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In our previous works, we have shown that
glycans, and particularly glycoproteins, of
plasma membrane are drastically changed dur�
ing apoptosis [1]. The main changes included
an increase in the exposure level of α�D�man�
nose and α�D�galactose residues [1], which
were the secondary signs to the intense desia�
lylation process on the apoptotic cell mem�
brane, but not in the cell milieu [1]. Decrease
in sialic acid residues was also reported by
other groups [2]; altered membrane glycol�
pattern was proposed to be used for apoptotic
cell detection [2–4] and isolation [5]. We also
proved that its physiological significance
involved recognition of asialylated surface
glycans by macrophages and subsequent clea�
rance of apoptotic cells, while artificial desialy�
lation of apoptotic cells dramatically enhance
their clearance [6]. Recognition of specific
glycans on the surface of apoptotic cells by
lectin�like molecules of the immune cells is es�
pecially important for the clearance of late
apoptotic cells, while inappropriate clearance
of apoptotic cells leads to the development of
autoimmune disorders [7–9]. All 4 known hu�
man neuraminidases (also referred as sialidas�
es) were shown to be associated with cancer
[10], surface sialylation level was shown to be
tightly connected with tumor cell invasiveness

and metastatic potential [11]. These data indi�
cated importance of cell surface sialic status
during both cell death and cancer prograssion,
thus finding of molecular target involved in
apoptotic cell desialylation can be the basis of
novel biotechnology aimed to facilitate apop�
totic cell clearance and prevent autoimmune
disorders.

Cell surface glycans are a heterogeneous
group of complex compounds, most of them
are sialylated at the terminal end. The amount
of sialic acid derivatives can reach up to 40,
while the types of their inter�connection make
them a highly variable and poorly character�
ized group [12]. A set of different enzymes are
responsible for the synthesis of this template�
independent glycostructures.

Here we compared the mRNA expression
levels of 7 enzymes involved in sialic acid modi�
fications during early apoptosis process,
namely of 1) sialyl�trimming enzymes, neur�
aminidase 1 or lysosomal sialidase (Neu1),
cytosolic sialidase, N�acetyl�alpha�neuramini�
dase 2 (Neu2), neuraminidase 3 or N�acetyl�
alpha�neuraminidase 3 (Neu3) and neuraminidase
4 or lysosomal sialidase4; and 2) of 3 sialyl�attach�
ing enzymes — sialyltransferase 1 isoform a or
CMP�N�acetylneuraminate beta�galactosami�
de α�2,6�sialyltransferase (hST6Gal.I),
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mRNA expression levels of seven major cellular sialyl�modifying enzymes (Neu1, Neu2, Neu3, Neu4
sialidases and hST6Gal.I, hST3Gal.III, hST3Gal.IV sialyltransferases) during apoptotic cells death was
compared. Identification of enzymes responsible for the processes of superficial desialylation at an apop�
tosis can become a potential biotechnology for modifying of AC phagocytosis and treatment of autoim�
mune disorders. Reverse�type PCR analysis to evaluate mRNA expression in human Jurkat T leukemia
cells was applied. After 2 h of etoposide�induced apoptosis (when cells were still annexin V�negative), an
increased mRNA expression of Neu1, Neu3, Neu4, hST6Gal.I and hST3Gal.IV, and decreased expression
of hST3Gal.III mRNA were found. Expression mRNA of the above mentioned enzymes was decreased
after 6 and 12 hour of apoptosis induction, when cells gained typical apoptotic characteristics. mRNA
level of Neu2 was not significantly changed during the course of apoptosis. Increase of sialidase activity
during early steps of apoptosis and decrease afterwards were confirmed by enzymatic fluorometric assay
using 2′�(4�methylumbelliferyl)�α�D�N�acetylneuralminic acid as substrate. 
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Galα1,3/4GlcNAc α2,3�sialyltransferase
(hST3Gal.III) and Galβ1,3GalNAc/Galβ1,�
4GlcNAc α2,3�sialyltransferase (hST3Gal IV).
Although sialyl transferases are considered to
attach sialic acid residues by their transfer to
galactosylic residues of glycans, there are re�
ports that this action can be reversed, focused
on trimming of terminal sialic residues [13].
The long term goal of current study is the
identification of genes of sialyl�modifying
enzymes with changed expression at apoptosis
for development of biotechnology aimed to
facilitate apoptotic cell clearance and prevent
autoimmune disorders.

Materials and methods

Cell line and culture conditions. Jurkat
leukemia T�cells from the Cell Culture Collec�
tion of the Institute of Cell Biology, National
Academy of Sciences of Ukraine (Lviv,
Ukraine) were used in the research. Cells were
maintained in RPMI 1640 medium (Sigma
Chemical Co., St. Louis, USA) which was sup�
plemented with 10% heat�inactivated fetal calf
serum (Sigma), gentamycin (50 µg/ml, Sigma)
and glutamine (50 mM). Apoptosis was induced
by etoposide, 1 µM (Bristol�Myers, USA) and
controlled by Annexin V/PI staining.

Analysis of mRNA expression. Total RNA
was isolated according to Chomchinsky [14].
The quality of RNA isolation was checked by
agarose gel�electrophoresis and A260/A280
ration was found to be 1.74±0.1 as determined
by NanoDrop ND1000 Spectrophotometer.
mRNA was converted to cDNA using «Revert�
Aid TM FirstStrand cDNA Synthesis Kit»
(Fermentas, Lithuania). RT(reverse�type)�
PCR analysis was performed according to [15]
using following temperature modes: 4 min at
94 °C, followed by 33 cycles including 30s at
94 °C, 35s at X °C, 30s at 72 °C, afterwards
4 min at 72 °C and cooling to 4 °C; where X = 56
for Neu1, Neu2, Neu3, hST6Gal.I, hST3Gal.IV;
X = 54 for Neu3′ and Neu4, X = 65 for
hSTGal.III and β�actin. 

The following primers were used for PCR
amplification (Invitrogen, USA): NEU1,
PrimerBank (pga.mgh.harvard.edu/primer�
bank, [16]) ID 4557791a1, F(forward) (5′ → 3′):
GAGGCTGTAGGGTTTGGGTG, R(reverse):
GTGTCCACTGAGCCGATCT; NEU2, PrimerBank
ID4885515a1, F: CCATGCCTACAGAATCCCTGC, R:
GGGTGCGTCGTAGTCTCCT; NEU3, PrimerBank
ID 19923368a1, F: CAGGGCTTGAGCT�
GAGTTGG, R: GGTAACGGCAACGAAAA�
GAGG; NEU3, PrimerBank ID 19923368a3,
F: TGACAGAGGGATTACCTACCG, R:

AGCATCCTCATCTCTCCTCGT; NEU4,
designed by us, F: CGTCTTCCTCTTCTTCATCG,
R:  GTAGAAGGCGAAGGAGTGAG;
hST6Gal.I, PrimerBank ID 27765091a1,
F : T G C T G C G T C C T G G T C T T T C ,
R: GCTTGAGGATACAGACTGGGAAT;
hST3Gal.III [16], F: ATGGGACTCTTG�
GTATTTGTGCGCAAT, R:  TCAGATGC�
CACTGCTTAGATCAGTGATGAC; hST3Gal
IV [17], F: ATGCGTCTCTTCTACCCT�
GAATCT, R: TCAGAAGGACGTGAG�
GTTCTTGAT, в�actin: F: AGCATTTGCGGTG�
GACGATGGAG, R:
GACCTGACTGACTACCTCATGA. For primer
design, PerlPrimer program
(sourceforge.net/projects/perlprimer/) was
used, and primer mapping to genome sequence
was done by BLAST.

DNA samples were loaded into the dry
wells of 2% (w/v) agarose gel. Electrophoresis
was carried out in 0.5x TBE buffer, pH 8.0
until the marker dye migrated 6–7 cm.
Electrophoregrams were stained with ethydi�
um bromide and screened in transilluminator
under UV light and photographed.

mRNA level was estimated based on densit�
ometry data performed with GelPro 4.5 soft�
ware from Media Cybernetics, it was futher
normalized to β�actin level. Significance of the
difference in a typical experiment was assessed
by Student’s t�test. The level of significance
was set at 0.05. Statistical interpretation of the
data was done with Microcal Origin (Microcal
Software, Inc., Northampton, MA, USA). 

Fluorometric assay for sialidase activity.
Sialidase activity was measured, as described
[18] with some modification. Briefly, cells
(10^7 cells/ml) were suspended in PBS with 5
mM CaCl2 and MgCl2, pH 7.2 in final volume
of sample at 190 µl, 10 µl of 0.5 mM 2′�(4�
Methylumbelliferyl)�α�D�N�acetylneuralminic
acid (4�MUNA, BioSynth, Switzerland) were
added and incubated for 3 h. If needed, siali�
dase inhibitor DANA (Sigma, in final concen�
tarion 15 µM) was added to protein samples.
Cleavage of the substrate by sialidase yields
the fluorescent product, 4�methylumbellifer�
one. Substrate used without lysate,  served  as
a  blank to determine  the nonspecific  degra�
dation of the substrate. Cells were centrifu�
ged, supernatant was transferred to new tubes
and reaction was stopped by the addition of
1 ml of glycine�carbonate buffer, pH 10.7 and
fluorescence was measured (excitation —
325 nm, and emission — 450 nm) using Tur�
ner Quantech FM109510 (USA) fluorometer.
4� Methylumbelliferyl standard (Sigma) was
used for calibration.
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Results and Discussion

Jurkat T�cell used for mRNA study contained
the following amount of apoptotic (Annexin V+ /
PI�) cells: control — 7.32±0.45%; 2h after etopo�
side treatment — 8.63±1.33%; 6h after etopo�
side treatment — 14.31±1.21% and 12 hour
after etoposide treatment — 34.26±2.65%.
Taking into account the limitation of the methods
we considered only mRNA expression values dif�
ferent more than +1.5 fold or less than
1/1.5=0.67 fold of control to be valid. 

Level of Neu1 mRNA was significantly
(2.61 times of control) increased after 2 hours
of etoposide treatment and started to decrease
after 6 and 12 hour of treatment (0.48 and
1.31 times, correspondingly) (Fig.1). The level
of Neu2 mRNA was not significantly changed
during the course of apoptosis. Level of Neu3
mRNA was 1.53 fold increased after 2 hours of
etoposide treatment and decreased after�
wards. The increase was also observed for
Neu4 mRNA (4.55 fold after 2h treatments)
with subsequent decrease in mRNA level
hST6Gal.I mRNA level was significantly
increased at 2nd hour (1.81 fold) and decreased
at 6th (0.35) and 12th hour (0.44) of apoptosis
induction. hST3Gal.ІІІ mRNA was steadily
decreased during apoptosis induction (0.80;
0.16 and 0.18 fold correspondingly). hST3Gal.ІV
activity was significantly increased after 2 h
of apoptosis induction (12.53 fold) and
decreased afterward (Table). 

Determination of sialidase activity in the
lysates of Jurkat cells revealed a markedly
increased sialidase activity after 2h of apopto�
sis induction and its subsequent decline dur�
ing the course of apoptosis (Fig. 2). The data of
enzyme activity is in good correspondence

with observed change in expression of mRNA
of sialidases Neu1, 3 and 4, detected after 2h
of apoptosis induction.

Current data suggest an increase in mRNA
level of 3 sialidases — Neu1, Neu3 and Neu4
and sialyltransferases hST6Gal.I and hST3Gal.ІV
at the onset of apoptosis and subsequent
decrease afterward. While the decrease of
mRNA level the middle and late stages of
apoptosis is a logical consequence of apoptotic
machinery’s action, cleaving multiple intra�
cellular substrates, the increase in mRNA
level of some specific enzymes is interesting,
especially taking into account previously
established fact of increased surface sialidase
activity at apoptosis [19, 20]. Interestingly,
that enzymatic sialidase activity of Jurkat cell
during apoptosis induction correlated with

Fig. 1. Agarose gel electrophoresis of reverse�type
PCR products of genes whose products are involved

in sialic acid modification during the course 
of etoposide�induced apoptosis in Jurkat T�cells. 

One typical image of 3 replicates is presented

Level of expression of mRNA coding 
for sialyl�modyfying enzymes and its change 

during the course of etoposide�induced apoptosis 
of Jurkat T�cells

In�
tact 

Time after apoptosis induction

2 h 6 h 12 h

Neu1 1.00 2,61±0.13 0.48±0.31 1.31±0.17  

Neu2 1.00 1.13±0.07 1.21±0.19 1.38±0.23  

Neu3 1.00 1.53±0.11 0.50±0.15 1.28±0.08  

Neu4 1.00 4,55±0.18 1.39±0.19 0.27±0.49  

hST6Gal.I 1.00 1.81±0.01 0.35±0.50 0.44±0.49  

hST3Gal.III 1.00 0.80±0.16 0.16±0.21 0.18±0.16  

hST3Gal.IV 1.00 12,53±0.1 0.16±0.32 0.82±0.12  

Notes. M±m, folds of control and also  the mean value
of 3 independent experiments on rt�PCT products
quantification after the prior normalization to β�actin
levels are presented. Significantly (p < 0.05)
increased values are highlighted dark grey and signi�
ficantly decreased — light grey.

Fig. 2. Sialidase detection in Jurkat cells 
suspension during the course of apoptosis 

induction, measurement by enzymatic digestion
of fluorogenic sialidase substrate 4�MUNA. 

Presented data are M ± m of 3 replicates
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Таким образом, НДЦ обладает рядом
уникальных свойств. Однако, несмотря на
успехи применения НДЦ в радикальной на�
номедицине [14, 70, 82–85] и нанофармацев�
тике [84], механизм его действия на биоло�
гические объекты до конца не изучен. Так,
в работе [86] получены данные, которые
свидетельствуют, что НДЦ характеризуется
не  только (и не столько) простой антиокси�
дантной эффективностью, но и способен ока�
зывать модулирующее воздействие на жиз�
неспособность нейронов. Авторами показано
его нейротрофическое действие, связанное
(прямо или косвенно) с влиянием на внут�
риклеточные сигнальные пути, участвую�
щие в гибели нейронов и нейропротекции:
ERK1, 2, ERK5 и BDNF. На основе этих дан�
ных наночастицы CeO2 рассматриваются как
возможный перспективный инструмент для
терапии нейродегенеративных заболеваний.

НДЦ эффективен везде, где образуются
активные формы кислорода, присутствует
окислительный стресс, и представляет собой

принципиально новый инструмент для вли�
яния на течение окислительных процессов
в клетке. Его специфические физико�хими�
ческие свойства позволяют оптимизировать
характер течения внутриклеточных реак�
ций, обеспечивая таким образом целый
спектр защитных эффектов. 

Актуальность решения задачи защиты
живого от окислительного стресса не подле�
жит сомнению. И в ряду веществ, обеспечи�
вающих высокую антиоксидантную защиту,
смело можно назвать нанокристаллический
диоксид церия. Перспективы и особенности
его применения определяются двумя основ�
ными факторами: низкой токсичностью
и высокой кислородной нестехиометрией.
Первый фактор обеспечивает сравнитель�
ную безопасность применения наночастиц
диоксида церия in vivo. Второй обусловлива�
ет активность нанокристаллического CeO2
в биохимических окислительно�восстанови�
тельных процессах в живой клетке, особен�
но при инактивации АФК. К специфичес�
ким свойствам НДЦ следует также отнести
способность к регенерации, которая выра�
жается в том, что наночастицы диоксида
церия после участия в окислительно�восста�
новительном процессе за сравнительно не�
большой промежуток времени способны
возвращаться (в отношении кислородной
нестехиометрии) к исходному состоянию.

Авторы выражают благодарность доктору
Андерсу Блому (QuantumWise, Дания) за
любезно предоставленную возможность тес�
тирования программного обеспечения Vir�
tual NanoLab™, а также профессору Судипте
Силу (Университет Центральной Флориды,
США) за помощь в исследовании золей НДЦ.

Рис. 12. Влияние наночастиц диоксида церия 
на продолжительность жизни мужских особей

мушки D. melanogaster [2]
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mRNA expression level, being 450% of control
at the 2nd hour after apoptosis onset and only
120% after 12 hours, as shown on Fig.2. An
increased mRNA expression level of Neu3 was
also reported during apoptosis by group of Prof.
Azuma by using real�time PCR and TaqMan sys�
tem [21], they have also observed the increased
in Neu1 mRNA level, however, the observed dif�
ferences were not significant. The authors rela�
ted changed sialidase mRNA expression level to
ganglioside methabolism, particularly to con�
version of GM3 into GD3, probably involved in
apoptotic signaling, and preceding surface phos�
phatidylserine exposure during apoptosis. Our
data demonstrated, that not only the expression
of Neu3 mRNA is changed at apoptosis, but also
of other sialyl�modyfing enzymes, Neu1, Neu4,
hST6Gal.I and hST3Gal.ІV.

Thus, we can speculate that synthesis of
mRNA of some or all of these enzymes can be
important at the onset of apoptosis, as sialidase
activity (mediated by neuraminidase acting in
forward direction or sialyltransferases acting in
reverse) is important for modification of apop�
totic cells surface starting after 6–12 hours after
the onset of apoptosis [3, 22] and subsequent

enhancement of cell clearance by macrophages
[6]. At the time when cells have gained apoptotic
features (phosphatidyl serine externalization,
changed cell surface, etc) the mRNA level of sia�
lyl�modifying enzymes was already declined.
Other enzymes showed the decrease of their
mRNA in the course of apoptosis induction,
being the predicted behavior for cell death. 

We demonstrated an increase of mRNA level
of sialyl�modifying enzymes Neu1, Neu3, Neu4
and hST6Gal.I and hST3Gal.ІV after 2 h of apop�
tosis induction (early apoptotic stage) and their
decreased expression, as well as of hST3Gal.ІІІ,
after 6 and 12 of apoptosis induction (late apop�
totic stages). Potential targeting of these enzymes
involved in apoptotic desialylationn can serve as
novel biotechnology to facilitate apoptotic cell
clearance and prevent autoimmune disorders.
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design, to Prof. R. Stoika for advises at article
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АПОПТИЧНІ ЗМІНИ ЕКСПРЕСІЇ мРНК,
ЩО КОДУЮТЬ СІАЛІЛМОДИФІКУЮЧІ
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Порівнювали рівні експресії мРНК семи ос�
новних клітинних сіалілмодифікуючих ен�
зимів (сіалідази Neu1, Neu2, Neu3, Neu4 та
сіалілтрансферази hST6Gal.I, hST3Gal.III,
hST3Gal.IV) під час апоптичної загибелі клітин.
Ідентифікація ензимів, відповідальних за про�
цеси поверхевого десіалування при апоптозі,
може сприяти розвиткові біотехнології для




