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SaZetak

Sve veci broj dokaza ukazuje na to da put biosinteze heksozamina (HPB, engl.
hexosamine biosynthesis pathway) ima znacajnu ulogu u modulaciji unutarsta-
nicnih putova preoblikovanja signala. Njegov krajnji produkt, tj. UDP-GIcNAC,
je supstrat kod spajanja 0-vezanog B-N-acetilglukozamina (0-GIcNAc) s ostat-
cima Ser/Thr. To spajanje regulira Siroki raspon proteina preko interferencije
s fosforilacijom. 0-GIcNAC je dinamicna posttranslacijska modifikacija koja
je bitna za funkciju normalne stanice u sisavaca; njeno je, medutim, najvece
znacenje utvrdeno u patoloskim procesima. Kako HBP iziskuje glukozu, veliki
unos glukoze znatno povecava protok kroz HBP te takoder povecava omjer pro-
teina povezanih s 0-GlcNac. To, pak, utjece na razlicite funkcije stanice koje
ukljucuju tradicijski prihvacene Stetne ucinke u Secernoj bolesti i njenim kom-
plikacijama ili, kao $to je nedavno nadeno, 0-GIcNAc bi mogao biti koristan
kod ishemijskih/reperfuzijskih ozljeda. U ovom pregledu sazeto prikazujemo
trenutne spoznaje u istraZivanju 0-GlcNAc vezane za njegovo sudjelovanje u
signalnim putovima i stani¢nim procesima. Takoder se usredotocujemo na ut-
jecaj 0-GIcNAc u bolestima kao Sto su Secerna bolest, upala, razvoj zlo¢udnih
bolesti ili ozljede uzrokovane hipoksijom.

Kljucne rijeci: 0-GlcNAc, (a%*, Secerna bolest, odgovor na stres, zlocu-
dna bolest

Pristiglo: 22. oZujka 2007.

Abstract

Growing evidence suggests that hexosamine biosynthesis pathway (HBP)
plays a significant role in the modulation of intracellular signaling transduc-
tion pathways. Its end product, UDP-GIcNAc is a substrate for the addition of
0-linked B-N-acetylglucosamine (0-GIcNA) to Ser/Thr residues. This process
regulates a wide range of proteins usually by interfering with phosphoryla-
tion. 0-GIcNAc is a dynamic posttranslational modification, which is essential
in normal mammalian cellular function; however, its main significance has
been revealed in pathological processes. Since HBP requires glucose, high
glucose intake considerably increases the flux through HBP and also increa-
ses the ratio of 0-GlcNAc-associated proteins. This has an impact on various
cellular functions, involving either the traditionally recognized detrimental
effects in diabetes and diabetic complications or, as found recently, 0-GIcNAc
might be beneficial in ischemia/reperfusion injuries. In this review we sum-
marize the current findings in 0-GIcNAc research concerning its participation
in signaling pathways and cellular processes. We also focus on the impact of
0-GIcNAc in diseases such as diabetes, inflammation, development of malig-
nancies or hypoxia-induced injuries.
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Uvod

Osim $to je izvor energije koja se dobiva glikolizom i citrat-
nim ciklusom, glukoza sudjeluje u mnogim drugim unu-
tarstani¢nim metaboli¢ckim putovima kao $to je pento-
za-fosfatni put, glikogeneza, sinteza nukleotidnih Secera
itd. Jedan od tih putova je i put biosinteze heksozamina
(HBP) te njegov krajnji produkt: proteinski vezana O-gliko-
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Introduction

Glucose, apart from being energy source via glycolysis
and citrate cycle, also participates in many other intra-
cellular metabolic pathways such as pentose-phosphate
shunt, glycogenesis, nucleotide sugar synthesis, etc. One
of them is the hexosamine biosynthesis pathway (HBP)
and its end-product: protein-associated O-glycosylation
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zilacija. Tijekom posljednjih su godina heksozaminski put
i O-GIcNAc postali predmetom intenzivnog istraZivanja,
posebice stoga sto bi mogli interferirati s kinazama i fos-
forilacijom u nekoliko signalnih putova (1). O-glikozilacija
se odigrava unutar citoplazme i jezgre i ukljucuje osjetlji-
ve ciljne proteine zbog specificnog i reverzibilnog enzim-
skog prijenosa metabolita heksozaminskog puta: UDP-N-
acetilglukozamina na OH-skupinu aminokiselina proteina
serina ili treonina.

O-GIcNAC je prvi put opisan 1984. godine (2) i otada je
njegova vaznost spoznata u nekoliko stani¢nih procesa
kao Sto su prepoznavanje hranjivih tvari (3), regulacija sta-
ni¢nog ciklusa (4) ili modifikacija nekoliko ¢imbenika pri-
jepisa (5-9). S obzirom na tako Siroku funkcionalnost O-
GlcNAc ne iznenaduje da je povezan s razvojem brojnih
patofizioloskih procesa. Najocitije i dobro poznato znace-
nje O-GIcNAc ustanovljeno je u kroni¢nim komplikacija-
ma Secerne bolesti i inzulinske rezistencije (pregled pod
10); medutim, prilagodba na stres, osobito s obzirom na
srce, odnedavno je takoder u srediStu pozornosti (11,12).
Donekle je paradoksno da dok je s jedne strane ucinak po-
vecanog protoka kroz heksozaminski put Stetan kod Secer-
ne bolesti, s druge se strane Cini da je povecani O-GIcNAc
blagotvoran kod bolesti zglobova kao 5to je osteoartritis,
ili u situacijama akutnog stresa kao $to je ishemijski sréani
napadaj (13,14). Nas je cilj dati prosireni pregled mehaniza-
ma i teSkoca kod signalnih putova, osvrnuti se na trenut-
no razumijevanje uloge GIcNAc u odredenim bolestima,
te postici $to dublji uvid u dvostrana svojstva O-GIcNAc.

Put HBP

Priblizno 2-4% glukoze koja pristigne u stanicu metabolizi-
ra se putem biosinteze heksozamina (HBP). Klju¢ni enzim
je glutamin-fruktoza-6P-amidotransferaza (GFAT) koja ka-
talizira reakciju: L-glutamin + D-fruktoza-6P = L-glutamat
+ D-glukozamin-6P. Tu je reakciju moguce zaobici tako
$to se glukozamin neposredno dodaje stanicama i time
se povecava protok HBP. Nakon dva kasnija metabolita u
protoku (N-acetilglukozamin-6P, N-acetilglukozamin-1P),
krajnji produkt HBP je UDP-N-acetilglukozamin (UDP-
GIcNAQ).

UDP-GIcNACc se koristi u sintezi peptidoglikana, u sinte-
zi lipo- i mukopolisaharida, biosintezi proteoglikana N-
tipa (vezanog na amid ,N” na pokrajnjem lancu Asn) ili
O-tipa (najcesce se prvi N-acetilgalaktozamin (galNAc)
veze a-glikozidnom vezom na OH-skupinu Ser/Thr, a za-
tim se spajaju dodatne ugljikohidratne molekule kao npr.
GlcNAC), te biosintezi povezanoj glikozil-fosfatidilinozito-
lom (kojom se osigurava uc¢vricenje proteina na membra-
ne). Proteinski povezan O-GIcNAc (Slika 1.) pripada O-tipu
glikozilacije, no on dodaje samo jednu O-vezanu moleku-
lu b-N-acetilglukozamina serinskim i treoninskim ostatci-
ma ciljnih proteina (15). O-GIcNAc je takoder jedinstven
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(O-GIcNAQ). In the last few years, hexosamine pathway
and O-GIcNAc became an intensively investigated topic,
in particular because they might interfere with kinases
and phosphorylation in a number of signaling pathways
(1). O-glycosylation takes place and remains inside the
cytoplasm and the nucleus on susceptible target proteins
due to a specific and reversible enzymatic transfer of the
hexosamine pathway metabolite: UDP-N-acetylglucosa-
mine to the OH group of serine or threonine amino acids
of these proteins.

O-GlcNAc was first described in 1984 (2) and since then its
importancein several cellular processes has been recogni-
zed, such as nutrient sensing (3), cell-cycle regulation (4),
or modification of several transcriptional factors (5-9). Gi-
ven that O-GIcNAc has such widespread functionality it is
not surprising that it has been associated with the deve-
lopment of numerous patho-physiological processes. The
most obvious and well known significance of O-GIcNAc
has been established in chronic complications of diabe-
tes mellitus and insulin resistance (reviewed in 10); howe-
ver, stress adaptation, especially regarding the heart, has
lately also come in the spotlight (11,12). It is somewhat pa-
radoxical that while, on the one hand, the effect of increa-
sed flux through the hexosamine pathway in diabetes is
deleterious, on the other hand increased O-GIcNAc seems
to be beneficial in joint diseases such as osteoarthritis, or
in acute stress-situations such as an ischemic heart attack
(13,14). Our goal was to give an extensive summary on the
mechanisms and involvements in signaling pathways, to
review the current understanding of the role of GIcNAc in
certain diseases and to get a deeper insight of the Janus
faced properties of O-GIcNAc.

HBP pathway

Approximately 2-4% of the glucose entering the cell is
metabolized through the hexosamine biosynthetic pat-
hway (HBP). The key enzyme is glutamine-fructose-6P
amidotransferase (GFAT) which catalyzes the L-glutamine
+ D-fructose-6P = L-glutamate + D-glucosamine-6P reac-
tion. This reaction can be bypassed by directly adding
glucosamine to cells and thus increasing the HBP flux.
Following the two subsequent downstream metabolites
(N-acetylglucosamine-6P, N-acetylglucosamine-1P), the
end-product of HBP is UDP-N-acetylglucosamine (UDP-
GIcNAC).

UDP-GIcNAc is utilized in peptidoglycan synthesis, in
lipo- and mucopolysaccharide synthesis, N-type (linked
to the amide “N” on the sidechain of Asn) or O-type pro-
teoglycan biosynthesis (most commonly, first N-acetylga-
lactosamine (galNAC) is linked by an a-glycosidic linkage
to the OH group of Ser/Thr, then additional carbohydrate
molecules are attached such as GlcNAc), glycosyl-phos-
phatidylinositol (GPI)-linked biosynthesis (provides the
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po tome $to se pojavljuje poglavito u citoplazmi i jezgri.
O-vezani GIcNAc predstavlja reverzibilnu reakciju dok se
preostale poslijetranslacijske glikozilacije, koje su trajne,
zbivaju u endoplazmatskom retikulu (ER) ili Golgijevom
aparatu. O-GIcNAc je brz, dinamican proces; kratkotrajna
primjena glukozamina ili izlaganje raznolikim uvjetima
stresa mogu dovesti do povisenih razina proteinski veza-
nog O-GIcNAc (11,16). S druge strane, razine O-GIcNAc
nakon oporavka od podrazaja poprimaju prijasnje vrijed-
nosti u relativno kratkom vremenskom razmaku (11). S ob-
zirom da treba OH-ostatke Ser/Thr, O-GIcNAc moze kon-
kurirati fosforilaciji i time ukazuje na mogu¢nost preinaci-
vanja signalnih slijedova (kaskada) ovisnih o fosforilaciji
(1,17-19). Postoje, medutim, takoder dokazi da mjesta za
fosforilaciju kao i za O-GIcNAc mogu istodobno biti prisut-
ni na istom proteinu i u tom slucaju utjecati na funkcije
proteina u suradnji, a ne na konkurentski nacin (20,21).

Zanimljivo je da pored mnostva kinaza samo jedan gen
kodira O-GlcNAc-transferazu (OGT) koja je smjestena na
kromosomu X (22). Regulacija OGT zasad nije shvacena u
potpunosti, no postoje dokazi da je sama OGT meta kako
fosforilacije, tako i O-GIcNAc (23). Uklanjanje N-acetilglu-
kozaminske skupine iz proteina katalizira i specifican en-
zim nazvan O-GlcNAkaza, a njegov je gen smjesten na 10.
kromosomu (24). Dokazivanje da je protein in vivo zaista
O-glikoziliran iziskuje sveobuhvatne, visestruke pristupe
kao Sto suimunoprecipitacija, dvodimenzionalna elektro-
foreza i spektrometrija masa tako da se istrazivaci u vedini
studija odlucuju za istodobno mjerenje ukupnih razina O-
GIcNAc i aktivnosti i razina izrazaja proteina od interesa.

O-GIcNAc: universal regulator of signal transduction

anchoring of proteins to membranes). Protein-associated
O-GIcNAc (Figure 1.) is an O-type glycosylation, but it
only adds a single O-linked (3-N-acetylglucosamine mole-
cule to the serine and threonine residues of target protei-
ns (15). O-GIcNAc is also unique in terms that O-GlcNAc
occurs mainly in the cytoplasm and nucleus. O-linked
glcNAc is a reversible reaction while the remaining pos-
ttranslational glycosylations take place in the ER or Golgi
and are permanent. O-GIlcNAc is a fast, dynamic process;
short treatment of glucosamine or exposition to a wide
variety of stress conditions can lead to increased levels of
protein-associated O-GIcNAc (11,16). On the other hand,
after recovery from the stimuli, O-GIcNAc levels return
to previous values over a relatively short period of time
(11). Since O-GIcNAc needs Ser/Thr OH-residues, it can
compete with phosphorylation indicating a possibility to
modulate the phosphorylation-dependent signaling cas-
cades (1,17-19). However there is also evidence that both
phosphorylation sites and O-GIcNAc sites can co-exist
on the same protein, influencing the protein’s function in
this case in a co-operative rather than a competitive way
(20, 21).

Interestingly, while there is an abundance of kinases, only
one gene encodes O-GlcNAc transferase (OGT) which is
located on the X chromosome (22). The regulation of OGT
has not been well understood yet, but there is evidence
that OGT itself is a target for both phosphorylation and
O-GIcNAc (23). The removal of the N-acetylglucosamine
group from proteins is also catalyzed by a specific enzyme
called O-GIcNAcase and its gene is localized on the 10t

Glucose (Glc)
(GIcN)
Pentose-P shunt
Glc 6-P
GFAT
Fructose 6-P ——  GIcN 6-P
1 HBP

Glycolysis

SLIKA 1. Odvijanje biosinteze heksozamina
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FIGURE 1. The hexosamine biosynthesis pathway
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Najcesce koristena specifi¢cna antitijela protiv O-GIcNAc-
proteina nazivaju se CTD110.6 i RL-2 (25,26). Postoji vise
nacina da se na razine O-GIlcNAc utjece eksperimentalno;
npr. pretjeranimizrazajemili brisanjem/prigusivanjem ge-
na klju¢nih enzima kao $to su GFAT, OGT i O-GIcNAkaza
(11,27-29). Treba istaknuti da unato¢ tome $to je moguce
proizvesti stani¢ne linije s pogreskom u HBP, prisutnost
O-GIcNAC je od vitalnog znacenja tako da geneti¢ki ma-
nipulirane zZivotinje s OGT umiru u embrionalnom stadiju
(22). Radi oponasanja dijabetickih uvjeta protok kroz HBP
moze se povecati dodavanjem glukozamina izvana ili vi-
sokih koncentracija (25-30 mM) Secera (29). Kod koriste-
nja vrsti stanica koje su ovisne o inzulinu te bez drugih
dostupnih izvora energije (npr. laktata) posebna je pozor-
nost potrebna kad su stanice izlozene glukozaminu tije-
kom duljeg razdoblja jer glukozamin mozZe iscrpsti razine
ATP-a (30).

U studijama je takoder opisano da primjena glutamina
ima slican ucinak (povec¢anjem aktivnosti GFAT) (31). Aza-
serin i 6-diazo-5-oksonorleukin (DON) inhibiraju GFAT te
time smanjuju protok kroz HBP, dok aloksan inhibira OGT
smanjujuci time samo razine O-GIcNAc, uz relativno nep-
romijenjene ostale metabolite HBP (32). O-(2-acetamido-
2-deoksi-D-glukopirnosiliden)amino-N-fenil-karbamat
(PUGNAC) i streptozotocin (STZ) blokiraju O-GlcNAkazu,
a time i uklanjanje O-GIcNAc iz proteina (33,34). Treba na-
pomenuti da su aloksan i STZ nespecifi¢ni inhibitori; iako
posebice STZ ima prijeporan ucinak, on je unato¢ tome
lijek u Sirokoj uporabi u studijama na Zivotinjama za izazi-
vanje Secerne bolesti tipa 1 preko razaranja 3-stanica gus-
terace.

Broj identificiranih proteina koji omogucuju poslijetran-
slacijsku O-glikozilaciju ubrzano raste te danas obuhva-
¢a vise od 400 stani¢nih proteina kao $to su NF-kB, anek-
sin, endotelna dusi¢na oksid-sintaza, aB-kristalin, OGT,
a-tubulin, c-myc, protein 70 toplinskog 3oka itd. Kako bi
potpomogao istrazivanje O-GIcNAc, Centar za analizu
bioloskih sekvenci ima internetske stranice dostupne na:
http://www.cbs.dtu.dk/services/YinOYang/ gdje iznosi
predvidanja vezana za ziv€anu mrezu i mjesta spajanja O-
B-GIcNAc u eukariotskim proteinskim sekvencama.

Utjecaj O-GlcNAc na funkciju proteina

Modifikacija proteina preko O-GlcNAc definitivno izazi-
va promjene u njihovoj funkcionalnosti. Prva i temeljito
istrazena funkcija O-GIcNAc je odnos prema fosforilaciji
(35,36). Wells i sur. su pokazali da OGT i proteinska fosfata-
za 1 koegzistiraju u zajednickom kompleksu (37). U nekim
su proteinima snizene razine O-GIcNAc povezane s povi-
$enim razinama fosforilacije (Tau iz mozdanog tkiva boles-
nika s Alzheimerovom bolescu, 38). Nedavna je studija ta-
koder dokazala da je fosforilacija p38 podlozna modifika-
ciji pomocu GlcNAc (39). Dokazano je da inhibicija kinaza
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chromosome (24). To prove that a protein in vivo is indeed
O-glycosylated requires extensive, multiple approaches
such asimmunoprecipitation, 2D electrophoresis and ma-
ss spectrometry, so that in most studies researchers deci-
de for the measurement of the overall O-GIcNAc levels si-
multaneously with the activity and expressional levels of
the proteins of interest. The most commonly used specific
antibodies against O-GIcNAc proteins are called CTD110.6
and RL-2 (25,26). There are multiple ways to influence O-
GlcNACc levels experimentally: e.g. by overexpression or
by gene deletion/gene silencing of key enzymes such as
GFAT, OGT and O-GlcNAcase (11,27-29). It has to be noted
that even though HBP-defected cells lines can be created,
the presence of O-GIcNAc is vital and OGT-knocked-out
animals die at embryonic stage (22). To simulate diabetic
conditions, the flux through HBP can be increased by ad-
ding external glucosamine or high levels (25-30 mM) of
sugar (29). When working with insulin-dependent cell
types and with no alternate energy source available (e.g.
lactate), care should be taken when cells are exposed to
glucosamine for a prolonged period of time since gluco-
samine may deplete ATP levels (30).

It has also been reported that glutamine treatment has
similar effect (through enhancing GFAT activity) (31). Aza-
serine and 6-diazo-5-oxonorleucine (DON) inhibit GFAT,
thus decreasing the flux through HBP, while alloxan inhi-
bits OGT, decreasing only the levels of O-GIcNAc and lea-
ving the other metabolites of HBP relatively unchanged
(32).  O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)a-
mino-N-phenyl-carbamate (PUGNAc) and streptozotocin
(STZ) block O-GlcNAcase and thus inhibit the removal of
O-GIcNAc from proteins (33,34). It should be noted that
alloxan and STZ are non-specific inhibitors; although STZ
especially has a debatable effect, it is a widely used drug
in animal models to induce type 1 diabetes by destroying
pancreatic (3-cells.

The number of identified proteins capable of posttran-
slational O-glycosylation is quickly growing, to date they
include more than 400 cellular proteins, such as NF-kB,
annexin, endothelial nitric oxide synthase, aB-crystallin,
OGT, a-tubulin, c-myc, heat shock protein 70 etc. To aid
O-GIcNAc research, Center for Biological Sequence Ana-
lysis web site, available at: http://www.cbs.dtu.dk/ser-
vices/YinOYang/ produces neural network predictions
for O-B-GIcNAc attachment sites in eukaryotic protein
sequences.

Influence of O-GIcNAc on protein function

O-GIcNAc modification of proteins definitely induces
changes in the functionality of these proteins; the first and
most thoroughly investigated function of O-GIcNAc is the
relation to phosphorylation (35,36). Wells and co-workers
have shown that OGT and protein phosphatasel co-exist
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kao sto su PKC i PKA moze povecati razine O-GIcNAc (35).
Ako se ti podatci razmotre zajedno, ¢ini se da je najuobi-
¢ajenija interakcija izmedu fosforilacije i O-GIcNAc recip-
rocna.

O-GIcNAc moze takoder prijeciti razgradnju proteina, bilo
blokiranjem fosforilacijskih mjesta nuznih da bi pospjesio
razgradnju (npr. estrogenski receptor - ER - B koji ima sek-
vencu PEST = kratak zZivot proteina signalizira podrucje
bogato aminokiselinama prolinom - P, glutami¢nom kiseli-
nom - E, serinom - S, i treoninom - T), ili O-GIcNAc izravno
blokira ciljna mjesta razgradnje proteina (npr. Sp1) (40,41).
Postoje takoder dokazi koji ukazuju da je proteazom O-
glikoziliran te da razina O-GIcNAc na proteazomima ovisi
0 prehrambenom stanju stanica (42). Prema toj hipotezi
koncentracije glukoze te stoga i protok u HBP i O-GIcNAc
smanjuju se tijekom izgladnjelosti stanice, pa se protea-
zom time rjeSava inhibicije i omogucuje da razgradnja
proteina bude izvor energije.

Osim gore navedenih mehanizama, O-GIcNAc moze ta-
koder regulirati interakcije protein-protein i lokalizacije
proteina (pregled u 1, 43). S obzirom da je ugljikohidrat,
dodatavanje O-GIcNAc moze promijeniti hidrofobnost
proteina. Danas se malo zna o uc¢inku O-GIcNAc na hidro-
fobnost proteina, premda postoje odredeni dokazi da O-
GIlcNAc moze promijeniti hidrofobne reakcije izmedu pro-
teina (42). Takoder, nasi su nedavni, no jo$ neobjavljeni re-
zultati, pokazaliizmijenjenu osmotsku rezistenciju i difuzi-
ju unutarstani¢ne vode nakon primjene glukozamina.

Uloga O-GIcNAc u unutarstani¢nim
procesima

Prepoznavanje hranjivih tvari

Uvjerljivi dokazi ukazuju da HBP i O-GlcNAc znacajno sud-
jeluju u prepoznavanju hranjivih tvari (3). Visoke koncen-
tracije glukoze uzrokuju povecani protok kroz HBP i kas-
nije povecavaju O-GIcNAc koji smanjuje iskoristenje glu-
koze negativnim mehanizmom povratne sprege. Protok
kroz HBP, medutim, ne povecava samo glukoza vec i slo-
bodne masne kiseline, glutamin i glukozamin (3,44-46).
Poviseni O-GIcNAc najprije inhibira ulazak glukoze kroz
stani¢cnu membranu povisenjem inzulinske rezistencije.
Tocan mehanizam koji je u osnovi inzulinske rezistencije
nije jo$ uvijek potpuno jasan, no postoji nekoliko studija
koje otkrivaju oStecenje translokacije prijenosnika gluko-
ze GLUT4 na stani¢noj membrani kod primjene visokih
koncentracija glukoze ili glukozamina (47,48). Ta se pojava
moze, primjerice, dovesti u vezu s poremecenom aktivaci-
jom AKT za koju se pretpostavlja da je nuzna za transloka-
ciju GLUT4 ovisnu o inzulinu (vidjeti u nastavku).

O-GIcNAc takoder modulira sintezu glikogena (49). Gli-
kogen-sintazu (GS) deaktivira glikogen-sintaza-kinaza 3
(GSK-3). Inzulin preko PI3-kinaze, AKT i PKC inhibira GSK-3
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in a common complex (37). In some proteins, reduced O-
GlcNACc levels correlate with increased phosphorylation
levels (Tau from the brain tissue of Alzheimer’s disease
patients (38)). Also, a recent report has shown p38 phos-
phorylation to be a subject to O-GIcNAc modification
(39). It has been shown that inhibition of kinases such as
PKC and PKA may increase O-GIcNAc levels (35). If these
data are taken together, the most common interaction of
phosphorylation and O-GIcNAc seems to be reciprocal.
O-GIcNAc may also block protein degradation, either by
blocking phosphorylation sites which are required to
promote the degradation (e.g. estrogen receptor (ER)-
which has a PEST sequence = The short life-time of a pro-
tein is signaled by a region rich in the amino acids proline
(P); glutamic acid (E); serine (S); and threonine (T)) or O-
GIcNAc directly blocks the degradation target sites of the
proteins (e.g. Sp1) (40,41). There is also evidence sugges-
ting that the proteasome is O-glycosylated and the level
of O-GIcNAc on proteasomes depends on the nutritional
state of cells (42). According to this hypothesis, glucose le-
vels and consequently HBP flux and O-GIcNAc decrease
during cell-starvation and thus the proteasome would be
liberated from the inhibition allowing protein degrada-
tion to provide energy.

Apart from the above mentioned mechanisms, O-GIcNAc
may also regulate protein-protein interactions and pro-
tein localizations (reviewed in 1, 43). As a carbohydrate,
the addition of O-GIcNAc may change the hydrophobici-
ty of a protein. To date, little is known about the effect
of O-GIcNAc on protein hydrophobicity, although there is
some evidence that O-GIcNAc may change the hydropho-
bic interactions between proteins (42). Also, our recent,
yet unpublished results showed altered osmotic resistan-
ce and intracellular water diffusion following glucosami-
ne treatment.

The role of O-GIcNAc in intracellular
processes

Nutrient sensing

Strong evidence suggests that HBP and O-GIcNAc take a
significant part in nutrient sensing (3). High glucose levels
generate increased flux through the HBP and subsequen-
tly elevate O-GIcNAc, which downregulates glucose upta-
ke by a negative feedback mechanism. However, not only
glucose but free fatty acids, glutamine and glucosamine
also increase HBP flux (3,44-46). Elevated O-GIcNAc first
inhibits glucose entrance through the cell membrane by
increasing theinsulin resistance. The exact mechanism un-
derlying insulin resistance is not completely understood,
yet there are several studies showing that the transloca-
tion of glucose transporter GLUT4 to the cell membrane
is damaged when high levels of glucose or glucosamine
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i time uzrokuje pojacanu aktivnost GS (50). Jedan nacin
reguliranja O-GIcNACc jest blokiranje signalnog puta po-
taknutog inzulinom. Kao 5to je ve¢ navedeno, studije su
vec opisale da je nakon porasta O-GIcNAc aktivnost AKT
bila smanjena bilo izravnom inhibicijom fosforilacije ili
prethodnom inhibicijom kinaze (36). S druge je pak stra-
ne prikazano da sama GS moze biti O-glikozilirana te da
ta modifikacija inhibira njenu funkciju bas kao i fosforilaci-
ja pomocu GSK3 (21). Mehanizam koji je vjerojatan u tom
slucaju predstavlja dobar primjer koji ukazuje da fosforila-
cija i O-GIcNAc zajednicki djeluju u istom proteinu kako
bi blokirali njegovu aktivnost.

Stani¢ni ciklus

Postoji mnogo proteina koji su podlozni O-GIcNAc, a koji
su ukljuceni u stani¢ni ciklus, kao 3to je to protoonkogen
c-myc (51) ili citoskeletni proteini (regulacija diobenog
vretena tijekom citokineze) poput a-tubulina i keratina
8,13,18 (52-54). O-GIcNAc takoder modificira YY1 (55), pro-
tein koji sudjeluje u preslikavanju DNA, stani¢nom rastu
i diferencijaciji. Manjkava regulacija stani¢nog ciklusa
predstavlja najznacajniji ¢cimbenik u razvoju karcinoma
te je stoga razumijevanje uloge O-GIcNAc iznimno bitno.
Prekid HBP (npr. delecijom gena glukozamin-6P-acetil-
transferaze) rezultira znac¢ajno smanjenim ukupnim kon-
centracijama O-GIcNAc. Zatajenje HBP je smrtonosno za
eksperimentalne Zivotinje u embrionalnom stadiju (22),
no odrzanje stanicnih linija s manjkavim HBP je moguce.
Ipak, takve su stani¢ne linije obiljezene sporijim brzinama
rasta i izmijenjenim stani¢nim ciklusima (56). S obzirom
da poviseni O-GlcNAc takoder remeti stani¢ni rast, cini se
da se regulacija O-GIcNAc razlikuje u razlic¢itim stadijima
stani¢nog ciklusa. Slawson i sur. su nedavno pokazali da
je ispravno tretiranje O-GIcNAc nuzno za normalan sta-
ni¢ni ciklus te da je O-GIcNAc potreban za uskladivanje
napredovanja M-faze, citokinezu i fosforilaciju proteina u
mitozi (4).

Cimbenici prijepisa

Opcenito, glavnina proteina koje modificira O-GIcNAc
smjeStena je u jezgri i vezana za kromatin (57). U O-
GlcNAc je takoder obilno prisutan kompleks jezgrenih
pora (58), Sto ukazuje da O-GIcNAc modulira promet kroz
jezgru. Ipak, nedavno je opisano da prisutnost O-GIcNAc
nije nuzna za prijenos kroz pore (59). Najvaznija uloga O-
glikozilacije u jezgri je regulacija prijepisa (transkripcije).
Popis poznatih ¢imbenika prijepisa koje O-GIcNAc povi-
suje ili smanjuje svakim je danom sve veca; Whelan i sur.
su nedavno objavili obnovljeni popis (60). Neki od primje-
ra tih ¢imbenika su Sp1 (41), p53 (8), CREB (5) i NF-kB (7).
O-GIcNAc sluzi kao signal za lokalizaciju proteina u jezgri
(17), a takoder i kao modifikacija u odnosu na transkripcij-
sku aktivnost. Modifikacija O-GIcNAc moze povecati (p53
(8)) ili smanijiti (CREB (5)) transkripcijsku aktivnost, ili obo-
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are administered (47,48). This phenomenon can be linked
to, e.g., impaired AKT activation which is presumably
required for insulin-dependent GLUT4 translocation (see
below).

Glycogen synthesis is also modulated by O-GIcNAc (49).
Glycogen Synthase (GS) is deactivated by Glycogen
synthase kinase 3 (GSK-3). Insulin, through PI3kinase, AKT
and PKC inhibits GSK-3 thus causing increased GS activity
(50). One way of O-GIcNAc regulation is to block the sig-
naling pathway induced by insulin. As mentioned, it has
been reported that upon increased O-GIcNAc, AKT activi-
ty was reduced either by direct inhibition of phosphoryla-
tion or by upstream kinase inhibition (36). On the other
hand, it has been shown that GS itself can be O-glycosyla-
ted, and this modification inhibits its function just like
phosphorylation by GSK3 (21). The putative mechanism
here is a good example to show that phosphorylation
and O-GIcNAc co-operate in the same protein to block its
activity.

Cell cycle

There are many O-GIcNAc susceptible proteins that are
involved in cell cycle, such as the proto-oncogen c-myc
(51), or cytoskeletal proteins (regulation of the mitotic
spindle during cytokinesis) as a-tubulin and keratin 8, 13,
18 (52-54). YY1 (55), a protein involved in DNA replication,
cell growth and differentiation is also O-GIcNAc modi-
fied. Inadequate regulation of cell cycle is a major factor
in the development of cancer, so that the understanding
of the role of O-GIcNACc is essential. Disruption of the HBP
(e.g. by gene-deletion of glucosamine-6P-acetyltransfe-
rase) results in significantly lowered overall O-GIcNAc
levels. Failing HBP is lethal for experimental animals in
embryonic phase (22), yet HBP-defective cell lines can be
maintained. Still, these cell lines have slower growth rates
and altered cell cycles (56). Since elevated O-GIcNAc also
disturbs cell growth, O-GIcNAc regulation seems to be dif-
ferent during the various phases of the cell cycle. Slawson
et al. have recently shown that proper O-GIcNAc processi-
ng is required for normal cell cycle and that O-GIcNAc is
necessary for the fine-tuning of the M-phase progression,
cytokinesis, and mitotic protein phosphorylation (4).

Transcriptional factors

In general, the bulk of O-GIcNAc-modified proteins are lo-
calized in the nucleus, associated to chromatin (57). The
nuclear pore complex is also abundant in O-GIcNAc (58),
suggesting that O-GIcNAc modulates nuclear trafficking.
However, it has been shown recently that the presence
of O-GIcNAc is not necessary for pore transport (59). The
most important role of O-glycosylation in the nucleus
is the regulation of transcription. The list of known tran-
scriptional factors that can be up- or downregulated by
O-GlcNAc is growing every day; Whelan et al. have recen-

Biochemia Medica 2007;17(2):139-270

167



Nagy T. i sur.

O-GIcNAc: svestrani regulator preoblikovanja signala

Nagy T. et al.

je (Sp1) (41,61,62). Moguce objasnjenje za takvu raznoliku
funkcionalnost jest da bi na tim proteinima mogla biti pri-
sutna visestruka mjesta za O-GlcNAc koja su odgovorna bi-
lo za odgodenu razgradnju proteina (posljedica pojacane
razgradnje je smanjena aktivnost) ili regulaciju (pozitivho
ili negativno) aktivnosti prijepisa. NF-kB (vidjeti u nastav-
ku) je prisutan u svim stanicama i aktivira ga Sirok raspon
podrazaja: stres, citokini, slobodni radikali ili antigeni. NF-
KB ima vaznu ulogu u imunom odgovoru, upali, autoimu-
nim bolestima, Secernoj bolesti, karcinomu, te odgovoru
na sréani stres tako da je modifikacija O-GIcNAc svakako
od osobitog znacenja (7,63,64).

Tretiranje Ca**

Uzevsi u obzir njegovu Siroku stani¢nu primjenjivost, vje-
rojatno je da bi O-GIcNAc mogao ometati regulaciju unu-
tarstani¢nog Ca*, osobito kod stresa i epizoda ishemije/
reperfuzije u kojima je [Ca*'] klju¢ni element preoblikova-
nja signala. Medudjelovanje izmedu O-GIcNAc i fosforila-
cije je nepobitno dokazano; do sada, medutim, samo neiz-
ravni dokazi naznacuju takvo medudjelovanje s homeos-
tazom [Ca“]i (65).

Ve je odavno poznato da je tzv. glukoza-inzulin-kalij (en-
gl. glucose-insulin-potassium, GIK) blagotvoran za bolesni-
ke zahvacene ishemijom/reperfuzijom (66). Stovise, u is-
pitivanjima na Zivotinjama kratkotrajna hiperglikemija ili
primjena glukozamina stiti od opterecenja s Ca** potaknu-
tog ishemijom/reperfuzijom (67). Cini se da glukozamin
takoder prijeci ulaz kapacitacijskog kalcija (engl. capacita-
tive calcium entry, CCE) koji predstavlja povecanje Ca* ko-
je potice IP, (16,68). Kao 5to smo nedavno i dokazali, ta se
inhibicija u kardiomiocitima zbiva preko O-GIcNAc (16) ia-
tijekom ishemije/reperfuzije u srcu je po sebi sloZzen me-
hanizam koji nije poznat u svim detaljima; medutim, gore
navedeni neizravni dokazi ukazuju da HBP i/ili O-GIcNAc
moduliraju homeostazu [Ca2+]i.

Tijekom epizode ishemije ili nakon podrazaja agonista
kao Sto je angiotenzin Il (Angll) aktivira se fosfolipaza C
(PLC) koja stvara dva sekundarna glasnika, tj. inozitol-tri-
fosfat (IP,)i diacil-glicerol (DAG). Porast Ca?* moze nastati
i pomocu puta IP, i puta DAG/PKC. IP, otpusta Ca** iz ER
(Sto je popraceno ulaskom drugog Ca?* iz izvanstani¢nog
prostora (nazvanog CCE)), dok PKC/DAG aktivira Ca?*-ka-
nale u stani¢noj membrani (L-tipa i vjerojatno druge Ca®*-
kanale takoder). Nekoliko je ¢lanaka pokazalo da skupina
TRPC (engl. transient receptor protein channel, kanal krat-
kotrajnog receptorskog proteina) proteina membrane
ima vaznu ulogu u regulaciji [Ca**], u srcu bilo preko akti-
vacije IP, ili PKC-a (69).

O-GIcNAc moze na nekoliko razina interferirati s tom regu-
lacijom [Ca“]i, npr. u PLC ili nakon receptora PLC: IP, i/ili
PKCidrugih kinaza. Uklanjanje i ponovni unos Ca?* (izmje-
njivaci Na*/Ca?", SERCA (sarko/endoplasmatska Ca*" -ATPa-
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tly published an updated list (60). Some examples are Sp1
(41), p53 (8), CREB (5) and NF-kB (7). O-GIcNAc serves as
a signal to localize a protein to the nucleus (17), and also
as a modification in relation to transcriptional activity. O-
GlcNAc modification can increase (p53 (8)), or decrease
(CREB (5)) transcriptional activity, or both (Sp1) (41,61,62).
A possible explanation for the diverse functionality is that
on these proteins multiple O-GIcNAc sites could be pre-
sent that are responsible for either delayed protein deg-
radation (increased degradation results in lower activity)
or the regulation (positively or negatively) of transcriptio-
nal activity. NF-kB (see below) is present in all cells and is
activated upon a wide range of stimuli; stress, cytokines,
free radicals, or antigens. NF-kB plays a significant role in
immune response, inflammation, auto-immune diseases,
diabetes, cancer, and cardiac stress response so that its O-
GlcNAc modification has a special importance (7, 63,64).

Ca** handling

Considering the wide cellular applicability of O-GIcNAc,
it is plausible that it might also interfere with intracellular
Ca** regulation, especially in stress and ischemia/reperfu-
sion episodes where [Ca“]i is a crucial signal transduction
element. The interaction of O-GIcNAc with phosphoryla-
tion has been well established; however, so far only indi-
rect evidence suggests that it is also involved in [Ca“]i
homeostasis (65).

It has long been known that the so-called glucose-insu-
lin-potassium (GIK) is beneficial for patients affected by
ischemia/reperfusion (66). Moreover, in animal models,
short term hyperglycemia or glucosamine treatment pro-
tects from ischemia-reperfusion induced Ca?* -overload
(67). Glucosamine also seems to inhibit Capacitative Cal-
cium Entry (CCE) - which is an IP, induced Ca*-increase
(16, 68). As we have shown recently, this inhibition in car-
diomyocytes occurs via O-GIcNAc (16), although specific
target proteins are unknown. The regulation of [Ca“]i
during ischemia/reperfusion in the heart is in itself a com-
plex mechanism not known in every detail; however, the
above mentioned indirect evidence suggests that HBP
and/or O-GIcNAc modulate the [Ca“]i homeostasis.
During an ischemic episode or upon stimuli by an an ago-
nist such as Angiotensin Il (Angll), phospholipase C (PLC)
is activated and generates two secondary messengers,
inositol triphosphate (IP,) and diacyl-glycerol (DAG). Ca*
increase can be mediated by both the IP, and the DAG/
PKC route. IP, releases Ca* from the ER (which is followed
by a second Ca?* influx from the extracellular space (cal-
led CCE)) while PKC/DAG activates Ca?** channels in the ce-
[ membrane (L-type and probably other Ca* channels as
well). A number of papers has shown that the TRPC (tran-
sient receptor protein channel) membrane protein family
plays an important role in the regulation of [Ca2+]i in the
heart either through IP, or PKC activation (69).
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se), mitohondriji) mogu takoder biti zahvaceni. Zapravo,
nedavno je opisano da je O-GIcNAc smanjio aktivnost PLC
te se time ukazalo na PLC kao moguc¢u metu O-GIlcNAc
(65). Proteini TRPC su takoder vjerojatni kandidati za O-
GIcNAc, npr. analiza proteinskog slijeda za TRPC1 ukazu-
je na visokoafinitetno mjesto za O-GIcNAc blizu zavrsnog
podrudja NH,.

Proteini O-GIcNAc povezani s [Ca**] koje smo do sada
razmatrali utjecu uglavnom na kratkotrajne poslijetran-
slacijske modifikacije. Alternativno, dugotrajna izlozeno-
st visokim koncentracijama glukoze takoder omogucuje
promjene u izrazaju jer modifikacija ¢cimbenika prijepisa
potaknuta s O-GIcNAc moZe utjecati na razine izrazaja
proteina ukljucenih u postupke s [Ca*]. Zapravo, za SER-
CA2a je izvijeSteno da ima smanjen izrazaj nakon dulje in-
kubacije visoke glukoze i ta se promjena pripisala razini
prijepisa (Sp1), a ne poslijetranslacijskoj modifikaciji (29).
Zbog toga, ¢ak i kad visoke koncentracije glukoze mogu
u odredenim okolnostima biti korisne za prezivljenje sta-
nica, prethodna povijest dugotrajne izloZzenosti visokim
koncentracijama glukoze vjerojatno zasjenjuje blagotvor-
ne ucinke u ovom slucaju.

Uloga O-GIcNAc u patogenezi

Secerna bolest

Secernu bolest tipa 2 obiljezavaju povisene koncentracije
glukoze u krvi zbog inzulinske rezistencije perifernih sta-
nica, kao i komplikacije Secerne bolesti prouzro¢ene du-
ljom izloZzenosti visokoj glukozi. Premda je jo$ potrebno
¢ekati na objasnjenje to¢nih mehanizama, glavnina studi-
ja slaZe se u tome da O-GIcNAc doprinosi kako inzulinskoj
rezistenciji, tako i razvoju komplikacija Secerne bolesti.

Inzulinska rezistencija

Smanjeni prijenos glukoze kroz membranu stanica rezulti-
ra inzulinskom rezistencijom. Uzrok tome je poremecena
translokacija prijenosnika glukoze GLUT4 (koji je vjerojat-
no protein O-GIcNAc (70)). Tu translokaciju (kao i mode-
liranje i fuziju s membranom) reguliraju visestruki meha-
nizmi, uz inzulin i aktivaciju inzulinskog receptora kao
najvaznije ¢imbenike. Sljededi korak ukljucuje IRS-1 i IRS-2
(supstrati inzulinskog receptora) ciji je kapacitet vezanja
0O-GIcNAc nepobitno potvrden (19,71,72). Nakon IRS;PI3ki-
naze, Akt, (smanjene aktivnosti kod inzulinske rezistenci-
je) PKC, p38 i NF-kB (povecane aktivnosti kod inzulinske
rezistencije) ukljuceni su u slijed (kaskadu) inzulinskog sig-
nalnog puta. Od navedenih su glasnika IRS (72) i PI3kina-
za (19) O-GlcNAc-proteini, dok su vjerojatno Akt (72), p38
(39) i NF-kB (7) takoder kandidati za O-glikozilaciju. lako
je O-glikozilacija NF-kB jos uvijek pretpostavka, aktivacija
NF-kB u $ecernoj bolesti je dobro opisana (7). Osim pomo-
¢u O-GIcNAc, NF-kB se moze aktivirati pomocu Angll ili
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O-GlcNAc could interfere at several levels of this [Ca**], re-
gulation, for example in PLC, or downstream of PLC: IP,
receptor and/or PKC and other kinases. The elimination
and re-uptake of Ca?* (Na*/Ca?* exchangers, SERCA (sarco/
endoplasmic Ca?* -ATPase), mitochondria) might also be
affected. In fact, it has recently beeen shown that PLC ac-
tivity was downregulated by O-GIcNAc, suggesting that
PLC is a possible O-GIcNAc target (65). TRPC proteins are
also likely candidates for O-GIcNAc, e.g. the analysis of
the protein sequence for TRPC1 suggests a high-affinity
site for O-GIcNACc, close to the NH_-terminal region.

The O-GlcNAc-proteins concerning [Ca**] discussed so far
affect mainly short-term posttranslational modifications.
Alternatively, long term exposure to high levels of gluco-
se also enables expressional changes since the O-GIcNAc
modification of transcriptional factors can influence the
expressional levels of proteins involved in [Ca*] handli-
ng. Indeed, SERCA2a was reported to have a decreased
expression after prolonged high glucose incubation and
this change was attributed to the transcriptional level
(Sp1) rather than to posttranslational modification (29).
Thus, even if high glucose levels can be useful for cell
survival under certain circumstances, previous history of
long-term high glucose exposure probably overshadows
the beneficial effects in this case.

The role of O-GIcNAc in pathogenesis

Diabetes

Type 2 diabetes is characterized by increased levels of
blood glucose via insulin resistance of peripheral cells,
and by diabetic complications caused by prolonged expo-
sure to high glucose. Although the exact mechanisms
await further clarification, the majority of reports concur
that O-GIcNAc contributes to both insulin resistance and
to the development of diabetic complications.

Insulin resistance

Reduced glucose transport through cell membrane
results in insulin resistance. This is caused by impaired
translocation of GLUT4 glucose transporter (which is pro-
bably an O-GIcNAc protein (70)). This translocation (and
also the docking and the fusion with the membrane) is
regulated by multiple mechanisms, with the most impor-
tant factor being insulin and insulin receptor activation.
The next step involves IRS-1 and -2 (insulin receptor sub-
strates) whose O-GIlcNAc binding capacity has been well
established (19,71,72). Downstream of IRS; PI3kinase, Akt,
(decreased activity in insulin resistance) PKC, p38 and NF-
KB (increased activity in insulin resistance) have been im-
plicated in the insulin signaling pathway cascade. From
these messengers, IRS (72), PI3kinase (19) are O-GIlcNAc
proteins, and putatively Akt (72), p38 (39), and NF-kB (7)
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slobodnih radikala, 5to takoder doprinosi inzulinskoj rezis-
tenciji.

Funkcionalnost Munc18c, regulatora modeliranja/fuzije
vezikula (koji npr. sadrze GLUT4) na plazmatsku membra-
nu, poremecena je kod primjene glukozamina ili visokih
koncentracija glukoze (73). Munc18c je takoder podlozan
O-glikozilaciji. lako navedeni dokazi ukazuju da O-GIcNAc
ima klju¢nu ulogu u inzulinskoj rezistenciji, O-GIcNAc nije
ni u kom slucaju nuzan za razvoj tog poremecaja (74).

Komplikacije Se¢erne bolesti

Brownlee (75) je objavio najsveobuhvatniju pretpostavku
kao objasnjenje temeljnoga molekularnog patomehaniz-
ma svih komplikacija Secerne bolesti kao $to su ubrzana
ateroskleroza, zatajenje perifernih Zivaca, te komplikacije
vezane za bubrege i mreznicu uzrokovane mikrovaskular-
nim ostecenjem. Prema tom autoru pretjerano stvaranje
mitohondrijskog superoksida potaknuto hiperglikemijom
blokira gliceraldehid-3P-dehidrogenazu, klju¢ni enzim
u glikolizi. Zbog toga su kasniji metaboliti usmjereni na
druge putove; poliolni put, krajnje produkte glikacije (en-
gl. advanced end-glycation products, AGE), aktivaciju PKC
(zbog povecanog stvaranja DAG), te povecani protok kroz
HBP. Kod komplikacija Secerne bolesti, HBP je povezan s
povecanim izrazajem TGFa (engl. transforming growth fac-
tor, transformirajuci ¢cimbenik rasta), TGF-31 i PAI-1 (engl.
plasminogen activator inhibitor, inhibitor aktivatora plaz-
minogena) (62,76,77). To¢na veza izmedu TGF i HBP nije
jos otkrivena (pretpostavlja se da je to PKC (78)); medu-
tim, ¢imbenik prijepisa Sp1, koji je O-GIcNAc-protein, po-
vecava izrazaj PAI-1.

Endotelna dusi¢no-oksidna sintaza (eNOS) takoder je pod-
loZzna O-glikozilaciji; ¢injenica da O-GIcNAc prikriva fosfo-
rilacijska mjesta Akt na eNOS-u sprjecava aktivaciju Akt i
time smanjuje koncentracije NO koji je snazan vazodilata-
tor (19,79). HBP neizravno aktivira i put PKC, premda ne sa-
mom neposrednom O-glikozilacijom PKC ve¢ vjerojatno
uklju¢ivanjem drugih kasnijih kinaza (80). Ako se razmot-
re zajedno, ti dokazi uvjerljivo ukazuju da O-glikozilacija
proteina regulira mnogo stani¢nih procesa povezanih
s Se¢ernom bolesti, te da dugotrajni poremecaj HBP i/ili
postupaka vezanih za O-GlcNAc dovodi do teskih kompli-
kacija Secerne bolesti.

Odgovor na stres

Kao $to je vec prethodno navedeno, glukozamin i visoka
glukoza sprjecavaju ishemijsku/reperfuzijsku ozljedu i pa-
radoks vezan za Ca?*. Nedavno je pokazano da selektivno
povecanje razina O-GIcNAc ima sli¢an ucinak (14,16). Bilo
u prokrvljenom srcu ili u Stakora s traumatskim krvare-
njem, glukozamin uzrokuje i povecane koncentracije O-
GlcNAc kao i istodobno smanjenje ishemijskog oStecenja
(14,81). PUGNAC, specifi¢an inhibitor O-GIcNAkaze, tako-
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are also candidates for O-glycosylation. Although the O-
glycosylation of NF-kB is putative yet, the activation of
NF-kB in diabetes has been well described (7). Apart from
O-GIcNAc, NF-kB can be also activated by Angll or by free
radicals, also contributing to insulin resistance.

The functionality of Munci8c, a regulator of docking/fu-
sion of vesicles (containing e.g. GLUT4) to plasma mem-
brane is disturbed when treated with glucosamine or
high levels of glucose (73). Munc18c is also subject to O-
glycosylation. Although all this evidence suggests that O-
GlcNAc plays a major part in insulin resistance, O-GIcNAc
is not by all means necessary for its development (74).

Diabetic complications

The most comprehensive hypothesis to explain the
underlying molecular pathomechanism of all diabetic
complications, such as accelerated atherosclerosis, perip-
heral nerve failure, renal and retinal complication caused
by microvascular damage, was published by Brownlee
(75). According to this author, hyperglycemia-induced
mitochondrial superoxide overproduction blocks glyce-
raldehyde-3P-dehydrogenase, a key enzyme in glycolysis.
Therefore the upstream metabolites are diverted to other
pathways: the polyol way, the advanced end-glycation
products (AGE), the activation of PKC (by increased pro-
duction of DAG), and increased flux through the HBP. The
HBP is associated in diabetic complications with increased
expression of TGFa (transforming growth factor), TGF-{31
and PAI-1 (plasminogen activator inhibitor) (62,76,77).
The exact link between TGF and HBP has not been revea-
led yet (PKC is assumed (78)); however, PAI-1 expression
is increased by Sp1 transcriptional factor which is an O-
GlcNACc protein.

Endothelial nitric oxide synthase (eNOS) is also O-glyco-
sylated, the O-GIcNAc masking of the Akt phosphoryla-
tion sites on eNOS prevents its activation, thus decreasing
the levels of the NO which is a strong vasodilatator (19,79).
HBP indirectly activates also the PKC pathway, although
apparently not by direct O-glycosylation of PKC itself, but
probably by the involvement of other upstream kinases
(80). Taken together, these pieces of evidence strongly
suggest that protein O-glycosylation regulates a great
number of cellular processes related to diabetes, and that
the long term disturbance in HBP and/or O-GIcNAc-han-
dling leads to severe diabetic complications.

Stress response

As mentioned above, glucosamine and high glucose
prevent ischemia/reperfusion injury and Ca?* paradox.
Recently, it has been shown that selective increase in
the levels of O-GIcNAc has a similar effect (14,16). Either
in perfused heart or in trauma-hemorrhage rat models,
glucosamine caused both increased levels of O-GIcNAc
and simultaneously reduced ischemic damage (14,81). In
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der stiti od hipoksijskog ostecenja u izoliranim kardiomio-
citima (82).

S druge strane, stanice su bez ikakvog vanjskog zahvata
sklone povecati svoje koncentracije O-GIcNAc kod stresa.
Kao sto su pokazali Hart i sur., odgovor na nekoliko razlici-
tih stresova (vrucina, hipoksija, osmotski stres) ukljucivao
je poviseni O-GIcNAc (11). Slabljenje OGT ne samo da je
ponistilo O-GIcNAc povisen zbog stresa vec je smanijilo i
podnosenje stresa te prezivljenje stanice. Cini se da takav
rezultat podupire pretpostavku da je O-GIcNAc nuzan ele-
ment normalnog odgovora na stres.

Koji su specifi¢ni ciljni proteini povezani s O-glikozilaci-
jom aktiviranom stresom? Cini se da su proteini toplin-
skog $oka (Hsp, engl. heat shock proteins) prvi razumni od-
govor, jer zaista nekoliko takvih proteina predstavlja kan-
didate za O-GIcNAc (51,83). Takoder je ukazano da je izra-
7aj Hsp70 pojacan nakon modifikacije O-GIcNAc (11). Gle-
predmet regulacije. Hipoksija ili stres povecavaju [Ca*], a
Ca”" je posrednikom u nekoliko $tetnih ucinaka ukoliko se
pocetni stres ubrzano ne ukloni. Povecani [Caz*]i aktivira
unutarstani¢ne glasnike kao $to su kalcineurin, kalmodu-
lin, NF-AT, PKC i kaspaze. Posljedica toga je aktivacija ne-
koliko ¢imbenika prijepisa tako da stanice umiru uslijed
hipertrofije ili apoptoze. Zanimljivo je da hipoksija izaziva
prijenos glukoze od strane Ca®" (84), $to je neizravan do-
kaz veze izmedu [Ca*], i regulacije O-GIcNAc. Kao $to je
ranije spomenuto, pokazali smo da je manipuliranje O-
GlcNAc utjecalo na regulaciju [Ca**], u kardiomiocitima
(16). Povecane koncentracije O-GIcNAc u kardiocitima,
nastale bilo povecanjem protoka kroz HBP zbog primje-
ne glukozaminailiinhibiranja O-GlcNAkaze pomoc¢u PUG-
NAc, sprjecavaju porast bazalnog [Ca**], koji izaziva Angll
(Slika 2). Moguce je da se taj inhibicijski u¢inak O-GIcNAc
na razinu [Caz*]i razvija preko visestrukih meta, npr. PLC ili
kanala TRPC.

Uloga O-GIcNAc u odgovoru na stres moze se opisati na
sljededi nacin: stres aktivira nekoliko signalnih putova, od
kojih je najvazniji Ca* koji zaista na pocetku sluzi kao pri-
rodan i nuzan mehanizam prilagodbe. [Ca“]izatim olaksa-
va ulazak glukoze u stanice, ¢ime osigurava dodatni izvor
energije. Medutim, mali udio glukoze prolazi kroz HBP i
izaziva modulaciju i smanjenje [Ca*] te odgovora na stres
od strane O-GIcNAc. Ako je stresni podrazaj kratkotrajan
ili ogranicen, HBP moze sprijeciti pretjeranu reakciju stani-
ce, no ako je podrazaj dulji (no jo$ uvijek nije smrtonosan)
fizioloski porast O-GIcNAc ¢esto nije dovoljan da bi ponis-
tio Stetne ucinke preopterecenja s Ca*-.

O-GlcNAc se takoder dobro uklapa u teoriju preduvjetova-
nja: kratka, blaga ishemija ili stres smanjuju rizik i ozbiljno-
st kasnijeg ishemijskog napadaja (85). Preduvjetovanost
se pripisuje i odredenom broju signalnih putova kao $to
su Akt/PlI3kinaza ili PKC (86). S obzirom da mu stres pove-
¢ava koncentraciju, O-GIcNAc raste tijekom prvog podra-
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isolated cardiomyocytes, PUGNAC, a specific inhibitor of
O-GlcNAcase, also protected from hypoxic damage (82).
On the other hand, without any external intervention cel-
Is tend to increase their O-GIcNAc levels upon stress. As
it was shown by Hart and coworkers, the stress response
to a number of different stress (heat, hypoxia, osmotic
stress) included elevated O-GIcNAc (11). Blunting OGT not
only abolished the stress-elevated O-GIcNAc but reduced
the stress tolerance and cell survival. This result seems to
support the hypothesis that O-GIcNAc is a necessary ele-
ment of normal stress response.

Which are the specific target proteins related to stress ac-
tivated O-glycosylation? Heat shock proteins seem to be
the first reasonable answer, indeed a number of Hsp-s are
candidates for O-GIcNAc (51,83). It was also shown that
the expression of Hsp70 is increased after O-GIcNAc modi-
fication (11). For O-GIcNAc, another subject of regulation
could be the [Ca*"] homeostasis. Hypoxia or stress eleva-
tes [Ca“]i, and Ca** mediates a number of deleterious ef-
fects unless the initial stress is removed quickly. Elevated
[Ca*'], activates intracellular messengers such as calcineu-
rin, calmodulin, NF-AT, PKC and caspases. This results in
the activation of several transcriptional factors and the
cells end up either in hypertrophy or apoptosis. Interestin-
gly, hypoxia induces glucose transport by Ca*" (84) which
is an indirect evidence for the link between [Ca**]. and O-
GlcNAc regulation. As mentioned above, we have shown
that manipulations with O-GIcNAc influenced [Ca**] regu-
lation in cardiomyocytes (16). In cardiomyocytes, elevated
levels of O-GIcNAc, achieved either by increasing the flux
through the HBP by glucosamine treatment or inhibiting
0O-GIcNAcase with PUGNAC, prevent the increase of basal
[Ca**], induced by Angll (Figure 2). This inhibitory effect of
0-GIcNAc on [Ca*]. level develops possibly via multiple
targets, e.g. PLC or TRPC channels.

The role of O-GIcNAc in stress response could be des-
cribed as follows: stress activates several signaling pat-
hways, most importantly Ca?* which indeed at first serves
as a natural and necessary adaptation mechanism. [Ca**]
then facilitates the entering of glucose into cells, which
provides additional energy source. However, a small por-
tion of the glucose will flux through the HBP, inducing
the modulation and downregulation of [Ca“]i and stress
response by O-GIcNAc. If the stress stimulus is short-term
or limited, HBP can prevent the cells to over-react, howe-
ver if the stimulus is prolonged (but still sub-lethal), the
physiological O-GIcNAc elevation is often not sufficient
to counter the deleterious effects of Ca?*-overload.
O-GlcNAc also fits well into the preconditioning theory: a
short, mild ischemia or stress reduce the risk and serious-
ness of a subsequent ischemic attack [85]. Preconditio-
ning was attributed to a number of signaling pathways,
such as Akt/PlI3kinase or PKC (86). Since stress increases
O-GIcNACc levels, O-GIcNAc elevates during the first sti-
muli and by the second exposure it could help to reduce
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SLIKA 2. Povecane koncentracije O-GIcNAc inhibiraju porast [Ca*],
izazvan od Angll. A) Lijevo: Primjena Angll (naznacena strelicom) uz-
rokuje ubrzani porast dijastolickog [Ca**], u neonatalnim kardiomioci-
tima Stakora. Desno: prethodna primjena 5 mM glukozamina tijekom
10 minuta inhibira porast dijastolickog [Ca*"], izazvanog od Angll. B)
Promjene baznog [Ca*], nakon primjene Angll u odnosu na kontrole.
Glukozamin i PUGNAC, koji je inhibitor O-GlcNAkaze, oboje smanjuju
porast [Ca*'], dok je aloksan, inhibitor OGT, djelomice ponistio u¢inak
glukozamina.

Zaja, a kod druge izloZenosti moZze pomodi u smanjivanju
ostecenja izazvanog stresom. Kao i ranije, pretpostavlja-
mo da se taj uc¢inak zbiva pomocu visestrukih mehaniza-
ma i meta, a ne modificiranjem jedinstvenog odabranog
glasnika. Vjerojatno je da ukupna razina O-GIlcNAc u stani-
ci odrazava opcenitu podnosljivost za stres i stanje prila-
godbe u odredenom vremenu.

Ucinak HBP i O-GIcNAc u Secernoj bolesti i odgovoru na
stres vrlo je proturjecan. Moguce objasnjenje za to jest
to ¢injenica da je Secerna bolest dugotrajna, kroni¢na bo-
lest kod koje su pridruzenoj hiperglikemiji i pove¢anom
O-GIcNAC potrebni mjeseci ili godine da bi razvili kompli-
kacije Secerne bolesti, dok je O-glikozilacija izazvana stre-
som akutno i vrlo ubrzano stanje (12). To znaci da su u Se-
¢ernoj bolesti i stresu modificirani razliciti proteini, ili pak
da su uklju¢eni isti proteini no da pocetna, kratkotrajna
aktivacija nije dovoljna za pokretanje aktivacije signalnih
slijedova (kaskada) i Stetne ucinke zapazene kod Secerne
bolesti.
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FIGURE 2. Increased O-GlcNAc levels inhibit Angll-induced [Ca?1], rise.
A Left: Angll (indicated by the arrow) treatment causes rapid increase
in diastolic [Ca*] in neonatal rat cardiomyocytes. Right: pretreatment
with 5 mM glucosamine for 10 min inhibits the diastolic [Ca**] increase
elicited by Angll. B.) Changes in baseline [Ca**] after Angll treatment,
relative to controls. Both glucosamine and PUGNAC, an inhibitor of O-
GlcNAcase, reduced the increment of [Ca*], whereas alloxan, an inhibi-
tor of OGT, partially reversed the effect of glucosamine.

the stress-induced damage. As above, we assume that
this effect occurs via multiple mechanisms and targets
rather than by modifying a single selected messenger. It
is plausible that the overall O-GlcNAc level of the cell ref-
lects the general stress tolerance and adaptation state at
a given time.

The effect of HBP and O-GIcNAc in diabetes and in stress
response is quite contradictory. A possible explanation is
that while diabetes is a long term, chronic disease and the
associated hyperglycemia and elevated O-GIcNAc need
months or years to develop diabetic complications, the
stress-induced O-glycosylation is an acute, very rapid con-
dition (12). This means either that in diabetes and in stress
different proteins are modified, or that the same proteins
are involved, but the initial, short term activation is not
sufficient to initiate the activation of signaling cascades
and the deleterious effects observed in diabetes.

It is well known that diabetic patients have a significantly
increased risk for cardiovascular damage and ischemic
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Za oboljele od Secerne bolesti dobro je poznato da ima-
ju znacajno povecani rizik za kardiovaskularno ostecenje i
epizode ishemije. Za to je potrebna dugotrajna izloZzenost
visokoj koncentraciji glukoze koja nepovratno ostecuje sr-
¢anozilni sustav. Tijekom akutnog napadaja ishemije mo-
gudi regulacijski porast O-GIcNAc je beznacajan u odno-
su na sprjecavanje ozljeda izazvanih hipoksijom. S druge
strane, bolesnik koji nema Secernu bolest mogao bi imati
vecu korist od povecane glukoze i HBP koja je ve¢ ukljuce-
na uporabom infuzija. Premda u krajnje teorijskom smis-
lu, primjena glukozamina mogla bi imati iste ili bolje re-
zultate. Glukozamin je vec¢ u Sirokoj uporabi kao terapijski
lijek kod osteoartritisa. On bi mogao imati prodijabeticki
ucinak iako dosadasnje studije nisu to mogle nedvosmis-
leno dokazati (87). Cini se da je relativno neskodljiv u nor-
malnoj dozi ili kod kratkotrajne primjene.

Upala

Uloga O-GIcNAc u upali je prijeporna. U secernoj bolesti
je aktiviran NF-kB, a i posrednici upale povecavaju svoj iz-
razaj, primjerice TGF-P1 ili PAI-1 (62,77). Pretjerani izrazaj
TGF-f31 je vjerojatno povezan s aktivacijom PKC (78) koji
sudjeluje u inzulinskoj rezistenciji i komplikacijama, dok
promotor PAI-1 aktivira Sp1, jedan od prvih ¢imbenika pri-
jepisa za kojega je utvrdeno da je O-glikoziliran.

Sdruge strane, nekoliko je studija opisalo da primjena glu-
kozamina inhibira NF-kB u konjuktivnim stanicama (88) ili
u hondrocitima (13). Ta inhibicija o¢igledno moze objasni-
ti blagotvorne ucinke glukozamina kod osteoartritisa. Ta-
koder je u studijama izvijeSteno da glukozamin sprjecava
proliferaciju T-stanica izazvanu CD3 (89) te utvrdeno da
produzuje prezivljenje kardijalnog alo-presatka u miseva
(90). Autori druge publikacije predlazu da bi protuupalni
i imunosupresijski u¢inak glukozamina mogao biti pove-
zan s prolaznom izloZzeno$¢u, dok je za inzulinsku rezisten-
ciju nuzna stalna prisutnost glukozamina.

Zloc¢udne bolesti

Postoji relativno malo dostupnih podataka o ulozi O-
GlcNAc u zlo¢udnim bolestima. O-GIcNAc, medutim, ima
znacajnu ulogu u stani¢nom ciklusu, a brojni su ¢imbenici
prijepisa podlozni O-glikozilaciji. Primjerice, za protoonko-
gen c-myc je utvrdeno da je O-glikoziliran, a mjesto(a) O-
GlcNACc je smjeSteno unutar ili blizu N-terminalne dome-
ne aktivacije prijepisa/zlo¢udne transformacije, podru¢ja
gdje se mutacije ¢esto nalaze u Burkittovim i s AIDS-om
povezanim limfomima (91). Za supresor tumora p53 tako-
der je utvrdeno da je O-glikoziliran; ¢ini se da O-GIcNAc
modulira njegovu sposobnost vezanja DNA (8) ili bloki-
ra fosforilaciju koja odgada proteolitsku razgradnju p53
(92).

Cimbenik prijepisa Sp1 takoder se ¢esto povezuje s karci-
nomima (93). Sp1 je povezan sa stanjem hipoglikozilacije
i ubrzano ga razgraduje proteazom, no ta se razgradnja
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episodes. This needs a long time exposure to a high level
of glucose which irreparably damages the cardiovascular
system. During an acute ischemic attack, the possible re-
gulatory O-GIcNAc elevation is insignificant in terms of
preventing hypoxia-induced injuries. On the other hand,
a non-diabetic patient could better benefit from elevated
glucose and HBP, as it has already been implicated by the
use of GIK infusions. Although it is highly theoretical, glu-
cosamine treatment could grant the same or better resul-
ts. Glucosamine is already a widely used therapeutic drug
in osteoarthritis. It may have a pro-diabetic effect, althou-
gh the studies so far could not prove this unequivocally
(87). It seems that it is relatively harmless at normal dose
or at short term application.

Inflammation

The role of O-GIcNAc in inflammation is controversial. In
diabetes, NF-kB is activated, and inflammation mediato-
rs also increase their expression, such as TGF-f1 or PAI-1
(62,77). TGF-B1 overexpression is probably related to PKC
activation (78), which is implicated in insulin resistance
and diabetic complications, whereas PAI-1 promoter is ac-
tivated by Sp1, one of the first transcriptional factors that
has been found to be O-glycosylated.

On the other hand, a couple of studies described that glu-
cosamine treatment inhibits NF-kB in conjunctival cells
(88) or in chondrocytes (13). Apparently, this inhibition
could explain the beneficial effects of glucosamine in os-
teoarthritis. It has been also reported that glucosamine
prevents CD3-induced T cell proliferation (89), and found
that it prolongs cardiac allograft survival in mice (90). The
authors of the latter publication propose that the anti-in-
flammatory and immunosuppressant effect of glucosami-
ne might be connected to transient exposures whereas
insulin resistance requires the presence of glucosamine
continuously.

Malignant diseases

There is relatively scarce information available about
the role of O-GIcNAc in malignant diseases. However, O-
GIcNACc plays a significant role in cell cycle, and numerous
transcriptional factors are subject to O-glycosylation.
For example, c-myc proto-oncogene was found to be O-
glycosylated and the O-GIcNAc site(s) are located within
or near the N-terminal transcription activation/malignant
transformation domain, a region where mutations are
frequently found in Burkitt and AIDS-related lymphomas
(91). The tumor suppressor p53 was also found to be O-
glycosylated; O-GIcNAc seems to modulate its DNA bindi-
ng capacity (8) or to block phosphorylation which delays
proteolytic degradation of p53 (92).

The transcriptional factor Sp1 is also often associated wi-
th cancers (93). Correlating with hypoglycosylated state,
Sp1 is rapidly degraded by the proteasome and this deg-
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moze sprijeciti primjenom glukoze ili glukozamina (41).
Drugo, Sp1 sadrzi jedinstveni ostatak O-GIcNAc ¢ija modi-
fikacija inhibira hidrofobne interakcije izmedu Sp1 i dva
spoja: proteinski povezanog ¢imbenika koji veze TATA (TA-
FII110) te holo-Sp1 (61). Roos i sur. predlazu da Sp1 nakon
vezanja DNA mora izgubiti svoj ostatak O-GIcNAc pomo-
¢u nestalnog mehanizma uz fosforilaciju kako bi vezao TA-
FIIN10, holo-Sp1 i pokrenuo prijepis.

Hipermetilirani gen u karcinomu 1 (HIC1) je kandidat za
gen supresora tumora kojega O-GIcNAc modificira u ne-
koliko zlo¢udnih stani¢nih linija; ¢ini se, medutim, da O-
glikozilacija utjece na stabilnost, a ne afinitet za vezanje
DNA (94). Konacno, O-GIcNAc moze modificirati i RNA po-
limerazu Il. Jedna studija izvjestava da OGT medusobno
djeluje s kompleksom histonske deacetilaze vezanjem na
korepresor mSin3A te potiskuje prijepis usporedo s deace-
tilacijom histona. mSin3A usmjerava OGT na promotore
kako bi inaktivirao ¢imbenike prijepisa i RNA polimerazu
[l modifikacijom O-GIcNAc (95).

Nacin na koji O-GIcNAc utjece na razvoj zlo¢udnih pore-
mecaja jos uvijek je sporan zato jer O-GlcNAc moze sprije-
¢iti razgradnju ¢imbenika prijepisa, no Cini se da takoder
izravno blokira ili aktivira te iste ¢cimbenike. Za razumije-
vanje sloZzenog ponasanja O-glikozilacije biti ¢e potrebno
uzeti u obzir lokalizaciju, prostornu organizaciju OGT te
takoder kartiranje pojedina¢nih (@ moguce i visestrukih)
mjesta za O-GIcNAc na ¢imbenicima prijepisa.

Zakljucci

Dokazi utvrdeni tijekom posljednja dva desetlje¢a uka-
zuju na O-GIlcNAc kao jedinstven no vazan unutarstanic-
ni signalni mehanizam koji obuhvaca i sudjeluje u skoro
svakom stani¢cnom dogadaju, bilo fizioloskom ili patolo-
skom. Premda je O-glikozilacija op¢enit, uobicajen proces
u stanici kojega regulira jedan enzim - OGT, mehanizam,
ucinci i proteini podlozni modifikaciji O-GIcNAc su viso-
kospecifi¢ni. To se postize prostornom i vremenskom or-
ganizacijom te uskladenoscu s fosforilacijom. Modulacija
nekoliko signalnih dogadaja u Secernoj bolesti, stresu, zlo-
¢udnim bolestima ili u upali nesumnjivo zasluzuje pozor-
nost u daljnjem istrazivanju. Premda su povecane koncen-
tracije O-GIcNAc ocigledno Stetne u Secernoj bolesti, raz-
jasnjenje njegove uloge u odgovoru na akutni stres mog-
lo bi predstavljati veliki korak naprijed prema poboljsanoj
prevenciji ishemijskih/reperfuzijskih ozljeda. MoZzemo se
nadati da ¢e bolje razumijevanje O-GIcNAc u buduénosti
pomocdi kako u smanjenju komplikacija Se¢erne bolesti, ta-
ko i u povecanju Zivotnog vijeka bolesnika s ishemijom.
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radation can be prevented by glucose or glucosamine
treatment (41). Second, Sp1 contains a single O-GIcNAc
residue whose modification inhibits hydrophobic interac-
tions between Sp1 and two partners, the TATA binding
protein-associated factor (TAFII110) and holo-Sp1 (61).
Roos et al. propose that, upon DNA binding, Sp1 has to
lose its O-GIcNAc residue by a flip-flop mechanism with
phosphorylation in order to bind TAFII110, holo-Sp1 and
induce transcription.

The ‘hypermethylated in cancer 1’ gene (HIC1) is a candida-
te tumor suppressor gene, and is modified by O-GIcNAc
in a number of malignant cell lines; however, the O-glyco-
sylation seems to affect stability and not DNA binding af-
finity (94). Finally, RNA polymerase Il can be modified by
O-GIcNAc. It has been reported that OGT interacts with a
histone deacetylase complex by binding to the corepres-
sor mSin3A, and represses transcription in parallel with
histone deacetylation. mSin3A targets OGT to promoters
to inactivate transcriptional factors and RNA polymerase
Il by O-GIcNAc modification (95).

The mode in which O-GIcNAc influences the develop-
ment of malignancies is still controversial, since it can
prevent the degradation of transcriptional factors, but
also seems to directly block or activate the same factors.
Understanding the complex behavior of O-glycosylation
will require taking into account the localization, spatial or-
ganization of OGT and also the mapping of the individual
(and possibly multiple) O-GIcNAc sites on transcriptional
factors.

Conclusions

The evidence established in the last two decades shows
that O-GIcNAc is a unique, but important intracellular sig-
naling mechanism, covering and participating in almost
every cellular event, being either physiological or pat-
ho-physiological. Although O-glycosylation is a general,
common process in the cell regulated by a single enzyme
- OGT -, the mechanism, the effects of, and the proteins
subjected to O-GIcNAc modifications are highly specific.
This is achieved by spatial and timed organization, and
by a harmonized coordination with phosphorylation. The
modulation of a number of signaling events in diabetes,
stress, malignant diseases or in inflammation undoubted-
ly deserves the attention in further research. Although
elevated levels of O-GIcNAc are clearly detrimental in dia-
betes, clarifying its role in acute stress response could be
a great step forward to improve the prevention of ische-
mia/reperfusion injuries. Hopefully the better understan-
ding of O-GIcNAc in the future will help to both reduce
diabetic complications and to increase the life expectan-
cy of ischemic patients.
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