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Increase in clusterin forms part of the stress response
in Hodgkin's lymphoma
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Abstract. Clusterin (also called APOJ, SGP-2, XIP8) has
thus far been only partially characterized in lymphomas
contrary to other types of cancer. Its expression has been
reported only for anaplastic large cell lymphomas and, more
recently, in mycosis fungoides. Here, we demonstrate an up-
regulation of intracellular clusterin in Hodgkin's lymphoma
(HL)-derived cell lines L-428, KM-H2 and L-540, caused by
different stimuli such as IFN-y, doxorubicin and X-rays.
These stimuli are relevant for the pathophysiology and therapy
of HL and represent a first step in the characterisation of this
glycoprotein known to have a role in drug chemoresistance.
pS53 up-regulation accompanies increases in clusterin levels
accordingly with the onset of apoptosis. We also show that
the cells secrete more clusterin after treatment with doxo-
rubicin, which is consistent with the observed intracellular
increase. These observations suggested that the levels of
circulating clusterin should also be measured in the peripheral
blood from HL patients both at the time of diagnosis and
after two cycles of chemotherapy. In a preliminary study on
patient sera we observed that an increase in clusterin is
correlated with positron emission tomography (PET) positivity
after two cycles of chemotherapy.

Introduction

Hodgkin's lymphoma (HL) is a neoplasm of the lymph nodes
originating from the germinal center (GC) B lymphocytes. It
has an incidence rate of 13% in the United States and
includes two major hystotypes: nodular sclerosis and mixed
cellularity (1,2). These, together with lymphocyte-rich and
lymphocyte-depleted HL are collectively referred as classical
Hodgkin's lymphoma (cHL) (3). cHL represents a peculiar
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example of a neoplasm characterised by the presence of the
malignant Reed-Sternberg cells (HRS cells). These cells are
rare, accounting for ~1-5% of the cells in affected lymph
nodes, and are surrounded by benign cells including T lympho-
cytes, B lymphocytes, macrophages, eosinophils, plasma
cells and fibroblasts (3,4). The majority of the tumor mass is
therefore made up of this inflammatory infiltrate (3).
Although combined modality treatments, including ABVD
chemotherapy (doxorubicin, bleomycin, vinblastine and
dacarbazine) and radiotherapy, now allow significant
achievements particularly in early stages, therapy-resistance,
relapsing disease and late toxicities require great efforts to be
put into chemo- and radiotherapy optimization (5-7).
Moreover, since HL patients are often adolescents and young
adults, the risk of sterilization associated with chemotherapy
is another issue to take into account (8). Our aim is therefore
to identify relevant putative biomarkers able to correlate with
the response of the tumor to cytotoxic drugs or radiation
therapy, and to add significant information to the prognostic
procedures for HL currently in use.

Clusterin (also called APOJ, SGP-2, XIP8) is a heterodi-
meric, disulphide-linked glycoprotein of 449 amino acids
widely expressed in human tissues and implicated in several
cell functions including tumor progression, cell adhesion,
tissue remodelling, lipid metabolism, apoptosis and DNA
repair (9,10). The nuclear isoform (nCLU) is pro-apoptotic
and is specifically involved in the drug-mediated apoptosis of
prostate cancer cells, whereas the secretory isoform (sCLU)
is believed to have a cytoprotective role (11,12). This protein
has also been found to be associated with several different
malignancies such as colon (13,14), breast (15,16) and lung
carcinomas (17,18) making it not only a basic research subject
but also a potential therapeutic target for prostate cancer
(19,20).

Only limited evidence is available concerning the role of
clusterin in lymphomas, however. This protein has been
described as a marker for only anaplastic large-cell
lymphoma and mycosis fungoides, while many of the
lymphoid cell lines tested so far resulted negative for
clusterin expression (21-23). Even though this protein has a
wide distribution among human tissues and fluids, HL's
immunohistochemical stainings have been reported to be
negative (21).
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It is known that the evasion mechanisms of HRS cells
include the presence of regulatory T cells (Treg) among the
HL-infiltrating lymphocytes. Significant amounts of CD4+*-
CD25* Treg and IL-10 secreting T-regulatory 1 have been
found in HL-infiltrating lymphocytes and are believed to
be responsible for the immunosuppressive environment
characteristic of HL (24). Furthermore, cytokines have
always been regarded as crucial players in HL pathogenesis,
with HL patients being characterised by a lower T helper-1
cytokine activity, a T helper-2/Treg-skewed type of
immunity and a lower level of peripheral blood IL-12 (3,25).
This is consistent with recent evidence, which has stressed
the importance of CD4*-secreted interferon-y (IFN-y) during
T-lymphocyte mediated responses and pathogenesis control
of HL. This cytokine is specifically secreted by HL-
infiltrating CD4* T lymphocytes upon blocking the inhibi-
tory PD-1-PD-Ls interaction in bulk tumour cell suspensions
(26).

The experiments described in this work are aimed at
evaluating the expression and the modulation of intracellular
and secretory clusterin in the HL-derived cell lines 1.-428,
KM-H2 and L-540, where clusterin had never been reported
before. We show that intracellular clusterin expression is
dramatically affected by different stimuli such as doxorubicin
(a chemotherapeutic drug belonging to the ABVD combi-
nation therapy), IFN-y (a Th-1 cytokine) and X-rays. We also
show that clusterin secretion increases following treatment
with doxorubicin. In order to evaluate the potential of this
secreted glycoprotein as biomarker able to provide
information on the progression of HL, we performed a
preliminary study on sera of HL patient who had undergone
two cycles of doxorubicin-containing chemotherapy followed
by positron emission tomography (PET) scan. Collection of
sera was approved by the Ethics committee of Azienda
Ospedaliera S. Maria Nuova.

Materials and methods

Cell lines and growth conditions. L-428, KM-H2 and L-540
Hodgkin's lymphoma-derived cell lines were purchased from
the DSMZ German collection of microorganisms and cell
cultures (Braunschweig, Germany). RPMI medium
(Euroclone, Milan, Italy) supplemented with penicillin/
streptomycin (Euroclone), L-glutamine (Euroclone) and 10%
heat-inactivated foetal calf serum (FCS, Gibco-Invitrogen,
San Giuliano Milanese, Italy) was used to grow L-428 and
KM-H2. L-540 required 20% foetal calf serum. Cells were
grown in a humidified incubator at 37°C with a 5% CO,
atmosphere.

Doxorubicin and IFN-y. Doxorubicin hydrochloride (Sigma-
Aldrich) was dissolved in sterile water at a concentration of
10 mM and stored at -20°C. A 1 mM stock solution was
prepared and stored at 4°C. Human recombinant IFN-y
(Peprotech, Rocky Hill, NJ) was dissolved in sterile phosphate-
buffered saline (PBS) 1X pH 7.2 supplemented with 0.1%
bovine serum albumine (Sigma-Aldrich) at a concentration of
1 mg/ml and stored in aliquots at -20°C.

Flow cytometry. Cells (1.8x10°) were washed with PBS 1X
pH 7.2 and stained with FITC-conjugated anti-IFNGR1
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monoclonal antibody (Genetex, Irvine, CA) diluted 1:250.
Following another wash, control and stained samples were
acquired through a Cytomics FC500 flow cytometer (Beckman
Coulter Inc., Fullerton, CA).

X-ray irradiation. Raycell blood irradiator (MDS Nordion,
Ottawa ON, Canada) was chosen to deliver X-rays to cell
lines by using two opposite X-ray tubes with a potential of
160 kV. A mean dose (+ 1o) of 12.00+0.24 Gy in 1 min and
53 sec of beam-on time were delivered to each cell flask
placed in the dedicated irradiation canister. To limit the non-
uniform dose-effect in the inner area of the irradiation field,
an in-house made plastic holder was used to arrange the
flasks in the same position inside the canister for the different
irradiations. Besides, to obtain the maximum dose uniformity
the canisters were always filled with water. Cells were counted
on a haemocytometer and 1.5x10° cells/sample were seeded in
a 25-cm? flask (Euroclone). The flask was then filled with
fresh culture medium (RPMI medium with 10% FCS) up to
the top, in order to avoid the lack of homogeneity due to air
bubbles. After irradiation the whole flask content was
centrifuged, the liquid discarded and the cells resuspendend in
fresh culture medium. Cells were counted again and an equal
number of irradiated cells was seeded as well as a control
sample. Flasks were incubated in a 37°C humidified incubator
with 5% CO, atmosphere for 24, 48 or 72 h.

Antibodies and immunoblotting. The total cell extracts were
prepared as follows. Cells were centrifuged (1100 rpm for
6 min) and the supernatant discarded. The samples were
washed twice with PBS 1X pH 7.2 and, after centrifugation,
the buffer was removed carefully. Cells were resuspended in
cell lysis buffer (Tris HCI 10 mM pH 7.4, MgCl, 3 mM,
NaCl 10 mM, SDS 0.1%, Triton 0.1% and EDTA 0.5 mM)
supplemented with protease inhibitor cocktail for general use
(Sigma-Aldrich). Cell lysis was accomplished through
pipetting and incubating at 4°C for 40 min with shaking.
Samples were stored at -20°C O/N and centrifuged, the day
after, at 13000 rpm and 4°C for 20 min. The cell lysate was
then quantified by Bio-Rad Dc Protein assay (Bio-Rad,
Segrate, Milan, Italy), aliquoted and stored at -20°C until use.
SDS-PAGE electrophoresis was performed on 10%
polyacrylamide gels, which were either hand-made or precast
and proteins were blotted on Hybond-ECL or Hybond-C plus
nitrocellulose membrane (GE Amersham, Milan, Italy).
Monoclonal antibodies (mAbs): mouse anti-p53 mAb (clone
PAB1801, Zymed, San Francisco, CA) and mouse anti-
clusterin mAb (clone Hs-3, Biovendor, CTPark Modrice,
Czech Republic) were diluted 1:2000; mouse anti-B-actin
(clone AC-15, Sigma-Aldrich) was diluted 1:24000. Rabbit
anti-Bax polyclonal antibody (Immunological sciences,
Rome, Italy) was diluted 1:400. Anti-mouse IgG HRP-linked
and anti-rabbit IgG HRP-linked (GE Amersham) were
diluted 1:10000. GE Amersham ECL detection system was
used according to the manufacturer's instructions.

Nucleosomes release assay. Cell death detection ELISA plus
(Roche Diagnostics GmbH) was used to measure the in vitro
mono- and oligonucleosomes in the cytoplasm of cells
treated with IFN-y for 24 h according to the manufacturer's
instructions.
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Figure 1. (A) L-428 express IFN-y R1. Histogram with dotted line: unstained control sample. Histogram with thick line: anti-IFN-y R1-FITC-stained sample.
(B) IFN-y mediated clusterin up-regulation after 24 h. (C) IFN-y mediated p53 up-regulation after 24 h. Doxorubicin 0.1 g/ml has been used as the positive
control. Histograms in the lower panel show the densitometric analysis. (D) Nucleosome-release induced by IFN-y treatment for 24 h. Differences are
statistically significant with one-way ANOVA, “p<0.001. (E) Doxorubicin-mediated clusterin up-regulation. The lower panel shows the densitometric

analysis of the 55-kDa band over actin.

Immunoenzymatic assays. Circulating clusterin was assessed
on sera from samples of confirmed HL cases stored at -80°C.
The human clusterin ELISA (Biovendor) was used according
to the manufacturer's instructions with sera diluted 1:3000.
Each sample was tested in duplicate. Absorbance readings
(450 nm with 620 nm reference filter) were done with a Seac
Sirio S multiwell plate reader.

Software and statistical analysis. Un-Scan-It software (Silk
Scientific Inc., Orem, UT) was used to perform the
quantification of the immunoblotting bands. Graphs and
statistics for the densitometric analysis after immunoblotting,
for the growth curves and for the immunoenzymatic assays
were done with Graph Pad Prism 5.0 (GraphPad software
Inc., La Jolla, CA). One-way ANOVA and paired t-test were
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Figure 2. (A) Growth curves of HL-derived cell lines irradiated with 12-Gy
X-rays. Cells were cultured up to 72 h after irradiation. (B) Activation of the
intrinsic apoptotic pathway after irradiation of L-428 is demonstrated by p53
and Bax up-regulation.

performed with Graph Pad Prism 5.0 as well. Flow cytometric
data were analyzed through the CXP analysis software
(Beckman Coulter Inc.).

Results

IFN-y and doxorubicin induce intracellular clusterin expres-
sion in L-428. We first investigated whether IFN-y treatment

FRAZZI et al: CLUSTERIN IN HODGKIN'S LYMPHOMA

is able to induce any changes involving intracellular clusterin
in L-428 cell line. These cells feature the IFN-y receptor, as
shown in Fig. 1A. We observe a marked increase of intra-
cellular clusterin expression in L-428 triggered by a 0.05 and
0.1 ug/ml IFN-y treatment for 24 h. This up-regulation
concerns both the major isoforms, the heavy one of ~80 kDa
and the lighter one of ~55 kDa in addition to two other bands
with an intermediate molecular weight (Fig. 1B). Interestingly,
a dose-dependent p53 increase over its basal levels was
evident when a treatment of 0.1 yg/ml was administered,
starting at 0.05 pg/ml (Fig. 1C). In the same cells, we also
investigated whether the release of nucleosomes, a marker
for apoptosis, was associated to an increase in pS3 and we
found that IFN-y determines a dose-dependent increase of
nucleosome-release at the same concentrations that are able
to up-regulate clusterin (Fig. 1D).

Experiments were also performed with doxorubicin, a
well-characterized anticancer drug belonging to the ABVD
chemotherapy and acting as pro-apoptotic agent (27,28) in
order to compare its effects to those of IFN-y. We observed a
strong intracellular clusterin up-regulation after doxorubicin
had been administered for 24 h. This is accompanied, as
expected, by an up-regulation of p53, since doxorubicin is
a pro-apoptotic drug (Fig. 1E). Densitometry shows that a
2.1-fold increase over the untreated samples of the 55-kDa
band is observed starting at 0.5 xM and a 2.8-fold increase
is obtained after 1 and 2 yM. The average increase of the
55-kDa band is 2.4-fold in independent experiments (Fig. 1E).
While IFN-y treatment exerts only a modest cytostatic effect,
doxorubicin determines, as expected, a marked growth
inhibition of L-428 at the concentrations tested (data not
shown). These results show that intracellular clusterin is
modulated by IFN-y and doxorubicin, and that p53 increases
consistently in response to the same stimuli and concentrations.
This suggests a correlation between p53 and clusterin up-
regulation in lymphoid cells undergoing apoptosis.

12-Gy ionizing radiation inhibits HL-cell lines and triggers
the intrinsic apoptotic pathway. In order to assess the
involvement of clusterin in the ionizing radiation (IR)-
triggered response of lymphoid cells, we tested the X-ray
dose able to kill 70-80% of the cell population initially
seeded. The aim was to get a population of surviving cells and
to assess the intracellular clusterin levels in this population
after irradiation. We irradiated the three HL cell lines and we
obtained the corresponding growth curves (Fig. 2A). We
show that 12 Gy is a suitable dose of X-rays able to inhibit
the three cell lines tested leaving a population of cells that
survive up to three days after irradiation. We also verified the
activation of the intrinsic apoptotic pathway after irradiation
in the representative L-428 cell line. p53 and Bax are up-
regulated in the irradiated, surviving population up to 72 h
(Fig. 2B), which is consistent with the fact that high doses of
IR generate single- and double-strand DNA breaks.

Cells that survive after irradiation feature higher intracel-
lular clusterin. A strong increase of intracellular clusterin is
evident after irradiation at the three time points studied in all
the HL cell lines tested (Fig. 3), which is consistent with the
data previously reported for breast carcinoma (15). The
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Figure 3. Clusterin is up-regulated by IR in HL-derived cell lines. The increase of the intracellular isoforms of 80, 63 and 55 kDa is evident in the three cell
lines tested up to 72 h. (A) L-428; (B) KM-H2; (C) L-540. Results are representative of 2-3 independent experiments in each cell line.

Table I. Circulating clusterin in HL patients.

No. of patients Decreased clusterin levels

Increased clusterin levels Steady clusterin levels

PET2 9 5/9 (55.6%)
PET2* 9 0/9

0/9 419 (44.4%)
719 (77.8%) 2/9 (22.2%)

aSera from 18 confirmed cases of HL were assessed at the time of diagnosis and after two cycles of doxorubicin-containing chemotherapy

followed by PET scan.

increase in clusterin and the p53 up-regulation shown in
Fig. 2B happen simultaneously after irradiation. Therefore,
higher clusterin is a feature of cells that survive X-rays in
lymphoid cells as well and may represent a resistance mecha-
nism triggered by the injured cell, according to a cytoprotective
role postulated for this protein (34). Collectively, the data
presented so far show that clusterin up-regulation in HL cell
lines is triggered by doxorubicin, IFN-y and high doses IR,
which occur simultaneously with p53 up-regulation.

Doxorubicin up-regulates sCLU in a dose-dependent fashion.
We next investigated whether increasing doses of doxoru-
bicin had any effect on clusterin secretion. We observed a
dose-dependent increase of the secretory, highly glycosylated
isoforms after 24 h treatment in the supernatant of the three
cell lines L-428, KM-H2 and L-540 (Fig. 4). The molecular
weights of the two bands of sCLU are different from the

intracellular ones and reflect the glycosylation of the secreted
protein. This result is consistent with the observed increase
of the intracellular isoforms shown in Fig. 1E with the same
drug concentrations. We therefore hypothesize that, also
in vivo, the HRS cells of the tumoral mass may contribute to
the levels of circulating clusterin under physiological condi-
tions and that secretion is affected by chemotherapeutic
treatment with doxorubicin in HL patients.

Circulating clusterin in HL patients. The data presented so
far prompted us to investigate circulating clusterin in the
peripheral blood from HL patients. Here we describe a
preliminary study carried out on 18 sera from confirmed HL
cases who had undergone PET for diagnostic and prognostic
purposes. It has, in fact, been demonstrated that PET after
two cycles of ABVD chemotherapy (PET2) is an excellent
prognostic parameter for oncohematologists (30). PET2-
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Figure 4. Doxorubicin up-regulates SCLU in HL cell lines in a dose-dependent
fashion. Two bands are visible in the conditioned medium and the blurred
appearance is due to the glycosilation of the secreted form.

negative (PET2-) patients have a favourable prognosis,
though PET2-positive (PET2*) patients have an unfavourable
prognosis. Thus, we measured circulating clusterin levels at
the time of diagnosis as well as after two ABVD chemo-
therapy cycles in order to evaluate any possible correlation
with PET2 negativity or positivity (Fig. 5A). As summarized
in Table I, PET2- patients exhibit decreased or steady
clusterin in the serum compared to the value at the time of
diagnosis. On the other hand, 7/9 PET2* patients are
characterized by increased circulating clusterin compared to
the value at the time of diagnosis (Fig. 5A, lower panel).
Despite the small number of samples tested, the differences
in circulating clusterin of PET2* patients before and after two
cycles of chemotherapy are statistically significant by paired
t-test (Fig. 5B).

Discussion

HL is a unique disease where HRS tumoral cells are inter-
spersed in a rich infiltrate of lymphocytes, eosinophils and
fibroblasts, among others (3). The tumor microenvironment
represented by the soluble cytokines and chemokines secreted
by normal and neoplastic cells acting in a paracrine and an
autocrine manner play a relevant role in the pathogenesis of
this disease (3,31-33).

At variance with many tumors of epithelial origin, the
expression and modulation of clusterin in lymphomas has
been overlooked for many years. Immunohistochemical
stainings performed by different groups reported HL samples
to be negative for clusterin (21,22), aside from a weak and
occasional membranous or cytoplasmic positivity in HRS
cells (22). Given the growing relevance of this protein in the
research on cancer with respect to chemoresistance (34), we
decided to revisit this issue and characterize clusterin expres-
sion in HL cell lines as a model for malignant lymphoid
cells.

In the first part of our work we assess whether clusterin
expression in HL-cell lines is affected by biologically
relevant molecules like IFN-y and doxorubicin or by high-
doses of IR. IFN-y is a Th-1 cytokine produced and secreted
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Figure 5. Circulating clusterin levels in HL patients. For each patient the histo-
grams represent the levels in the sera at the time of diagnosis (empty bars) and
after two cycles of chemotherapy followed by PET scan (filled bars). (A)
Circulating levels in PET2- sera (9 patients, upper panel) and circulating levels
in PET2* sera (9 patients, lower panel). (B) Comparison of the circulating
levels in PET2* sera. In the PET2* patients the increase of circulating
clusterin after two cycles of chemotherapy is significantly different
compared to the levels at the time of diagnosis (paired t-test, p<0.05).
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by CD4+* T cells and the manner in which the reactivation of
CD4+ T cells is associated to IFN-y production in HL bulk
tumors has recently been demonstrated (26). We investigated
whether this cytokine could have any effect on intracellular
clusterin and we found that the main isoforms of this protein
are up-regulated, together with p53, after 24 h incubation.
These changes are accompanied by the nucleosome release
from the nucleus of the treated cells, suggesting therefore
that IFN-y may have a pro-apoptotic activity on malignant
lymphoid cells that has not yet been reported and therefore
deserves further studies. We did not, however, see a clear
antiproliferative effect mediated by this cytokine and this
could potentially be explained by the fact that the activation
of the p53 pathway is not strong enough. We next demon-
strated how doxorubicin, a chemotherapeutic drug currently
used for the first line of therapy of HL (ABVD) (27,28), can
up-regulate intracellular and secretory clusterin. The marked
up-regulation of the intracellular isoforms of 80 and 55 kDa
occurs simultaneously with an increase in p53, in accordance
to doxorubicin pro-apoptotic activity, showing that clusterin
takes part in the drug-mediated response of HL cells. Thus,
we investigated whether the same doxorubicin concentrations
shown to induce intracellular clusterin also determine the
increase of the secreted, glycosylated isoforms in the condi-
tioned medium and we show the dose-dependent sCLU
increase after 24 h in the three HL cell lines tested. This last
observation suggests that, following chemotherapy, the HRS
and, possibly the normal lymphocytes of the affected lymph-
nodes contribute to the levels of circulating clusterin.

Radiotherapy is an approach often used for consolidation
therapy of HL (7.8). X-rays are a relevant stimulus known to
affect transcription factors and clusterin expression in breast
and prostate cancer cells (15,34,35). We show that, also in
these lymphoid models, all the intracellular isoforms are
up-regulated up to 72 h after a single X-ray dose of 12 Gy.
Consistently with the activation of the intrinsic apoptotic
pathway (p53 and Bax up-regulation), clusterin expression is
triggered by X-rays that cause direct DNA damage and
reactive oxygen species-mediated damage and is therefore a
hallmark of the surviving population.

Since we hypothesized that chemotherapy may affect
in vivo sCLU levels, the last experiments were aimed at
collecting preliminary data on the circulating clusterin in HL
patients who had undergone two cycles of doxorubicin-
containing chemotherapy (ABVD). The data on an initial
group of 18 confirmed HL cases in which circulating clusterin
levels were measured at the time of the diagnosis and after
two cycles of chemotherapy followed by PET scan are reported
here. We show a preliminary but intriguing association
between circulating clusterin increase and PET2 positivity in
7 out of 9 patients. On the other hand, no association was
observed in the 9 PET2" patients. As recently demonstrated,
PET?2 positivity is often associated to a poor outcome of HL
patients (30,36). This fact could be consistent with the
described role of sCLU in chemoresistance (34). Indeed,
several different variables and tissues determine the levels
of circulating clusterin in vivo and it would therefore be
informative to investigate a larger cohort of patients and to
carefully analyze the results in order to characterize this
correlation.
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These data collectively demonstrate that clusterin is a
stress-inducible protein in HL and that it takes part in the
adaptive response of lymphoid cells to very different stimuli,
including chemotherapeutic drugs and IR. Further experiments
aimed at characterizing the existing molecular interactions,
for instance, between intracellular clusterin and p53 and to
define the possible role for SCLU in chemoresistance of
lymphoid cells are currently being planned. The preliminary
data collected on patients' sera also suggest that this glyco-
protein is found in higher concentrations in blood from
patients who have undergone two cycles of chemotherapy
but still show a hypercaptating neoplastic mass. It would
therefore be beneficial to increase the scale of the study to
include a greater number of subjects in order to evaluate the
potential of this putative new biomarker in HL.
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