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Abstract

Certain structures of heparan sulfate (HS) inhibit cell proliferation of fibroblasts. Whether this inhibition is dependent on inhib
mitogenic signaling pathways or nuclear translocation of HS is unknown. In this study we investigated possible mechanism(s) and
requirements by which antiproliferative glycosaminoglycans exert their effects on mitogen-activated protein kinase (MAP kinase)
rylation, a key intermediate in cell signaling, followed by quantitative proteomic analysis of nuclear proteins by stable isotope code
tags, multidimensional chromatography and tandem mass spectrometry. Serum starved human lung fibroblasts were stimulated
platelet derived growth factor (PDGF-BB) or epidermal growth factor (EGF) in the presence of structurally different glycosamino
Antiproliferative heparan sulfate with a high content of 2-O-sulfated iduronic acid (IdoA-2SO4) and heavily sulfated glucosamine, and t
structurally related glycosaminoglycan heparin inhibited significantly serum stimulated MAP kinase phosphorylation, by at least 8
stimulated by serum and HS6. We hypothesized that the inhibition of the MAP kinase pathway will have effect in the nuclear p
Therefore an isotope coded affinity tag (ICATTM) reagent labeling of nuclear proteins and tandem mass spectrometry was applied, re
in the identification and quantification of 206 proteins. Several nuclear proteins were found to be induced or repressed due to HS s
where the repression EBNA-2 co-activator and the induction of PML protein were of special interest. These results show that hepa
with high content of (IdoA-2SO4) and heavily sulfated glucosamine specifically inhibits MAP kinase activation with a subsequent cha
the nuclear proteome of the fibroblast.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The extracellular matrix (ECM) has an important role in
influencing cell behavior through several different pathways
either by directly interacting with cell surface receptors
and subsequent activation of signaling pathways or through
activating/inhibiting growth factors[1]. One group of ECM
molecules that interact with both growth factor ligands and
their receptors are the heparan sulfate (HS) proteoglycans
[2]. The HS proteoglycans consist of HS chains attached to
different core proteins, which are integrated into the plasma
membrane of many different cell types. The major groups of
HS proteoglycans are the transmembrane proteoglycan (the
syndecans)[3], the glycosylphosphatidylinositol-anchored
proteoglycan (the glypican) and the matrix associated proteo-
glycan (e.g. perlecan). The syndecans are the major source of
cellular heparan sulfate glycosaminoglycans and are impor-
tant for regulating proteases in a wound environment[4]. The
HS chains are polymers of the disaccharide glucuronic acid
�1,4-N-acetylglucosamine�1,4- and the HS-protein inter-
actions are dependent on certain sequences of the HS chains
[5–7]. These polymers are built up and divided into block
regions of repeats ofN-acetyl glucosamine orN-sulfated
glucosamine. TheN-sulfated regions are often further mod-
ified by epimerization of glucuronic acid (GlcA) to iduronic
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HS can be localized in the nucleus, indicating that HS can
directly affect transcription[17–19].

In this study we investigated if the binding of antiprolifer-
ative HS could affect cell proliferation by interfering with the
signal transduction cascade associated with cell proliferation
in fibroblasts. The main signal transduction pathway, which
is quickly activated due to a mitogenic signal, is the mitogen
activated protein kinase (MAP kinase) pathway. Ras recruits
Raf, which initiates the MEK and ERK phosphorylation cas-
cade[20]. ERK consist of two isoforms ERK 1 and ERK 2,
where phosphorylation of ERK 2 has specifically been asso-
ciated with cell proliferation[20]. It has been shown earlier
that heparin can inhibit MAP kinase activity in smooth mus-
cle cells[21,22], possibly due to a decrease in the signaling of
protein kinase C[23–25]. In this investigation we studied the
effect of the glycosaminoglycans (GAG) on MAP kinase sig-
naling and the structural requirement for obtaining maximal
effects. We found that only antiproliferative HS and heparin
inhibited activation and phosphorylation of MAP kinase and
that the high affinity-binding site of heparan sulfate seems
to be important in mediating these effects. By quantitative
proteomic analysis by isotope coded affinity tags (ICATTM)
and tandem mass spectrometry a subsequent alteration in the
nuclear proteome was investigated.
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acid (IdoA) followed by 2-O-sulfation and 6-O-sulfation on
theN-sulfated glucosamine and occasionally 3-O-sulfation
occurs on specific sites. The block regions are enrich
structures such as IdoA, 2-O-sulfation and 6-O-sulfation
HS interact with a number of different molecules suc
growth factors[8] proteases[4], ECM components[5], and
chemokines[9] and thereby modifying their availability a
activity.

HS proteoglycan metabolism is very rapid with a h
life of 5–20 h [10]. This means that the HS proteoglyc
can undergo several structural changes during one cell
The overall structure of the HS proteoglycans are mod
by for example transformation[11] and aging[8] and thei
structure often reflect the metabolic state of the cell.
structural modifications alter the binding properties to di
ent growth factors as well as cellular behavior. It has
shown in a previous study that HS rich in IdoA- and su
increases the mRNA levels for the PDGF� receptor and th
number of binding sites for PDGF[12]. The same species
HS also inhibit proliferation of lung fibroblast more poten
than heparin[12,13]. HS poor in sulfate and IdoA have no
fect on either the level of PDGF receptors or on prolifera
indicating that the structural specificity is of importance
the above described effects[12,13]. To further explain th
mechanism behind these results, a number of binding
endocytosis studies have been performed[14–16]. Arroyo-
Yanguas et al. found that HS with antiproliferative cap
ity bind to the cell surface with one low affinity site an
high affinity site. The low affinity site is probably associa
with endocytosis and the high affinity with signal transd
tion pathways. It has also been shown that antiprolifer
.

2. Materials and methods

2.1. Materials

Heparin (Hep)Mr 20 000 from beef lung was a produ
from Glaxo, Greenford, U.K. The HS (HS2, HS6) used w
prepared from beef lung by methods described previo
[26,27]. They were further purified by gel chromatography
Superose 6 under dissociative conditions before use, for m
details see[13]. Final preparation step was separation o
Sepharose 6 column under dissociative conditions to rem
cytoactive components bound to the HS. The procedure
the determination of total hexosamine, uronic acid and su
content has earlier been described[13,14,26–28]. The DS was
obtained and characterized by methods described previo
The CSMr 20 000 was from bovine nasal cartilage and w
a gift from the Chicago standard collection. GAGs were
leased from their parent PGs (when applicable) by exten
proteolysis using papain. To remove possible contamina
by HS in DS preparations, they were treated with a weak a
Chemical data are summarized inTable 1 [26,27,29].

Anti phosphotyrosine monoclonal antibodies made in r
bit were bought from Transduction Laboratories, Lexingt
USA. Biotinylated anti-rabbit IgG (H + L) (affinity purified
and the vectastain elite, ABC kit were bought from Vec
Laboratories, Burlingame, CA, USA. BCA, Protein Ass
Reagent Kit, was from Pierce, Rockford, Illinois, USA. De
tran sulfate (DexS)Mr 5000, anti ERK polyclonal antibodie
made in rabbit and myelin basic protein (MBP) were
obtained from Sigma, St. Louis, MO, USA. Immune-BloR
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Table 1
Chemical data for sulfated glycosaminoglycans used

Sample O-SO3 N-SO3 IdoA IdoA-O-SO3 Mr

HexN
(mole/mole)

HexN
(mole/mole)

HexA
(%)

HexA
(%)

HS2 0.30 0.26 30 10 20
HS6 0.91 0.72 65 60 20
Hep 1.91 0.65 80 75 20
DS 1.16 n.a. 90 20 30
CS 1.0 0 0 0 20
DexS 0 0 0 0 5

Hex: hexosamine; HexA: hexuronic acid; n.a.: not applicable;O-SO3: ester
sulfate;N-SO3: N-sulfamate. Relative molecular mass (Mr) was determined
by gel chromatography on Superose 6 calibrated with HS-species of known
molecular mass (determined by light scattering).

PVDF membrane for blotting (0.2�m) was purchased from
Amhersham Pharmacia Biotech AB, Uppsala, Sweden.
Recombinant human PDGF-BB was from R&D System,
Oxon, U.K. and recombinant human EGF from Genezyme,
Cambridge, MA, USA. [�-32]ATP and autoradiography
film were bought from New England Nuclear, Boston, MA,
USA.

2.2. Cell culture

Fibroblasts were established from human lung embry-
onic tissue and grown in 25 cm2 dishes in Eagle’s mini-
mal essential medium (EMEM) supplemented with 10% new
born calf serum and 1% glutamine, at 37◦C in a humidified
incubator with 5% CO2 and 95% air atmosphere. Experi-
ments were performed on cells between passage 5 and 20
Cells were regularly checked for mycoplasma with a GEN-
PROBE Rapid Detection System (Gen Probe, San Diego, CA,
USA).

2.3. Experimental design

Quiescent cells were obtained by growing semi-confluent
cells in medium with 0–0.4% new born calf serum for 48 h.
The quiescent cells were then stimulated by medium sup-
p GF
( be-
t ra-
t m
c t cul-
t cell
e four
t 4
i H
7 A,
5 y-
c ol/l
a ell
s
u

2.4. Analytical methods

2.4.1. Protein quantification
The amount of protein in all extracts was determined by

BCA Protein Assay Reagent Kit Pierce, Rockford, Illinois
and analyzed by spectrophotometer at 595 nm according to
the manufactures instruction.

2.4.2. Western blot
The samples were separated by 8–10% SDS-

polyacrylamide gel for 50 min 200 V (Mini-PROTEAN
II Electrophoresis Cell, Biorad, Hercules, CA, USA).
The proteins were transferred from the gel to a PVDF
membrane by semidry electroblotting for 50 min in 25 V
(Trans-blot SD Semi-Dry Electrophoretic Transfer Cell,
Biorad, Hercules, CA, USA). The PVDF membranes were
incubated with affinity purified rabbit monoclonal antibody
for phosphotyrosine or rabbit polyclonal antibody for ERK
and washed in Tris buffer saline (TBS) containing 1% BSA
and 0.1% Tween. The membranes were incubated with
biotinylated goat anti-rabbit and washed with 0.1% Tween
TBS, followed by a second wash in TBS. Immunoreactivity
was visualized by vectastain ABC detection system all
according to ref.[22]. The membranes were scanned and
analyzed with image analyzer and gel pro analyzer.
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lemented with either 10% new born calf serum, PD
10 ng/ml) or EGF (20 ng/ml) for time periods ranging
ween 10 and 40 min[28]. GAGs were added in concent
ions between 0.1 and 100�g/ml in the presence of mediu
ontaining 10% serum. Negative controls were quiescen
ures grown in serum free medium. For isolation of
xtracts following stimulation, the cells were washed
imes in cold PBS and then detergent extracted at◦C
n 100�l RIPA per six-plate well (50 mmol/l Tris–Cl (p
.2), 150 mmol/l NaCl, 40 mmol/l NaF, 5 mmol/l EDT
mmol/l EGTA, 1 mmol/l NaOV, 1% NP40, 0.1% Na deox
holate, 0.1% SDS, 0.042 mmol/l leupeptin, 0.003 mm
protinin and 1 mmol/l PMSF). After centrifugation the c
upernatant was aliquoted and then stored in−70◦C until
sed.
.

.4.3. Activity analysis
The same samples as used above were separated

% SDS-polyacrylamide gel containing myelin basic pro
7.55�mol/l), a substrate for MAP kinase described pr
usly. The gel was incubated with [�-32]ATP for 2 h and then
ashed carefully to remove unspecific radioactivity. The
ioactivity was visualized by using autoradiography.

.5. Purification of nuclei

The nuclei were purified according from a protocol
cribed in Jung et al.[31], with some minor change
riefly, the cells were harvested in buffer A (60 mmol/l K
5 mmol/l NaCl, 0.15 mmol/l Spermine, 0.5 mmol/l Sp
idine, 15 mmol/l Hepes and 14 mmol/l Mercaptoetha

upplemented with 0.2% (v/v) Nonidet p40, aproti
0.15�mol/l), leupeptin (2.1�mol/l), pepstatin A (1�mol/l)
nd PMSF (1�mol/ml) and 0.3 mol/l sucrose. The cell s
ension was then homogenized with 40 strokes at 2000
Labortechnik, Berlin, Germany) and the homogenate wa
ered with 100�m filter paper (Schleicher&Schuell, Dass
ermany). The nuclei were counted in a Bürker chamber an

he purity was assessed and protein content was deter
y Bradford protein reagent kit (Pierce, Rockford, IL, US

.6. Labeling with the acid-cleavable ICATTM reagent
nd isolation of cysteine containing peptides

Fibroblast nuclei were lysed in a buffer containing 6 m
uanidium–HCl (pH 8.5), 1% Triton X-100, 50 mmo
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Tris–HCl [30]. Starting with 500�g for control and HS
stimulated, each sample was reduced by adding 10�l
of 50 mmol/l Tris(2-carboxyethyl)phosphine (TCEP) and
boiled for 10 min. The samples were allowed to cool and
the acid cleavable ICATTM reagent (all the materials in this
section are from the ICATTM reagent kit Applied Biosys-
tems, Framingham, MA, USA) was added: the light reagent
to the control and heavy reagent containing nine13C to the
HS treated sample[31,32]. Alkylation was allowed to com-
plete for 2 h, at 37◦C. The two samples are combined and
acetone precipitated in order to remove the guanidium–HCl
and the unreacted ICATTM reagent. The pellet was dissolved
in a buffer consisting of 50 mmol/l Tris (pH 8.5), 5 mmol/l
CaCl2, and 10% acetonitrile (ACN). Trypsin was added at
a 1:40 enzyme/substrate ratio in two additions once at the
start of the digestion and once more, 2 h later. Digestion was
completed at 37◦C overnight.

Following digestion the sample was diluted into 25%
ACN, pH 3.0 in order to reduce the buffer concentration be-
low 10 mmol/l. The resulting peptide mixture was injected to
a PolyLC (4.6× 100 mm Polysulfoethyl A) strong cationic
exchange (SCX) column on Vision workstation (Applied
Biosytems, Framingham, MA) at a flow rate of 1 mL/min
using a binding buffer (buffer A) 10 mmol/l KH2PO4, 25%
ACN, pH 3 and an elution buffer (buffer B) of 350 mmol/l
K nt
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Hercules, CA). The HPLC elution from the column was col-
lected at 20-s intervals on the MALDI plate using a Probot
fraction collector (Dionex-LC Packings). 48-min HPLC elu-
tion was collected to the MALDI plates as an array of
12× 12 sample spots. The HPLC eluent was mixed with the
MALDI matrix (7.5 mg/ml�-cyano-4-hydroxycinnamic acid
dissolved in 60:40 acetonitrile–water containing 0.15 mg/ml
dibasic ammonium-citrate) through a mixing tee (Upchurch,
WA) at a flow rate of 2-�l/min. The most abundant, middle-
fractions of the SCX separation were spotted onto two plates
using a 90-min HPLC gradient.

MALDI plates were analyzed in automated mode on
the AB4700 Proteomics Analyzer (Applied Biosystems,
Framingham, MA). First the MS spectra were collected from
the entire HPLC run. Then, using an in-house developed
program, MS/MS precursors were selected by applying an
exclusion algorithm to eliminate: (a) redundant precursors
carrying over multiple HPLC fractions, and (b) using only
the more abundant members of peptide pairs for MS/MS
analysis. MS/MS spectra were acquired using up to 2500
laser shots/precursor unless the pre-defined signal-to-noise
level in the MS/MS acquisitions was achieved sooner. The
MS/MS data were submitted for database searching as a
batch to Mascot (http://www.matrixscience.com) through
its automation interface of Mascot (Mascot Daemon). The
n tailed
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a ibit
CL, 10 mmol/l KH2PO4, 25% ACN, pH 3. The gradie
as 0% B to 10% B in 2 min, 20% B in 15 min, 45% B
min, 100% B in 10 min and an additional 8 min hold
00% B. Twenty-three SCX fractions of 1.5 ml volume w
ollected.

The pH was adjusted for each SCX fraction to 7.2 w
0×PBS buffer (pH 10) and injected to the avidin affinity c
mn as prescribed by the manufacturer (Applied Biosyst
ramingham, MA). Cysteine-containing peptides boun

he avidin column were washed three times: 1 ml of Wa
nd 1 ml of Wash 2 and 1 ml of de-ionized water. Elution

he cysteine-containing peptides was preformed with 80�l
f avidin elution buffer. The samples were then concentr
y a speed-vac to dry, cleaved with the ICATTM cleaving
eagent containing 95% TFA and concentrated again t
ove the cleaving reagent. The samples were then tak

n 2% ACN, 0.1% TFA for re-injection for a nanoHPLC ma
pectrometry (MS) and MS/MS analysis.

.7. Protein identification and quantification by LC–MS
nd MS/MS

Avidin purified SCX fractions were subjected to ma
ssisted laser desoprtion (MALDI) HPLC–MS and MS/
nalysis. The fractions were injected in the HPLC load
uffer onto a 100�m× 15 mm C18 Magic column (Michrom
ioresources, CA) using a CapTrap pre-column (Mic
ioresources). Mobile phase A was 2% ACN, 0.1% TFA,
ile phase B was 85% ACN, 5%n-PrOH, 10% water, 0.1%
FA. HPLC elution was carried out at a 1-�l/min flow rate on
n Ultimate nanoHPLC workstation (Dionex-LC Packin
on-redundant NCBI protein database was used. A de
escription acceptance criteria for the database sear
esults will described elsewhere. In brief, tryptic pept
ontaining arginine residues were accepted at a M
core >20, peptides not containing arginine at a Ma
core >25. Peptides with less-than-significant Mascot s
ere thoroughly inspected, considering the correlatio
eptide basicity with SCX fraction numbers, presenc
haracteristic high-energy collision induced dissocia
CID) fragments, and accurate mass measurements th
nternal calibration of the MS spectra using the masse
onfidently identified peptides as internal mass referenc

.8. Statistical method

Mean± standard errors of the mean (S.E.M) were ca
ated. Student’st-test was used to evaluate the difference
he means between groups.

. Results

.1. Structural specificity of the GAGs in the inhibition
f MAP kinase phosphorylation

To determine the structural specificity of the respo
n phosphorylation of MAP kinase, different forms
AGs were used at a concentration of 100�g/ml togethe

n MEM supplemented with 10% fetal calf serum (Fig. 1).
eparan sulfate high in iduronic acid and sulfate (H
nd the structurally similar heparin were able to inh

http://www.matrixscience.com/
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Fig. 1. Effect of different glycosaminoglycans on the phosphorylation of
mitogen-activated protein kinase (MAP kinase). (A) Serum-starved embry-
onic lung fibroblasts were incubated with 100�g/ml of various glycosamino-
glycans for 30 min. Negative control was medium containing 0–0.4% serum
and positive control was medium with 10% serum. Western analysis was per-
formed using an antiphospho-ERK antibody. Arrowheads indicate the posi-
tion of the 44 000 rel. mol. mass units (ERK 1) and the 42 000 rel. mol. mass
units (ERK 2) MAP kinase isoforms. The blot shows a representative ex-
periment out of three. All samples were normalized to the same protein
level before samples were applied on the gel. (B) The intensity of the
44 000 rel. mol. mass units and the 42 000 rel. mol. mass units bands from
the Western blot in (A) was measured. The sum of the two ERK isoforms
is shown. (C) To role out the possibility that the different band intensities
were not due to a transcriptional or translational effect, the cells were treated
the same way as above and Western blot was performed by using an anti
ERK antibody. The picture shown is a representative blot from the same
lysate as in (A) and the bands shown are the only ones present. (D) In-gel
kinase assay to determine MAP kinase activity as detected by MAP kinase
phosphorylation of myelin basic protein substrate incorporated in polyacry-
lamide gel. The arrows indicate the position of the activated MAP kinase
isoforms, the bands of ERK 1 and ERK 2. Negative control was medium
containing 0.4% serum and positive control was medium with 10% serum.
Abbreviations used for the substances tested are IdoA- and sulfate rich HS
(HS6), IdoA- and sulfate poor HS (HS2), dermatan sulfate (DS), chondroitin
sulfate (CS), dextran sulfate (DexS) and heparin (Hep).

the phosphorylation of the 44 000 and 42 000 rel. mol. mass
units MAP kinase isoforms determined by anti-phospho
ERK antibodies. The inhibition by HS6 was 74%± 0.6%
(p< 0.05) and 73%± 5% (p< 0.001) for ERK 1 and ERK
2, respectively (Fig. 1A shows a representative experiment).
Dermatan sulfate (DS) and dextran sulfate inhibited MAP
kinase phosphorylation by less than 30% of control in both
cases, which was not significant (Fig. 1A and B). Western blot
performed with ERK antibodies showed that inhibition of
phosphorylation of MAP kinase was not due a transcriptional
or translational variation in the amount of the MAP kinase

proteins (Fig. 1C). Furthermore, an in gel kinase assays
with myelin basic protein as a substrate were further used to
directly asses MAP kinase activity in the same samples as
above. This experiment confirmed that changes in tyrosine
phosphorylation detected by Western blot correlated with de-
crease in MAP kinase activity by HS6 and heparin (Fig. 1D).
The same amount of protein was applied in all lanes of every
sample for both Western blot and in-gel kinase assays.

3.2. Heparan sulfate high in IdoA and sulfate (HS6)
down-regulates phosphorylation of MAP kinase in a
dose- and time-dependent manner

The time- and dose response of the effect of HS6 on MAP
kinase phosphorylation was further studied. Fibroblast cells
were incubated as above and treated with 10% serum and
HS6 for time periods of 10 up to 40 min. HS6 inhibition of
ERK phosphorylation by 50% after 10 min, 55% after 20 min
and 75% after 30 and 40 min (Fig. 2).

To investigate the signaling pathway specificity of MAP
kinase activation, cultures were incubated with HS6 and ei-
ther PDGF-BB, EGF or 10% FCS. For the dose response
studies the cells were stimulated by 10% serum, PDGF-BB
(10 ng/ml) or EGF (20 ng/ml) together with HS6 in doses
between 0.1, 1, 10 and 100�g/ml for 30 min. All three mi-
t d in
t ki-
n rum
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t tion
o rum
ogens activated MAP kinase, EGF stimulation resulte
he highest activation with a 22-fold increase of MAP
ase phosphorylation (data not shown). Inhibition of se
timulated ERK phosphorylation reached a maximum
oncentration of 1�g/ml HS6 for ERK 1 (44 kDa) and
0�g/ml HS6 for ERK 2 (42 000 rel. mass units) (Fig. 3).
he inhibition seen at these concentrations were 74%± 1.4%
p< 0.05) and 74%± 0.6% (p< 0.05) for ERK 1, respective
nd 67 + 1.5% (p< 0.001) and 67%± 4.4% (p< 0.001) for
RK 2 (Fig. 3A). HS6 was not able to significantly dow

egulate the stimulatory response of PDGF-BB (Fig. 3B).
he repression of EGF stimulated ERK phosphorylation
eaker compared to serum stimulation, reaching signifi

epression only at concentrations of 10 and 100�g/ml HS6
or both ERK 1 and ERK 2. The inhibition seen at this conc
rations was 27%± 0.6% (p< 0.05) for ERK 1 respective
4%± 2% (p< 0.05) and 30%± 4.7% (p< 0.05) for ERK 2
Fig. 3C).

.3. High affinity site of binding of heparan sulfate
HS6) may be necessary for inhibition of MAP kinase
hosphorylation

HS6 binds to one high affinity site and to one low affin
ite on the cell surface of fibroblasts[14]. As shown previ
usly DexS, is without significant effect on cell proliferat

13] and MAP kinase activation (Fig. 1), DexS can howeve
lock HS6 binding to the cell surface and abolish the anti

iferative effects of HS6. It was therefore of interest to se
he binding to the cell surface was necessary for inactiva
f MAP kinase. Fibroblasts were incubated with 10% se
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Fig. 2. Time dependent inhibition of MAP kinase phosphorylation by IdoA- and sulfate rich HS (HS6). (A) Serum-starved embryonic lung fibroblasts were
incubated with of 100�g/ml of HS6 for 10–40 min. Negative control was medium containing 0.4% serum and positive control was medium with 10% serum.
Western analysis was performed using an antiphosphotyrosine antibody. Arrowheads indicate the position of the ERK 1 and ERK 2 MAP kinase isoforms. The
blot shows a representative experiment out of two. All samples were normalized to the same protein level before samples were applied on the gel. (B) The
intensity of ERK 1 and ERK 2 from the Westerns blot in (A) were measured and the sum of the two bands is shown. Relative factor of control was obtained by
dividing the bands from cultures treated with GAG by the bands from cultures incubated with 10% serum alone.

together with HS6 and DexS in various concentrations. Ten
�g/ml of HS6 was used which is the concentration where
maximum inhibitory effect of phosphorylation for both ERK
1 and ERK 2 was seen (Fig. 3). At 1 mg/ml of dextran sul-
fate the inhibition of MAP kinase phosphorylation by HS6
was reduced by 33.3%± 1.6% (p< 0.05) (Fig. 4), but the in-
hibition of MAP kinase activation was still significant for
both ERK 1 (p< 0.05) and ERK 2 (p< 0.01). When the dex-
tran sulfate concentration was increased to 10�g/ml which
is twice as much dextran sulfate as HS6 on a molar basis,
the down regulation of the MAP kinase phosphorylation was
reduced by 66.6%± 21% (Fig. 4). Twenty �g of DexS re-
sulted in a 33%± 6.5% reduction of the inhibitory effect of
HS6 on MAP kinase phosphorylation. When higher doses
of DexS (10�g/ml and 20�g/ml) were used the significant
inhibitory effects from HS6 on MAP kinase inhibition disap-
peared (Fig. 4).

3.4. ICAT labeling and tandem mass spectrometry for
identification and quantification of nuclear proteins

MAP kinase has several downstream effects that subse-
quently results in altered gene transcription and protein ex-
pression profiles. In order to study whether the inhibition of
MAP kinase resulted in protein regulations within the fibrob-
l ected
b pe
c ra-
p pre-
v s of

the separated peptides when analyzed in MS mode and these
quantified peptides were then identified in MS/MS mode and
database search against SWISSPROT. For a typical MS and
MS/MS resulting in protein quantification and identification,
in this case PML-1, seeFig. 5. Using this approach 206
unique proteins were identified and quantified and divided
into groups (Fig. 6). From the list of identified proteins, ten
proteins were of particular interest selected with the two fol-
lowing criteria; (1) known or predicted nuclear localization
and (2) a regulation factor of >0.75 or <1.25 (Table 2). Of
the 10 selected proteins, in eight of the proteins the expres-
sion was induced and in two of the proteins the expression
repressed (Table 2). The two repressed proteins were a RNA
helicases and EBNA-2 co-activator. The proteins were four
heterogeneous ribonucleoproteins, one splicing factor and
PML-1 protein. In addition two less characterized proteins,
programmed cell death 8 and a myeloid-associated differen-
tiation marker, were identified (Table 2).

4. Discussion

Heparin and heparan sulfates are potent inhibitors of hu-
man fibroblast proliferation. The aim with this investigation
was to investigate if the inhibition of cell proliferation, by cer-
t ough
i ects
i

me
w ere
ast nucleus that can elucidate the pathways that are aff
y the inhibition of MAP kinase by HS, we used isoto
oded affinity tags (ICAT), multidimensional chromatog
hy and tandem mass spectrometry (MS/MS), described
iously. The ICAT labeling enables quantitative analysi
ain structures of glycosaminoglycans, was mediated thr
nhibition of MAP kinase activity and the subsequent eff
n the nuclear proteome.

Several different kinds of glycosaminoglycans, so
hich inhibit cell proliferation and some which do not, w
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Fig. 3. Dose response curve for inhibition of MAP kinase phosphorylation by the IdoA- and sulfate rich HS (HS6) in cultures stimulated by serum (A),
PDGF-BB (B) or EGF (C). Lung fibroblasts were incubated with HS6 in a dose of 0.1–100�g/ml for 30 min along with 10% serum, PDGF-BB (10 ng/ml) or
EGF (50 ng/ml). Positive control was medium with 10% serum, PDGF-BB or EGF. The intensity of the ERK 1 and the ERK 2 bands from the Westerns blot
were measured. The graphs display the relative factor of control, on they-axis, which is the measured ERK intensity from cultures treated with HS6 and serum,
PDGF-BB or EGF divided by the measured ERK intensity for the positive control. Values in the figures arex± S.E.M.,n= 5.

used. HS2, CS nor DexS, which do not inhibit cell prolif-
eration or antiproliferative DS had any significant effect on
ERK activation, whereas antiproliferative HS (HS6) and hep-
arin had strong anti-ERK effects. Arroyo-Yanguas et al.[14]
showed previously that antiproliferative DS do not bind very
well to the cell surface, whereas HS does, suggesting that
the inhibitory effects of MAP kinase are mediated through
interactions on the cell surface. Both HS6 and heparin have
high contents of both sulfation and IdoA, whereas HS2, with

lower amounts of sulfation and IdoA was unable to affect
MAP kinase activity. There is thus a positive correlation be-
tween high amount of sulfation and IdoA and inhibition of
both cell proliferation and inhibition of MAP kinase activity.

ERK 1 and ERK 2 are activated by many different
stimuli. Serum, EGF and PDGF all activate MAP kinase
through ligand/receptor interaction, which propagates a
signal down to the nucleus. HS inhibition of MAP kinase
activation was observed after stimulation with serum and
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Fig. 4. Dextran sulfate reduces the HS6 inhibition of MAP kinase phosphorylation by competing for binding to the high affinity site. Lung fibroblasts were
incubated with 10 mg/ml HS6 and 10% serum alone or together with 1 mg/ml, 10 mg/ml or 20 mg/ml of dextran sulfate (DexS). Cells were also incubated with
10% serum and DexS 20 mg/ml. Positive control were cells incubated with only 10% serum alone. The intensity of the ERK 1 and the ERK 2 bands from the
Westerns blot were measured. Relative changes are shown as the ratio of the bands from cultures treated with HS6 and serum alone or together with various
concentrations of DexS divided by bands from the positive control. Values in the figures arex± S.E.M.,n= 3.

EGF but not after stimulation with PDGF. However, the
inhibition of the EGF induced stimulation of MAP kinase
was less potent compared to the inhibition MAP kinase
phosphorylation with serum. This is in accordance with pre-
vious studies showing that heparin is unable to inhibit MAP

kinase stimulation from bFGF and PDGF[33] and EGF in
smooth muscle cells[22]. It has been suggested that heparin
only inhibits MAP kinase activation elicited by ligands of
seven transmembrane domain receptors and heterotrimeric
G-proteins[34] or by PKC [24]. Because of the different

Fig. 5. Quantifying and identifying PML-1 protein, through the peptide sequence: TPTLTSIYCR. One MS spectrum from HPLC fraction from strong cation
e where e be
p o of the agent) t
c tandard fraction 8
O tially r he inse
M gh som t monoami
a strong (F
w
o
1
k
T
1
o
w
M

xchange fraction 8. Pairs of ICAT labeled peptides are clearly visible
air single-cysteine containing peptide is 9.030 Da. The average rati
ontrol sample (labeled with the light reagent) is around 0.5 with a s
nce normalized to the average, the pair at 1381/1390 occurs differen
ascot score associated wit this spectrum is barely significant, althou
cid fragment from T suggesting the presence of multiple threonines,

ith * are signatures of the ICAT labeled cysteine residue). Database search
f components with high-confidence identifications in the MS spectrum can
0-ppm tolerance. Peaks in the MS spectrum marked by** represent known com
nown masses if both heavy and light labeled components are considered
he mass labels in the figure correspond to the values after internal calibr
381.715 Da (as MH+): the experimentally determined 1381.718 value has
nly 20 tryptic peptides from human proteins were found in a±5 ppm mass win
ere found with a single cysteine residue in it, one of them being TPTLTSIY
S/MS spectrum shown above.
masses are displayed for the light variants only. The mass differenctween a
components from the HS treated sample (labeled with the heavy reo the
deviation of 0.14 (as determined from the 1000 ICAT pairs in SCX).

egulated. The MS/MS spectrum of the precursor 1381.7 is shown in tt. The
e features in the MS/MS spectrum – namely the unusually abundanno

y1, a2 and b2 fragments – give added credibility to this identification.ragments

ing with Mascot used 100 ppm tolerance on the mass of the precursor. The presence
be utilized for improving the mass accuracy of precursor masses to as tight asa
ponents with high Mascot scores. These two components (four theoretically

) were used as internal reference masses and the MS spectrum was re-calibrated.
ation. The theoretical mass of the light-ICAT labeled TPTLTSIYCR sequenceis
an error of 2 ppm. Checking the SWISSPROT (ver. 10.25.2002) protein database,
dow around 1381.718 Da. Out of 20 peptides, only four unique sequences
CR. The other three sequences were, however, were fully incompatible with the
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Fig. 6. Functional grouping of identified proteins. The proteins were divided
up into functional groups. The pie graph shows the distribution of proteins
related to cellular localization and function.

pathways used by heterotrimeric G-proteins to activate MAP
kinase it is difficult to predict the molecular mechanisms
behind this inhibitory effect by heparin and heparan sulfate.

Arroyo-Yanguas et al.[14] showed that the HS chains
bind specifically to the cell surface with one high and one
low affinity site. We hypothesize that the low affinity site is
connected to the endocytosis pathway leading to the subse-
quent enrichment of certain HS structures in or around the
nucleus[18,35], and that the high affinity site is associated
with signaling pathways like MAP kinase. The high affinity
site, which is saturated at 1�g/ml HS6 is the dose where in-
hibition of MAP kinase is inhibited but cell proliferation is
unaffected. By co-incubate HS chains with an excess of dex-
tran sulfate, that occupies the same binding site as HS, we
wanted to block the high affinity site to see if the high affinity
site is responsible for the inhibition of MAP kinase phospho-
rylation. After incubation with 1�g/ml DexS, HS6 is still
able to significantly down regulate MAP kinase activation.
However when increasing the doses of DexS the significant
effects disappeared indicating that the high affinity site is
important for the inhibition of MAP kinase. We have here
indications that the high affinity site is important for inhibi-
tion of MAP kinase phosphorylation, whereas inhibition of

cell proliferation is dependent on both the low and the high
affinity binding sites.

MAP kinase has previously been shown to affect several
immediate early response genes. In order to study whether
HS induced expression changes of the nuclear proteome, we
employed ICAT, multidimensional chromatography and tan-
dem mass spectrometry to study protein expression in the
nucleus after HS stimulation. We found that HS induced the
expression of four heterogeneous nuclear ribonuclear pro-
teins (hnRNPs). Additionally, of especial interest were the
repression of the EBNA-2 coactivator and the induction of
promyeolocytic leukemia protein-1 (PML-1). EBNA-2 is one
of the earliest virally encoded nuclear proteins expressed af-
ter an Epstein-barr viral infection and participates in driving
resting cells to enter the cell cycle[36]. EBNA-2 functions
as a transactivator for proteins like c-myc and interacts with
DNA through the mediation of the cellular transcription fac-
tor [37]. The PML protein is the signature protein of the PML
nuclear bodies, which participate in growth control, transfor-
mation, suppression, apoptosis and Ras induced senescence
[38]. Overexpression of the PML protein results in G1 arrest
and subsequent disruption of PML nuclear bodies by muta-
tions in PML correlates to the loss of this growth suppres-
sion. Furthermore, it has been shown that PML suppresses
the protein levels of cyclin D1. In this study, it was observed
t oac-
t the
e
d me-
d ay
r ell
c nc-
t ein
i ki-
n of the
m n be
w

T
S
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a

R 141983
E 99628
S 44697
H 90423
H 71170
P 48576
S 27350
S 17381
P 62008
S 17049

to the
able 2
election of regulated proteins with nuclear localisation

rotein name Acc. # M

NA helicase A—human gi|1082769
BNA-2 co-activator (100 kD) gi|7657431
imilar to heterogeneous nuclear ribonucleoprotein M gi|14286202
eterogeneous nuclear ribonucleoprotein U gi|14141163
eterogeneous nuclear ribonucleoprotein R gi|12655185
rogrammed cell death 8 (apoptosis-inducing factor) gi|14761510
plicing factor, arginine/serine-rich 7 (35 kD); 9G8 gi|5454054
mall nuclear ribonucleoprotein polypeptide C gi|4507127
ML-1 protein gi|190115
imilar to myeloid-associated differentiation marker gi|14758031

a Mr: relative molecular weight.
b The total Mascot ionscore for all the identified peptides matching
c The highest Mascot ionscore matching to the accession number.
d SeeFig. 5for procedure for identification.
hat antiproliferative HS reduced the expression of a c
ivator to the cell cycle activator EBNA-2 and induced
xpression of the cell cycle repressor PML[39–43]. These
ata indicate that the antiproliferative effects of HS are
iated through inhibition of MAP-kinase signaling pathw
esulting in specific regulation of proteins involved in c
ycle control. However, further characterization of the fu
ional role of the EBNA-2 co-activator and the PML prot
n cell cycle control and their association to the MAP
ase pathway is required before a detailed explanation
echanism behind the antiproliferative effects of HS ca
orked out.

# of pep. Ratio (H/L) ICAT STDEV Total ion
scoreb

Best ion
scorec

2 0.57 0 67 48
2 0.78 0.021 91 55
1 1.26 0 38 38
3 1.28 0.042 103 64
1 1.29 0 27 27
1 1.30 0 24 24
2 1.31 0.063 49 49
2 1.33 0.072 105 105
1 1.34 0 d d

2 1.36 0.14 71 42

accession number.
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In summary, these results show that heparan sulfate
with high content of (IdoA-2SO4) and heavily sulfated glu-
cosamine specifically inhibits MAP kinase activation with
a subsequent change in the expression of nuclear proteins
involved in cell cycle control.
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