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Iron down-regulates leptin by suppressing protein O-GIcNAc
modification in adipocytes, resulting in decreased levels of

O-glycosylated CREB
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We previously reported that iron down-regulates transcrip-
tion of the leptin gene by increasing occupancy of phosphorylat-
ed cAMP response element-binding protein (pCREB) at two
sites in the leptin gene promoter. Several nutrient-sensing path-
ways including O-GlcNAcylation also regulate leptin. We there-
fore investigated whether O-glycosylation plays a role in iron-
and CREB-mediated regulation of leptin. We found that high
iron decreases protein O-GlcNAcylation both in cultured
3T3-L1 adipocytes and in mice fed high-iron diets and down-
regulates leptin mRNA and protein levels. Glucosamine treat-
ment, which bypasses the rate-limiting step in the synthesis of
substrate for glycosylation, increased both O-GIcNAc and
leptin, whereas inhibition of O-glycosyltransferase (OGT)
decreased O-GlcNAc and leptin. The increased leptin levels
induced by glucosamine were susceptible to the inhibition by
iron, but in the case of OGT inhibition, iron did not further
decrease leptin. Mice with deletion of the O-GIcNAcase gene,
either via whole-body heterozygous deletion or through
adipocyte-targeted homozygous deletion, exhibited increased
O-GIcNACc levels in adipose tissue and increased leptin levels
that were inhibited by iron. Of note, iron increased the
occupancy of pCREB and decreased the occupancy of O-
GlcNAcylated CREB on the leptin promoter. These patterns
observed in our experimental models suggest that iron exerts
its effects on leptin by decreasing O-glycosylation and not
by increasing protein deglycosylation and that neither
O-GIlcNAcase nor OGT mRNA and protein levels are affected
by iron. We conclude that iron down-regulates leptin by
decreasing CREB glycosylation, resulting in increased CREB
phosphorylation and leptin promoter occupancy by pCREB.
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Leptin, the product of the OB gene, is one of the central
regulators of energy expenditure, appetite, and fuel homeosta-
sis (1). Appropriate to these functions, it is produced largely in
adipocytes and secreted as a function of fat mass. Its transcrip-
tional regulation occurs in part through peroxisome prolifera-
tor-activated receptor -y, CCAAT/enhancer-binding protein «,
and specificity protein 1 (2-4). Activation of CREB® during
the adipocyte differentiation process suppresses leptin secre-
tion and expression in mesenchymal stem cells (5). CREB is an
attractive candidate as a regulator of leptin because of its cen-
tral role in orchestrating the transition from fasting to feeding.

Another nutrient-dependent mechanism involved in leptin
regulation is protein modification by O-GlcNAcylation (6 -9).
This modification regulates numerous metabolic pathways, is
controlled through the activities of a single O-GIcNAc transfer-
ase (OGT) and a single enzyme that removes O-GlcNAc
(O-GlcNAcase, OGA), and is largely nutrient-driven; synthesis
of the rate-limiting substrate of OGT, UDP-GIcNAc, is limited
by fluxes of the components used for its synthesis, particularly
glucose and glucosamine-6-phosphate (10, 11). The regulation
of leptin by O-glycosylation has been demonstrated to be at the
level of transcription (12), and many transcription factors can
be modified by O-GIcNAc (10, 11, 13).

Iron is a micronutrient that also plays a crucial role in meta-
bolic regulation (14, 15). The cell’s need for iron as a cofactor for
fuel oxidation and energy production in the face of its potential
danger as an oxidant has given rise to a complex system, coor-
dinated across tissues, to tightly regulate its levels, distribution,
and bioavailability. In yeast, for example, the switch from fer-
mentative (glycolytic) metabolism to oxidative phosphoryla-
tion depends on the presence of iron in the environment. Con-
versely the potentially dangerous oxidant is not imported into
the cell unless there is a need for oxidative phosphorylation.
Thus, there has arisen over evolution an important link
between iron homeostasis and metabolism, and we have shown

®> The abbreviations used are: CREB, cyclic AMP response element binding
protein; OGT, O-glycosyltransferase; OGA, O-GlcNAcase; GFPT1, glutamine:
fructose-6-phosphate transaminase; FAC, ferric ammonium citrate; PKA,
protein kinase A; AMPK, AMP-dependent kinase; pCREB, phosphorylated
CREB; CAMK, calcium/calmodulin-dependent kinase IV; FAC, ferric ammo-
nium citrate; GIcN, glucosamine; KO, knockout; mTOR, mechanistic target
of rapamycin; HG, high-glucose; FBS, fetal bovine serum; ANOVA, analysis
of variance.
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Iron regulates leptin by decreasing CREB O-glycosylation

that many of those connections are conserved in mammals. We
have demonstrated that in humans and mouse models, iron
regulates leptin, as well as another adipocyte hormone that
plays an important role in fuel utilization, adiponectin (16, 17).
The fact that the adipocyte expresses many specialized proteins
involved in iron homeostasis led us to hypothesize that the adi-
pocyte not only senses macronutrient status but also the essen-
tial micronutrient iron to orchestrate factors involved in lipid
metabolism such as integration of metabolic processes.

In our investigation of the regulation of leptin by iron (16), we
demonstrated that the down-regulation of leptin in mice on a
high-iron diet was physiologically significant in that it was
accompanied by increased food intake. Altered food intake was
not seen in the leptin-deficient Ob/Ob mouse on a high-iron
diet. We determined that iron negatively regulates leptin tran-
scription via CREB activation and identified two potential
CREB-binding sites in the mouse leptin promoter region.
Mutation of both sites completely blocked the effect of iron on
promoter activity. ChIP analysis revealed that binding of phos-
phorylated CREB is enriched at these two sites in iron-treated
3T3-L1 adipocytes compared with untreated cells. We were
unable to demonstrate, however, increased activities of CREB
kinases such as protein kinase A (PKA) or calcium/calmodulin-
dependent kinase IV (CAMK), so the mechanism for this
change in phosphorylation was not determined. Phosphoryla-
tion and O-glycosylation are often reciprocal (10, 11), in some
cases because of shared sites of modification. The known regu-
lation of leptin by O-GlcNAcylation led us, therefore, to inves-
tigate the effects of iron on O-glycosylation as a possible mech-
anism for its regulation of leptin.

Results

Iron treatment of 3T3-L1 adipocytes results in decreased
O-GlcNAcylation of proteins

Treatment of differentiated 3T3-L1 adipocytes with 100
pg/ml ferric ammonium citrate (FAC) for 24 h resulted in
decreased protein modification by O-linked GlcNAc as
detected by Western blotting using an antibody that recognizes
O-GlcNAc on a wide spectrum of proteins (18) (Fig. 1, A and B).
As previously reported (16), the same treatment also resulted in
significant down-regulation of the mRNA for leptin (Figs. 1C
and 2).

Experimental modulation of O-GIcNAcylation regulates leptin
in 3T3-L1 adipocytes in an iron-dependent manner

Glucosamine (GIcN) enters cells through glucose transporters
and is phosphorylated to GIcN-6-phosphate by hexokinases, thus
bypassing the rate-limiting enzyme in the hexosamine biosynthe-
sis, glutamine:fructose-6-phosphate transaminase (GFPT). Glu-
cosamine treatment of cells has been shown by this mechanism to
increase both the levels of the substrate for O-glycosylation
(UDP-GIcNAc) and global O-GlcNAcylation (6, 7, 19). Glucosa-
mine treatment of 3T3-L1 adipocytes increased leptin mRNA by
57% (p < 0.01) (Fig. 2A). Iron decreased leptin mRNA in control
cells by 44% (p < 0.01) and blunted the increase caused by gluco-
samine to a similar degree (46%, p < 0.01) (Fig. 2A). Inhibition of
OGT with a pharmacologic inhibitor (aR-a-[[(1,2-dihydro-2-
oxo-6-quinolinyl)sulfonyl]amino]-N-(2-furanylmethyl)-2-
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Figure 1. Iron treatment decreases total O-GlcNAcylation in 3T3-L1 adi-
pocytes and down-regulates leptin. A, total protein O-GIcNAcylation as
revealed by Western blotting using a pan-O-GIcNAc antibody in control (CTL)
cells and cells treated with 100 ng/ml FAC. B, quantification of Western blots
normalized to a-tubulin (n = 3 independent determinations). C, leptin (Ob)
MRNA in cells treated with or without FAC (n = 6 independent determina-
tions). *, p < 0.05 using by two-tailed Student’s t test. The data represent
means * S.E.

methoxy-N-(2-thienylmethyl)-benzeneacetamide, OSMI-1
(20)) significantly decreased leptin mRNA (Fig. 2B), although
iron had no further effect to inhibit leptin expression in OSMI-
1-treated cells. The effects of iron and OSMI-1 on leptin
mRNA were paralleled by their effects on leptin protein levels
(Fig. 2C).

Leptin levels in a mouse model with increased adipocyte
O-GIcNAc modification

To demonstrate that the regulation of leptin by iron is oper-
ating through O-GlcNAc modification in an animal model, we
first studied mice heterozygous for whole-body deletion of the
gene encoding the enzyme responsible for removing O-GlcNAc
from proteins, OGA. Homozygous insufficiency of OGA is
lethal, so OGA ™"/~ heterozygous knockout (KO) mice were fed
a normal chow with 35 mg/kg iron (the level in the standard
American Institute of Nutrition chow AIN-93G) or the same
chow supplemented to 2000 mg/kg iron. Levels of global
O-GlcNAcylation detected by Western blotting were increased
in the OGA™’™ heterozygotes compared with WT mice, and
both groups showed decreased O-GIcNAc when placed on the
high-iron diet (Fig. 3, A and B). The high-iron diet resulted in a
57% decrease in serum leptin in the WT mice (Fig. 3C, p <
0.05). On the lower-iron diet, the OGA™~ heterozygous KO
mice exhibited a 43% increase in serum leptin compared with
WT, although that result was only significant when corrected
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Figure 2. Effects of hexosamine pathway activation and inhibition on
leptin in 3T3-L1 adipocytes. A, effects of GIcN (2 mm, 24 h) and/or iron (100
ng/ml FAC) on leptin mRNA levelsin 3T3-L1 cells (n = 7 independent determina-
tions, normalized to B-actin mMRNA). B, effects of treatment of 3T3-L1 adipocytes
with an OGT inhibitor (OSMI-1, 50 wmol/liter, 24 h) and/or iron on leptin mRNA
(n = 7 independent determinations, normalized to B-actin mRNA). C and D,
effects of treatment of 3T3-L1 adipocytes with OSMI-1 on leptin protein. The cells
were harvested after the 24-h treatment and leptin quantified by Western blot-
ting. G, representative Western blotting. D, quantification of blots, n = 4indepen-
dent determinations, normalized to a-tubulin. Shown are means = S.E. *, p <
0.05;%,p < 0.01;§, p < 0.001 by ANOVA.

for an observed 24% decrease in epididymal fat pad weight on
the lower-iron diet (Fig. 3C, p < 0.05). The OGA™’™ heterozy-
gotes on high iron had a 58% decrease in serum leptin com-
pared with low iron, and their fat pads had the same weight as
the WT on high iron. The results for serum leptin were paral-
leled by changes of similar magnitude in leptin mRNA (data not
shown).

Because of potential effects on metabolic regulation of
changes in O-GlcNAc in nonadipose tissues, we also examined
mice with adipocyte-specific knockout of OGA (OGA adi-
poKO). C57BL6/] mice with a flox’ed OGA allele (21) were
crossed with mice on the same background expressing cre
recombinase under the adiponectin promoter (AdipoQ-cre,
generously provided by Dr. Philipp Scherer, University of Texas
Southwestern, Dallas, TX). Mice homozygous for OGA/**4%
and either heterozygous for AdipoQ-cre (OGA adipoKO) or
mice not expressing cre (Control) were exposed to the normal
or high-iron diets for 8 weeks. The mice with deletion of the
OGA gene in adipocytes had increased levels of protein
O-GlcNAcylation, and both groups showed decreased O-
GlcNAc modification of proteins in fat tissue on the high-iron
diet (Fig. 3D). On normal iron, OGA adipoKO mice had
increased leptin mRNA levels compared with WT control mice
on the same diet, and both groups exhibited decreased leptin
mRNA on high iron compared with the same group on low iron
(Fig. 3E). The effect of the high-iron diet to decrease leptin
mRNA was relatively greater in the OGA adipoKO mice (56%)
than in the WT mice (39%). Parallel effects were noted for
serum leptin, namely a 34% increase in in the OGA adipoKO
mice compared with controls on normal iron, and 59 and 67%
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decreases in control and OGA adipoKO mice on high iron com-
pared with normal iron (not shown). These results are signifi-
cant even when not corrected for fat pad weight, which would
further exaggerate the differences: the increased leptin in the
OGA adipoKO mice occurred despite decreases in epididymal
fat pad weight (26% decrease in OGA adipoKO on normal iron
(p <0.05) and 39% decrease on high iron (p = 0.001) compared
with WT, not shown). The effects of iron on leptin were accom-
panied by the expected inverse relationship with food intake
(Fig. 3F).

Decreased CREB glycosylation and decreased occupancy of
the leptin promoter by O-GIcNAcylated CREB after iron
treatment of 3T3-L1 adipocytes

We previously demonstrated that iron-mediated phosphor-
ylation of CREB was involved in its regulation of leptin and that
iron treatment of 3T3-L1 adipocytes increased pCREB occu-
pancy of two inhibitory CREB-binding sites in the leptin pro-
moter (16). We therefore measured the effect of iron on glyco-
sylation of CREB. Iron decreased levels of O-GlcNAcylated
CREB in 3T3-L1 adipocytes by 15% (p < 0.05), in parallel with a
23% increase in pCREB (Fig. 44, p < 0.05, quantification of blot
not shown). ChIP analysis revealed that iron treatment resulted
in decreased occupancy of the previously identified CREB sites
in the leptin promoter by O-GlcNAcylated CREB (Fig. 4B).
Total CREB (tCREB) occupancy of the CRE sites was also
increased by iron treatment, as was pCREB occupancy, as pre-
viously reported (Fig. 4C) (16). After immunoprecipitation by
the tCREB antibody, subsequent immunoprecipitation with the
O-GIcNAc antibody RL2 yielded no signal (Fig. 4C).

We previously reported that iron had no effect on the activity
of two principal CREB kinases, PKA and CAMK. The mecha-
nistic target of rapamycin (mTOR) pathway can also affect
CREB phosphorylation (22), CREB-mediated transcription
(23), and leptin regulation (24). We therefore asked whether
iron affects leptin transcription by changing mTOR activity.
Iron did have a modest but significant effect on mTOR activity
in 3T3-L1 adipocytes, resulting in increased p70S6 kinase
(p70S6K) phosphorylation that was blocked by the mTOR
inhibitor rapamycin (Fig. 4D). A similar degree of stimulation of
p70S6K phosphorylation was observed in adipose tissue of mice
fed a high-iron diet (23 = 11% increase, not shown). However,
rapamycin increased pCREB and did not affect the increase in
pCREB observed with iron (Fig. 4E). Despite increasing pCREB,
rapamycin increased leptin mRNA levels and did not affect the
degree to which iron inhibits leptin (Fig. 4F), suggesting that the
mTOR pathway is not involved in the effect of iron on leptin.
Inhibition of mTOR activity with rapamycin also did not affect
global or CREB O-GlcNAcyation or its decrease by iron (not
shown).

Iron has limited effects on OGA and OGT gene expression but
decreases GFPT gene transcription

To probe possible mechanisms for the iron-induced decrease
in O-GlcNAc modification, we examined transcript and
protein levels for OGA, OGT, and GFPT, the rate-limiting
enzyme for synthesis of the substrate for O-glycosylation,
UDP-GIcNAc. Neither OGT nor OGA transcript levels in

J. Biol. Chem. (2019) 294(14) 5487-5495 5489
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Figure 3. Effects of iron and genetic manipulation of OGA on leptin in mice. A, representative Western blotting for global protein O-GlcNAcylation in
epididymal fat pads of WT (control) and OGA heterozygous (Het or het) KO mice fed chow containing 35 or 2000 mg/kg iron. B, quantitation of data from A, each
lane normalized to a-tubulin, and all the results were normalized to WT (Control) mice on 35 mg/kg chow. C, serum leptin levels in the mice (n = 4-5
determinations/group). D, protein O-GlcNAcylation in adipose tissue of mice with adipocyte-specific deletion of OGA (OGA adipoKO) fed normal and high-iron
diets and normalized to a-tubulin, and all results were normalized to WT (control) mice on 35 mg/kg chow. £, leptin mRNA in OGA adipoKO mice fed normal and
high-iron diets. The results (n = 4/group) are normalized to B-actin mRNA for each determination and then normalized to values of control mice on normaliron.
F, food intake (g/day) was measured for 4 weeks, beginning 8 weeks after starting diets, n = 3—4 mice/group. Shown are means = S.E. *, p < 0.05 by ANOVA

for indicated differences; ¢, p < 0.01; §, p < 0.001.

3T3-L1 adipocytes were significantly affected by iron, but
GFPT was down-regulated by 30% (Fig. 5A). Because O-
GlcNAcylation can affect protein stability (25), and OGT and
OGA themselves can be glycosylated (26, 27), we also measured
protein levels. Iron had no discernable effect on expression of
OGA, OGT, or GFPT1 protein in 3T3-L1 adipocytes (Fig. 5B).
Similar results were seen in WT mice fed the high-iron diet:
mRNAs for OGT and OGA were unaffected, and GFPT was
decreased by 27% (Fig. 5C).

Discussion

We have previously shown that iron down-regulates leptin
expression in mice and 3T3-L1 adipocytes and that these
changes in leptin are physiologically significant insofar as they
are reflected in feeding behavior of mice (16). We had also
previously shown that the nutrient-sensing hexosamine
biosynthesis pathway, which supplies the substrate for
O-GlcNAcylation of proteins, regulates leptin synthesis and
secretion (6 —9). We have now linked these two findings, dem-
onstrating that iron decreases levels of protein O-glycosylation
and that decreasing O-GlcNAcylation is sufficient to down-
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regulate leptin. Conversely, pharmacologic or genetic manipu-
lations of the hexosamine biosynthetic and O-GlcNAcylation
pathways that increase levels of O-GIcNAc in cultured adi-
pocytes and intact mice are sufficient to up-regulate leptin, and
these manipulations are iron-sensitive. We had also previously
demonstrated increased site occupancy of pCREB at inhibi-
tory CRE sites on the leptin promoter in cultured cells and
mice exposed to high iron and show herein that this is also
accompanied by decreased occupancy of the promoter by
O-GlcNAcylated CREB.

Other work on the regulation of metabolism by iron has
demonstrated that iron regulates multiple pathways to coordi-
nate availability of that metal, which is necessary for oxidative
phosphorylation among many other reactions in cells, with glu-
cose and fat metabolism (14, 15). It is important to note that this
regulation occurs through the broad range of normal tissue iron
levels (17). The diets used for the mice in this study both sup-
port normal growth, erythropoiesis, and reproduction, and the
2000-mg/kg diet results in a 2—3-fold increase in hepatic iron
compared with the 35 mg/kg diet, well within the 4—6-fold
range seen in normal humans (28). These diets were previously

SASBMB
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Figure 4. Effect of iron on O-glycosylation of CREB, occupancy of the leptin promoter by O-GlcNAcylated CREB, and on modulation of pCREB and
leptin by mTOR inhibition. A, posttranslational modification of CREB in 3T3-L1 adipocytes treated or not with 100 wg/ml FAC. After treatment of cells for 24 h,
extracts were immunoprecipitated with an antibody to total CREB. After SDS-PAGE, the blots were probed with an antibody specific for pCREB and for
glycosylated CREB using the RL2 antibody. B, ChIP of O-GIcNAc-modified CREB on the two inhibitory CRE sites on the leptin promoter. C, ChIP of total CREB
(tCREB) and pCREB from the CRE sites on the leptin promoter. In this panel, data from the two CRE sites were averaged together. D-F, effects of iron and mTOR
inhibition by rapamycin (RAP or Rap) on phosphorylated P70S6 kinase (pP70S6K) (D), pCREB (E), and leptin (F) mRNA (normalized to $-actin), with all results
further normalized to untreated control (CTL) cells. For all studies, cells were treated with and without FAC or 25 umol/liter rapamycin for 24 h prior to ChIP

analysis. +, p < 0.01;* p < 0.05.

shown by us to result in a similar range of differential iron
loading of adipocytes (16). Similarly, we have determined that
treatment of 3T3-L1 cells with 100 ug/ml of FAC results in
physiologic-range modulation of intracellular iron responses
such as mRNA levels of the transferrin receptor (17). Thus, we
believe these effects of iron are important in understanding
normal physiology, as well as the effects of pathologic iron over-
load or deficiency.

We previously demonstrated that dominant-negative CREB
was sufficient to block the effects of iron on leptin. Further-
more, activation of CREB by cAMP or PKA pathway agonists
blunted the effect of iron on leptin, suggesting that changes in
phosphorylation of CREB were involved (16). Increased levels
of pCREB were detected in cells and mice exposed to high iron,
but we did not detect increased levels of the CREB-modifying
kinases PKA or CAMK. We further show in this manuscript
that another pathway that affects leptin and CREB phosphory-
lation, mTOR, is also unlikely to be cause of the changes in
CREB that are induced by iron. Namely, although iron modestly
increased mTOR activity, inhibition of mTOR increased
pCREB levels rather than decreasing them. Furthermore, inhib-
iting mTOR resulted in increased leptin mRNA, the opposite of
what would be predicted from its effect on pCREB, and iron was
still effective in modulating leptin in the face of mTOR inhibi-
tion. Previous work showing the involvement of O-GIcNAc in
nutrient regulation of leptin, and the often reciprocal relation-
ship between protein phosphorylation and O-linked glycosyla-
tion, led us to explore CREB O-GlcNAcylation.

SASBMB

O-GlcNAcylation of proteins is quantitatively as common as
phosphorylation and is highly dynamic (10, 11). Signaling by
O-linked GlcNAc modification of proteins serves as an integra-
tive nutrient-responsive regulatory system whose function was
originally studied largely in metabolic regulation, for example
the control of insulin sensitivity (9, 19). Since then, however,
O-GlcNAc signaling has been implicated in coordinating nutri-
ent signaling with pathways as diverse as the regulation of
growth and cell division, differentiation, circadian rhythms,
and neuronal function (10, 11, 29, 30). Thus, O-GlcNAc signal-
ing is an appropriate link also to mechanisms that connect reg-
ulation of appetite and metabolism by leptin to the availability
of iron.

O-GlcNAcylation of CREB was originally identified in the
brain (31), where its glycosylation is involved in memory
formation (32). The functional consequences of CREB gly-
cosylation have since been demonstrated in nonneuronal
tissues as well (33), although it remains little studied. Cross-
talk between phosphorylation and O-GlcNAcylation of
CREB, however, has been shown to modulate its activity (34).
In the brain, O-GlcNAcylation of CREB does not affect bind-
ing to DNA but decreases its interaction with CREB-regu-
lated transcriptional coactivator (CRTC/TORC) (32). This
mechanism is consistent with the ChIP data (Fig. 4), which
clearly show binding of O-GlcNAc-CREB to the CRE sites
and do not provide evidence consistent with competitive
binding.

J. Biol. Chem. (2019) 294(14) 5487-5495 5491
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quantification of blots for OGA, OGT, and GFAT in 3T3-L1 adipocytes, normalized to a-tubulin, and expressed as relative density (n = 3—4 samples/group).

*p<

0.05. D, RNA levels in adipose tissue of WT mice fed either normal (35 mg/kg chow) or high (2000 mg/kg) iron diets, normalized to B-actin (n = 4-6

samples/group).

In general, O-GlcNAcylation of transcription factors can
affect transcription in multiple ways, including 1) augmenting
translocation to the nucleus; 2) facilitating interactions with
coactivators, including of CREB with CREB-binding protein;
and 3) promoting protein stability (13). The possibility that
O-GlcNAcylated CREB is excluded from the nucleus is not
likely given that most transcription factors are, if anything,
preferentially translocated to the nucleus when glycosylated
(13). The lack of a change in total CREB protein seen with iron
treatment (Fig. 4) also suggests that the effect of iron is also not
to differentially modulate stability of glycosylated CREB. Thus,
it is most likely that the balance of phosphorylation and glyco-
sylation are affecting differential association of CREB with tran-
scriptional coactivators/corepressors.

Protein glycosylation and phosphorylation typically have a
reciprocal “yin/yang” relationship; namely decreased glycosyl-
ation is associated with higher levels of phosphorylation (10,
11). In many cases the sharing or at least proximity of sites for
the two modifications dictates that loss of one modification is
necessary for the other modification to occur. In the case of
CREB, the mechanistic basis for the reciprocal relationship is
not known. Certain kinases themselves are regulated by
O-GlcNAcylation, including the CREB kinase PKA, but in that
case the effect of decreased O-GIcNAcylation is to decrease its
kinase activity (35) and hence is unlikely to explain increased
CREB phosphorylation by iron. Furthermore, in our previous
study we were not able to demonstrate increased CREB kinase
activity with iron treatment.
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Our results argue instead that the direct target of iron is the
O-GlcNAc pathway. Iron is a known oxidant, but nonspecific
oxidant stress is probably not the mediator of the results pre-
sented herein insofar as oxidant stress, in general, increases
levels of O-GlcNAcylation (36). Iron did not affect mRNA or
protein levels of OGA, and the fact that iron exerts its full effect
in mice with deletion of the OGA gene in adipocytes demon-
strates that the decreased glycosylation is not due to increased
OGA activity. Thus, rather than increasing deglycosylation,
iron is more likely to exert its effects by decreasing glycosyla-
tion. This is consistent with the lack of additive effects of iron
and pharmacologic OGT inhibition on leptin mRNA, although
the nearly total inhibition of leptin transcription by that inhib-
itor may limit the ability to see further inhibition by iron. OGT
protein and mRNA were not affected by iron, although the
mRNA for the rate-limiting enzyme in producing the substrate
for O-GlcNAcylation, GFPT, was modestly down-regulated.
That is unlikely to be the entire explanation for decreased gly-
cosylation, however, insofar as iron was able to counter the
effect of glucosamine treatment, and glucosamine bypasses
GEPT to increase O-GlcNAc levels.

The fact that global O-GIlcNAcylation decreases with iron
also suggests that iron is not affecting targeting of OGT to spe-
cific proteins, which has been demonstrated in several cases to
be based on protein—protein interactions of OGT with a variety
of binding partners (37). OGT activity is regulated by phosphor-
ylation, including by the nutrient-sensing AMP-dependent
kinase (38) and CAMK (39), which also happens to be a CREB
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kinase. We have shown that some of the effects of iron on met-
abolic regulation are mediated by AMP-dependent kinase (40),
so this candidate mechanism merits further exploration.

In sum, the current results demonstrate that adipocytes serve
to integrate not only the nutrient status, but also the iron status
of the organism to modulate metabolism, appetite, and energy
homeostasis. Presumably, this would help maintain food-seek-
ing behavior in an iron-rich environment that would support
high rates of oxidative metabolism, energy production, growth,
and reproduction. The ability of the adipocyte to respond to
iron availability and adjust expression of adipokines related to
metabolism make it well-suited to perform its broader nutri-
ent-sensing function.

Experimental procedures
Experimental animals

Dietary iron manipulations were accomplished with diets
containing 60% carbohydrate, 17.7% protein, and 7.2% fat by
weight, and either 35 mg/kg (TD. 10211, Harlan Teklad) or 2
g/kg carbonyl iron (TD. 10214) for a period of 2 months before
tissue analysis. The mice were weaned at 21 days and main-
tained on the 35 mg/kg iron diet until the experimental period.
WT mice were of the C57BL6/] strain. Mice with total body
deletion of the O-GlcNAcase gene (21) were the generous gift of
Dr. John Hanover (National Institutes of Health, Bethesda,
MD) and used in the heterozygous state because homozygosity
for the whole-body deletion is embryonically lethal. C57BL6/]
mice with a flox’ed OGA allele, also provided by Dr. Hanover
(21), were crossed with mice on the same background express-
ing cre recombinase under the adiponectin promoter (AdipoQ-
cre, generously provided by Dr. Philipp Scherer, University of
Texas Southwestern, Dallas, TX). Studies were approved by the
Institutional Animal Care and Use Committees of the Univer-
sity of Utah and Wake Forest School of Medicine.

Reagents and assays

Reagents were purchased from Sigma—Aldrich unless other-
wise noted. Serum leptin levels were measured by ELISA kit
(Millipore).

3T3-L1 adipocyte culture and differentiation

3T3-L1 adipocytes (ATCC, Manassas, VA) were maintained
in high-glucose DMEM (HG-DMEM, Invitrogen) supple-
mented with 10% bovine calf serum (Hyclone) and penicillin/
streptomycin (Invitrogen). For differentiation (41), the cells
were incubated in HG-DMEM with 10% bovine calf serum for
48 h after confluence. The cells were then cultured in differen-
tiation medium I (HG-DMEM, 10% fetal bovine serum (FBS), 1
pg/ml insulin, 0.25 pg/ml dexamethasone, 0.5 mMm 3-isobutyl-
1-methylxanthine, 4 uM ciglitazone) for 4 days, followed by dif-
ferentiation medium II (HG-DMEM, 10% FBS, 10 wg/ml insu-
lin) for 48 h. Prior to experiments, the cells were cultured
overnight in DMEM (Invitrogen) with 0.5% BSA. All experi-
ments were performed in minimum essential medium-«, which
is iron-free, supplemented with 10% FBS. Iron treatments were
performed with 100 pg/ml ferric ammonium citrate for 24 h
prior to assay.
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Quantification of transcripts

Quantitative RT-PCR was performed as described previously
(42). Briefly, mRNA was extracted from primary or 3T3-L1 adi-
pocytes or epididymal fat pads using TRIzol (Invitrogen), puri-
fied using an RNeasy column (QIAgen), and synthesized into
c¢DNA using a first-strand cDNA synthesis kit (Invitrogen). The
fat cake in TRIzol was cleared by transferring the infranatant to
a clean tube using a glass syringe before extraction. Real-time
PCR was performed with a QuantStudio™ real-time PCR sys-
tem (Applied Biosystems). cDNA products were quantified
using the relative standard curve method. mRNA levels of spe-
cific genes were normalized to RPL13A or B-actin.

Western blotting

Cell lysate protein concentrations were determined using a
Pierce BCA protein assay kit. The lysate proteins were sepa-
rated by 4-15% SDS-PAGE, and the resolved proteins were
transferred to polyvinylidene difluoride membranes. The blots
were blocked with TBST containing 5% (w/v) nonfat dried milk
for 1 h at room temperature. 5% (w/v) BSA was used in lieu of
dried milk for detection with the anti-O-GlcNAc antibodies.
The blots were incubated with primary antibodies overnight at
4 °C. After washing, the blots were incubated with the appro-
priate horseradish peroxidase— conjugated secondary antibody
for 1 h at room temperature. The blots were imaged by treat-
ment with Super Signal West Femto Maximum Sensitivity Sub-
strate kit and exposure to PXI imager using Genesys software to
scan the bands. Scans were analyzed using National Institutes
of Health Image]. For studies of global O-GlcNAcylation, the
entire lane was scanned vertically. In all of the experiments,
a-tubulin was used to normalize for gel loading and then nor-
malized to control values.

Antibodies

Antibodies used included phosphor-CREB (pCREB, Ser-133,
87@G3) and CREB (86B10) from Cell Signaling Inc. (Danvers,
MA), Ob (A20, sc842) from Santa Cruz Inc. (Dallas, TX), anti-
O-linked GlcNAc antibody RL-2 (43) (ab2739) from Abcam
Inc. (Cambridge, UK), anti-O-linked GlcNAc antibody CTD
110.6 from Covance (Durham, NC), and «a-tubulin (T9026)
from Sigma-—Aldrich.

Immunoprecipitation

Well-differentiated adipocytes were washed with PBS once
and collected in lysis buffer with protease inhibitor (Roche
Complete Tablet 11836153001) and phosphatase inhibitor
(Sigma P2850). After centrifugation at 15,000 rpm for 10 min,
the supernatant was transferred to a new tube, and protein con-
centration was measured. The lysates (600 wg) were immuno-
precipitated with 4 ug of CREB antibody (Cell Signaling) at 4 °C
for overnight and added with 100 ul of (50% slurry) protein
A-agarose beads (Millipore) overnight after being precleared
with 20 ul of free protein A—agarose beads (Millipore) for 2 h.
The supernatant was discard, and the immune complex on
beads was washed with lysis buffer with protease inhibitor and
phosphatase inhibitor three times and boiled in sample buffer.
The immunoprecipitated products were subjected to 7.5%
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SDS-PAGE, transferred onto the membrane, and immuno-
blotted with the antibodies RL-2 and pCREB.

ChIP assay

ChIP studies were performed as described with minor mod-
ification (16). Chromatin was extracted from 3T3-L1 adi-
pocytes on days 8-10 after differentiation using the Sim-
pleChIP kit (catalog no. 9003, Cell Signaling Technology)
according to the manufacturer’s instructions. Briefly, the cells
were treated with 100 ug/ml of FAC for 24 h prior to cross-
linking for 10 min with 1% formaldehyde. The cells were then
lysed by micrococcal nuclease and sonicated three times for 20's
using a sonic dismembrator (Fisher Scientific). RL2 was then
immunoprecipitated from precleared lysates with the Chip-
Grade protein G magnetic beads. DNA was released from
protein—-DNA complexes by proteinase K digestion and then
subjected to quantitative PCR using power SYBR green kit
(Applied Biosystems). The following primers were used to
amplify the CRE-1 site: forward, 5'-GCA CGA TGT AAC CAC
GAA TG-3', and reverse, 5'-ACG TCC ATT CAG CAA AAA
CC-3'. The following primers were used to amplify the CRE-2
site: forward, 5'-GGC GAA AGG CAA ACA TAA GA-3’, and
reverse, 5'-TTC CCG CTC TGA CAT TCT TT-3'. ChIP-
quantitative PCR data were normalized for amount of chroma-
tin by input samples and normal IgG samples.

Statistics

Descriptive statistics in the text and figures are represented
as averages = S.E. An unpaired two-tailed Student’s ¢ test was
used to determine significance between controls and individual
experimental groups. One-way ANOVA was used to compare
series of data. p < 0.05 was considered significant for all tests.
All statistical analyses were performed with STATA.
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