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Abstract We evaluated the patterns of sialylation on fibro-
sarcoma cell lines arising following 3-methylcholanthrene
treatments of wild-type and IL-1α-deficient mice; the
former induced progressive tumors, whereas the latter cell
lines induced regressing tumors or failed to develop into
tumors in mice due to immune rejection. In regressing
tumors, terminating α2-6-Neu5Ac residues were present at
lower levels than in progressively growing tumors. In both
tumor cells, the amount of α2-6-Neu5Ac residues was
higher by an order of magnitude relative to the amount
expressed in primary fibroblasts harvested from IL-1α-
deficient and wild-type mice. We focused on membrane
proteins, which may interact with the immune system.
Interestingly, HSP65, grp75, and gp96 were found on the
surfaces of malignant cells and were shown to possess
sialylated N-glycans. The amount of trisialylated glycans
on gp96 and HSP65 and monosialylated glycans on grp75
of regressing cells was significantly lower than in progres-

sively growing cells, suggesting a dependency of these
specific glycoforms on anti-tumor immunity.
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Abbreviations
DDW double distilled water
Gal galactose
GlcNAc N-acetylglucosamine
gp96 96 kDa glycoprotein
grp glucose regulated protein
HPLC high performance liquid chromatography
HSP heat shock protein
IFN interferon
IL-1 interleukin 1
Man mannose
3-MCA 3-methylcholanthrene
MHC major histocompatibility class
Mw molecular weight
Neu5Ac N-acetylneuraminic acid
NK natural killer
NKT natural killer T
pI isoelectric point
PNGase-F N-glycosidase F
WT wild-type

Introduction

Glycans, chains of sugars covalently linked to either
proteins or lipids or found in free form, are assembled by
glycosyltransferases and glycosidases in the secretory
pathway. The combined actions of these enzymes lead to
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a diverse array of glycoconjugates termed glycoforms.
These glycans are frequently terminated by sialic acid
residues, a process mediated by various sialyltransferases
that can be distinguished by the glycan acceptor recognized
and the linkage generated. Most classes of glycans are
membrane-bound glycoconjugates or are secreted to the cell
microenvironment, locations that enable glycans to interact
with the immune system [1]. In addition, the contribution of
glycans to the tumor microenvironment was described.
Accordingly, aberrant patterns of cell glycosylation were
shown to be correlated with tumor proliferation, invasion,
metastasis, and angiogenesis, mainly by altering cell-to-cell
or cell-to-matrix interactions and cell signaling and motility
[2, 3]. Enhanced levels of cell surface Neu5Ac (sialic acid)
residues frequently correlate with cancer progression,
metastasis, invasion, and cell motility [4–6]. However, the
mechanisms whereby cellular glycosylation affects tumor
progression are not fully understood. Furthermore, the
contribution of glycosylation changes, particularly sialyla-
tion, in determining the immunogenicity of malignant cells,
remains obscure.

Recently, processes of immunoediting, in which immu-
nity controls and shapes tumor cell immunogenicity, were
described [7, 8]. It was shown that in mice deficient in cells
or cytokines essential for the development of anti-tumor
immunity, the overt tumors that develop following treat-
ment with a carcinogen consist of immunogenic cells. In
contrast, non-immunogenic tumors develop under the same
experimental conditions in control mice. The roles of IL-1
molecules in the process of carcinogenesis have been
studied by the Apte group, using mice deficient in genes
encoding IL-1 agonists [9]. The IL-1 family includes two
major agonistic molecules, IL-1α and IL-1β. In their
soluble form, the two IL-1 molecules bind to the same
signaling receptor, IL-1Ra, to exert the same biological
response. However, in the in vivo context of the milieu of
the producing cell, both IL-1α and IL-1β differ dramati-
cally in their compartmentalization, likely dictating distinct
functions. Studies of IL-1 deficient mice have demonstrated
that host IL-1β deficiency reduces both the frequency of
tumors that develop in mice following treatment with the
carcinogen 3-MCA and the tumor invasiveness of trans-
plantable cell lines, due to impaired local inflammatory
responses [10]. By contrast, a deficiency of IL-1α at the site
of carcinogen injection did not impair inflammatory
responses or the frequency of tumors or their kinetics of
development, which were similar to those observed in
control mice. However, tumors that arose in IL-1α-/- mice
did not grow in intact mice and were shown to be
immunogenic and rejected by immune mechanisms. These
findings indicate that IL-1α is an important cytokine in the
process of immunoediting [11]. We assume that during the
immunoediting process, tumor cells bear aberrant glycans.

Moreover, since IL-1 is involved in the metastasis and
invasiveness of malignancies, we hypothesized that 3-MCA
induced tumors developed in IL-1α deficient mice bear
antigenic molecules lacking α2-6 Neu5Ac residues. By
contrast, in control mice, the metastatic and invasive
properties of tumors cause them to over-express α2-6
Neu5Ac residues. In this study, we estimated α2-6
sialylation, describing the specific expression of Neu5Ac
residues on the cell surface heat shock proteins of
immunogenic tumor cells arising in 3-MCA-treated IL-
1α-/- mice as compared to tumors obtained from WT mice
treated with 3-MCA and that induce in vivo progressive
growth. Heat shock proteins play a key role in different
immunological phenomena. Nevertheless, it is poorly
understood whether the glycoforms of these proteins play
any role in the malignant process leading to the immune
response against cancer. Here, we demonstrate differences
in the amount of sialylation of HSP65, grp75, and gp96
between progressively-growing and non-invasive, immuno-
genic 3-MCA-induced fibrosarcoma cells. We believe that
differences in the sialylation levels of heat shock proteins
may affect their immunological properties.

Materials and methods

3-MCA-induced fibrosarcoma cell cultures

Two lines of 3-MCA induced fibrosarcoma cells from
BALB/c mice and two lines from IL-1α-/- mice were used
in this study [10]. The cells were cultured in 180 cm2 T-
flasks, in 5% CO2 and 99% humidity at 37°C. Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 1%
penicillin streptomycin, 1% L-glutamic acid, and 10% fetal
bovine serum, was used. For flow cytometry analysis, cells
were trypsinized with 3 ml of trypsin-EDTA, washed with
medium, and then centrifuged at 2,000 rpm for 5 min at 4°
C. The cells were suspended and placed in a poly-
propylene tube at 37°C, 99% humidity, and 5% CO2, and
they were subjected to gentle agitation conditions to let the
membrane turnover. Cell number and viability were
determined by Trypan Blue exclusion. For protein extrac-
tion, cells were harvested using a rubber policeman for
mechanical dissociation when the flasks exhibited approx-
imately ~80% cell confluence. The cells were washed twice
in 10 ml ice-cold PBS. Cells from three flasks were pooled,
centrifuged at 300×g for 7 min at 4°C, and stored at −20°C.
After 3 days, their membranes or cytosolic proteins were
extracted by a ProteoExtract kit (Calbiochem, San Diego,
CA) and the presence of epidermal growth factor receptors
(EGFRs) was revealed by anti-EGFR antibody binding
(Santa Cruz Biotechnology, Santa Cruz, CA) and was used
as a marker for protein membrane preparation.
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Isolation of primary fibroblast cells

Two IL-1α-/- and two WT mice were sacrificed. Their
dorsal skin was shaved, cut into small pieces, and then
stirred and incubated in HEPES buffer, pH 7.4, containing
200 U/ml of type IV collagenase for 40 min at 37°C. The
resultant suspension was filtered through gauze to remove
undigested tissue and then centrifuged at 1,000×g for
6 min. The supernatants were discarded and the isolated
cells were resuspended in DMEM supplemented with 1%
penicillin-streptomycin, 1% L-glutamic acid and 10% FBS
and subsequently cultured in 50 cm2 Petri dishes.

Analysis of glycan epitope expression

The expression of α-linked mannose, GlcNAc, and β-
galactosyl residues strongly reactive to T-antigen, β-
galactosyl residues strongly reactive to N- and O-glycans,
and of α2-6-linked Neu5Ac on the surface of fibrosarcoma
cells was examined by flow cytometric analysis (FACS) as
previously described [12]. Briefly, cells (2.5×105) were
blocked by a FACS solution of 1% bovine albumin in PBS
for 1 h at 4°C, incubated with the fluorescent lectins
(30 μg/ml, Vector laboratory, Burlingame, CA) concanav-
alin A (Con A), wheat germ agglutinin (WGA), peanut
agglutinin (PNA), jacalin, ricinus communis agglutinin I
(RCA-I) or sambucus nigra lectin (SNA) for 30 min at 4°C,
washed and resuspended in 0.3 ml of FACS solution. The
cells were then analyzed by FACSCalibor flow cytometry
(BD Biosciences, San Jose, CA), operated with CellRequest
software.

Quantification of glycosyltransferases

Glycosyltransferase mRNA expression was determined by
quantitative real time PCR using cDNA specifically
designed for the amplification of these mRNA species.
RNA was extracted using the RNAeasy kit (QIAGEN,
Hilden, Germany) and cDNA was synthesized using a
reverse transcription system (Promega, Madison, WI).
Oligo dT primer was used according to standard manufac-
turer protocol. Primers to the housekeeping gene, β-actin
(5’- GGTCTCAAACATGATCTGGG-3’ (forward); 5’-
GGGTCAGAAGGATTCCTATG-3’ (reverse)), were used
as a standard to quantitate mRNA levels of α2, 3-
Sialytransferase VI (ST3Gal VI) (primers: 5’- CCCAAA
CACCCTACAACAGG -3’ (forward) ;5’-TCAAAGA
CATGGTGGCATTC-3’ (reverse)), α2, 6-Sialytransferase
III (ST6GalNAc III) (primers: 5’-AGTCACAGCCAT
CAGGTCACT-3’ ( forward) ; 5’ - CCCTGGACA
TTCTCTGGTGT -3’ (reverse)), α2, 6 Sialytransferase I
(ST6Gal I) (primers: 5’-TGGGACATCATTCAGG
AAATC-3’ (forward); 5’- AAGAGGAGCGGATGGT

AGG-3’ (reverse)) and α1,3-Galctosyltransferase (α1, 3-
GT) (primers: 5’-GATGCCAATGTGACCATCAG-3’ (for-
ward); 5’-TGAACATGTGCCACCAAAGT-3’ (reverse)).
The reagents used were from the ABsolute qPCR syber
green mix (Abgene, Rochester, NY). The reaction con-
ditions employed were: 95°C for 10 min followed by 40
periods of 96°C for 10 s, 55°C for 15 s, 72°C for 20 s and
an 83°C/83°C/85°C/83.5°C/83°C cycle for 10 s. The
reactions were analyzed in a Rotor Gene RG 3000
apparatus (Corbett LifeScience, Sydney, Australia) and
estimates of up- and down-regulation of gene expression
were obtained using the Relative Expression Software Tool
(Corbett LifeScience).

Protein separation by two-dimensional electrophoresis (2-DE)

Protein extractions (70 µg) were desalted by passage over
DG10 columns (Bio-Rad, Hercules, CA), dissolved in 2D
buffer (6 M Urea, 2 M thiourea, 2% Chaps, 50 mM DTT,
0.2% Bio-Lyte), and cap-loaded onto rehydrated IPG strips
(7 cm, pH 5–8, Bio-Rad) using a constant voltage of 50 mV
for 2 h at room temperature. Proteins were separated
according to pI values by applying a linear, sloping voltage
enhancement first to 250 Vover 30 min and then to 4,000 V
over 2 h. This was followed by a rapid increment in voltage
rate to a total of 10,000 V/h. The maximal current was
limited to 50 µA/IPG strip. Strips were then frozen at −70°
C for 30 min to break the gel and thawed for 15 min at 25°
C. Subsequently, the strips were agitated for 10 min in DTT
solution (100 mM) and in iodoacetamide solution (20 mM)
for an additional 10 min at room temperature. Next, the
treated strips were placed on top of a 4% SDS-PAGE
stacking gel and allowed to enter a 12% of SDS-PAGE
separating gel at 200 V for 2 h. Molecular weight markers
in the range of 10–250 kDa were loaded next to the strip.
Finally, the gels were stained by Sypro-Ruby (Invitrogen,
Carlsbad, CA).

In-gel enzymatic digestion and mass spectrometry

The proteins of interest were excised from the 2-D gels,
washed three times in double distilled water and the gel
pieces were dehydrated in 100% acetonitrile (ACN) for
5 min and dried for 30 min in a vacuum centrifuge.
Digestion was performed by adding 100 ng of modified
trypsin (Promega, Madison, WI) in 200 mM ammonium
bicarbonate. Following enzymatic digestion overnight at
37°C, the peptides were extracted with 50 μl of 60% ACN
in 1% trifluoroacetic acid (TFA). The samples were dried
and the peptides were purified using C18 zip-tips (Millipore,
Bedford, MA).

The peptide mixtures (0.5 μl) were combined with a
saturation solution of α-cyano-4-hydroxycinnamic acid
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(0.5 μl, Bruker Daltonics, Bremen, Gemany) in ACN
containing 1% TFA. The mixtures were analyzed by
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS, Bruker Daltonics)
with peptide standards (Bruker Daltonics) used to calibrate
the spectra. The mass results obtained by X-Mass software
(Bruker Daltonics) were compared with the tryptic diges-
tion protein sequence database (NCBI) using the MASCOT
search engine (www.matrixscience.com, Matrix Science,
London, UK), where a mass tolerance of 0.2 Da was
chosen. For MS/MS identification, selected peptides iden-
tified in each spot were cleaved by GPMAW software and
fragments were matched by MS-Tag search using the
ProteinProspector search engine (prospector.ucsf.edu,
UCSF, San Francisco, CA).

Immunoblotting of HSPs

Protein mixtures extracted from the membrane (fibrosarco-
ma cells) or the cytosol (fibroblast cells) were run on 10%
SDS-PAGE at 180 V for 45 min, then trans-blotted onto
nitrocellulose membranes for 1 h at 100 V (transfer buffer:
25 mM Tris, pH 7.4, 190 mM glycine, 20% methanol).
Subsequent to 1 h blocking in 3% bovine albumin
dissolved in blotting buffer (10 mM Tris-HCl, pH 7.4,
100 mM NaCl and 0.05% Tween) at room temperature, the
blots were incubated for 1 h with anti-mouse HSP65, anti-
rabbit grp78 and grp75, and anti-rat grp94 antibodies
(Calbiochem, San Diego, CA, with the anti-grp antibodies
being cross-reactive with mouse grps) at a concentration of
1 μg/ml in blotting buffer. The blots were washed three
times for 20 min each and incubated in goat anti-mouse IgG-
conjugated alkaline phosphatase (1:10,000, Calbiochem) for
an additional 1 h at room temperature. Antibody binding was
detected using the NBT reagent (Pierce, Rockford, IL).

Immunocytometry of HSPs and fluorescent staining of
nuclei and actin

Cells (1×104) were cultured on sterile glass coverslips for
48 h, then washed and fixed in 4% formaldehyde in PBS
for 15 min at room temperature, washed three times in PBS,
and blocked in 1% fish gelatin (FSG) in PBS-Tween
solution for an additional 30 min. Next, a series of cultured
coverslips were incubated with anti-grp94, -grp78, -HSP70
and -HSP60 antibodies (5 μg/ml, Calbiochem) in PBS
containing 0.2% FSG for 1 h at room temperature with
gentle agitation, followed by incubation with (1:500) anti-
rat IgG-conjugated Cy5 (for grp 78, anti-rabbit IgG Cy5
were used; Jackson ImmunoResearch, West Grove, PA) in
PBS containing 0.2% FSG for 1 h at room temperature.
Incubation with the secondary antibodies alone served as a
negative control. Fluorescent staining of actin filaments and

nuclei was carried out on the same coverslips to acquire a
clear picture of HSP distribution within the cell. For actin
staining, the cultured coverslips were incubated in (1:500)
Oregon Green 488 phalloidin (Invitrogen) in PBS containing
0.2% FSG for 1 h at room temperature, then washed three
times. For nuclear staining, the cultured coverslips were
incubated in (1:1000) Hoechst dye (Invitrogen) in PBS
containing 0.2% FSG for 1 h at room temperature and then
washed three times. Finally, all coverslips were placed on
slides containing 50% glycerol and inspected with an inverted
microscope equipped with an Olympus IX81 camera, using
appropriate fluorescent filters (Olympus, Center Valley, PA).

Tagging surface proteins by biotinylation

Cell cultures at 80% confluence were washed twice with
10 mL ice-cold PBS and incubated for 2 h at 4°C with
Sulfo-NHS-Biotin Reagent (2 mM in PBS, pH 7.5, Pierce),
as previously described [13]. Briefly, the reaction was
terminated by the addition of 50 mM Tris-HCl, pH 7.5. The
cells were then washed three times in 100 mM glycine to
remove excess biotin reagent, after which cytosolic and
membrane proteins were extracted as described above. The
solubilized proteins were purified on ImmunoPure-
immobilized streptavidin columns (Pierce) using the proto-
col supplied by the manufacturer.

Separation of charged glycans and their analysis in normal
phase HPLC

According to the procedure of Küster et al. [14], PNGase-
F-released glycans from the 2-D gels were fluorescently
labeled with 2-AB by reductive amination. Subsequent to
their labeling, the charged glycans were separated by
anionic exchange on a 4.6×250 mm Vydac VHP301
column (Chromatech, Canton, MI) using two Waters 510
pumps, a Waters 717 autoinjector, and a FP-920 fluorescent
detector (Jasco, Easton, MD). The solvents used were
buffer A (50 mM ammonium formate, pH 9) and DDW,
and elution was done by linear gradient over the course of
60 min. Initial conditions were 0% buffer A and 100%
DDWat a flow rate of 1 ml/min and ending conditions were
80% buffer A and 20% DDW at the same flow rate. The
column was washed with 100% A for 5 min at a flow rate
of 1 ml/min before re-equilibration in the initial solvent
system. Labeled fetuin glycans were used to determine the
net charge of the samples. The eluted charged and
uncharged glycans in volumes of 0.25 ml were collected
manually into vials and then concentrated using a vacuum
centrifuge. The Neu5Ac residues were digested from the
charged glycans by overnight incubation with 1 μl of ABS
(α 2- 3, 6, 8, 9- Neuraminidase, 1 U/ml, Prozyme, San
Leandro, CA) in 50 mM of Tris-HCl, pH 5.5, and then
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purified. The digested and uncharged glycans were sepa-
rated in normal phase on a 4.6×250 mm Glyco-Sep N
column (Waters, Milford, MA). The solvents used were
buffer B (50 mM ammonium formate, pH 4.4) and buffer C
(acetonitrile). The glycans were eluted by linear gradient
with buffer B, such that initial conditions were 20% buffer
B at a flow rate of 0.4 ml/min. The concentration of buffer
B was changed from 35 to 53% over 132 min, and then
from 53 to 100% over the next 3 min, with a constant flow
rate. The column was washed with 100% buffer B for 5 min
at a flow rate of 1 ml/min before re-equilibration in the
initial solvent system.

Results

Expression of glycan epitopes and ST6Gal I transcripts in
3-MCA-induced fibrosarcoma cells

We compared the patterns of surface glycan expression on
progressively-growing and non-invasive 3-MCA-induced
cell lines obtained from either control BALB/c or IL-1α-/-

mice, respectively. Two cell lines from each phenotype
were compared. Initially, we examined the patterns of lectin
binding to cells. Accordingly, cells were stained with FITC-
labeled lectins, i.e., Con A, WGA, PNA, Jacalin, RCA-I,
and SNA, and then evaluated by flow cytometry. Con A
binds α-linked mannose residues, WGA is a GlcNAc- and
sialic acid-specific lectin, PNA binds β-galactosyl residues
with strong reactivity to T-antigen (Galβ1-3GalNAcα1-Ser/
Thr), Jacalin binds β-galactosyl residues and is specific for
sialylated/neutral T-antigen, RCA-I binds β-galactosyl
groups, and SNA is specific to α2-6 Neu5Ac residues
[15]. The left graphs of Fig. 1a show the lectin binding
differences between cell lines derived from 3-MCA-treated
control mice and those derived from similarly treated IL-
1α-/- mice. Significant differences in the binding of SNA
and PNA were observed between both types of fibrosarco-
ma cells, whereas no differences were observed in the
binding of Jacalin (Fig. 1a), Con A, WGA or RCA-I
(results not shown for Con A, WGA, or RCA-I). Quanti-
tatively, binding to the surface of progressively growing
fibrosarcoma cells was observed to increase by 3-fold for
SNA and to decrease by 3-fold for PNA relative to their
binding to regressing fibrosarcoma cells. Although the
increase in SNA binding is consistent with the decrease in
PNA binding, the latter could be inhibited by Neu5Ac
residues linked not only through α2-6, but also those linked
through α2-3 and α2-8. In contrast, Jacalin, which binds
similar epitopes to those bound by PNA, was also bound to
the surfaces of both cell types, as the Neu5Ac residues do
not interfere with the binding of β-galactosyl epitopes to
Jacalin as they do in the case of PNA [15]. The binding of

neuraminidase-treated cells to SNA was less than that
observed before neuraminidase treatment and exhibited an
insignificant shift between the two cell lines. Moreover,
PNA binding after neuraminidase treatment increased by
one order of magnitude more than that observed before
treatment and in contrast to Jacalin, the binding to cells was
the same before and after the treatment (Figure 1 in the
supplementary data). PNA binding to cells is apparently
inhibited by Neu5Ac residues in all the linkages.

To better understand the binding patterns of SNA, PNA,
and Jacalin to fibrosarcoma cells, we compared their
binding patterns in primary skin fibroblasts obtained from
control and IL-1α-/- mice. No significant differences in the
binding patterns of the lectins to normal fibroblasts from
either strain of mice were observed. This indicates that the
observed alterations in lectin binding to fibrosarcoma cells
are related to cell transformation (Fig. 1a, right graphs). It is
notable that relative to primary fibroblasts from control and
IL-1α-/- mice, α2-6-linked Neu5Ac epitopes are increased
by one order of magnitude in both types of fibrosarcoma
cell lines.

Finally, we assessed the expression patterns of those
glycosyltransferases that participate in protein glycosyla-
tion. Thus, ST3Gal VI, ST6GalNAc III, ST6Gal I (termed
according to the nomenclature proposed by Tsuji et al. [16])
and α1, 3-GT mRNA levels were determined in two lines
of progressively growing and two lines of regressing
immunogenic fibrosarcoma cells by quantitative RT-PCR,
using specifically designed primers. The transcription of
ST6Gal I, the product of which attaches α2-6 Neu5Ac
residues to the acceptor, Galβ1-4GlcNAc, in glycoprotein
N-glycans, was significantly (P<0.05) up-regulated two-
fold in progressively growing cells, relative to the level
measured in regressing immunogenic fibrosarcoma cells
(Fig. 1b). This result is consistent with the FACS analyses
(Fig. 1a), pointing to enhanced expression and, possibly,
activity of ST6Gal I.

Expression of mRNA encoding ST3Gal VI, which binds
α2-3 Neu5Ac residues to the acceptor Galβ1-4GlcNAc on
glycoproteins and glycolipids [17] was found to be similar
in both lines, indicating the increased expression of very
specific sialylated structures on progressively growing
fibrosarcoma cells. In addition, in both cell lines, similar
patterns of expression of mRNA for ST6GalNAc III, which
links α2-6 Neu5Ac residues to Neu5Acα2-3Galβ1-
3GalNAc acceptor molecules, and α1, 3-GT, which links
galactosyl residues to Galβ1-4GlcNAc acceptor molecules,
were observed.

HSP identification by MS and HSP immunoblotting

We adopted a membrane proteomics approach to identify
surface HSPs that play roles in immunological events and
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that may contain different degrees of sialylation relative to
fibrosarcoma cell line type. A typical membrane protein
map of fibrosarcoma cells manifesting progressive growth
patterns in mice, obtained by 2-DE and Sypro Ruby
staining, exhibits proteins migrating between pI 5 to 8 and
represents one of 5 membrane preparations of each cell line
that was analyzed (Fig. 2a). Very similar protein maps were

observed (results not shown) in the membrane preparation
of regressing fibrosarcoma cell lines. We selected 29
protein spots, 80% of which were successfully identified
by MALDI-TOF MS (Table 1) and confirmed by MS/MS
sequencing using the MS-Tag software (Supplementary
Data, Table 1). These spots represent a total of 6 different
proteins, many of which were present as several isoforms,
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Fig. 1 Flow cytometry of regressive immunogenic and progressive
fibrosarcoma cell lines derived from 3-MCA-injected IL-1α-/- and
BALB/c mice (left column) and flow cytometry of primary fibroblast
cells derived from the skin of IL-1α-/- and BALB/c mice (right
column) stained by 30 μg/ml of fluorescent lectins, as described in
Materials and Methods. SNA binds α2-6-linked Neu5Ac, PNA binds
β-galactosyl residues that are strongly reactive to T-antigen, and
Jacalin binds β-galactosyl residues and is highly specific for

sialylated/neutral T-antigen (a). The mRNA levels of ST3Gal VI,
ST6GalNAc III, ST6Gal I (nomenclature used is that proposed by
Tsuji et al., ref 16) and a1, 3-GT were determined in two lines of
regressive immunogenic and progressive fibrosarcoma cell lines by
quantitative RT-PCR using specific primers. Statistical significance is
considered P<0.05 versus the level of the housekeeping gene, β-actin
(b)
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found at different pI values. Immunoblotting using anti-
EGFR antibody confirmed that the protein preparation
contained membrane proteins (Figure 2 in the supplemen-
tary data).

An analysis of the proteins from both types of
fibrosarcoma cell lines showed a relative abundance of
HSPs, which are increased in stressed cells, including
malignant cells [18]. Three spots representing a molecular
weight of 93 kDa and pI values of 5.22–5.26 matched
grp94. Two series of five spots coinciding with a molecular
weight of 72 kDa and pI values of 5.50–5.75 and a
molecular weight of 69 kDa with pI values of 6.10–6.60
matched grp78 and grp75, respectively. Four spots
corresponding to a molecular weight of 55 kDa and pI
values of 6.05–6.40 matched HSP65. In addition, two
cytoskeleton proteins were identified as β-tubulin and γ-
actin. Tubulin was apparent in three spots of roughly
50 kDa and pI values of 5.05–5.15 and actin in three spots
of roughly 40 kDa and pI values of 5.90–6.17.

The results of the MALDI-TOF MS analysis of HSP65,
grp75, grp78, and gp96 were confirmed by immunoblotting
using specific antibodies (Fig. 2b). In addition, these same

reactions were performed on the total cytosolic protein pool
extracted from primary skin fibroblasts obtained from
control and IL-1α-/- mice. As shown in Fig. 2b, the same
HSPs that were apparent in the fibrosarcoma cells also
appeared in the cytosolic protein pool. The intensities of
the bands corresponding to fibroblast and fibrosarcoma
HSPs were similar, due to the loading of equal protein
concentrations.

HSPs presented a dot pattern, which was expected of
glycoproteins; therefore, we chose to use HPLC for
analyzing protein glycans. HPLC is not only a more
sensitive method, but it also provides information on
glycan composition and structure.

Localization and distribution of HSPs in 3-MCA-induced
fibrosarcoma cells

Cell surface proteins were covalently modified by an
impermeable biotin derivative that links to primary amino
residues without inflicting cell damage [13]. Extracted
biotinylated membrane proteins were isolated on a strepta-
vidin affinity column and separated by SDS PAGE (Fig. 2c).
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Fig. 2 2-DE image of mem-
brane proteins extracted from
progressive 3-MCA-induced fi-
brosarcoma cells using a Pro-
teoExtract kit as described in
Materials and Methods (a). Im-
munoblotting of HSP65, grp75,
grp78, and gp96 using anti-
mouse HSP65 and HSP90, anti-
rabbit grp75 and grp78, and
anti-rat grp94 antibodies, each at
a concentration of 1 μg/ml per
blot. HSPs were extracted from
regressive immunogenic and
progressive fibrosarcoma cells
and from the cytosolic fraction
of primary fibroblast cells de-
rived from the skin of IL-1α-/-

and BALB/c mice (b). 1-DE of
biotin-tagged HSPs extracted
from the membranes of regres-
sive immunogenic and progres-
sive fibrosarcoma cell lines after
tagging cell surface proteins by
an impermeable biotin deriva-
tive (c). Immunocytometry of
gp96 and fluorescent staining
for nuclei and actin. Cells (1×
104) were derived either from 3-
MCA-induced fibrosarcoma
cells injected into IL-1α-/- and
BALB/c mice or from primary
fibroblast cells derived from the
skin of IL-1α-/- and BALB/c (d)
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Membrane proteins HSP65, grp75, grp78, and gp96 from
two lines of progressively growing and regressing fibrosar-
coma were tagged and stained by Coomassie blue. The
cytosolic proteins from both cultures were not tagged, and
therefore, they were not stained. In addition, membrane
HSPs were excised from the gels and their presence was
confirmed by MALDI-TOF MS. Total untagged membrane
proteins showed intense HSP bands, relative to the tagged
bands. This was due to a loss of tagged proteins during

purification and to sample contamination by traces of
intracellular proteins during membrane protein recovery.

Non-permeabilized cells were immunofluorescence
stained by anti-HSP antibodies, and nuclei and actin
filaments of fibrosarcoma and primary fibroblast cells were
also stained. Figure 2d shows that gp96 positively stained
in all the cells examined, coinciding with the entire cell area
of both types of fibrosarcoma. In primary fibroblasts from
the skin of BALB/c and IL-1α-/- mice, gp96 accumulated
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around the nuclei, as expected. Similar distribution patterns
were observed for HSP65, grp75, and grp78 within the
tumor lines, but with no accumulation in or around the
nuclei (grp78) in primary fibroblasts (Supplementary Data,
Figure 3a–c). Unlike the immunoblotting results, these
results provide evidence of HSP over-expression in fibro-
sarcoma cells and suggest that the surfaces of fibrosarcoma
cells were stained.

Different patterns of sialylated N-glycans on membrane
HSPs

Our HSP analysis revealed that at least a fraction of this
population may be glycosylated. The amino acid sequences
of the different HSPs, as obtained from the SwissProt
database, showed that HSP65, grp75, and gp96 can
potentially be modified by N-glycans at 3 to 6 sites, as
predicted by the presence of the consensus sequence, Asn-
X-Ser/Thr (where X can be any amino acid except proline).
No such motifs are present in grp78.

Chromatographic measurements and MALDI-TOF MS
analysis of the N-glycans revealed oligomannose and

complex type glycans in HSP65, grp75, and gp96. In
particular, oligomannose sugars (Man5-Man9), both α1-6
fucosylated and a complex sialylated type, were identified
on bi-, tri-, and tetra-antennary chains. In addition, some
isomers of the tri- and tetra-antennary chains displayed//
bisected GlcNAc residues (Avidan et al., unpublished
observations).

Next, the sialylated N-glycans of membrane HSPs were
examined to distinguish the differences in these structures
from progressively growing versus regressive tumor cell
lines. Consequently, glycans were released, labeled, and
separated by weak anion exchange (WAX) HPLC [14]. The
eluted fractions of neutral, mono-, di-, and tri-sialylated
glycans were collected at different time intervals and
profiled by normal phase HPLC. Similar to a dextran
ladder standard of different molecular weights, the times of
glycan elution were expressed as glucose units (GU). A
database of standard sugars assigned GU values established
by Oxford Glycobiology Institute (http//glycobase.ucd.ie/
cgi-bin/public/glycobase.cgi) was used in this study.

Table 2 summarizes the amount of charged glycans (in
percentages), and Fig. 3 illustrates a comparative example

Table 1 Proteins in dot patterns from membrane fractions of regressive and progressive fibrosarcoma cell lines developed in IL1α-/- and WT
mice identified by MALDI-TOF MS

Protein name Accession
noa

Spot
no

Theoretical
Mw/pI

Experimental
Mw/pI

MASCOT
score

Matched
peptides

Sequence
coverage (%)

Actin, gamma gi|809561 21 41.3/5.56 40/5.90 112 10 29

Actin, gamma gi|809561 22 42.1/5.31 40/6.05 106 16 46

Actin, gamma gi|809561 23 41.3/5.56 40/6.17 130 11 37

Gp96 gi|6755863 1 92.7/4.74 93/5.22 130 17 22

Gp96 gi|6755863 2 92.7/4.74 93/5.24 82 9 15

Gp96 gi|6755863 3 92.7/4.74 93/5.26 36 7 10

Heat shock Protein 65 gi|51455 14 61.1/5.91 55/6.05 64 6 21

Heat shock Protein 65 gi|51455 15 61.1/5.91 55/6.15 100 11 25

Heat shock Protein 65 gi|51455 16 61.1/5.91 55/6.25 63 7 16

Heat shock Protein 65 gi|51455 17 61.1/5.30 55/6.40 91 10 23

Heat shock Protein 9 gi|162461907 9 73.7/5.81 69/6.10 60 7 11

Heat shock Protein 9 gi|162461907 10 73.7/5.81 69/6.25 82 7 14

Heat shock Protein 9 gi|162461907 11 73.7/5.81 69/6.35 37 5 10

Grp 75 gi|14917005 12 73.4/5.91 69/6.50 57 6 9

Grp 75 gi|162461907 13 73.4/5.91 69/6.60 66 7 11

Heat shock Protein 5 gi|31981722 4 72.5/5.01 72/5.50 178 22 39

Heat shock Protein 5 gi|31981722 5 72.5/5.01 72/5.55 242 23 48

Heat shock Protein 5 gi|31981722 6 72.5/5.01 72/5.60 194 17 35

BiP gi|2598562 7 72.5/5.10 72/5.70 146 14 29

BiP gi|2598562 8 72.5/5.10 72/5.75 127 13 27

Tubulin, beta gi|21746161 18 50.4/4.78 50/5.05 28 6 11

Tubulin, beta gi|21746161 19 50.4/4.78 50/5.10 53 9 20

Tubulin, beta gi|21746161 20 50.4/4.78 50/5.15 66 11 25

a The number of the predicted protein in NCBInr
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of a trisialylated fraction (10–13 GU) attained upon
profiling total intact glycans (Fig. 3a, d, g), intact charged
glycans (Fig. 3b, e, h), and neuraminidase (ABS)-treated
glycans of both fibrosarcoma lines (Fig. 3c, f, i). The
trisialylated tetra-antennary glycans, bisected GlcNAc, and
fucosylated and non-fucosylated triantennary glycans
appeared in three different peaks. ABS-digestion shifted
the peaks into the positions of neutral tetra-antennary and
neutral tri-antennary glycans, respectively. Because ABS
can concurrently cleave α 2-3, α 2-6, α 2-8, and α 2-9
Neu5Ac residues, use of this reagent confirmed the
identities of the structures obtained. A comparison of
average amounts of the charged structures (Table 2)
indicated that trisialylated glycans were detected on gp96
of the progressive cells but not on the same protein in
regressive cells. Similarly, two to four times more trisialy-
lated glycans were present on HSP65 in the progressive
cells than in the regressive cells. Additionally, the disialy-
lated content of HSP65 in the progressive cells was eight
times higher than in the regressive cells. By contrast, the
grp75 sialylation profile of the progressive cells was two
times lower than that of its counterpart in the regressive
cells. Finally, monosialylated glycans on grp75 were

detected at a level two to three times higher in the
progressive cells than in the regressive cells.

Discussion

The integrated effects of innate and adaptive immunity
were shown to affect the survival of malignant cells that
develop in experimental tumorigenesis during the cancer
immunoediting process. Previous studies revealed that in
mice deficient in critical cells or cytokines—i.e., lympho-
cytes, NKT cells, and IFNγ to name a few—the immuno-
genic variants of malignant cells are not eliminated during
tumor progression, and as a result, the overt tumors consist
of immunogenic cells that subsequently fail to develop into
tumors when transplanted into secondary hosts [19–21].
Here, we employed 3-MCA-induced fibrosarcoma lines
from IL-1α-/- mice that had not been properly edited. As a
result, they were immunogenic and induced regressing
tumors [11]. Such cells, however, grow in immunocompro-
mised hosts. In tumor cells developed in IL-1α-/- mice,
molecules that participate in antigen presentation and that
favor interactions between immune cells—like MHC class
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Fig. 3 NP-HPLC profiles of
2AB-labeled N-linked glycans
from gp96 molecules from re-
gressive immunogenic and pro-
gressive cells. Shown are intact
glycans (a), trisialylated charged
glycans (b), neuraminidase-
(ABS) treated glycans from the
trisialylated fraction (c), intact
N-linked glycans from grp75
molecules from regressive im-
munogenic and progressive cells
(d), trisialylated charged glycans
(e) and neuraminidase-treated
glycans from the trisialylated
fraction (f) and N-linked glycans
from HSP65 molecules from
regressive immunogenic and
progressive cells, the intact gly-
cans (g), trisialylated charged
glycans (h) and neuraminidase-
treated glycans of the trisialy-
lated fraction (i) Sialic acid;
N-acetylglucosamine;
Galactose; Fucose;
Mannose
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I, co-stimulatory, and adhesion molecules—are more
abundantly expressed than on 3-MCA-induced cell lines
derived from WT mice. In the present study, we associate
molecules exhibiting aberrant glycans with the process of
tumor immunoediting.

We have revealed that the expression of α2-6-linked
Neu5Ac epitopes was abundant in progressively growing
fibrosarcoma in comparison with regressing fibrosarcoma
cell lines that are eradiated by immune mechanisms.
Accordingly, up-regulation of ST6Gal-I expression was
observed in progressively growing fibrosarcoma cells. In
addition, the expression of α2-6-linked Neu5Ac epitopes in
both types of fibrosarcoma cell lines was higher than in
primary fibroblasts of the same lineage. Previous studies in
several types of human carcinomas, and most recently in
spontaneous cancer in ST6Gal-I-/- mice, have suggested
that the upregulation of ST6Gal-I correlates with the effects
of α2-6-linked Neu5Ac epitopes on metastatic spread, poor
prognosis, and tumor progression via enhanced β-integrin
function [4, 22, 23]. To the best of our knowledge,
however, there have been no reports indicating that the
enhancement of ST6Gal-I modulates the interactions of

tumor cells with effector cells of the immune system. By
contrast, over-sialylation of T- and Tn-antigens in MUC1
mucin—such as T47D, which is produced in metastatic
breast carcinoma—was shown to contribute to tumor
immunosuppression by increasing the amounts of secreted
IL-10 and diminishing the production of IL-12 from
dendritic cells [24].

Several possible explanations exist for the role of α2-6
Neu5Ac residues in determining tumor cell immunogenic-
ity. On one hand, it is possible that ST6Gal-I modulates the
interactions of tumor cells with the immune system. On the
other hand, another enzyme or several enzymes acting
simultaneously, from an assortment of sialyltransferases
that exist in the cell, could also be altered to generate varied
ligands, like GD3, the disialylganglioside that can modulate
NK cell cytotoxicity via siglec-7 [25]. We found that
removing surface Neu5Ac residues from progressively
growing fibrosarcoma cells by neuraminidase did not affect
the viability or in vitro proliferative capacity of the cells,
but it did induce tumor regression upon injection into WT
mice, a phenomenon related to eradication of the malignant
cells by NK cells (unpublished observations).
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Impermeable tagging of the pool derived from the
fractionated membrane proteins and MALDI analysis
illustrated the distributions of HSP65, grp75, and gp96 on
the cell surface, and immunofluorescent staining showed
their distribution throughout the cell and their over-
expression relative to their observed limited accumulation
in primary fibroblast cells. However, we could not detect
HSP expression on the cell membrane by FACS analysis,
possibly due to the use of commercial anti-HSP antibodies,
which may have limitations when used to identify intracel-
lular HSPs. Traditionally, HSPs were thought to have been
located in intracellular compartments, and accordingly with
the exception of endoplasmic reticulum (ER) residents such
as gp96 and grp78, which are able to transport to the Golgi
as a consequence of their over-expression in the ER they do
not contain a consensual secretory signal sequence [26].
Nonetheless, the appearance of HSPs on the surface
membrane and within the ECM of viable malignant cells
has been well documented [27–29]. The release of the
cytosolic HSP70, for example, was shown via exosomes,
via an endo-lysosomal-dependent pathway [28], and re-
cently by Vega et al. through translocation into the plasma

membrane before its release in a membrane-associated form
to the extracellular environment [30]. Moreover,
membrane-bound HSPs have been found to exhibit immu-
nomodulatory potential [31–34]. A 14-mer peptide derived
from tumor membrane-bound HSP70 was shown to
stimulate NK cells [35], while surface gp96 enhanced the
cross-presentation of antigens and the priming of tumor-
specific T cells [36]. Similarly, Vega et al. conceived that
HSP70 may exist in a multimeric form within the
membrane, and as such, it could trigger an immune cell
response. We assume that cytosolic HSPs in malignant cells
can arise in an alternate form at the DNA sequence or
transcription levels, directing the synthesis of HSPs through
the ER-Golgi secretion pathway [37–39], where it would
acquire glycans, thus affecting the immunological proper-
ties of the proteins. Accordingly, we detected sialylated
glycans on the HSPs that were examined, attesting to their
location on the membrane since Neu5Ac residues appear on
surface and secreted glycoproteins [40].

A gross estimation based on a calculation of the amount
of glycans produced from 1 mg of recovered protein
indicated that less than 10% of the HSPs were glycosylated.
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Sequencing the N-glycans found on HSP65, grp75, and
gp96 revealed high mannose and complex glycan contents.
The sialylated glycans were shown to carry terminating
mono-, di-, and tri- Neu5Ac residues on 2–4 antennas
assembled on complex type N-glycans. Thus far, the few
studies on HSP glycosylation that have been conducted
mainly addressed intracellular HSPs, especially gp96,
which bears high numbers of mannose glycans, or the
dynamic β-O-GlcNAc glycosylation of HSP70 [41, 42]. An
interaction between hyperglycosylated gp96 in the ER and
either of the Toll-like receptors (TLRs), 4 or 9, was shown
to induce rapid folding of TLR molecules in macrophages.
Gp96-deficient mice were shown to be resistant to
endotoxin-shock due to a lack of functional TLR 4,
indicating that gp96 is a master chaperone for this TLR
molecule [43].

We expected to observe differences in the expressions of
sialylated HSPs between malignant cells derived from WT
mice and those from IL-1α-/- mice, assuming that HSPs
bearing low levels of sialylated glycans can trigger an

immune response. The low expressions of gp96 and HSP65
trisialylated N-glycans in regressive fibrosarcoma cells and
of disialylated HSP65 glycans and monosialylated grp75
glycans in regressive cells indicated that specific glycoforms
bear low levels of sialylated glycans. Indeed, substantial
amounts of one type of glycoform could influence glyco-
protein function [44], such that a low amount of sialylated N-
glycans may induce an immune response. Suriano et al. were
the first to suggest a relationship between gp96 glycan
epitopes and cell phenotype, specifically gp96 function [41].
We supported their hypothesis by characterizing the differ-
ences between the arrays of sialylated HSP glycans
expressed on a series of regressive, immunogenic cell lines
and the progressive, non-immunogenic cell lines that were
concomitantly induced by a chemical carcinogen in strains of
mice differing in their immunosurveillance potential to detect
emerging malignant cells during tumor progression (cancer
immunoediting). It is noteworthy that no HSPs were detected
on the surface of primary dermal fibroblasts, which were the
target cells of transformation in our experimental system of

Table 2 Charged N-glycans of cell surface gp96, grp75, and HSP65 extracted from regressive and progressive fibrosarcoma cell lines

Name Structure GU
Gp96 Hsp65 Grp75

BALB/c IL-1α KO BALB/c IL-1α IL-1αKO BALB/c KO

FcA4G4S3 11.541, 11.244, 10.925 1.17% ND

ND

ND

ND

1.51% 0.88% 0.86% 0.58%

FcA3G3S3 10.049 0.68% 1.06% 0.26% 0.35% 0.81%

FcA3BG3S3 10.492 0.85% 1.25% 0.35% 0.57% ND

A3G3S3 9.634 0.28% 0.35% 0.11% ND 0.92%

FcA2G2S2 9.517, 9.130, 8.722 7.00% 3.28% 4.79% 0.63% 2.27% 4.20%

A2G2S2 8.337, 7.970 2.56% 4.06% 1.61% 0.21% 1.40% 2.20%

FcA4G4S2 10.746 0.84% ND 0.28% 0.03% ND

ND

ND

ND ND

FcA3G3S2 9.685 1.63% 1.23% 0.57% 0.08% 0.28% 0.55%

FcA3BG3S2 10.08 1.09% 1.65% ND ND 0.18%

A3G3S2 9.261 1.33% 2.31% ND

ND

ND 0.66% 0.93%

A3G2S2 8.361 0.46% ND ND

FcA2G2S1 8.359, 7.941 13.51% 12.03% 5.46% 2.05% 7.02% 3.23%

A2G2S1 7.562 2.46% 2.53% 0.50% 1.24% 1.78% 0.72%
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chemical carcinogenesis. This hints that, indeed, the expres-
sion of surface HSPs and their glycosylation are a result of
immunosurveillance that occur during tumor progression.
However, we do not yet understand the exact physiological
contribution of different sialylated HSP glycans in determin-
ing their immunogenicity or invasiveness.

In conclusion, the 3-MCA-induced fibrosarcoma cell
lines that arise in IL-1α-deficient mice provide evidence for
restricted levels of α2-6 Neu5Ac residues in tumors
eradicated by the immune system by selecting for immu-
nogenic variant tumor cells. The degree of sialylation of N-
glycans on membrane HSPs is a function of the glycoform
amounts which, therefore, determine the immunogenic
properties of the HSPs. Thus, sialylation of 3-MCA-
induced fibrosarcoma cells is a complex, controlled process
that may affect the immunogenicity of malignant cells.
Further studies are needed to characterize the pattern and
physiological relevance of glycosylated and sialylated
HSPs on tumor cells.
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