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HEMATOPOIESIS

Vitamin C inhibits granulocyte macrophage—colony-stimulating factor—induced
signaling pathways

Juan M. Carcamo, Oriana Borquez-Ojeda, and David W. Golde

Vitamin C is present in the cytosol as GM-CSF-dependent phosphorylation of porter construct containing STAT-binding
ascorbic acid, functioning primarily as a the signal transducer and activator of sites was also inhibited by vitamin C.
cofactor for enzymatic reactions and as transcription 5 (Stat-5) and mitogen- These results substantiate the impor-
an antioxidant to scavenge free radicals. activated protein (MAP) kinase (Erk1 and tance of ROS in GM-CSF signaling and
Human granulocyte macrophage—colony- Erk2) in a dose-dependent manner as was indicate a role for vitamin C in downmodu-
stimulating factor (GM-CSF) induces an phosphorylation of MAP kinase induced lating GM-CSF signaling responses. Our
increase in reactive oxygen species (ROS) by both interleukin 3 (IL-3) and GM-CSF in findings point to vitamin C as a regulator
and uses ROS for some signaling func- HL-60 cells. In 293T cells transfected with of cytokine redox-signal transduction in
tions. We therefore investigated the effect alpha and beta GM-CSF receptor sub- host defense cells and a possible role in
of vitamin C on GM-CSF-mediated re- units (a«GMR and BGMR), GM-CSF-in- controlling inflammatory responses.
sponses. Loading U937 cells with vitamin duced phosphorylation of BGMR and  (Blood. 2002;99:3205-3212)

C decreased intracellular levels of ROS Jak-2 activation was suppressed by vita-

and inhibited the production of ROS in- min C loading. GM-CSF—mediated tran-

duced by GM-CSF. Vitamin C suppressed scriptional activation of a luciferase re- © 2002 by The American Society of Hematology
Introduction

Human granulocyte macrophage—colony-stimulating factor (GMressenger moleculé¥?* GM-CSF induces a rapid increase in
CSF) is a glycoprotein cytokine involved in the growth, differentiaROS required for signaling’. Since vitamin C is a critical biologic
tion, and maturation of myeloid precursor cells and in the functioantioxidant in the cell whose role in redox-signaling responses is
of mature neutrophils, eosinophils, and monocyt&MW-CSF is poorly understood® we investigated its effect on GM-CSF-
secreted by a variety of cells and tissue types in responsed@pendent signaling pathways. Vitamin C is transported into most
mediators of inflammation such as tumor necrosis factor (TNF) ag@lls in the oxidized form, dehydroascorbic acid (DHA), via
interleukin 1 (IL-1), and GM-CSF is thought to be involved infacilitative glucose transporters (G463 and as ascorbic acid
pathologic inflammatory conditions such as rheumatoid artirtis.(AA) in specialized cells, by sodiqm-dépendent AA trans.poft@rs.

GM-CSF elicits its diverse responses by interacting with When transported as DHA, vitamin C is rapidly _reduced |n5|d_e the
receptor complex that consists of 2 transmembrane glycoprot&fil! @nd accumulates as AA. Recently, Bowie and O'Neill
subunits known as GM-CSF receptor alpheéGMR) and beta reported that vitamin C inhibits TNF-dependent activation of
(BGMR) of 85 kd and 120 kd, respectivelty. WhereasaGMR NF-kappa beté?®

. . . . . . We loaded the human monocytic cell-line U937, HL-60, and
binds to GM-CSF with low affinityBGMR itself is unable to bind . R . : o ’
GM-CSF, but forms a high-affinity receptor complex witBMR 78 293T kidney cells with vitamin C by incubation with DHA and

. . . ... found that vitamin C inhibits GM-CSF-induced signaling re-
GM-CSF receptors are expressed widely in hematopoietic tissue . A o

srﬁ)?bnses at a proximal point in the pathway. These results indicate a
ole

however, they are also present in nonhematopoietic cells a for vitamin C in downregulating GM-CSF signaling. Since

tissues including placenta, endothelium, melanocytes, oIigodenda\-A_CSF itself increases cellular uptake of vitamin?Cthe
cytes, and prostate tissue as well as various tuthtrslembrane signal-modulating effects of the vitamin may be part of a homeo-

signaling events initiated by GM-CSF include the activation %tatic mechanism for controlling immune responses.
Jak-2 and tyrosine phosphorylation of tf&MR, leading to

transcriptional activation of the signal transducers and activators of
transcription (STATs}>17 Other responses to GM-CSF include the
activation of the ras/raf signaling pathway, inducing mitogerMaterials and methods
activated protein (MAP) kinase phosphorylation and downstream
transcription factorg81® Cell culture
Recent evidence indicates that growth factors induce thfman monocytic U937 cells were obtained from American Type Culture
generation of reactive oxygen species (ROS) as chemical seca@utlection (ATCC), and grown in RPMI 1640 medium supplemented with
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10% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin/streptomycin. 293T% kidney cells were grown in Dulbecco
modified Eagle medium-high glucose (DME-HG) medium supplemented
with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, and 1%
modified Eagle medium (MEM) sodium pyruvate. Human myeloid HL-60
cells were obtained from ATCC and grown in Iscoves modified Dulbecco
medium (IMDM) supplemented with 10% heat-inactivated FBS, 1%
L-glutamine, and 1% penicillin/streptomycin. Human megakaryocytic
MO7e cells were grown in IMDM with 10% FBS, 1% L-glutamine, 1%
penicillin/streptomycin, and supplemented with 400 pM GM-CSF.

AA, DHA, GM-CSF, and IL-3 treatments

Cells were incubated for 16 hours in serum-free medium containing 0.2%
bovine serum abumin (BSA), and then washed with phosphate buffered
saline (PBS) before incubation with 15 mM HEPES, 135 mM NaCl, 5 mM
KCI, 1.8 mM CaCl,, 0.8 mM at pH 7.4 (incubation buffer, pH 7.4), for 1
hour at 37°C. Next, cells were incubated with different concentrations of
DHA or AA for 30 minutes at 37°C, washed, resuspended (1 X 106
cell/mL) in the same buffer and incubated with 1 nM GM-CSF (R&D
Systems, Minneapolis, MN) or with 0.6 nM IL-3 (R&D Systems) for the
indicated period of time. Cells were then washed with cold PBS, resus-
pended in 20 mM Tris, 1 mM ethyleneglycotetraacetic acid (EGTA), 1 mM
NaV, 50 mM NaF, and protease inhibitors cocktail at pH 7.4, and lysed by
sonication on ice (3 times, 15 seconds each). The protein concentration was
measured using the Bradford Method (Pierce, Rockford, IL). All reagents
were from Sigma (St Louis, MO).

Cellular proliferation assay

MO7e cells were incubated with 500 wM DHA in incubation buffer for 30
minutes at 37°C and then washed with PBS. Tissue culture plates (96-well)
were seeded with 17 X 102 cells per well in the presence or absence of 400
pM GM-CSF and dlowed to grow for 24 hours or 48 hours. Cell
proliferation was measured by colorimetric assay using WST-1 reagent
(Abs 450-690 nm) (Roche Molecular Biochemicals, Indianapolis, IN).

Analysis of phosphorylation of MAP kinase and Stat5

Cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose mem-
brane (Bio-rad Laboratories, Hercules, CA) in a buffer containing 25 mM
Tris pH 8.3, 192 mM glycine, and 20% methanol in a semidry system
(Bio-rad Laboratories) for 15 minutes, 15V, at 25°C. Residual binding sites
on the membrane were blocked by incubating the membrane in 20 mM
Tris-HCI (pH 7.4), 0.15 M NaCl (TBS), containing 5% nonfat dry milk and
0.1% Tween-20, for 2 hours at 25°C (blocking buffer). Membranes were
incubated with either polyclonal antiphospho p44/42 M AP kinase antibody
(New England Biolabs, Beverly, MA), or polyclonal antiphospho Stat5
antibody (Cell Signaling Technology, Beverly, MA), for 16 hours at 4°C.
The primary antibody was removed, and the blots were washed 3 times in
TBS. To detect antibody reaction, the blots were incubated for 1 hour with
anti—rabbit 1gG horseradish peroxidase (HRP)—conjugated antibody (Bio-
rad) diluted 1:3000 in blocking buffer, washed with TBS, and the protein
bands were revealed using the enhanced chemiluminescence (ECL) West-
ern blotting detection system (Amersham Pharmacia Biotech, Piscataway,
NJ). To ensure the presence of equal amounts of proteins, the membranes
were routinely reprobed with anti-MAP kinase 1/2 (ErK 1/2-CT) (Upstate
Biotechnology, Lake Placid, NY) or anti-Statbb (C-17) (Santa Cruz
Biotechnology, Santa Cruz, CA) antibodies. Detection was conducted as
described above.

Casein kinase-2 assay

U937 cells treated with or without 500 .M DHA for 30 minutes at 37°C
were washed with PBS and lysed. The assay to measure the activity of
casein kinase-2 (CK2) was conducted as described by the manufacturer
(Upstate Biotechnology). Briefly, extracts containing the CK2 were mixed
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with 200 wM CK2 substrate peptide (Upstate Biotechnology) and 10 w.Ci
(0.37 MBq) of y-[32P]-ATPin assay dilution buffer (20 mM MOPS, pH 7.2,
25mM B-glycerol phosphate, 5mM EGTA, 1 mM sodium orthovanadate, 1
mM dithiotreitol). The reactions were allowed to proceed for 10 minutes at
30°C and then stopped with 40% trichloroacetic acid (TCA). An aiquot of
the sample was transferred to P81 paper and washed 3 times with 0.75%
phosphoric acid and once with acetone. The paper was dried and the
radioactivity was measured in ascintillation counter.

Analysis of reactive oxygen species

Cells were treated with DHA and/or GM-CSF as described above. After
treatment with 1 nM GM-CSF, cells were washed 3 times in buffer
containing 20 mM HEPES (pH 7.4), 10 mM dextrose, 127 mM NaCl, 5.5
mM KCl, 1 mM CaCl,, 2 mM MgS0O,, and resuspended (1 X 106 cells/mL)
in the same buffer. The DCF-DA (2', 7'-dichlorodihydroflurescein diac-
etate; Molecular Probes, Eugene, OR) was added to afinal concentration of
20 wM and cellswereincubated for 20 minutes at 37°C.3! Thelevel of ROS
was measured in a Flow Cytometer FACScalibur Immunocytometry
System (Becton and Dickinson, San Jose, CA).

Transfection of 293T cells and luciferase assays

293T cellsweretransiently transfected by calcium phosphate method in 200
mm plates at 80% of confluency using pMX plasmids containing the
GM-CSF receptor ¢cDNA, «GMR and BGMR,® and the p8xGAS-luc
plasmid.3? Cells treated with DHA and/or GM-CSF were washed with PBS
and lysed with Reporter Lysis Buffer (Promega, San Luis Obispo, CA).
Luciferase activity was determined with the Luciferase Reporter Assay
System (Promega) using a Berthold Luminometer Lumet (Model B9501).

Vitamin C uptake

Uptake assays were performed as described.?427 Briefly, 2 X 106 cellswere
incubated with 500 .M AA in the presence of 2 units of ascorbate oxidase
(Sigma) and 0.5 pCi (185 KBq) of L-[*C]-AA (specific activity, 8.0
mCi/mmol (DuPont NeN) at room temperature for the periods of time
indicated in the figures. Cells were washed twice with ice-cold PBS before
lysis with 10 mM TrisHCl pH 8.0 and 0.2% SDS. Cell-associated
radioactivity was determined by scintillation spectrometry.?*

Analysis of phosphorylation of BGMR and Jak-2

293T cells were cotransfected with plasmids containing the GM-CSF
receptor subunits, «GMR and BGMR, as described previously. Cells were
incubated 12 hours after transfection with 500 ..M DHA for 30 minutes and
then treated with 1 nM GM-CSF. Cell extracts were prepared as described
before, incubated with 1 pg of anti-BGMR antibody (S-16; Santa Cruz
Biotechnology) for 16 hours at 4°C on an oscillating platform. A quantity of
20 pg of Protein A—Sepharose (Sigma) was then added and left for 1 hour at
4°C. The beads were collected by centrifugation, washed 3 timeswith lysis
buffer, resuspended with SDS sample loading buffer, and heated for 5
minutes at 95°C before separation by SDS-PAGE. Western blotting to
analyze the phosphorylation of BGMR was performed in the following
manner: nonspecific siteswere blocked using 5% milk in TBS buffer before
incubating the membrane with antiphosphotyrosine antibody (clone: 4G10;
Upstate Biotechnology) for 16 hours at 4°C at final dilution of 1:1000 in
blocking buffer. The membrane was washed 3 timesin TBS, incubated for 1
hour at room temperature with anti—-mouse |gG-HRP linked whol e antibody
(Amersham Pharmacia Biotech) diluted to 1:4000 in blocking buffer, and
washed with TBS. The protein bands were reveal ed using the ECL detection
system. The membrane was reprobed with the immunoprecipitating anti-
body to confirm the presence of equal amounts of proteins. Western blotting
to analyze the phosphorylation of Jak-2 was performed as described for the
analysis of the BGMR using an antiphospho-Jak-2 antibody (Y1007,
Y 1008; Upstate Biotechnology).
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Results

Vitamin C suppresses GM-CSF-induced formation of reactive
oxygen species

GM-CSF induces an increase in the formation of ROS in hemato-
poietic cells that is repressed in vitro by antioxidants such as
N-acetyl cysteine.?2 This result led us to investigate the effect of
vitamin C in the production of ROS induced by GM-CSF in U937,
ahuman monocyticlike cell line. Cells were loaded with vitamin C
by exposing them to the oxidized form of vitamin C, DHA, and the
intracellular formation of ROS was quantified. The generation of
ROS was measured using 2’, 7’-dichlorofluorescein diacetate
(DFC) and fluorescence flow cytometry.3! Cells loaded with
vitamin C showed a 30% decrease in the constitutive intracellular
levels of ROS, compared with untreated cells (Figure 1A). U937
cellsincubated with 1 nM GM-CSF for 10 minutes showed a 2-fold
increase in formation of ROS (Figure 1C). A time-course analysis
demonstrated that GM-CSF induced alinear increase of ROS up to
aperiod of at least 10 minutes. The generation of ROS induced by
GM-CSF at these early time points was completely inhibited in
cells loaded with vitamin C (Figure 1C). The inhibitory effect of
vitamin C on the production of ROS was not due to cellular
toxicity, as assessed by viability assays (data not shown).

Vitamin C inhibits GM-CSF-induced phosphorylation of
MAP kinase

Vitamin Cistransported into U937 cells preferentially as DHA via
the glucose transporters?* (Figure 2A). We calculated the accumu-
lated vitamin C using an estimated intracellular volume of 1.0 pL
per 10° cells. Uptake of 500 wuM DHA was linear for up to 1 hour
(Figure 2A). A time-course analysis of DHA uptake revealed that at
the end of 30 minutes incubation with 500 wM DHA, U937 cells
accumulated nearly 10 mM vitamin C. Cells incubated with AA
under the same conditions, however, accumulated only 0.7 mM
vitamin C. To assess the ability of vitamin C to regulate intracellu-
lar responses mediated by GM-CSF, U937 cells were treated with
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Figure 1. Vitamin Cinhibits GM-CSF-induced production of ROS. (A) U937 cells
incubated for 30 minutes with (black histogram) or without (white histogram) 500 uM
dehydroascorbic (DHA) were analyzed for the production of ROS. (B) U937 cells
treated (black histogram) or untreated (white histogram) for 30 minutes with 500 uM
DHA were incubated for 10 minutes with 1 nM GM-CSF and the production of ROS
analyzed. (C) Analysis of the production of ROS in U937 cells pretreated (closed
circle) or untreated (open circle) with 500 .M DHA for 30 minutes before incubation
with 1 nM GM-CSF. The relative production of ROS was measured by fluorescence
using DFC in a flow cytometer.
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Figure 2. Vitamin C inhibits GM-CSF-induced MAP kinase phosphorylation. (A)
Accumulation of vitamin C by U937 cells. Cells were incubated for the time indicated
with 500 wM DHA (closed circle) or 500 uM AA (open circle). The insert shows the
accumulation of vitamin C incubation with increasing concentrations of DHA for 30
minutes. The uptake of DHA and AA was determined as described in “Materials and
methods.” (B) U937 cells treated with either buffer (=), 500 uM AA, or 500 .M DHA for
30 minutes were incubated with 1 nM GM-CSF for 1 minute. Phosphorylated
(p-MAPK) and nonphosphorylated MAP kinase (MAPK) were detected by immuno-
blotting as shown in the upper and lower panels, respectively. (C) DHA did not affect
ligand or GM-CSF receptor functions. DHA and GM-CSF were incubated together for
5 minutes before addition (GM-CSF/DHA) or added simultaneously (GM-CSF+DHA).
Concentrations of DHA are indicated by 10 uM and 100 wM. The phosphorylated and
nonphosphorylated MAP kinase are shown in the upper and lower panels, respec-
tively. A schematic representation of the experiments is shown below the figure.
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either vehicle buffer, DHA, or AA, and GM-CSF—mediated phos-
phorylation of p44 and p42 MAPkinases (Erk1 and Erk2) wasthen
analyzed. U937 cells incubated with 1 nM GM-CSF for 1 minute
showed a significant increase in phosphorylation of MAP kinase
(p-MAPK), as analyzed by immunoblotting with a phospho-p44/42
MAP kinase (Thr202/Tyr204) antibody (Figure 2B). Dose-
response experiments indicated that 1 nM GM-CSF was needed to
obtain maximum induction of p-MAPK (data not shown). Cells
treated with DHA, but not AA, showed inhibition of GM-CSF
dependent p-MAPK (Figure 2B). To be certain that the inhibitory
effect of vitamin C was not extracellular, perhaps due to inactiva-
tion of the receptor or the ligand, DHA and GM-CSF were
preincubated together for 5 minutes before addition (GM-CSF/
DHA), or added simultaneously (GM-CSF+DHA) to the cells
(Figure 2C). GM-CSF preincubated for 5 minutes with 10 uM or
100 wM DHA was able to activate p-MAPK at levels comparable
to the nontreated GM-CSF. Likewise, when DHA and GM-CSF
were both added simultaneously to the cells and incubated for 1
minute, the activity of GM-CSF was norma (Figure 2C). The
immunoblots were stripped and reprobed with anti-MAP kinase
antibody, demonstrating that equal amounts of MAP kinase were
loaded on the gel (lower panels in Figure 2B-C). The results
indicated that DHA does not alter the activity of the ligand during
the treatment with DHA. Also, GM-CSF binding analysis showed
that in cells incubated with DHA the GM-CSF receptor had
unaltered binding properties (data not shown). DHA and AA were
prepared under controlled pH buffered conditions to avoid changes
in pH during incubation with cells. To further assess the signaling
inhibitory properties of vitamin C, we investigated if cells loaded
with vitamin C suppress p-MAPK induced by 1 nM GM-CSF for
increasing periods of time. We found that vitamin C considerably
inhibited p-MAPK induced by 1 nM GM-CSF (Figure 3A). This
inhibitory effect of vitamin C was dose-dependent, as shown in
Figure 3B-C. Exposing the cells to 100 uM DHA for 30 minutes
was sufficient to inhibit p-MAPK induced by 1 nM GM-CSF for 3
minutes (Figure 3B). Under these conditions, U937 cells accumu-
lated 6 mM vitamin C (Figure 2A, insert). Time-dependent analysis
of the inhibitory effect of vitamin C indicated that cells incubated
with 500 wuM DHA for 5 minutes accumulated approximately 9
mM, abolishing p-MAPK induced by 1 nM GM-CSF. These results
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Figure 3. Time-course and concentration dependence of vitamin C suppress-
ing of GM-CSF-induced phosphorylation of MAP kinase. (A) U937 cells incu-
bated for 30 minutes with 500 .M DHA (+) or without DHA (-) were treated with 1 nM
GM-CSF for the time periods shown. Phosphorylated MAP kinase (p-MAPK) was
visualized by immunoblotting with an antiphospho-MAP kinase antibody (upper
panel). Equal protein loading was demonstrated by immunoblotting the membrane
with anti-MAP kinase antibody as shown in the lower panel (MAPK). (B) Concentra-
tion dependence of the effect of vitamin C on the GM-CSF-induced phosphorylation
of MAP kinase. U937 cells preincubated for 30 minutes with different concentrations
of DHA were treated with 1 nM GM-CSF for 3 minutes. (C) Time dependence of the
effect of vitamin C on GM-CSF-induced phosphorylation of MAP kinase. Cells
preincubated with 500 uM DHA for the time indicated were incubated with 1 nM
GM-CSF for 3 minutes. Control (Ct) represents cells left untreated with either
GM-CSF or DHA.

indicated that U937 cellsrequired acritical intracellular concentra-
tion of vitamin C of approximately 6 mM to abolish p-MAPK
induced by 1 nM GM-CSF. Similar intracellular concentrations of
vitamin C have been reported in mononuclear leukocytes.3

Vitamin C suppresses GM-CSF-induced phosphorylation
of Stats

Independent of therag/raf pathway, GM-CSF activates the phosphor-
ylation of Stat5, leading to its dimerization and translocation to the
nucleus.’>1” We investigated the effect of vitamin C on phosphory-
lation of Statb mediated by GM-CSF. U937 cells incubated with 1
nM GM-CSF showed a prominent increase of Stat5 phosphoryla-
tion (Figure4). Cellsincubated with 500 wM DHA and treated with
1 nM GM-CSF for up to 5 minutes showed markedly decreased
GM-CSF—mediated Stat5 phosphorylation (Figure 4A). Control
cells incubated under the same conditions, however, did not
evidence inhibition of phosphorylation of Stat5 at 10 minutes
incubation with 1 nM GM-CSF (Figure 4A). The dose-dependent
inhibitory effect of vitamin C is shown in Figure 4B. Ceélls
incubated for 30 minutes with 500 wuM DHA had no phosphoryla-
tion of Stat5 induced by treating the cellswith 1 nM GM-CSF for 1
minute (Figure 4B). Similar to the effect of vitamin C on p-MAPK
(Figure 3), incubation for 5 minutes with 500 .M DHA efficiently
blocked the phosphorylation of Stat5 induced by GM-CSF
(Figure 4C).

Vitamin C suppresses GM-CSF-induced
Stat5-dependent transcription

The previous data indicated that vitamin C inhibits GM-CSF—
dependent phosphorylation of Stat5. We then investigated whether
vitamin C would inhibit Stat5-dependent transcription. An efficient
method of analyzing the transcriptional Stat5 responsiveness to
GM-CSF involves the transfection of cells with the construct
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p8xGAS-luciferase (p8XGAS-luc).%? This construct contains 8
interferon y—activated site elements cloned upstream of aluciferase
reporter gene.32 We use 293T cells as an assay system because they
are highly transfectable as compared with U937 cells.3° The 293T
cells preferentially take up DHA and after 30 minutes incubation
with 500 M DHA, accumulate approximately 3 mM vitamin C
intracellularly. No significant induction of luciferase activity was
detected when 293T cells transiently transfected with p8xGAS-luc
alone or cotransfected with plasmids encoding the cDNA for
aGMR or BGMR were incubated with 1 nM GM-CSF for 5 hours
(Figure 5A). However, cotransfection of p8XxGAS-luc with a
combination of plasmids encoding the cDNA for «GMR and
BGMR into 293T cells resulted in a strong induction of luciferase
activity by GM-CSF. Induction was 80-fold over the basal level
after 5 hours treatment (Figure 5A-B). These results suggested that
the lack of responsiveness in 293T cells was due to a limited
expression of functional GM-CSF receptors. We therefore exam-
ined the effect of vitamin C in the triple transfectants by incubating
them with increasing concentrations of DHA prior to the GM-CSF
treatment. Transfectants incubated with 5 mM DHA showed a50%
decrease in luciferase activity induced by 1 nM GM-CSF, as
compared with control cells (Figure 5B). At 500 uM DHA
treatment, there was an 18% inhibition of luciferase activity and at
5 mM DHA, luciferase activity was reduced by more than 50%
(Figure 5B).

Vitamin C inhibits GM-CSF-induced phosphorylation of BGMR

Although vitamin C inhibits cytoplasmic phosphorylation events
mediated by GM-CSF, it was important to also examine the
phosphorylation of BGMR, which is an early signaling event
initiated at the membrane level.3* Ligand-binding to the high-
affinity GMR complex triggers the phosphorylation of Jak-2, and
Jak-2 phosphorylates tyrosine residues within the cytoplasmic
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Figure 4. Vitamin C suppresses GM-CSF-induced phosphorylation of Stat5. (A)
U937 cells incubated for 30 minutes with (+) or without () 500 .M DHA were treated
with 1 nM GM-CSF for the periods shown. The phosphorylated Stat5 (p-Stat5) was
visualized by immunoblotting with an antiphosphorylated Stat5 antibody (upper
panel). Equal protein loading was demonstrated by immunoblotting the same
membrane with anti-Stats (Stat5) antibody as shown in the lower panel. (B)
Concentration dependence of the effect of vitamin C on the GM-CSF-induced
phosphorylation of Stat5. U937 cells incubated for 30 minutes with different
concentrations of DHA were treated with 1 nM GM-CSF for 3 minutes. The
phosphorylated (p-Stat5) and nonphosphorylated Stat5 (Stat5) are shown at the
upper and lower panels, respectively. (C) Cells were incubated with 500 ..M DHA for
the indicated time periods and treated with 1 nM GM-CSF for 3 minutes. The
phosphorylated and nonphosphorylated Stat5 are shown at the upper and lower
panels, respectively. Control (Ct) represents cells unexposed to GM-CSF or DHA.
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Figure 5. Vitamin C inhibits Stat5 transcriptional activation mediated by
GM-CSF. (A) 293T cells transfected with either the reporter construct p8xGAS-luc or
cotransfected with plasmids containing the cDNAs for «GMR and/or BGMR were
incubated for 5 hours with 1 nM GM-CSF (closed bars) or buffer (open bars), and
luciferase activity was measured in cell lysates. (B) 293T cells cotransfected with
plasmids encoding the cDNAs for «GMR, BGMR, and the reporter construct
p8xGAS-luc were incubated for 30 minutes with increasing concentrations of DHA.
Transfectants were incubated for 5 hours with 1 nM GM-CSF (closed bars) or no
additions (open bars), and luciferase activity was measured in cell lysates. Bars
represent the average values of triplicate determinations = SD.

domain of BGMR.3* Thus, we investigated whether vitamin C
could inhibit the phosphorylation of the BGMR induced by
GM-CSF. Célls cotransfected with plasmids encoding «GMR and
BGMR cDNAs were loaded with vitamin C and incubated with 1
nM GM-CSF for up to 10 minutes, and cell lysates were immuno-
precipitated with an anti-GMR antibody. BGMR was phosphory-
lated at tyrosine residues after incubation with GM-CSF, as shown
by immunoblotting with antiphosphotyrosine antibody (Figure 6);
BGMR was not phosphorylated in the absence of the ligand. When
the tranfectants were incubated for 30 minutes with 500 wuM DHA
prior to GM-CSF treatment, the GM-CSF—dependent phosphoryla-
tion of BGMR was strongly inhibited (Figure 6A).

Vitamin C inhibits the GM-CSF-mediated phosphorylation
of Jak-2

The foregoing results suggested that vitamin C could be inhibiting
the phosphorylation of downstream signaling molecules by impair-
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Figure 6. Vitamin C suppresses GM-CSF-induced phosphorylation of BGMR.
293T cells cotransfected with plasmids containing the cDNAs for «GMR and BGMR
were incubated for 30 minutes in the presence (+) or absence (-) of 500 pM DHA. 1
nM GM-CSF was added for the periods of time shown. BGMR was immunoprecipi-
tated, subjected to SDS-PAGE, and the phosphorylated BGMR (p-BGMR) was
visualized by immunoblotting with an antiphosphotyrosine antibody (arrow, upper
panel). (B) Jak-2 phosphorylation is suppressed by vitamin C. BGMR was immunopre-
cipitated, subjected to SDS-PAGE, and the phosphorylated Jak-2 (p-Jak-2) was
visualized by immunoblotting with antiphospho Jak-2 antibody (arrow, lower panel).
Equal protein loading was demonstrated by immunoblotting the same membrane
with an anti-BGMR antibody, as shown in the upper panel.
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ing the kinase activity of Jak-2. We analyzed the effect of vitamin C
on phosphorylation of Jak-2 with immunoprecipitation experi-
ments. Extracts of cells cotransfected with «GMR and BGMR
cDNAS, and immunoprecipitated with anti-BGMR, showed that the
phosphorylation of Jak-2 is dependent on GM-CSF treatment
(Figure 6B). We found that Jak-2 phosphorylation induced by
GM-CSF was strongly inhibited by vitamin C. These results imply
that vitamin C may be downmodulating GM-CSF signaling by
inhibiting phosphorylation of Jak-2 and therefore preventing it
from phosphorylating BGMR and initiating downstream
phosphorylation events.

Vitamin C inhibits GM-CSF-mediated cell proliferation

We found that vitamin C inhibited GM-CSF-induced signaling
responses at a proxima point in the pathway, inactivating the
phosphorylation of BGMR. These results suggest that vitamin C
would have an effect on cell proliferation induced by GM-CSF. We
therefore analyzed the effect of vitamin C loading on proliferation
of cultures of GM-CSF—dependent cell line MO7e. Cells loaded
with vitamin C showed a 30% to 40% reduced growth in response
to GM-CSF as compared with control (Figure 7). These data
indicate that vitamin C affects the proliferation signaling pathway
mediated by GM-CSF.

Vitamin C prevents IL-3-induced p-MAPK

The previousresults demonstrated that GM-CSF—induced phosphor-
ylation of BGMR was suppressed by vitamin C (Figure 6A). Since
the human high-affinity receptors for IL-3, IL-5, and GM-CSF
share acommon 3 subunit (BGMR),3* we reasoned that vitamin C
may modulate IL-3— and/or |L-5-mediated cytokine responses. As
previously shown for U937 cells, treatment with 1 nM GM-CSF for
10 minutes induced p-MAPK in HL-60 cells (Figure 8A). We also
found that incubation with 0.6 nM IL-3 for 5 or 10 minutesinduced
p-MAPK (Figure 8A). However, IL-5 under similar conditions was
unable to induce p-MAPK in HL-60 or U937 cells (data not
shown). Loading HL-60 cells with vitamin C by incubation with
500 .M DHA for 30 minutes suppressed the induction of p-MAPK
by either IL-3 or GM-CSF (Figure 8A). To determine if the
inhibitory activity of vitamin C is specific to the redox-mediated

MO7e proliferation
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Figure 7. Vitamin C inhibits GM-CSF-dependent cell proliferation. MO7e cells
incubated for 30 minutes with or without 500 M DHA were grown in a 96-well tissue
culture plate in the presence or absence of 400 pM GM-CSF for 24 hours or 48 hours.
Proliferation was measured by colorimetric assay. WST-1 was added and 3 hours
later the absorbance was measured (450 nm-690 nm) by ELISA reader.
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Figure 8. Vitamin C suppresses IL-3-induced phosphorylation of MAP kinase.
(A) HL-60 cells incubated for 30 minutes with 500 .M DHA (+) or without DHA (-)
were treated with 1 nM GM-CSF for 10 minutes or incubated with 0.6 nM IL-3 for the
period indicated. Phosphorylated MAP kinase (p-MAPK) was visualized by immuno-
blotting with an antiphospho—MAP kinase antibody (upper panel). Equal protein
loading was demonstrated by immunoblotting the membrane with anti-MAP kinase
antibody as shown in the lower panel (MAPK). (B) U937 cells were incubated with
DHA (+) or without DHA (-) and CK2 kinase activity was measured in cell lysates.
One representative experiment is shown. C represents background activity in
absence of lisate. Bars represent the average values of triplicate determinations + SD.

signaling of GM-CSF and IL-3 by inhibiting key kinases involved
in their pathway, we investigated if cells loaded with vitamin C
showed changes in CK2 activity. Protein kinase CK2 is ubiqui-
tously expressed and is a constitutively active serine/threonine
kinase.®> U937 cells loaded with vitamin C showed identical
protein kinase CK 2 activity as compared with controls (Figure 8B).
This result indicated that vitamin C loading does not generaly
inhibit constitutive intracel lular kinases.

Discussion

AA is a potent antioxidant that quenches ROS and serves as a
cofactor for enzymes involved in the synthesis of collagen,
neurotransmitters, and carnitine.36-38 |n this study we demonstrate
that vitamin C can also function as a modulator of cytokine signal
transduction pathways. GM-CSF signaling responses were sup-
pressed by vitamin C in the human monocytic U937, HL-60, and
kidney 293T cell lines. U937 cellsloaded with vitamin C showed a
decrease in GM-CSF-induced p-MAPK p42/44 and Stat5. GM-
CSF—dependent p-MAPK is activated via the ragraf signaling
pathway. This MAP kinase cascade is involved in host defense
cellular responses and regulation of gene expression, suggesting
that the vitamin could downregulate host defense responses and
expression of specific cytokine-inducible genes.®® The vitamin also
suppressed the phosphorylation of the transcription factor Stat5,
and since the phosphorylation of Stat5 is required for its nuclear
translocation the vitamin suppressed GM-CSF-induced transcrip-
tion of a Stat5 reporter assay system. These data suggested that the
inhibitory effect of vitamin C on GM-CSF-induced Stat5-
dependent transcription could have important effects seen at the
level of gene expression regulated by GM-CSF. Other responses
to GM-CSF may be also modulated by the intracellular level of
the vitamin; for instance, GM-CSF is a proinflammatory cyto-
kine that may be involved in rheumatoid arthritis, therefore our
finding that vitamin C inhibits GM-CSF implies a role of the
vitamin in anti-inflammatory responses.

We found that vitamin C suppressed early membrane signaling
events initiated by GM-CSF. Ligand-induced phosphorylation of
BGMR and Jak-2 was inhibited by vitamin C loading, implying
that the inhibition of these early events could explain the GM-CSF
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downstream responses affected by vitamin C. This conclusion is
based on the notion that the phosphorylation of Jak-2 and BGMR
are required for most of GM-CSF signaling pathways.*°

Our studies demonstrated that |L-3-induced phosphorylation of
MAP kinase was also suppressed by vitamin C. This result is
consistent with the knowledge that the high-affinity receptors for
IL-3, IL-5, and GM-CSF share a common {3 subunit (BGMR) that
is considered to be the primary signaling subunit. Since IL-3—and
GM-CSF-induced signaling was suppressed by vitamin C, it is
possible that vitamin C may regulate IL-5 cytokine responses.
Therefore, evidence leads to the conclusion that vitamin C may be
an important player in controlling cellular signaling pathways
mediated by cytokines, including IL-3 and IL-5.

The molecular mechanism underlying vitamin C—mediated
suppression of GM-CSF-induced phosphorylation is unclear; how-
ever, a possible explanation is that vitamin C may directly inhibit
the kinases involved in GM-CSF responses, or aternatively, it
activates protein phosphatases. We discarded both possibilities,
since AA failed to inhibit phosphotyrosine and serine/threonine
kinasesin vitro (data not shown). Also, in vitro phosphatase assays
indicated that AA does not activate phosphatases (data not shown).
The likely mechanism of GM-CSF signaling inhibition by vitamin
C is a the level of controlling the quantity of ROS production
induced by GM-CSF. The role of ROS as signaling mediators has
been suggested for GM-CSF and other growth factors, but the
molecular mechanisms of their generation and precise function are
not well known. ROS as messenger molecules appear to regulate
the activity of redox-sensitive enzymes, including protein kinases
and protein phosphatases. The activation of Jak-2 by ROS has been
demonstrated*#? and the finding that GM-CSF—dependent phos-
phorylation of Jak-2 was suppressed by vitamin C supports our
notion that vitamin C may be blocking the activation of Jak-2 by
quenching the ROS generated in response to GM-CSF, which is
needed to induce this kinase. Therefore, we propose that the
mechanism by which vitamin C inhibits GM-CSF responsesis due
to a strong inhibition of ROS, which is required to activate the
kinase(s) involved in signaling, induced by GM-CSF.

Under physiologic conditions, vitamin C circulates in the blood
in its reduced form, AA, at approximately 50 wM; however, cells
accumulate awide range of intracellular concentrations of vitamin
C up to 6 mM in mononuclear leukocytes.3® Our data showed that
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il |||| Hh"ﬂ?llll A "

@ ROS
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w,_ uptake s P

M | GM-CSF-dependent
Signal Transduction
Figure 9. Schematic representation of GM-CSF signaling and vitamin C
transport and functions. GM-CSF binds to «GMR, and in concert with BGMR forms
the high-affinity receptor-signaling complex (M: membrane). Vitamin C enters the
cells through the glucose transporters as DHA, and is rapidly reduced to AA

intracellularly. The GM-CSF-dependent signaling events modulated by vitamin C are
indicated.
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the inhibition of GM-CSF signaling was evident at intracellular
concentrations of 5 mM vitamin C. These results suggest a
physiologic role of vitamin C as modulator of GM-CSF signaling.
Furthermore, GM-CSF induces an increase in glucose and vitamin
C uptakein target cells, presumably by modifying the affinity of the
facilitative hexose transporters for the transport of glucose and
DHA in human host defense cells, spermatozoa, and U937
cells, 24344 which allows them to accumulate higher intracellular
concentrations of vitamin C. It is possible that GM-CSF could
induce an increase in the levels of vitamin C to inhibitory levels
functioning as a feedback system to control its biologic activities.
Since the oxidized form of vitamin C istransported by the glucose
transporters, it is at least plausible to consider a homeostatic and
feedback system whereby GM-CSF can stimulate oxidative events
and transport functions that lead to increased accumulation of
vitamin C and subsequent downmodulation of GM-CSF action
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(Figure 9). This theory is based on the notion that GM-CSF
primes host defense cells for oxidation metabolism and the
oxidative burst.* It is known that the activation of neutrophils
induces accumulation of vitamin C by inducing the oxidation of
the vitamin.46

We concluded that vitamin C modulates GM-CSF signaling
responses, and we postulate that cells may, by changing their
intracellular content of antioxidants such as vitamin C, ater their
responses to cytokines.
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