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Glucose 6-phosphate dehydrogenase deficiency
enhances germ cell apoptosis and causes defective
embryogenesis in Caenorhabditis elegans

H-C Yang1,2, T-L Chen3, Y-H Wu1, K-P Cheng4, Y-H Lin4, M-L Cheng4,5, H-Y Ho1,5, SJ Lo*,4 and DT-Y Chiu*,1,3,5,6

Glucose 6-phosphate dehydrogenase (G6PD) deficiency, known as favism, is classically manifested by hemolytic anemia in
human. More recently, it has been shown that mild G6PD deficiency moderately affects cardiac function, whereas severe G6PD
deficiency leads to embryonic lethality in mice. How G6PD deficiency affects organisms has not been fully elucidated due to the
lack of a suitable animal model. In this study, G6PD-deficient Caenorhabditis elegans was established by RNA interference
(RNAi) knockdown to delineate the role of G6PD in animal physiology. Upon G6PD RNAi knockdown, G6PD activity was
significantly hampered in C. elegans in parallel with increased oxidative stress and DNA oxidative damage. Phenotypically,
G6PD-knockdown enhanced germ cell apoptosis (2-fold increase), reduced egg production (65% of mock), and hatching (10% of
mock). To determine whether oxidative stress is associated with G6PD knockdown-induced reproduction defects, C. elegans
was challenged with a short-term hydrogen peroxide (H2O2). The early phase egg production of both mock and G6PD-knockdown
C. elegans were significantly affected by H2O2. However, H2O2-induced germ cell apoptosis was more dramatic in mock than that
in G6PD-deficient C. elegans. To investigate the signaling pathways involved in defective oogenesis and embryogenesis caused
by G6PD knockdown, mutants of p53 and mitogen-activated protein kinase (MAPK) pathways were examined. Despite the
upregulation of CEP-1 (p53), cep-1 mutation did not affect egg production and hatching in G6PD-deficient C. elegans. Neither
pmk-1 nor mek-1 mutation significantly affected egg production, whereas sek-1 mutation further decreased egg production in
G6PD-deficient C. elegans. Intriguingly, loss of function of sek-1 or mek-1 dramatically rescued defective hatching (8.3- and 9.6-
fold increase, respectively) induced by G6PD knockdown. Taken together, these findings show that G6PD knockdown reduces
egg production and hatching in C. elegans, which are possibly associated with enhanced oxidative stress and altered
MAPK pathways, respectively.
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Glucose 6-phosphate dehydrogenase (G6PD) is the rate-
limiting enzyme in the pentose phosphate pathway. G6PD
converts glucose-6-phosphate into 6-phosphogluconolactone
with the concomitant production of nicotinamide adenine
dinucleotide phosphate (NADPH), a reducing equivalent neces-
sary for reductive biosynthesis and redox homeostasis.1–3

Human G6PD deficiency is the most common enzymopathy
affecting millions of people worldwide. The clinical
manifestations of G6PD deficiency include jaundice, favism,
and drug or infection-induced hemolytic anemia.2–4

As most of the clinical presentations of G6PD-deficiency
are related to hemolytic anemia, G6PD studies in the literature

have been mostly focused on erythrocytes.5–9 However,
during the past decade, accumulating evidence has demon-
strated that G6PD deficiency also affects nucleated cells10–14

and cellular pathophysiological events, including dysregu-
lated cell proliferation, accelerated cellular senescence,
enhanced susceptibility to viral infection, and impaired
embryonic development.15,16 G6PD is essential for normal
cell growth and survival. For example, G6PD-deficient
fibroblasts exhibit retarded growth and premature senes-
cence.10 Ectopic expression of G6PD alleviates the growth
defect and cellular senescence caused by G6PD deficiency.
Furthermore, G6PD-deficient fibroblasts are highly
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susceptible to hydrogen peroxide (H2O2)-induced senes-
cence.11 The susceptibility to oxidative stress-induced cyto-
toxic effect in G6PD-depleted cells is a recurring theme.
Recently, G6PD-knockdown HepG2 cells have been shown to
be highly susceptible to diamide-induced cytotoxicity with
concomitant increased membrane peroxidation and cytoske-
letal protein aggregation.12 Such enhanced susceptibility to
diamide-induced oxidative stress has been attributed mainly
to impaired glutathione regeneration. These observations
suggest that G6PD-deficient cells are predisposed to imbal-
anced redox status and oxidative stress. As a result, the
increased oxidative stress elicits oxidative damage in macro-
molecules, such as DNA, protein, and lipid. Indeed, elevated
DNA oxidative damage is found in G6PD-deficient fibro-
blasts,11 and such cumulative genotoxic insult impairs cell
growth.17 The mitogen-activated protein kinase (MAPK)
signaling pathway is involved in coordinating the response
to oxidative stress,18 thereby modulating cellular events
including proliferation, differentiation, stress adaptation, and
apoptosis. Recently, it has been shown that G6PD-knock-
down human HepG2 cells are sensitive to oxidant-induced
apoptosis due to altered MAPK signaling pathway.13

Although much progress have been made on understand-
ing the cellular effects of G6PD deficiency in erythrocytes and
nucleated cells, the role of G6PD at the level of multicellular
organism has not been investigated extensively due to the
lack of G6PD-deficient animal model. The free-living soil
nematode, Caenorhabditis elegans, is the first multicellular
animal with its genome being fully sequenced19 and the
C. elegans G6PD protein shows 56% amino-acid sequence
homology with the human counterpart. In addition, the
advantages of using C. elegans, including short life span,
ease for large-scale culture, transparent body for microscopic
examination, and readily frozen for storage as well as
tractable genetic system, make it an invaluable animal model
for G6PD research as well as other biomedical research.20–22

In the present study, we used RNA interference (RNAi)
knockdown technique to establish a reproducible G6PD-
deficient C. elegans animal model. Such G6PD-knockdown
C. elegans displayed defective oogenesis (increased apoptotic
germ cells and reduced egg production) with concomitant
increase of oxidative stress and DNA oxidative damage. Most
importantly, we have found that G6PD-knockdown C. elegans
displayed a severe defect in embryogenesis as indicated by a
dramatic reduction of hatching of the embryos from these
animals. Mechanistically, the reduced egg production
and defective hatching induced by G6PD deficiency could
be attributed partly to increased oxidative stress and possibly
mediated by altered MAPK pathways in C. elegans,
respectively.

Results

High degree of conservation in G6PD gene from
nematode to human. G6PD is ubiquitously present in living
organisms from bacteria to mammals. Based on the amino-
acid sequence alignment (Figure 1a), mouse (Mus musculus)
G6PD shows the highest homology (93%) compared
with human (Homo sapiens) G6PD, followed by zebrafish
(Danio rerio, 74%), fruit fly (Drosophila melanogaster, 61%),

nematode (C. elegans, 56%), yeast (Saccharomyces cerevi-
siae, 45%), and bacteria (Escherichia coli, 34%). Similar to
eukaryotic G6PD homologues, including fruit fly, zebrafish,
and mouse, C. elegans G6PD contains a shorter amino
terminus compared with human counterpart (Figure 1a). In
addition, C. elegans G6PD is separated from multicellular
eukaryotic and microbial G6PD homologues in the phylo-
genetic tree (Figure 1b). Although microbial G6PD homologues
display lower degree of conservation compared with human
counterpart, it has been shown that the bacterial form
of G6PD exerts antioxidant activity in G6PD-nullizygous
mouse embryonic stem cells.23 Based on the high degree
of conservation between C. elegans and human, it is
speculated that C. elegans G6PD is a functional homologue
of human G6PD.

Generation of G6PD-deficient C. elegans by G6PD
knockdown. To investigate the effect of G6PD deficiency
in C. elegans, RNAi knockdown technique was employed
to inhibit the endogenous G6PD expression. By measuring
G6PD status, including mRNA, protein, and enzymatic
activity in G6PD-RNAi knockdown (Gi) C. elegans, the
knockdown efficiency was determined (Figure 2). As
expected, a marked reduction of g6pd mRNA level was
detected in Gi C. elegans (22% of mock, Po0.005, N¼ 4)
(Figure 2a). In addition, western blot analysis using anti-
human G6PD polyclonal antibody showed diminished G6PD
protein level in Gi C. elegans compared with mock
(Figure 2b, inlet). Consistent with the downregulated G6PD
protein expression, a significant decrease of G6PD catalytic
activity was detected in Gi C. elegans (11% of mock,
Po0.005, N¼ 8) (Figure 2b). The residual G6PD activity
(11%) in Gi C. elegans was in good accord with our recent
report in G6PD-knockdown human cell line.13 Despite
significant depletion of G6PD, no vital growth defects were
observed in the first generation of Gi C. elegans compared to
mock C. elegans under our experimental condition. Taken
together, these results demonstrate that G6PD knockdown in
C. elegans is reproducible in the generation of a viable
G6PD-deficient animal model.

Increased oxidative stress and DNA oxidative damage
by G6PD knockdown in C. elegans. G6PD-depleted cells
are highly susceptible to oxidative stress-induced cytotoxic
effect with the concomitant generation of reactive oxygen
species (ROS) and oxidative damage.11,12 In order to test
whether G6PD knockdown increased oxidative stress in
C. elegans, the level of oxidative stress and oxidative
damage were determined (Figure 3). By incubating first-day
C. elegans adult with ROS-sensitive fluorescent dye 20, 70

dichlorodihydrofluoroscein diacetate (DCFDA), increased
ROS was detected in Gi C. elegans compared with mock
C. elegans (1.2-fold, P¼ 0.038, N¼ 6) (Figure 3a). To further
investigate whether G6PD deficiency caused oxidative
damage in macromolecues, malondialdehyde (MDA) and
8-hydroxy-2-deoxyguanosine (8-OHdG) were measured.
While there was no significant difference of MDA level
between mock and Gi C. elegans (data not shown), 8-OHdG
level was significantly increased in Gi C. elegans compared
to mock (1.5-fold, P¼ 0.005, N¼ 6) (Figure 3b). This finding
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is consistent with a previous report in G6PD-deficient cell
model,11 indicating that G6PD may play a role in protecting
cells against DNA oxidative damage in C. elegans.

Decreased egg production and hatching by G6PD
knockdown in C. elegans. In the first generation of Gi
C. elegans, no significant phenotypic changes including
morphology, pharyngeal pumping, mobility, and growth rate
were observed (data not shown). The lack of major phenotypes
upon G6PD knockdown indicated that the residual G6PD
activity in Gi C. elegans is sufficient to maintain basic cell
functions in C. elegans (Figure 2b). Nevertheless, the brood
size derived from the first generation of Gi hermaphrodite was
significantly reduced (65% of mock, P¼ 0.011, n¼ 60)
compared with mock control (Figure 4a). This finding
indicates that G6PD is required for maintaining normal egg
production. In addition to the decreased egg production
upon G6PD knockdown, a majority of eggs produced by

Gi C. elegans were unable to hatch compared with mock
(10% of mock, Po0.005, n¼ 60) (Figure 4b). This dramatic
observation is consistent with a previous report that G6PD
knockdown induces embryonic lethality in C. elegans.24

Enhanced germ cell apoptosis by G6PD knockdown in
C. elegans. In order to investigate whether decreased egg
production induced by G6PD knockdown is the consequence
of enhanced germ cell death, the germ cell apoptosis was
determined in G6PD-deficient C. elegans using GFP reporter
strain bcIs39 (Plim-7ced-1::gfp), which highlights somatic
sheath cell around apoptotic germ cells upon oogenesis.25

Under basal condition, the number of apoptotic germ cells
in bcIs39 Gi C. elegans was significantly increased by
2-fold (7.4 per gonad, P¼ 0.04, n¼ 80) compared with
bcIs39 mock (3.7 per gonad, n¼ 60) (Figure 4c). This result
clearly demonstrates that reduction of G6PD increases
germ cell apoptosis.

Figure 1 C. elegans G6PD shows high degree of conservation with other G6PD homologues. (a) Amino-acid sequence alignment of G6PD homologues in human (Hs),
mouse (Mm), zebrafish (Dr), fruit fly (Dm), nematode (Ce), yeast (Sc), and bacteria (Ec). (b) Phylogenetic tree of G6PD homologues. Asterisk (*) represents fully conserved
residues, colon (:) represents conservation between groups of strongly similar properties, period (.) represents conservation between groups of weakly similar properties

G6PD knockdown induced defective oogenesis and embryogenesis
H-C Yang et al

3

Cell Death and Disease



Involvement of high oxidative stress in altered germ cell
apoptosis and egg production by G6PD knockdown in
C. elegans. Increased oxidative stress has been associated
with reduced brood size in C. elegans.26–28 To test whether
high oxidative stress was involved in altered germ cell
apoptosis and egg production caused by G6PD knockdown,
a short-term H2O2 treatment was exogenously applied to
C. elegans adult followed by scoring the apoptotic germ cells
(Figures 5a and b) and egg production (Figure 5c). At 5 mM
and 10 mM H2O2, the apoptotic germ cells were increased in
mock C. elegans (6.2±1.8 cells per gonad, P¼ 0.109 and
7.5±1.9 cells per gonad, Po0.005, respectively) compared
with untreated control (3.7±1.3 cells per gonad) (Figure 5a).
However, the apoptotic germ cells in H2O2-treated Gi
C. elegans showed no discernible difference (5 mM
H2O2: 7.8±2.3 cells per gonad, P¼ 0.276 and 10 mM
H2O2: 7.2±1.7 cells per gonad, P¼ 0.652) compared with
untreated Gi control (7.4±1.9 cells per gonad) (Figure 5a).
Furthermore, at 5 mM H2O2, the total egg production of both
mock and Gi C. elegans were not significantly affected
compared with untreated control (P¼ 0.924 and P¼ 0.832,
respectively) (Figure 5c and Supplementary Table S1).

Nevertheless, during the first half of egg-laying period
(day 1 to day 2), the egg production was markedly reduced in
mock and Gi C. elegans compared with untreated control (72%
of mock control, P¼ 0.013 and 67% of Gi control, P¼ 0.022,
respectively), whereas no significant difference was found in
the second half of egg-laying period (day 3 to day 4).
Remarkably, at 10 mM H2O2, the total egg production was
significantly reduced in both mock and Gi C. elegans compared
with untreated control (65% of mock control, P¼ 0.010 and
62% of Gi control, P¼ 0.028, respectively). From day 1 to day
2, the egg production was severely decreased in mock and Gi
C. elegans compared with untreated control (34% of mock
control, P¼ 0.001 and 38% of Gi control, P¼ 0.001, respec-
tively), whereas there was no significant difference in the
second half of egg-laying period (day 3 to day 4). Taken
together, these data indicate that high oxidative stress could be
associated with G6PD knockdown-induced germ cell apoptosis
and reduced egg production.
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Figure 2 G6PD knockdown downregulates G6PD status. (a) g6pd mRNA level
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Figure 3 G6PD knockdown enhances oxidative stress and DNA oxidative
damage in C. elegans. (a) The ROS level in C. elegans was determined by
incubating staged adults with DCFDA and the fluorescence was detected by
fluorescent microplate reader. The fluorescence of G6PD-RNAi knockdown (Gi)
C. elegans was subtracted by background and normalized with mock (N¼ 6,
P¼ 0.038). (b) The DNA oxidative damage (8-OHdG) in C. elegans was
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significant difference between mock and G6PD-RNAi knockdown (Gi) C. elegans
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Other possible mechanisms of defective egg production
induced by G6PD knockdown in C. elegans. In order to
elucidate the signaling pathway associated with defective
egg production caused by G6PD deficiency, loss-of-function
mutants of possible pathways were analyzed for their egg
production. It has been shown that p53 protein expression
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Figure 4 G6PD knockdown affects egg production, hatching, and germ cell
apoptosis in C. elegans. (a) The total egg production was determined by counting
eggs laid on plate throughout egg laying period. The assay was performed with 20
hermaphrodites in triplicate. (b) Hatching was determined by counting the total live
progeny and divided by the number of total egg production. (c) The germ cell
apoptosis was determined in the gonad of the GFP reporter strain bcIs39 (Plim-7ced-
1::gfp). *Po0.05 indicate significant difference between mock and G6PD-RNAi
knockdown (Gi) C. elegans. These results were representative of three separate
experiments (N¼ 3)
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is upregulated in oxidant-treated G6PD-deficient human
fibroblasts.11 Likewise, Gi C. elegans showed enhanced
CEP-1 (p53) protein expression (1.37-fold, P¼ 0.014, N¼ 5)
(Supplementary Figure S1). However, cep-1 mutation neither
affected egg production (P¼ 0.313, n¼ 70) nor prevented
G6PD knockdown-induced defective egg production in
C. elegans (P¼ 0.622, n¼ 70) (Figure 6a), indicating that
reduced egg production caused by G6PD deficiency
is independent to cep-1.

It has been shown that G6PD knockdown enhances the
inhibitory effect of H2O2 on protein tyrosine phosphatase
and causes sustained MAPK activation leading to cell
demise.13 In order to investigate whether MAPK played a
role in G6PD knockdown-induced defective egg production,
C. elegans MAPK mutants, including pmk-1, sek-1, and mek-
1 were scored for their egg production under basal and G6PD
knockdown conditions (Figures 6b–d). Our results showed
that pmk-1 mutant exhibited minor decrease of egg production
compared to mock (91% of mock, Po0.001, n¼ 70), whereas
the egg production of the pmk-1/g6pd(RNAi) double mutant
was similar to that of Gi C. elegans (P¼ 0.136, n¼ 70)
(Figure 6b). On the other hand, sek-1 mutant displayed
reduced egg production similar to Gi C. elegans (76% of mock,
Po0.001, n¼ 70). Notably, sek-1/g6pd(RNAi) double mutant
showed further decrease of egg production (42% of Gi C.
elegans, Po0.001, n¼ 70) (Figure 6c). The mek-1 mutant
displayed no difference of egg production compared with mock
(P¼ 0.334, n¼ 60) (Figure 6d). Also, the egg production of the
mek-1/g6pd(RNAi) double mutant was indistinguishable to that
of Gi C. elegans (P¼ 0.471, n¼ 60). Taken together, these

results suggest that sek-1, but not mek-1 or pmk-1, acts in
parallel to G6PD in the modulation of egg production.

Involvement of MAPK pathways in defective hatching
of G6PD-knockdown C. elegans. Since the hatching of
the embryos was severely affected by G6PD knockdown
(Figure 4b), possible signaling pathways such as p53 and
MAPK were examined (Figure 7). Compared with the
diminished hatching of Gi C. elegans (8.0%, Po0.001,
n¼ 70), the loss of function of cep-1/g6pd(RNAi) double
mutant also displayed low hatching (6.9%, P¼ 0.408,
n¼ 70). Similarly, the pmk-1/g6pd(RNAi) double mutant
exhibited low hatching compared with Gi C. elegans (8.7%,
P¼ 0.568, n¼ 70). Intriguingly, the hatching was significantly
increased in sek-1/g6pd(RNAi) and mek-1/g6pd(RNAi)
double mutants compared with Gi C. elegans (8.3-fold,
P¼ 0.019, n¼ 70 and 9.6-fold, Po0.001, n¼ 60, respec-
tively). Taken together, these results suggest that sek-1 and
mek-1 play essential roles in the modulation of hatching
in G6PD-knockdown C. elegans embryos.

Discussion

G6PD is highly conserved from bacteria to human (Figure 1).
Previous studies have shown that G6PD deletion does
not affect the viability of E. coli.29 Likewise, G6PD-null
S. cerevisiae grows normally, except for the nutritional
requirement of organic sulfur.30 Mild G6PD deficiency (40%
of normal activity) moderately affects cardiac function in a
mouse model.31 In contrast, severe G6PD deficiency leads to

Figure 6 G6PD knockdown-induced defective egg production is independent of cep-1 and in parallel with sek-1. (a) The egg production was determined in mock,
g6pd(RNAi), cep-1 and cep-1/g6pd(RNAi) double mutants. (b) The egg production was determined in mock, g6pd(RNAi), pmk-1 mutant and pmk-1/g6pd(RNAi) double
mutant. (c) The egg production was determined in mock, g6pd(RNAi), sek-1 and sek-1/g6pd(RNAi) double mutants. (d) The egg production was determined in mock,
g6pd(RNAi), mek-1 and mek-1/g6pd(RNAi) double mutants. *Po0.05 indicates significant difference compared with untreated G6PD-knockdown C. elegans. #Po0.05
indicates significant difference compared with mock C. elegans. @Po0.05 indicates significant difference between g6pd(RNAi) and sek-1/ g6pd(RNAi) C. elegans.
N.S. indicates no significant difference
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embryonic lethality in mice.32 Currently, the lack of a workable
G6PD-deficient animal model is the major obstacle to reveal
the role of G6PD in organismal level. In the present study,
G6PD-deficient C. elegans is established by RNAi knockdown
as a viable and workable model system. Upon G6PD knock-
down, C. elegans demonstrates significant reduction of G6PD
expression and catalytic activity (Figure 2), which are consis-
tent with reduced G6PD status in G6PD-knockdown cells.13

G6PD deficiency is associated with embryonic lethality in
animals. Indeed, the most dramatic finding in this study is the
extremely low hatching of eggs derived from G6PD-

knockdown C. elegans (Figure 4c). This result is supported
by previous reports in mice32 and C. elegans from a large-scale
RNAi screen.24 Consistently, the low hatching of eggs from
G6PD-knockdown C. elegans provides strong evidence to the
notion that G6PD is indispensable for embryonic survival in C.
elegans. However, the underlying mechanism on how G6PD
status affects embryonic survival is largely unknown.

One possible mechanism responsible for the defective
oogenesis induced by G6PD knockdown in C. elegans is
increased oxidative stress and oxidative damage. Indeed,
G6PD deficiency has been correlated with increased oxidative
stress in cells.10–13 Presumably, elevated oxidative stress and
oxidative damage should be present in G6PD-deficient
animals. Toward this end, we have determined ROS
and oxidative damage in G6PD-knockdown C. elegans. As
expected, G6PD-knockdown C. elegans displays increased
oxidative stress compared with mock in basal condition
(Figure 3a) and such observation is comparable with G6PD-
knockdown cells.12,13 Previous study has shown that
G6PD-knockdown cells do not display enhanced MDA under
physiological condition.12 Similarly, the MDA level in G6PD-
knockdown C. elegans is indistinguishable to mock control
under physiological condition (data not shown). On the other
hand, G6PD knockdown enhances DNA oxidative damages in
C. elegans (Figure 3b). The fact that G6PD deficiency
enhances DNA oxidative damage but not lipid peroxidation
suggests that G6PD-deficient C. elegans is particularly
sensitive to genotoxic insult, which is in accord with previous
finding in G6PD-deficient fibroblasts.11

Previous studies showed that increased oxidative stress is
associated with defective oogenesis33 in C. elegans. Since
DCFDA mainly stains for H2O2, the possibility that other ROS
species contribute to elevated DNA oxidative damage in
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Figure 8 Proposed mechanism of defective oogenesis and embryogenesis induced by G6PD knockdown in C. elegans. G6PD deficiency reduces NADPH level, which
may modulate signaling pathways of egg production and hatching. (a) The mechanism of G6PD knockdown-induced defective egg production is proposed. NADPH depletion
impairs redox homeostasis as indicated by increased oxidative stress and DNA oxidative damage. As a result, the accumulated oxidative insult enhances germ cell death and
leads to decreased egg production. (b) The mechanism of G6PD knockdown-induced defective hatching is proposed. Upon G6PD knockdown, the diminished NADPH
reduces the activity of a yet to be identified sensor, for example dual oxidase. The decreased production of sensor-derived ROS, which serves as signaling molecules,
activates mek-1 or sek-1 through negative regulation. In turn, activation of mek-1 or sek-1 impairs normal hatching possibly through multiple signaling pathways. Hence, the
loss of function of mek-1 or sek-1 negates the deleterious effects on hatching due to G6PD deficiency in C. elegans
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Figure 7 G6PD knockdown-induced defective hatching is reversed by sek-1 or
mek-1 loss-of-function. The hatching was determined in mock, cep-1, pmk-1, mek-
1, sek-1 mutants and their double mutants with G6PD-RNAi knockdown. *Po0.05
indicates significant difference compared with RNAi control. a Po0.001 indicates
significant difference compared with G6PD-RNAi knockdown (Gi) C. elegans
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G6PD-deficient C. elegans cannot be excluded. In the current
study, short-term H2O2 enhances germ cell apoptosis in mock
C. elegans in a dose-dependent manner (Figure 5a). However,
the fact that H2O2 cannot further enhance germ cell apoptosis
in G6PD-deficient C. elegans suggests that it may be due to the
buildup of endogenous oxidative stress in the oocytes that
enhances germ cell apoptosis. Consequently, the enhanced
germ cell death may lead to reduced egg production in G6PD-
knockdown C. elegans as possible mechanism illustrated in
Figure 8a. Nevertheless, the fact that vitamin E feeding fails to
rescue the defective egg production and hatching in G6PD-
knockdown C. elegans under our experimental condition (data
not shown), suggesting the modulation of the redox home-
ostasis is a very complicated matter and these findings are
consistent with previous report that antioxidant supplementa-
tion often displays mixed or negative outcomes in clinical
trials.34 Hence, the effect of increased oxidative stress or
oxidative damage may be limited in playing a role in enhanced
germ cell apoptosis caused by G6PD deficiency.

As p53-dependent DNA damage pathway35 and G6PD
knockdown-induced alteration in MAPK activity are
associated with cell demise,13 loss-of-function mutants of
C. elegans p53 (cep-1) and MAPK pathways (pmk-1, sek-1
and mek-1) are scored for their egg production (Figure 6) and
hatching (Figure 7) upon G6PD knockdown. The interpreta-
tion of the genetic analysis suggests that cep-1 is not required
for the maintenance of normal egg production (Figure 6a). On
the other hand, the p38 MAPK pathway, including pmk-1
and sek-1, is required for the maintenance of normal egg
production (Figures 6b and c). As G6PD knockdown cannot
further decrease egg production in pmk-1 mutant, this
indicates that pmk-1 may act downstream of g6pd in the
same pathway for maintaining normal egg production
(Figure 6b). While mek-1 is not involved in the maintenance
of normal egg production (Figure 6d), the additive suppression
of egg production in sek-1/g6pd(RNAi) double mutant
suggests that sek-1 may function in parallel to g6pd rather
than in the same pathway (Figure 6c). In general, p38 MAPK
pathway is associated with diverse cellular functions, includ-
ing immunity, apoptosis, stress response, and cell fate
determination. The C. elegans pmk-1, a human p38 MAPK
homologue, is activated by the mammalian MKK3/6 homo-
logue sek-1, a member of MAPKK, which is downstream of
nsy-1. The nsy-1-sek-1-pmk-1 cascade of p38 MAPK signal-
ing is essential in the environmental response in C. elegans.36

In addition, the C. elegans mek-1, a member of MAPK kinase
(MAPKK) and activator of c-Jun N-terminal kinase (JNK), is
also involved in stress response.37 Hence, our results indicate
that MAPK pathway is not directly associated with G6PD
knockdown-induced defective egg production in C. elegans.

Despite MAPK pathway being not directly associated with
egg production upon G6PD knockdown (Figures 6b–d), loss
of function of sek-1 or mek-1 exhibits a substantial increase of
hatching in G6PD-knockdown C. elegans embryos (8.3-fold
and 9.6-fold, respectively) (Figure 7). Since G6PD is a major
NADPH producing enzyme in cells, we hypothesized that
there is a yet identified molecular sensor that respond to
NADPH status in C. elegans. Upon G6PD knockdown, such
NADPH sensor modulates the downstream signaling required
for normal hatching. Such notion is not unprecedented. The

translocation of the transcription factor, Nrf2 (Nuclear factor
erythroid 2p45-related transcription factor), is modulated by a
NADPH-requiring enzyme, NADPH oxidase (NOX).38 This
exemplifies a positive regulation of signal transduction affected
by NADPH. On the other hand, a recently identified NADPH
sensor, HSCARG (NmrA (34–36)-like family domain containing
protein 1), is shown to negatively regulate NF-kB function.39,40

Furthermore, the dual oxidase-derived oxidative burst is
essential for extracellular matrix modification of sea urchin
eggs during fertilization.41–43 Still more, it has been reported
that ROS can negatively regulate Ras/MAPK pathway.44

In addition, p38 and ERK/MAPK have been shown to block
bovine preimplantation embryogenesis.45 In order to clarify the
role of MAPK in G6PD knockdown-induced defective hatching,
we proposed a mechanism (Figure 8b) in which the depletion of
G6PD-derived NADPH reduces the activity of the unknown
NADPH sensor (for example, dual oxidase46) in C. elegans.
The decreased ROS signaling (represents as low oxidative
stress, in contrast to high oxidative stress that causes defective
egg production in G6PD deficiency) activates MAPK activity
through negative regulation. In turn, the activated MAPK
impairs the hatching possibly through multiple signal transduc-
tion pathways. Hence, the inactivation of mek-1 or sek-1
negates the deleterious effects on hatching caused by G6PD
knockdown in C. elegans. Indeed, the role of MAPK signaling in
antagonizing essential gene for embryogenesis has been
documented. The loss-of-function of MAPK pathways, includ-
ing lin-45 (RAF), mek-2 (MEK), and mpk-1 (ERK), differentially
rescue embryonic lethality of par-1 (partitioning defective)
mutant embryos.47 However, how does the inactivation of sek-
1 or mek-1 actually suppress the defective hatching induced by
G6PD knockdown remains to be elucidated.

All in all, we have reported a reproducible method to
generate G6PD-deficient C. elegans by RNAi technique. This
G6PD-knockdown animal model allows us to delineate the
chronic effects of G6PD-deficiency at the multicellular organ-
ism level. The parental G6PD-knockdown C. elegans is viable
and shows no major growth defect. However, G6PD-knock-
down C. elegans displays enhanced germ cell apoptosis and
reduced egg production as well as a severe defect in hatching.
Mechanistic studies suggest that decreased egg production in
G6PD-knockdown C. elegans could be attributed in part to
increased oxidative stress and oxidative damage. In contrast to
its toxic effect in egg production, ROS may play an important
role as signal molecules to mediate MAPK pathway that in turn
can affect hatching in C. elegans.

Materials and Methods
C. elegans strains. N2 (wild type), pmk-1(km25), sek-1(km4), mek-1(ks54),
cep-1(gk138), and bcIs39 (Plim-7ced-1::gfp) were obtained from Caenorhabditis
Genetics Center, University of Minnesota. All C. elegans strains were maintained
on NGM agar plate seeded with bacterial lawn at 20 1C according to standard
protocols.

Multiple sequence alignment and phylogenetic analysis. The
amino-acid sequence alignment and the phylogram of G6PD homologues were
generated by online software Clustal W2 provided by EMBL-EBI (www.ebi.ac.uk).
The abbreviation and accession number of each G6PD homologues are as
followed: Hs, human (AAA92653); Mm, mouse (NP_032088); Dr, zebrafish
(XP_699168); Dm, fruit fly (AAA99107); Ce, nematode (CAA97412); Sc, yeast
(CAA93357); Ec, bacteria (AP_002472).
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Construction of G6PD-RNAi vector: L4440-G6PD. RNA extraction,
competent cell preparation, plasmid DNA isolation, ligation, and transformation in
this study were performed according to standard molecular cloning protocol.48

In brief, the total RNA of wild type C. elegans was isolated using Trizol (Invitrogen
Carlsbad, CA, USA) and reverse transcribed to cDNA using reverse
transcriptase—Superscript III (Invitrogen). The full length C. elegans G6PD
(B0035.5) cDNA was amplified by PCR with primer pairs (forward primer: 50-
ATGGCATGCAAACGTCATTC-30; reverse primer: 50-CCCAACGAGGTTTCGA-
TATT-30). The PCR product of full length C. elegans G6PD was purified and
ligated to pCR2.1-TOPO (Invitrogen). The construct was validated by restriction
enzyme digestion and sequencing. The full length C. elegans G6PD fragment was
ligated to L4440 (L4440-G6PD), and later transformed into E. coli HT115 (DE3).

RNAi knockdown. The procedure of RNAi knockdown by dsRNA feeding
was performed based on standard protocol.24 N2 hermaphrodites were cultured at
20 1C on NGM plate seeded with E. coli OP50. The gravid adults were harvested
and bleached (0.5 M NaOH and 1% NaOCl) to obtain eggs. The bleached eggs
were synchronized to L1 in M9 buffer at 20 1C for 16 h and transferred to IPTG
(1 mM) containing NGM plate seeded with E. coli HT115 (DE3)/ L4440 and HT115
(DE3)/ L4440-G6PD at 20 1C for 3 days to obtain staged adults of mock and
G6PD-knockdown C. elegans, respectively.

G6PD activity assay. The G6PD activity of adult C. elegans was assayed
spectrophotometrically at 340 nm by the reduction of NADPþ in the presence of
glucose 6-phosphate as previously described with modification.11 In brief, staged
first-day adults were harvested from RNAi NGM plate with washing buffer (1X PBS
supplemented with 0.1% Tween 20) followed by washing and pelleting twice to
remove bacteria. The worms were resuspended in extraction buffer (20 mM Tris-
HCl, pH 8.0, 3 mM magnesium chloride, 1 mM EDTA, 0.02% b-mercaptoethanol,
1 mM e-aminocaproic acid and 0.1% Triton X-100). The worm suspension was
chilled immediately on ice and disrupted by sonication (Amplitude: 10%, pulse: 2 s
with 5-s intervals for 20 cycles) (VCX400, Sonics and Materials, Danbury, CT,
USA). The crude lysates were centrifuged at 12 000r.p.m. for 15 min at 4 1C
(Centrifuge 5417R, Eppendorf, Hamburg, Germany) and the supernatants
(protein-containing lysate) were collected. Protein concentration of the lysate
was determined by Bradford method (Bio-Rad, Hercules, CA, USA). A typical
assay mixture consisted of 100mg of protein lysate in 1 ml of assay buffer (50 mM
Tris-HCl pH 8, 50 mM MgCl2, 4 mM NADPþ , 4 mM glucose 6-phosphate). The
change of absorbance at 340 nm in each sample was measured spectro-
photometrically for 15 min at 37 1C.

Quantitative real-time PCR. Quantitative real-time PCR was performed by
using iQ5 real-time thermal cycler (Bio-Rad) and SYBR PCR Premix reagent
(Yeastern Biotechnology, Taipei, Taiwan). Primers were designed using Beacon
designer software (Bio-Rad) or Primer3.49 In brief, reaction mixtures contained
1mg of cDNA prepared from total mRNA extract, diluted primers, and SYBR PCR
Premix in PCR microcentrifuge tube. The thermal cycle procedure was as
followed: 95 1C for 10 min, 40 cycles of 95 1C for 15 s and 60 1C for 1 min. Relative
gene expression (g6pd: forward primer, 50-atgctcttgctgttgttcacatc-30; reverse
primer, 50-cgctttaattcaccagacggatag-30) was normalized against threshold cycle
(Ct) values of the housekeeping gene (ef-1a : forward primer, 50-acattgtcgtcatcg-
gacatgtcgactc-30; reverse primer, 50-cgagaacccaggcgtacttgaaggatc-30). The
relative index (2�DDCt) was calculated by comparing the average expression
levels for control samples with the index defined as 1.00.

Western blot. The C. elegans protein lysate extracted from staged adults
were resolved by SDS-PAGE and immunoblotting against a rabbit antiserum to
human G6PD, C. elegans CEP-1 (Santa Cruz Biotechnology, Dallas, TX, USA),
human actin (Santa Cruz Biotechnology), or C. elegans tubulin (Santa Cruz
Biotechnology) according to the instructions provided by manufacturers.

DNA oxidative damage analysis. The 8-OHdG was measured in staged
adults C. elegans based on a published protocol.11 In brief, staged first-day adults
were harvested, washed, and resuspended in TE buffer followed by sonication and
centrifugation at 12 000 r.p.m. for 15 min at 4 1C. The supernatant was incubated
with 0.7 mg/ml RNase A, 0.46% SDS, and 0.1 mM deferoxamine mesylate
at 37 1C for 1 h. It was followed by the addition of 0.36 mg/ml of proteinase K for
16–18 h in dark at room temperature on a rotating roller drum. The DNA was

extracted by phenol/ chloroform/isoamylalcohol (25 : 24 : 1) and precipitated with
3 M sodium acetate (pH 5.2). The DNA pellet was sequentially washed by 99.5
and 70% ethanol. The washed DNA was resuspended in 20 mM sodium acetate
(pH 5.2) and digested to nucleotide level for 2 h at 37 1C with 20 units of nuclease P1.
Subsequently, 6 units of alkaline phosphatase in 1 M Tris buffer (pH 8.5) were
added for 1.5 h at 37 1C. Prior to HPLC analysis, hydrolysate was subjected to
filtration with Microcon YM-10 (EMD Millipore, Billerica, MA, USA) to remove
proteins and and other macromolecules. The filtrate containing nucleosides was
separated by a reverse-phase HPLC system (ESA, Inc., Chelmsford, MA, USA)
using a C8 column (3mm, 4.6� 150 mm; YMC-BD) and was eluted at a flow rate
of 1.0 ml/min with 10% methanol in 20 mM sodium acetate buffer (pH 5.2) as
mobile phase. The amount of 8-OHdG and dG were detected with an ESA
Coulochem II electrochemical detector (ESA, Inc., USA). The standards 8-OHdG
and dG were used in this assay. The 8-OHdG level was represented as the
number of 8-OHdG molecules per 106 dG.

Determination of egg production and hatching. Staged L4
hermaphrodites of mock and G6PD-knockdown C. elegans were transferred to
new RNAi plate in triplicate. Subsequently, these hermaphrodites were transferred
to fresh RNAi NGM plates every 24 h during egg laying period. Immediately after
transfer, the eggs laid on plate were scored manually under dissecting
microscope. To determine hatching, live progeny was counted 3 days after
the parents were removed. The hatching percentage is calculated as the number
of hatched progeny divided by the total egg production.

Short-term hydrogen peroxide treatment. Staged young adults of
mock and G6PD-knockdown C. elegans were harvested and treated with various
concentrations of H2O2 prepared in PBS for 30 min at room temperature on a test
tube rotator (Snijders, Tilburg, Netherlands). Immediately after the treatment, the
worms were pelleted and rinsed with PBS to remove the residual H2O2. The
treated C. elegans was transferred to fresh RNAi NGM plate for recovery for 2 h
followed by picking hermaphrodites for scoring apoptotic germ cells and egg
production.

Quantification of germ cell apoptosis. Germ cell apoptosis was
visualized based on CED-1::GFP, a specific reporter, which highlights the somatic
sheath cell surrounded apoptotic germ cells upon engulfment by using bcIs39
strain (Plim-7ced-1::gfp).25 Staged young adult hermaphrodites of mock and G6PD-
knockdown C. elegans grown at 20 1C were harvested from RNAi NGM plate.
These worms were washed with PBS and anesthetized with 2% levamisole
followed by mounting on 2% agarose pad on glass slides. Fluorescent images
were taken by using epifluorescence microscope (Leica DM 2500; Leica, Wetzlar,
Germany) coupled with CCD camera (Photometrics, Coolsnap K4, Tucson, AZ,
USA) and analyzed by imaging software (Metamorph 6.1r0; Molecular Devices,
Sunnyvale, CA, USA). The number of apoptotic germ cells was determined by
counting green fluorescent germ cells in each gonad. For short-term oxidant
treatment, bcIs39 strain was pretreated with H2O2 at young adult stage as
previously described.

Oxidative stress measurement. The oxidative stress measurement in
C. elegans was performed according to a published protocol.50 Briefly, the ROS
was detected in vivo in staged first-day adults C. elegans by staining with
20, 70-dichlorodihydrofluoroscein diacetate (Molecular Probes, Eugene, OR, USA).
Nonfluorescent DCFDA is a freely cell permeable dye, which can be readily
converted to fluorescent 20, 70-dichlorofluorescein owing to the interaction with
intracellular H2O2. C. elegans samples in triplicate were incubated in 96 well plate
containing 50mM DCFDA in M9 buffer at room temperature (25 1C) in a
fluorescent microplate reader (Spectra MAX Gemini, Molecular Devices). C.
elegans samples were read every 2 min for 5 h for quantification of fluorescence at
485 nm (excitation) and 530 nm (emission). After the assay, C. elegans samples
were harvested to determine protein concentration for normalization.

Statistical analysis. Where applicable, data were presented as means±
S.D. Statistical difference between mock and G6PD-knockdown C. elegans was
analyzed by Student’s t-test. Comparisons between different concentrations of
oxidant treatment were evaluated by one-way analysis of variance followed by
Tukey’s multiple comparison test. Values of Po0.05 were considered statistically
significant.
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