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Neutropenia and neutrophil dysfunction are common in many diseases, although their etiology is often
unclear. Previous views held that there was a single ER enzyme, glucose-6-phosphatase-o (G6Pase-o.), whose
activity — limited to the liver, kidney, and intestine — was solely responsible for the final stages of gluconeo-
genesis and glycogenolysis, in which glucose-6-phosphate (G6P) is hydrolyzed to glucose for release to the
blood. Recently, we characterized a second G6Pase activity, that of G6Pase-f} (also known as G6PC), which is
also capable of hydrolyzing G6P to glucose but is ubiquitously expressed and not implicated in interprandial
blood glucose homeostasis. We now report that the absence of G6Pase-f3 led to neutropenia; defects in neutro-
phil respiratory burst, chemotaxis, and calcium flux; and increased susceptibility to bacterial infection. Con-
sistent with this, G6Pase-f-deficient (G6pc3~~) mice with experimental peritonitis exhibited increased expres-
sion of the glucose-regulated proteins upregulated during ER stress in their neutrophils and bone marrow,
and the G6pc3~~ neutrophils exhibited an enhanced rate of apoptosis. Our results define a molecular pathway
to neutropenia and neutrophil dysfunction of previously unknown etiology, providing a potential model for

the treatment of these conditions.

Introduction

Quantitative or qualitative changes in neutrophil function are
common in a number of diseases, such as glycogen storage disease
type Ib (GSD-Ib; refs. 1-4), Shwachman-Diamond syndrome (5),
and cyclic and autoimmune neutropenias (6-8), but the underly-
ing cause is unclear. GSD-Ib is particularly interesting because
although the molecular basis of the disease has been elucidated
recently (1, 2) and clearly explains the predominant phenotype
of disturbed glucose homeostasis, the connection to neutrophil
dysfunction remains obscure. Moreover, a related disease, GSD-Ia
(1), exhibits a metabolic phenotype nearly identical to that of
GSD-Ib, but without the neutrophil dysfunction. Therefore, the
2 diseases provide an informative system with which to identify
the cause of the neutrophil dysfunction. GSD-Ib is caused by
mutations in the glucose-6-phosphate transporter (G6PT), which
translocates glucose-6-phosphate (G6P) from the cytoplasm into
the lumen of the ER, while GSD-Ia is caused by mutations in glu-
cose-6-phosphatase-a. (G6Pase-0,; also referred to as G6P catalytic
subunit [G6PC]), which hydrolyzes endoluminal G6P to glucose
(1, 2). Both G6Pase-a (9) and G6PT (10) are ER transmembrane
proteins, and their activities are functionally linked (11, 12).
Therefore, a detrimental mutation in either protein prevents the
other from functioning efficiently and leads to the same meta-
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6-phosphate dehydrogenase; HSV-tk, herpes simplex virus thymidine kinase; KC,
cytokine-induced neutrophil chemoattractant; MIP-2, macrophage inflammatory
protein 2; neo, neomycin; UPR, unfolded protein response.
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bolic phenotype, manifested initially by changes in the glucose
and lipid profiles of blood and in the longer term with kidney and
liver disease (1, 2). While the metabolic abnormalities of GSD-Ia
and GSD-Ib are almost identical (1), GSD-Ib patients exhibit
neutrophil dysfunctions (1-4) not observed in GSD-Ia patients.
The most noticeable difference between GSD-Ia and GSD-Ib that
might explain this is the expression pattern of G6Pase-o. and
G6PT. G6Pase-a expression is restricted to the gluconeogenic
organs of the liver, kidney, and intestine (13, 14), while G6PT is
expressed ubiquitously (15), suggesting that G6PT might have
different roles in gluconeogenic and nongluconeogenic tissues.
Recently a second G6Pase activity, that of G6Pase-f (also known
as G6PC3 or UGRP), was reported (16-18). The main difference
between G6Pase-ae and G6Pase-f is that the latter shares a ubiqui-
tous expression pattern (16) similar to that of G6PT (15). G6Pase-f3
shares similar kinetic properties with G6Pase-a (17) and is an
integral membrane protein in the ER, containing 9 transmem-
brane domains (18) like G6Pase-a. (9). The active site structures
of G6Pase-o. (19) and G6Pase-f3 (18) are similar, and during G6P
hydrolysis, both form a covalently bound phosphoryl-enzyme
intermediate through a histidine residue, which lies on the lumi-
nal side of the ER membrane (9, 18). G6Pase-f also couples func-
tionally with the G6PT, in the same manner as G6Pase-a. (17), to
form an active G6Pase complex that hydrolyzes G6P to glucose.
This suggests that the G6Pase-B-G6PT complex might be func-
tional in neutrophils and that the myeloid defects in GSD-Ib are
caused by the loss of activity of that complex. We hypothesized
that if this was found to be true in vivo, a knockout mutation of
Go6Pase-f should exhibit the neutrophil dysfunctions of GSD-Ib
butlack the metabolic abnormalities of both GSD-Ia and GSD-Ib.
In order to test this hypothesis, we generated G6pc3~~ mouse
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Generation of G6pc3-- mice. (A) Targeting strategy. The wild-type allele is presented along with the targeting vector and the anticipated out-
come of the recombination (targeted allele). Introns are denoted as lines, exons as boxes. Gene targeting resulted in the replacement of exons
I1I-V with a loxP-flanked (arrowheads) neo cassette containing a diagnostic EcoRV site. The locations of the diagnostic 5’ and 3' probes used
in Southern blot analysis are shown. B, BamHI; N, Notl; R, EcoRlI; RV, EcoRV; Sd, SanDI. (B) Southern blot analysis of genomic DNA from
wild-type (+/+) and targeted ES (+/-) clones digested with EcoRV. (C) PCR analysis of genomic DNA of F1 intercross progeny. A wild-type
locus—specific primer pair, EIVs/EVas, amplified a 440-bp fragment in the wild-type and heterozygous animals and 2 targeted locus—specific
primer pairs, Neo1s/Neo2as and Neo2s/EVlas, amplified 616- and 722-bp fragments, respectively, in the heterozygous and homozygous
(-/-) animals. (D) Western blot analysis of brain, muscle, and testis microsomal protein preparations (50 ug of each tissue) using an antibody

against human G6Pase-f} (48).

strains deficient in G6Pase-B/- by gene targeting. We showed that
G6Pase-p7~ mice manifested neutropenia and neutrophil dysfunc-
tions mimicking those of GSD-Ib patients. We further showed
that the expression of glucose-regulated proteins (GRPs), the ER
chaperones known to be upregulated during ER stress (20-23),
was significantly increased in the neutrophils and bone marrow
of G6pe3~/~ mice during experimental peritonitis. Moreover, the
G6pce37/- neutrophils exhibited a marked increase in apoptotic cell
numbers compared with neutrophils from control littermate mice.
Taken together, these results demonstrate that G6P translocation
and metabolism in the ER are critical for normal neutrophil func-
tion and show that ER stress-mediated neutrophil apoptosis is one
mechanism underlying myeloid dysfunction in G6pc3~~ mice.

Results

Generation of G6pc3~/~ mice. The 129/Sv] mouse G6pc3 gene (encod-
ing G6Pase-f), composed of 6 exons, was disrupted by replace-
ment of exons III-V with a neomycin (neo) cassette and insertion
into a targeting vector (24) containing a herpes simplex virus
thymidine kinase (HSV-tk) for negative selection (Figure 1A). The
construct was electroporated into J1 ES cells, and targeted clones
were identified by Southern blot analysis of EcoRV-digested
genomic DNA hybridized with a diagnostic 5" or 3' probe. The
endogenous wild-type locus was characterized by a 17-kb band
with both probes, while the targeted ES cell locus yielded 17- and
7.6-kb bands with the S' probe and 17- and 10-kb bands with the
3’ probe (Figure 1B).

Two independent ES cell clones generated 2 lines of G6pc3~/~
mice carrying the G6Pase-f-null mutation, both with identical
phenotypes. PCR of a 440-bp fragment in exons IV-V identified
the wild-type gene, and PCR of a 616-bp fragment of the neo gene
and a 722-bp fragment of the neo-exon VI fusion gene identified
the disrupted gene (Figure 1C).
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Western blot analysis of microsomal preparations of brain, mus-
cle, and testis, tissues known to express high levels of G6Pase-f3
(16), confirmed expression of the G6Pase-f3 protein in wild-type
mice and its absence in G6pc37~ mice (Figure 1D). Phosphohydro-
lase assays showed significant activity in brain, muscle, and testis
microsomes of wild-type mice, while background activities were
detected in G6pc3~~ mice (Table 1).

The G6pc37/~ animals were born at the expected Mendelian fre-
quency and were morphologically indistinguishable from wild-
type mice. The liver/kidney/intestine G6Pase-a is the dominant
hydrolase in glucose homeostasis (1); consistent with this, the
G6pe37~ mice exhibited none of the metabolic deficiencies typical
of GSD-Ia and GSD-Ib. The body weights of G6pc3~~ animals were
comparable to those of age-matched wild-type mice. The G6pc3~
livers and kidneys were of normal size, and there was no abnormal
glycogen accumulation in either organ (data not shown). Also, the
G6pc37/~ mice exhibited blood glucose, triglyceride, cholesterol,
uric acid, and lactic acid profiles comparable to those of wild-type
littermates (Figure 2A). Therefore, a deficiency in G6Pase-f does
not disrupt glucose homeostasis.

G6pc3~/~ mice manifest neutropenia and neutrophil dysfunctions. G6pc3~~
is considered a ubiquitously expressed gene (16), but expression of

Table 1
Microsomal G6P phosphohydrolase activity

Wild-type G6pe3--
Brain 95+0.9 14+0.3°
Muscle 5105 1.5+0.4A
Testis 15.0£0.5 09+0.8*

Values (mean + SEM) are reported as nmol/mg/min. AP < 0.01 versus
wild-type.

Volume 117 Number3  March 2007 785



research article

w
o
o
N
N
o
-
(9]
o
w
(&3]

120 O ++
1404 T -~
2504 T %120 1 = 3.0 100
i 100 5120 525 g
S 200 £ E 100 <3 g 80
§,1 . S 8 Y 5 €20 =
5 o = T 60
[0 ©
3 % 60 S 60 815 3
o o ©
510 S w = 010 2 40
o < 2 5 3
50 O 20 ~ 20 05 - 20
ol o+ o+ 0.0 0
B C =110
3> 100 A [JG6Pase-p
G6Pase-p W% @ 90 | WG6PT
% 80
G6PT E < o]
. Z |
B-Actin il % ig 1
2 304
s 204
© 10 1
o o

in
Is

Neutroph
Bone marrow

Bral
Leukocytes

this gene specifically in neutrophils and bone marrow, the latter
of which is the primary site of maturation and development of
hematopoietic cells (25), has not to our knowledge been previously
demonstrated. Northern blot analysis showed that human blood
neutrophils, which express nondetectable levels of the gene encod-
ing for G6Pase-a (15), expressed both G6PT and G6Pase-f3 tran-
scripts (Figure 2B). Real-time PCR analysis was used to measure
the expression levels of mouse genes encoding for G6Pase-f and
GO6PT in RNA isolated from brains, blood leukocytes, peritoneal
neutrophils, and bone marrow of wild-type mice, and the expres-
sion levels were normalized by the level of G6Pase-f transcript in
the brain, which was arbitrarily defined as 100%. Mouse leukocytes,
neutrophils, and bone marrow expressed both G6Pase-f§ and G6PT
mRNA at similar relative levels (Figure 2C).

We next sought to determine whether a knockout mutation of
G6Pase-ff would lead to the neutrophil dysfunctions of GSD-Ib,
characterized by neutropenia accompanied by impaired neutro-
phil respiratory burst activity, chemotaxis, and Ca?* flux response
(1-4,26). The G6pc37~ mice were neutropenic. Differential periph-
eral blood leukocyte counts for neutrophils in 3-week-old G6pc3~~
mice averaged only 36% of those for age-matched wild-type litter-
mates (Figure 3A). Like GSD-Ib mice (26), neutropenia improved
with age, but neutrophil counts for 6- to 7-week-old G6pc3~~ mice
still only averaged 67% of those in controls (Figure 3A).

Intraperitoneal injection of thioglycollate into 6- to 7-week-old
wild-type mice led to the recruitment of large numbers of neutrophils
into the peritoneal space (Figure 3B). In contrast, peritoneal neutro-
phil accumulation in the G6épc37~ peritoneum was decreased to 52%
of that in controls (Figure 3B). Therefore, the G6pc3~~ mice exhibit
a defect in neutrophil trafficking in vivo during an inflammatory
response similar to the defect in neutrophil accumulation previously
observed in GSD-Ib mice, in which neutrophil accumulation in the
G6PT-deficient peritoneum decreased to 33% that of controls (26).

The percentages of neutrophils in the peritoneal cell popula-
tions were similar between G6pc3~/~ (81.8% + 4.7%) and wild-type
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Figure 2

Analysis of the serum profiles and expression of G6Pase-f and G6PT
mRNA. (A) Serum concentrations of glucose, cholesterol, triglyceride,
uric acid, and lactic acid in wild-type and G6pc3-- mice. Fourteen mice
of each genotype were used. Values represent mean + SEM. (B) North-
ern blot analysis of human G6Pase-§ and G6PT mRNA expression in
human neutrophils. -Actin was used as a control. Each lane contained
3 ug poly (A)* RNA. (C) Quantification of murine G6Pase-f3 and G6PT
mRNA by real-time RT-PCR in 6-week-old wild-type mice. Leukocytes
were isolated from the whole blood, and neutrophils were isolated from
thioglycollate-induced peritoneum. Expression levels are shown rela-
tive to that of G6Pase-f3 or G6PT transcript in the brain, which was arbi-
trarily assigned as 100%.

littermates (84.3% + 5.8%; P = 0.75), and both populations were
composed of morphologically mature neutrophils, including band
and segmented nucleophilic cells (Figure 3C). The G6pc37/~ and
wild-type neutrophils also expressed similar levels of the granule
protein gelatinase and the myeloid differentiation antigen Gr-1
(Figure 3D). Because gelatinase is a marker of terminal neutrophil
differentiation (27, 28) and Gr-1 is a marker of neutrophil matura-
tion (29, 30), these results indicate that neutrophils in both perito-
neal cell populations are of similar maturity.

Respiratory burst activity was assessed in thioglycollate-recruited
peritoneal neutrophils from G6pc37~ and wild-type littermates. In
wild-type mice, superoxide production in neutrophils was mark-
edly increased by exposure to phorbol myristate acetate (PMA)
(Figure 3E). However, for G6pc3~~ mice, PMA-stimulated superox-
ide production was reduced in neutrophils (Figure 3E), implying
that G6Pase-f expression in neutrophils is important for respira-
tory burst activity.

Thioglycollate-elicited peritoneal neutrophils from wild-type
mice exhibited a greater dose-dependent chemotactic response
to the bacterial peptide f-Met-Leu-Phe (fMLP) as well as the che-
mokines cytokine-induced neutrophil chemoattractant (KC) and
macrophage inflammatory protein 2 (MIP-2) than did neutrophils
from G6pc3~/~ mice (Figure 4A), which suggests that chemotaxis
is impaired in the G6pc37~ mice. In wild-type mice, mobilization
of Ca?* increased in response to fMLP, KC, and MIP-2, whereas
Ca?* mobilization was impaired in G6pc3~~ neutrophils (Figure
4B). Therefore, a deficiency of G6Pase-f in neutrophils also led
to problems regulating intracellular Ca?* concentrations. We con-
clude that G6pc37~ mice exhibit impaired neutrophil respiratory
burst, chemotaxis, and Ca? flux activities similar to those of neu-
trophils from GSD-Ib patients (1-4) and mice (26).

G6pe3~~ mice exhibit increased susceptibility to bacterial infection. The
neutropenia and neutrophil dysfunctions in GSD-Ib patients
usually result in recurrent bacterial infections (1-4). In order to
determine whether G6pc3~~ mice exhibit similar bacterial suscep-
tibility, we used a murine model of acute lethal bacterial infection.
G6pe37~ and wild-type littermates were challenged with a lethal
intraperitoneal dose of Escherichia coli (4 x 107 CFU/30 g), and
survival rates were compared (Figure SA). Infected G6pc3~~ mice
showed increased susceptibility, with 92% (22 of 24) of knockout
mice dying after 20 hours of infection compared with 29% (7 of
24) of wild-type littermates. The surviving 2 G6pc37~ mice recov-
ered completely from the infection, and 9 of the 24 wild-type lit-
termates recovered completely (Figure SA).

The number of viable bacteria in the blood of the challenged
G6pc3~/~ and wild-type mice 5 hours after infection correlated to
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Analysis of myeloid functions. (A) Neutrophil counts in 3-week-old (n = 8) and 6-week-old (n = 12) wild-type and G6pc3-- mice. (B) Total perito-

neal neutrophil counts in 6- to 7-week-old wild-type (n = 15) and G6pc3--

(n = 16) mice challenged with thioglycollate. (C) Hema 3-stained cyto-

spins of peritoneal neutrophils obtained from 7-week-old wild-type and G6pc3-- mice. (D) Western blot analysis of protein extracts of peritoneal
neutrophils (50 ug/lane) from 6- to 7-week-old wild-type and G6pc3-- mice using antibodies against gelatinase, Gr-1, or $-actin. (E) Neutrophil
respiratory burst activity. Results represent triplicate determinations using peritoneal neutrophils from 6- to 7-week-old wild-type (open circles)
or G6pc3- (filled circles) mice. RLU, relative light unit. Values are mean + SEM. *P < 0.03; TP < 0.0005 versus wild-type.

survival time (Figure 5B). Mice dying early in infection showed
considerably higher concentrations of viable bacteria in their
blood than did those dying late in infection. Mice that survived
the bacterial challenge showed low or undetectable levels of viable
bacteria in their blood 5 hours after infection.

G6pc3~/~ mice do not exhibit impaired hematopoiesis in bone marrow.
Impaired hematopoiesis in the bone marrow could be the cause
of the neutropenia and neutrophil dysfunction we observed in
G6pe37~ mice. We therefore examined hematopoiesis in G6pe37~
and wild-type littermates. The total number of cells in the bone
marrow aspirates combined from the femur and tibia were similar
between G6pc3~/~ and wild-type mice (data not shown), and both
aspirates expressed similar levels of gelatinase (27, 28) and Gr-1
(29, 30) (Figure 6A). Interestingly, G6pc3~~ aspirates contained a
slightly higher proportion of CFUs than did wild-type aspirates
(Figure 6B). In bone marrow aspirates from 3-week-old mice, in
vitro clonal stimulation with G-CSF, GM-CSF, or M-CSF caused
granulocyte, granulocyte-macrophage, and macrophage CFUs to
increase 1.6-, 1.6-, and 1.7-fold, respectively, in G6pc3~~ mice com-
pared with wild-type littermates (Figure 6B). By 7 weeks of age,
this had not changed significantly: the counts of granulocyte,
granulocyte-macrophage, and macrophage CFUs increased 1.8-,
1.3-, and 1.5-fold, respectively, in G6pc3~~ mice compared with
wild-type littermates (Figure 6B). Moreover, 40%-45% of granu-
locyte CFUs from G6pc3~~ and control littermates were morpho-
logically mature neutrophils (Figure 6C). Taken together, these
data strongly suggest that the myeloid dysfunction manifested by
G6pe37~ mice is not caused by impaired granulocyte differentia-
tion or a decrease in the number of myeloid progenitor cells.

Increased GRP expression in the neutrophils and bone marrow of
G6pc3~~ mice. The myeloid dysfunctions seen in the G6pc37~ mice
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support the hypothesis that endoluminal glucose production
from G6P hydrolysis, catalyzed by G6Pase-p, is required for nor-
mal neutrophil function. The lumen of the ER serves as a criti-
cal site in protein maturation, and its biochemical environment
is uniquely designed to facilitate optimal posttranslational modi-
fication, folding, and assembly of proteins destined for the cell
membrane or for secretion (31). Glucose deprivation results in
perturbations of the internal environment of the ER, thereby com-
promising its functions (20, 21). This in turn triggers the unfolded
protein response (UPR), which is characterized by the increased
synthesis of GRPs, the ER chaperones that assist in protein fold-
ing and assembly (20-23). If endoluminal glucose production is
critical for ER homeostasis, then in an inflammatory response
GRP expression should be increased in neutrophils and/or bone
marrow in G6pc3~/~ mice relative to wild-type littermates. Indeed,
during thioglycollate-elicited peritonitis, the expression of GRP78
(also referred to as Bip; refs. 20-23) and GRP170 (21-23) mRNA
in both neutrophils (Figure 7A) and bone marrow (Figure 7B) of
G6pc3~/~ mice was markedly elevated over that of their wild-type
littermates. Western blot analysis confirmed the increase in GRP
proteins in neutrophils (Figure 7C) and bone marrow (Figure 7D)
of G6pc3~~ mice compared with wild-type controls.

G6pc3~/~ mice exhibit an enbanced rate of neutrophil apoptosis. The
increase in the expression of GRPs suggests that the G6pc37/~ neu-
trophils undergo ER stress. Because prolonged ER stress triggers
cell death, usually in the form of apoptosis (32, 33), we examined 2
apoptotic markers in G6pc37~ neutrophils, the externalization of
phosphatidylserine (34) and the activation of caspase-3 (35, 36).
The maintenance of membrane asymmetry is inherent to healthy
animal cells, and a breakdown of this asymmetry indicates that
cells have entered the early to middle stages of apoptosis (34, 37),
Volume 117 787

Number3  March 2007



research article

>

Figure 4

= 180 160 140 Impaired chemotaxis and calcium flux of G6pc3--
2 160 140 120 neutrophils in response to fMLP, KC, and MIP-2.
@ 140 120 100 Neutrophils were isolated from thioglycollate-induced
£ 120 100 peritoneum of 6- to 7-week-old mice. (A) Concentra-
£ 100 80 | 80 tion-dependent chemotaxis. Open circles, wild-type;
§ 80 * * 60 60 filled circles, G6pc3--. Values represent mean + SEM
= 60 of quadruplet determinations. *P < 0.03, *P < 0.005
S 4 ; 40 40 £t versus wild-type. (B) Ca?* flux in response to 106 M
g 20 20 20 fMLP, KC, or M_IP-2. Re_presentatlve experlments_are
S 0o 0 0 shown. Open circles, wild-type; open and filled trian-
9 -8 7 6 5 4 9 8 7 B -5 9 8 7 6 -5 gles, both G6pc3™".
log[fMLP] (M) log[KC] (M) log[MIP-2] (M)

B fMLP MIP-2 . ‘ ‘
;;\120 50 to glucose in the terminal step of gluconeogenesis
% 100 and glycogenolysis. This process is catalyzed by
o a G6Pase complex, which is composed of a ubig-
% 80 uitously expressed G6PT and a G6Pase catalytic
2 50 unit, more recently described as G6Pase-a (1, 2).
g In order to be active, G6Pase and G6PT have to
2 40 couple functionally. Until recently, G6Pase activ-
g 20 ity was thought to be confined to the liver, kidney,
% and intestine (13, 14), the only tissues known to
o

0
0 20 40 60 80 100
Time (s)

0
0 20 40 60 80 100
Time (s)

which can be scored by annexin V binding to externalized phospha-
tidylserine (38), one of the principal inner membrane phospholipid
components of the phospholipids bilayer (34). The caspases, which
are activated through proteolysis at specific asparagine residues,
play a central role in the regulation and execution of apoptotic cell
death (reviewed in refs. 35, 36). Caspase-3 is one of the effector cas-
pases that initiate the death pathways induced by diverse stimuli.
In G6pc3~7/~ mice (n = 4), 8%-12% of peritoneal neutrophils stained
positive for annexin V, while few, if any, neutrophils from wild-
type littermates bound to annexin V (Figure 8A), which suggests
an enhanced rate of apoptosis in the G6pc3~~ neutrophils. Consis-
tent with this, the expression of caspase-3 mRNA in G6pc37~ neu-
trophils was elevated compared with that of wild-type neutrophils
(Figure 8B). Moreover, Western blot assays (Figure 8C) and activ-
ity assays (Figure 8D) demonstrated that levels of active caspase-3
were markedly increased in G6pc3~~ neutrophils.

Discussion
Glucose homeostasis between meals is maintained by endog-
enous glucose that is produced by the dephosphorylation of G6P

0 2
0 20 40 60 80 100
Time (s)

contain G6Pase-o.. Most other tissues and organs
in the body were considered unable to generate
glucose because of the absence of a G6Pase to
couple to the ubiquitous G6PT. Indeed, human
patients (1-4) and mice (11, 26) deficient in either
G6Pase-a (i.e., GSD-Ia) or G6PT (i.e., GSD-Ib) are unable to main-
tain glucose homeostasis. However, G6PT deficiency has the addi-
tional phenotype of neutrophil dysfunctions that cannot be readily
explained by the G6PT defect. The recent recognition of a second
Go6Pase activity, that of G6Pase-f (16-18), and its universal expres-
sion profile (16) raised the possibility that endogenous glucose is
produced to some extent in many tissues through the coupling of
G6Pase-f3 with G6PT. Because it is well established that G6Pase-a
is the key enzyme in interprandial blood glucose homeostasis (1),
G6Pase-B-G6PT complex-mediated glucose production is not
expected to be important for normal blood glucose homeostasis.
We hypothesized that G6Pase-f activity could become critical in
the ER during periods of stress and that the myeloid dysfunctions
observed in GSD-Ib may be caused, at least in part, by the loss of
G6Pase-B-G6PT complex activity. In this study, we showed that
mice deficient in G6Pase-f exhibited no disturbance in blood glu-
cose homeostasis but did suffer neutropenia; defects in neutrophil
respiratory burst, chemotaxis, and calcium flux; and increased sus-
ceptibility to bacterial infection. Our study demonstrates, for the
first time to our knowledge, that G6Pase-f3 activity is critical for
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group) challenged with E. coli at 4 x 107 6 2
CFU/30 g body weight. Results are from 2 0 =~ 0
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normal neutrophil and bone marrow function, and we propose
that the lack of a functional G6Pase-B-G6PT complex causes the
neutropenia and myeloid dysfunctions that characterize GSD-Ib.

G6PT (10), G6Pase-f (18), and G6Pase-a. (9) are colocalized in
the membrane of the ER, embedded by multiple transmembrane
domains. The most obvious and well-documented role of G6PT is
in the gluconeogenic tissues of the liver and kidney, where it trans-
ports G6P from the cytoplasm into the lumen of the ER for hydro-
lysis to glucose by G6Pase-a. (1, 2). Recent bone marrow transplan-
tation studies show that wild-type mice transplanted with bone
marrow of G6PT-deficient animals manifest neutropenia along
with myeloid dysfunctions in Ca?* mobilization, respiratory burst,
and chemotaxis, demonstrating that G6PT expression in bone mar-
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Figure 6

Analysis of hematopoiesis. (A) Western blot analysis of bone marrow
aspirates (50 ng/lane) from 7-week-old wild-type and G6pc3-- mice
using antibodies against gelatinase, Gr-1, or $-actin. (B) Myeloid pro-
genitor cells in the femur plus tibia of wild-type and G6pc3-- mice
at 3 and 7 weeks of age. CFUs were determined following stimula-
tion of bone marrow cells with G-CSF, GM-CSF, or M-CSF. Results
are mean + SEM from 4 separate experiments, in which each mouse
was assessed individually. SP < 0.001 versus wild-type. (C) Hema 3—
stained cytospins of granulocyte CFUs obtained from 3-week-old wild-
type and G6pc3-- mouse bone marrow cells following 9 days’ stimula-
tion with G-CSF.

row and neutrophils is required for normal myeloid function (39).
We now show that G6pc37~ mice, unable to hydrolyze endoluminal
GO6P to glucose, manifest myeloid dysfunctions mimicking G6PT
deficiency. This supports the hypothesis that the absence of a func-
tional G6Pase-B-G6PT complex can be caused by the loss of activity
of either component. The absence of either G6Pase-ff or G6PT then
results in the loss of endogenous glucose production in neutrophils
and bone marrow and leads to their dysfunction.

There is accumulating evidence that the phenotype of null muta-
tions can be modified by differing genetic backgrounds (40, 41),
particularly when examining the severity of the immune response
to bacterial challenge (42, 43). In the present study, the F2 mice
had backgrounds contributed from both the C57BL/6 and 129/Sv]
strains, and we do not directly rule out the effects this might have
had on our bacterial challenge experiments. However, both the
G6pc37/- mice studied here and the G6PT-deficient mice reported
previously (26) have a similar C57BL/6 and 129/Sv] hybrid back-
ground. The G6pc37~ mice had the same myeloid phenotype seen
in both G6PT-deficient mice and G6PT-deficient human GSD-Ib
patients, which suggests that the neutropenia, neutrophil dysfunc-
tions, and increased susceptibility to bacterial infection manifested
by the G6pc3~~ mice were the direct result of the disruption of the
G6Pase-f} complex rather than a genetic background effect. However,
to address this aspect directly, we are currently generating the coiso-
genic and congenic G6pc37~ lines and will use the F1 hybrid offspring
to further delineate myeloid dysfunctions in the G6pc3~~ mice.

There are a number of potential mechanisms that could account
for myeloid dysfunction, such as impaired granulocytic differentia-

C

A ,GRP78 _GRP70 B , GRP78 GRP170 Neutrophils  Neutrophils
§ § § 5.0 § A+ == A+ =~ H+ —— +H+ ——
© 6 3.5 :
'g25 ~ a0 4.5 GRP78 — =— - == -= — - . == GRP170
o 5 < 9 4.0 ) . .
= Z4 é Z 55 35 B-Actin (I slube s s (3-Actin
2 E 4 8 E 3.0
— o3 € o 2.0 25
82 3 o .= : D Bone marrow Bone marrow
c 89 == 1.5 20
S @ 2 L‘CD) o 15 ++ —— H+ ——  H+ - 4+ -
5= £10 10 GRP78 ~— == — == - == = == GRP170
& ! 05 05 B-ACHn PSP = w s~ (-Actin
0 ++ —I— 0 ++ - 0.0 ++ —I— 0.0 ++ ——

Figure 7

Real-time PCR and Western blot analyses of GRP gene expression. Peritoneal neutrophils and bone marrow aspirates were isolated from 6- to
7-week-old wild-type and G6pc3-- mice during thioglycollate-elicited peritonitis. (A and B) Real-time PCR analysis. The expression levels of
the GRP78 and GRP170 transcripts were normalized to f3-actin RNA and then scaled relative to the transcript in a wild-type littermate, arbitrarily
assigned as 1. (A) Peritoneal neutrophils (n = 10 and 13 for wild-type and G6pc3--, respectively). (B) Bone marrow (n = 14 and 18 for wild-
type and G6pc3--, respectively). Values represent mean + SEM. $P < 0.001. (C and D) Immunoblot analysis of protein extracts of neutrophils
(50 ug/lane; C) and bone marrow (D) using antibodies against GRP78, GRP170, or p-actin.
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tion and/or decreased myeloid progenitor cell numbers, for which
we observed no supporting evidence. Bone marrow aspirates from
G6pe3~/~ and wild-type littermates expressed similar levels of the
terminal neutrophil differentiation marker gelatinase (27, 28) and
the neutrophil maturation marker Gr-1 (29, 30). In fact, G6pc37~
bone marrow aspirates contained a slightly higher proportion
of colony-forming progenitor cells than did wild-type aspirates.
When myeloid progenitor cells from 3-week-old mice were allowed
to differentiate in vitro in the presence of G-CSF, the granulocyte
CFUs from both G6pc3~~ and wild-type littermates contained
similar percentages of morphologically mature neutrophils, dem-
onstrating that G6pc3~~ mice were not impaired in hematopoiesis
or neutrophil maturation.

Another mechanism is ER stress. When cells experience condi-
tions that alter the ER environment, such as glucose deprivation,
protein folding can be dramatically affected, leading to the accu-
mulation of unfolded proteins in the ER. Such alterations in ER
homeostasis activate a series of signal transduction cascades collec-
tively termed the UPR and characterized by the induction of expres-
sion of ER chaperones (20-23, 32, 33). A major function of the ER
chaperones is to promote protein folding by preventing misfolding
or aggregation (20, 21). However, prolonged activation of the UPR is
proapoptotic (32, 33) and contributes to the pathogenesis of many
diseases, including the neutrophil dysfunction that characterizes
GSD-Ib (44). Neutrophils are a first line of defense against bacte-
rial or fungal infection and originate in the bone marrow, which is
the primary site of maturation and development of hematopoietic
cells (25). We showed that during thioglycollate-induced peritoni-
tis in G6pe3~~ mice, the expression of the ER chaperones, known
as GRPs, was significantly increased in both neutrophils and bone
marrow (Figure 7). Moreover, the G6pc3~~ neutrophils exhibited a
marked increase in apoptotic cell numbers evidenced by an increase
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Figure 8

Analysis of neutrophil apoptosis. Peritoneal neutrophils were
isolated from 6- to 7-week-old wild-type and G6pc3-- mice dur-
ing thioglycollate-elicited peritonitis. (A) Immunofluorescence
of annexin V surface staining of peritoneal neutrophils (green
fluorescence) and DAPI staining of nuclei (blue fluorescence).
Note the colocalization of annexin V staining with DAPI stain-
ing in the merged image. Original magnification, x200. (B)
Expression of the caspase-3 transcript in wild-type and
G6pc3--mice (n = 12 per group) quantified by real-time PCR.
The expression levels of the caspase-3 transcript were nor-
malized to -actin RNA and then scaled relative to the tran-
script in a wild-type littermate, arbitrarily assigned as 1. Values
represent mean + SEM. #¥P = 0.016. (C) Immunoblot analysis
of protein extracts of neutrophils (50 ug/lane) using antibodies
against caspase-3 or p-actin. (D) DEVD-cleaving activity of
active caspase-3 in protein extracts of peritoneal neutrophils
from wild-type and G6pc3-- mice (n = 3 per group). Activities
were normalized to that of wild-type caspase-3. Values repre-
sent mean + SEM. 5P < 0.001.

in annexin V binding and caspase-3 activation (Figure 8).
This suggests that at least one mechanism of the myeloid
dysfunction in G6pc3~~ mice involves enhanced neutrophil
apoptosis caused by the disruption of glucose production in
the ER. It is reasonable to expect that a similar mechanism
may be responsible for the myeloid dysfunction in GSD-Ib
patients and in GSD-Ib mice.

Go6Pase-f, like G6Pase-a, is linked functionally with G6PT
(17). Therefore, knocking out G6Pase-f} also significantly reduces
the efficiency of G6P transportinto the ER. The resulting low G6P
concentration in the ER lumen not only deprives the ER of G6P
hydrolase activity, but also affects another major metabolic path-
way in neutrophils: the endoluminal pentose phosphate pathway,
which generates NADPH (45, 46). The NADPH within the lumen
of the ER is important for in vivo function of 11f3-hydroxysteroid
dehydrogenase-1 (47), an ER-associated oxoreductase that gener-
ates cortisol and/or corticosterone locally to modulate immune
responses. The first 2 steps of this pathway are catalyzed by hex-
ose-6-phosphate dehydrogenase (H6PDH; ref. 45). If this pathway
is critical to neutrophil function, impairing H6PDH function
should yield a similar phenotype to the G6pc37/~ mouse strain. An
H6PDH-deficient mouse line was reported recently (46), but neu-
trophil function was not addressed. It would be interesting to see
if this pathway is also affected.

In conclusion, we have shown that G6Pase-f} inactivation led
to neutrophil dysfunction in mice, which was most visible when
the animals were subjected to immune stress. The mutation mim-
icked the myeloid dysfunction of G6PT-deficient GSD-Ib mice,
tying the underlying mechanism to G6P transport to and metabo-
lism within the ER lumen. Our findings highlight the critical role
GO6P plays in the ER of neutrophils during an immune response
as well as its relationship to ER stress and neutrophil apoptosis in
Go6Pase-f deficiency. It will be of interest to see whether G6Pase-f3
mutations are associated with diseases in which intermittent
neutropenia or neutrophil dysfunction emerges in the presence
of stress or immune challenge.

Methods
Gene targeting. The murine G6Pase-f cDNA probe was used to screen a bac-
terial artificial chromosome (BAC) library (Invitrogen) from the 129/SvJ
Volume 117
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mouse strain. The G6pc3 gene is a single-copy gene consisting of 6 exons.
The targeting vector (Figure 1A) was designed to disrupt exons III, IV, and
V using a neo- and HSV-tk-containing plasmid, pPNT/DL, obtained from
P.L. Schwartzberg (National Human Genome Research Institute, Bethesda,
Maryland, USA). The genes encoding for neo and HSV-tk are under the
control of the phosphoglycerate kinase 1 promoter, and the neo gene is
flanked by loxP sites. The vector was constructed in 2 steps. First, a 4-kb
Gé6Pase-p BamHI-BamHI fragment containing exon VI and its 3’ flanking
region was isolated by PCR from the BAC clone and ligated into the BamHI
linearized pPNT/DL plasmid. The appropriate orientation of the resulting
pPNT/DL-G6Pase-B-BB construct was verified by restriction endonuclease
mapping and DNA sequencing. Second, in parallel, a 4.9-kb BamHI-SanDI
fragment of the G6pc3 gene containing exons I and II and approximately
2.6 kb of the §' flanking region of the G6pc3 gene was isolated by PCR
using primers that had an additional NotI site at the 5’ end and a Sall site
at the 3' end. This fragment was then ligated into the NotI-Sall linearized
plasmid pPNT/DL-G6Pase-f-BB. The resulting targeting vector was veri-
fied by restriction endonuclease mapping and DNA sequencing.

The Notl linearized construct DNA was introduced into J1 ES cells
by electroporation, the cells with the homologous recombination were
selected with G418 and gancyclovir (24), and the disrupted G6pc3 gene
was confirmed in these clones by Southern blotting of EcoRV-digested
genomic DNA. Two probes, one corresponding to a G6épc3-specific S’
region (500 bp) lying 1 kb upstream of the 5' BamHI site and the other
to a G6pc3-specific 3' region (500 bp) lying 1.5 kb downstream of the 3
BamHI site, were used to confirm the mutation. In order to create the
knockout mouse strains, 2 independently G6pc3-targeted ES cell clones,
A184 and A206, were injected into CS7BL/6 blastocysts and implanted
into the uterine horns of pseudopregnant FVB/N foster mice. Two lines
of mice carrying the G6pc3-null mutation were selected. Chimeric mice
were mated with C57BL/6 mice, and germline transmission of the G6pc3-
null allele in F1 heterozygous mice was confirmed by PCR analysis of tail
DNA. Heterozygous animals were interbred to generate homozygous
F2 (G6pc3~/~) mice, which were genotyped by PCR analysis on genomic
tail DNA using the wild-type specific primer EIVs/EVas (5'-GCCTG-
GCTTATTGTACCTTC-3" and 5'-CCCAGTGTAAAGAGAGTCCA-3")
and targeted locus-specific primers Neols/Neolas (5'-TGGGATCGGC-
CATTGAACAA-3" and 5'-AAGCGGCCATTTTCCACCAT-3') and Neo2s/
EVIas (5'-GCCTTCTTGACGAGTTCTTC-3' and 5'-TTCACACCACTTG-
GAAGCCA-3"). All animal studies were conducted under an animal proto-
col approved by the NICHD Animal Care and Use Committee.

Phosphobydrolase, Northern blot, real-time PCR, Western blot, hematological,
and serum analyses. Microsome isolation and phosphohydrolase assays were
determined essentially as described previously (11, 17). Reaction mixtures
(100 ul) contained S0 mM cacodylate buffer, pH 6.5, and 10 mM G6P, and
appropriate amounts of microsomal preparations were incubated at 37°C
for 10 minutes. Nonspecific phosphatase activity was estimated by preincu-
bating disrupted microsomal preparations at pH S for 10 minutes at 37°C
in order to inactivate the acid labile G6Pase-f. For immunodetection of
the G6Pase-f protein, a rabbit antibody raised against a human G6Pase-f8
peptide (48) that recognizes murine G6Pase-f efficiently was used.

Total RNAs were isolated using TRIZoL Reagent (Invitrogen) and poly
(A)* RNA was obtained by oligo(dT)-cellulose chromatography. RNA was
fractionated by electrophoresis through 1.2% agarose gels containing 2.2 M
formaldehyde, and the filters were hybridized to a uniformly labeled
G6Pase-B, G6PT, or B-actin riboprobe.

mRNA expression was quantified by real-time RT-PCR, in triplicate, in an
Applied Biosystems 7300 Real-Time PCR System using gene-specific Tag-
Man Gene Expression Assays (Applied Biosystems) and then normalized to
B-actin RNA. The following probes were used, all purchased from Applied
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Biosystems: G6Pase-f, Mm00616234_m1; G6PT, Mm00484574_m1;
GRP78, Mm00517691_m1; GRP170, Mm00491278_g1, caspase-3,
MmO00438045_m1, and B-actin, Mm00607939_s1.

For Western blot analysis, peritoneal neutrophils and bone marrow
aspirate lysates or microsomal preparations of brain, muscle, and testis
were resolved by electrophoresis through a 10% or 16% polyacrylamide-
SDS gel and trans-blotted onto polyvinylidene fluoride membranes
(Millipore). The membranes were incubated with a rabbit polyclonal
antibody against G6Pase-f3 (48), GRP170 (49), or caspase-3 (Cell Sig-
naling Technology); a goat polyclonal antibody against a gelatinase
peptide (Santa Cruz Biotechnology Inc.); a mouse monoclonal antibody
against KDEL (Stressgen Biotechnologies) or f-actin (Santa Cruz Bio-
technology Inc.); or a rat monoclonal antibody against Ly-6G/Gr-1 (BD
Biosciences — Pharmingen). The membranes were then incubated with
the respective horseradish peroxidase-conjugated secondary antibody
obtained from Pierce Biotechnology. The immunocomplex was visu-
alized using the SuperSignal West Pico Chemiluminescent substrate
from Pierce Biotechnology.

Blood samples were collected from the tail vein using EDTA-containing
CAPIJECT tubes (Terumo Medical) for the differential leukocyte counts.
Manual 200-cell leukocyte differential counts of peripheral blood cells
were performed on Hema 3-stained (Fischer Scientific) smears (26). Serum
glucose, total cholesterol, and uric acid were analyzed using kits obtained
from Thermo Electron, triglycerides were analyzed using a kit from Sigma-
Aldrich, and lactic acid was analyzed using a kit from Trinity Biotech.

Respiratory burst, chemotaxis, and intracellular Ca** measurements. Neu-
trophils were isolated from thioglycollate-stimulated peritonea of 6- to
7-week-old mice as described previously (26). The respiratory burst of
neutrophils was monitored by luminally amplified chemiluminescence
using the LumiMax Superoxide Anion Detection kit (Stratagene) and Vic-
tor Light 1420 Luminescence counter (PerkinElmer). The assay mixture
(0.2 ml) contained 200 uM luminol, 250 uM enhancer, and 2 x 10° neutro-
phils in HBSS. Neutrophils were activated with 200 ng/ml PMA (Sigma-
Aldrich) in HBSS or with HBSS alone as a control.

Neutrophil chemotaxis in response to fMLP (Sigma-Aldrich), MIP-2
(PeproTech Inc.), or KC (PeproTech Inc.) was performed in 48-well cham-
bers (NeuroProbe) using polyvinylpyrrolidone-free polycarbonate mem-
branes with 3-um pores as described previously (26, 50). Lower chambers
contained chemoattractant dissolved in HEPES-buffered RPMI medium
containing 1% BSA (RPMI-BSA). Upper chambers contained 1 x 10° neu-
trophils in 50 ul RPMI-BSA. After incubation at 37°C for 60 minutes, the
membrane was removed, rinsed with PBS, fixed, and stained with Hema 3.
Cells were counted in 6 randomly selected fields (original magnification,
x400), and mean values were reported.

For intracellular Ca?* concentration measurements, neutrophils (10° cells)
in 100 wl of 1x HBSS containing 10 mM HEPES were loaded with FLIPER
calcium 3 assay kit component A (Molecular Devices) in a poly-L-lysine-coat-
ed 96-well plate (Greiner Bio-One). The plate was loaded into the reading
chamber of a Flexstation Fluorimeter (Molecular Devices) set at 37°C. The
appropriate ligands were added to the plate robotically, and the fluorescence
intensities were recorded every 0.5 seconds as the relative ratio of fluores-
cence emitted at 515 nm following excitation at 485 nm.

Hematopoietic progenitor cell assays. Bone marrow cells from femoral and
tibia bones were harvested by flushing with 3 ml Iscove’s modified Dul-
becco’s medium containing 2% fetal bovine serum. Progenitor cells were
assayed in semisolid agar cultures by plating 2 x 10* bone marrow cells in
1 ml of methylcellulose media (MethoCult M3231; StemCell Technologies
Inc.) supplemented with recombinant murine cytokines G-CSF (10 ng/ml),
GM-CSF (10 ng/ml), and M-CSF (2.5 ng/ml; all from R&D Systems). The
number of colonies larger than 50 cells was counted on days 7-9.
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Bacterial challenge. Log-phase E. coli (ATCC 25922) resuspended in PBS were
injected into the peritonea of wild-type or G6pc3~~ mice at 4 x 107 CFU/30
g body weight. The survival of the infected mice was monitored constantly
throughout the experiments. At 5 hours after infection, blood samples were
collected, and viable bacterial counts were determined by plating serial dilu-
tions of samples on Luria-Bertani plates for culture and counting.

Apoptosis and caspase-3 activity assays. Apoptotic neutrophils were scored by
annexin V surface staining. Briefly, thioglycollate-elicited peritoneal neu-
trophils (1 x 106 cells/ml) were stained with FITC-conjugated annexin V
using the annexin V-FITC apoptosis detection kit (BioVision) according
to the manufacturer’s instructions. After incubation for 10 minutes in the
dark, cells were plated onto the glass slides by cytospin and then fixed with
2% (v/v) formaldehyde solution for 15 minutes. Nuclei were stained with
DAPI (Sigma-Aldrich). Fluorescence was visualized using the Axioskop2
plus fluorescence microscope (Zeiss). The images were digitalized with
AxioVision software (version 4.3; Zeiss).

The DEVD-cleaving activity of active caspase-3 was measured using the
labeled Asp-Glu-Val-Asp-p-nitroanilide (DEVD-pNA) as substrate and the
caspase-3 colorimetric assay kit from BioVision according to the manufac-

turer’s protocol. The pNA light emission was quantified using a microtiter
plate reader at a wavelength of 405 nm.

Statistics. Statistical analysis using unpaired Student’s ¢ test was per-
formed with GraphPad Prism 4.0 (GraphPad Software). The log-rank test,
used to analyze survival data, was performed with SPSS 14.0 for Windows
(SPSS Inc.). Values were considered statistically significant at P < 0.05.
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