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Abstract

Fenretinide (4HPR), a nontoxic analog of ATRA, has been investigated in various malignancies but
not in multiple myeloma (MM), a plasma cell malignancy associated with induction of osteolytic
bone disease. Here we show that 4HPR induces apoptosis through increased level of ROS and
activation of caspase-8, 9 and 3, and inhibits growth of several MM cell lines in a dose-dependent
manner. Serum or co-culture with the supportive osteoclasts partially protects MM cells from 4HPR-
induced growth inhibition. Sphingosine-1 phosphate (S1P) significantly protects MM cells from
4HPR-induced apoptosis suggesting that as in other malignancies, this drug up-regulates ceramide
in MM cells. 4HPR has no toxic effects on non-malignant cells such as blood mononucleated cells,
mesenchymal stem cells and osteoblasts, but markedly reduces viability of endothelial cells and
mature osteoclasts and inhibits differentiation of osteoclasts and MM-induced tube formation. 4HPR
is a potential anti-MM agent, affecting MM cells and MM-induced bone disease and angiogenesis.
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1. Introduction

Multiple myeloma (MM) is characterized by the clonal expansion of monoclonal
immunoglobulin-secreting plasma cells within the bone marrow (BM). Myeloma cells are often
dependent on the BM microenvironment for growth and their dissemination within the
hematopoietic BM are typically associated with induction of severe osteolytic bone disease
[1] and angiogenesis [2]. Treatment with high dose therapy and novel agents substantially
improved clinical outcome but treatment with these agents often associated with severe adverse
effects and development of drug resistance [3]. These clinical observations emphasize the need
of additional potent but yet relatively safe, anti-myeloma agents.

Fenretinide (N-(4-hydroxyphenyl) retinamide, or 4HPR), a neoclassical analog of the retinoids
all-trans retinoid acid (ATRA), has been successfully tested as a chemopreventive and
chemotherapeutic agent on various malignancies, such as prostate, breast and colorectal cancer
[4]. It is less toxic and teratogenic than other retinoids [5], thereby making it one of the most
promising retinoid anti-tumor compounds. Compared with ATRA, 4HPR exhibits reduced
hepatotoxicity and increased efficacy in inhibiting mammary carcinogenesis in animal models
[6]. Furthermore, 4HPR lacks the ability to induce point mutations or chromosomal aberrations,
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and is therefore not genotoxic [7]. 4HPR is currently under clinical evaluation in different
cancers but the biological effect and therapeutic value in MM have not been investigated.

The cellular and molecular mechanisms by which 4HPR elicit its cytotoxic action are still not
clearly understood. Compared with retinoic acid, a key distinction is that 4HPR induces cell
apoptosis rather than differentiation and shows synergistic responses with chemotherapeutic
drugs. Induction of apoptosis by 4HPR is mediated through a receptor-independent mechanism
and is accompanied by increased cellular levels of ceramide[8,9] and ROS[10], and activation
of caspases [11]. We reasoned that if ceramide is a major mediator of 4HPR-induced apoptosis,
the effect of the drug could be counteracted by sphingosine-1-phosphate (S1P), which is
another sphingolipid metabolite known to regulate cell growth and survival [12]. Whereas
increased ceramide and sphingosine are associated with growth arrest and apoptosis, increased
intracellular level of S1P is associated with suppression of apoptosis. Intracellularly, the
balance between S1P and ceramide/sphingosine levels, which is regulated by a network of key
enzymes, determines the fate of normal and malignant cells, and chemoresistance [12,13].

In this study, we have tested the effect of 4HPR on growth and survival of MM cells in the
absence and presence the protective osteoclasts [14]. We also tested the effect of 4HPR on
angiogenesis and osteoclastogenesis, two physiological processes typically stimulated in
myelomatous bones.

2. Materials and methods

2.1. Reagents and supplies

An antibiotic mixture containing penicillin, streptomycin, and neomycin; a-minimum essential
medium (a-MEM); and low-glucose Dulbecco’s modified Eagle’s medium (DMEM-LG) were
obtained from Gibco (Grand Island, NY, USA). RPMI 1640 (without L-glutamine), Cellgro
COMPLETE™ medium, were purchased from Mediatech, Inc (Herndon, VA, USA). Fetal
bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). Recombinant human
macrophage colony-stimulating factor (M-CSF) and RANKL were purchased from RDI
(Flanders, NJ, USA). 4HPR was obtained from Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National
Cancer Institute. S1P was from Avanti Polar lipids, Inc (Alabaster, AL, USA).

2.2. Preparation of osteoclasts and osteoblasts

Cultures of multinucleated bone-resorbing osteoclasts were prepared as previously described
[14]. Signed Institutional Review Board—approved informed consent forms were kept on
record. The cells were cultured at 2.5 x 10%/mL in a-MEM supplemented with 10% FBS,
antibiotics, RANKL (50 ng/mL), and M-CSF (25 ng/mL) for 10 to 14 days, at which time they
contained large numbers of multinucleatedosteoclasts with bone-resorbing activity.

Osteoblasts were prepared as previously described [15]. Briefly, mesenchymal stem cells
(MSCs) were cultured in DMEM-LG medium supplemented with 10% FBS, dexamethasone
(100 nM), B-glycerophosphate (10 mM), and ascorbate (0.05 mM) (osteoblastic medium) for
approximately 3 weeks.

2.3. MM cells lines and osteoclast co-cultures

Two stromal cell dependent cell lines (BN and JB)[16] and two stromal independent MM cells
lines (ARP-1, CAG) were maintained in our laboratory. MM cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated FBS and antibiotics. Osteoclasts were washed three
times with PBS to detach and remove non-adherent cells. MM cells were co-cultured with

osteoclasts in RPMI 1640 medium with 10% FBS. At the end of each experiment, MM cells
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were collected and processed as previously reported [14] for further assays. At the end of each
experiment MM cell growth was determined by MTT assay [17].

2.4. Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling (TUNEL)

MM cells were collected, cytospin slides prepared (40,000 cells/slide) and fixed in 10%
phosphate-buffered formalin for 20 minutes in freshly prepared 4% paraformaldehyde (PFA).
The TUNEL assay was performed using the Klenow FragEL ™ DNA Fragmentation Detection
Kit (Calbiochem, Darmstadt, Germany) according to the manufacturer’s instruction.

2.5. Annexin V/propidium iodide (PI) staining

MM cells treated for 24 hr with indicated concentrations of 4HPR were analyzed for apoptosis
using Annexin V propidium iodide (P1) detection kit (Caltag Laboratories, Burlingame, CA,
USA) by FacScan flow-cytometer (Becton Dickinson, San Jose, CA). Results were expressed
as percent apoptotic annexin V+ cells. Adherent HUVEC cultured in 96-well plates were
similarly stained for annexin V and total number of apoptotic annexin VV+ cells counted using
ZEISS AX10 Observer A1 microscope (Delta Optical Instruments, Thornwood, NY).

2.6. Western Blotting

Cytosolic and nuclear fractions were isolated with the use of the Nuclear/Cytosol Fractionation
Kit (BioVision Research Products, Mountain View, CA). Equal amounts of lysate were
separated by electrophoresis on 4% to 12% sodium dodecyl sulfate—polyacrylamide gels (Bio-
Rad, Hercules, CA, USA), and Western blotting was carried out according to the Western
Breeze chemiluminescent immunodetection protocol as described by the manufacturer
(invitrogen; Carlsbad, California). Antibodies for caspase-3, 8, 9 (cell signaling technology;
Danvers, MA, USA) were used.

2.7. Measurement of intracellular reactive oxygen species (ROS)

Production of ROS was detected using a 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA) fluorescent probe obtained from invitrogen (Carlsbad, California). This
compound is a cell-permeant indicator for ROS that is nonfluorescent until the acetate groups
are removed by intracellular esterases and oxidation occurs within the cell. After treatment
with 4HPR, H2DCFDA (5 uM) was added into the medium with MM cells in 24-well plate
(0.2 x 106/well) 20 min before the end of treatment. Centrifuge cells and replace medium with
0.5 ml PBS, then analyze cells by flow cytometry (Becton Dickinson, San Jose, CA).

2.8. Matrigel Tube Formation Assay

BD Matrigel growth factor-reduced basement membrane matrix (Becton Dickinson, Franklin
Lakes, NJ) was diluted on ice with DMEM medium (1:2 dilution factor), poured onto 96-well
plates (100 pl/well), and incubated at 37°C for 30 minutes. Human umbilical vein endothelial
cells (HUVEC; American Type Culture Collection, Manassas, VA) were cultured in Clonetics
EBM-2 medium (Lonza Walkersville Inc., Walkersville, MD) supplemented with a cocktail
of growth factors according the manufacturer’s instructions. For tube formation assay, HUVEC
were trypsinized and seeded on Matrigel-containing chamber slides (15,000 cells/well) with
indicated medium (100 ul/well) in the absence or the presence of 4HPR (1-10 uM) for 3 4
hours. Conditioned medium collected from a 48-hour culture of ARP-1 or CAG MM cell lines
(1.5 x 10° cells/mL) was used to test the effect of MM cells on tube formation. Tube-like
structures per well were counted in triplicate with the use of a phase-contrast microscope.
Images were acquired with a SPOT 2 digital camera and processed with Adobe Photoshop
version 10.
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2.9. Statistical analysis

Unless indicated otherwise, all values are expressed as mean+SEM. Student’s unpaired t-test
was used to test the effect of 4HPR on cell growth, apoptosis, and numbers of tube-like shapes
and osteoclasts.

3. Results

3.1. Effects of 4HPR on growth of peripheral blood mononucleated cells (PBMCs), MSC,
HUVEC, osteoblasts and osteoclasts, and growth of MM cells in the absence and presence
of serum and osteoclasts

We initially tested the effect of 4HPR on survival and growth of MM cell lines and normal
PBMCs and MSCs in the presence of 10% serum. 4HPR uniformly inhibited growth of ARP-1,
BN, CAG, and JB MM cells in a dose related manner (0.5-20 uM, 48 hrs) as determined by
MTT assay (Figure 1A). In contrast, similar concentrations of 4HPR had no significant toxicity
on PBMCs or MSCs (Figure 1A). 4HPR also effectively inhibited growth of mature osteoclasts
and HUVEC but had minimal toxic effect on osteoblasts’ survival (Figure 1B). We had
demonstrated the stimulatory effects of osteoclastic cultures on MM cell survival [14]. Here
we found that osteoclasts only partially, though significantly, protected MM cell lines from
4HPR-induced growth inhibition (Figure 1C).

Since many of 4HPR’s effects are mediated through increased intracellular ceramide [8,9] and
S1P counteracts ceramide actions, we sought to test the effect of increased concentration of
serum, which contains S1P released from platelet after activation [18], on the 4HPR-induced
MM cell-growth inhibition. We found that increased serum concentrations markedly protected
MM cells from low dose of 4HPR (3 uM), and had partial or no protective effect at high
concentrations of 4HPR (10-20 uM, Figure 1D); we therefore utilized serum free medium to
study the effect of 4HPR and S1P on MM cell survival and growth.

3.2. 4HPR-induced MM cell apoptosis is counteracted by S1P

Using annexin V/PI flow analysis we found that 4HPR (3 uM) significantly increased the
percent of annexin V+ (apoptotic) MM cells following 24 hrs of culture in serum-free
conditions (Figure 2A). Next we tested the effect of S1P on 4HPR-induced MM cell growth
inhibition. In COMPLETE™ media (serum-free conditions) S1P promoted growth of ARP1
but not CAG cells and protected the two cell lines from the inhibitory effect of 4HPR (Figure
2B). We failed to determine the effect of S1P on MM cell apoptosis by annexin V/PI flow
cytometry, due to altered cell membrane properties by S1P [19]. Instead, we sought to analyze
the effect of S1P on 4HPR-induced apoptosis using the TUNEL assay. As with annexin V/PI
flow analysis, the TUNEL assay demonstrated induction of MM cell apoptosis by 4HPR. S1P
partially but significantly protected MM cells from 4HPR-induced apoptosis (Figure 2C, D).
Our data suggest that S1P is mainly a survival rather than growth factor for MM cell lines.

3.3. The proapoptotic effect of 4HPR involves increased level of ROS and activation of
caspase-8,9& 3

We measured ROS levels in ARP-1 and CAG MM cells following two hours of treatment with
4HPR. 4HPR increased ROS levels in MM cells in a dose-dependent manner (Figure 3A).
Examination of caspases activity by Western blotting following 24 hours of treatment with
4HPR revealed decreased levels of pro-caspase-3, 8 and 9, and increased levels of cleaved
caspase-3,8and 9in ARP-1and CAG MM lines (Figure 3B). These data suggest that the 4HPR-
induced apoptosis of MM cells is mediated through death receptor and mitochondria pathways.
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3.4. 4HPR suppresses MM-induced tube formation and osteoclastogenesis

We investigated the effects of 4HPR on the MM-induced angiogenesis and human
osteoclastogenesis which are two typical manifestations associated with myeloma cell growth
in the BM [20,21]. We initially confirmed the inhibitory effect of 4HPR on tube formation by
HUVEC on Matrigel in media containing a cocktail of angiogenic growth factors (Figure 4A)
[22]. Next we demonstrated that MM cell conditioned media stimulated tube formation by
HUVEC and that this effect was significantly inhibited by 4HPR at 1 fEM or higher
concentrations (Figure 4B, C). To exclude the possibility that inhibition of tube formation was
not a consequence of induction of apoptosis by 4HPR, we treated HUVEC with increasing
concentrations of 4HPR for a similar period of time (4 hours). We found that at this conditions,
4HPR significantly increased number of apoptotic HUVEC at concentrations that exceed
6uM (Figure 4D). These results suggest that 4HPR inhibits tube formation and HUVECSs’
survival.

4HPR has been shown to inhibit osteoclastic differentiation of murine microphage-like cell
line [23]. To test whether 4HPR also affects primary human osteoclastogenesis, human
osteoclast precursors[14] were cultured in osteoclastic medium in the presence and absence of
4HPR for 7 days. During this time, many multinucleated osteoclasts formed in control cultures
but the number of osteoclasts was dose-dependently suppressed by 4HPR (Figure 5A, B). These
experiments suggest that 4HPR may also inhibit angiogenesis and osteoclastogenesis.

4. Discussion

In the current study we show that 4HPR inhibits survival and growth of several MM cell lines
and that these effects are partially attenuated by coculture with the supportive osteoclasts
[14]. In contrast, 4HPR has minimal toxic effect on non-malignant cells (e.g. PBMCs, MSC,
osteoblasts). 4HPR has been previously shown to inhibit angiogenesis [22] and differentiation
of murine microphage--like cell line [23]. For the first time we showed the ability of 4HPR to
suppress MM cell-induced tube formation by HUVECSs. Using primary human osteoclasts, we
demonstrate that in addition to its inhibitory effect on osteoclast differentiation, 4HPR also
reduces survival of mature, primary human osteoclasts. It has been suggested that the dynamic
balance between intracellular S1P and ceramide, the “sphingostat”, and the consequent
regulation of opposing signaling pathways, are important factors determining cell fate [24].
We here show that S1P moderately promote MM cell growth by itself, but serum and exogenous
S1P counteract the inhibitory effect of 4HPR on MM cell growth, suggesting that, as previously
reported [8,9], ceramide is a major mediator of 4HPR action. In human plasma, S1P
concentration range between 0.2 and 1 uM, and it is released into the blood stream mainly upon
platelet activation [18,25]. Interestingly, osteoclasts also have been show to produce S1P
[26] and protect MM cells from spontaneous and drug-induced apoptosis [14,15]. Whether
S1P mediates the protective effect of serum and osteoclasts from 4HPR-induced apoptosis is
a matter of continual investigation. Overall, our study suggests that 4HPR is a potential agent
for treating MM and its associated osteolytic bone disease.

The ability of 4HPR to inhibit MM cell growth in co-culture with osteoclasts could be mediated
through direct effect of the drug on osteoclast viability and/or function. Of note, however,
4HPR inhibited growth of MM cells in co-culture with osteoclasts at a concentration (6 pM)
that had minimal effect on osteoblast survival (Figure 1B). The inability of osteoclasts to
completely protect MM cells could also be due to secretion of low level of S1P (and perhaps
other similar sphingolipid members) which insufficiently protects MM cells from 4HPR-
induced apoptosis.

4HPR elicits a transient rise in endogenous ceramide levels in various neoplastic cells [13].
Ceramide is a sphingolipid second messenger that is generally recognized to promote apoptosis
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in response to inflammatory cytokines like Fas ligand and TNF, as well as conditions associated
with oxidative stress. Increasing ceramide activate the transcription factor of NF-«xB, protein
phosphatase kinase and elevation in ROS [27,28]. The ability of 4HPR to increase ROS in MM
cells and subsequent activation of caspase 3, 8 and 9 further suggest that 4HPR induces
apoptosis in MM cells through both death receptor and mitochondria pathways as reported fo
r other malignancies[29,30].

We conclude that 4HPR may represent a relatively safe and nontoxic anti-myeloma agent
affecting survival of MM cells and reducing bone disease through inhibition of osteoclast
differentiation and viability.
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Figure 1.

Effects of 4HPR on growth of non-malignant PBSCs, MSCs, HUVEC, osteoblasts and
osteoclasts, and on MM cell growth in the absence and presence of serum and osteoclasts. A)
MM cell lines (ARP-1, BN, CAG and JB), MSCs and PBMCs were treated with indicated
concentrations of 4HPR in RPMI 1640 medium supplement with 10% serum for 48 hrs before
subjected to MTT assay. Statistical analysis shown the table (upper panel) compared treatment
groups versus control. B) Mature osteoclasts, osteoblasts and HUVEC were similarly treated
with 4HPR in culture media for 48 hrs and assayed by MTT. C) MM Cells were co-cultured
with osteoclasts in the presence or absence of 4HPR for 72 hrs in RPMI 1640 medium
supplemented with 10% serum before subjected to MTT assay. D) MM cell lines (ARP-1 and
CAG) were cultured in COMPLETE ™ medium supplemented with different concentrations of
serum and treated with indicated concentrations of 4HPR for 72 hrs. Statistical analysis shown
compared Different serum concentrations versus control. Note that 4HPR was not toxic to
PBMCs, MSCs or osteoblasts but inhibited growth of MM cell lines and mature osteoclasts in
a dose-dependent manner. Serum and osteoclasts partially protected MM cells from 4HPR-
induced growth inhibition. (# p<0.05; ## p<0.01; * p<0.001; ** p<0.0001)
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Figure 2.

4HPR induces apoptosis in MM cell lines, an effect that is partially attenuated by S1P. ARP-1
and CAG MM cell lines were cultured in serum-free COMPLETE™ medium and treated with
indicated concentrations of 4HPR for indicated time. A) Annexin V/PI1 flow cytometry analysis.
24 hrs incubation with 4HPR increased percentage of annexin VV+ (apoptotic) MM cells. B)
ARP-1 and CAG cells were cultured in serum-free COMPLETE ™ medium and in the absence
and presence of 4HPR and/or S1P for 72 hours, and then subjected to MTT assay. S1P
significantly attenuated the effect of 4HPR on MM cell growth. C, D) ARP-1 and CAG cells
were cultured in serum-free COMPLETE™ medium and treated with 4HPR in presence and
or absence of S1P for 24 hours and then subjected to TUNEL assay (original magnification
x100). Note that the percentage of TUNEL (apoptotic) positive cells (stained dark-brown in
C) was increased by 4HPR, and that S1P significantly counteracted this effect (D).
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Figure 3.

4HPR increases ROS levels and activates caspase 3, 8 and 9 in MM cells. A) ARP-1 or CAG
MM cells were treated with indicated concentrations of 4HPR for 2 hours before adding the
H2DCFDA dye and analyzing levels of ROS by flow cytometry (see “Materials and Methods”).
B) MM cell lines (ARP-1, CAG) were treated with 3 or 6 uM of 4HPR for 24 hrs and activation
of caspase 3, 8, and 9 were detected by Western blot.

Cancer Lett. Author manuscript; available in PMC 2010 November 1.

{Cleaved)



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 11
- P<0.03 P<0.02
A - 26 P<0.02 P<0.05 B 30 - b0 00:4"02
E 15 - E 201
s 15 -
= 10 - =
2 o &% ]
%7 ~ 5
Ni= ] °1 ™ s
OpM 1pM 3 pM 6 uM OpM 1pM 3 pM 8puM
P. Med G. Med + 4HPR P. Med ARP-1 CM + 4HPR
P<0.006
C P<0.09 D — p<0.02
- 35 - P<0.008 _P<0.05 g 900 - :
825 ] >3
E c = 600 -
5 20§ % 8
- @
o lnn ke 1
= ] =
OpM 1puM 3pM 6puM oOpM 1pM 3 pM 6 pM 10 pM
P. Med CAG CM + 4HPR 4HPR

Figure 4.

4HPR inhibits MM-induced tube formation by HUVECs. A-C) HUVEC (15,000 cells/well)
were cultured on Matrigel in 96-well plates for 3 hrs in the presence or absence of indicated
concentrations of 4HPR. Tube formations were tested in plain medium (P. Med), HUVEC
growth medium (G. Med), ARP-I conditioned medium (ARP-1 CM, 50% in plain medium)
and CAG cell conditioned medium (CAG CM, 50% in plain medium). Note that 4HPR
inhibited tube formation induced by growth factors or MM cell conditioned media in a dose-
depended manner. D) HUVEC were cultured in 96-well plate (10,000 cells per well) and treated
with indicated concentrations of 4HPR for 4 hours. Following treatment HUVEC cells were
washed with PBS and stained with Annexin V according to the manufacturer’s instructions
(see Materials and Methods). Note that under the experimental conditions 4HPR induced
apoptosis at concentrations higher than 6 uM.
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Figure 5.

Osteoclasts number
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4HPR inhibits differentiation of primary human osteoclast precursors. A, B) Human osteoclast
precursors were cultured in osteoclastic growth media (see “Materials and Methods”) in the
presence or absence of indicated concentrations of 4HPR for 7 days. Osteoclast differentiation
was determined by counting the number of multinucleated TRAP-expressing osteoclasts. As
shown in A, numerous osteoclasts were formed in cultures treated with vehicle (Control) but
not 4HPR (original magnification x100). 4HPR reduced number of osteoclasts in a dose-

dependent manner.
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