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Abstract Glycosphingolipids and glycoproteins play piv-
otal roles in the complex series of events governing cell
adhesion and signal transduction. Aberrant glycosilation,
typical of tumor cells, represents a key event in the
induction of invasion and metastasis. Sialidases remove
sialic acid residues from sialoconjugates and, in mammals,
these enzymes have been proved to be involved in several
cellular phenomena, including cell proliferation and differ-
entiation, membrane function, and malignant transforma-
tion. Herein we show that only the lysosomal sialidase

Neu1 and the plasma membrane-associated sialidase Neu3
are expressed in CFU-E erythroid precursors and K562
erythroleukemic cells. Tumour cells show much higher
expression levels than CFU-E cells and, during differenti-
ation, the content of the two enzymes progressively
decreases. The sialoglycoconjugate pattern is different in
the two cell types. In fact, the differentiating erythroid
precursors show an increase of the typical erythrocyte
sphingolipids, whereas K562 cells treated with butyrate
show a marked increase of GD1a, GM2, PE, and ceramide.
Finally, during differentiation the sialoglycoprotein content
of erythroid cells shows a marked increase, and in K562
cells the process induces the synthesis of some sialoglyco-
protein typical of the erythroid membrane. Overall, these
results point out the great differences in sialoglycoconju-
gate and sialidase patterns exhibited by normal and tumour
cells.
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Abbreviations
GM3 NeuAc(α2→3)Gal(β1→4)Glc-Cer
GM2 GalNAc(β1→4)NeuAc(α 2→3)Gal(β1→4)Glc-

Cer
GM1 Gal(β1→3)GalNAc(β1→4)NeuAc(α 2→3)Gal

(β1→4)Glc-Cer
GD1a NeuAc(α 2→3) Gal(β1→3)GalNAc(β1→3)

NeuAc(α 2→3)Gal(β1→4)Glc-Cer
SPg NeuAc(α 2→3)Gal(β1→4)GlcNAc(β1→3)Gal

(β1→4)Glc-Cer
SnHc NeuAc(α 2→3)Gal(β1→4)GlcNAc(β1→3)Gal

(β1→4)GlcNAc(β1→3)Gal(β1→4)Glc-Cer
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Introduction

Sialoglycoconjugates represent a large class of biomole-
cules, characterized by the presence of sialic acid as
terminal residue(s) of the oligosaccharide portion [1]. They
include sialooligosaccharides, sialoglycoproteins, and sia-
loglycolipids or gangliosides, the latter being inserted into
the external leaflet of the cellular membranes. Sialoglyco-
proteins and gangliosides are involved in several crucial
biological processes including the control of cell survival,
proliferation, differentiation, and adhesion [2, 3]. In
particular, it is established that many malignant trans-
formations are associated with abnormal sialylation, result-
ing in the expression of altered carbohydrate determinants
on the cell surface [4]. This aberrant glycosilation profile is
considered a key feature associated with invasiveness and
metastatic potential of cancer cells [5–7]. The cellular sialic
acid content is metabolically regulated mainly by sialyl-
transferases and sialidases [8–10]. Sialyltransferases belong
to the enzyme class of glycotransferases and add sialic acid
residues to sialoglycoproteins and sialoglycolipids during
their biosynthesis [11], while sialidases or neuraminidases
are glycohydrolitic enzymes that remove sialic acid
residues during sialoglycoconjugate degradation [3]. Sialyl-
transferase expression level in malignant cells has been
determined by several authors [12–14]. Based on these
results, it is quite unlikely that sialyltransferases alone are
responsible for the increase of the sialoglyconjugates
content in tumor cells. Indeed, further studies have shown
that also sialidases play a key role in this process, and their
expression levels significantly change during tumorigenesis
[15]. Four genetically distinct forms of mammalian siali-
dase have been characterized, with a predominant cellular
localization (lysosomal, cytosolic and membrane-associat-
ed) and substrate specificity [16, 17]. Lysosomal sialidase
(Neu1) has a catabolic role in desialylating glycoproteins
and glycolipids in the lysosome [18]. Plasma membrane-
associated sialidase (Neu3) is localized mainly on the cell
surface [19], and its association with membrane micro-
domains has been demonstrated [20, 21]. Neu3 acts
preferentially on ganglioside substrates, and therefore
modulates the sialic acid content on the cell surface [22].
For example, it was shown that Neu3 is involved in cell
growth control and differentiation of neuroblastoma cells
by triggering selective ganglioside desialylation [23–25].

The substrate specificities and kinetic properties of the
cytosolic sialidase (Neu2) have been fully characterized
using the highly purified recombinant enzyme [26]. Neu2
showed a broad substrate specificity and desialylates both
glycoproteins and gangliosides in vitro. Rodent Neu2
enzymes are involved in the differentiation of myoblasts
to myotubes of rat L6 [27] and mouse C2C12 cells [28].
Unfortunately, the precise nature of their natural substrate

(s) in the process of myotube formation and maintenance
remains unclear.

More recently, the fourth member of the mammalian
sialidase gene family (Neu4) has been identified [29, 30].
Although the subcellular localization of this enzyme is still
under investigation, a recent report described an association
of the human gene product with lysosomes [31].

In the attempt to elucidate the relationships among
sialidases, sialoconjugates, and the complex series of
events leading to malignant transformation, we compared
the expression levels of the four enzymes and the
sialoconjugate cell content in erythroid and erythroleuke-
mic cells. Moreover, since cell proliferation (uncontrolled
in tumour pathologies) and other tumoral characteristics
can be also modulated through differentiation, we decid-
ed to make a comparative analysis of sialidases expres-
sion and sialoconjugates content during erythroid cell
differentiation.

The human leukemic K562 cell line, originally estab-
lished from a patient with chronic myeloid leukemia [32], is
characterized by the Philadelphia chromosome and exhibits
erythroid cell markers, including the presence of glyco-
phorin-A [33], spectrin [34], and erythroglycan [35] and
can be induced to differentiate and synthesize haemoglobin
by sodium butyrate [36]. For these reasons K562 is
considered a suitable model for erythroleukemia. In our
comparative study we used as a healthy control the second
stage erythroid progenitors (CFU-E, colony forming unit-
erythroid cells) corresponding to the differentiation stage
preceding hemoglobin production. At this stage the
hemopoietic progenitors generate, in vitro, small erythroid
colonies and finally give rise to morphologically recogniz-
able erythroid precursors. During the differentiation pro-
cess, cells became progressively sensitive to erythropoietin,
due to the appearance of erythropoietin receptors on their
plasma membrane [37].

Herein we report that sialidase Neu1 and Neu3 are
expressed at higher levels in K562 compared to CFU-E
cells, but they are progressively down-regulated when cell
differentiation is induced.

On the other hand, we found that sialidase Neu2 is
absent in K562 cells but low levels of its mRNA are
detectable at the end of CFU-E differentiation. Further-
more, the two cell types present a different sialoglyco-
conjugate pattern. In fact, while CFU-E cells show all
the typical erythrocyte sphingolipids, K562 cells have a
distinct pattern, abundant in GD1a, GM2, and phospha-
tidylethanolamine (PE). The comparative analysis of the
sialo-glycoproteins in the two cell types shows two
distinct patterns as well. On the other hand, when
K562 cells were induced to differentiate, they started to
present some sialoglycoproteins typical of the erythroid
membrane.
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Materials and methods

Commercial chemicals were the purest available, common
solvents were distilled before use and deionized water,
obtained by a MilliQ system (Millipore), was distilled in a
glass apparatus. High performance silica gel precoated thin-
layer plates (HPTLC Kieselgel 60, 20×10 cm) were
purchased from Merck GmbH; 4-methylumbellyferyl-N-
acetylneuraminic acid (MU-NeuAc) and 4-methylumbelly-
ferone (MU), N-acetylneuraminic acid (Neu Ac); bovine
serum albumin (BSA); fetal bovine serum; αMEM;
cyclosporine A; erythropoietin; sodium butyrate; ECACC
(European Collection of Cell Culture), RPMI 1640 medi-
um; pepstatin A, apoprotinin, leupeptin; penicillin and
streptomycin from Sigma Chemical Co (St. Louis, MO,
USA). TRIzol, SuperScript III First-Strand Synthesis
System for RT-PCR from Invitrogen Life Technology
(Carlsbad, CA, USA) ; dNTPs, iTaq DNA Polymerase,
SYBR Green (iQ SYBR Green Supermix) from BioRad
Laboratories (Richmond, VA, USA); PVDF membrane,
horseradish peroxidase-conjugated IgG from Amersham
Pharmacia Bioscience (Buckinghamshire, England). Sphin-
gosine was prepared from cerebroside [38]. DIG Glycan
Differentiation Kit for Glycan Analysis (Roche Diagnos-
tics, Indianapolis, IN, USA) [1-3H]sphingosine (radiochem-
ical purity over 98%; specific radioactivity 2.08 Ci/mmol)
was prepared by specific chemical oxidation of the primary
hydroxyl group of sphingosine followed by reduction with
sodium boro[3H]hydride [39]. Ganglioside GD1a was
purified from the total ganglioside mixture extracted from
bovine brains [40]. Radioactive GD1a containing erythro
C18-sphingosine, isotopically tritium labeled at position 3,
[3-3H(Sph18)]GD1a, was prepared by the dichloro-
dicyano-benzoquinone/sodium boro[3H] hydride method
followed by reversed phase HPLC purification (homogene-
ity over 99%; specific radioactivity of 1.2 Ci/mmol) [41, 42].

Radioactive sphingolipids were extracted from cells fed
with [1-3H]sphingosine, purified, characterized as previ-
ously described [22], and used as chromatographic stand-
ards. Standard molecular biology techniques were carried
out as described by Sambrook and Russell [43].

Cell cultures

Human erythroid cells were amplified by the two-phase
liquid culture method from BFU (burst-forming unit)
present in peripheral blood of healthy donors, according
to Fibach and Rachmilewitz [44]. In the first phase,
mononuclear cells were isolated by Lymphoprep and
cultured for a week in α-MEM medium supplemented with
10% FBS, 1 μg/ml cyclosporine A, and 10% conditioned
medium collected from bladder carcinoma 5,637 culture.
After 7 days, the non-adherent cells were harvested and

recultured in phase II medium composed of α-MEM, 30%
fetal bovine serum (FBS), 1% deionized bovine serum
albumin (BSA), 10−5 M 2-mercaptoethanol, and 1 U/ml
erythropoietin to induce erythroid differentiation. Cell
samples were harvested and analyzed on days 0, 3, 6, 9,
13 of phase II. Human erythroleukemia K562 cells were
purchased from ECACC and cultured in RPMI 1640
medium supplemented with 10% FBS, 2 mM glutamine,
100 IU/ml penicillin, 100 μg/ml streptomycin. Erythroid
differentiation of K562 cells was triggered incubating 2×
105 cells/ml in culture medium containing 1 mM sodium
butyrate [36]. All cultures were performed at 37°C in
humidified incubator with 5% CO2.

RNA extraction and real-time PCR

Total RNA was isolated using TRIzol (Invitrogen) and its
manufacturer’s guidelines. Using random hexamers, 2.5 μg
of RNA were reverse-transcribed with the SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen).
cDNA representing 25 ng of total RNA was used as
template for real-time PCR. PCR mixture included 0.2 μM
primers, 50 mM KCl, 20 mM Tris/HCl, pH 8.4, 0.8 mM
dNTPs, 0.7U iTaq DNA Polymerase, 3 mM MgCl2, and
SYBR Green (iQ SYBR Green Supermix, BioRad), in a
final volume of 25 μl. Amplification and real-time data
acquisition were performed in iCycler (BioRad) using the
following cycle-conditions: initial denaturation at 95°C for
5 min , followed by 40 cycles of 15 s at 95°C and 1 min at
60°C. The gene coding for the ribosomal protein S14 was
chosen as reference gene.

The following primers were used:

Gene Forward primer Reverse primer
NEU1 5′-CCTGGATAT

TGGCACTGAA-3′
5′-CATCGCTGAGG
AGACAGAAG-3′

NEU2 5′-AGAAGGATGA
GCACGCAGA-3′

5′-GGATGGCAATGA
AGAAGAGG-3′

NEU3 5′-TGAGGATTGG
GCAGTTGG-3′

5′-CCCGCACACA
GATGAAGAA-3′

NEU4 5′-ACCGCCGAGA
GTGTTTTG-3′

5′-CGGGCATTGCA
GTAGAGG-3′

S14 5′-GGCAGACCGAG
ATGAATCCTCA-3′

5′-CAGGTCCAGGG
GTCTTGGT CC-3′

Sialidase activity assay

Erythroid cells and K562 cells were harvested by cen-
trifugation and resuspended in PBS containing 1 μg/ml
pepstatin A, 10 μg/ml apoprotinin, and 10 μg/ml leupep-
tin. Total cell extracts were prepared by sonication and
centrifuged at 800×g for 10 min to eliminate unbroken
cells and nuclear components. The crude extract was
subsequently centrifuged at 200,000×g for 20 min on
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TL100 Ultracentrifuge (Beckman) in order to separate
membranes from cytosolic proteins. Aliquots of particulate
fraction and supernatant were used for protein (Coomassie
Protein Assay Reagent; Pierce) and enzymatic assay. For
Neu1 sialidase, 20 μg of membrane proteins were
incubated with 0.3 mM (4-MU-NeuAc), in 50 mM
sodium-acetate buffer pH 4.6, in a final volume of
100 μl according to Miyagi [45]. Neu2 sialidase activity
present in the cell cytosol was assayed using 30 μg of
soluble protein and 0.3 mM 4MU-NeuAc in 50 mM
sodium-acetate buffer, pH 5.5 according to Miyagi [26].
The activity of Neu3 sialidase was assessed toward
0.2 mM ganglioside [3H]GD1a (carrying 2.0 × 105 dpm)
using 20 μg of membrane protein in 50 mM sodium-acetate
buffer pH 4.6, in the presence of 0.04% Triton X-100 [22].
Enzyme activity was expressed as units (U), representing
the enzyme amount that liberates 1 μM of product min/mg
protein, under optimal conditions.

Metabolic labeling of cell sphyngolipids with [1-3H]
Sphingosine and lipid extraction

[1-3H]Sphingosine in methanol was dried under a nitrogen
stream and dissolved in culture medium containing 10%
FBS, to obtain a final concentration of 3×10−8 M (cor-
responding to 0.4 μCi); 1×107 erythroid cells at 0, 6, 9, and
13 days of differentiation and 2 ×106 K562 cells were
incubated in this medium for a 2-h pulse followed by a
24-h chase. At the end of treatment, the cells were har-
vested by centrifugation, frozen, lyophilized, and subjected
to lipid extraction.

Total lipids were extracted twice with chloroform/
methanol 2:1 (v/v), after resuspending lyophilized cells in
25 μl of water. Then, gangliosides and neutral glycolipids
were separated by a two-phase partitioning in chloroform/
methanol 2:1 (v/v) and 20% water [22]. The aqueous phase
containing gangliosides and the organic phase containing
neutral glycolipids were counted for radioactivity. Total
lipids and gangliosides were analyzed on HPTLC plates
developed in the solvent system chloroform/methanol/0.2%
aqueous CaCl2, 60:40:9 (v/v) while neutral glycolipids
were separated using the solvent mixture chloroform/
methanol/water, 55:20:4.5 (v/v). [3H]Sphingolipids were
visualized and quantified by radiochromatoscanner (Beta-
Imager 2000, Biospace, Paris, France).

The structural characterization of ganglioside mixture
from erythroid and K562 cells was determined by
reversed phase HPLC-ESI mass spectrometry. ESI mass
spectrometry of ganglioside species was carried out in
negative mode on a Thermo Quest Finnigan LCQdeca

mass spectrometer equipped with a electrospray ion source
[46].

Glycoproteins characterization

Proteins, 30 μg from erythroid cells and K562 cells homo-
genates, were separated on SDS-10% polyacrylamide gel
and transferred onto a PVDF membrane (Amersham
Bioscience). Sialoglycoproteins characterization was car-
ried out employing the DIG Glycan Differentiation Kit
(Roche) in accordance with the protocol enclosed. Glyco-
proteins with sialic acid linked α(2–6) were identified using
SNA (Sambucus nigra agglutinin) lectin while sialic acid
linked α(2–3) was visualized using MAA (Maackia
amurensis agglutinin) lectin.

Determination of total sialic acid cell content

Total sialic acid content was determined by chromatograph-
ic micro procedure of [47] on samples of erythroid cells and
K562 cells digested for 90 min in 0.05 M sulphuric acid at
80°C. Insoluble material was removed by centrifugation
and total ganglioside-bound and protein-bound sialic acid
was determined according to Tettamanti et al. [40].

Statistical analyses

Values are presented as means ± SD. Statistical analyses
were made using unpaired Student’s t-test. Significance was
attributed at the 95% level of confidence (p < 0.05).

Results

Sialidase gene expression (mRNA contents)
and enzyme activities in CFU-E erythroid
precursor and erythroleukemic K562 cells

Real-time PCR experiments were carried out to estimate the
amounts of sialidase transcripts in CFU-E and K562 cells.
The relative mRNA levels of Neu1, Neu2, Neu3, and Neu4
were normalized with the amount of mRNA encoding the
ribosomal protein S14 as internal control. Transcripts
encoding Neu1 and Neu3 were easily detectable in freshly
isolated CFU-E and K562 cells whereas no mRNAs of
Neu2 and Neu4 were measurable in either the cell types, as
shown in Fig. 1a. Interestingly, the mRNA levels of
lysosomal and plasma membrane-associated sialidases
showed a remarkable increase (4.14±0.21 and 7.07±0.35-
fold, respectively) in the erythroleukemic cells compared
with the erythroid precursors.

These observations were confirmed by measurement of
Neu1 and Neu3 sialidase activity. As shown in Fig. 1b, the
comparison between Neu1 and Neu3 enzyme levels in
CFU-E and K562 cells showed an increase of 3.77±0.14
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and 8.45±0.43-fold, respectively. As anticipated, we could
not detect any cytosolic sialidase activity.

Glycolipid pattern in CFU-E erythroid precursor
and erythroleukemic K562 cells

The shingolipid mixtures from CFU-E and K562 cells were
analyzed by HPLC-ESI mass spectrometry and the percent-
age of each species was determined by radioimaging and
densitometry after HPTLC separation. Briefly, quantifica-
tion was carried out after administration of [1-3H]sphingo-
sine to cultured cells. The radioactive precursor was
incorporated by the cells and led to an extensive labeling
of the sphingolipids, namely gangliosides, neutral glyco-
sphingolipids, sphingomyelin, and ceramide [48]. In addi-
tion, part of the tritiated sphingosine was catabolized by the
cells to radioactive ethanolamine and recycled for the
biosynthesis of radioactive phosphatidylethanolamine
(PE). As already reported in the case of erythrocyte
membrane [49], sialosyl-lacto-N-norhexaosylceramide
(SnHc) and sialosylparagloboside (SPg), both containing
sialosyl α2→3 linkages, as well as GM3 and GM2 are the
main gangliosides of the CFU-E erythroid precursor and
covered the 50.3, 20.9, 22.7 and 6.1% of the total
ganglioside mixture respectively (Fig. 2a). Each ganglio-
side species contained C18 sphingosine and by HPTLC
analysis split in two spots. The molecular species contain-
ing palmitic acid showed a lower mobility, while the
molecular species containing C24:0 and C24:1 fatty acids
showed a slightly higher mobility in our solvent system.

The ganglioside pattern of erythroleukemic cells is shown
in Fig. 2a. Gangliosides GD1a, SnHc, GM1, SPg, GM2, and
GM3 were the main gangliosides detected on HPTLC and
covered 34.8, 3.78, 30.2 (corresponding to the sum of GM1
and SPg which co-migrate in our solvent system), 15.9, and
15.5 % on the total main ganglioside mixture, respectively.
HPLC-ESI mass spectrometry analysis confirmed the het-
erogeneity of the acyl moiety already observed in case of
CFU-E erythroid precursor as well as the presence of GM1
as one of the major gangliosides, that in our separation
system co-migrated with SPg and prevented the quantifica-
tion of each molecular species. Overall, the ganglioside
composition of K562 cells was significantly different from
the one detected in CFU-E erythroid precursors. First of all,
GD1a was the most abundant ganglioside, followed by
GM1, that was not detected in CFU-E cells. Secondly, SnHc
and SPg were present only in small amounts, whereas they
accounted for over than 50% of the total ganglioside in
erythroid precursors.

Finally, an analysis of the neutral lipid pattern was
carried out. As shown in (Fig. 2b), sphingomyelin (SM),
PE, glucosyl-ceramide (GlcCer) and ceramide (Cer) were
the main neutral lipids of CFU-E cells and covered 67.1,
5.1, 14.3, and 13.5%, respectively, of the total lipid
mixture. In K562 cells, together with SM, PE, GlcCer and
Cer, globoside 3 (Gb3), and lactosyl-ceramide (LacCer)
were detectable in HPTLC and covered 32.8, 26.6, 23.2,
7.9, 2.7 and 6.8 respectively, of the total lipid mixture.

Quantification of LacCer was carried out after alkaline
methanolysis of the lipid sample to remove PE.

Fig. 1 Sialidase levels in CFU-E erythroid precursors and K56 cells.
(a) Total RNA was isolated from CFU-E erythroid and K562
erythroleukemic cells. 25 ng of RNA was used as template of Neu1,
Neu2, Neu3 and Neu4 in SYBR-green semi-quantitative real-time
PCR. The relative expression is shown in relation to the expression of
ribosomal protein S14 that was measured as an internal control. (b)

Sialidase activity in CFU-E and K562 cells was determined in the pellet
and supernatant obtained after centrifugation of crude cellular extract.
Neu1 sialidase activity was measured in the presence of MU-NeuAc (as
substrate), while sialidase Neu3 was measured with ganglioside GD1a.
For details see Materials and methods. The data are the mean values of
five experiments ± SD values
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Variations of sialidase expression levels in CFU-E
and K562 cells during differentiation

In order to assess whether sialidase expression levels
change during differentiation, CFU-E erythroid precursors
and K-562 cells were treated with 1 U/ml erythropoietin
and 1 mM of sodium butyrate, respectively. In these culture
conditions, CFU-E cells differentiated in 13 days to mature
erythroblasts whereas K-562 cells reduced their prolifera-
tion rate and started to synthesize hemoglobin and some
erythroid markers. Cell samples were harvested at different
times and analyzed for their content in sialidase transcripts
as well as the corresponding enzyme activities. The results
of the sialidase transcript quantification by real-time PCR
are reported in (Fig. 3). In CFU-E erythroid precursor
(Fig. 3a) the NEU1 transcript decreased during differenti-
ation, and at day 13 of erythropoietin treatment the relative
expression became about 20% of the initial value. The
relative content of the transcript encoding the plasma
membrane-associated sialidase NEU3 showed a roughly
44% increase after 3 days of differentiation, then rapidly
decreased and continued this trend to about 1/10 of the
initial level on day 13. Surprisingly, we were also able to
detect the cytosolic sialidase NEU2 mRNA. The transcript

appeared only in the late phase of the differentiation
process, from day 10 to 13 with only minor changes in
the relative content. Overall, the relative amount of the
NEU2 mRNA is very low compared to the one of Neu1 and
Neu3. In fact, the cycle threshold (CT) for NEU1 and NEU3
amplification corresponds to 25.6±0.33 and 32.7±0.44,
respectively, whereas for NEU2 corresponds to 38.4±0.76.

During the differentiation of K-562 erythroleukemic
cells only the transcripts of the lysosomal and plasma
membrane-associated sialidase were detectable (Fig. 3b).
After 6 days of differentiation in the presence of butyrate,
NEU1 and NEU3 transcripts relative content was reduced
to roughly the 60 and 72% of the initial value, respectively.

The sialidase enzyme activities during differentiation are
reported in Table 1. Surprisingly, in the case of CFU-E
erythroid cells, the Neu1 and Neu3 sialidase activity showed
a marked increase. In fact, the erythropoietin treatment
induces an increase to about the double of the initial enzyme
activities. Thus, there is a difference between enzyme
expression and activity. These data could be explained
based on the stability and/or activation of the enzymes in
their cellular environment. Moreover, despite the appearance
of the corresponding gene transcript, no Neu2 enzyme
activity was detected in the late phase of the differentiation

Fig. 2 Glycolipid pattern in CFU-E erythroid precursors and K562 cells.
CFU-E (1×107) and K562 (2×106) cells were pulsed for 2 h with [1-3H]
sphingosine, 3×10−8 M (corresponding to 0.4 μCi), final concentration.
After 24 h of chase, cells were harvested and treated for lipid analysis.
(a) Left panel: HPTLC separation of the aqueous phase obtained by
lipid extraction and fractionation. Solvent system: chloroform/methanol/
0.2% aqueous CaCl2 60:40:9 (v/v). Lane 1 (St), Ganglioside Standard ;
lane 2, CFU-E cells; lane 3, K562 cells. In the two right panels:

ganglioside relative content (%) in CFU-E and K652 cells, respectively.
(b) Left panel: HPTLC separation of the organic phase obtained by lipid
extraction and fractionation. Solvent system chloroform/methanol/water
55:20:4.5 (v/v). Lane 1 (St), Neutral lipid Standards; lane 2, CFU-E
cells; lane 3, K562 cells. In the two right panels: neutral lipid relative
content (%) in CFU-E and K652 cells, respectively. The data are the
mean values of five different experiments, carried out in triplicate
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process, even by Western-blot with rabbit anti-Neu2 poly-
clonal antiserum (data not shown).

The measurement of the sialidase enzyme activities in
K562 cells confirms the results obtained by real-time PCR.
In fact, a 22 and 53% decrease of Neu1 and Neu3 mRNAs
expression levels was detected at day 6.

Glycolipid pattern modification in CFU-E erythroid
precursors and K562 cells during differentiation

Sphingosine labeling of differentiating cells allowed the
characterization of the glycolipid pattern during the
process. As shown in (Fig. 4a), the addition of erythro-

Table 1 Sialidase activities in erythroid and K562 cells, during differentiation

Erythroid cells sialidase activity (μU/mg protein) Erythroleukemic cells, K562 sialidase activity (μU/mg protein)

Day 0 Day 6 Day 13 Day 0 Day 3 Day 6

Neu1 52±2.5 89.8±4.4 98±2.9 196±9.8 160±9.6 153±6.9
Neu2 n.d. n.d. n.d. n.d. n.d. n.d.
Neu3 198±5.94 563±13.9 403±8.24 1675±83.7 833±41.6 791±47.5

μg/107 cells μg/107 cells
Total sialic acid 2.0±0.50 2.6±0.52 1.6±0.45 15.4±3.1 26.6±5.5 38.5±8.5

Fig. 3 Sialidase expression lev-
els in CFU-E erythroid precur-
sors and K562 cells during
differentiation. SYBR-green
semi quantitative real time RT-
PCR of CFU-E cells treated
with 1 U/ml erythropoietin
(a) and K562 cells treated with
1 mM of sodium butyrate (b) at
different days of differentiation.
The relative expression in Neu1,
Neu2, Neu3 and Neu4 is shown
in relation to the expression of
ribosomal protein S14, that was
measured as an internal control.
The data are the mean values of
five experiments ± SD values
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poietin in the culture media of CFU-E cells lead to a 1.4-,
3- and 1.3-fold increase of SnHc, SPg and GM3, respec-
tively, while GM2 content did not show any significant
variation. Neutral glycolipid analysis (Fig. 4b) revealed a
1.7- and 3.1-fold increase of PE and Cer, respectively,
whereas no marked variations were detected in SM and
GlcCer cell content. In addition, the cell membranes of
differentiating erythroid precursors were characterized by
the presence of LacCer, a molecular species lacking in
freshly isolated CFU-E cells.

The corresponding sialoglycolipid patterns detectable in
K562 cells cultured up to 6 days in presence of butyrate
showed a 2.4- and 1.9-fold increase of GD1a and GM2,
respectively. GM1+SPg and GM3 did not show significant
variations while SnHc remains the less abundant gangli-
oside (Fig. 5a), even if at the end of the process it shows
a 2-fold increase. The analysis of neutral glycolipid
pattern during differentiation shows a roughly 1.5-fold
increase of PE and Cer, while no significant variations are
detectable in the case SM, GlcCer, LacCer, and Gb3
(Fig. 5b).

Modification of glycoprotein pattern in CFU-E erythroid
precursors and K562 cells during differentiation

Finally, a characterization of the sialoglycoprotein pattern of
CFU-E erythroid precursors and K562 cells during differen-
tiation was carried out. As shown in (Fig. 6a, c), the staining
with lectins that specifically recognized α(2–3) and α(2–6)
sialosyl-linkages of crude homogenates derived from differ-
entiating erythroid precursors revealed a significant increase
of cell sialoglycoproteins. In addition, a densitometry
analysis of the membranes clearly showed the appearance
of a band with a molecular weight of about 40 kDa.

In K562 erythroleukemic cells, the treatment with
butyrate dramatically changed the sialo-glycoprotein pat-
tern (Fig. 6b, d). Starting from a pattern characterized by a
quite low cell sialo-glycoprotein content, with a predomi-
nance of high molecular weight polypeptides containing
α(2–6) linked sialic acid, the differentiation induced the
synthesis of a series of sialoglycoproteins with a molecular
weight ranging from 45 to 90 kDa that closely resemble
those detectable in CFU-E cells (Fig. 6a, c).

Fig. 4 Glycolipid pattern modification in CFU-E erythroid precursors
cells during differentiation. CFU-E cells (1×107) were pulsed for 2 h
with [1-3H]Sphingosine, 3×10−8 M (corresponding to 0.4 μCi), final
concentration. After 24 h of chase, cells were harvested and treated for
lipid analysis. (a) Left panel: HPTLC separation of the aqueous phase.
Solvent system chloroform/methanol/0.2% aqueous CaCl2 60:40:9
(v/v). Lane 1, Ganglioside Standards (St) ; lanes 2, 3, 4 and 5 CFU-E
cells before and after 3, 6, 9 and 13 days of erythropoietin administration.
In the right panel: ganglioside content (dpm/mg protein × 102) in CFU-E

cells during differentiation. (b) Left panel: HPTLC separation of the
organic phase obtained by lipid extraction and fractionation. Solvent
system chloroform/methanol/water 55:20:4.5 (v/v). Lane 1, Neutral lipid
Standards (St); lanes 2, 3, 4 and 5, CFU-E cells before and after 3, 6, 9
and 13 days of erythropoietin administration. In the right: neutral lipid
content (dpm/mg protein × 103) in CFU-E cells during differentiation.
For details see Materials and methods. The data are the mean values of
five different experiments, carried out in triplicate
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Discussion

In the last few years increasing evidence suggests the
involvement of sialidase enzymes and of sialoconjugates in
both cell differentiation [23–25, 27, 28] and malignant
transformation [15, 50]. These phenomena are strictly
interconnected because one characteristic of cancer cells is
their inability to spontaneously undergo a differentiation
process. In fact, many chemotherapeutic drugs successfully
slow down tumour growth by inducing cell differentiation.
[51–54]. We therefore decided to study sialidase expression
levels in K562 erythroleukemic cells, in comparison to
CFU-E erythroid precursors in normal culture conditions,
as well as during cell differentiation. As we anticipated,
K562 cells are characterized by an altered sialidase
expression both in terms of mRNA levels and enzyme
activity. In fact, both lysosomal sialidase Neu1 and plasma
membrane sialidase Neu3 are over-expressed in these cells.
These aberrations confirm the notion that sialidases are
involved in the neoplastic process. In fact, enhanced plasma
membrane-associated sialidase mRNA levels have recently
been detected in human colon cancer, where the enzyme is

involved in the protection against programmed cell death
[55]. In this perspective, high Neu3 levels could represent
one of the typical features of cancerous cells.

Another aspect closely related to sialidase expression, is
the comparative analysis of the sialoglycoconjugates pres-
ent in K562 and CFU-E cells. In agreement with previous
studies [56], K562 cells exhibit a high GD1a content as
well as of the mono sialylated gangliosides GM1 and GM2.
On the contrary, erythroid precursor membranes are
deficient in GD1a, and its place is taken by typical
erythrocyte gangliosides such as SnHc and SPg, followed
by GM3, and a small amount of GM2. Similarly, we found
differences among neutral glycolipids. These variations
were less marked but equally important: K562 cells exhibit-
ed a considerable content of PE, which is indicative of a
metabolism increase typical of cancer cells, and also
contain Gb3 and LacCer, both lacking in CFU-E cells. In
particular, LacCer was the major diglycosyl ceramide,
found in high levels in cells with increased Neu3 sialidase
activity as a result of its activity on gangliosides [55]. More-
over, LacCer showed an interesting biological activity
leading to apoptosis suppression in human cancer cells [55].

Fig. 5 Glycolipid pattern modification in K562 cells during differen-
tiation. K562 cells (2×106) were pulsed for 2 h with [1-3H]
Sphingosine, 3 × 10−8 M (corresponding to 0.4 μCi), final concentra-
tion. After 24 h of chase, cells were harvested and treated for lipid
analysis. (See Materials and methods). (a) Left panel: HPTLC
separation of the aqueous phase. Solvent system chloroform/metha-
nol/0.2% aqueous CaCl2 60:40:9 (v/v). Lane 1, Ganglioside Standards
(St); lanes 2 and 3, K 562 cells before and after 6 days of sodium
butyrate administration. In the right panel: ganglioside content (dpm/

mg protein×102) in K562 cells during differentiation. (b) Left panel:
HPTLC separation of the organic phase obtained by lipid extraction
and fractionation. Solvent system chloroform/methanol/water
55:20:4.5 (v/v). Lane 1, Neutral lipid Standards (St); lanes 2 and 3,
K562 cells before and after 6 days of sodium butyrate administration.
In the right panel: neutral lipid content (dpm/mg protein × 103) in
K562 cells during differentiation. The data are the mean values of five
different experiments, carried out in triplicate
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Finally, also the sialoglycoprotein content of K562 was
quite different compared to the one of CFU-E. In fact,
CFU-E cells were characterized by abundant highly
sialilated proteins with a molecular weight around 30 and
60 kDa, almost negligible in K562 cells (Fig. 6a, b).

After this initial analysis, we decided to investigate the
expression of sialidases and sialoglycoconjugates during
differentiation. The administration of butyrate to K562 cells
slowed down their proliferation and induces a partial
erythroid differentiation characterized by hemoglobin syn-
thesis. Interestingly, this treatment also influenced sialidase
enzyme levels. In fact, we detected a marked decrease of
both NEU1 and NEU3 mRNAs and enzymatic activities.
This phenomenon was accompanied by a parallel great
increase of GD1a and GM2, SnHc, PE, and Cer. The
increase of GD1a could be easily associated to NEU3

down-regulation, because of its high specificity toward
ganglioside substrates. [19, 25, 57] In addition, the
glycoproteins content was greatly increased and modified,
giving rise to some sialylated proteins typical of the
erythroid precursors. According to this data, the total sialic
acid content showed a 2.5-fold increase during differenti-
ation (Table 1). This increase was likely due to a concomi-
tant down-regulation of both Neu1 and Neu3 sialidases,
which could also be responsible for the observed differ-
ences in the ganglioside and sialoglycoprotein pattern.
Moreover, it is also plausible that other processes may
occur, including a specific modification of the sialic acid
residues to became resistant to sialidase action [58]. Con-
versely, erythropoietin treatment induced in vitro differen-
tiation of CFU-E cells into mature erythroblasts. The
analogous differentiation of K562 cells presented several

Fig. 6 SDS-PAGE of sialoglycoproteins in CFU-E erythroid precur-
sors and K562 cells during differentiation. Densitometry analysis and
SDS-PAGE of membrane sialoglycoproteins in CFU-E (a) and (c) and
K562 (b) and (d) during differentiation. Sialoglycoproteins were
characterized with DIG Glycan Differentiation Kit and were identified

using MAA (Maackia amurensis agglutinin) for sialic acid α(2–3)
panels (a) and (b) and SNA (Sambucus nigra agglutinin) lectin for
sialic acid α(2–6) panels (c) and (d) For details see Materials and
methods
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differences. In fact, in CFU-E cells, this process is initially
associated with an increase of Neu1 and Neu3 enzyme
levels, which progressively decreased during differentia-
tion, while Neu1 and Neu3 decreased constantly.

On the other hand, Neu2 and Neu4 could not be detected
in K562, even during and after differentiation. Interestingly,
RT-PCR assays revealed the presence of small amounts of
NEU2 transcript at the end of the differentiation process in
CFU-E cells, but we were not able to detect the presence of
the corresponding protein nor its activity. Based on these
results, it would be speculative to implicate an involvement
of NEU2 in these processes, even though Neu2 involve-
ment in muscle cell differentiation has been reported
elsewhere [27].

The differentiation process also induced a massive
enhancement of erythrocyte gangliosides (SnHc and SPg),
LacCer, and ceramide, followed by a great increase of
specific sialoglycoproteins, similar to the ones observed
during K562 differentiation. These biochemical modifica-
tions were associated with a minor variation of the total
sialic acid content that corresponds to a small fraction (from
4 to 13%) of the values detectable in tumor cells. In spite of
the marked increase of LacCer and Cer, which can be
related to the sialidase content, the general metabolic
picture detectable in these cells during differentiation can
be associated with an activation of the metabolic pathways
leading to mature erythrocytes, more than to catabolic
pathways.

Overall, the aberrant glycosilation profile detectable in
K562 cells confirmed previous experimental evidences of a
characteristic glycoconjugate pattern in most types of
human cancer. Aberrant glycosilation is strictly related to
neoplastic transformation and could represent a key event
in the induction of invasion and metastasis [50]. Moreover,
the abundance of particular sphingolipids located mainly on
the plasma membrane lipid rafts at close proximity of
receptors and signaling molecules, could modify the net
signal transduction in the cell, leading to considerable
effects on proliferation and apoptosis [59]. In this context,
NEU1 and NEU3 sialidases, which are able to modify
both sphingolipids and glycoproteins, are present in high
levels in cancer cells and seem to be directly involved in
their malignancy. In particular, the plasma membrane
associated sialidase Neu3 is able to act through cell-to-
cell interaction [22], and is probably one of the most
potent regulator of the cell surface gangliosides. The
lysosomal sialidase Neu1 plays a pivotal role in the
catabolism of sialoglycoconjugates within the organelle,
and its involvement in suppression of metastasis in murine
melanoma cells has been demonstrated [60]. Interestingly,
the results obtained by over-expression of NEU1, are
associated with an increase of desialylated glycoproteins
on the cell surface.

Studies on the regulation of sialidase expression through
molecular biology are currently underway, and they may
further clarify sialidase involvement in cancer transformations.
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