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Decreased concentrations of retinol-binding
protein 4 in sera of epithelial ovarian cancer patients:
A potential biomarker identified by proteomics
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Abstract. Ovarian cancer is the fifth leading cause of cancer
death in women. Absence of areliable biomarker precludes early
diagnosis of the disease. To identify new proteins with potential
diagnostic or prognostic value for the therapy of ovarian cancer
we performed comparative proteomic analysis of sera from
ovarian cancer patients and healthy women. We analyzed serum
samples from 10 patients diagnosed with epithelial ovarian
cancer and 10 age-matched healthy women. To decrease the
extremely wide dynamic range of protein concentrations in
serum we used combinatorial hexapeptide libraries. Serum
samples were then subjected to proteomic 2-DE analysis. Three
proteins with differential abundance were found and identified
by mass spectrometry: a-1-antitrypsin, apolipoprotein A-IV
and retinol-binding protein 4. Identification of a-1-antitrypsin
and apolipoprotein A-IV confirms previous studies but the
identification of significantly decreased levels of RBP4 in
ovarian cancer patients represents a novel observation. We veri-
fied the decrease of RBP4 levels in ovarian cancer patient sera
by two independent methods and determined absolute RBP4
concentrations in patients and healthy women. We excluded
possible non-cancer factors that could be responsible for the
observed RBP4 decrease. We propose a connection of RBP4
with epithelial ovarian cancer and advocate the potential of
RBP4 as a candidate diagnostic or prognostic biomarker.

Correspondence to: Dr Jiri Petrak, Institute of Pathological
Physiology, First Faculty of Medicine, Charles University in Prague,
U Nemocnice 5, 120 00 Prague, Czech Republic

E-mail: jpetr@Ifl.cuni.cz

Abbreviations: EOC, epithelial ovarian cancer; FIGO, International
Federation of Gynecology and Obstetrics; IUCC, International
Union against Cancer; ELISA, enzyme-linked immunosorbent assay;
BMI, body-mass index; RBP4, retinol-binding protein 4; TTR, trans-
thyretin; PBS-T, phosphate-buffered saline with 0.1% Tween-20

Key words: ovarian carcinoma, proteomics, combinatorial hexa-
peptide libraries, biomarkers, retinol-binding protein, cachexia

Introduction

Epithelial ovarian cancer (EOC) is the fifth leading cause of
cancer death in women. While overall 5-year survival is only
16-40%, in patients with early stage (FIGO I) ovarian cancer
survival rate is 95% (1,2). Unfortunately, vast majority of the
patients is diagnosed in advanced stage disease (FIGO III/IV),
mostly because of absence of specific symptoms and by lack
of reliable serum markers for early disease. Effective screening
tests are yet to be developed.

The most widely used serum marker for ovarian cancer, mucin
protein CA125, has low sensitivity, its serum concentration is
increased in less than half of early stage patients. Furthermore, its
specificity is also insufficient, increased levels have been reported
also in patients with benign gynecological diseases, endometri-
osis, cirrhosis and heart disease (3). Enormous effort has therefore
been developed to identify and implement new serum biomarkers
with sufficient sensitivity and specificity for detection and moni-
toring of epithelial ovarian cancer. Several candidate molecules
have been discovered (4,5). Unfortunately, none of the identified
proteins or peptides proved to be of sufficient sensitivity and
specificity as a clinically applicable diagnostic marker.

Comparative proteomic analyses of serum or plasma are,
among other obstacles, hindered by extremely high dynamic
range of individual protein concentration in serum exceeding
10 orders of magnitude (6). Effective methods to decrease
the concentration range of serum proteins are based on either
immunodepletion of the most abundant serum/plasma proteins
or, more recently, on equalization of protein concentrations by
interaction with combinatorial hexapeptide library coupled
to beads (7,8). The latter method has gained attention under
commercial name ProteoMiner™ and was used in our current
study. Equalized samples were then subjected to 2-DE differen-
tial proteomic analysis. We identified three proteins that were
present in serum of EOC patients in concentrations significantly
different than in sera of age-matched healthy women. Two of
the proteins have been identified in EOC patients previously.
Identification of retinol binding protein 4 (decreased in sera
of EOC patients) is a novel observation; therefore its altered
concentrations were further tested, verified and quantified in
individual serum samples.
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Materials and methods

All chemicals were from Sigma-Aldrich, unless stated other-
wise. The study was approved by the Ethics Committee of the
Charles University in Prague, First Faculty of Medicine (IRB
approval IGA MZ CR 1.LF UK 19/05).

EOC patient selection. Serum samples were collected at the
Department of Gynecology and Obstetrics of the First Faculty
of Medicine and General Teaching Hospital after informed
consent from both patients and healthy age-matched women
after overnight fasting. Patient samples were collected at the
time of preliminary diagnosis before surgery and chemotherapy.
The diagnosis was confirmed histologically after the surgery
and only the samples from patients with confirmed EOC were
included in the study. Tumor typing and staging were performed
by the Department of Pathology according to the criteria of the
International Federation of Gynecologists and Obstetricians
(FIGO) and the International Union against Cancer (IUCC).

Serum and plasma collection. Blood was collected into BD
Vacutainer tubes (BD, USA) with sodium heparin (plasma) and
without additives (serum). The tubes were kept at room tempera-
ture for 5 min and centrifuged at 1500 x g for 5 min. Collected
plasma was then re-centrifuged at 15000 x g for 20 min to remove
remaining platelets. The serum and plasma were aliquoted into
2 ml screw cap tubes (Axygen, USA ) and stored at -80°C.

Serum equalization - hexapeptide ligand library treatment.
Concentration of the most abundant serum proteins was reduced
using the ProteoMiner Enrichment Kit (Bio-Rad Laboratories,
CA, USA). Pooled sera from control healthy women (controls,
n=10) and EOC patients (patients, n=10) were used as a starting
material (10 ml each pool). To obtain sufficient amount of
equalized sera, 10 depletions were performed from each pooled
sample, each depletion with a fresh ProteoMiner column and
1 ml of pooled sera. The procedure was carried out according
to the manufacturer's instructions. Serum samples relatively
enriched in medium- and low-abundant proteins were eluted
and pooled. The combined equalized samples (2.7 ml), were
precipitated by 40 ml of cold acetone at -20°C overnight.

Two-dimensional electrophoresis. Precipitated equalized serum
protein pellets were dissolved each in 2.8 ml of rehydration
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 60 mM DTT, 1%
ampholytes (GE, USA) and 0.002% bromophenol blue). Protein
concentration was determined and adjusted to 4.4 mg/ml. IPG
strips (24 cm, pH 4-7, GE, USA) were rehydrated overnight in
450 ul of the sample, representing 2 mg protein per strip. Six
technical replicates were run for each sample.

Isoelectric focusing was performed with a Bio-Rad Protean
IEF cell for 80 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 A per strip and temperature set
to 20°C. Strips were equilibrated and reduced in equilibration
buffer A (6 M urea, 50 mM Tris pH 8.8, 30% glycerol, 2%
SDS and 450 mg DTT per 50 ml of the buffer) for 15 min and
then alkylated in equilibration buffer B (6 M urea, 50 mM Tris
pH 8.8, 30% glycerol, 2% SDS and 1.125 mg iodacetamide
per 50 ml). Equilibrated strips were then placed on the top
of 11% SDS-PAGE and secured in place by molten agarose.
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Electrophoresis was performed in a Tris-glycine-SDS system
using a 12 gel Protean Plus Dodeca Cell apparatus (Bio-Rad)
with buffer circulation and external cooling (20°C). Gels were
run at constant voltage of 200 V for 6 h. Following electropho-
resis gels were washed 3 times for 15 min in deionized water
to remove SDS. Washed gels were stained in CBB (Simply
Blue SafeStain, Invitrogen, Carlsbad, USA) overnight and then
destained in deionized water.

Gel image analysis. Stained gels were scanned with a GS
800 calibrated densitometer (Bio-Rad). Image analysis
was performed with Progenesis PG200/PG220 (Nonlinear
Dynamics, UK) in semi-manual mode with six gel replicates for
each group. Normalization of gel images was based on total
spot density, and integrated spot density values (spot volumes)
were calculated after background subtraction. Average spot
volume values (averages from the all 6 gels in the group) for
each spot were compared between the groups. Protein spots
were considered differentially expressed if they met both of
the following criteria: average normalized spot volume differ-
ence >2-fold and statistical significance (p<0.05) of the change
determined by the t-test.

MALDImass spectrometry, protein identification.Differentially
expressed proteins were excised from gels, cut into small pieces
and washed four times with 25 mM ammonium bicarbonate in
50% acetonitrile. The supernatant was removed and the gel was
partially dried in a SpeedVac concentrator. Gel pieces were then
reconstituted in a cleavage buffer containing 25 mM ammonium
bicarbonate and sequencing grade trypsin (5 ng/ml; Promega,
WI, USA). After overnight digestion, the resulting peptides were
extracted with 50% ACN/0.1% TFA. Extracted peptide mixture
(0.5 pl) was deposited on a steel MALDI target an allowed to
air-dry at room temperature. After complete evaporation, 0.5 pl
of the matrix solution [a-cyano-4-hydroxycinnamic acid in
aqueous 50% ACN/0.1% TFA (5 mg/ml)] was added. MALDI
mass spectra were measured on Autoflex II instrument (Bruker
Daltonics, Bremen, Germany).

Spectra were acquired in the mass range between ~700
and 3200 Da and calibrated internally using the monoiso-
topic [M+H]* ions of Peptide calibration standard II (Bruker
Daltonics, Bremen, Germany). Peak lists in XML data format
were created using the flexAnalysis 3.1 program with the
SNAP peak detection algorithm. No smoothing was applied,
and the maximal number of assigned peaks was set to 50. After
peak labeling, all known contaminant signals were manually
removed. The peak lists were searched using the MASCOT
search engine against the SwissProt 2009_11 database subset
of human proteins with the following search settings: peptide
tolerance 50 ppm, 1 missed cleavage, fixed carbamidometh-
ylation of cystein, variable acetylation of protein N-term and
oxidation of methionine. No restrictions on protein molecular
weight or pl value were applied. Proteins with a Mascot score
over the threshold 55 for p<0.05 calculated for the used settings
were considered as identified.

Western blotting. Individual serum samples (10 pg of proteins)
were combined with SDS loading buffer containing DTT,
boiled 5 min and separated on 10% SDS-PAGE minigels in
Tris-glycine-SDS buffer. Electrophoresis was performed using
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Table I. Details on patients included in the proteomic analysis study.

Patients Age BMI* Tumor size Node Metastases Grade Histology Stage CA125 RBP4
involvement status (U/ml) (pxg/ml)
P1 44 17.2 pT3b pNx MO G3 Serous I 917 323
P2 46 29.7 pT3c pNx MO G3 Serous 1 4100 8.1
P3 49 244 pT3b NO MO G2 Serous III 149 27.8
P4 54 215 pTlc pNx MO Gl Mucinous I 350 32.1
P5 59 25.7 pTlc pNO MO G3 Serous I 19 454
P6 55 213 pTlc pN1 MO G3 Clear cell 1III 318 315
P7 56 240 pT3c pN1 MO G3 Serous 1 1685 357
P8 56 27.7 pT3c pNx MO G3 Mixed I 2500 272
P9 58 199 pT3c pNI1 MO Gl Serous 11 592 359
P10 59 254 pT3c pN1 M1 G2-3  Serous 1AY 364 232

Mean = SD  53.6£53 23.7+£3.8

“BMI, body mass index.

Table II. Details on healthy controls included in the proteomic
analysis study.

Healthy controls Age BMI* RBP4 (ug/ml)
Cl 44 24.8 513
C2 44 247 48.8
C3 45 21.7 50.1
C4 46 34.6 451
(6] 50 22.7 47.7
C6 55 247 542
C7 56 254 40.8
C8 57 31.6 495
C9 58 247 455
C10 58 22.7 43.1
Mean + SD 514458  25.8+4.1

“BMI, body mass index.

Mini-Protean Tetra Cell (Bio-Rad Laboratories) at constant
voltage for 30 min at 45 V, and then at 90 V until the dye
front reached the gel bottom. Proteins were then trasferred to
0.45 ym PVDF membranes (Milipore, MA) in semi-dry blotter
(Hoeffer, Canada) at 0.8 mA/cm?. Membranes were incubated
with PBS-T (phosphate-buffered saline with 0.1% Tween-20)
for 2 h. As a primary antibody, mouse anti-RBP4 (Sc-69795,
Santa Cruz Biotechnology, CA, USA) diluted 1:500 in PBS-T
or rabbit anti-transthyretin (Sigma) diluted 1:1000 was added
for 1 h. After thorough washing with PBS-T, secondary
horseradish peroxidase-conjugated goat anti-mouse I1gG
antibody or goat anti-rabbit IgG antibody (both Santa Cruz
Biotechnology) diluted 1:10,000 was added for 1 h. Membranes
were thoroughly washed in PBS-T and then in PBS. Signal was
developed using Western Blotting Luminol Reagent (Santa Cruz
Biotechnology) and membranes were exposed to X-ray film

(Kodak, CR), developed and scanned. For detection of human
IgG as an internal loading control, the membrane were stripped
and re-probed with a swine anti-IgG antibody (Sevapharma a.s.,
Czech Republic) conjugated with HRP diluted 1:10,000.

RBP4 ELISA. The quantitative determination of human retinol-
binding protein 4 (RBP4), a-1-antitrypsin and apolipoprotein
A4 concentrations in patient and control sera was performed
in triplicates using the Quantikine Human RBP4 immunoassay
(R&D Systems, MN, USA), human apolipoprotein AIV ELISA
Kit (Millipore, MA, USA) and o-1-antitrypsin Clearance
ELISA (Immuno Diagnostik AG, Germany) according to the
manufacturer's instructions using ELISA Reader Sunrise
(Tecan, Austria).

Measurement of plasma vitamin A. Vitamin A serum levels
were determined by HPLC method using ClinRep Complete Kit
for vitamins A and E in Plasma (Iris technologies international,
Germany) on ECOM HPLC according to the manufacturer's
instructions.

Statistical analysis. Statistical significances of normalized
optical spot density, values from ELISA tests and retinol
measurements by HPLC was determined by Student's t-test.
Correlation between variables was determined by Correlation
Pearson's coefficient using software Statistica (StatSoft Inc.,
USA).

Results

Patients and controls. The women enrolled in the study were
patients diagnosed with EOC (histologically confirmed) and
age-matched healthy women. Average age was 53.6+5.3 for
patients and 51.4+5.8 for healthy controls. Details are provided
in the Tables I and II.

Serum equalization and proteomics. To eliminate potential
inter-individual variability, our analysis was performed with
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Figure 1. 2-DE analysis of sera after hexapeptide ligand library treatment. 2-DE proteomic analysis of pooled sera from healthy women and EOC patients after
ProteoMiner equalization. Twelve 20.5x25-cm gels were analyzed, 6 replicates with pooled patient samples and 6 gels with pooled healthy control samples.
Gels were stained, scanned and analyzed by Progenesis PG200/PG220 image analysis software. Three spots of significantly different density between the
groups were found and the three proteins were identified by MALDI mass spectrometry using peptide mass fingerprinting (Table III).

Table III. Peptide mass fingerprint identification of proteins with differential concentrations (difference at least 2-fold and statis-

tical significance (p<0.01) in sera of EOC patients.

Sequence coverage® (%) Matched peptides Mascot score®

Swiss-Prot access no.©

Protein name Fold-change

Down-regulated in EOC patients

58 28 335
57 11 153
Up-regulated in EOC patients

42 17 115

P06727 Apolipoprotein A-IV 23
P02753 Retinol-binding protein 4 22
P01009 a-1-antitrypsin 2.0

sSequence coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length. "MASCOT score helps to
estimate correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event.
“SwissProt access no. is the code under which the identified protein is deposited in the SwissProt database.

pooled serum samples from 10 patients diagnosed with EOC
(patients) and 10 healthy age-matched women (controls). Later
verifications by Western blotting and ELISA were done with
individual serum samples.

The dynamic range of individual protein concentrations
in serum was reduced or equalized by interaction of serum
proteins with of random hexapeptide library immobilized on
beads (ProteoMiner) (8). Using the equalized pooled sera we
performed classical 2-DE differential proteomic analysis.
Equalization of serum samples with hexapeptide ligand library
beads was effective, increasing the number of spots detected
in 2-DE gels ~1.5 fold compared to untreated sera in a pilot
experiment (data not shown).

Twelve 2-DE gels were analyzed (six replicates with pooled
patient samples and 6 gels with pooled healthy control samples).
On average we detected 410 protein spots per gel upon colloidal
Coomassie staining. Quantitative analysis of normalized spot
density using Progenesis PG200/PG220 software revealed statis-
tically significant difference [normalized spot volume difference
at least 2-fold and statistical significance (p<0.01)] between the
control and patient groups in 3 spots (Fig. 1). All three proteins
present in the spots of differential density were identified by

MALDI-TOF mass spectrometry using peptide fingerprint
method (Table III). The only up-regulated protein found in sera
of ovarian cancer patients has been identified as a-1-antitrypsin.
Two proteins with concentrations decreased in patient sera were
apolipoprotein A-I'V and retinol-binding protein 4 (RBP4).

Retinol binding protein 4 is decreased in EOC patients.
o-l-antitrypsin and apolipoprotein A-IV belong among
the 40 most abundant plasma proteins, with concentrations
18-40 ymol/l and 3-6 pmol/l, respectively (9). We verified the
altered concentrations in these two proteins by ELISA in all
individual patient and control serum samples. a-1-antitrypsin
was significantly (p=0.015) upregulated in patients while
apolipoprotein A-IV was markedly downregulated (p=0.0001)
(Fig. 2). Both proteins were identified by proteomic serum
analyses as potential ovarian cancer markers previously (10,11)
and we therefore focused our attention to retinol binding protein
4 (RBP4) as the novel observation and the potentially more
interesting candidate biomarker (concentration in patient serum
decreased 2.2-fold, p<0.001).

Since our proteomic analysis was performed with pooled
and equalized serum samples, it was necessary to confirm
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Figure 2. Verification of altered concentrations of a-1-antitrypsin and apolipo-
protein A-IV in patient and healthy women sera. Serum concentrations of the
proteins were determined in all 10 patient and 10 control serum samples using
ELISA Kkits. a-1-antitrypsin was confirmed to be significantly up-regulated
in patients and apolipoprotein A4 was significantly downregulated. Mean
values, and statistical significances are shown.
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Figure 3. Verification of altered RBP4 concentration. (A) Absolute RBP4 con-
centrations in serum samples were determined by ELISA. Each measurement
represents average value from 3 replicates. Individual serum RBP4 concen-
trations can be found in Tables I and II. (B) Western blot analysis of RBP4
concentration in individual serum samples was performed. To enable relative
comparison between healthy controls and patients five control and five patient
samples (10 pg protein each) were run on each gel and processed simultane-
ously. Membranes were re-probed with anti-human IgG (HC) as an internal
standard.

the altered RBP4 abundance in the individual, crude serum
samples before the ProteoMiner equalization. To determine
also absolute concentrations of RBP4 we used an ELISA
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Figure 4. Serum retinol levels in EOC patients and age-matched healthy
women. Levels of serum vitamin A (retinol) regulate RBP4 secrection by liver.
Decreased retinol levels could affect RBP4 levels in our study. We therefore
determined serum retinol levels in all 10 patients and controls by HPLC. Mean
values of serum retinol concentrations are shown.

test to measure RBP4 in the original set of the all individual
non-equalized serum samples from 10 EOC patients and
10 controls. As seen in Fig. 3A, ELISA results confirmed
decreased serum concentration of RBP4 in the EOC patients.
The average RBP4 concentration in patient serum samples
(29.9 pg/ml) was 1.6-fold decreased compared to the control
samples (47.7 pg/ml, p<0.007). Distribution of the RBP4
concentrations suggests that a threshold exists at 38-40 pug/ml
distinguishing healthy age-matched women from most ovarian
cancer patients in our cohort. For the individual RBP4 levels
see Tables I and II. Serum RBP4 concentrations negatively
correlate with ovarian cancer marker CA125 levels in the
patient group (r=-0.715, p=0.015).

To provide additional verification (using different anti-
bodies, than the one used for ELISA) we performed also RBP4
immunodetection using Western blotting with non-equalized
sera from all 10 individual patients in the group and the 10
healthy controls (Fig. 3B). The results also confirmed that
RBP4 was significantly decreased in patient samples compared
to sera from healthy women. Equal sample loading (10 ug
per lane) was ensured by careful and repeated determination
of protein concentration in samples. Internal standard [total
human IgG (HC)] is shown only for rough loading control. Due
to high individual variability of serum protein levels, there is
currently no reliable and generally accepted internal standard
for serum samples (similar to f-actin, GAPDH or tubulin used
for tissues).

Serum retinol-binding protein 4 is a 21-kDa lipocalin
produced by liver, adipocytes, macrophages and some
epithelial cells. It is the principal transport protein for retinol
(vitamin A). RBP4 levels in blood are normally maintained
within narrow limits with one exception. RBP4 secretion by
its main producer, liver, is tightly regulated by availability
of retinol levels. In vitamin A deficiency is RBP4 retained in
liver, upon retinol repletion RBP4 associates with the vitamin
and is secreted into blood (12,13). We therefore tested, whether
the decreased concentration RBP4 identified in EOC patients
could be attributed to decreased retinol levels. We measured
retinol levels in individual serum samples of all 10 individual
patients and the 10 healthy controls in our study. As seen in
Fig. 4, average serum retinol concentration is comparable
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Figure 5. Relative serum transthyretin (TTR) levels in patients and controls. (A) Western blot analysis of TTR concentration in individual serum samples was
performed. To enable relative comparison between healthy controls and patients, five control and five patient samples (10 ug protein each) were run on each
gel. (B) Densitometric analysis of the TTR bands from the Western blot analysis.

between the patients and healthy women. Hence, we concluded
that the decrease in RBP4 concentration in EOC patients is
independent on serum vitamin A levels.

RBP4 is a relatively small protein and to avoid glomer-
ular filtration it associates with transthyretin (TTR) (12).
Interestingly, transthyretin has also been identified as down-
regulated in blood of ovarian cancer patients and considered as
a potential biomarker (14-16). We determined relative serum
transthyretin levels in our group of patients and control women
and confirmed its down-regulation in our EOC patients
(1.6-fold change, p=0.002) (Fig. 5). There was no marked
correlation of TTR levels with RBP4.

Discussion

RBP4 is secreted by liver, adipose tissue and some epithelia
including ovarian and serves as an important transporter
of retinol. Retinoids play an important role in fundamental
aspects of human physiology such as hematopoiesis, reproduc-
tion and cell proliferation. Anti-cancer effect of retinoids was
reported long ago (17). Alterations of vitamin A and retinoid
homeostasis are found in many tumors. Defects in expression
of retinol metabolism genes, namely its crucial components
cellular retinol-binding protein 1 (CRBP1) and RBP4, have
been previously reported in ovarian cancer and connected with
the oncogenic process in a rat model of ovarian cancer (18,19).
Moreover, defective conversion of retinol to retinoic acid has
been demonstrated in ovarian carcinoma cell lines (20).

The observed decrease in concentration of RBP4 in sera of
EOC patients identified here may be theoretically attributed to
decreased RBP4 production by ovary. Regrettably, we do not
know how much RBP4 ovary contributes to the total circu-
lating RBP4 pool. Considering the fact, that liver and adipose
tissue are believed to be the main producers of the circulating
RBP4, it remains to be determined whether decreased produc-
tion of RBP4 in ovary may be reflected in total circulating
RBP4 levels in EOC patients.

Alternative hypothesis which considers a systemic process
and the liver and/or adipose tissue as a source of the altered
RBP4 levels can also be proposed. We demonstrated that
levels of retinol are comparable between patients and controls.
Decreased levels of RBP4 in patients therefore can not be
explained by different retinol availability between the groups.
In addition to its role as a vitamin A transporter RBP4 attracted

wide attention as a molecule involved in insulin resistance in
mice (21) and as a protein elevated in serum of patients with
impaired glucose tolerance and type 2 diabetes (insulin resis-
tance) (22). These observations were followed by many other
reports, in the wider metabolic area related to insulin and
glucose and fat metabolism. RBP4 has thus been shown to
be elevated in obese patients with polycystic ovary syndrome
(disease associated with insulin resistance) (23) and in patients
with renal dysfunction and cardiac disease in type 2 diabetes
patients (24). To exclude a potential influence of such a cancer-
unrelated factor we verified anamnesis of our healthy controls
and patients. None of the women involved in our study had
history, or evidence of type 2 diabetes.

What could then be the connection between RBP4 energy
metabolism and ovarian cancer? Is it a tumor-specific response
or rather a reflection of general metabolic changes taking place
in cancer patients? Controversy exists, whether there is a general
correlation between RBP4 levels and body-mass index in
otherwise healthy women. Whereas some investigators showed
lower serum RBP4 levels in healthy lean women compared to
obese (22), others demonstrated that there is no such a correla-
tion (25). However, since levels of RBP4 have been reported
to decrease in morbidly obese patients after weight loss due to
gastric banding surgery (26), we tested a hypothesis that the
decreased levels of RBP4 observed in our patient group could
be attributed to cancer-induced cachexia. However,comparison
of body-mass indexes (BMI) between our patients and healthy
controls showed, that there is only a marginal and statistically
insignificant (p=0.126) BMI decrease in our group of EOC
patients and there is no correlation of serum RBP4 concentra-
tion with BMI (r=-0.001, p=0.99). This observation therefore
does not support the hypothesis that the reduced RBP4 level in
blood of EOC patients is caused by cancer-related decrease in
BMI. However, we are aware, that the decrease in serum RBP4
in EOC patients may be an early sign of cancer-triggered
nutritional changes before they become apparent by weight
loss. Such a marker would be of wider clinical interest because
cancer-induced cachexia indeed complicates therapy and has
been implicated in up to 20% of cancer-related deaths (27,28).

We identified significantly decreased RBP4 concentra-
tions in sera of EOC patients. We excluded influence of
diabetes, serum retinoid levels and BMI as potential causes of
the decreased RBP4 levels and we therefore believe that the
phenomenon is cancer related. We are fully aware that the low
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number of patients enrolled in our proteomic discovery phase
of the study must be compensated for in future verification
process using large cohorts of patients and controls stratified
by stage/grade and other factors.

The decreased RBP4 concentration in sera of EOC patients
is either directly connected with altered retinoid metabolism
and RBP4 production in ovary or it is a reflection of a more
general process involving energy metabolism or other systemic
changes. In both cases, the cancer-related information repre-
sented by RBP4 serum levels, is of clinical interest and should
be evaluated as a potential biomarker.

So far, none of the candidate molecules identified by
proteomic analyses of ovarian cancer (10, 11, 14 and many
others) have been implemented into clinical practice as a
single diagnostic biomarker. However, as demonstrated by
recent development, combined informative power of several
weak biomarkers can be valuable in clinical decision-making
in assessment of ovarian tumors (29). We believe that RBP4
can increase diagnostic performance of such a multivariate
biomarker panel in future.
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Downregulation of deoxycytidine kinase in
cytarabine-resistant mantle cell lymphoma cells
confers cross-resistance to nucleoside analogs
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Abstract

Background: Mantle cell lymphoma (MCL) is an aggressive type of B-cell non-Hodgkin lymphoma associated with
poor prognosis. Implementation of high-dose cytarabine (araC) into induction therapy became standard-of-care for
all newly diagnosed younger MCL patients. However, many patients relapse even after araC-based regimen. Molecular
mechanisms responsible for araC resistance in MCL are unknown and optimal treatment strategy for relapsed/refractory
MCL patients remains elusive.

Methods: Five araC-resistant (R) clones were derived by long-term culture of five MCL cell lines (CTRL) with increasing
doses of araC up to 50 microM. lllumina BeadChip and 2-DE proteomic analysis were used to identify gene and protein
expression changes associated with araC resistance in MCL. In vitro cytotoxicity assays and experimental therapy of MCL
xenografts in immunodeficient mice were used to analyze their relative responsiveness to a set of clinically used anti-MCL
drugs. Primary MCL samples were obtained from patients at diagnosis and after failure of araC-based therapies.

Results: Marked downregulation of deoxycytidine-kinase (DCK) mRNA and protein expression was identified as the single
most important molecular event associated with araC-resistance in all tested MCL cell lines and in 50% primary MCL
samples. All R clones were highly (20-1000x) cross-resistant to all tested nucleoside analogs including gemcitabine,
fludarabine and cladribine. In vitro sensitivity of R clones to other classes of clinically used anti-MCL agents including
genotoxic drugs (cisplatin, doxorubicin, bendamustine) and targeted agents (bortezomib, temsirolimus, rituximab)
remained unaffected, or was even increased (ibrutinib). Experimental therapy of immunodeficient mice confirmed the
anticipated loss of anti-tumor activity (as determined by overall survival) of the nucleoside analogs gemcitabine and
fludarabine in mice transplanted with R clone compared to mice transplanted with CTRL cells, while the anti-tumor
activity of cisplatin, temsirolimus, bortezomib, bendamustine, cyclophosphamide and rituximab remained comparable
between the two cohorts.
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relapse after failure of araC-based therapies.

spectrometry

Conclusions: Acquired resistance of MCL cells to araC is associated with downregulation of DCK, enzyme of the
nucleotide salvage pathway responsible for the first phosphorylation (=activation) of most nucleoside analogs used in
anti-cancer therapy. The data suggest that nucleoside analogs should not be used in the therapy of MCL patients, who

Keywords: Mantle cell lymphoma (MCL), Cytarabine, Drug resistance, Nucleotide salvage pathway, Proteomics, Mass

Background

Mantle cell lymphoma (MCL) is an aggressive type of B-
cell non-Hodgkin lymphoma (NHL) associated with poor
prognosis [1,2]. In recent years several studies brought evi-
dence that implementation of high-dose cytarabine (araC)
into induction therapy, e.g. by sequential chemotherapy
by R(ituximab)-CHOP and R-DHAP regimens, induced
higher response rate and prolonged progression-free sur-
vival compared to R-CHOP-only [3-5]. Based on these re-
sults, implementation of araC into induction therapy
became standard of care for all newly diagnosed younger
MCL patients. Despite considerable improvement, how-
ever, most high-risk MCL patients relapse even after araC-
based first-line regimen. Prognosis of relapsed/refractory
(RR) MCL is dismal. Currently, there is no second-line
standard-of-care for RR-MCL [6]. Available treatment ap-
proaches for RR-MCL include cisplatin, fludarabine, cladri-
bine, gemcitabine, temsirolimus, bortezomib, bendamustine,
lenalidomide and ibrutinib-based regimen [7-16].

AraC belongs among the backbone anti-leukemia
agents [17]. Both, “standard dose” araC (100-200 mg/m2
continuous i.v. infusion for 7 days), and “high dose” araC
(HDAC, 2-3 g/m2, 2—4 iv. three hour administrations
every 12—24 hours) have been widely used in the therapy
of acute myelogenous leukemia (AML), as well as in sal-
vage regimen for relapsed B-NHL [18,19]. As mentioned
above araC appears particularly effective component of
multi-agent aggressive immunochemoterapy regimen
used in younger MCL patients.

AraC is a prodrug, which must be 1. transported into the
cell, and 2. within the cell converted into an active drug by
phosphorylation by specific phosphokinases of the nucleo-
tide salvage pathway [20]. During “standard dose” cytar-
abine administration araC is transported into the cell
by means of specific transporters, primarily via hENT1/
SLC29A1 [21]. During high-dose cytarabine administration
araC also diffuses across plasma membrane independent
of the specific transporters [22]. The rate-limiting enzyme
of the nucleotide salvage pathway is deoxycytidine-kinase
(DCK), which catalyzes the first phosphorylation of araC
into araCMP. AraCMP is retained in the cell and under-
goes two additional consecutive phosporylations before it
can be incorporated into DNA.

The molecular mechanisms of araC resistance in MCL
are unknown. Resistance to araC in myeloid leukemia
cells was repeatedly associated with altered expression of
genes involved in nucleotide salvage pathway, including
downregulation of DCK, or upregulation of key araC-
inactivating enzymes, namely cytidine-deaminase (CDA)
or cytoplasmic 5 nucleotidase (NT5C2) [20-25].

In this study we derived araC-resistant MCL cells,
studied their sensitivity to a battery of anti-cancer drugs
and elucidated the molecular mechanism responsible for
araC resistance in MCL.

Results

Establishment and characterization of araC-resistant MCL
clones (R clones)

Five araC-resistant MCL clones (=R clones) were estab-
lished by long-term culture of five cytarabine-sensitive
MCL cell lines (JEKO-1, MINO, REC-1, HBL-2 and
GRANTA-519, =CTRL cell lines) in the presence of in-
creasing doses of araC (up to 50 uM, comparable with
plasma concentration reached in patients treated with
high-dose araC) [26]. Resistance of R clones to araC was
confirmed in vitro by proliferation assays (Figure 1). The
R clones tolerated at least 125-1000-fold higher concen-
trations of araC compared to CTRL cells (Figure 1).

Gene expression profiling of R clones revealed

downregulation of deoxycytidine-kinase (DCK)

To identify gene and protein expression changes associ-
ated with araC resistance in MCL we performed parallel
transcriptome profiling and proteomic analysis of R clones
compared to CTRL cell lines. Transcriptomic analysis was
performed for each of the 5 MCL cell lines and their re-
spective R clones in biological duplicates using Illumina
BeadChips. The filtered groups of genes with fold change
at least + 1.5-fold and adjusted p value < 0.05 were anno-
tated and arranged into biologically relevant categories
using The Database for Annotation, Visualization and In-
tegrated Discovery (DAVID, Additional file 1: Figure SI).
Based on Gene Ontology (GO) terms, the downregulated
genes were involved in ribosome structure and function,
cell cycle, RNA degradation, antigen processing and pres-
entation, purine metabolism and pyrimidine metabolism
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Figure 1 R clones are resistant to 50 pM cytarabine. WST-8 cell proliferation assay of 5 MCL cell lines (CTRL) and 5 R clones was carried out as
described in Methods. While the lethal dose of cytarabine for CTRL cells ranged from 0.05 to 0.4 uM, proliferation rate of R clones in 50 uM araC
was virtually unaffected. Representative example of two independent experiments is shown. Standard deviations were < 5% for all measurements.
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(Additional file 1: Figure S1A). Among the most upregu-
lated gene groups belonged those involved in grafi-vs-host
disease, alograft rejection, B-cell receptor signaling, cell
adhesion molecules, chemokine signaling pathway and
Toll-like receptor signaling (Additional file 1: Figure S1B).
The only gene consistently differentially expressed across
all 5 MCL cell lines was DCK, which was markedly down-
regulated in all R clones. Other genes differentially
expressed in more than one MCL cell line are shown in
Additional file 2: Table S1. Proteomic analysis using 2-DE
was applied to Mino R subclone compared to Mino CTRL
cell line, and revealed differential expression of several
proteins, among them almost 5-fold downregulation of
DCK in the Mino R subclone was the most apparent
(Figure 2, Tables 1 and 2). Downregulation of DCK pro-
tein (the rate-limiting enzyme of the nucleotide salvage
pathway, which catalyzes the first phosphorylation of araC
and other nuclosides into their respective monopho-
sphates) was confirmed by western blotting in all five R
clones (Figure 3). DCK expression seemed to be fully ab-
rogated in four R clones (as there was no detectable DCK)
and several-fold downregulated in one R clone compared
to the CTRL cells.

AraC-resistant clones are cross-resistant to nucleoside
analogs, but remain sensitive to other classes of
anti-lymphoma agents

To identify optimal treatment strategy for araC-resistant
MCL we determined sensitivity (or eventual cross-resistance)
of all 5 R clones in a battery of cellular toxicity tests. We
exposed R clones and CTRL cells to a panel of clinically
used anti-MCL agents in various concentrations and mea-
sured their effect on cell proliferation rate. The tested
agents included both, classical genotoxic cytostatics and
novel targeted drugs. The panel included alkylating agents
cisplatin, doxorubicin and bendamustine, nucleoside ana-
logs gemcitabine, cladribine and fludarbine, and targeted
drugs bortezomib (proteasome inhibitor), temsirolimus
(mTOR inhibitor) and ibrutinib (Bruton tyrosine-kinase
(BTK) inhibitor). All five R clones (resistant to a pyrimi-
dine analog cytarabine) showed cross-resistance not only
to another pyrimidine analog gemcitabine (up to 3125-
fold), but also to purine nucleoside analogs fludarabine
and cladribine (approx. 12.5-500-fold, see Figure 4A,B).
Sensitivity of the resistant R clones to other classes of
anti-lymphoma agents (i.e. other than nucleoside ana-
logs) remained comparable to the respective CTRL cells
(Figure 4C,D), with the exception of ibrutinib. The
BTK inhibitor ibrutinib proved to be significantly more
cytotoxic to R clones compared to CTRL cells in vitro (see
Figure 4C,D, Additional file 3: Figure S2). R clones also
retained in vitro sensitivity to anti-CD20 monoclonal anti-
body rituximab comparable to CTRL cells as determined
by °'Cr release assay, which is standardly used to evaluate
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Figure 2 Proteomic analysis of MINO R vs MINO CTRL cells.
Two-dimensional electrophoresis of cells MINO R cell versus MINO
CTRL cells was performed on 24 cm gel strips, pH 4.0-7.0, 10% SDS-
PAGE. Proteins were stained with Coomassie Brilliant Blue. Differen-
tially expressed proteins are indicated by numbered arrows, spots 1-
3 indicate proteins significantly downregulated in MINO R cells, and
spots 4-7 indicate proteins upregulated in MINO R cells.

antibody-dependent cytotoxicity (ADCC) and complement-
mediated cytotoxicity (CMC) of therapeutic monoclonal
antibodies (Figure 5).

Experimental therapy with fludarabine and gemcitabine

is ineffective in mice xenografted with araC-resistant
clones

The in vitro tests of cellular toxicity provided important
information on direct cellular effects of the tested drugs
to the resistant cells. However, in vitro assays do not
take into account important systemic pharmacokinetic
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Table 1 List of proteins differentially expressed in MINO R cells identified by 2-DE
Spot no.  Accession Protein name Fold change = Mascot score  Sequence cov. (%) Mr
Proteins downregulated in MINO R cells
1 p27707 Deoxycytidine kinase -46 44" 16 30841
2 Q99829 Copine-1 -43 102 17 59649
3 P1379% Plastin-2 -2 453 65 70814
Proteins upregulated in MINO R cells
4 P07741 Adenine phosphoribosyltransferase 5 70 40 19766
5 P68363 Tubulin alpha-1B chain 5 169 32 50804
6 p04792 Heat shock protein beta-1 2/3 73 32 22826
7 P31937 3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial 2/1 43% 8 35712

*|dentity of proteins with low Mascot Score was verified by MS/MS (see Table 2).
Included are the proteins with difference in expression at least 2-fold and statistical significance of the change p < 0.05. Swiss-Prot no. is the code under which
the identified protein is deposited in the Swiss-Prot database. Mascot score helps to estimate the correctness of the individual hit. It is expressed as —10 x log(P)

where P is the probability that the observed match is a random event. Sequence coverage is the number of amino acids spanned by the assigned peptides

divided by the sequence length.

and pharmacodynamic variables, which can have large
impact on the drug efficacy in vivo. In addition, some
anti-MCL agents cannot be properly tested in vitro, be-
cause their mechanism of antitumor activity directly or
indirectly depends on the in vivo context, e.g. activation
of a prodrug cyclophosphamide in the liver microsome,
cooperation of a monoclonal antibody rituximab with
complement and cells of the immune system, or antian-
giogenic component of temsirolimus activity. Therefore,
we used a mouse xenograft model (NOD.Cg-Prkdc**
IZZVg""Ile/Sz] mice) of MCL to simulate in vivo treat-
ment of araC-sensitive and araC-resistant disease. Intra-
venous injection of 1 million JEKO-1 MCL cells leads
to demise of the xenografted animals due to dissemi-
nated lymphoma with median overall survival of approx.
38 days. Experimental therapy of JEKO-1-xenografted
immunodeficient mice with single-agent fludarabine and
gemcitabine confirmed total loss of anti-tumor activity
of purine analog fludarabine and pyrimidine analog
gemcitabine (measured as overall survival of experimental
animals) in mice transplanted with cytarabine-resistant
JEKO-1 R clone compared to mice transplanted with
cytarabine-sensitive JEKO-1 CTRL cells (Figure 6). Anti-
tumor activity of cisplatin, temsirolimus, bendamustine,
bortezomib, cyclophosphamide and rituximab remained
comparable between JEKO-1 R clone and JEKO-1 CTRL-
xenografted mice in agreement with the in vitro tests
(Figure 6).

Analysis of primary MCL samples confirmed that
downregulation of DCK is frequently associated with
failure of high-dose araC-based treatments

Eight and two primary MCL samples obtained from pa-
tients at diagnosis (D1-D8) and at lymphoma relapse
after failure of high-dose araC-based treatments (R1-R8)
were analyzed by real-time RT-PCR and western blotting,
respectively (Table 3, Figure 7A). In four cases downregu-
lation of DCK gene expression was observed in R com-
pared to D samples (difference in ACT (DCK-GAPDH)
between R and D samples was>1 cycle), while in four
cases no change was observed (difference in ACT <1
cycle) (Table 3). Western blotting analysis of the sample
R2 compared to D2 revealed marked downregulation of
protein DCK thereby confirming the gene expression
results (i.e. 4-fold decrease in total DCK mRNA after
araC-based therapy). Interestingly, protein DCK in the
sample R6 compared to D6 was also moderately down-
regulated despite its gene expression remained virtually
unchanged (Figure 7A, Table 3). In addition to the analysis
of MCL samples obtained from the relapsed patients,
paired primary cells isolated from two MCL patients
(samples D9/R9, and D10/R10) refractory to araC were
subject to analysis of gene and protein expression, and de-
termination of their ex vivo sensitivity to nucleoside ana-
logs (Figure 7B,C). The samples were obtained before
araC administration (D9, D10), and 14 days after araC
administration (R9, R10). Downregulation of both gene

Table 2 Identity of differentially expressed proteins with low mascot score confirmed by MS/MS

Spot no. Accession Protein name Peptide sequence Score
1 p27707 Deoxycytidine kinase LKDAEKPVLFFER, QLCEDWEVVPEPVAR 41, 46
7 P31937 3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial DFSSVFQFLREEETF (C-term), SPILLGSLAHQIYR 49, 28
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Figure 3 Western blot analysis confirms marked downregulation
of protein DCK in all R clones. Relative expression of deoxycytine
kinase (DCK) in all five R and CTRL clones. Quadruplicate cell lysates
were separated on 12% SDS-PAGE minigels. Proteins were then
transferred onto PVDF membranes, blocked and probed with anti-DCK
antibody. Anti-GAPDH antibody was used as the loading control.

and protein DCK expression was confirmed in R9 com-
pared to D9 cells (Figure 7B). Sensitivity of R9 cells to araC,
fludarabine and gemcitabine was significantly suppressed
compared to D9 cells (Figure 7C). Both gene expression
and protein expression of R10 compared to D10 sample
remained unchanged (Figure 7B). Interestingly, susceptibil-
ity of R10 cells compared to D10 cells to undergo apoptosis
after their ex vivo exposure to araC was increased despite
the fact that R10 cells were isolated after administration of
four cycles of high-dose araC (Figure 7C).

Discussion

In this study we analyzed molecular mechanisms of araC
resistance in five MCL cell lines and ten paired primary
MCL samples obtained before and after araC-based ther-
apies. In addition, we tested optimal treatment strategies
for cytarabine-resistant MCL. On molecular level we
identified marked and principal downregulation of DCK,
the rate-limiting enzyme of nucleotide salvage pathway, in
all 5 cytarabine-resistant MCL clones, and in 50% primary
MCL samples obtained from patients, who progressed on
or relapsed after araC-based treatments. In 50% primary
MCL samples, no change of DCK expression was ob-
served at time of lymphoma relapse or progression.
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Importantly, no upregulation of DCK was observed in
any of the analyzed post-treatment samples. Although the
analysis of the primary MCL samples indicate that the
mechanisms responsible for araC resistance in vivo are
more complex than those observed in vitro, it must be
emphasized that downregulation of gene and protein
DCK was indeed confirmed in a substantial part of the pa-
tients’ post-treatment samples (Table 3, Figure 7A,B).
Interestingly, in one of the two MCL patients primary re-
sistant to araC, no change of DCK expression was
observed with slightly increased ex vivo sensitivity of
post-treatment MCL cells to araC (Figure 7B,C). This
observation could be explained by existence of araC-
resistant stem cell-like MCL cells that would reside in
the niches in lymph nodes (and/or bone marrow) and
produce partially araC-sensitive MCL cells mobilized in the
peripheral blood. In such a case, elimination of the mobi-
lized MCL cells, but persistence of the stem cell-like MCL
compartment, would lead to stable disease, and eventual
lymphoma progression (which was the actual course of
the disease observed in this patient).

DCK catalyzes the first phosphorylation (=activation
necessary for their cytotoxic activity) not only of araC
into araCMP, but also of most nucleoside analogs (both
pyrimidine and purine-derived) commonly used in anti-
cancer therapy. Using DAVID bioinformatic analyzer
purine/pyrimidine metabolism, and B-cell receptor sig-
naling were among the functional cathegories associated
with the most downregulated and upregulated genes, re-
spectively. In accordance with these results we subse-
quently showed that all R clones were cross-resistant to
both pyrimidine analog gemcitabine, and to purine ana-
logs fludarabine and cladribine (all of which are acti-
vated by DCK). Sensitivity of R clones to other types of
anti-cancer molecules including genotoxic cytostatics
(cisplatin, doxorubicin, bendamustine), targeted drugs
(temsirolimus, bortezomib) or biological agents (monoclo-
nal anti-CD20 antibody rituximab) remained unaffected,
or was even augmented in the case of BTK inhibitor ibru-
tinib. The reason, why ibrutinib more effectively elimi-
nated araC-resistant MCL cells remained elusive, but
might be at least partially explained by the observed up-
regulation of B-cell receptor signaling in R clones com-
pared to CTRL cells (Additional file 1: Figure S1).

The results of our in vitro and in vivo tests combined
with the observed decreased expression of DCK in all
araC-resistant MCL clones and in 50% post-treatment pri-
mary MCL samples suggest that the resistance of MCL
cells to high-dose araC is caused by suppressed araC activa-
tion by DCK due to markedly decreased DCK expression.
DCK has low substrate preference and phosphorylates
both, purines and pyrimidines, including synthetic analogs
cytarabine, fludarabine, gemcitabine and cladribine [27-29].
The fact that above-mentioned nucleoside analogs are
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(See figure on previous page.)

Figure 4 R clones are cross-resistant to nucleoside analogs, but remain sensitive to other classes of anti-lymphoma agents. (A-D) WST-8 cell
proliferation assays of CTRL cells and R clones were carried out as described in Methods. Maximal absorbance obtained from the untreated cells during
the particular experiment (MAX) was arbitrary set as 100%. Absorbance of medium without cells was used as background (B). For each cell population
(both, unexposed and drug-exposed) and for each measurement (M;, M,, Ms...My) the proliferation curve was calculated as follows:

(My - B)/(MAX,, - B). As a consequence, proliferation curves of untreated cells always peak at 100%, while proliferation curves of drug-exposed cells
can terminate below or above 100%. One representative example of two independent experiments carried out both on JEKO-1 (A, C) and MINO

(B, D) is shown. Data from the remaining three MCL cell lines (HBL-2, GRANTA-519 and REC-1) are not shown, because they did not significantly differ
from those presented for the JEKO-1 and MINO cells. In summary, all 5 R clones were cross-resistant to the tested nucleoside analogs, but remained
sensitive to other classes of anti-lymphoma agents with negligible differences between particular MCL cell lines. The only exception to the rule was
markedly (>100-fold) increased sensitivity of REC-1 R clone to ibrutinib compared to REC-1 CTRL cells (see Additional file 3: Figure S2). The remaining

4 MCL cell lines (JEKO-1, MINO, GRANTA-519 and HBL-2) showed only approx. 2-fold increased sensitivity to ibrutinib compared to the corresponding

CTRL cells. Standard deviations were < 5% for all measurements presented in Figure 4.

substrates of DCK explains the observed cross-resistance
of R clones to all tested nucleoside analogs, both purine-
and pyrimidine-derived. Retained sensitivity to other clas-
ses of anti-MCL agents (i.e. other than nucleoside analogs)
with diverse molecular mechanisms of their respective
antitumor activities suggests that no major additional mo-
lecular alteration was involved in the development of araC
resistance.

Prognosis of patients with relapsed/refractory MCL
(RR-MCL) is dismal. Currently there is no standard-of-
care for RR-MCL patients. Second-line treatment ap-
proaches include fludarabine, gemcitabine, cladribine,
cisplatin, bortezomib, temsirolimus, bendamustine, lena-
lidomide and ibrutinib-based regimen. We have proved
in vitro and in vivo on a mouse xenograft model of MCL
that treatment of patients, who progress on or relapse
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Figure 5 R clones remain sensitive to anti-CD20 monoclonal antibody rituximab. °'Cr release assay was used to assess the impact of the
anti-CD20 monoclonal antibody rituximab on complement mediated cytotoxicity (CMC) and antibody dependent cellular cytotoxicity (ADCQ).
CMC was measurable only in HBL-2 cells (both CTRL and R), but was negligible in the remaining four MCL cell populations (both CTRL and R).

In HBL-2 R clone the CMC was significantly increased compared to CTRL. ADCC was measurable in all five MCL cell lines. In JEKO-1 R clone the
ADCC was slightly decreased compared to CTRL. In GRANTA-519 R clone the ADCC was significantly increased compared to CTRL. In MINO, REC-1
and HBL-2 the ADCC remained comparable between R clone and CTRL cells.
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Figure 6 Experimental therapy of mice xenografted with JEKO-1 CTRL and JEKO-1 R cells. Overall survival of experimental animals is shown as
Kaplan-Meier survival estimates. Loss of anti-tumor activity was observed for the nucleoside analogs fludarabine and gemcitabine in the therapy of
R clone-xenografted mice (dashed lines) when compared to CTRL-xenografted mice (solid lines). Other classes of anti-lymphoma agents retained the
antitumor activity in both CTRL- and R clone-xenografted mice. Individual cohorts contained 6 animals. For more details see Methods.

after high-dose araC-based regimen should not rely on
nucleoside analogs, namely on the currently used agents
fludarabine, gemcitabine and cladribine, since all of them
must be phosphorylated by DCK to exert their anti-
lymphoma activity. Instead, other classes of anti-lymphoma
drugs should be applied in case of araC failure, ie. in the
setting of anticipated araC-resistance. Some of these agents
have only recently been approved for the therapy of re-
lapsed/refractory (RR-) MCL, temsirolimus in Europe,
bortezomib and ibrutinib in USA. It might be speculated
that high-dose therapy (given before autologous stem cell
transplant) based on other agents than nucleoside analogs
might prove more beneficial especially for those patients
with suboptimal responses after induction araC-based
immunochemotherapy (e.g. patients, who achieve partial

remission, or patients with detectable minimal residual
disease). In addition to the currently approved agents,
bendamustine represents another extremely promising
drug in MCL. Recently it was demonstrated that benda-
mustine potentiates the effect of araC by augmenting
the level of intracellular ara-CTP, and the R-BAC (ri-
tuximab, bendamustine, araC) regimen was shown to be
effective even in patients resistant to araC thus providing
a treatment option even for the elderly and/or frail pa-
tients [16,30,31]. It might be speculated that the increased
level of ara-CTP might partially offset the anticipated
downregulation of DCK thereby explaining, why the
combination of bendamustine and araC was shown to
be effective even in patients, who relapsed after araC-
based therapies [30].
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Table 3 Gene expression analysis of DCK in a set of primary MCL samples obtained from patients before and after

araC-based therapies

Sample at  Source ACT (DCK- Therapy Sample at Disease-free survival Source ACT (DCK- Difference in ACT between R
diagnosis GAPDH) relapse (months) GAPDH) and D samples

D1 PBMC 34 A¥* R1 12 PBMC 37 +0.3

D2 pE*** 33 A R2 10 pE*** 53 +2.0

D3 FFPE 0.1 A R3 5 FFPE 13 +1.2

D4 FFPE 17 B R4 4 FFPE 35 +1.8

D5 PBMC 14 A R5 7 PBMC 2.2 +0.8

D6 PBMC 4.1 B** R6 3 PBMC 39 -0.2

D7 FFPE 13 B R7 13 FFPE 35 +2.2

D8 FFPE 20 A R8 25 FFPE 1.8 -02

D9 PBMC 19 B R9 N/A PBMC 33 +14

D10 PBMC 23 A R10 N/A PBMC 1.5 -038

*A = alternation of R-CHOP and R-araC (2 g/m2, 2 doses a 24 h).

**B = Nordic protocol (alternation of R-MaxiCHOP and R-araC (2-3 g/m2, 4 doses a 12 h).

***pE pleural effusion (CD19-sorted).

Samples from relapsed patients were obtained at diagnosis (D1-D8) and at lymphoma relapse after failure of araC-based therapies (R1-R8). Samples from refractory
patients were obtained from primary araC-resistant MCL patients before (D9-D10) and 14 days after (R9-R10) administration of high-dose araC. Real-time RT-PCR

was used to determine changes in DCK expression.

Conclusions

Our data from the cell lines and primary MCL samples
clearly demonstrate that acquired resistance of MCL
cells to araC is associated with downregulation of
mRNA and protein expression of DCK, enzyme of the
nucleotide salvage pathway responsible for phosphoryl-
ation of most nucleoside analogs used in anti-cancer
therapy. In translation, the results suggest that 1. nucleo-
side analogs should not be used for the second-line therapy
of MCL patients, who fail after araC-based regimen; 2.
non-nucleoside analogs should be employed in this setting,

including cisplatin, ibrutinib, temsirolimus, bortezomib or
bendamustine; 3. ibrutinib appears particularly effective in
eliminating araC-resistant MCL cells.

Methods

Cell culture

JEKO-1, GRANTA-519 and REC-1 were purchased from
German Collection of Microorganisms and Cell Cultures
(DSMZ), MINO was from American Tissue Culture
Collection (ATCC), HBL-2 was a kind gift of prof. Dreyling
(University of Munich, Germany). Cell lines were cultured
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Figure 7 Protein expression of DCK in primary MCL samples, and their ex vivo sensitivity to nucleoside analogs. (A-B) Relative expression

of deoxycytine kinase (DCK) in post-treatment primary MCL samples (R2, R6, R9, R10) compared to pre-treatment samples (D2, D6, D9, D10).
(C) CD19-sorted PBMC cells were isolated from two leukemized araC-refractory MCL patients before (D9, D10) and 14 days after (R9, R10)
administration of high-dose araC. The cells were ex vivo/in vitro exposed to araC (25 puM), fludarabine (Flu, 100 uM) and gemcitabine
(Gem, 25 pM). Apoptosis was measured after 24 hours using standard Annexin-V-PE and flow cytometry. Apoptotic cells are shown as
Annexin-V-PE-positive cells (Y axis). Basal apoptosis of drug-unexposed cells was subtracted from the apoptosis of the drug-exposed cells.
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in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 15% fetal bovine serum (FBS) and 1% penicillin/
streptomycin.

Reagents

Cytarabine, fludarabine, gemcitabine, cladribine, cyclophos-
phamide, doxorubicin and cisplatin were from Clinical
Dept. of Hematology, University Hospital in Prague, Czech
Republic. Temsirolimus, bortezomib, bendamustine and
ibrutinib were purchased from Selleck Chemicals. Rituxi-
mab was kindly provided by Roche, Czech Republic.

Establishment of araC-resistant clones

MCL cell lines were incubated in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 15% fetal bovine
serum with increasing concentrations of cytarabine up to
50 uM.

Proliferation assays

Proliferation was estimated using WST-8 Quick Cell
Proliferation Assay Kit (BioVision) according to the
manufacturer instructions. Briefly, 5.000 cells were seeded
into 96-well plate on day 1. Drugs were added on day 1.
Proliferation was measured on day 1 and then since day 4
daily. Antiproliferative activity of each drug was analyzed
at several concentrations.

Absorbance of the triplicate samples was measured on
ELISA reader after 3 hour incubation with WST-8 re-
agent at 37 grades Celsius in the thermostat. Maximal
absorbance (MAX,) obtained from the untreated cells
during the particular experiment was arbitrary set as
100%. Absorbance of medium without cells was used as
background (B). For each cell population (both, unex-
posed and drug-exposed) and for each measurement
(M1, My, M3...My) the proliferation curve was calculated
as follows: (Mx - B)/(MAX, - B). As a consequence, the
proliferation curve of untreated cells always peaks 100%,
while proliferation curves of drug-exposed cells can ter-
minate below or above 100%.

>1Cr release assay for the assessment of the impact that
CD20 mAbs have on rituximab-mediated complement
mediated cytotoxicity (CMC) and antibody dependent
cellular cytotoxicity (ADCC)

CTRL MCL cells and R clones were labeled with *'Cr at
37°C, 5% CO2 for 2 hrs. **Cr-labeled cells were then placed
in 96-well plates at a cell concentration of 1 x 10° cells/well
(complement-mediated cytotoxicity (CMC) assay) or 1 x
10* cells/well (antibody-dependent cell cytotoxicity (ADCC)
assay). Cells were then exposed to rituximab (10 mg/ml) or
isotype antibody (10 mg/ml) and human serum (for CMC
assay, 1:4 dilution) or peripheral blood mononuclear cells
(PBMCs) (for ADCC assay, 40:1 effector: target ratio) for
six hrs at 37°C and 5% CO2. *'Cr release was measured
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from the supernatant by standard gamma counting and the
percentage of lysis was calculated. PBMCs were obtained
from healthy donors (Roswell Park Cancer Institute IRB-
approved protocol CIC-016) and isolated by Histopaque-
1077 ultracentrifugation of peripheral whole blood and
used at an effector: target ratio of 40:1 for ADCC assays.
Pooled human serum was used as the source of comple-
ment for CMC assays.

Gene expression profiling and data analysis

A biological duplicate of each araC-resistant MCL clone
(R) was compared to a biological duplicate of the original
araC-sensitive (CTRL) cell line. In total, five R clones were
compared to five corresponding CTRL cell lines using two
microarray chips. Total RNA was extracted by RNeasy
Mini Kit (Qiagen), and its quality verified using the Agi-
lent 2100 Bioanalyzer (Agilent Technology). Extracted
RNA was amplified using the Illumina RNA Amplification
Kit (Ambion). Amplified RNA was hybridized to the
Ilumina HumanRef-8 and HumanRef-12 BeadChips
(Ilumina). Subsequent data analysis was performed in
R-software, mainly in limma package from Bioconductor
(http://www.bioconductor.org). Multiple testing correc-
tion was performed using Benjamini & Hochberg method.
The filtered group of genes with fold change at least +1.5-
fold and adjusted p value < 0.05 were annotated and ar-
ranged into biologically relevant categories using The
Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov).

Primary MCL sample acquisition, real-time RT-PCR analysis,
and apoptosis measurement

All primary MCL samples were obtained from patients
with MCL at diagnosis (D1-D10), and at the relapse or
during progression after failure of high-dose araC-based
front-line therapies (R1-R10). Samples were obtained from
patients, who signed informed consent according to the
Declaration of Helsinki. Mononuclear cells were isolated
from all PBMC and PE samples by the standard Ficoll-
Hypaque gradient centrifugation. Mononuclear cells were
then CD19 sorted on magnetic columns using CD19
microbeads (Miltenyi Biotec). The purity of MCL popula-
tion after sorting was >95% in all cases as verified by flow-
cytometry. Total RNA was isolated from CD19-sorted
PBMC or PE cells stored in RNAlater solution using
RNeasy Mini Kit (Qiagen, Hilden, Germany) and from
fresh-frozen paraffin-embedded (FFPE) lymph node sam-
ples using High Pure RNA Paraffin Kit (Roche Diagnostics
GmbH, Germany) according to the manufacturer’s instruc-
tions. cDNA synthesis was carried out from 1 pg of total
RNA with the High-Capacity cDNA Reverse Transcription
Kit (random primers) (Applied Biosystems). Real-time
RT-PCR was performed using TagMan Gene Expression
Assays on the ABI 7900HT detection system (Applied
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Biosystems). The reference gene was GAPDH. Ex vivo
apoptosis of primary MCL cells was determined using
Annexin-V-PE (Apronex, Czech Republic) and flow cy-
tometry (BD FACS Canto II) according to the manufac-
turer’s instructions after 24 hours exposure to 25 pM
araC, 100 pM fludarabine and 25 pM gemcitabine.

Experimental therapy of MCL xenografts

In vivo studies were approved by the institutional Ani-
mal Care and Use Committee. Immunodeficient NOD.
Cg-Prkdc*™®  I12rg"™ Wil/Sz] mice (Jackson Laboratory)
were maintained in individually ventilated cages. JEKO-1
cell line-based mouse model of MCL was used for ex-
periments [32]. JEKO-1 cells were harvested, suspended
in PBS, and injected (1 x 10°/mouse) i.v. into tail vein of
8- to 12-week-old female mice on DAY 1. Therapy was
initiated on DAY 8. Each cohort of mice contained 6-8
animals. The mice received treatment as follows: temsir-
olimus 1 mg s.c. 1 x weekly (3 cycles), cyclophosphamide
3 mg ip. 1 x weekly (3 cycles), bendamustine 0.5 mg i.p.
two subsequent days (day 1+ day 2) every two weeks
(2 cycles), bortezomib 25 pg i.p. 2 x weekly (3 cycles),
cisplatin 180 pg i.p. every two weeks (2 cycles), gemcita-
bine 10 mg i.p. 1 x weekly (3 cycles), fludarabine 1 mg
three subsequent days (day 1-3) weekly (3 cycles), rituxi-
mab 250 pg s.c. 1 x weekly (3 cycles). The data were ana-
lysed in GraphPad Software.

Two-dimensional electrophoresis

IPG strips (pH 4.0-7.0, 24 cm; ReadyStrip, Bio-Rad) were
rehydrated overnight in 450 pL of sample, representing
1.5 mg of protein. Isoelectric focusing was performed for
70 kVh using Protean IEF cell (Bio-Rad). Six replicates
were run for each cell type. Focused strips were equili-
brated and reduced in equilibration (6 M urea, 50 mM
Tris pH 8.8, 30% glycerol, 2% SDS) supplemented with
DTT (450 mg per 50 mL) for 15 min and then alkyled in
equilibration buffer with added iodacetamide (1.125 mg
iodacetamide per 50 mL). SDS-PAGE electrophoresis
was performed in a Tris-glycine-SDS system using a 12-
gel Protean Dodeca Cell apparatus (Bio-Rad) with buffer
circulation and external cooling (20°C). Gels were run at a
constant voltage of 80 V per gel for 30 min and then at a
constant voltage of 200 V for 6 h. Gels were washed in de-
ionized water to remove redundant SDS and with colloidal
Coomassie Brilliant Blue (SimplyBlue™ Safestain, Invitro-
gen, Carlsbad, CA, USA) overnight.

Gel image analysis and extraction of peptides

Stained gels were scanned with GS 800 calibrated densi-
tometer (Bio-Rad) and image analysis was performed with
Progenesis™ software (Nonlinear Dynamics, Ltd., Newcastle
upon Tyne, UK) in semi-manual mode with 6 gel replicates
for each cell type. Normalization of gel images was based
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on total spot density, and integrated spot density values
(spot volumes) were then calculated after background sub-
traction. Average spot volume values (averages from the
all 6 gels in the group) for each spot were compared be-
tween the groups. Protein spots were considered differen-
tially expressed if their average normalized spot volume
difference was > 2-fold. As determined by the Student’s t-
test, a p-value < 0.05 was considered to indicate a statisti-
cally significant difference.

Protein digestion and peptide extraction

Spots containing differentially expressed proteins were
excised from the gels, cut into small pieces and washed
3 times with 25 mM ammonium bicarbonate in 50%
acetonitrile (ACN). The gels were then dried in a Speed-
Vac Concentrator (Eppendorf, Hamburg, Germany). Se-
quencing grade modified trypsin (Promega, Madison, W1,
USA) (6 ng/pl in 25 mM ammonium bicarbonate in 5%
ACN) was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN.

MS analysis and protein identification

Peptide samples were spotted on a steel target plate
(Bruker Daltonics, Bremen, Germany) and allowed to dry
at room temperature. Matrix solution (3 mg o-cyano-4-
hydroxycinnamic acid in 1 ml of 50% ACN containing
0.1% trifluoroacetic acid) was then added. MS was per-
formed on an Autoflex II MALDI-TOF/TOF mass spec-
trometer (Bruker Daltonics, Bremen, Germany) using a
solid nitrogen laser (337 nm) and FlexControl software in
reflectron mode with positive ion mass spectra detection.
The mass spectrometer was externally calibrated with
Peptide Calibration Standard II (Bruker Daltonics). Spec-
tra were acquired in the mass range 800-3,000 Da. The
peak lists were generated using FlexAnalysis and searched
against Swiss-Prot (2012_07 version, 536 789 sequences)
using Mascot software. The peptide mass tolerance was
set to 100 ppm, taxonomy Homo sapiens, missed cleavage
was set to 1, fixed modification for cysteine carbamido-
methylation, and variable modifications for methionine
oxidation and protein N-terminal acetylation. Proteins
with Mascot score over the threshold 56 for p < 0.05 cal-
culated for the used settings were considered as identified.
If the score was lower, the identity of protein candidate
was confirmed by MS/MS.

Western blot analysis

Cells were lysed in NHT buffer (140 mM NaCl, 10 mM
HEPES, 1.5% Triton X-100, pH 7.4). Protein concentration
in the collected supernatants was determined by the Brad-
ford assay (Bio-Rad). Lysate samples (50 pg) were combined
with SDS loading buffer containing 2-mercaptoethanol and
boiled for 5 min. Quadruplicate samples were separated on
12% SDS-PAGE minigels in Tris-glycine buffer (Bio-Rad).
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Electrophoresis was performed at a constant voltage for 30
min at 45 V per gel, and then at 90 V per gel until the dye
front reached the gel bottom. Proteins were transferred
onto 0.45 pm PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA,
USA) at 0.8 mA/cm? Membranes were incubated in PBS
(Invitrogen) containing 0.1% Tween-20 and 5% non-fat
dried milk for 1 h. GAPDH or Actin were used as the load-
ing controls. As primary antibodies anti-deoxycytidine
kinase mouse monoclonal antibody (sc 81245 Santa Cruz
Biotechnology, Sanat Cruz, CA, USA) diluted 1:200 or
polyclonal anti-GAPDH produced in rabbit (Sigma-
Aldrich, G9545) diluted 1:10,000 were used. After thor-
ough washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse (sc2005) or anti-rabbit
antibody (sc2313) (both from Santa Cruz Biotechnology)
was added (1:10,000). The signal was detected using
LumiGLO Reserve, (KPL, Gaithersburg, MD, USA) or
Western Blotting Luminol Reagent (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA) and membranes were
exposed to X-ray films (Kodak, Rochester, NY, USA).

Additional files

Additional file 1: Figure S1. Functional cathegories of genes
differentially expressed in R compared to CTRL as determined by DAVID.
The filtered group of genes acquired from all five MCL cell lines with fold
change at least +1.5-fold and adjusted p value < 0.05 were annotated
and arranged into biologically relevant categories using The Database for
Annotation, Visualization and Integrated Discovery (DAVID, http://david.
abcc.nciferf.gov).

Additional file 2: Table S1. List of genes differentially expressed in
more than one R clone compared to the corresponding CTRL cells.
Microarray data are shown in Additional file 2: Table S1. 31 genes were
differentially expressed in two araC-resistant clones (R) compared to the
corresponding araC-sensitive controls (CTRL). 1 gene (TPM1) was differentially
expressed in three R clones, and 1 gene (DCK) was differentially expressed in
all five R clones compared to the corresponding CTRL.

Additional file 3: Figure S2. Ibrutinib appears more cytotoxic to
cytarabine-resistant (R) compared to cytarabine-sensitive (CTRL) MCL cells.
WST-8 cell proliferation assays of CTRL cells and R clones were carried
out as described in Methods. Maximal absorbance obtained from the
untreated cells during the particular experiment (MAX,) was arbitrary set
as 100%. Absorbance of medium without cells was used as background
(B). For each cell population (both, unexposed and drug-exposed) and
for each measurement (M;, M,, Ms...My) the proliferation curve was
calculated as follows: (Mx - B)/(MAX, - B). As a consequence, proliferation
curves of untreated cells always peak at 100%, while proliferation curves
of drug-exposed cells can terminate below or above 100%. One representative
example of two independent experiments carried out on REC-1, HBL-2 and
GRANTA-519 is shown. In summary, REC-1 R clone was > 100-fold sensitive to
Bruton tyrosine-kinase (BTK) inhibitor ibrutinib compared to REC-1 CTRL cells.
Both HBL-2 and GRANTA-519 R clones were approx. 2-fold more sensitive to
ibrutinib compared to HBL-2 and GRANTA-519 CTRL cells.
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Abstract. Mantle cell lymphoma (MCL) is a rare aggressive
type of B-cell non-Hodgkin's lymphoma. Response to chemo-
therapy tends to be short and virtually all patients sooner or later
relapse. The prognosis of relapsed patients is extremely poor.
The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL triggers extrinsic apop-
totis in tumor cells by binding to TRAIL ‘death receptors’ on
the cell surface. Recombinant TRAIL has shown promising
pro-apoptotic effects in a variety of malignancies including
lymphoma. However, as with other drugs, lymphoma cells can
develop resistance to TRAIL. Therefore, the aim of this study
was to identify the molecular mechanisms responsible for, and
associated with TRAIL resistance in MCL cells. If identified,
these features may be used as molecular targets for the effec-
tive elimination of TRAIL-resistant lymphoma cells. From an
established TRAIL-sensitive mantle cell lymphoma cell line
(HBL-2) we derived a TRAIL-resistant HBL-2/R subclone. By
TRAIL receptor analysis and differential proteomic analysis of
HBL-2 and HBL-2/R cells we revealed a marked downregula-
tion of all TRAIL receptors and, among others, the decreased
expression of 3 key enzymes of purine nucleotide metabolism,
namely purine nucleoside phosphorylase, adenine phosphoribo-
syltransferase and inosine-5'-monophosphate dehydrogenase 2,
in the resistant HBL-2/R cells. The downregulation of the 3 key
enzymes of purine metabolism can have profound effects on
nucleotide homeostasis in TRAIL-resistant lymphoma cells
and can render such cells vulnerable to any further disruption
of purine nucleotide metabolism. This pathway represents a
‘weakness’ of the TR AIL-resistant MCL cells and has potential
as a therapeutic target for the selective elimination of such cells.
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Introduction

Mantle cell lymphoma (MCL) is a rare agressive type of B-cell
non-Hodgkin's lymphoma with an estimated annual incidence
in Europe of 0.45/100,000 individuals (1). MCL is a biologically
and clinically heterogeneous disease; the immunophenotype
of neoplastic cells reflects the phenotype of cells similar to
lymphocytes in the mantle zone of normal germinal follicles (2).
The genetic hallmark of MCL cells is a translocation between
chromosomes 11 and 14, t(11;14)(q13;q32), juxtaposing the
gene for immunoglobulin heavy chain and the gene encoding
cyclin DI. This results in cyclin D1 overexpression (3,4).

The standard of care for newly diagnosed MCL patients is
combined immunochemotherapy alternating rituximab-CHOP
(R-CHOP; cyclophosphamide, vincristine, doxorubicin and
prednisone) and R-HDAC (high-dose cytarabine). The addition
of rituximab and HDAC to CHOP has improved the survival of
MCL patients in the last 2 decades from 3 to 5 years. However,
the response to therapy tends to be short and virtually all
patients sooner or later relapse. There is no standard of care for
relapsed or refractory MCL patients. Salvage therapy usually
comprises diverse regimens based on fludarabine, gemcitabine,
cisplatin, bendamustine, bortezomib (inhibitor of 26S protea-
some) or temsirolimus (inhibitor of mTOR). Recently, several
new experimental molecules have shown promise in the therapy
of relapsed or resistant MCL, including lenalidomide (immuno-
modulatory agent), ibrutinib (PCI-32765, inhibitor of Bruton's
tyrosine-kinase), new monoclonal antibodies (e.g., anti-CD20
ofatumumab), as well as other agents (5). Combination thera-
pies are currently being evaluated in clinical trials; however,
novel drugs are required.

The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL is a type II transmem-
brane protein from the tumor necrosis factor superfamily (6,7)
expressed mostly by cells of the immune system (natural killer
cells, cytotoxic T-cells, macrophages and dendritic cells).
The main function of this molecule is thought to be in tumor
immunosurveillance, but its actual molecular role remains to
be elucidated.

TRAIL can trigger extrinsic apoptotis in target cells by
binding to TRAIL death receptors located on the cell surface (8).
This interaction is performed by a long extracellular C-terminal
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region of the TRAIL molecule. There are 4 distinct cell surface
TRAIL receptors in humans (DcR1, DcR2, DR4 and DRS)
encoded by separate genes (9,10). However, only DR4 and DRS
contain a functional death domain (structurally conserved
protein interaction domain) and are capable of signaling apop-
tosis. Two decoy receptors (DcR1 and DcR2) lack a functional
death domain and inhibit TRAIL signaling by competing with
death receptors for TRAIL (9,10). The binding of TRAIL to
DR4 or DRS leads to receptor homotrimerization and formation
of the death-inducing signaling complex (DISC) (11). Through
the DISC a caspase machinery is activated, which results in
apoptosis (12). TRAIL death receptors DR4 and DRS are ubig-
uitously expressed, indicating that most tissues and cell types
are potential targets of TRAIL signaling (13). Nevertheless,
TRAIL seems to induce apoptosis only in tumor cells but not in
healthy tissues. Due to its selective pro-apoptotic effect, TRAIL
has attracted much attention for its possible use in cancer
therapy. In vitro, a recombinant soluble TRAIL molecule has
shown cytostatic or cytotoxic effects in a wide variety of tumor
cell lines, including leukemia and lymphoma cells, but not in
normal cells (6,7,10,11,14-19). The administration of a recom-
binant soluble TRAIL molecule has been shown to induce the
regression or complete remission of tumors in tumor xenograft
models (11,20-26). The efficacy of recombinant TRAIL and
agonistic antibodies recognizing either receptor DR4 or DRS
has been investigated in numerous clinical trials, as recently
reviewed (27).

TRAIL has also shown promising pro-apoptotic effects in
a variety of lymphoma cell lines including MCL (15). However,
as with other drugs, cancer cells can develop resistance to
TRAIL following prolonged exposure to sublethal doses of
TRAIL (14,28). Resistance to TRAIL-mediated apoptosis can
arise due to changes at the cell membrane level (typically by
loss of expression or mutation of functional DR4 and/or DRS at
the cell surface) or on the intracellular level (such as incorrect
formation of DISC and abberant expression of caspases) (29).
The successful therapy of malignancies in general, and particu-
larly those with very poor prognosis, such as MCL, depends
on the effective management of drug resistance. An in-depth
understanding of the processes involved in the development
of drug resistance and a detailed description of secondary
molecular changes associated with resistance are essential for
successful cancer therapy. Specific molecular changes which
occur in drug-resistant cells can confer a potential selective
disadvatage to such cells and may be used as targets for the
effective elimination of drug-resistant lymphoma cells.

The aim of this study was to elucidate the molecular
mechanisms responsible for TRAIL resistance in MCL cells,
as well as the secondary molecular alterations associated
with this process. We also aimed to identify the phenotypic
features specific for TRAIL-resistant MCL cells. If identified,
these molecular features can be, at least theoretically, used
as molecular targets for the effective elimination of TRAIL-
resistant lymphoma cells in experimental therapies.

Materials and methods
Cell growth and cellular toxicity assay. HBL-2 cells were grown

in Iscove's modified Dulbecco's medium in the presence of
10% foetal bovine serum, 1% penicillin-streptomycin solution
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in a 37°C humidified atmosphere with 5% CO,. TRAIL-
resistant HBL-2/R cells were derived by selective pressure
of increasing concentrations of human recombinant TRAIL
(Apronex Biotechnologies, Czech Republic) up to 1,000 ng/ml
in medium from the wild-type HBL-2 cells in 5 weeks. The
toxicity of TRAIL to HBL-2 and HBL-2/R was measured
using the colorimetric WST-8-based Quick Cell proliferation
Assay kit II (BioVision, San Francisco, CA, USA) according
to the manufacturer's instructions. Briefly, 40,000 cells were
seeded in a 96-well plate in 300 yl of medium supplemented
with increased concentrations of TRAIL up to 1,000 ng/ml
in medium for 1-4 days. After the addition of WST reagent,
absorbance was measured on a Sunrise microplate absor-
bance reader (Tecan Group Ltd., Mdnnedorf, Switzerland)
with a 450 nm reading filter and 630 nm reference filter. The
absorbance of free medium was used as the background level,
triplicate samples were grown and measured for each cell type
and TRAIL concentration. Mean values were calculated. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) unless specified otherwise.

Flow cytometric analysis. HBL-2 and HBL-2/R cells (2x10°
cells for each assay) were washed in PBS buffer (0.5% foetal
bovine serum in PBS), stained with phycoerythrin-conjugated
antibodies against TRAIL receptors DR4, DR5, DcR1 and
DcR2 (anti-hTRAIL R1, anti-hTRAIL R2, anti-hTRAIL R3
and anti-hTRAIL R4; R&D Systems, Minneapolis, MN, USA)
and analyzed by flow cytometry in triplicate (FASCCanto II,
BD Biosciences, San Jose, CA, USA). Unstained cells and cells
incubated with isotype controls served as the background fluo-
rescence controls.

Sample preparation for two-dimensional electrophoresis.
HBL-2 and HBL-2/R cells (6x107) were harvested, washed
twice with PBS and cell pellets were frozen and stored at -80°C.
Samples were thawed and homogenized in lysis buffer [7 M
urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol (DTT)
and 1% ampholytes (Bio-Lyte 3-10 Buffer, Bio-Rad, Hercules,
CA, USA)] and protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany) for 20 min at room tempera-
ture with occasional vortexing. Samples were sedimented at
18,000 x g for 20 min at room temperature, supernatants were
collected and protein concentration was determined by the
Bradford assay (Bio-Rad). Protein concentrations in all samples
were equalized to 3.3 mg/ml by dilution with lysis buffer.

Two-dimensional electrophoresis. PG strips (pH 4.0-7.0,24 cm;
ReadyStrip, Bio-Rad) were rehydrated overnight in 450 ul of
sample, representing 1.5 mg of protein. Isoelectric focusing was
performed for 70 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 pA per strip and temperature set to
20°C (Protean IEF Cell, Bio-Rad). Six replicates were run for
each cell type. Focused strips were briefly rinsed in deionized
water, equilibrated and reduced in equilibration buffer supple-
mented with DTT (6 M urea, 50 mM Tris pH 8.8, 30% glycerol,
2% SDS and 450 mg DTT per 50 ml) for 15 min and then
alkylated in equilibration buffer with iodacetamide (1.125 mg
iodacetamide per 50 ml of the buffer). Equilibrated strips
were then secured on 10% SDS-PAGE and secured in place by
molten agarose. SDS-PAGE electrophoresis was performed in
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a Tris-glycine-SDS system using a 12-gel Protean Dodeca Cell
apparatus (Bio-Rad) with buffer circulation and external cooling
(20°C). Gels were run at a constant voltage of 45 V per gel for
30 min and then at a constant voltage of 200 V for 6 h. Gels
were washed 3 times for 15 min in deionized water to remove
redundant SDS. Gels were then stained with colloidal Coomassie
Brilliant Blue (SimplyBlue™ Safestain, Invitrogen, Carlsbad,
CA, USA) overnight and briefly de-stained in deionized water.

Gel image analysis and extraction of peptides. Stained gels
were scanned with GS 800 calibrated densitometer (Bio-Rad)
and image analysis was performed with Progenesis™ soft-
ware (Nonlinear Dynamics, Ltd., Newcastle upon Tyne, UK)
in semi-manual mode with 6 gel replicates for each cell type.
Normalization of gel images was based on total spot density,
and integrated spot density values (spot volumes) were then
calculated after background subtraction. Average spot volume
values (averages from the all 6 gels in the group) for each spot
were compared between the groups. Protein spots were consid-
ered differentially expressed if their average normalized spot
volume difference was >1.5-fold. As determined by the Student's
t-test, a p-value <0.05 was considered to indicate a statistically
significant difference.

Protein digestion and peptide extraction. Spots containing
differentially expressed proteins were excised from the gels, cut
into small pieces and washed 3 times with 25 mM ammonium
bicarbonate in 50% acetonitrile (ACN). The gels were then dried
in a SpeedVac Concentrator (Eppendorf, Hamburg, Germany).
Sequencing grade modified trypsin (Promega, Madison, WI,
USA) (6 ng/ul of trypsin in 25 mM ammonium bicarbonate in
5% ACN) was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) and identification of selected
proteins. Peptide samples were spotted on a polished steel
target plate (Bruker Daltonics, Bremen, Germany) and allowed
to dry at room temperature. Matrix solution (3 mg a-cyano-4-
hydroxycinnamic acid in 1 ml of 50% ACN containing 0.1%
trifluoroacetic acid) was then added. MS was performed
on an Autoflex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) using a solid nitrogen laser (337 nm) and
FlexControl software (Bruker Daltonics) in reflectron mode
with positive ion mass spectra detection. The mass spectrometer
was externally calibrated with Peptide Calibration Standard II
(Bruker Daltonics). Spectra were acquired in the mass range
800-4,000 Da. The peak lists were generated using FlexAnalysis
and searched against Swiss-Prot (2011 version, 524420
sequences) using Mascot software. The peptide mass tolerance
was set to 50 ppm, taxonomy Homo sapiens, missed cleavage
was set to 2, fixed modification for cysteine carbamidomethyl-
ation, and variable modifications for methionine oxidation and
protein N-terminal acetylation.

Western blot analysis. Cells were lysed in NHT buffer
(140 mM NaCl, 10 mM HEPES, 1.5% Triton X-100, pH 7.4).
Protein concentration in the collected supernatants was
determined by the Bradford assay (Bio-Rad). Lysate samples
(25-70 pug) were combined with SDS loading buffer containing
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2-mercaptoethanol and boiled for 5 min. Triplicate samples
were separated on 12% SDS-PAGE minigels in Tris-glycine
buffer (Bio-Rad). Electrophoresis was performed at a constant
voltage for 30 min at 45 V per gel, and then at 90 V per gel until
the dye front reached the gel bottom. Proteins were transferred
onto 0.45 ym PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA, USA)
at 0.8 mA/cm? of membrane. Membranes were incubated with
blocking buffer containing PBS (Invitrogen), 0.1% Tween-20
and 5% non-fat dried milk for 1 h. As primary antibodies
anti-adenine phosphoribosyltransferase (APRT; 1:1,000, rabbit
polyclonal antibody), anti-purine nucleoside phosphorylase
(PNP; 1:1,000, mouse monoclonal antibody) and anti-GAPDH
(1:10,000, rabbit polyclonal antibody) were used. After thor-
oughly washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody was
added (1:10,000). GAPDH was used as the loading control. The
signal was detected using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and
membranes were exposed to X-ray films (Kodak, Rochester, NY,
USA). All used antibodies were from Santa Cruz Biotechnology.

Results

Molecular changes associated with the generation of drug-
resistant cells can confer potential selective disadvantage. Such
a ‘weakness’ may be used as druggable target for effective
elimination of drug-resistant lymphoma cells. Our aim was to
elucidate the molecular changes associated with the development
of TRAIL resistance in (originally TRAIL-sensitive) MCL cells
in order to identify such a cellular ‘weakness’ of TRAIL-resistant
MCL cells. To identify the specific protein expression changes in
the TRAIL-resistant cells, we derived a TR AIL-resistant HBL-2
subclone (HBL-2/R) from the originally TR AIL-sensitive HBL-2
cell line, and performed differential analysis of the surface
expression of TRAIL receptors and comparative proteomic
analysis of the HBL-2/R and HBL-2 cells.

TRAIL-resistant cell line. The TR AIL-resistant HBL-2 subclone
(HBL-2/R) was derived from the originally TRAIL-sensitive
HBL-2 cell line by selective pressure of increasing TRAIL
concentration in medium over 5 weeks. While the ICs, for
TRAIL in the originally sensitive HBL-2 cells was 1 ng/ml at
48 h (data not shown), the resulting HBL-2/R subclone prolifer-
ated in up to 1,000 ng/ml TRAIL concentration in medium and
was therefore >1,000-fold more resistant to TRAIL than the
HBL-2 cells (Fig. 1).

TRAIL receptors - flow cytometric analysis of cell surface
expression. The attenuated expression of TRAIL death recep-
tors DR4 and DRS has been previously described as a cause
of TRAIL resistance. We therefore determined the relative
expression of TRAIL receptors in HBL-2 and HBL-2/R cells by
flow cytometry (Fig. 2). The expression of DR4, DRS, DcR1 and
DcR2 in the HBL-2/R cells was markedly decreased compared
to the HBL-2 cells. The marked downregulation of death recep-
tors DR4 and DRS explains the resistance of the HBL-2/R cells
to TRAIL, while the downregulation of decoy receptors DcR1
and DcR2 may indicate further, more complex phenotypic
changes in the HBL-2/R cells.
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Figure 1. Relative cytotoxicity of TRAIL. Viability of TRAIL-sensitive HBL-2
cells and TRAIL-resistant HBL-2/R cells after 78 h in medium with recombi-
nant TRAIL was determined by WTS-based colorimetric assay. Absorbance
value of HBL-2 cells grown in medium without TRAIL was set to 1.
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Figure 2. Cell surface expression of TRAIL receptors. HBL-2 and HBL-2/R
cells were labeled with phycoerythrin-conjugated antibodies against the
TRAIL cell surface receptors, DR4, DRS, DcR1 and DcR2, and the expression
of the receptors was analyzed by flow cytometry. Cells without staining and
isotype controls served as the blank controls.

Proteomic analysis. In order to identify specific changes in
protein expression associated with TR AIL resistance in HBL-2/R
cells, we performed comparative proteomic analysis of cellular
homogenates of HBL-2/R and TRAIL-sensitive HBL-2 cells.
Using two-dimensional electrophoresis of total cell lysates, we
reproducibly detected 820 protein spots on Coomassie Brilliant
Blue-stained gels. We found 21 protein spots to be significantly
quantitatively changed (upregulated or downregulated, change
>1.5-fold; p<0.05) in HBL-2/R cells (Fig. 3). Using MALDI-TOF/
TOF mass spectrometry we identified all 21 proteins differen-
tially expressed in HBL-2/R cells (Table I).

Functional annotations of the identified differentially
expressed proteins were analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database. Among the 21 identi-
fied proteins we found molecules involved in diverse functions,
including cytoskeleton regulation, ribosome synthesis and
maturation, RNA metabolism, chromosome translocation,
DNA repair and replication, as well as protein folding. However,
one pathway was markedly enriched in our set (hsa00230 -
purine metabolism) represented by 3 differentially expressed
proteins. These 3 molecules are key enzymes of the purine
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Figure 3. Two-dimensional electrophoresis of HBL-2 and HBL-2/R cells was
performed on 24-cm gel strips, pH 4.0-7.0, 10% SDS-PAGE. Proteins were
stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-11 indicate downregulated proteins in
HBL-2/R cells, and spots 12-21 indicate upregulated proteins in HBL-2/R cells).

nucleotide metabolism (Fig. 5) and all 3 are downregulated
in TRAIL-resistant HBL-2/R cells [PNP (downregulated
1.6-fold in HBL-2/R cells), APRT (downregulated 2.2-fold in
HBL-2/R cells) and inosine-5-monophosphate dehydrogenase 2
(IMPDH2, downregulated 1.6-fold in HBL-2/R cells)].

Verification of proteomic analysis. To confirm the results of
proteomic analysis by an independent method we verified
the decreased expression of the 2 proteins involved in purine
metabolism, namely PNP and APRT, by western blot analysis
in HBL-2 and HBL-2/R cell lysates (Fig. 4).

Discussion

The downregulation of the 3 key enzymes of purine metabo-
lism can have a profound effect on nucleotide homeostasis
in TRAIL-resistant lymphoma cells. Purine nucleotides,
the building blocks for synthesis of DNA, RNA and enzyme
co-factors, are recruited either from de novo purine synthesis
from low molecular weight precursors or by recycling of free
nucleobases in the so-called salvage pathway. Both pathways
lead to the production of nucleoside-5'-phosphates (Fig. 5). Both
pathways can supply cellular demand independently; however,
their importance in different tissues is variable. In leukemic
and lymphoma cells the salvage pathway is considered the
major source of purine nucleotides (30,31).
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Table I. List of proteins differentially expressed in HBL-2/R cells (difference at least 1.5-fold and statistical significance p<0.05).

Spot Swiss-Prot Protein name Fold  Mascot Sequence Mr
no. no.* change score®  cov. (%)°
Proteins upregulated in HBL-2/R cells
1 P04792 Heat shock protein f3-1 39 84 51 22826
2 P42704 Leucine-rich PPR motif-containing protein, mitochondrial 2.6 100 23 159003
3 075351 Vacuolar protein sorting-associated protein 4B 2.6 171 32 49443
4 P23381 Tryptophanyl-tRNA synthetase, cytoplasmic 24 240 54 53474
5 P20591 Interferon-induced GTP-binding protein Mx1 22 176 42 75872
6 P09211 Glutathione S-transferase P 1.9 110 56 23569
7 P06396 Gelsolin 19 115 22 86043
8 P13010 X-ray repair cross-complementing protein 5 1.7 262 46 83222
9 QO9HAV7 GrpE protein homolog 1, mitochondrial 1.6 99 44 24492
10 043776 Asparaginyl-tRNA synthetase, cytoplasmic 1.5 250 41 63758
11 Q15084 Protein disulfide-isomerase A6 1.5 76 29 48490
Proteins downregulated in HBL-2/R cells
12 P08559 Pyruvate dehydrogenase E1 component subunit a 32 111 32 43952
13 P19338 Nucleolin 24 146 29 76625
14 P07741 Adenine phosphoribosyltransferase 22 227 79 19766
15 075792 Ribonuclease H2 subunit A 1.7 348 72 33716
16 Q07955 Serine/arginine-rich splicing factor 1 1.7 82 35 27842
17 P00491 Purine nucleoside phosphorylase 1.6 182 68 32325
18 P12268 Inosine-5'-monophosphate dehydrogenase 2 1.6 230 44 56226
19 P40121 Macrophage-capping protein 1.6 102 41 38760
20 P13674 Prolyl 4-hydroxylase subunit a-1 1.5 234 48 61296
21 Q15019 Septin-2 1.5 62 26 41689

*Swiss-Prot no. is the code under which the identified protein is deposited in the Swiss-Prot database. "Mascot score helps to estimate the
correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event. “Sequence

coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length.
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Figure 4. Relative expression of purine nucleoside phosphorylase (PNP) and adenine phosphoribosyltransferase (APRT) in HBL-2 and HBL-2/R cell lysates
determined by western blot analysis. (A) Triplicate cell lysates were separated on 12% SDS-PAGE minigels. Proteins were then transferred onto PVDF mem-
branes, blocked and probed with either anti-APRT, or anti-PNP antibody. Anti-GAPDH antibody was used as the loading control. The bands were visualized by
HRP-conjugated secondary antibodies. (B) The values of integrated optical densities of PNP and APRT in HBL-2 cells were set to 100.

The de novo synthesis of purine nucleotides requires
5-phosphoribosyl-1-pyrophosphate (PRPP), ATP, glutamine,
glycine, CO,, aspartate and formate to create the first fully
formed nucleotide, inosine-5'-monophosphate (IMP). IMP
represents a branch point for purine biosynthesis, since it can
be converted either to guanosine-5'-monophosphate (GMP) by
IMPDH?2 (downregulated in HBL-2/R cells) or to adenosine-
5'-monophosphate (Fig. 5).

The catabolism of purine nucleotides leads to the liberation
of free purine bases by PNP (downregulated in HBL-2/R cells).
In the salvage pathway the free bases are reconverted back to
nucleoside-5'-monophosphates in a reaction with activated
sugar (PRPP) catalyzed by APRT (downregulated in HBL-2/R
cells) or hypoxanthine-guanine phosphoribosyltransferase (32)
(Fig. 5). Ribonucleotides are converted by ribonucleotide reduc-
tase into the corresponding deoxyribonucleotides.
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Figure 5. Scheme of the purine metabolism pathways, showing the position of IMPDH2, APRT and PNP in purine nucleotide biosynthesis, adopted from a pre-
vious study (35). The de novo synthesis of purine nucleotides begins with the phosphorylation of ribose-5-phosphate to form PRPP. In a number of reactions, PRPP
creates the first fully formed nucleotide, IMP. IMP is converted by IMPDH2 to GMP. PNP catalyzes the reversible cleavage of purine nucleosides, releasing purine
nucleobases (adenine, hypoxanthine, xanthine and guanine). In the salvage pathway the free nucleobases can be reconverted back to nucleoside-5'-monophosphates
in a reaction with activated sugar (PRPP) catalyzed by APRT. IMPDH2, inosine-5'-monophosphate dehydrogenase 2; APRT, adenine phosphoribosyltransferase;
PNP, purine nucleoside phosphorylase; PRPP, 5-phosphoribosyl-1-pyrophosphate; IMP, inosine-5'-monophosphate; GMP, guanosine-5'-monophosphate; dADP,
deoxyadenosine diphosphate; ADP, adenosine diphosphate; GDP, guanosine diphosphate; dGDP, deoxyguanosine diphosphate; AMP, adenosine monophosphate;

XMP, xanthosine monophosphate.

The delicate balance of enzyme activities and concentra-
tions of products and intermediates are critical for purine
(nucleotide) homeostasis. The inhibition of PNP results in
the accumulation of its substrate, 2'-deoxyguanosine which
is further phosphorylated to deoxyguanosine triphosphate
(dGTP). A high intracellular concentration of dGTP inhibits
cell proliferation and induces apoptosis (33-35). If APRT
is inhibited, accumulated adenine is oxidized to insoluble
2 ,8-dihydroxyadenine. Accumulation of this precipitate results
in cell death (32). Similarly, the inhibition of IMPDH?2 leads
to depletion of guanosine nucleotides, which blocks DNA
synthesis and cell division (36,37).

Disruption of the purine nucleotide metabolism generally
results in an accumulation and/or a lack of ribonucleotides
or deoxyribonucleotides or metabolic intermediates with
potentially cytotoxic consequences. The observed decreased
expression of the 3 purine metabolism enzymes affects both
de novo synthesis and the salvage pathway of purine metabo-
lism and may also affect purine nucleotide homeostasis in
TRAIL-resistant HBL-2/R cells. Such an imbalance may
represent a selective disadvantage for the affected cells. Such
a ‘weakness’ may not be apparent under normal circumstances
but may become critical under stress or unfavorable condi-
tions. As the proliferation rates of HBL-2/R and HBL-2 cells
are comparable, the proposed imbalance in purine nucleotide
metabolism in TRAIL-resistant cells is possibly mild and/
or well compensated in vitro. However, this ‘weakness’ may
become apparent due to lack of building blocks for DNA and

RNA synthesis in the environment or upon further disruption of
purine metabolism. Since both pathways of purine metabolism
are compromised in TRAIL-resistant MCL cells, these cells
should be vulnerable to further inactivation of purine nucleo-
tide metabolism enzymes. Therefore, drugs that target (already
disbalanced) purine metabolism should be highly cytotoxic
to TRAIL-resistant cells (compared to non-malignant cells)
and may therefore be selectively effective in the elimination
of TRAIL-resistant MCL cells in experimental therapy. There
are several approved inhibitors of purine metabolism, such as
methotrexate (inhibits purine de novo synthesis via dihydrofo-
late reductase) (38), ribavirin and mycophenolic acid (inhibitors
of IMPDH?2) (39,40) or forodesine (a novel inhibitor of PNP)
(41,42), available for clinical use.

The adaptation of cancer cells to cytostatic and cytotoxic
drugs is associated to a certain degree with extensive changes
in the cell phenotype. Some of the molecular changes, although
seemingly unrelated to the mechanism of resistance, can provide
a selective disadvantage to the cells and such a ‘weakness’
may be used as a potential therapeutic target. By the presented
proteomic analysis of the changes associated with resistance to
TRAIL in MCL HBL-2 cells, we demonstrated the downregula-
tion of all types of TRAIL receptors and identified the altered
expression of several proteins including 3 enzymes of the purine
metabolism pathway. This downregulated pathway potentially
represents a ‘weakness’ of the TR AIL-resistant MCL cells and
has potential as a therapeutic target for the selective elimination
of such cells in the future.
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