Cellular and Molecular Life Sciences (2022) 79:246

https://doi.org/10.1007/500018-022-04267-5 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

Molecular mechanisms of aberrant neutrophil differentiation
in glycogen storage disease type Ib

Sang Wan Sim’ - Yuyeon Jang’ - Tae Sub Park? - Byung-Chul Park? - Young Mok Lee® - Hyun Sik Jun’

Received: 18 January 2022 / Revised: 4 March 2022 / Accepted: 21 March 2022 / Published online: 18 April 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Glycogen storage disease type Ib (GSD-Ib), characterized by impaired glucose homeostasis, neutropenia, and neutrophil
dysfunction, is caused by a deficiency in glucose-6-phosphate transporter (G6PT). Neutropenia in GSD-Ib has been known
to result from enhanced apoptosis of neutrophils. However, it has also been raised that neutrophil maturation arrest in the
bone marrow would contribute to neutropenia. We now show that G6pr~'~ mice exhibit severe neutropenia and impaired
neutrophil differentiation in the bone marrow. To investigate the role of G6PT in myeloid progenitor cells, the G6PT gene
was mutated using CRISPR/Cas9 system, and single cell-derived G6PT~'~ human promyelocyte HL-60 cell lines were
established. The GG6PT~'~ HL-60s exhibited impaired neutrophil differentiation, which is associated with two mechanisms:
(i) abnormal lipid metabolism causing a delayed metabolic reprogramming and (ii) reduced nuclear transcriptional activity
of peroxisome proliferator-activated receptor-y (PPARY) in G6PT~'~ HL-60s. In this study, we demonstrated that GE6PT is
essential for neutrophil differentiation of myeloid progenitor cells and regulates PPARy activity.
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GSD-Ib is caused by a mutation in the SLC37A4 gene that
results in disruption of the activity of glucose-6-phosphate
(G6P) transporter (G6PT) [3]. G6PT transports G6P from
the cytoplasm into the lumen of the endoplasmic reticulum
(ER), where it is hydrolyzed into glucose and phosphate
by glucose-6-phosphatase-a (G6Pase-a) or glucose-6-
phosphatase-p (G6Pase-f) [1, 4]. GSD-Ib is characterized by
hypoglycemia, accumulation of excessive glycogen, growth
retardation, hyperlipidemia, neutropenia, and myeloid dys-
functions [5, 6]. It has been shown that G6PT deficiency
causes ER and mitochondrial oxidative stress-induced
apoptosis that leads to neutropenia and impaired energy
homeostasis, which underlies neutrophil dysfunction such as
impaired respiratory burst, chemotaxis, and calcium mobili-
zation activities [7]. In addition to apoptosis of neutrophils,
several studies have shown that neutrophil maturation arrest
in the bone marrow (BM) of some GSD-Ib patients might
also contribute to neutropenia [8].

Granulocyte-colony stimulating factor (G-CSF) is widely
used to increase absolute neutrophil counts and prevent bac-
terial infections in GSD-Ib patients. However, it has been
reported that G-CSF therapy does not rescue the impair-
ment in neutrophil migration and adhesion in G6pt~'~ mice
[9]. Furthermore, long-term treatment with G-CSF might
lead to acute myeloid leukemia or myelodysplastic syn-
dromes, suggesting that G-CSF therapy is not sufficient for
the treatment of neutropenia and neutrophil dysfunction
[10]. Recently, it has been proposed that accumulation of
1,5-anhydroglucitol-6-phosphate (1,5-AG6P), a structural
analog of G6P and newly discovered substrate for G6PT
and G6Pase-p, strongly inhibits the activity of hexokinase in
GSD-Ib patients, thereby blocking the first step of glycolysis
[11]. This finding led to the observation that administration
of a 1,5-AG6P-lowering drug, empagliflozin, treats neutro-
phil dysfunction in GSD-Ib patients, but neutropenia was not
cured in all patients [12]. Therefore, a molecular mechanism
underlying neutrophil maturation arrest in GSD-Ib is further
required.

Differentiation of neutrophils occurs in the BM and pro-
duces more than 1 x 10'! neutrophils every day. In the pro-
cess of neutrophil differentiation, myeloblasts are the first
recognizable myeloid precursor cells. They terminally dif-
ferentiate into mature neutrophils through morphologically
different stages of promyelocytes, myelocytes, metamyelo-
cytes, and band cells [13]. Neutrophils are known to mainly
depend on glycolysis; however, several lines of evidence
have identified the importance of fatty acid metabolism, the
tricarboxylic acid cycle, and mitochondrial respiration dur-
ing neutrophil development and maturation [14—16]. In par-
ticular, it has been observed that autophagy-mediated lipid
droplet degradation generates free fatty acids that fuel oxi-
dative phosphorylation (OXPHOS) and provide energy for
metabolic reprogramming during neutrophil differentiation,
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especially in the early developmental stage of myeloblasts
and myelocytes [14].

In this regard, we hypothesized that G6PT deficiency
could alter the lipid metabolism of myeloid progenitor
cells, consequently affecting neutrophil differentiation. We
showed that G6pr~'~ mice exhibited neutropenia and neu-
trophil maturation arrest in the BM. To provide an insight
into the function of G6PT in myeloid progenitor cells, we
created G6PT-knockout human promyelocyte HL-60s using
the CRISPR/Cas9 and tested their differentiation into neu-
trophils in vitro. We noted impaired neutrophil differentia-
tion in G6PT~~ HL-60s and found that this phenotype is
associated with downregulation of nuclear peroxisome pro-
liferator-activated receptor-y (PPARY) transcriptional activ-
ity and abnormal lipid metabolism. Therefore, we suggest
that G6PT plays an essential role in neutrophil maturation
through PPARY regulation.

Materials and methods
Animals

All animal studies were performed in accordance with the
guidelines and approval of the Institutional Animal Care
and Use Committee of the University of Connecticut Health
Center (IACUC protocol number: TE-102122-1022). All
mice were maintained in a pathogen-free animal facility
at 22 to 24 °C under a 12-h:12-h light—dark cycle in indi-
vidually ventilated caging systems. Standard rodent chow
(Envigo, Madison, WI) and water were provided ad libitum.
The G6pr~'~ mice were obtained from Dr. Janice Chou’s
laboratory at National Institute of Child Health and Human
Development (NICHD), and the G6pr~'~ mouse model mim-
ics all known defects of the human GSD-Ib and has been
used for the model to investigate the pathogenesis of GSD-
Ib in several studies [17—-19]. Due to the severely low sur-
vival rate of G6pt~'~ mice even with glucose supplement, all
G6pt™'~ mice used in this study were received a recombinant
adeno-associated virus serotype 8 (rAAVS) vector carrying
human G6PT (hG6PT) neonatally and at age 4 weeks [19].
This liver-directed AAV vector restores the hepatic symp-
toms of G6pt~'~ mice including hypoglycemia that enables
the treated G6pt" ~ mice survive, but neutropenia and neu-
trophil dysfunctions were remained uncured [19]. The AAV-
treated G6pt~'~ mice maintained until age 5-12 weeks to be
sacrificed and used for neutrophil analyses.

Cell culture and neutrophil differentiation
The human promyelocytic cell line HL-60 was obtained

from ATCC (American Type Culture Collection; ATCC-
CCL-240). Cells were grown in RPMI-1640 (HyClone,
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Logan, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Access Biologicals LLC, Vista, USA) and 1%
penicillin/streptomycin (HyClone) at 37 °C in an atmosphere
with 5% CO,. The cultures were at densities between 1x 10
and 1 x 10° viable cells/mL for constant exponential growth.

For neutrophil differentiation, the cells were cultured to
3% 10° cells/mL with 1.25% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, Saint Louis, MO, USA) and 1 pM all-trans
retinoic acid (ATRA; Sigma-Aldrich) treatment.

Flow cytometry analysis

Mouse peripheral blood and BM cells were treated with
ammonium-chloride-potassium (ACK) lysis buffer (Thermo
Scientific, Waltham, USA). The resulting leukocytes were
stained with a monoclonal antibody 1A8-Ly6G also known
as Gr-1 which is conjugated with phycoerythrin (PE) (1:50,
Cat #12-9668-82, eBioscience, San Diego, USA), peridinin-
chlorophyll-protein-cyanine5.5 (PerCP-Cy5.5)-conjugated
integrin alpha M (CD11b) antibody (1:50, Cat #45-0112-82,
eBioscience), Alexa Fluor® 488-conjugated G-CSF recep-
tor (G-CSFR) antibody (1:20, Cat #FAB60391V, R&D Sys-
tems, Minneapolis, USA), and Alexa Fluor® 405-conjugated
C-X-C chemokine receptor type 4 (CXCR4) antibody (1:20,
Cat #FAB21651RV, R&D Systems) for 20 min at 4 °C in
the dark. Cells were analyzed with an Attune NxT Flow
Cytometer (Beckman Coulter, Miami, USA).

Neutrophil differentiation of HL-60s was evaluated in
terms of expression of CD71-PE (1:50, Cat #555537, BD
Biosciences, Franklin Lakes, USA), CD11b-fluorescein iso-
thiocyanate (FITC, 1:50, Cat #301330, BioLegend, Sand-
iego USA), and CD38-PE-Cy5 (1:50, Cat #303508, BD
Biosciences). The cells were stained for 20 min at 4 °C in
the dark with antibodies, and flow cytometry was performed
using a Guava® EasyCyte"" system (Millipore, Burlington,
USA). The data were analyzed using FlowJo v7.0.

Isolation of murine BM neutrophils and their
precursors

Using a mouse neutrophil isolation kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), we isolated BM-derived neutro-
phils and their precursors from the femurs and tibias of mice
at the age of 7-11 weeks. The procedure was performed as
described previously [9]. In short, we removed erythrocytes
from isolated BM cells using ACK lysing buffer (Thermo
Scientific), and up to 1 X 108 cells were resuspended in PBS
(pH 7.2) supplemented with 0.5% bovine serum albumin
and 2 mM EDTA. To deplete non-neutrophil lineage cells,
50 pL of Neutrophil Biotin-Antibody Cocktail (Miltenyi
Biotec) was mixed with 5x 10 cells and incubated at 4 °C
for 10 min. After washing with buffer, the samples were
mixed with 100 pL of Anti-Biotin Microbeads per 5x 107

cells and incubated at 4 °C for 15 min. Labeled neutrophils
and neutrophil precursors were collected using an MACS®
column (Miltenyi Biotec). The morphology of isolated cells
was examined on Hema-3-stained (Thermo Scientific) cyto-
spin slides.

Immunofluorescence microscopy

To investigate the lipid droplets, differentiated HL-60s were
plated onto glass slides using Cytospin" 4 Cytocentrifuge
(Thermo Scientific) and stained with 1 pg/mL. BODIPY
493/503 (Invitrogen, Carlsbad, USA) and 4',6-diamidino-
2-phenylindole (DAPI). The slides were imaged using an
EVOS5000 system (Invitrogen).

To examine the localization of PPARY, cells were cyto-
spined and fixed in paraformaldehyde as described previ-
ously [7]. Cells were then permeabilized in 1.25% Triton"
X-100 and incubated with PPARY antibody (1:100, Cat
#sc-7273, Santa Cruz Biotechnology, Dallas, USA) and
appropriate immunoglobulin G antibody conjugated with
Alexa Fluor® 594 (Invitrogen). Cells were visualized using a
Zeiss LSM700 confocal microscope equipped with 40x/1.3
numeric aperture oil objectives (Carl Zeiss Microimaging,
Oberkochen, Germany).

PPARYy activity in vitro assay

PPARY activity was measured using a PPARy transcrip-
tion factor assay kit (Abcam, Cambridge, UK) and Nuclear
Extraction Kit (Abcam), following the manufacturer’s
instructions. PPARYy activity was measured at 450 nm using
an absorbance microplate reader, Sunrise™ (Tecan, Ziirich,
Switzerland), followed by incubation with PPARY primary
antibody and secondary antibody conjugated to horseradish
peroxidase.

Western blotting and quantitative real-time reverse
transcription-polymerase chain reaction analysis

Western blot analysis was conducted as described previously
[20]. Briefly, cells were lysed with EzRIPA lysis buffer sup-
plemented with protease/phosphatase inhibitors (ATTO,
Tokyo, Japan). Thirty micrograms of protein were separated
by SDS-PAGE and transferred onto PVDF membrane (Mil-
lipore), followed by blocking with 5% skim milk in PBS
containing 0.3% Tween 20. The membranes were probed
with following primary antibodies: The mouse monoclonal
antibodies against glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; Cat #sc-365062, Santa Cruz Biotechnology)
and peroxisome proliferator-activated receptor g (PPARY;
Cat #sc-7273, Santa Cruz Biotechnology); the rabbit poly-
clonal antibodies against poly (ADP-ribose) polymerase
(PARP; Cat #95428, Cell Signaling, Danvers, USA), PPARy
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(Cat #sc-7196, Santa Cruz Biotechnology), PPARa (Cat
#sc-9000, Santa Cruz Biotechnology), PU.1 (Cat #sc-352,
Santa Cruz Biotechnology), NAD-dependent protein dea-
cetylase sirtuin 1 (SIRT1; Cat #07-131, Millipore), and total
and phosphorylated extracellular signal-regulated kinase
1/2 (ERK1/2; Cat #4695S, and pERK1/2; Cat #4370S, Cell
Signaling). All primary antibodies were incubated at a con-
centration of 1-5 pg depending on antibodies at 4 °C over-
night. After incubation with appropriate secondary antibod-
ies at a concentration of 1 pg at room temperature for 1 h,
the membranes were scanned with ImageQuant™ Las4000
(Danaher, Washington, USA). Protein expression was quan-
tified by means of densitometry analysis using ImagelJ soft-
ware v1.50 (National Institutes of Health).

Total RNA was extracted from HL-60s using the TRIzol®
Reagent (Invitrogen). Briefly, 5-10x 10> cells were resus-
pended in 0.5 mL of TRIzol and incubated at room tem-
perature for 15 min, followed by centrifugation at 18,500xg.
The aqueous phase including mRNA was precipitated with
isopropanol. One thousand microgram of mRNA was used
to synthesize cDNA using the ReverTra Ace'” qPCR RT
Kit (Toyobo, Osaka, Japan) according to the manufacturer
instructions. Quantitative real-time reverse transcription-
polymerase chain reaction (qQRT-PCR) analysis to deter-
mine mRNA expression was conducted with an AriaMx
Real-Time PCR System (Agilent Technologies, Santa Clara,
USA) and was normalized to 18S rRNA. The sequences of
each primer pair are shown in Supplementary Table 1.

Real-time cell metabolism assay

The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were determined using the Sea-
horse XFp analyzer (Agilent Technologies), as described
by Steven Messina-Graham et al. [21]. Differentiated HL-
60s (live 2.5 x 10°) were plated using Cell-Tak" " (Corning,
Corning, NY, USA). For measuring the OCR, 5 pM oligo-
mycin, 0.75 pM carbonyl cyanide-p-trifluoromethoxyphe-
nylhydrazone (FCCP), and 1.5 pM Rotenone/Antimycin A
were injected in the XFp Analyzer. To measure the ECAR,
10 mM glucose, 5 pM oligomycin, and 50 pM 2-Deoxy-D-
glucose were added. Cellular respiration and glycolytic flux
were quantified by the OCR (pmol/min) and ECAR (mpH/
min), respectively.

Statistical analysis

To ensure the reliability of data, all experiments were per-
formed as independent experiments with three replicates and
representative results are shown in figures. For statistical
analysis, data have been represented as mean + SEM and
were assessed using Mann—Whitney U test using with Prism
software 5 (GraphPad Software Inc., CA, USA). Values
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were considered statistically significant at *P <0.05 and
**P<0.01.

Results

G6pt~’~ mice exhibit neutropenia and abnormal
expression of G-CSFR and CXCR4 in blood

G6ptr~'~ mice suffer from frequent hypoglycemic seizures
and a low survival rate without daily glucose therapy [17].
To increase their survival, G6pt~'~ mice received rAAVS-
hG6PT as previously described [9]. The introduced G6PT
transgene induces only transient expression of G6PT in the
BM, because the rAAV8-hG6PT vector primarily targeted
the liver [19, 22]. Consequently, rAAV8-hG6PT could not
correct the neutropenia in G6pt" ~ mice, and the levels of
total neutrophils (CD11b*Gr-1%) in the erythrocyte-depleted
blood leukocytes were analyzed using flow cytometry.
G6pr~'~ mice exhibited severe neutropenia, with a signifi-
cantly lower frequency of CD11b*Gr-1* neutrophils (by
25.5%) in the peripheral blood, as compared to that in the
control littermates (Fig. 1a). Neutropenia in the periph-
eral blood of G6pt~~ mice was also confirmed by nuclear
morphologic analysis of Hema-3-stained cytospin slides
(Fig. 1b).

GSD-Ib patients showing neutropenia normally receive
G-CSF therapy to increase their absolute neutrophil counts.
The interesting thing is that they show increased plasma
G-CSF levels even before receiving G-CSF therapy; how-
ever, the underlying cause why they do not respond to
increased G-CSF is still not understood [17]. Also, it was
reported that increased chemokine receptor CXCR4-medi-
ated bone marrow retention mechanism might contribute
to neutropenia [23]. In this point of view, we compared the
expression of G-CSF receptor (G-CSFR) and chemokine
receptor CXCR4 in CD11b*Gr-17 neutrophils. As a result,
there was a significant decrease in G-CSFR expression,
while CXCR4 expression increased 5.8-fold in G6pr~'~ mice,
as compared to that in control mice (Fig. 1c, d and Fig. S1a).

Impaired neutrophil differentiation in the BM
of G6pt™~ mice

G6pt ~'~ mice showed significantly decreased neutrophil
population in the BM compared with that in control mice
(53.0% vs. 19.2% CD11b*Gr-1% cells in the BM cells)
(Fig. 2a). In this population, mature (CD11b*Gr-1") neu-
trophils were also reduced to 36.3% in G6pt~'~ mice, as
compared to that in control mice. Furthermore, immature
myeloid precursor cells (CD11b~Gr-1") accumulated
2.4-fold higher in G6pt~'~ mice than that in control mice,
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Fig. 1 Neutropenia and abnormal G-CSFR and CXCR4 expres-
sion in the peripheral blood of G6pt~'~ mice. a Representative flow
cytometry data (left) and frequency of CD11b*Gr-1* neutrophils in
the blood of control (WT) and G6pl_/ ~ mice. b Representative Hema-
3-stained cytospins of peripheral blood neutrophils (bar=20 pm).
¢ Representative flow cytometry analysis and mean fluorescence

accounting for 50.5% of total Gr-1" cells in the BM, while
control mice had only 12.8%.

Expression of G-CSFR and CXCR4 in Gr-1* neu-
trophil lineage cells was also examined in the BM of
G6pt~'~ mice. G-CSFR expression of Gr-17 cells was
not significantly different between G6pr~'~ and control
mice. However, the expression of CXCR4 increased by
approximately 4.7-fold in G6pt~~ mice compared with
that in control mice (Fig. 2b, ¢ and Fig. S1b). Accumula-
tion of immature myeloid precursor cells in the BM of
G6pt~'~ mice was confirmed by Hema-3-stained cytospin
slides (Fig. 2d). These results indicated that G6PT defi-
ciency significantly inhibits the ability of myeloid progeni-
tor cells to differentiate into neutrophils.
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intensity (MFI) of granulocyte-colony stimulating factor receptor
(G-CSFR) on CD11b*Gr-1% cells. d Representative flow cytometry
analysis and MFI of C-X-C chemokine receptor type 4 (CXCR4)
on CD11b*Gr-1% cells. Data have been represented as mean+SEM
(n=8 per genotype) and statistical significance was determined by
two-tailed Mann—Whitney U test. ** P<0.01

Decreased neutrophil differentiation of G6PT "/~
HL-60s

Since G6pt_/ ~ mice are rare, to further pursue mechanistic
studies, we generated a G6PT'~ clone via CRISPR/Cas9-
mediated gene editing of the in vitro human promyelocyte
line HL-60s (Fig. S2a—c). First, we examined cell growth
by counting cells at the indicated time-points to investi-
gate the proliferative activity of GGPT~~ HL-60s (Fig. 3a).
G6PT~'~ HL-60s exhibited increased cell proliferation,
as compared to control HL-60s in the absence of ATRA
and DMSO. G6PT~'~ HL-60s also showed increased cell
numbers up to 96 h after induction, while control HL-60s
showed a decrease in cell number after 48 h, as neutrophil
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Fig.2 Accumulation of neutrophil precursor cells in the bone mar-
row of G6pt~'~ mice. a Representative flow cytometry data (left) and
frequency of mature (CD11b*Gr-1%), immature neutrophil precursors
(CD11b~Gr-1%), and ratio of immature (CD11b~Gr-1*/Gr-17) cells in
the bone marrow of control (WT) and G6pt~'~ mice. b Representa-
tive flow cytometry analysis and mean fluorescence intensity (MFI)
of granulocyte-colony-stimulating factor receptor (G-CSFR) on Gr-1*

differentiation proceeded. Next, we examined the neutro-
phil differentiation of GGPT~~ HL-60s to study the effect
of G6PT deficiency. Neutrophil differentiation of HL-60s
was analyzed by CD71 (undifferentiated HL-60 marker),
CD38 (early differentiation marker), and CD11b (late dif-
ferentiation marker) expression using flow cytometry and
nuclear morphological analysis of Hema-3-stained cyto-
spin slides [24]. The frequency of CD38*CD71~ cells and
mean fluorescence intensity (MFI) of CD38 expression was
significantly lower in G6PT~'~ HL-60s than in control HL-
60s (Fig. 3b). The frequency of CD11bTCD71 cells was
also significantly lower in G6PT~'~ HL-60s, as compared
to that in control HL-60s (Fig. 3c). Consistently, highly
differentiated cells were not observed in GGPT~'~ HL-60s
(Fig. 3d). These results indicated that G6PT deficiency
results in maturation arrest from the early stages of neutro-
phil differentiation.
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cells. ¢ Representative flow cytometry analysis and MFI of C-X-C
chemokine receptor type 4 (CXCR4) on Gr-1* cells. d Representative
Hema-3-stained cytospins of isolated bone marrow neutrophil lineage
cells (bar=20 pm). Data have been represented as mean+SEM (n=3
per genotype) and statistical significance was determined by two-
tailed Mann—Whitney U test. * P <0.05

Interestingly, G6PT~'~ HL-60s showed a dramatic
decrease in cell number 120 h after induction (Fig. 3a).
Therefore, we assessed apoptosis of differentiated HL-60s
using two apoptosis markers; externalization of phosphati-
dylserine on the plasma membrane and expression of cleaved
PARP. As HL-60s differentiate into neutrophils, control HL-
60s showed continuously increasing rates of apoptosis, while
apoptosis rates of GG6PT~'~ HL-60s were significantly low
until 72 h and they increased after 96 h (Fig. 3e and S3a). On
the other hand, cleaved PARP expression was upregulated
in G6PT~'~ HL-60s from 72 h after induction (Fig. S3b),
suggesting that cleaved PARP-mediated apoptosis would
contribute to an increase of apoptosis in G6PT~'~ HL-60
from 96 to 120 h (Fig. 3a).

GSD-Ib patients suffer from hypoglycemia; therefore, the
amount of glucose available for the myeloid progenitor cells
in the BM of the patients would be lesser than the amount
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Fig. 3 Impaired neutrophil differentiation in GGPT~'~ human promye-
locyte HL-60s. a Growth curve of control and G6PT~'~ HL-60s for
the indicated times in the normal (left) and neutrophil differentiation-
induced (right) conditions (n=9). b Frequency of CD387CD71" cells
and mean fluorescence intensity (MFI) of CD38 expression for the
indicated time after differentiation induction (n=3). ¢ Frequency
of CD11b*CD71~ cells at the indicated time (n=3). d Representa-

present in the culture condition (11 mM glucose). For this
reason, we tested neutrophil differentiation of G6PT'~ HL-
60s depending on the glucose concentration in the media.
While control HL-60s exhibited growth arrest from 48 h
after induction in all conditions, G6PT~'~ HL-60s showed
decreased proliferation depending on the glucose concentra-
tions and did not show growth arrest (Fig. S4a, b). When we
investigated neutrophil differentiation markers under these
conditions, the MFI of CD38 expression and frequency of
CD11b* cells were significantly reduced in GGPT~'~ HL-60
cells, regardless of the glucose concentration (Fig. S4c).
Impaired neutrophil maturation of GG6PT~'~ HL-60s was
also confirmed by assessing the Hema-3-stained cytospin
slides (Fig. S4d). Along with these results, GGPT~'~ HL-60s
exhibited glucose susceptibility compared to control HL-
60s, when we treated 0.5 mM 2-deoxy-Dp-glucose (2-DG)
that is a non-metabolizable glucose analog (Fig. S4e). Of
note, inhibition of glycolysis by 2-DG slightly increased
neutrophil differentiation in both control and GGPT~'~ HL-
60s (Fig. S4f, g). These results suggested that glucose might

tive Hema-3-stained cytospins of dimethyl sulfoxide (DMSO) and
all-trans retinoic acid (ATRA)-induced control and G6PT~'~ HL-
60s (bar=10 pm, n=3). e Frequency of annexin V-positive apop-
totic cells at the indicated time. Data have been represented as
mean+SEM (n=3) and statistical significance was determined by
two-tailed Mann—Whitney U test. ¥*P <0.05, **P <0.01

affect the proliferation, but not maturation, during neutrophil
differentiation of G6PT "~ HL-60s.

Abnormal lipid metabolism and reduced nuclear
PPARYy activity of G6PT~ HL-60s

Recently, the FAO and OXPHOS/mitochondrial respira-
tion in neutrophil differentiation has been considered as
a major metabolic pathway [25]. Therefore, we examined
lipid droplets during neutrophil differentiation to investigate
the molecular mechanisms governing impaired neutrophil
differentiation in GGPT~'~ HL-60s. There was a significant
decrease in the amount of BODIPY-stained lipid droplets in
undifferentiated G6PT~'~ HL-60s, as compared to that in the
control HL-60s (Fig. 4a). As differentiation proceeded, the
size of lipid droplets became smaller and they almost disap-
peared at 48 h after induction in control HL.-60s. However,
G6PT'~ HL-60s showed very few lipid droplets and did
not accumulate as much as those in control HL-60s for up
to 96 h.
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Fig.4 Aberrant regulation of lipid metabolism by PPARy and
PPARa in G6PT™'~ HL-60s. a Representative images of BODIPY-
stained lipid droplets of control and G6PT~'~ HL-60s (bar=10 pm)
after dimethyl sulfoxide (DMSO) and all-trans retinoic acid (ATRA)
induction (left) and quantification of lipid droplets (right) (n=3).
b mRNA levels of peroxisome proliferator-activated receptor-y

We then investigated the expression of PPARYy and
PPARa, which regulate lipid metabolism and genes related
to cell differentiation [26]. As shown in Fig. 4b, PPARYy
mRNA expression was downregulated in G6PT~~ HL-60s,
while PPARa mRNA expression was not significantly differ-
ent in both control and GG6PT~'~ HL-60s during differentia-
tion. On the other hand, western blot analysis showed that
expression of PPAR« was upregulated in G6PT~'~ HL-60s,
whereas PPARY expression did not change during differen-
tiation in both control and G6PT~'~ HL-60s (Fig. 4c).

Even though PPARY protein expression in both control
and G6PT~'~ HL-60s was similar, PPARy mRNA expres-
sion was significantly lower in G6PT '~ HL-60s. In addition,
PPARY is known to induce differentiation by regulating tran-
scription in the nucleus, so we examined the localization and
activity of PPARy. Confocal microscopic analysis confirmed
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(n=9). ¢ Western blot analysis and quantification of PPARy and
PPARa (n=3). Data have been represented as mean+SEM and sta-
tistical significance was determined by two-tailed Mann—Whitney U
test. *P<0.05, **P<0.01

downregulation of PPARY nuclear localization and it was
mainly located in the cytoplasm of G6PT~~ HL-60s, as
compared to that in control HL-60s (Fig. 5a and S5a). Con-
sistent with this, we found that GGPT~'~ HL-60s showed a
decrease in PPARY activity in the nuclear fraction (Fig. 5b).

To validate the results of the PPARY localization and
activity test in G6PT~'~ HL60s, we examined the expression
of genes highly regulated by PPARy. These genes include
p21 and CD38, which control cell cycle arrest and early
stages of neutrophil differentiation, and CD36, ATP-binding
cassette subfamily G member 1 (ABCG1), and acyl-CoA
thioesterase 2 (ACOT2), which are involved in the regu-
lation of lipid metabolism [24, 27-29]. Consequently, the
expression of all these genes (p21, CD38, CD36, ABCG1,
and ACOT2) were downregulated in G6PT~'~ HL-60s
(Figs. 5c, 3b). Taken together, these results indicated that
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Fig.5 Decreased nuclear localization and transcriptional activ-
ity of PPARy in G6PT~~ HL-60s. a Confocal analysis of peroxi-
some proliferator-activated receptor-y (PPARy, red fluorescence)
and DAPI staining (blue fluorescence) at original magnification of
400% (bar=10 pm, n=3). b Relative fold change of nuclear PPARYy
activity (n=3). ¢ mRNA levels of p21, CD36, ATP-binding cas-
sette subfamily G member 1 (ABCG1), and acyl-CoA thioesterase

GO6PT deficiency inhibits the nuclear transcriptional activity
of PPARY, thereby impairing the maturation of neutrophils.

Aberrant PU.1 and SIRT1 expression and ERK1/2
signaling in G6PT~ HL-60s

Nuclear localization and transcriptional activity of PPARy
are regulated by other transcription factors and several
post-translational modifications such as deacetylation and
phosphorylation [30, 31]. For example, overexpression of
PU.1 is related to inhibition of genomic binding of PPARy
and deacetylation of PPARY by sirtuin 1 (SIRT1) leads to
repression of PPARY activity, thereby blocking adipogen-
esis [31, 32]. Also, it was reported that phosphorylation
by ERK1/2 leads to repression of PPARY transactivation,
altering affinity for ligands and co-factors [33, 34]. In this
view, we further examined PU.1 and SIRT1 protein expres-
sion and phosphorylation of ERK1/2 in GG6PT~'~ HL-60s

Time (hr)
O ++ M-

2 (ACOT2) (n=3). d Protein levels of PU.1 and NAD-dependent
protein deacetylase sirtuin 1 (SIRT1) (n=3). e Western blot analy-
ses of phosphorylated and total extracellular signal-regulated kinase
1/2 (ERK1/2). The ratio of the phosphorylated form to the total
form is shown on the right (n=3). Data have been represented as
mean + SEM and statistical significance was determined by two-tailed
Mann—Whitney U test. *P <0.05, **P <0.01

after DMSO and ATRA induction. Western blot analysis
showed that protein expression of PU.1 and SIRT1 continu-
ously increased in GGPT~'~ HL-60s compared to that in con-
trol HL-60s (Fig. 5d). In addition, we found that delayed
dephosphorylation of ERK1/2 in G6PT~'~ HL-60s, indi-
cating disturbed nuclear localization of PPARYy (Fig. Se).
These results support our finding that impaired neutrophil
differentiation results from reduced nuclear PPARY activity
in G6PT~'~ HL-60s.

Abnormal metabolic changes in G6PT '~ HL-60s
during neutrophil differentiation

In neutrophil differentiation, a metabolic shift from gly-
colysis to FAO and OXPHOS/mitochondrial respiration
has been reported [14, 35]. This metabolic change is
fueled by the degradation of lipid droplets for FAO and
mitochondrial respiration that occurs in the early stage
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of differentiation [14]. As the neutrophil progenitor cells
become mature, the increase in mitochondrial respiration
is reduced again and glycolysis increases [35]. There-
fore, we investigated the impact of G6PT deficiency on
the metabolic pathway by measuring the OCR and ECAR
using the XF analyzer over a period of 72 h after induc-
tion. When we measured the OCR, non-mitochondrial
respiration was higher in G6PT~/~ HL-60s than that in
control HL-60s (Fig. 6a, b), suggesting insufficient mito-
chondrial electron transport or oxidative reactions in
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Fig.6 Measurement of the mitochondrial oxygen consumption rate
and extracellular acidification rate of control and G6PT~'~ HL-60s
during neutrophil differentiation. a Kinetic profile of oxygen con-
sumption rate (OCR) assay of control and G6PT~'~ HL-60s. OCR
was measured in real time in response to three compounds; oligo-
mycin (OM), FCCP, and rotenone/antimycin A (R/AA) (n=3). b
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G6PT~'~ HL-60s [36]. Furthermore, it was revealed that
mitochondrial respiration in GGPT~'~ HL-60s was delayed,
but continuously increased without metabolic changes
toward glycolysis. In line with the increase in OCR, gly-
colysis in both control and G6PT~'~ HL-60s decreased
during neutrophil differentiation; however, control HL-60s
showed re-increase of glycolysis at 72 h (Fig. 6¢, d). These
results suggested that the genetic loss of GO6PT induces
abnormal metabolic reprogramming, which underlies neu-
trophil maturation arrest.
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of extracellular acidification rate (ECAR) (n=3). d Individual plots
for glycolysis and glycolytic reserve. Data have been represented as
mean + SEM and statistical significance was determined by two-tailed
Mann—Whitney U test. *P <0.05
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Discussion

GSD-Ib is a rare inherited metabolic disorder caused by a
deficiency in G6PT, which is ubiquitously expressed and
plays a role in maintaining intracellular glucose homeosta-
sis [2]. Consequently, GSD-Ib is characterized by abnor-
mal metabolic phenotypes including hypoglycemia, hepa-
tomegaly, nephromegaly, and abnormal metabolic profile
caused by impaired gluconeogenesis and glycogenolysis
[37]. GSD-Ib also exhibits neutropenia and neutrophil
dysfunction, resulting in recurrent bacterial infections
[2]. Previously, it has been reported that neutropenia in
GSD-Ib is caused by enhanced neutrophil ER stress and
apoptosis [18]. Moreover, impaired neutrophil energy
homeostasis and activation of HIF-1«aPPARY signaling are
involved partly in neutrophil dysfunction in GSD-Ib [7].
This study observed immature neutrophils in peripheral
blood in GSD-Ib patients and raised the possibility that
deficiency of G6PT might induce impaired neutrophil dif-
ferentiation in the BM.

In the present study, we found that immature neutrophils
were prominent both in the peripheral blood stream and
BM of G6pt~'~ mice, compared with control mice. In par-
allel, the expression of CXCR4 on peripheral blood neu-
trophils was increased. It is known that CXCR4 increases
on neutrophils as they ages and become apoptotic [38] and
GSD-Ib neutrophils were shown to undergo increased ER
stress and enhanced apoptosis [18]. Therefore, increased
CXCR4 on peripheral blood and BM neutrophils might in
part result from apoptosis. In addition, the expression of
CXCRA4 is negatively related to neutrophil maturation, and
negatively regulates neutrophil release from BM [38, 39].
It is therefore reasonable to speculate that the upregula-
tion of CXCR4 on neutrophils of G6pr~'~ mice is attrib-
uted to prominent immature neutrophils. Decreased egress
and aberrant return to the bone marrow due to increased
CXCR4 should be further studied.

The G-CSFR is a member of the cytokine receptor
superfamily, playing a critical role in neutrophil produc-
tion, trafficking, and maturation [40, 41]. In this study,
the expression of G-CSFR on peripheral neutrophils of
G6pt~'~ mice was significantly decreased, which might
result from abundant immature neutrophils. Unlike periph-
eral neutrophils, the expression of G-CSFR on BM neutro-
phils was not significantly different between G6pt~'~ and
control mice with big inter-individual variations. The
variation could be explained as follows: (i) the percent-
age of immature neutrophils in Gr-1* cells in BM was
ranged from 30 to 67% which might affect the G-CSFR
expression; (ii) Chen and colleagues reported that plasma
concentrations of G-CSF are fluctuated depending on
ages and severity of neutropenia [17]. It is reasonable to

speculate that the variation of G-CSFR expression on BM
neutrophils is in part due to plasma G-CSF concentrations.
However, further study should be conducted with a large
number of G6pr~'~ mice.

To investigate the molecular mechanisms governing
incomplete neutrophil maturation, we knocked out the
human G6PT gene in the promyelocyte HL-60 cell line.
We found that GG6PT~~ HL-60s exhibit impaired differen-
tiation into neutrophils (Fig. 7). This aberrant differentia-
tion of G6PT~~ HL-60s can be partly attributed to the
decreased transcriptional activity of PPARYy and abnormal
metabolic reprogramming toward excessive mitochondrial
respiration. These results indicated that G6PT plays an
essential role in regulating neutrophil differentiation of
myeloid progenitor cells.

The loss of GOPT activity resulted in impaired neu-
trophil differentiation in the HL-60s. The reasons for
this result may be associated with altered metabolism of
G6PT~~ HL-60s, that is, a metabolic imbalance toward
incessant mitochondrial respiration, in part supported
by increased expression of the lipid metabolism regula-
tor PPARa and decreased lipid droplets. PPARa primar-
ily regulates the expression of genes related to fatty acid
oxidation, and its ligand-dependent activation stimulates
lipolysis and reduces fat storage [26, 42]. Consistent
with the upregulation of PPAR«, there was a significant
decrease in the number of lipid droplets in G6PT~~ HL-
60s. This altered metabolism may inhibit neutrophil matu-
ration of G6PT~/~ HL-60s, since a metabolic switch from
OXPHOS to glycolysis, followed by an initial increase
in OXPHOS fueled by FAO, is known to occur during
neutrophil differentiation [14, 35]. This excessive energy
production may cause ATP depletion, thereby leading to
increased expression of cleaved PARP.

Another possible explanation for aberrant neutrophil dif-
ferentiation is reduced nuclear transcriptional regulation
of PPARy in G6PT~~ HL-60s (Fig. 5). In contrast to the
function of PPAR«, PPARY contributes to energy storage
and lipid synthesis and functions as a master regulator of
adipocyte differentiation [43]. PPARYy is mainly expressed
in white adipose tissue as well as in the liver, intestine, and
immune cells [44, 45]. Therefore, the differentiation induc-
tion role of PPARY in other cells has been investigated. In
neutrophil differentiation studies, it has been reported that
PPARY is critical for ATRA-induced neutrophil differen-
tiation in HL-60s, regulating cell cycle arrest and receptor
signaling [24]. In this study, we found decreased nuclear
localization of PPARY in G6PT~'~ HL-60s after DMSO and
ATRA induction. This was further supported by the fact that
there was a reduction in the nuclear PPARY transcriptional
activity in G6PT~~ HL-60s and, in turn, a decrease in the
mRNA expression of p21, CD36, ABCGI, and ACOT2. In
addition, it leads to metabolic imbalance toward continuous

@ Springer



246 Page 120f 14

S.W. Sim et al.
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Fig. 7 Proposed mechanisms underlying maturation arrest caused by
glucose-6-phosphate transporter (G6PT) deficiency during neutro-
phil development. G6PT deficiency causes impaired neutrophil dif-
ferentiation, as compared to that seen in control HL-60s. This phe-
notype can be explained by two proposed mechanisms. Metabolic
reprogramming in G6PT~'~ HL-60s causes a shift toward excessive
mitochondrial oxidative phosphorylation, which is associated with

increase of mitochondrial respiration in G6PT~/~ HL-60s
without changes into glycolysis as that in control HL-60s.

The exact mechanism by which G6PT deficiency
decreases the transcriptional activity of PPARY needs to be
investigated, but one possible explanation is that increased
expression of SIRT1 and PU.1 may repress PPARY tran-
scriptional activity [31, 32]. Furthermore, upregulated
phosphorylation of ERK1/2 can alter the affinity for PPARy
ligands and co-factors, thus repressing the nuclear localiza-
tion of PPARYy in G6PT~~ HL-60s. However, there is still a
need to carry out further study in this regard.
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Band Mature neutrophil

upregulation of peroxisome proliferator-activated receptor-o and
reduced accumulation of lipid droplets. In addition, decreased nuclear
localization and transcriptional activity of peroxisome proliferator-
activated receptor-y (PPARY) impair cell cycle arrest and PPARy-
induced transcriptional regulations in G6PT~~ HL-60s during neu-
trophil differentiation
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