthood, Grx3** and Grx3*/~ mice (both male and female) did not appear
to have any distinguishable phenotypic differences. However, in a recent report, a single
Grx3 allele deletion augments cardiac hypertrophy in transgenic mice under pressure
overload [36]. The results suggest that reduction of Grx3 expression may also be critical in
the pathogenesis of human diseases.

Oxidative stress can cause cell cycle arrest and subsequently embryonic death [6,53-55].
Reduced levels of Grx3 causes increased ROS production in cells [37], suggesting that Grx3
may have a protective role in counteracting oxidative stress during cell cycle progression. In
support of this notion, Grx3~/~ MEFs display impaired cell proliferation and G,/M
progression (Fig. 5). Furthermore, Grx3-KD HeLa cells showed similar cell cycle defects
during mitotic exit (Fig. 6). Grx3-KD Hela cells have a higher percentage of binucleated
cells than that of control cells, indicating an increased failure of cytokinesis in the absence
of Grx3. This is also the case in Grx3~/~ MEFs (Fig. 5D,E). Binucleated mammalian cells
are prevented from entering the next cell cycle through a p53-dependent tetraploidy
checkpoint [56]. This at least partially explains why Grx3~/~ MEF cells accumulated at the
G,/M stage (Fig. 5) and the early death phenotype in Grx3™~ embryos (Fig. 4 and Table 1).
Therefore, it will be interesting to determine whether inactivation of p53 can rescue Grx3~/~
MEF growth and Grx3~/~ embryo development. Given the complexity of cell cycle
regulation and the numerous intracellular components responding to oxidative stress, it is
not surprising that Grx3-mediated cell cycle control may be dependent on multiple
regulatory pathways and the underlying mechanisms remain unresolved.

Conclusion

The characterization of mammalian Grx3 reported here is particularly noteworthy in that a
comprehensive in vivo function of mammalian monothiol Grxs has not been previously
defined. Grx3 appears to be evolutionarily conserved across species and the capability of
mammalian Grx3s to rescue yeast Scgrx3/Scgrx4 deficiency phenotypes suggests a
conserved biochemical mechanism among monothiol Grxs. The Grx3 null mice demonstrate
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that this protein is essential for embryogenesis. Specifically, mammalian Grx3 is required
for efficient cell cycle progression. Thus, the characterization of Grx3 provides insights into
the molecular mechanism of redox regulation in cell growth and organ development in
mammals.

Materials and methods

Antibodies

Cyclin B1 (sc-752) and PIk1 (sc-17783) were purchased from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); Securin (Pds1) was ordered from
(MS-1511-P1) Neomarkers (Lab Vision, Fremont, CA, USA). Cdc2 (#9112), phosphor-cdc2
Tyrl5 (#9111), and cleaved caspase 3 antiobdy (#9664), goat against mouse 1gG1, and
rabbit IgG conjugated with horseradish peroxidase were purchased from Cell Signaling
Technology (Cell Signaling Technology, Beverly, MA, USA). Alexa Fluor 488 conjugated
goat anti-mouse IgG1 and antibromodeoxyuridine conjugated with Alexa Fluor 680
antibodies were purchased from Invitrogen (Invitrogen, Carlsbad, CA, USA). Monoclonal
antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was ordered from
Chemicon (Chemicon, San Diego, CA, USA). Proteinase inhibitor cocktail tablets were
purchased from Roche Diagnostics (Roche Diagnostics, Indianapolis, IN, USA).
Monoclonal antibody against 8 actin 1gG1 and all chemicals were purchased from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Monoclonal antibody against human Grx3
(full length) was generated in the Baculovirus/Monoclonal Antibody Core Facility at Baylor
College of Medicine.

Yeast strains, DNA constructs, and growth assays

Saccharomyces cerevisiae wild-type strain CML235 (MATa ura3-52 leu2A1l his3A200) and
grx3grx4 (MATa ura3-52 leu2Al his3A200 MATa grx3::kanMX4 grx4::kanMX4) were
generously gifted by Enrique Herrero (Universitat de Lleida, Lleida, Spain) [28] and were
used in all yeast experiments. Yeast ScGrx3 and ScGrx4 were amplified by PCR using gene-
specific primers. For ScGrx3, we used the forward primer 5’-
GGCTCTAGAATGTGTTCTTTTCAGGTTCCAT-3 and the reverse primer 5/-
CCGGAGCTCTTAAGATTGGAGAGCATGCTG-3'. For ScGrx4, the we used the forward
primer 5-GCCGGATCCATGACTGTGGTTGAAATAAAAAG-3 and the reverse primer
5-CCGGAGCTCTTACTGTAGAGCATGTTGGAAATA-3. Full-length cDNA of HsGrx3
and MmGrx3 were amplified by PCR using gene-specific primers. For HsGrx3, the we used
forward primer 5-GCCGGATCCATGGCGGCGGGGGCGGCTGAGGCA-3 and the
reverse primer 5-GGCGTCGACCCGCGGTTAATTTTCTCCTCTCAGTAT-3’; and for
MmGrx3, we used the forward primer 5’-
GGGCTCGAGAGATCTGCGATGGCGGCGGGGGCGGCCGA-3 and the reverse primer
5-GGCCCGCGGCTATAGGATCCCATTTTCTCCTTTCAGTATAGG-3". The PCR
products were cloned into pPGEM-T Easy (Promega, Madison, WI, USA). The fidelity of all
clones was confirmed by sequencing. Yeast ScGrx3 and mammalian Grx3s were subcloned
into a yeast expression vector, piUGpd [57]. Yeast cells were transformed using the LiOAc
method [20]. All yeast strains were assayed on YPD medium (yeast peptone dextrose, rich
media) and SC (synthetic complete) medium with or without various concentrations of
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H»0,, diamide, and tBHP [20]. Measurement of iron concentration was conducted as
described previously [20].

Localization of MmGrx3-GFP fusion in yeast

Full-length yeast ScGrx3 and MmGrx3 were fused to the N-terminus of red fluorescent
protein (Clontech Laboratories, Inc., Mountain View, CA, USA) and green fluorescent
protein (GFP), respectively, using a procedure described previously [58]. The fluorescent
protein constructs were subcloned into yeast vectors as described previously [58]. The
subcellular localization of the fused proteins was imaged in comparison with nuclear—-GFP
markers as described previously [58].The fluorescence signals were detected at 510 nm
(excitation at 488 nm) for GFP, at 582 nm (excitation at 543 nm) for red fluorescent protein
as previously described [58].

RNA gel-blotting analysis

Total RNA was extracted from mouse (C57BL6) tissues of both 12-week-old male and
female mice using TRIzol reagents (Invitrogen). To analyze gene expression, 10 ug of total
RNA was loaded onto a formaldehyde-containing 1.0% agarose gel, blotted onto nylon
membrane (Amersham Biosciences, Little Chalfont, UK), and subjected to hybridization
with a 32P-labeled gene-specific probe [59].

Quantitative reverse transcription-PCR of Grx3 expression

Mouse myocytes (C2C12) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum and 1% antibiotics (Pen-Strep
from Invitrogen). Cells were cultured at 37 °C in a humidified atmosphere of 5% CO, until
85-90% confluence, then treated with or without 50 and 100 um H,05, 25 and 50 pm
diamide, 50 and 100 pm tBHP for 0.5 or 1 h, respectively, prior to be harvested for RNA
extraction. To check cell viability after oxidant treatments, C2C12 cells were treated with
100 pm H»05, 50 um diamide and 100 um tBHP for 1 h, respectively, in triplicate for each
oxidant. Cells were trypsinized and suspended in 0.5 mL of Dulbecco’s modified Eagle’s
medium media without serum, then mixed thoroughly with 0.1 mL of 0.4% Trypan Blue
stain (EMD Chemicals Inc., Gibbestown, NJ, USA). After incubation at room temperature
for 5 min, dead cells, which were stained blue, and viable cells excluding the stain were
counted with a hemocytometer. Cell viability was calculated as percentage of viable cells
against the total number of cells counted. RNA extraction was conducted as described
above. Quantitative RT-PCR was performed using a TagMan system as described
previously [60]. Forward primer (Grx3-58F): 5-TCTGCCCAGCAGTTTGAAGA-3;
reverse primer (Grx3-131R): 5-CATGGTGCCCAGAAATGAAC-3; probe (Grx3-79T): 5/-
CTACTGCGCCTCAAAACCAAGTCACTCCT-3. The housekeeping gene cyclophilin was
used to normalize the gene expression data.

Generation of Grx3-deficient mice

A mouse 129/SvEv embryonic stem cell clone (RRF094) harboring gene trap vector within
Grx3 gene at chromosome 7 was obtained from Baygenomics (http://www.genetrap.org/)
[61]. The Grx3*/~ heterozygous embryonic stem cell was injected into C57BL/6 albino
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blastocytes to generate chimeric founder mice in the Darwin Transgenic Mouse Core at
Baylor College of Medicine (https://www.bcm.edu/labs/darwin_core/). Those male chimeric
founder mice were bred to C57BL/6 or C57BL/6 albino mice, and germline transmission
was achieved. By using invert PCR, the insertion loci of gene trap vector was determined to
locate within the second intron of Grx3 gene. Heterozygous F1 transgenic mice were
determined by PCR using a combination of gene-specific and vector-specific primers. A
wild-type allele could be identified by amplification of 450 bp of PCR product using a Grx3
forward primer: 5’-CCTAGAAGGTAACCCTAAAATGTC-3 and a Grx3 reverse primer:
5-CCATCACTGCGTTACTCCAGA-3'. A mutant allele could be detected by amplification
of 550 bp of PCR product with the Grx3 forward primer and a vector-specific primer: 5'-
GCTACCGGCTAAAACTTGAGA-3'. All animal protocols were approved by the
Institutional Animal Care and Use Committee of Baylor College of Medicine.

Embryo dissection and in situ hybridization

Grx3*~ male and female mice were mated overnight and vaginal plugs were checked the
following morning (E0.5). Pregnant mice were sacrificed by cervical dislocation and
embryos at various somite stages were dissected from decidua in NaCl/P; medium. Maternal
tissues and Reichert membrane were removed. The yolk sac was detached from the embryo
properly and used for genotyping by PCR. The morphological appearance of whole embryos
was first evaluated at various somite stages. For in situ hybridization, embryos at E10.5 were
fixed in 4% paraformaldehyde in NaCl/P; overnight at 4 °C, rinsed with NaCl/P;, dehydrated
in a series of ethanol solutions (50%, 60%, 70%, 80%, 90% and 100%), and embedded in
wax. Fixed embryos were sectioned at 6 um and specimens were subjected to hybridization
using digoxygenin-labeled antisense and sense riboprobes (nonradioactive) generated by in
vitro transcription from Grx3 DNA templates using T7 (sense) or Sp6 (antisense)
bacteriophage RNA polymerases. Prehybridization, hybridization, stringency washes,
incubation with antidigoxygenin antibody coupled to peroxidase, tyramin-biotin
amplification reaction, alkaline phosphatase—streptavidin detection of covalently attached
biotin, colorimetric detection of phosphatase moiety using BCPI/NBT reagents were
sequentially carried out by the GenePaint robot in an automated manner in the Core
laboratory at Baylor College of Medicine [62].

Mouse embryonic fibroblasts

Dissected individual embryo was minced and incubated in trypsin (0.05%; Invitrogen) for
10 min at 37 °C. Cells were pipetted up and down, and washed with NaCl/P; once. Cells

were plated in high-glucose Dulbecco’s modified Eagle’s medium medium with 10% fetal
bovine serum, (-glutamine (2 pm), and 1% Penstrep, then maintained at 37 °C in 5%CO,.

shRNA and HelLa cell stable transfectants

shRNA constructs in pLKO.1-puro specifically targeting human Grx3 sequences were
purchased from Sigma-Aldrich. The human Grx3 shRNAL1 sequence is 5'-
CCGGGCTCTTTATGAAAGGAAACAACTCGAGTTGTTTCCTTTCATAAAGAGCTTT
TTG-3'. The human Grx3 shRNA2 sequence is 5’-
CCGGGAACGAAGTTATGGCAGAGTTCTCGAGAACTCTGCCATAACTTCGTTCTT
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TTTG-3'. Control cells were transfected with a control ShRNA that does not match any
known human coding cDNA. Stable knockdown clones of HelLa cells were pooled and used
for experiments [37]. To quantify the Grx3 protein levels in Grx3-KD Hela cells, 20 pg of
protein lysates from control, ShRNA#1 and shRNA#2 cells were subjected to western blot
analysis using antibody against Grx3 IgG1 and antibody against GAPDH IgG1 as controls.
The blots were analyzed using Molecular Imager Chemi Doc™ XRS System (Bio-Rad
Laboratories, Hercules, CA, USA). The signal intensity was measured by using a ouantiry one
(v. 4.6.5) software following the manufacture instruction.

Cell proliferation, flow cytometry, BrdU-labeling and immunolabeling

MEFs at passage 2 (10°) were plated in six-well plates and cell proliferation was measured
every 2 days by cell numeration of triplicates of indicated samples (Grx3*/*, Grx3*/~ and
Grx377) [63]. Parallel samples were collected for analysis of cell-cycle profile by staining
with propidium iodide, followed by flow cytometry (FACScan, Beckman Coulter, Fullerton,
CA, USA) [64]. For anti-BrdU staining, cells were maintained in medium containing 0.1%
fetal bovine serum for 2 days, replenishing with 10% fetal bovine serum for 12 h. Cells were
pulsed-chased for 5 h with 25 um BrdU (Sigma). Cells were fixed with 70% ethanol and
then treated with 2 » HCI (in 0.5% Triton-X 100) for 10 min. After washing with NaCl/P;,
the cells were incubated with a 1: 50 dilution of anti-BrdU conjugated with Alexa Fluor 680
antibody for 1 h. Cells were washed with NaCl/P; and counterstained with Sytox orange for
5 min. The images were captured by confocal microscope and the numbers of positive
stained cells were counted from six different fields with each field ~200 cells were recorded.
To synchronize cells, Grx3-KD and control HeLa cells were arrested by double thymidine
block [40]. In brief, cells were blocked for 18 h with 2 mum thymidine (final concentration),
relased for 9 h by washing out the thymidine using fresh media, and then blocked with 2 mw
thymidine for additional 17 h. The cells were released by washing out the thymidine with
fresh media. Synchronized Grx3-KD and control cells were harvested every 2 h after release
from thymidine and subjected to flow cytometry analysis as described above. Cell lysates
were prepared in the protein extraction buffer (0.5% nonide P-40, 0.5% sodium
deoxycholate, 50 mm NaCl, 1 mm EDTA, 5 mu NagVOy, 20 mw NaF, 20 mv NagO7P,, 50 mw
Hepes pH 7.5, 1 mm phenylmethanesulfonyl fluoride, one tablet complete protease
inhibitors (Roche). Extracted proteins were then subjected to western blot analysis using the
antibodies as indicated in the figure legends. For immunolabeling, Grx3*/* and Grx3/~
MEFs and unsynchronized Grx3-KD and control HelLa cells were plated on LabTek
chambered coverslips (Nunc) and grown for 24 h at 37 °C. The cells were rinsed three times
in 37 °C NaCl/P; and fixed in absolute methanol at =20 °C for 5 min. The cells were washed
three times with NaCl/P; for 3 min each, and then blocked in 10% normal goat serum for 1 h
at room temperature. The cells were incubated in mAb against B-actin (1: 100) for 1 h at
room temperature, and then washed five times with NaCl/P; for 5 min each, followed by a
secondary antibody (goat against mouse 1gG conjugated with fluorescein isothiocyanate) at
1: 250 for 30 min. The cells were washed five times with NaCI/P; for 5 min each, and then
stained with 4/,6-diamidino-2-phenylindole (300 nm) for 5 min. The images were captured
by confocal microscope.
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DTB double thymidine block
GFP green fluorescent protein
Grx glutaredoxin
HD homology domain
HsGrx3 Homo sapiens glutaredoxin 3
KD knock-down
MEF mouse embryonic fibroblast
MmGrx3 Mus musculus glutaredoxin 3
ROS reactive oxygen species
ScGrx3 Saccharomyces cerevisiae glutaredoxin 3
ScGrx4 Saccharomyces cerevisiae glutaredoxin 4
ShRNA small hairpin RNA
tBHP tert-butylhydroperoxide
Trx thioredoxin
Txnl2 thioredoxin-like 2
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Fig. 1.

Mammalian Grx3s can rescue the growth defects of yeast grx3grx4 cells. (A) Vector-
expressing wild-type cells, and vector-, ScGrx3-, HsGrx3- and MmGrx3-expressing
grx3grx4 cells were grown on nutrient rich YPD and SC-Ura media for 48 h at 30 °C. (B)
Subcellular localization of ScGrx3-RFP (upper) and MmGrx3-GFP (lower) in yeast cells.
Scale bars = 10 um.
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Fig. 2.
Mammalian Grx3s are able to suppress the sensitivity of grx3grx4 cells to oxidants and iron

accumulation. (A) Yeast grx3grx4 cells expressing plasmids as indicated were grown in SC-
Ura liquid media and the same media supplemented with 1.0 mM H,05, 1.5 mM diamide,
0.3 mM tBHP, respectively. Cell density was measured at Aggg after growth for 24 h at 30
°C. Shown is one representative experiment from four independent experiments conducted.
The bars indicate the standard deviation (n = 3). (B) Whole-cell iron contents were measured
using inductively coupled plasma mass spectrometry (ICP-MS). All results shown here are
the means of three independent experiments, and the bars indicate the standard deviation.
(C) Intracellular iron levels were measured by a QuantiChron™ Iron Assay Kit. Shown is
one representative experiment of four independent experiments. The bars represent standard
deviations (n = 3). Student’s t-test, *P < 0.01; **P < 0.001; ***P < 0.0001.
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Fig. 3.
MmGrx3 expression is in tissues and embryos and induced by oxidative stress. (A) Ten

micrograms of total RNA isolated from brain, heart, spleen, liver, kidney, stomach, muscle,
testis, lung and fat tissues were prepared, blotted and probed for MmGrx3. Ethidium
bromide-stained rRNAs are shown as a loading control. (B) In situ hybridization. Embryo
specimens at E10.5 were hybridized with digoxygenin-labeled antisense RNA probe (left)
and sense RNA probe (right). Magnification of images is 7.5x%. a, heart atrium; ce,
cerebellum; h, hypothalamus; ic, infecrior colliculus; I, liver; m, medulla; n, neocortex; s,
spinal cord; sc, superior colliculus; t, tongue; ta, tail; th, thalamus; v, heart ventricle. (C-E)
Quantitative real-time PCR analysis of MmGrx3 mRNA levels in C2C12 cells treated with
various concentrations of H,0, (C), diamide (D) and tBHP (E) for different time points as
indicated. The data shown are relative mRNA levels (fold change) as compared with C2C12
cells without treatments. The housekeeping gene cyclophilin was used to normalize Grx3
expression. All values are means + SD. Student’s t-test, *P < 0.05; **P < 0.01.
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Fig. 4.
Disruption of Grx3 in mice. (A) Shown is the schematic diagram of MmGrx3 genomic DNA

structure and the gene trap vector. (B) Genotyping of embryos dissected at E10.5 from F2
sibling-crossing female by PCR using a combination of gene-specific and target vector-
specific primers. The large PCR fragments indicated target alleles, whereas the smaller
bands indicated wild-type alleles. (C) Western blot analysis of the lysates from the same
group of embryos shown in (B). Shown are MmGrx3 protein levels in wild-type, reduced
levels in heterozygous alleles and absence of MmGrx3 in homozygous alleles. (D) Shown
are examples for wild-type and homozygous embryos at E10.5. Magnification is 20x. (E)
Wild-type embryo showing closed neural tube (arrowhead). (F) Homozygous embryo
showing open neural tube and pericardial effusion (arrowhead).
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Fig. 5.

G?X?: null allele MEFs display impaired cell proliferation and are defective in cell-cycle
progression. (A) Cell lysates from Grx3**, Grx3*/~, and Grx3~~ MEFs were subjected to
western blot analysis of MmGrx3 (1:1000). Monoclonal antibody against Gapdh (1: 1000)
was used as a loading control. (B) MEF proliferation (Passage 2) was examined during a 6-
day period. (C) Cell-cycle profiles of MEFs (P2) were conducted by flow cytometry
(FACScan, Coulter). Cells were grown in 10% fetal bovine serum Dulbecco’s modified
Eagle’s medium media for 72 h, fixed then stained with propidium iodide. (D) DAPI
staining of nuclei of Grx3*/* (a) and Grx3~/~ (b) MEFs showed Grx3~~ MEFs accumulated
binucleated cells (arrow). Grx3*/* (c) and Grx3~/~ (d) MEFs were counterstained with p-
actin (1:200). Scale bars = 10 pm. (E) Quantification of binucleated cells in Grx3*/* and
Grx3~~ MEFs. Total 615 cells counted for Grx3*/* and 527 cells counted for Grx3~/~. The
bars represent means + SD. Student’s t-test *P < 0.0001. (F,G) Grx3*/* and Grx3™~ MEFs
were pulse-labeled with BrdU for 5 h before being harvested. Cells were first stained with
anti-BrdU-Alex 688 and then counterstained with Sytox orange. Results in (D) show the
same field of cells stained with Sytox orange (a and c) or anti-BrdU-Alex 688 (b and d).
(a,b) Grx3** MEFs; (c,d) Grx3~/~ MEFs. Scale bars = 30 um. The percentage of BrdU-
positive cells in (E) was calculated by counting the BrdU-positive cells in six independent
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fields and dividing by the total number of Sytox orange-stained cells (~ 200 cells counted in
each field). The bars represent means + SD.
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Fig. 6.
Grx3 is critical for cell-cycle progression at Go/M phase. (A) Western blot analysis of Grx3

expression in Grx3-KD HeLa cells in comparison with control cells. (B) Quantification of
Grx3 protein levels in Grx3-KD cells compared with control cells. The bars represent
standard deviations (n = 3). Student’s t-test *P < 0.05, **P < 0.01. (C) Grx3-KD and control
HeL a cells were synchronized using double thymidine block, then released, and progressed
through S, G, and M phases to finish cell cycle back to G; phase. Cells were harvested at 2-
h intervals. Half of cells were stained with propidium iodide, and analyzed by FACS.
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Another half of cells were prepared for cell lysate. (D) Analysis of key cell-cycle regulators
in Grx3-KD and control cells Cell lysates from control, Grx3-KD shRNA#1, Grx3-KD
shRNA#2 cells were prepared as described above and subjected to western blotting for
cyclin B1, PIk1, Securin, Grx3 and Gapdh. (E) DAPI staining of nuclei of control (a) and
Grx3-KD (b) cells showed Grx3-KD cells accumulated binucleated cells (arrowhead).
Control (c) and Grx3-KD (d) were counterstained with -actin (1: 200). (e,f) Mergered
images of control (e) and Grx3-KD (f) staining cells. Scale bars = 200 um. (F)
Quantification of binucleated cells in control and Grx3-KD cells. Total 600 cells counted for
control cells and 360 cells counted for Grx3-KD cells. The bars represent means + SD.
Student’s t-test *P < 0.0001.
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Offspring genotypes from heterozygous matings.

No. of progeny with

No. of Total no.

genotype resorbing  of

Age ++ +- —- embryos zygotes
21 days 41 79 0 120
Embryos

9.5dpc 17 24 13 1 55
10.5 dpc 13 22 16 1 52
12.5 dpc 12 19 5 9 45
13.5 dpc 6 10 0 11 27
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