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ABSTRACT
Orexin neurons regulate critical brain activities for controlling sleep, eating, emotions, and metabolism, and
impaired orexin neuron function results in several neurologic disorders. Therefore, restoring normal orexin
function and understanding the mechanisms of loss or impairment of orexin neurons represent important
goals. As a step toward that end, we generated human orexin neurons from induced pluripotent stem cells
(hiPSCs) by treatment with N-acetyl-D-mannosamine (ManNAc) and its derivatives. The generation of orexin
neurons was associated with DNA hypomethylation, histone H3/H4 hyperacetylation, and hypo-
O-GlcNAcylation on the HCRT gene locus, and, thereby, the treatment of inhibitors of SIRT1 and OGT were
effective at inducing orexin neurons from hiPSCs. The prolonged exposure of orexin neurons to high glucose
in culture caused irreversible silencing of the HCRT gene, which was characterized by H3/H4 hypoacetylation
and hyper-O-GlcNAcylation. The DNA hypomethylation status, once established in orexin neurogenesis, was
maintained in the HCRT-silenced orexin neurons, indicating that histone modifications, but not DNA
methylation, were responsible for the HCRT silencing. Thus, the epigenetic status of the HCRT gene is unique
to the hyperglycemia-induced silencing. Intriguingly, treatment of ManNAc and its derivatives reactivated
HCRT gene expression, while inhibitors SIRT1 and the OGT did not. The present study revealed that the HCRT
gene was silenced by the hyperglycemia condition, and ManNAc and its derivatives were useful for restoring
the orexin neurons.

Abbreviations:ManNAc, N-acetyl-D-mannosamine; MGEA5, Meningioma Expressed Antigen 5; SIRT1, Sirtuin 1;
O-GlcNAc, O-linked N-acetylglucosamine; OGT, O-GlcNAc transferase; mESC, mouse embryonic stem cell; miON,
mouse induced orexin neuron; hiPSC, human induced pluripotent stem cell; hiON, human induced orexin neuron;
HAT, histone acetyltransferase; ChIP, chromatin immunoprecipitation; T-DMR, tissue-dependent differentially
methylated region; TSS, transcriptional start site
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Introduction

OREXIN-A and OREXIN-B are neuropeptides produced by
the cleavage of prepro-orexin, which is encoded by the
hypocretin (HCRT/Hcrt) gene.1,2 Orexin neurons project
broadly to dopaminergic, noradrenergic, and GABAergic
neurons.3 Therefore, the orexin system is associated with
various physiologic and pathophysiological events. Loss or
impairment of orexin neurons is a feature of several other
neurologic disorders, including anorexia and Parkinson dis-
ease.4-6 It has been established that orexin deficiency is a
cause of human narcolepsy, which is characterized by day-
time sleepiness with an uncontrolled need for sleep, lapses
into sleep, and cataplexy.7-9

Hcrt knockout mice exhibit late-onset obesity despite a
decrease in food intake.1 Patients with narcolepsy have

higher body mass indices (BMIs) compared with the general
population.10-13 In contrast, diabetes model mice have
decreased numbers of orexin neurons in the lateral hypo-
thalamic area.14,15 The loss of orexin neurons may be
involved in metabolic disorders, and vice versa. Since envi-
ronmental conditions, such as aging and diabetes, are asso-
ciated with orexin neuron loss,14,16,17 there must be a close
relationship between the loss of orexin neurons and meta-
bolic abnormalities. The molecular mechanisms of the
orexin neuron loss, however, have not yet been determined.
HCRT/Hcrt gene silencing may be one of the causes of
pathogenic loss or chronic impairment of orexin neurons
under a hyperglycemic condition.

We previously reported the induction of functional
mouse orexin neurons (miONs) from mouse embryonic
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stem cells (mESCs) by culturing them in a neural culture
medium containing N-acetyl-D-mannosamine (ManNAc).18

ManNAc is an intermediate metabolite produced from
glucose in the hexosamine biosynthetic pathway (HBP).
The involvement of HBP in orexin neurogenesis suggests
a link between metabolic disorders and the loss or
impairment of orexin neurons. UDP-GlcNAc, a donor for
O-GlcNAcylation, is also an intermediate metabolite of
glucose in the HBP.19-23 O-GlcNAcylation is a modifica-
tion occurring in various proteins, including transcription
factors, epigenetic factors, and histones, in which single
O-GlcNAc moieties are attached to serine (Ser) or threo-
nine (Thr) residues. O-GlcNAc transferase (OGT) cata-
lyzes the addition of O-GlcNAc to the Ser or Thr
residues of target proteins. O-GlcNAcase (OGA), which is
encoded by MGEA5, removes O-GlcNAc from the
protein.20

DNA methylation and histone modifications are the
main epigenetic mechanisms that underlie the differentia-
tion and chronic pathological changes in cells.24,25 Numer-
ous tissue-dependent differentially methylated regions
(T-DMRs) have been identified in the CpG sites in the
mammalian genome.26,27 In general, genes with hypomethy-
lated T-DMRs are associated with histone modifications
permissive for gene expression, such as H3K9, K14, H4K8,
K16 acetylation, and H3K4 methylation.28 On the other
hand, loci with hypermethylated T-DMRs are associated
with repressive histone modifications, such as H3K9 and
K27 methylation, which create a silent state. The Hcrt gene
is hypermethylated at T-DMRs in the mESC and neural
precursor cells, while the T-DMRs are hypomethylated in
the miONs.18 Therefore, epigenetic switching has been
shown to be a key step in mouse orexin neurogenesis, and
may also be relevant in humans.

In this study, we aimed to induce the differentiation of
orexin neurons from human induced pluripotent stem
cells (hiPSCs) by ManNAc, based on the method to pro-
duce miONs.18 We hypothesized that ManNAc might also
be useful in human orexin neurogenesis. This raised the
question: Does ManNAc affect the metabolic pathways to
produce nicotinamide adenine dinucleotide (NADC) and
UDP-GlcNAc, which are involved in epigenetic regulation?
Furthermore, is sialic acid production involved in orexin
neurogenesis? ManNAc is a metabolite of UDP-GlcNAc
and a precursor of sialic acid. We also needed to consider
that CMP-Neu5Ac, which is produced in the final step of
the sialic acid synthesis pathway, has a function for feed-
back inhibition of the UDP-GlcNAc 2-epimerase activity,
and, thereby, sialic acid synthesis can affect the amount
of UDP-GlcNAc.29 To help address these questions, we
induced differentiation of the orexin neurons and devel-
oped ManNAc derivatives. Moreover, restoring normal
orexin function and understanding the mechanisms of
loss or impairment of orexin neurons are important goals
in this study. Here, by using orexin neurons derived from
hiPSCs, we showed that in vitro hyperglycemia causes
HCRT gene silencing involved in epigenetic alteration and
that ManNAc and its derivatives could reactivate HCRT
gene expression.

Results

Treatment with ManNAc induces HCRT gene expression
during neural differentiation of hiPSCs

Treatment with ManNAc during neural differentiation cul-
ture of hiPSCs could induce expression of the HCRT gene
(201B7 cell line; Fig. 1A and B) and this treatment was
required for a longer period in human cells than in mouse
cells (20 d vs. 10 d, respectively).18 Treatment with other
glucose and HBP metabolites, Glucosamine (GlcN), N-ace-
tyl-D-glucosamine (GlcNAc), or N-acetyl-neuraminic acid
(Neu5Ac), did not lead to HCRT expression. Immunofluo-
rescence studies showed the expression of OREXIN-A and
-B in the cells treated with ManNAc (Fig. 1C). Co-expres-
sion of OREXIN-A and -B with the neural markers TUBB3
and NCAM were also confirmed. From these results, we
confirmed that generation of orexin neurons could be
achieved by treatment of hiPSCs with ManNAc.

Inhibitors of DNA methylation (Zebularine), histone de-
acetylation (Trichostatin A, TSA), SIRT1 (EX-527), OGT
(BADGP), and their combinations induced expression of the
HCRT gene and OREXIN-A in hiPSCs (Fig. 1D-F). Further-
more, there were synergistic effects of ManNAc, EX-527, and
BADGP on HCRT expression. Similar results were obtained in
experiments using two specific OGT inhibitors (ST078925 and
ST045849; Fig. 1G and H). Therefore, epigenetic regulation,
consisting of at least DNA methylation, histone acetylation and
O GlcNAcylation, was involved in HCRT gene expression in
hiPSCs.

Generation of human orexin neurons by ManNAc
derivatives

To develop more potent compounds for orexin neurogene-
sis, we prepared several derivatives of ManNAc (Table S1)
and evaluated their activities in inducing the HCRT/Hcrt
gene expression in the neural cells derived from hiPSCs and
mESCs.

The activities of ManNFAc, 5S-ManNAc, 5S-ManNAcF,
ManNCOOMe, and ManNCOOEt were more potent than
that of ManNAc in human cells (Fig. 2A). The activity of
ManNCOOEt reached a plateau at 1 mM and was main-
tained up to 10 mM, thus a wide range of activity was
observed (Fig. 2B). The other derivatives had bell shape-like
responses, i.e., the activities were the highest at 1 mM for
ManNFAc and at 200 nM for ManNCOOMe but were
reduced at higher concentrations (Fig. 2B). Unexpectedly,
Me-a-ManNAc and SPh-ab-ManNAc were active in mouse
cells (Fig. S1). In contrast, these derivatives did not show
any activity in human cells.

We next investigated the induction efficiencies of orexin
neurons by ManNAc and ManNFAc, with and without treat-
ment with a combination of EX-527 and BADGP, using an
immunofluorescence assay for OREXIN-A (Fig. 2C and D).
Treatment with ManNFAc (1 mM) was the most efficient in
inducing OREXIN-A expression and led to the induction of
24.3% of the DAPI-stained total area. The induction efficiency
of OREXIN-A positive cells by ManNFAc was better than the
combination of ManNAc with EX-527 and BADGP, suggesting
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Figure 1. Generation of orexin neurons from human induced pluripotent stem cells (hiPSCs) by ManNAc treatment. (A-H) Induction of neural cells expressing HCRT from
hiPSCs. Differentiation of the neural cells from hiPSCs was induced by culture in SDIACBMP4 medium with or without the addition of GlcN (1 mM), GlcNAc (1 mM), Man-
NAc (1 mM), or Neu5Ac (1 mM). Culture protocol to prepare neural cells derived from hiPSCs (A). On day 20, HCRT mRNA expression was analyzed by RT-PCR (B). We also
performed immunofluorescent (IF) assays for OREXIN-A and OREXIN-B (C). OREXIN-A (green, upper), TUBB3 (red, upper), OREXIN-B (green, bottom), NCAM (red, bottom),
and DAPI (blue). TUBB3 and NCAM are pan-neural markers. The right panel shows high magnification images of the ManNAc-treated cells. Scale bars, 100 mm (left panel)
and 10 mm (right panel). Zebularine (100 mm) and Trichostatin A (TSA, 200 nM) were added to the SDIACBMP4 medium, and HCRT mRNA expression was analyzed by
RT-qPCR (D). BADGP (5 mM) or EX-527 (50 nM) was added to the SDIACBMP4 medium with or without the addition of ManNAc, and HCRT mRNA expression was analyzed
by RT-qPCR (E). The data were normalized to ACTB levels. Relative values were expressed, with the expression of ManNAc-treated cells (line 5) equal to 1.0. Means § SD
(n D 3). Immunofluorescence (IF) assay in EX-527 and BADGP-treated cells (F). ST078925 (100 mM) or ST045849 (40 mM) was added to the SDIACBMP4 medium contain-
ing ManNAc and EX-527, and HCRT mRNA and OREXIN-A expressions were analyzed by RT-qPCR (G) and IF assays (H), respectively.

766 K. HAYAKAWA ET AL.



that the pharmacological effect of ManNFAc is achieved by the
mechanism of inhibition of SIRT1 and OGT. In this study,
OREXIN positive cells induced by treatments with either
ManNAc or ManNAc derivatives are called human induced
orexin neurons (hiONs).

hiONs equip the physiologic nature and sensitivity
to glucose

Orexin neurons are localized in the lateral hypothalamic area
(LHA)1-3 and respond to circulating hormones and indicators

of metabolic status, including circulating glucose levels. It is
well documented that orexin neurons can respond to leptin
secreted by the peripheral adipose tissue, and ghrelin secreted
by the stomach before meals during fasting.30

We tested the acute responses of the hiONs to the various
neural peptides by using an ELISA. The hiONs by ManNAc
and ManNFAc were responsive to neural peptides such as ghre-
lin and leptin (Fig. 3A and S2A). GABA and neuropeptide Y
(NPY) repressed the secretion of OREXIN-A in a dose-depen-
dent manner (Fig. 3B and S2B). Orexin neurons sense glucose
as a peripheral metabolic signal.31,32 In hiONs, secretion of

Figure 2. Generation of human orexin neuron by treatment with ManNAc derivatives. (A-C) Activities of 13 ManNAc derivatives for HCRT gene expression in neural cells
derived from hiPSCs. hiPSCs were cultured in SDIACBMP4 medium for 20 d (Fig. 1A). ManNAc derivatives were added on day 7, and HCRT mRNA expression was evalu-
ated by RT-PCR (A) or RT-qPCR (B). Values were normalized to ACTB expression. Means § SD (n D 3). The broken red line indicates the activity of ManNAc for comparison.
IF assay to confirm OREXIN-A expression in the hiONs induced by ManNAc and ManNFAc (C). Right panel indicates the high magnification images in ManNAc- and Man-
NFAc-treated cells. Scale bars, 100 mm (left panel) and 10 mm (right panel). (D) Efficiencies of neural cells treated with ManNAc, ManNFAc, or the inhibitors BADGP and
EX-527 (see also Fig. 1F). Percentages of OREXIN-A positive area were determined by counting the OREXIN-A positive areas, and normalized by the DAPI-positive areas in
20 random images.

EPIGENETICS 767



OREXIN-A was minimal at a 25 mM glucose concentration;
however, increased secretion was observed at 1 mM and 5 mM
glucose concentrations (Fig. 3C and S2C). Glucose-induced
suppression of OREXIN-A secretion was also observed in the
presence of 100 nM ghrelin. Therefore, hiONs have the ability
to respond to neural peptides and glucose, which are well-
known regulators of secretion in orexin neurons in vivo.30

ManNAc and its derivatives affect the cellular metabolome

To evaluate how metabolic changes are associated with neuro-
genesis in the hiPSCs in response to ManNAc and its derivatives,
neural cells at day 14 (neural progenitor cell stage) and at day 20
(OREXIN-positive preparations by ManNAc or ManNFAc and
OREXIN-negative preparations either non-treated or treated
with Me-a-ManNAc) were subjected to a metabolome analysis
using liquid chromatography-mass spectrometry (LC-MS).
There was a dynamic change at 14 d after the neural differentia-
tion of hiPSCs (Fig. 4A). In the neural cell preparation (day 20),
there were significant differences in the levels of metabolites fol-
lowing treatments with ManNAc, ManNFAc, and Me-a-Man-
NAc. For example, treatment with ManNAc caused an increase
in the levels of metabolites such as phosphoenolpyruvic acid and
glyceraldehyde 3-phosphate (Fig. 4A). ManNFAc caused a
decrease in nicotinamide and NADC (Fig. 4A and B). There
was also a dramatic decrease in the NADC/NADH ratio after
differentiation into neural cells (Fig. 4C); however, the ratio in
neural cells at day 20 was similar among the treatments. In the
HBP, the level of UDP-GlcNAc increased after differentiation
into neural cells (day 20) compared with those at the undifferen-
tiated state and the neural progenitor cell stage (day 14), regard-
less of treatment with ManNAc or its derivatives (Fig. 4B).

Collectively, metabolome analysis demonstrated that Man-
NAc derivatives had a unique metabolome, which was different
between the treatments with ManNAc, ManNFAc, and Me-
a-ManNAc. Since NADC is known as an activator of sirtuins
such as SIRT1, the decrease of NADC by ManNFAc treatment
may contribute to the overall hyperacetylation in the neural
cells. Increase of UDP-GlcNAc may be associated with the dif-
ferentiation from neural progenitor cells into neural cells. How-
ever, considering that treatment with OGT inhibitors

augmented HCRT expression (Fig. 1E and G), an increase of
UDP-GlcNAc should not be favorable for orexin neurogenesis.
Therefore, we also have to consider the local regulation of
HCRT locus by O-GlcNAcylation.

Metabolism of ManNAc and its derivatives into the sialic
acid pathway is not necessary to activate the HCRT gene

In the metabolome analysis by LC-MS, interestingly, Me-
a-ManNAc, which did not induce hiON from hiPSCs, stimu-
lated the accumulation of sialic acid (Neu5Ac and CMP-
Neu5Ac). In contrast, sialic acid was quite low in cells treated
with ManNAc or ManNFAc, which have the ability to induce
hiONs (Fig. 4B). ManNAc is converted to N-acetylneuraminic
acid (Neu5Ac) through ManNAc-6-phosphate by UDP-N-ace-
tylglucosamine 2-epimerase / N-acetylmannosamine kinase
(GNE).29 ManNAc has been used as a precursor for sialic acid
in other tissues, including the kidney and muscles.29,33 Our
data and these previous studies raised the question that sialic
acid synthesis pathway may not be critical for ManNAc to
induce the hiONs, and metabolism of ManNAc derivatives
may provide clues for this question. Therefore, we examined
whether ManNAc, ManNFAc, and 5S-ManNAc were incorpo-
rated into the sialic acid biosynthesis pathway using a 4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-penta-
noyl (BODIPY) assay.34 In each case, a peak corresponding to
BODIPY-labeled GM3 was analyzed.

ManNFAc was shown to be incorporated into glycolipids,
which led us to observe the formation of NeuAcF-Gal-Glc-R,
whose molecular weight is 18 Da larger than that of the control
(Fig. 4D). In contrast, incubation with 5S-ManNAc did not
affect the formation of NeuAc-Gal-Glc-R, indicating that this
monosaccharide did not enter the metabolic pathway. There-
fore, given that both ManNFAc and 5S-ManNAc are effective
in inducing hiONs, the sialic acid biosynthesis pathway is not
critical for their activities.

Epigenetic status in orexin neurons derived from hiPSCs

Treatment with Zebeularine or TSA induced expression of the
HCRT gene in hiPSCs as well as mESCs (Fig. 1D); hence,

Figure 3. Acute response of ManNFAc-treated cells to neural and peripheral metabolic signals. (A-C) Responses of ManNFAc-treated cells to metabolic signals. The cells
were incubated for 3 h with various doses of ghrelin, leptin (A), GABA, Neuropeptide Y (NPY) (B), and glucose (C). OREXIN-A in the medium was evaluated using an ELISA.
Means § SD (n D 3). Non, non-treated neural cell. Responses of ManNAc-treated cells are shown in Fig. S2.
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epigenetic mechanisms must play an important role in the reg-
ulation of the expression of the human HCRT gene as observed
previously for the mouse Hcrt gene. The sequence of the
HCRT/Hcrt gene locus, including several transcription factor
binding sites, such as the orexin response element (ORE),35 is
well conserved between human and mouse (Fig. 5A). There-
fore, based on this, we selected the regions around the tran-
scriptional start site (TSS) of the HCRT gene, as shown in the
Fig. 5B, for epigenetic analysis in undifferentiated hiPSCs and
three neural differentiated cell preparations cultured for 20 d.

The T-DMRs upstream of the TSS (¡1 kb from the TSS:
T-DMR-U, Region 1) was heavily methylated in more than

80% in non-HCRT expressing cells (hiPSCs and non-treated
neural cells) (Fig. 5B). When treated with ManNAc or Man-
NFAc, methylation levels decreased to 65.5% and 53.3%,
respectively. The region downstream of the TSS (C1 kb from
the TSS: T-DMR-D, Region 2) was methylated at 40–50% in all
cell preparations, and this hypomethylation was observed
regardless of ManNAc or ManNFAc treatment (Fig. 5B).
Therefore, as noted in the miONs,18 demethylation of DNA at
T-DMR-U, rather than at T-DMR-D, seems to be an important
event in the induction of the hiONs.

In the ManNAc- and ManNFAc-treated cells, the HCRT
locus was hyperacetylated on H3 (K9, K14, K27, K56) and H4

Figure 4. Effects of ManNAc and its derivatives on the metabolome. (A-C) Metabolome analyses of hiPSCs, non-orexigenic cells, and hiONs. Undifferentiated hiPSCs, inter-
mediate neural cells (on day 14), and neural cells (on day 20) treated with or without ManNAc or potent (ManNFAc) or less-potent (Me-a-ManNAc) derivatives were sub-
jected to a metabolome analysis by LC-MS. The values of the metabolites are presented in a heatmap showing hiPSCs, non-orexin neural cells (days 14 and 20), and
ManNAc-, ManNFAc-, and Me-a-ManNAc-treated cells (A). The metabolites, which are significantly changed in ManNAc-, ManNFAc- and Me-a-ManNAc-treated cells com-
pared with in non-treated cells, are listed in the right of heatmap (Welch’s t-test). Levels of metabolites related to the nicotinamide pathway and the hexosamine syn-
thetic pathway (HBP) (B). �, P<0.05 (Welch’s t-test) compared with non-treated neural cells at day 20 (Non, green bar). NADC/NADH ratio calculated from the
metabolome data in hiPSCs and neural differentiated cells (C). (D) Metabolism of ManNAc and its derivatives through the sialic acid synthetic pathway. COS-7 cells were
incubated with Lac-Sph-BODIPY (fluorescent glycolipid substrate)-BSA complex and ManNAc, ManNFAc, or 5S-ManNAc. Total lipid extraction was analyzed using Nano
LC-MS. Formation of Neu5AcF-Gal-Glc-R was detected by MS. In contrast, the glycolipid containing 5S-Neu5Ac was not detectable.

EPIGENETICS 769



(K8, K16) at both the upstream (Region 1) and downstream
(Region 2) regions, where histone acetyltransferases p300, CBP,
and O-GlcNAcase MGEA5 were located (Fig. 5C). In contrast,
SIRT1, EZH2, SIN3A, OGT, and O-GlcNAc modifications,
which have been identified as epigenetic repressors of the Hcrt
locus in mESCs,18 disappeared or decreased in the ManNAc-
and ManNFAc-treated cells (Fig. 5C).

Collectively, epigenetic shifts, which consist of hypomethy-
lation of DNA and hyperacetylation of histone on the HCRT
locus occupied by epigenetic activators, p300, CBP, and
MGEA5, occur during orexin neurogenesis by treatment with
ManNAc and ManNFAc in human cells, similar to what is
observed in miONs.

Hyperglycemic condition in vitro causes chronic repression
of the HCRT gene in hiONs

Mouse models for diabetes have decreased numbers of orexin
neurons in the lateral hypothalamic area,14,15 suggesting a close
relationship between the loss of orexin neurons and metabolic
abnormalities. To explore the possibility that hyperglycemia
may directly affect human orexin neurons, the hiONs prepared
with the ManNFAc treatment (Fig. S3A) were exposed to a
high glucose concentration (25 mM) for 12 d, and the HCRT
expression was evaluated by RT-qPCR. HCRT expression was
maintained until day 6 in a high-glucose regime (Fig. 6A). By

day 8, however, the HCRT gene expression declined to an
undetectable level and did not change thereafter until at least
day 12.

Exposure to a low glucose concentration (5 mM) from the
start of the culture (day 0) maintained the HCRT expression at
day 8 (Fig. 6B and S3B). However, exposure to a low glucose
concentration, starting at day 8, could not induce HCRT
expression at day 10 or 12 (Fig. 6C), indicating that the hiONs
became refractory to the glucose. Day 8 was a transition period
in the culture, while days 10–12 were referred to as the refrac-
tory phase to extracellular glucose. TUNEL-positive cells were
similar at days 0, 8, and 12, and ranged between 12 to 14%
(Fig. 6D); thereby, a sudden increase of cell death did not occur
at refractory phase.

Recovery of HCRT gene expression by ManNAc and its
derivatives in the hyperglycemic condition

When hiONs fell into the refractory phase, lowering the glucose
level could not reactivate the HCRT gene expression, as indi-
cated in Fig. 6C. The development of compounds to overcome
hyperglycemia-induced chronic HCRT repression is required
to treat patients with diseases related to loss of orexin neurons.
Therefore, we tested the ability of candidate compounds, such
as ManNAc derivatives, inhibitors of SIRT1, and OGT, by
using hiONs in the glucose-sensitive (day 8) and -refractory

Figure 5. Epigenetic changes at the HCRT gene locus from hiPSCs to hiONs. (A-C) Epigenetic analysis of the HCRT gene locus around the transcriptional start site (TSS).
Genomic sequence of HCRT gene loci around the TSS are conserved in human and mouse (A). The green bar and the brown bar indicate forward and reverse complement
alignments, respectively. Dot plots were generated using the YASS program65 with the E-value threshold set at 1 £ 10¡8. DNA methylation status of HCRT gene around
the TSS in hiPSCs, non-orexin neural cells (non-treat), and hiONs induced by ManNAc or ManNFAc (B). Top. Schematic diagram of the genes. ORE1 indicates orexin regula-
tory element 1. The vertical lines denote the positions of the cytosine residues of the CpG sites. Bottom. Open and filled squares represent unmethylated and methylated
cytosines, respectively. Neural cells at day 20 were derived from hiPSCs by supplementation with 10 mM ManNAc and 1 mM ManNFAc. The red and green letters indicate
the levels of DNA methylation (%) at T-DMR-U (red square) and T-DMR-D (green square), respectively. ChIP assays to determine histone acetylation and epigenetic regula-
tors were performed focusing on Regions 1 and 2 (upper diagram in Fig. 5B) (C). ChIP assays for O-GlcNAcylation were performed using the antibody RL2.
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(day 12) phases. As expected, in the glucose-sensitive phase,
ManNAc and ManNFAc stimulated HCRT expression even in
the high-glucose condition (Fig. 6E). In the glucose-refractory
phase (day 10 or 12), ManNAc and ManNFAc could also reac-
tivate the HCRT expression (Fig. 6F). Other derivatives (5S-

ManNAc, 5S-ManNAcF, ManNCOOMe, and ManNCOOEt),
however, showed little to no activity in both glucose-sensitive
and -refractory phases (Fig. 6G and H). Therefore, ManNAc
derivatives revealed a different pharmacological spectrum in
relation to orexin neurogenesis in the refractory phase.

Figure 6. Repression of HCRT gene expression in hiONs by hyperglycemia in vitro. (A-J) HCRT gene expression in hyperglycemic condition. hiONs established by treatment
with ManNFAc for 20 d were used (see Fig. S3A). HCRT expression was measured during hyperglycemia in vitro for 12 d by RT-qPCR (A). Values were normalized to ACTB
expression. Means § SD (n D 3). Relative values were expressed, with the expression of day 0 equal to 1.0. HCRT expression in hiONs under euglycemic or hyperglycemic
conditions for 8 d (days 0–8) (B) or 4 d (days 8–12) (C). On days 0, 8, and 12, the cells were subjected to the TUNEL assay (D). Treatments with ManNAc (10 mM) and Man-
NFAc (1 mM) in hyperglycemic conditions were effective in maintaining HCRT gene expression during the sensitive phase (E) and in the reactivation during the refractory
phase (F). The ManNAc derivatives (5S-ManNAc, 5S-ManNAcF, ManNCOOMe, and ManNCOOEt) were also effective during both phases, but the pharmacological spectrum
was different between the phases (G and H). Treatments with EX-527 and BADGP, in hyperglycemic conditions were effective in maintaining HCRT gene expression during
the sensitive phase (I). Treatments with TSA (200 nM), but not Zebularine (100 mM), EX-527 and BADGP, were effective in the reactivation of HCRT expression during the
refractory phase (J). (K) Summary of pharmacological activities of ManNAc and its derivatives.

EPIGENETICS 771



In the refractory phase, only TSA, but not Zebularine, could
induce HCRT expression (Fig. 6J), suggesting that the silencing
is induced by histone hypoacetylation, but not by DNA methyl-
ation. Interestingly, EX-527 and BADGP could not induce
HCRT expression in the refractory phase, in contrast to the sen-
sitive phase (Fig. 6J). From these data, reactivation of the HCRT
gene was unique to ManNAc and ManNFAc, a limited member
among the active derivatives of ManNAc (Fig. 6K). Further-
more, since the inhibitors of SIRT1 and OGT were not effective
for the reactivation, the HCRT silencing mechanism must be
distinctive between the non-orexin neural cells and the cells
under the hyperglycemia-silenced condition.

Epigenetic status of the HCRT gene locus in the
hyperglycemic condition

Finally, we investigated the epigenetic status of the HCRT locus
during the glucose-sensitive transition period (day 8) and the
refractory phase (day 12) in hiONs preparation. Intriguingly, the
DNA methylation status at the TSS of the HCRT gene was
the same (approximately 30%) in all cell preparations, regardless
of glucose concentration (25 mM and 5 mM), both during the
transition period and the refractory phase (Fig. 7A and B). This
indicates that the HCRT gene is silenced under hypomethylation
of the DNA. The result is consistent with the data that Zebular-
ine treatment did not cause the expression at hiONs at the
refractory phase (Fig. 6J). Again, these data indicate that hyper-
glycemia-induced HCRT gene silencing must be caused by dif-
ferent mechanisms from that of de novo induction phase of
orexin neurogenesis.

During the glucose-sensitive phase (day 8), the hiONs
exposed to a low glucose concentration had hypo-O-GlcNAcy-
lation, low accumulation of OGT and SIRT1, hyperacetylation

of histones (H3K14Ac, H4K8Ac), and a higher accumulation
of MGEA5 at regions 1 and 2 of the HCRT gene locus
(Fig. 7C). In contrast, exposure to a low glucose concentration
during the glucose-refractory phase (day 12) did not induce
hypo-O-GlcNAcylation and hyperacetylation, when the accu-
mulation of OGT and SIRT1 was low (Fig. 7D). Therefore,
decreasing OGT and SIRT1 was not sufficient to reduce the O-
GlcNAcylation levels and increase the histone acetylation lev-
els. These results explain why EX-527 and BADGP did not
induce HCRT gene expression during the refractory phase
(Fig. 6J). ManNAc and ManNFAc induced the accumulation of
MGEA5 and led to histone acetylation (H3K14 and H4K16)
during the refractory phase (day 12) (Fig. 7D), supporting the
idea that the accumulation of MGEA5 at the HCRT gene locus
is critical for HCRT gene reactivation.

Taken together, these data demonstrated that the chronic
hyperglycemic condition induced the epigenetic inactivation by
histone hypoacetylation, but not by DNA methylation, at the
HCRT locus. Only ManNAc, and its derivative ManNFAc,
were effective in epigenetic reactivation consisting of histone
hyperacetylation and accumulation of MGEA5 on the HCRT
gene in hiONs during the glucose-refractory phase.

Discussion

Hyperglycemia is a risk factor for the persistent phenotypic
changes in various neurodegenerative diseases.36,37 In the pres-
ent study, we found that exposure to chronic conditions of
hyperglycemia resulted in HCRT silencing in the hiONs. Silenc-
ing at the HCRT locus was long lasting and continued even
after a return to low glucose levels. Histone modifications but
not DNA methylation were responsible for the HCRT silencing.
Intriguingly, ManNAc and its derivative could reactivate HCRT

Figure 7. Epigenetic status at the HCRT gene locus in hiONs during hyperglycemia-induced damage. (A-D) Epigenetic status in glucose-sensitive and -refractory phases.
Cell preparations were the same as those in Fig. 6B and C. The red line indicates the levels of hiONs for comparison (Fig. S3C and S3D). DNA methylation status of the
HCRT gene locus by COBRA during glucose-sensitive (day 8) and refractory (day 12) phases (A and B). CpG site for COBRA is located at upstream of TSS (¡770 bp from
TSS). Levels of O-GlcNAcylation and histone acetylation and the accumulation of epigenetic modulators (MGEA5, SIRT1 and OGT) at the HCRT gene locus during glucose-
sensitive and -refractory phases (C and D). Data for ChIP-qPCR are normalized to input DNA. Means § SD (n D 3).
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gene expression, whereas the inhibitors of SIRT1 and OGT
could not, suggesting that a unique epigenetic status was estab-
lished by the chronic hyperglycemia condition on the HCRT
gene locus.

In hiONs, DNA was hypomethylated and histone H3/H4
was hyperacetylated at the HCRT locus where histone acetyl-
transferases such as p300, CBP, and MGEA5 were located. In
contrast, non-orexin cells were characterized by H3/H4 hypoa-
cetylation, hyper-O-GlcNAcylation, and accumulation of OGT
and SIRT1. Consequently, SIRT1 inhibitor (EX-527) and the
OGT inhibitors (BADGP, ST078925, and ST045849) aug-
mented HCRT expression. Demethylation of CpGs at the T-
DMR was also needed to induce expression of HCRT, similar
to the induction of miONs.18 Unexpectedly, re-methylation of
DNA did not occur in silenced hiONs by hyperglycemia.
Indeed, only TSA, but not Zebularine, could induce HCRT
expression during the refractory phase. Therefore, high glu-
cose-induced HCRT gene silencing was associated with histone
modifications and epigenetic regulators without DNA re-meth-
ylation. Once hiONs were established, DNA hypomethylation
status seemed to stabilize. Therefore, the HCRT locus in the
hyperglycemic-injured hiONs was referred to as being in a pre-
activated state, characterized by DNA hypomethylation and
hypoacetylation of the histones. Based on these data, patholog-
ically silenced orexin neurons by hyperglycemia can be distin-
guished by determining their DNA methylation status from the
non-orexin neurons.

ManNAc and ManNFAc treatments had a tendency to
decrease GlcNAc monophosphate and UDP-GlcNAc levels in
the metabolome analysis. ManNAc can be metabolized by, at
least, 2 enzymes, GNE and GlcNAc 2-epimerase (also known as
Renin binding protein, RnBP), into ManNAc-6-phosphate and
GlcNAc, respectively.38-40 Moreover, treatment of ManNFAc sig-
nificantly decreased the level of NADC, which is an activator of
sirtuins including SIRT1. These results suggest that ManNAc
and its derivatives affect the levels of intercellular UDP-GlcNAc
and NADC, and this modifies the activities of OGT and SIRT1.

Although a mechanistic insight for the metabolism of ManNAc
and its derivatives remains unclear, these metabolic changes
would be reflected in the global epigenetic status, however, the
local regulation at the specific gene locus would be more
complex.

It was noteworthy that several ManNAc derivatives, such
as Me-a-ManNAc and SPh-ab-ManNAc, had the potency
to stimulate orexin neurogenesis only in mouse cells. It is
known that the final step of the sialic acid synthesis is spe-
cies-dependent.41 Humans do not have the CMAH protein,
which is an enzyme in the sialic acid pathway that produces
Neu5Gc from Neu5Ac. Studies of sialic acid distribution
show that Neu5Gc is not detectable in normal human tis-
sues, although it is an abundant sialic acid in other mam-
mals.42,43 The basic epigenetic system for orexin
neurogenesis seems to be similar between human and mice;
however, species differences in the ManNAc metabolism
clearly indicate that human orexin neurons derived from
hiPSCs are more suitable than miONs for the analysis of
mechanistic insights targeting disorders related to loss of
orexin neurons in humans.

Since we could not analyze isolated hiONs in the present
study, the data of epigenetic alteration (Figs. 5 and 7) was
not specific to the hiONs. However, the alteration is caused
by treatment with ManNAc and ManNFAc, which are effec-
tive at inducing orexin neurons and reactivating the HCRT
genes. Based on the findings in this study, we propose a
hypothetical model of ManNAc function on HCRT gene
expression during orexin neurogenesis and hyperglycemia-
induced silencing (Fig. 8A and B). Since the potent deriva-
tive 5S-ManNAc does not enter the sialic acid synthesis
pathway, ManNAc does not need to be metabolized into
sialic acid to induce the hiONs. ManNAc and its derivatives
exert their action by changing the local epigenetic status at
the HCRT locus. UDP-GlcNAc is converted into ManNAc
by GNE, while ManNAc and GlcNAc are changeable by
RnBP. Dynamic change into hyperacetylation of histones

Figure 8. Proposed model of changes in epigenetic status before and after establishing hiONs from hiPSCs and epigenetic silencing by hyperglycemia in orexin neurons.
(A) Epigenetic status in HCRT expressing and non-expressing cells on HCRT gene locus. (B) Hexosamine biosynthetic pathway (HBP) and sialic acid synthetic pathway.
Some glucose is metabolized by the HBP into UDP-GlcNAc, ManNAc, and sialic acid. UDP-GlcNAc is used to modify O-GlcNAc in cells, while sialic acid is essential for extra-
cellular bioactivity. ManNAc is an intermediate of UDP-GlcNAc and is a precursor of sialic acid. ManNFAc, a potent ManNAc derivative, enters the sialic acid biosynthetic
pathway, while 5S-ManNAc, another potent derivative, does not.
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and hypo-O-GlcNAcylation occurred by the decreasing of
OGT, EZH2, SIN3A, and SIRT1, and increasing of MGEA5,
p300, and CBP accumulation during orexin neurogenesis,
and HCRT gene expression was reactivated from hypergly-
cemia-induced silencing by treatment with ManNAc and its
derivatives. DNA hypomethylation status was maintained
during the glucose-refractory phase. Accumulation of
MGEA5 at the HCRT locus seems to be a key event for the
pharmacological function of ManNAc and its derivatives in
activation and reactivation of the HCRT gene.

We recently discovered the O-GlcNAcylation of histone
H2A at Ser40 (H2AS40-GlcNAc).23 H2AS40-GlcNAcylation
did not occur at the T-DMR of HCRT (data not shown). To
date, 14 O-GlcNAcylated sites of core histones have been
reported. However, biologic studies on these histone O-GlcNA-
cylations are limited.44 We need to consider that there are
hundreds of O-GlcNAcylated proteins,19,20,22,44 including epi-
genetic regulators such as SIN3A, EZH2, SIRT1, a component
of the transcriptional co-repressor or Polycomb-repressive
complex, to determine the targets of O-GlcNAcylation involved
in HCRT silencing.

A decrease in the number of orexin neurons have been
reported in physiologic and pathological conditions, such as
aging, diabetic mellitus, and narcolepsy.14,16,17 Hyperglycemia
underlies various neural diseases, including Alzheimer disease,
depression, and dementia.45-47 The classical definitions of the
identities of specific neuron types rely on anatomic and physio-
logic features. Recently, particularly in vitro, cell types have
been identified by molecular features including gene expression
and epigenetic status.26,28 In any case, gene silencing might be
recognized as cell loss. There is a phenomenon referred to as
metabolic memory, in which prolonged exposure to hypergly-
cemia predisposes individuals to the development of diabetic
complications, such as neuropathy.48 As shown in the present
study, gene silencing of HCRT was induced in the hyperglyce-
mic condition, suggesting that there are molecular links
between the glucose metabolism and loss of orexin neurons.

Here, we generated functional human orexin neurons
from pluripotent stem cells by adding ManNAc and its
derivatives providing a potential model for the testing of a
therapy for neural disorders. Hyperglycemia in vitro leads
to the loss or impairment of orexin neurons through HCRT
gene silencing. Importantly, ManNAc and its derivative
could reactivate HCRT gene expression. The generation of
specific cell types is the first step in establishing cell-trans-
plantation therapies for patients with a loss or impairment
of neural cells.49,50 Hypothalamic neurons, including orexin
neurons, are generated from the human ESCs and iPSCs.51

In cell therapy, the procedure for the maintenance of cell
types is also important after transplantation. Human HCRT
neurons continued to express HCRT for at least 18 months
after transplantation into normal newborn mouse brain.51

We do not know if the transplanted cells were maintained
in the pathological condition. Knowledge of the mecha-
nisms underlying maintenance or damage to cells is also
necessary for the prevention or treatment of neurodegenera-
tive diseases.52,53 Our study on the generation of hiONs and
reactivation of the HCRT gene from hyperglycemia-induced
silencing contributes to the progress of regenerative

medicine and drug development for diseases associated with
the loss or impairment of orexin neurons.

Materials and methods

Reagents

Reagents without specific references to suppliers were pur-
chased from Wako Pure Chemical (Japan). All primers were
prepared by Sigma. The primer sequences are shown in Supple-
mentary Table S2, and the antibodies are listed in Table S3.

The experiments described in the present study were
repeated at least 3 times, with similar results obtained in each
case. The results shown are representative of all repeated
experiments.

Monosaccharides and inhibitors

D-(C)-glucosamine hydrochloride (GlcN), EX-527, and ben-
zyl 2-acetamido-2- deoxy-a-D-galactopyranoside (BADGP)
were purchased from Sigma. ST078925 (4-[(3-cyano-4-(2-
thienyl)-2–5,6,7,8-tetrahydroquinolylthio)methyl]benzoic
acid) and ST045849 (3-(2-adamantanylethyl)-2-[(4-chloro-
phenyl)azamethylene]-4-oxo-1,3-thiazaperhydroine-6-car-
boxylic acid) were purchased from TimTec. Zebularine, and
trichostatin A were purchased from Wako. N-acetyl-D-glu-
cosamine (GlcNAc), N-acetyl-d-mannosamine (ManNAc),
and N-acetylneuraminic acid (Neu5Ac) were purchased from
Tokyo Chemical Industry (Japan), Sanyo Fine and Food &
Bio Research Center (Japan), respectively.

Neural differentiation from PSCs

The hiPSC line 201B7 was provided by the RIKEN BRC
through the National Bio-Resource Project of the MEXT,
Japan.54 hiPSCs were maintained on feeder layers of mitomycin
C-treated STO/Neo resistant/LIF (SNL) feeder cells in ReproS-
tem medium (ReproCELL, Japan) supplemented with 5 ng/mL
bFGF. Neural differentiation using the SDIACBMP4 methods
was performed as described in previous reports.55 We cultured
hiPSCs (1.7 £ 103 cells/cm2) on PA6 feeder cells in G-MEM
(containing 25 mM glucose) supplemented with 10% Knock-
OUT serum replacement (Invitrogen), 0.1 mM NEAA, and
0.1 mM b-mercaptoethanol. G-MEM containing 5 mM glucose
was purchased from the Cell Science & Technology Institute
(Japan). PA6 cells were provided by RIKEN BRC through the
National Bio-Resource Project of the MEXT, Japan. The culture
medium was changed on day 1, day 4 and every 3 d thereafter.
In total, 5 nM BMP4 was added to the medium from day 7.
hiONs were prepared according to the culture schedule in Sup-
plementary Fig. S4A. Neural differentiation from mESCs was
performed as previously reported.18

RT-PCR and RT-qPCR

Total RNA was isolated from cells and tissues using the Direct-
zol RNA MiniPrep Kit (Zymo Research) according to the man-
ufacturer’s instructions. First-strand cDNA was synthesized
from 2 mg of total RNA, using oligo(dT)20 primers and the
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SuperScript III First-Strand Synthesis System (Invitrogen). RT-
PCR was conducted with LA Taq DNA polymerase (Takara,
Japan) using cDNA equivalent to 10 ng of total RNA per reac-
tion, and the reactions were performed by denaturation at
95�C for 3 min and an appropriate number of cycles (Table
S2), each consisting of 95�C for 30 sec, 60�C for 30 sec, and
72�C for 15 sec. Each RT-quantitative PCR (qPCR) was per-
formed with cDNA and Thunderbird Sybr qPCR Mix (Toyobo)
using the ABI7500 thermal cycler (Applied Biosystems) or
LightCycler96 (Roche). RT-qPCR was performed by denatur-
ation at 95�C for 1 min followed by 40 cycles, each consisting
of incubation at 95�C for 10 sec and 60�C for 35 sec. Data were
normalized to the expression of ACTB and expressed as the
means § standard deviations (SDs) derived from 3 indepen-
dent PCR reactions.

Immunofluorescence assay

Cells cultured in 4-well dishes were fixed using 4% paraformal-
dehyde and permeabilized with 0.2% Triton X-100. They were
blocked using 5% bovine serum albumin (BSA)/0.1% Tween
20/phosphate-buffered saline for 1 h at room temperature (RT)
and incubated with primary antibody overnight at 4 �C. The
secondary antibody was added, and the incubation was contin-
ued for 1 h at RT. Nuclei were stained using DAPI (1 mg/mL,
Dojindo, Japan). The following secondary antibodies were
used: donkey anti-goat Alexa Fluor 488, rabbit anti-mouse
Alexa Fluor 594, and chicken anti-rabbit Alexa Fluor 594
(1:1,000; Invitrogen). Fluorescence images were acquired using
a microscope (BZ-8000; Keyence, Japan). High magnification
images were obtained using a laser scanning microscope
(LSM700, ZEISS). Immuno- and DAPI-stained cells were
counted in at least 20 randomly chosen areas, using ImageJ
software (http://rsb.info.nih.gov/ij/). Percentages indicate the
mean of the ratio of the OREXIN-A-positive area to that of the
DAPI-positive area in 3 independent cultures.

TdT-mediated dUTP nick end labeling (TUNEL) assay

Cells cultured in 4-well dishes were fixed using 4% paraformal-
dehyde. The TUNEL assay was performed using the MEB-
STAIN Apoptosis TUNEL Kit Direct (Medical & Biological
Laboratories, Japan) according to the manufacturer’s protocol.
TUNEL- and DAPI-stained cells were counted in at least 20
randomly chosen areas, using ImageJ software. Percentages
indicate the mean of the ratio of TUNEL-positive cells to
DAPI-positive cells in 3 independent cultures.

DNA methylation analysis using the bisulfite method

Genomic DNA was extracted from cells as described previ-
ously.18 Bisulfite conversion was performed using the EZ DNA
Methylation-Gold Kit (Zymo Research). Bisulfite PCR was per-
formed with BIOTAQ HS DNA polymerase (Bioline) and the
following thermocycling conditions: denaturation at 95�C for
10 min, 40 cycles each consisting of incubation at 95�C for
30 sec, 60�C for 45 sec and 72�C for 30 sec, and a final exten-
sion for 5 min at 72�C. For the combined bisulfite restriction
analysis (COBRA), PCR products were digested using

HpyCH4IV (New England Biolabs). Restriction enzyme-treated
DNA was purified by gel filtration with Sephadex G-5 (GE
Healthcare), and concentrations (ng/ml) of cut (derived from
methylated DNA) and uncut (derived from unmethylated
DNA) fragments were quantified by MultiNA Microchip Elec-
trophoresis (Shimadzu, Japan). Methylation level was calcu-
lated as the concentration ratio of the cut fragments to the cut
plus the uncut fragments. Data were expressed as the mean §
SD derived from 3 independent PCR reactions. For sequencing,
the PCR fragments were cloned into the pGEM-T Easy vector
(Promega).

OREXIN-A releasing assay using ELISA

hiPSCs were cultured under the SDIACBMP4 condition for 20
d in 4-well dishes and were subjected to the following analyses.
For the measurement of the neural peptide sensitivity, neural
differentiated hiPSCs were incubated in 500 mL of the medium
from the SDIA condition supplemented with leptin, ghrelin,
TRH, Neuropeptide Y, GABA, and glucose (Sigma) at the
appropriate concentrations at 37�C. After 3 h of incubation,
the supernatants were collected, and the OREXIN-A concentra-
tion was measured using the OREXIN-A Fluorescent EIA Kit
(Phoenix Pharmaceuticals) according to the manufacturer’s
instructions.

ChIP-PCR and ChIP-qPCR

The chromatin immunoprecipitation (ChIP) assay was per-
formed with 1 £ 106 cells per assay using the ChIP-IT Express
Enzymatic Kit (Active Motif) according to the manufacturer’s
instructions. Briefly, fixed cells were lysed, and chromatin was
sheared by an enzymatic shearing cocktail for 10 min. After
immunoprecipitation, the DNA was recovered using an elution
buffer (10% SDS, 300 mM NaCl, 10 mM tris-HCl, and 5 mM
EDTA, pH 8.0) at 65�C overnight and then collected using the
ChIP DNA Clean and Concentrator Kit (Zymo Research).
Input (10%), normal IgGs from rabbit and mouse (rIgG and
mIgG) and RL2 absorbed with GlcNAc (200 mM) (Abs. in
Fig. 5C) were used as the positive and negative controls, respec-
tively. ChIP-qPCR was performed using a high-throughput
gene expression platform based on microfluidic dynamic arrays
(Fluidigm). DNA obtained by ChIP was pre-amplified using
TaqMan PreAmp Master Mix (Applied Biosystems) according
to the manufacturer’s protocol. Following pre-amplification,
the samples were diluted 1:5 in TE buffer (pH 8.0). BioMark
48 £ 48 arrays were prepared according to the manufacturer’s
instructions. Following the loading of the assays and samples
into the chip by the IFC controller, PCR was performed with
the following conditions: 50�C for 2 min and 95�C for 10 min,
followed by 40 cycles of 95�C for 15 sec and 60�C for 60 sec.
Data were processed by automatic threshold setting using the
same threshold value for all assays and linear baseline correc-
tion using BioMark Real-time PCR Analysis software (Fluid-
igm). Data were normalized to the input DNA and expressed
as the mean § SD derived from 3 independent PCR reactions.

EPIGENETICS 775

http://rsb.info.nih.gov/ij/


Metabolome

Duplicate samples were washed twice with a 5% solution of
mannitol and covered with methanol. Cells were harvested after
the addition of the internal standard solution (Human Metabo-
lome Technologies, Japan) and subjected to centrifugation for
5 min at 2,000 £ g at 4�C. The aqueous layers were collected in
ultrafiltration units (Millipore) and subjected to centrifugation
for 2.5 h at 20,000 £ g at 4�C. All of the following metabolome
analyses were performed by Human Metabolome Technologies.

BODIPY analysis

A Lac-Sph-BODIPY (fluorescent glycolipid substrate)–BSA
complex was prepared before the experiments according to a
previous report.34 Briefly, COS-7 cells were incubated with
2.5 mM Lac-Sph-BODIPY–BSA complex in DMEM for 5 min
at 37�C. The medium was changed to DMEM containing N2
supplement (Invitrogen) and ManNAc derivatives (final con-
centration of 3 mM), and the cells were incubated for 24 h. The
total lipids were extracted from the cells with 20-fold (w/v)
chloroform–MeOH (1:2, v/v) by sonication after freeze–thaw.
Fluorescent glycolipid metabolites were separated using a Nano
Frontier nLC digital nanoflow HPLC system with C18 silica
particles [particle size: 3 mm; 75 mm (i.d.) £ 150 mm (length)],
at 200 nL/min. A gradient conditions: from 0 min, 5% B (aceto-
nitrile) and 95% A (water); from 5 min, 90% B and 10% A; and
from 15 min until the end of the run, 100% B. Fluorescence
(520 nm) was detected directly by irradiating the excitation
light (470 nm) through a collimator using OptiTool FLE1100
Type B at 0.20 sec intervals. A mass spectral analysis of the
eluted fluorescent glycolipid was performed using a quadrupole
ion trap mass spectrometer (QIT-MS) coupled with a nanoelec-
trospray interface, amaZon ETD (Bruker Daltonics).

Construction of ManNAc derivatives

The ManNAc derivatives used in this study are listed in Table
S1. Ac4ManNAc,56 ManNFAc,57 Me-a-ManNAc,58 SPh-
ab-ManNAc,59 ManNAcF2,

60 ManNAcF3,
61 5S-ManNAc,62 1-

deoxy-ManNAc,63 and ManNCOOMe64 were synthesized as
per previous reports. The d-mannosamine hydrochloride used
for the synthesis of the ManNAc derivatives was purchased
from Sanyo Fine (Japan). Satisfactory NMR spectral data were
obtained for all new compounds synthesized in this study.

Synthesis of ManNGlyAcF: N-fluoroacetylglycine N-succini-
midyl ester was prepared from glycine by reaction with ethyl flu-
oroacetate and NaOMe in MeOH followed by reaction with N-
hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride in DMF. Et3N (2.08 mmol) was added
to a mixture of d-mannosamine hydrochloride (0.677 mmol)
and N-fluoroacetylglycine N-succinimidyl ester (0.810 mmol) in
MeOH at RT. After being stirred for 1.5 h at the same tempera-
ture, the reaction mixture was concentrated in vacuo. The resi-
due was purified by column chromatography on silica gel
(CHCl3/MeOH D 2/1) and on silica gel (EtOAc/MeOH D 4/1)
and by gel permeation column chromatography on LH20 with
MeOH to produce ManNGlyAcF (0.358 mmol, 53%).

Synthesis of ManNPrF: To d-mannosamine hydrochloride
(2.56 mmol) was added saturated sodium bicarbonate solution
and a solution of 3-fluoropropionyl chloride in 1,4-dioxane,
which was prepared from thionyl chloride (2.54 mmol) and 3-
fluoropropionic acid (1.28 mmol), at 0�C. After being stirred
for 1 h at 0�C and for 30 min at RT, the reaction mixture was
washed with CHCl3, and the aqueous layer was concentrated in
vacuo. The residue was purified by column chromatography on
silica gel (CHCl3/MeOH D 4/1) and on ODS (MeCN/H2O D
3/1) to give ManNPrF (0.331 mmol, 26%). An extensive purifi-
cation was performed by HPLC using a silica gel column
(AQUASIL SP100, 20 £ 250 mm) with 20% MeOH in CHCl3.

Synthesis of 5S-ManNAcF: A solution of 5S-ManNAc (0.421
mmol) in 2 N HCl was heated at 60�C. After the removal of the
solvent in vacuo, 5S-ManNH2¢HCl was obtained. To a solution
of a crude 5S-ManNH2¢HCl in MeOH was consecutively added
Et3N (6.74 mmol) and methyl fluoroacetate (8.90 mmol) at
0�C. After being stirred for 24 h at 27�C, the reaction mixture
was concentrated in vacuo. The residue was purified by column
chromatography on silica gel (CHCl3/MeOH D 2/3) to give 5S-
ManNAcF (0.322 mmol, 76%).

Synthesis of ManNCOOEt: Ethyl chloroformate (7.00
mmol) was added to a mixture of d-mannosamine hydrochlo-
ride (4.64 mmol) and saturated sodium bicarbonate solution in
1,4-dioxane at 0�C. After being stirred for 50 min at the same
temperature, the reaction mixture was concentrated in vacuo.
The residue was purified by column chromatography on silica
gel (CHCl3/MeOH D 5/1) to give ManNCOOEt (3.23 mmol,
70%). An extensive purification was performed by HPLC using
a polymer-based amino column (Shodex Asahipak NH2P-90
20F, 20 £ 300 mm) with 75% MeCN in H2O.
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