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Abstract

Objectives: Clinical data suggest that heparin treat-
ment improves survival of lung cancer patients, but
the mechanisms involved are not fully understood.
We investigated whether low molecular weight
heparin nadroparin, directly affects lung cancer cell
population growth in conventionally cultured cell
lines.

Materials and methods: A549 and CALUI cells’
viability was assessed by MTT and trypan blue
exclusion assays. Cell proliferation was assessed
using 5-bromo-2-deoxyuridine incorporation. Apop-
tosis and cell-cycle distribution were analysed by
flow cytometry; cyclin B1, Cdkl, p-Cdkl Cdc25C,
p-Cdc25C and p21 expressions were analysed by
western blotting. mRNA levels were analysed by
real time RT-PCR.

Results: Nadroparin inhibited cell proliferation by
30% in both cell lines; it affected the cell cycle in
A549, but not in CALU-1 cells, inducing arrest in
the G/M phase. Nadroparin in A549 culture inhib-
ited cyclin B1, Cdkl, Cdc25C and p-Cdc25C,
while levels of p-Cdkl were elevated; p21 expres-
sion was not altered. Dalteparin caused a similar
reduction in A549 cell population growth; however,
it did not alter cyclin B1 expression as expected,
based on previous reports. Fondaparinux caused
minimal inhibition of A549 cell population growth
and no effect on either cell cycle or cyclin Bl
expression.
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Conclusions: Nadroparin inhibited proliferation of
A549 cells by inducing G,/M phase cell-cycle
arrest that was dependent on the Cdc25C pathway,
whereas CALU-1 cell proliferation was halted by
as yet not elucidated modes.

Introduction

Lung cancer is the leading cause of cancer-related death
in industrialized countries (1) and despite enormous
efforts to optimize available therapeutic options, overall
S5-year survival rate for this disease is still approximately
only 15% (2). Thus, research in the field of lung cancer
biology is very active in an attempt to develop novel
therapeutic strategies (3).

As cancer patients are at increased risk of develop-
ing thromboembolic disorders, heparin and heparin
derivatives have long been used as therapeutic agents to
these ends, in these patients. Clinical studies have sug-
gested that low molecular weight heparins (LMWHs)
improve life expectancy of cancer patients, including
those with lung cancer (4-6). However, the basis for
such benefit, which goes beyond mere reduction of fatal
thromboembolic events, is not fully understood. Several
possible explanations have been proposed. Cancers rep-
resent ‘Darwinian systems’ and cancer cells have highly
accelerated mutation rates, which allow them to select
characteristics that are favourable for their proliferation
and survival (7). Thus, it is likely that the hypercoagula-
ble state induced by cancer, whatever its mechanisms, is
beneficial to survival of the neoplasm. It can be specu-
lated that anticoagulants might exert anti-cancer
consequences simply by depriving tumours of the
beneficial effect of activation of the coagulation cascade
that they actively promote. Heparins have also been
shown to inhibit P-selectin-mediated cell-cell adhesion
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mechanisms. Thus, these molecules might prevent inter-
action of cancer cells with activated platelets, an essen-
tial step in the so-called metastatic cascade (8). As
tumours are angiogenesis-dependent, the long known
anti-angiogenic effects of certain LMWHs on VEGF-
mediated angiogenesis in vivo might contribute to
reported beneficial outcomes of LMWHs for cancer
patients (9). Finally, the possibility that LMWHs directly
interfere with cancer cell population growth has been
investigated. Vascular smooth muscle cell proliferation
is inhibited by unfractionated heparin (UFH) (10)
through disregulation of the cell cycle (11). Evidence
has also been gathered that suggests an effect of some
LMWHs on cancer cell population growth, although
data available have been largely conflicting [see (12) for
a review]. Several groups have investigated some of the
mechanisms by which different LMWHs potentially
modulate cell proliferation. Dalteparin has been shown
to inhibit the extracellular signal-regulated kinase (ERK)
pathway (12). Chen et al. have demonstrated that dal-
teparin interferes with lung cancer cell population
growth through inhibition of p21 and p27 proteins, thus
causing arrest in the Gy/G; phase of the cell cycle (13).

LMWHs are prepared by enzymatic or chemical
depolymerization of UFH. As the methods of fraction-
ation are different, each LMWH has a unique chemical,
biochemical, biophysical, and biological profile, which
results in different biological actions, as well as in dif-
ferent clinical activities (14,15).

The aim of this study was to investigate whether the
low molecular weight heparin, nadroparin, interferes
with lung cancer cell population growth, and the mecha-
nisms involved.

Materials and methods

Cell lines, cell culture and reagents

Human lung adenocarcinoma A549 cell line and human
epidermoid carcinoma CALU-1 cell line were obtained
from the Cell Bank of Interlab Cell Line Collection
(ICLC, Genova, Italy). Although established decades
ago, both cell lines are still extensively used as models
of human lung cancer biology. A549 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated foetal bovine
serum (FBS), L-glutamine (2 mmol/l), penicillin (100 U/
ml) and streptomycin (100 pg/ml); CALU-1 cells were
cultured in McCoy’s 5A medium supplemented with
10% heat-inactivated FBS, L-glutamine (2 mmol/l), peni-
cillin (100 U/ml) and streptomycin (100 pg/ml). Cell
lines were maintained in a humidified atmosphere of
95% air and 5% CO, at 37 °C, and subcultured when
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60-80% confluence was reached. DMEM, McCoy’s 5A
and other standard reagents for cell culture were pur-
chased from Sigma-Aldrich (Milan, Italy).

Chemicals and immunoreagents

Trypan blue, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), dimethyl sulphoxide,
Dulbecco’s phosphate-buffered saline (PBS), 0.25% tryp-
sin-EDTA solution, colchicine and protease inhibitors
[aprotinin, pepstatin A, leupeptin, phenyl methyl sulpho-
nyl fluoride (PMSF)] were obtained from Sigma-Aldrich.

Nadroparin (Fraxiparina®; Glaxo Smith Kline,
London, UK), Dalteparin (Fragmin®; Pharmacia, Stock-
holm, Sweden) and Fondaparinux (Arixtra®; Glaxo
Smith Kline) were obtained as standard drug formula-
tions. Cisplatin was kindly obtained from University
Hospital of Pisa. Drugs were diluted to required concen-
trations with culture medium immediately before each
test.

Mouse monoclonal antibodies against cyclin BI,
Cdkl, Cdc25C and p2l, goat anti-mouse horseradish
peroxidase labelled secondary antibody, anti-human
B-actin and anti-human o-tubulin mouse monoclonal
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA); rabbit monoclonal antibod-
ies against p-Cdkl (Tyrl5) and p-Cdc25C (Ser216),
anti-human [-actin rabbit monoclonal and goat anti-rab-
bit horseradish peroxidase labelled secondary antibody
were purchased from Histo-Line Laboratories (Epito-
mics, Milan, Italy).

Low molecular weight heparins

LMWHs are prepared either by fractionation of UFH,
usually derived from porcine intestinal mucosa, or by its
depolymerization (16). Each of these LMWHs has a
characteristic molecular weight profile and biological
activity, in terms of anti-FXa and anti-FIIa potency. All
molecules share the characteristic that 60% of the spe-
cies are below 8000 Da (range 4000-7000 Da) with
chain length of 12-22 polysaccharides and anti-FXa:
anti-Flla ratio ranging from 1.5 to 3.5 (16).

Several methods of partial depolymerization are
used, of which the most common is deaminative cleav-
age with nitrous acid or organic nitrite. This method
breaks heparin chains at N-sulphated glucosamine residues,
leaving characteristic anhydromannose reducing-end res-
idue, which is usually reduced to anhydromannitol. An
alternative approach is characterized by chemical or
enzymatic depolymerization, which leaves unsaturated
uronic acid residue at the non-reducing terminus; finally,
oxidative depolymerization represents the third method
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in use; this method does not leave a specific ‘signature’
structure of the product.

At the end of each method, a mixture of heparin
fragments with different numbers of oligosaccharides
and higher and/or lower sulphur/carbon ratio than whole
heparin, is obtained. The heterogeneity of LMWHs
depends not only on different depolymerization pro-
cesses but also on animal and organ source, and on
extraction and purification procedures.

These agents may also be characterized by presence
of specific chemical end groups; for example, enoxaparin,
which is prepared by benzylation followed by alkaline
hydrolysis of UFH, exhibits a double bond at the non-
reducing end and presence of a unique bicyclic structure,
namely 1,6 anhydromanno glucose or mannose, or both,
at the reducing end. Similarly, other LMWHs, such as dal-
teparin, nadroparin, tinzaparin, and parnaparin, exhibit
specific structural and molecular characteristics that may
contribute to their own unique biochemical and pharma-
cological profiles (17). As a consequence, LMWHs com-
pose a group of similar yet different, drug agents and their
properties vary significantly in terms of molecular weight
profiles, characteristic end residues, oligosaccharide com-
position and SO; /COO™ ratios.

Cell population growth assays

To assess cell population growth and viability, cell
counting was performed after both MTT and trypan blue
dye exclusion assays. For MTT assays, 5 x 10° cells/
well were seeded into 96-well plates and were incubated
overnight. Cells were then washed twice in PBS 1X,
and to synchronize them in quiescence, they were cul-
tured in serum-free DMEM for 24 h. Cells were then
changed to 0.1% FBS-DMEM with or without the test
drug (40 IU/ml, unless otherwise specified) for 2 h.
After 2 h, they were serum-stimulated with DMEM con-
taining 10% serum, with or without test drug for 24 h.
MTT (100 pl at 5 mg/ml) was added to each well and
cells were incubated at 37 °C for further 2 h. Formazan
crystals formed by MTT metabolism were solubilized
by addition of 100 pl of dimethyl sulphoxide to each
well and absorbance (A) was measured at a wavelength
of 570 nm with background subtraction at 630-690 nm
using a microplate reader (Titertek Multiskan MCC
ELISA reader; Flow Laboratories, McLean, VA, USA).
Cell population growth was expressed as a percentage
of control values. Rate of inhibition was calculated
using the following equation:

Rate of population growth inhibition(%)
= (1 - Atreated/Acontrol) x 100.
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For trypan blue dye exclusion assays, 5 x 10* cells/
well were plated in 24-well plates, and then treated
exactly as described above for the MTT assay. At the
end of 24 h treatment, cells were detached by gentle
trypsinization, pelleted and resuspended in DMEM con-
taining 0.04% (w/v) trypan blue solution, and counted
using a Nebauer Chamber under an inverted microscope.
Viable cells exclude the dye, while non-viable cells
absorb it and thus appear blue.

Cell proliferation assay by bromodeoxyuridine
incorporation

Cell proliferation was measured using a commercially
available kit (Cell Proliferation ELISA, BrdU colorimet-
ric kit; Roche Applied Science, Penzberg, Germany).
Briefly, cells were seeded in 96-well plates at 5 x 107/
well and treated exactly as described above. At the end
of the treatment period, cells were incubated in 20 pl
bromodeoxyuridine (BrdU)-labelling solution (final con-
centration, 10 pum) per well for 4 h, dried, fixed and
detected using an anti-BrdU antibody according to the
manufacturer’s instructions. Finally, absorbance was
measured using a microplate reader at 450 nm with ref-
erence wavelength of 690 nm.

Assessment of apoptosis

Apoptosis was measured using a commercially available
kit (Annexin V-FITC Detection Kit; Abcam, Cam-
bridge, UK) according to manufacturer’s instructions. In
brief, 2 x 10> cells/well were applied to six-well plates
and treated exactly as described above; cisplatin
(32 pum) treatment was used as positive control. After
drug treatment, 5 X 10° cells were resuspended in
500 pl of binding buffer containing 5 pl fluorescein iso-
thiocyanate (FITC) conjugated annexin-V and 5 pl pro-
pidium iodide, and incubated in the dark at room
temperature for 10 min. Cells were then analysed in a
FACScalibur flow cytometer (Beckton Dickinson, San
Jose, CA, USA) to differentiate apoptotic cells (annex-
in-V positive and PI negative, lower right quadrant)
from necrotic cells (annexin-V/PI positive, upper right
quadrant). Ten thousand events were recorded for each
treatment group.

Cell cycle analysis

Cell cycle distribution was analysed by flow cytometry
using PI staining. Briefly, 6 x 10° cells were cultured
in 10-cm culture dishes, and treated exactly as described
above. At the end of the treatment period, 5 x 10° cells
were resuspended in 500 pl of binding buffer, DNA
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was labelled with PI (50 pg/ml) and incubated at 4 °C
for 10 min. Fluorescence was measured using a FAC-
Scalibur flow cytometer (Beckton Dickinson). Effects on
the cell cycle were determined by changes in percentage
of cell distribution at each phase of the cell cycle, and
assessed by histograms using CellQuest and the ModFit
software (Beckton Dickinson).

Western blot analysis for detection of cyclin BI, Cdkl,
p-Cdkl, Cdc25C, p-Cdc25C and p21

Cells (6 x 10°) were seeded in 10-cm culture dishes
and treated as described above. At the end of the treat-
ment period, cells were washed twice in ice-cold PBS,
collected by gentle trypsinization, pelleted and lysed
with 200 pl of a solution containing 20 mm Tris—HCI
(pH 7.5), 10% glycerol, 137 mm NaCl, 10% sodium
dodecyl sulphate (SDS), 1% Triton X-100, 10 mm
EDTA and protease inhibitors (aprotinin 1 pg/ml, pepst-
atin A 1 pg/ml, leupeptin 1 pg/ml and PMSF 1 mm).
Cell lysate was cleared by centrifugation at 14 000 g
for 30 min at 4 °C. Protein content in the supernatant
fraction was determined by a commercially available kit
based on the Bradford method (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s directions. Equal
amounts of sample lysate (20-30 pg) were subjected to
10% SDS—polyacrylamide gel electrophoresis, according
to Laemmli (18) and proteins were transferred to pure
nitrocellulose membranes (Bio-Rad Laboratories). Mem-
branes were blocked with 5% non-fat dry milk (Bio-
Rad Laboratories) in TBS-T containing 0.5% Tween
20, 50 mm Tris-HC1 (pH 7.6) and 150 mm NaCl for
24 h at 4 °C, then were incubated with mouse anti-
cyclin Bl (1:400), anti-Cdkl (1:400), rabbit anti-p-Cdk1
(1:1000), anti-Cdc25C (1:100), rabbit anti-p-Cdc25C
(1:1000) and anti-p21 antibodies (1:100) overnight at
4 °C. Membranes were then incubated in antibody
against actin (1:500 dilution), B-actin (1:500 dilution)
or o-tubulin (1:3000), and rabbit antibody against f-
actin (1:3000), for 1 h at 37 °C, to ensure equal protein
loading. At the end of this period, membranes were
incubated in horseradish peroxidase conjugated goat
anti-mouse antibody (1:1000) and horseradish peroxi-
dase conjugated goat anti-rabbit antibody (1:3000) for
2 h at 37 °C. Finally, membranes were washed twice in
TBS-T and once in TBS. Immunoreactive bands were
visualized using ECL western blotting detection reagent
(Immobilon Western, Chemiluminescence HRP Sub-
strate by Millipore Corporation, Billerica, MA, USA),
according to the manufacturer’s instructions.

Band intensity was calculated using image analysis
software (IMAGEJ version 1.42q; NIH, Bethesda, MD,
USA).
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Total RNA extraction and cDNA synthesis

Total RNA was extracted from treated samples using a
commercially available kit (PerfectPure™ RNA Purifi-
cation System SPRIME; Eppendorf, Milan, Italy),
according to manufacturer’s instructions, and genomic
DNA was eliminated using RNase-free DNase 1. Purity
of total RNA extracted was determined at 260 and
280 nm using a spectrophotometer. RNA samples with
absorbance ratio at ODygg/050 between 1.9 and 2.2 were
considered suitable for experimentation.

RNA integrity was verified by 1.5% agarose gel
electrophoresis and ethidium bromide staining. First-
strand cDNA was synthesized from 1000 ng total RNA
subjected to reverse transcription in 20 pl volume, using
iScript™ c¢DNA Synthesis Kit (Bio-Rad Laboratories)
according to manufacturer’s instructions.

Real time RT-PCR

Gene-specific primer pairs were designed by Bio-Rad
using Beacon Designer 7.0, mFold, and synthesized by
Invitrogen (Carlsbad, CA, USA). Primers were as fol-
lows: cyclin B1, sense 5'-CTGAAGGTGATGGAGGTAT-
3" antisense 5-GGATTCGGTGGTAGACTT-3'; Cdkl,
sense 5'-AATCATCTCAGTCCTTATG-3' antisense 5'-AG
CCAGGTTGTATAGTTA-3'"; Cdc25C, sense 5'-GCCA
GAGAACTTGAACAG-3' antisense 5-AATCTTCCTCCA
GCATCT-3"; RPL11, sense 5'-ACTTCGCATCCGCAAAC
TCT-3' antisense 5-TGTGAGCTGCTCCAACACCTT-3';
RPL13, sense 5'-CCTGGAGGAGAAGAGGAAAGAGA-3'
antisense  5-TTGAGGACCTCTGGTGTATTTGTCAA-3';
HPRT, sense 5-AGACTTTGCTITCCTTGGTCAGG-3'
antisense 5'-GTCTGGCTTATATCCAACACTTCG-3'. All
PCR investigations were performed with SYBR Green I
chemistry in a MiniOpticon Real-Time PCR System
(Bio-Rad). For PCR events, final reaction mixture con-
tained 1 pl of cDNA, 300 nmol/l of each primer, 7.5 pl
of iQ SYBR green Supermix (Bio-Rad), and RNase-free
water, to complete the reaction mixture volume up to
15 pl. All reactions were run in duplicate. PCR was per-
formed with ‘hot-start’ denaturation step at 95 °C for
3 min, then carried out for 41 cycles at 95 °C for 5 s
and 58 °C for 20 s.

SYBR green fluorescence was read throughout the
reaction, allowing continuous monitoring of amount of
PCR product amplified. Specificity of amplification was
confirmed by melting-curve analysis from subsequent
temperature ramp from 60 to 95 °C. Amplification effi-
ciencies were close to 100% for all primer pairs. Com-
parative Ct (threshold cycle) method has been
normalized to 60S ribosomal protein L11 (RPL11), 60S
ribosomal protein L13 (RPL13) and hypoxanthine phos-
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phoribosyltransferase (HPRT); three stable RNAs in
experimental conditions were used to analyse relative
changes in gene expression (amount of target = 2AACY,
Data were reported as means = SD from three indepen-
dent experiments.

Statistical analysis

Data are expressed as mean = SEM of n independent
experiments. Comparisons of three or more groups were
performed by ANOVA, followed by Bonferroni’s test.
Comparisons between two groups were performed by
Student’s #-test and P-value <0.05 was considered statis-
tically significant. All analyses were performed by Prism
(GraphPad Software, San Diego, CA, USA).

Results

Figure la indicates kinetics of inhibition of A549 lung
cancer cell population growth by nadroparin, at different
concentrations. At 40 IU/ml, the effect was near-maxi-
mal, at 48 h. Figure 1b reveals dose-dependent reduc-
tion in number of viable A549 cells at 48 h, as assessed
by MTT assay; this reached statistical significance at
20 TU/ml; at 40 IU/ml, nadroparin caused approximately
30% inhibition of number of viable cells. To confirm
results obtained from MTT assay, A549 cell population
growth was assessed by trypan blue assay. As shown in
Fig. lc, nadroparin (40 IU/ml) caused significant (22%)
reduction in number of viable cells. As both MTT and
trypan blue exclusion assays are viability tests rather
than cell proliferation assays, we used BrdU incorpora-
tion to assess the effect of nadroparin on A549 cell pro-
liferation. As shown in Fig. 1d, nadroparin (40 IU/ml)
also caused significant (30%) inhibition of cell prolifera-
tion.

We then examined whether induction of apoptosis
was responsible for anti-proliferative effects of nadropa-
rin. As shown in Fig. 2, percentage of cells positive for
annexin V staining and negative for PI staining (that is,
apoptotic cells) was not affected by nadroparin treatment
(0.86% versus 0.92%). In contrast, cisplatin, a known
inducer of apoptosis in cancer cells, including lung can-
cer cells (19,20) used as a positive control, caused 12%
of A549 cells to become apoptotic. Necrosis was not
affected by either treatment.

To determine whether mechanisms of cell population
growth inhibition by nadroparin were related to cell
cycle control, we analysed the cell cycle in A549 cells.
Analysis of cell cycle phases was performed by flow
cytometry after nadroparin treatment. Figure 3 shows
that nadroparin at 40 IU/ml for 48 h induced significant
reduction in percentage of A549 cells in G¢/G; phase
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Figure 1. Kinetics (a) and dose-response analysis (b) of effects of
nadroparin treatment of A549 cell population growth in MTT
reduction assay, and effect of nadroparin on A549 cell population
growth determined by trypan blue dye exclusion assay (c) and on
A549 cell proliferation determined by BrdU incorporation (d). (a)
Cells treated with nadroparin at 5 (e), 10 (A), 20 (V) and 40 (¢) IU/
ml for 24, 48 and 72 h; (b) Cells treated with nadroparin at different
concentrations for 48 h. Data expressed as mean = SEM of three inde-
pendent experiments, each performed in quadruplicate. *P < 0.05 and
**P < 0.01 for 20 and 40 IU/ml, respectively, versus untreated cells
(ANOVA). (c and d) Cells treated with nadroparin at 40 IU/ml for
48 h. Data are representative of three independent experiments, each
performed in quadruplicate. *P < 0.05 for 40 IU/ml nadroparin-treated
versus -untreated cells (Student’s r-test).

(45.5 £ 3.2% versus 60 £ 1.6%; P < 0.05) and signifi-
cant increase in percentage of cells in G,/M phase
(21.8 £ 2.3% versus 15.6 £ 1.8%; P < 0.05).

The role of cyclin-dependent kinases (Cdks), of Cdk
inhibitors (Cdkis) and of Cdk regulatory proteins, cyc-
lins, in regulation of the cell cycle is well established.
Specifically, cyclin B1 is regulatory subunit for Cdkl,
also known as cdc-2/p34, involved in transition from G,
phase to mitosis (21). We therefore speculated that
nadroparin might affect cyclin B1 expression. Indeed,
cyclin B1 antigen expression, as assessed by western
blotting, was reduced by nadroparin (Fig. 4a). We also
analysed expression of related cell cycle regulatory
genes. Real-time RT-PCR analysis demonstrated that
cyclin B1 transcript expression was significantly reduced
after 48 h nadroparin exposure (Fig. 4b). As inhibition
of Cdkl activity results in G/M arrest in various cell
lines (22), we also speculated that nadroparin might alter
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Figure 2. Effect of nadroparin treatment on A549 apoptosis induc-
tion, as assessed by flow cytometric analysis. (a) Scatterplots from
one representative experiment; (b) Mean £ SEM from three indepen-
dent experiments *P < 0.05 cisplatin versus untreated cells (ANOVA).
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Figure 3. Effect of 48 h nadroparin treatment on A549 cell cycle
distribution as assessed by flow cytometric analysis. (a) Histograms
from one representative experiment; (b) Mean + SEM from three inde-
pendent experiments. *P < 0.05 for nadroparin-treated versus -
untreated cells for both Go/G; and G,/M phases (Student’s r-test).

its expression as well. As shown in Fig. 5a,c, expression
levels of protein and mRNA of Cdkl, as assessed by
western blotting and real time RT-PCR, were also sig-
nificantly decreased after nadroparin treatment. In con-
trast, the expression level of phosphorylated Cdkl
protein (p-Cdkl Tyrl5), as assessed by western blotting,
was increased by nadroparin treatment (Fig. 5b).
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Figure 4. Western blot analysis of the effect of nadroparin on cy-
clin B1 (a) protein levels and analysis of cyclin B1 (b) mRNA
expression in A549 cells. (a) Effect of nadroparin on cyclin B1 pro-
tein levels. Blot is representative of three independent experiments. For
densitometric analysis of resulting bands, these were quantified using
IMAGEJ; data are mean + SEM from all three experiments. *P < 0.05
for nadroparin (40 IU/ml)-treated versus -untreated cells (ANOVA);
(b) Effect of nadroparin on cyclin Bl mRNA expression. Data are
mean + SEM from three independent experiments. **P < 0.01 for na-
droparin (40 IU/ml)-treated versus -untreated cells (ANOVA);
*¥*%pP < 0.0001 for colchicine-treated versus -untreated cells (ANO-
VA).

Cdks are maintained in an inactive state by revers-
ible phosphorylation of Thr 14 and Tyr 15. Activation
of Cdks is mediated by dephosphorylation of these resi-
dues, in turn caused by Cdc25 family (A, B, and C) of
phosphatases (23). To check if Cdk inactivation could
be associated with reduced expression or activation of
specific phosphatases, we investigated whether nadropa-
rin affects Cdc25C expression and phosphorylation.
Indeed, expression of Cdc25C protein and mRNA lev-
els, as assessed by western blotting and real time RT-
PCR, were significantly reduced by nadroparin treatment
(Fig. 5d.f). Furthermore, expression level of phosphory-
lated Cdc25C protein (p-Cdc25C Ser216), active form
of the phosphatase, as assessed by western blotting, was
reduced by nadroparin treatment (Fig. Se). These results
suggest that nadroparin influences transcriptional and
post-transcriptional mechanisms of cyclin B1, Cdkl and
Cdc25C.

In addition to Cdks and cyclins, Cdkis are involved
in cell cycle control. p21 is a Cdki that tightly regulates
activities of cyclin/Cdk enzyme complexes, including
cyclin B1/Cdkl complex. Figure 6 shows that nadropa-
rin treatment did not modulate p2l expression, as
assessed by western blotting. In contrast, colchicine [a
known inhibitor of tubulin polymerization in cells,
including non-small cell lung cancer cells (24)] used as
a positive control, caused upregulation of p21 levels, as
expected. This result demonstrates that G,/M phase
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Figure 5. Western blot analysis of the effect of nadroparin on Cdkl1 (a), p-Cdk1 (b), Cdc25C (d) and p-Cdc25C (e) protein levels and anal-
ysis of Cdkl1 (c¢) and Cdc25C (f) mRNA expression in A549 cells. (a) Effect of nadroparin on Cdk1 protein levels. Blot is representative of three
independent experiments. For densitometric analysis, resulting bands were quantified using IMAGEJ; data are mean + SEM from all three experi-
ments. **P < 0.01 for nadroparin (40 IU/ml) and colchicine-treated versus -untreated cells (ANOVA); (b) Effect of nadroparin on p-Cdk1 protein
levels. The blot is representative of three independent experiments. For densitometric analysis, resulting bands were quantified using IMAGEJ; data
are mean = SEM from all three experiments. ***P < 0.0001 for nadroparin (40 IU/ml)-treated versus -untreated cells (ANOVA); **P < 0.01 for
colchicine-treated versus -untreated cells (ANOVA); (c¢) Effect of nadroparin on Cdkl mRNA expression. Data are mean + SEM from three inde-
pendent experiments. ¥*P < 0.05 for nadroparin (40 IU/ml) and colchicine-treated versus -untreated cells (ANOVA); (d) Effect of nadroparin on
Cdc25C protein levels. Blot is representative of three independent experiments. For densitometric analysis, resulting bands were quantified using
IMAGEJ; data are mean = SEM from all three experiments. *P < 0.05 for nadroparin (40 IU/ml) and colchicine-treated versus -untreated cells
(ANOVA); (e) Effect of nadroparin on p-Cdc25C protein levels. Blot is representative of three independent experiments. For densitometric analysis,
resulting bands were quantified using IMAGE]J; data are mean + SEM from all three experiments. **P < 0.01 for nadroparin (40 IU/ml) and col-
chicine-treated versus -untreated cells (ANOVA); (f) Effect of nadroparin on Cdc25C mRNA expression. Data are mean + SEM from three inde-
pendent experiments. *P < 0.05 for nadroparin (40 IU/ml)-treated versus -untreated cells (ANOVA); **P < 0.01 for colchicine-treated versus -
untreated cells (ANOVA).

arrest by nadroparin in A549 cells is not dependent on
the p21 pathway.

As previous reports have suggested that LMWH,
dalteparin, does not affect cyclin Bl expression by
A549 cells (13), we tested the two different molecules
in parallel, confirming that they have different effects on
cyclin B1 expression (Fig. 7), even though cell popula-
tion growth was inhibited to a similar extent (not
shown).

We then investigated whether nadroparin exerted the
same effects on a further lung cancer cell line, CALU-1.
Nadroparin caused reduction in CALU-1 cell population
growth almost identical to that of A549 cells (data not

© 2012 Blackwell Publishing Ltd

shown). However, to our surprise, we found that
nadroparin did not cause either arrest in Go/M phase
(Fig. 8) or reduction in cyclin B1 and Cdkl expression
(Fig. 9a—d, respectively), suggesting that the mecha-
nisms are different in these different cell types.

Finally, in selected experiments, synthetic pentasac-
charide, fondaparinux, was used instead of nadroparin.
As shown in Fig. 10, fondaparinux, at 40 IU/ml, caused
approximately 8% inhibition in number of viable A549
cells that did not reach statistical significance after three
consecutive experiments. Furthermore, as shown in
Fig. 10b,c, western blot analysis showed that fondapari-
nux treatment did not affect cyclin B1 expression.

Cell Proliferation, 45, 545-556
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Figure 6. Western blot analysis of the effect of nadroparin on p21
protein levels in A549 cells. Effect of nadroparin on p21 protein lev-
els. Blot is representative of three independent experiments. For densi-
tometric analysis, the resulting bands were quantified using IMAGEIJ;
data are mean + SEM from all three experiments. ***P < 0.0001 for
nadroparin (40 IU/ml) and colchicine-treated versus -untreated cells
(ANOVA).
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Figure 7. Effect of dalteparin versus nadroparin on cyclin B1 pro-
tein levels. Blot is representative of three independent experiments.
For densitometric analysis, resulting bands were quantified using IMA-
GEJ; data are mean + SEM from three independent experiments.
*P < 0.05 for nadroparin (40 IU/ml)-treated versus -untreated cells
(Student’s z-test).

Discussion

The possibility that LMWHs interfere with cancer cell
proliferation, along with indirect anti-tumour effects med-
iated, for example, by antiangiogenic properties of certain
of these molecules in vivo (25, 26), has been postulated
based on clinical reports that indicate survival advantage
of cancer patients treated with these agents. Our data
indicate that, indeed, nadroparin inhibits A549 lung can-
cer cell proliferation in vitro. Induction of apoptosis was
not responsible for the observed anti-proliferative effect,
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Figure 8. Effect of 48 h nadroparin treatment on CALU-1 cell
cycle distribution as assessed by flow cytometric analysis. (a) Histo-
grams from one representative experiment; (b) Mean £ SEM from
three independent experiments.

as percentage of PI /A-V™ cells was not affected by treat-
ment. In contrast, we demonstrate an effect on the cell
cycle, with arrest in G,/M phase.

A role for UFH in inhibition of vascular smooth
muscle cell proliferation, both in vitro and in vivo, has
long been acknowledged (27,28). Fasciano et al. have
extensively investigated the molecular basis of this prop-
erty of heparin, demonstrating blocking in G, to S phase
transition mediated by inhibition of Cdk2 activity. Our
data, generated with LMWH, nadroparin, as opposed to
UFH, and using a lung cancer cell line rather than vas-
cular smooth muscle cells, differ from those of Fasciano,
in that in our experimental setting, disruption of the cell
cycle takes place at a different level, causing arrest in
G,/M phase.

Progression of cells through the different phases of
the cell cycle is controlled by regulated sequential
expression and activation of three key classes of regula-
tory molecules, termed cyclins, Cdk (also referred to as
cde), and Cdki (29-31). In mammalian cells, cyclin B1
forms a complex with Cdkl defined as the maturation-
promoting factor or M phase-promoting factor (MPF)
that is essential for the cell’s entry into mitosis and pro-
gression to complete cell division (32-34). During G,
phase, cyclin B1/Cdkl complex, in particularly Cdk1, is
inactivated by phosphorylation of two regulatory resi-
dues — Thr14/Tyrl5. Dephosphorylation of Thrl4 and
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Figure 9. Western blot analysis of the effect of nadroparin on cy-
clin B1 (a) and Cdkl1 (c) in CALU-1 cell line. (a) Effect of nadropa-
rin on cyclin Bl protein levels after treatment with 40 IU/ml
nadroparin for 48 h. Blot is representative of three independent experi-
ments; (b) Densitometric analysis of resulting bands. Bands were quan-
tified using IMAGEIJ; data are mean + SEM from three independent
experiments. (c) Effect of nadroparin on Cdk1 protein levels after treat-
ment with 40 IU/ml nadroparin for 48 h. Blot is representative of three
independent experiments; (d) Densitometric analysis of resulting bands.
Bands were quantified using IMAGEJ; data are mean + SEM from
three independent experiments.

Tyrl5 by phosphorylating Cdc25C to p-Cdc25C at Ser
216 in late G, directly activates cyclin B1/Cdkl com-
plex and triggers initiation of mitosis (23). As not only
Cdc25C but also cyclin B1 has been reported to be nec-
essary for Cdkl activation, reduced expression of cyclin
B1, prior to G,/M transition, may result in indirect
Cdk1 inactivation and the cell cycle will arrest in Gj;
thus, the cells cannot enter mitosis.

Our data show reduced synthesis of cyclin B1 pro-
tein and decrease in mRNA level when A549 lung can-
cer cells are incubated with nadroparin; these results are
consistent with the hypothesis that this is, at least in
part, the mechanism by which this LMWH alters the
cell cycle. However, our data indicate that Cdkl protein
expression and its mRNA levels are also impaired by
nadroparin. In addition, exposure to nadroparin after
48 h resulted in increase of inactive phosphorylated
Cdk1 (Tyrl5). Resulting accumulation of Cdkl in inac-
tive phosphorylated state prevents cells from entering
mitosis.

Cdks are initially activated by their association with
cyclin subunits and by phosphorylation of threonine plus
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Figure 10. Dose-response effect of fondaparinux on A549 cell pop-
ulation growth (a) determined by MTT assay and western blot
analysis on cyclin B1 levels in A549 cell line (b and c). (a) Cells
were treated with fondaparinux for 24 h (—A-) and 48 h (—e—).
Data are mean + SEM of three independent experiments, each per-
formed in quadruplicate. (b) Effect of fondaparinux on cyclin B1 pro-
tein levels after treatment with 40 IU/ml fondaparinux for 48 h. Blot is
representative of three independent experiments; (c) Densitometric
analysis of resulting bands. Bands were quantified using IMAGEJ; data
are mean = SEM from three independent experiments.

tyrosine residues. To explain reduction in Cdkl protein
and mRNA expression and increase in p-Cdkl protein,
we hypothesized that nadroparin could affect the
Cdc25C pathway and that this might be linked to G,/M
phase arrest. Our data showed that nadroparin downreg-
ulated expression of Cdc25C protein and mRNA level;
in addition, exposure to nadroparin caused reduction in
p-Cdc25C protein expression, an effect potentially
responsible for Cdk1 inactivation and for increase in the
inactive form of p-Cdkl, after 48 h treatment, that in
turn might have contributed to G,/M phase arrest by
preventing phosphorylation of Cdc25C as a late event.
Cdk activity is also negatively regulated by interac-
tion with specific Cdki, which cause a cell cycle block,
when overexpressed artificially in several cell lines (35).
Two classes of Cdki that negatively regulate cyclin-
Cdk-dependent progression of the cell cycle have been
defined: INK proteins (pl6INK4a, pl5INK4b,
pl8INK4c, and pl9INK4d) and Cip/Kip proteins
(p21cipl, p27kipl, and p57kip2) (30). p21, also known
as Cipl or WAFI, is a 21 kDa protein initially identi-
fied as a cell cycle regulatory protein that can cause cell
cycle arrest. Our data indicate that nadroparin did not
alter p21 expression, suggesting that the p21 signalling
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pathway is not responsible for G,/M cell cycle arrest in
A549 cells.

These alterations in cell cycle kinetics might contrib-
ute to better understanding of the cytotoxicity of nadrop-
arin and facilitate its potential use for management of
lung cancer.

In the 1980s, development of LMWHs extended and
enhanced usefulness of this class of drug, and for many
indications, LMWHs have replaced the parent com-
pound, UFH, in therapy and prophylaxis of thromboem-
bolic disorders, due to their higher safety and overall
lower cost (36-38). The effect of size and sulphation of
various heparin-derived oligosaccharides, on endothelial
cell population growth has been investigated. The
authors demonstrated that minimum chain length and a
certain degree of sulphation are required to control this
event. They found that low sulphate oligosaccharides,
18 monosaccharides (the size of fragments obtained by
nitrous acid depolymerization of heparin) and larger,
were significantly more inhibitory than medium and
high sulphate fractions, and whole heparin. Therefore,
endothelial cell population growth was highest for the
most sulphated oligosaccharides (39).

Of the two LMWHs used in the present work, struc-
tural differences between dalteparin and nadroparin
result in higher molecular weight profile (6000 Da ver-
sus 4300 Da of nadroparin) and a higher sulphate con-
tent (SO37/COO™ ratio of dalteparin is 2.0/2.5 versus
1.8/2.0 of nadroparin) (40,41). Although dalteparin and
nadroparin are both prepared by the same method (16),
they do not present identical properties. The different
effects of these molecules on regulation of the cell cycle
are likely to be dependent on different saccharide size
and degree of sulphation. It is therefore important that
data obtained with one molecule are not directly extrap-
olated to another. In keeping with this notion, we
observed that nadroparin and dalteparin have different
effects on cyclin B1, and confirmed that the latter does
not affect its expression, as has previously been reported
(13). This, and the observation that nadroparin did not
alter cyclin B1 nor Cdkl expression, and did not cause
arrest at Go/M in CALU-1 cells, suggests that molecular
mechanisms by which LMWHs affect lung cancer cell
proliferation depend on both the heparin molecule and
the cell type.

The synthetic pentasaccharide, fondaparinux, repre-
sents the first drug of a new class of anticoagulants that
was developed as a highly specific antithrombin (AT)-
dependent inhibitor of action of factor Xa (FXa) (42)
that has been shown to be a safe and effective alterna-
tive to LMWHs in prevention and treatment of venous
thromboembolism. Fondaparinux consists of five saccha-
rides comprising the AT-binding sequence of heparin;
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by binding to AT with very high affinity and specificity,
it increases ability of AT to inactivate FXa by a factor
of around 300 (43). In contrast to heparin and LMWHs
that are a heterogeneous mixture of molecules, fondapar-
inux is made by chemical synthesis, making it a well-
defined drug (42). Using comparable anti-Xa activities,
we observed much lower effects of fondaparinux on
A549 cell proliferation, and no effect on cyclin Bl
expression.

Two recent studies compared effects of fondaparinux
with dalteparin and tinzaparin, on human osteoblast and
mesenchymal stem cell (MSC) proliferation in vitro,
respectively. These studies demonstrated that both osteo-
blast and MSC proliferation were inhibited by addition
of LMWHs. In contrast, the pentasaccharide had no
effect on osteoblast and MSC proliferation (44,45).

This observation confirms and extends previous data
that have shown that anti-proliferative effects of LMWHs
in endothelial cells are dependent on molecular weight,
and that tetra- penta- and octasaccharides have no anti-
proliferative effects (46). Thus, as optimal saccharide
sequence for anti-proliferative effects of LMWHs is not
identical to the optimal sequence for its anticoagulant
effect, potential exists for development of a synthetic oli-
gosaccharide based on nadroparin structure, that retains
anti-proliferative effects with minimal or no anticoagu-
lant properties. This molecule might be used at higher
concentrations in cancer patients without the risk of
bleeding, inherent to comparable doses of LMWHs.

The prognosis of lung cancer remains poor despite
advances in our understanding of biology of this dis-
ease. LMWHEs, already widely used in management of
lung cancer patients when required by a high risk of
thromboembolic complications, also have the potential
to increase life expectancy. Better understanding of the
molecular basis of this potential anti-cancer activity of
LMWHs will increase our ability to provide optimal use
of these drugs. Furthermore, the possibility that a syn-
thetic oligosaccharide chain can be designed to retain
anti-proliferative effect of LMWHs minimizing bleeding
side effects, might offer a novel therapeutic option to
combat this disease.
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