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All trans retinoic acid nanodisks enhance retinoic acid receptor
mediated apoptosis and cell cycle arrest in mantle cell
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Summary

Mantle cell lymphoma (MCL) is characterized by translocation t(11;14)
(q13;q932), aggressive clinical behaviour, and poor patient outcomes following
conventional chemotherapy. New treatment approaches are needed that target
novel biological pathways. All trans retinoic acid (ATRA) is a key retinoid that
acts through nuclear receptors that function as ligand-inducible transcription
factors. The present study evaluated cell killing effects of ATRA-enriched
nanoscale delivery particles, termed nanodisks (ND), on MCL cell lines.
Results show that ATRA-ND induced cell death more effectively than naked
ATRA (dimethyl sulphoxide) or empty ND. ATRA-ND induced reactive
oxygen species (ROS) generation to a greater extent than naked ATRA.
The antioxidant, N-acetylcysteine, inhibited ATRA-ND induced apoptosis.
Compared to naked ATRA, ATRA-ND enhanced G1 growth arrest, up-
regulated p21and p27, and down regulated cyclin D1. At ATRA concentrations
that induced apoptosis, expression levels of retinoic acid receptor-o. (RAR)
and retinoid X receptor-y (RXRy) were increased. Compared to naked ATRA,
ATRA-ND significantly stimulated transcriptional activity of RARA in a model
carcinoma cell line. Furthermore, the RAR antagonist, Ro 41-5253, inhibited
ATRA-ND induced ROS generation and prevented ATRA-ND induced cell
growth arrest and apoptosis. In summary, incorporation of ATRA into ND
enhanced the biological activity of this retinoid in cell culture models of MCL.

Keywords: nanodisks, mantle cell lymphoma, all trans retinoic acid (ATRA),
reactive oxygen species, apoptosis.

Mantle cell lymphoma (MCL), a subtype of non-Hodgkin
lymphoma, arises from the uncontrolled proliferation of a
subset of pregerminal centre cells located in the mantle region
of secondary follicles (Bertoni & Ponzoni, 2007). MCL is a
B-cell malignancy characterized by dysregulation of various
oncogenes. The disease pursues a relatively aggressive course, is
resistant to long term remission, and is associated with a poor
prognosis (Amin et al, 2003). Because of its rapid progression
and unresponsiveness to treatment, MCL poses a major
challenge to clinicians and researchers. Except for allogeneic
stem cell transplantion, no curative therapy exists.
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Several investigations have provided evidence that reti-
noids, such as all trans retinoic acid (ATRA), are useful
agents in cancer therapy as they exhibit a central role in cell
growth, differentiation, and apoptosis (Altucci & Gronemeyer,
2001; Soprano et al, 2004). Indeed, ATRA is one of the
first examples of targeted therapy in human cancer. Its
beneficial actions have been well documented in the treat-
ment of acute promyelocytic leukaemia (Adamson, 1996). In
addition, Kaposi sarcoma, juvenile chronic myeloid leuk-
aemia and high-risk neuroblastoma respond to retinoid-
based therapies (Jimenez-Lara er al, 2004). ATRA binding to
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nuclear hormone receptors [e.g. retinoic acid receptor
(RAR), retinoid X receptor (RXR)] transactivates target
genes, leading to cell growth arrest or apoptosis (Guidoboni
et al, 2005; Altucci et al, 2007; Kitareewan et al, 2008).
Insofar as MCL cells express retinoid receptors (Guidoboni
et al, 2005), we hypothesized that ATRA would exert anti-
proliferative effects and thus may have a role as a treatment
option.

The present study pursued a novel approach to deliver an
ATRA payload to MCL cells in culture. This water insoluble
bioactive lipid was stably incorporated into nanoscale lipid
particles, termed nanodisks (ND) (Redmond et al, 2007; Ryan,
2008). ND are comprised of a disk-shaped phospholipid
bilayer whose periphery is stabilized by amphipathic apolipo-
proteins. It was hypothesized that, following cellular uptake
and/or liberation of ATRA from ND, this retinoid would
interact with intracellular binding proteins and, ultimately,
nuclear hormone receptors, leading to target gene transacti-
vation, cell growth arrest and/or apoptosis. Indeed, we found
that compared to naked ATRA, ATRA-ND elicited enhanced
apoptosis and growth arrest in MCL cells, and that this was
mediated by RARs and by generation of reactive oxygen species
(ROS).

Materials and methods

Cell lines and reagents

Granta and NCEB cells were a gift from Dr. Steven Bernstein
(University of Rochester, NY); Jeko cells were obtained from
Dr. Steven Rosen (Northwestern University, Chicago, IL);
2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) was
purchased from Molecular Probes, Inc. (Carlsbad, CA, USA),
propidium iodide (PI) was from Biosource (Camarillo, CA,
USA); ATRA from Sigma Chemical Co. (St. Louis, MO, USA);
Ro-41-5253 from Enzo Life Sciences (Plymouth Meeting, PA,
USA); and fluorescein isothiocyanate (FITC)-annexin-V
Apoptosis Kit from Invitrogen (Carlsbad, CA, USA). The
following antibodies were used: RAR and RXR receptor
subtypes (Abcam, Cambridge, MA, USA), p21 and p27 (BD
Pharmingen, San Diego, CA, USA), p53 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), poly ADP ribose polymerase
(PARP), caspases 9 and 3 (Cell Signaling, Danvers, MA, USA),
cyclin D1 (Santa Cruz Biotechnology), and GAPDH (Chem-
icon, Temecula, CA, USA).

Preparation of ATRA-ND

ATRA-ND were prepared as previously described (Ryan, 2008)
using recombinant human apolipoprotein A-I (Ryan et al,
2003) as the scaffold protein. Empty ND, lacking ATRA, were
prepared in the same manner with the exception that ATRA
was omitted from the formulation. In various experiments
ATRA alone was presented to cells using dimethylsulfoxide
(DMSO) as vehicle (naked ATRA).

ATRA Nanodisks and Mantle Cell Lymphoma

Cell culture and incubations

MCL cells were cultured in RPMI-1640 medium containing
10% fetal bovine serum, 1% sodium pyruvate and in the
presence of penicillin, streptomycin, and glutamine at 37°C in
a humidified atmosphere of 95% air/5% CO2. Medium was
changed after 24 h and every 2-3 d thereafter. Cell viability
was measured by trypan blue exclusion.

Reactive oxygen species determination

ROS production was measured by flow cytometry (Singh et al,
unpublished observation; Evens et al, 2005). Cells were seeded
at a density of 0-5 x 10° cells/well in 24-well plates and treated
with ATRA-ND (20 pumol/l) or naked ATRA (20 pmol/l) for
4 h. Cells were then stained with 5 pmol/l H,DCFDA and 2 pg
PI per well and incubated for 30 min at 37°C in a humidified
CO, incubator. Cells were washed with phosphate-buffered
saline (PBS) and ROS measured by flow cytometry with a
Beckman Coulter EPICS XL-MCL Cytometer. All experiments
were performed in triplicate.

Apoptosis measurement

Cellular apoptosis was measured by flow cytometry (Singh
et al, unpublished observation; Evens et al, 2005). In brief, cells
were incubated with ATRA-ND, naked ATRA or empty ND
for 48 and 72 h, washed with ice cold PBS and resuspended in
binding buffer containing 25 pl FITC-annexin V and 5-0 pl PI
for 15 min at 37°C in a CO, incubator. Subsequently, flow
cytometry measurements were made on a Beckman Coulter
EPICS XL-MCL Cytometer. All experiments were performed
in triplicate.

Western blotting

Cells were washed with PBS, centrifuged, and cell pellets
treated with radio-immunoprecipitation assay buffer contain-
ing protease inhibitors. Cell lysates were centrifuged and
supernatants stored at —80°C. An aliquot of each supernatant
was used for protein determination (Bradford, 1976). Fifty
micrograms protein of each sample was subjected to sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretically transferred to a nitrocellulose
membrane and probed with specified antibodies. Immune
complexes were visualized by enhanced chemiluminescence
using high performance chemiluminescence film (GE Health-
care, Chalfont St. Giles, Buckinghamshire, UK).

Cell cycle analysis

MCL cells were incubated with ATRA-ND (10 pumol/l), naked
ATRA (10 pmol/l), and medium alone for 24 h. Cells were
then fixed in 70% ethanol, washed twice in PBS, resuspended
in 0-5 ml DNA extraction buffer, incubated for 5 min at room
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temperature and centrifuged. The pellet was resuspended in
1 ml PBS containing PI (50 pg/ml) and ribonuclease A
(200 pg/ml) and incubated at 37°C for 20 min in the dark.
The percentage of cells in Gy, S, and G, was evaluated using
ModFit LT for Win32 software (Verity Software House,
Topsham, ME, USA).

Luciferase reporter assay

Luciferase reporter assays were performed as described previ-
ously (Kambhampati et al, 2003). Briefly, to assess retinoic
acid-responsive elements (RARE)-driven transcription, MCF-7
cells were transfected with a B-galactosidase expression vector
and a RARE-luciferase plasmid (Minnucci et al, 1994) (kindly
provided by Dr. Saverio Minucci) using the Superfect trans-
fection reagent (QIAGEN Inc. Valencia, CA, USA). Forty-eight
hours after transfection, triplicate cultures were either left
untreated or treated with ATRA (10 pmol/l) or empty-ND or
ATRA-ND (10 pumol/l) for 24 h. The cells were then washed
twice with cold PBS; and after cell lysis, luciferase activity was
measured following the protocol of Promega (Madison, WI,
USA).

RT-PCR of RARA and RXRG mRNA

Granta cells were treated for 24 h with 20 pmol/l ATRA-ND,
20 pmol/l naked ATRA, empty-ND, or medium alone. Total
RNA was isolated by the Qiagen method and dissolved in
RNase-free water. One microgram RNA was used for reverse
transcription using Invitrogen’s one-step superscript Taq DNA
polymerase system. PCR amplification was performed at 94°C
for 2 min, 62°C and 68°C for 40 cycles. Anti-sense and sense
primers for RARA RARB, RARG, RXRA, RXRB and RXRG
(Szabova et al, 2003) and GAPDH (Bao-Lei et al, 2006) (IDT
Technologies, Coralville, IA, USA) were used and DNA was
identified by 1% agarose gel electrophoresis.

Statistical analysis

Data from ROS measurements in live cells were analyzed and
expressed as mean fluorescence, and data from apoptosis assays
were expressed as a percentage of apoptotic cells (annexin V
positive and PI positive) over total cells. Statistical significance
was performed by one-way aNova and Newman-Keuls multi-
ple comparison test (GraphPad Software, Inc., San Diego, CA,
USA) to assess the effects of drugs on apoptosis or ROS
production. P values less than 0-01 were considered statistically
significant. All experiments were performed in triplicate.

Results

ATRA induced apoptosis in MCL cell lines

The response of cultured Granta cells to incubations with
medium alone (control), empty ND, naked ATRA or ATRA-

ND was analyzed by flow cytometry (Fig 1). Compared to
medium alone (control), empty ND had no effect on the
number of apoptotic cells while naked ATRA showed a slight
increase above baseline at 20 pmol/l. By contrast, ATRA-ND
produced a dose-dependent increase in apoptosis, with about
50% apoptosis at 20 pmol/l. The finding that ATRA-ND at
10 pumol/l induced a greater apoptotic response than naked
ATRA at 20 pmol/l suggests packaging ATRA into ND
enhanced the biological activity of this retinoid. We also
examined two additional MCL cell lines (NCEB and Jeko, data
not shown). In NCEB cells, the apoptotic response to ATRA-
ND was similar to that seen in Granta cells. In Jeko cells,
whereas naked ATRA induced a greater apoptotic response at
48 h, their effects were similar at 72 h.

Mechanism of apoptosis

To investigate the cell death pathway involved, cleavage of
caspases -9 and -3, and PARP, were determined after incuba-
tion with naked ATRA, ATRA-ND, and empty-ND. As shown
in Fig 2, compared to medium alone, no changes were
observed in the protein levels of caspase-9 or caspase-3 upon
exposure to empty ND in any of the three cell lines examined.
In Granta cells, naked ATRA induced a lesser degree of caspase
and PARP cleavage than ATRA-ND. The enhanced response to
ATRA presented as a component of ND was even greater in
NCEB cells. In Jeko cells, the extent of caspase and PARP
cleavage was similar with either ATRA-ND or naked ATRA.

ATRA induced ROS generation in MCL cells

As the apoptotic events noted above may involve enhanced
ROS production (Delia et al, 1997; Oridate et al, 1997), the
effect of ATRA exposure on ROS generation was determined
for each of the three MCL cell lines (Fig 3A). Compared to
medium alone, cells treated with naked ATRA showed a
modest increase in ROS generation. By contrast, after 4 h
exposure, ATRA-ND induced a significant increase in ROS in
both Granta and NCEB cells. In Jeko cells, ATRA-ND-induced
ROS generation at 24 h was greater than that resulting from
the same concentration of naked ATRA. To investigate the role
of ROS generation and apoptosis, cells were incubated with
N-acetylcysteine (NAC), which restores glutathione and
thereby functions as an intracellular antioxidant. NAC reduced
ATRA-ND stimulated apoptosis in all three MCL cell lines
(Fig 3B), in support of the premise that ATRA-induced
apoptosis is mediated partly by ROS production.

Effect of ATRA on cell cycle arrest and cell cycle regulator
proteins

We next analyzed the effects of naked ATRA versus ATRA-ND
on the cell cycle. In each of three MCL cell lines examined
(Fig 4A); ATRA-ND induced a greater degree of G cell cycle
arrest than naked ATRA. An increased G; cell population was
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Fig 1. ATRA-ND cause significant apoptosis in MCL cells. Flow cytometry dot plots of Granta cells exposed to medium alone (control), empty ND,
naked ATRA or ATRA-ND at 37°C in a 5% CO, atmosphere for 72 h are shown. Early and late apoptotic percentages [AnnexinV/propidium iodide
(PI) positive] from each dot plot were combined to estimate total apoptosis (summarized in the bar graph). Values shown are the mean £ SD
(n =3). *P < 0-001 vs Naked ATRA (20 pmol/l).
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Fig 2. Effect of ATRA-ND on caspase-3, caspase-9 and PARP levels in MCL cells. Granta, NCEB, and Jeko cells were incubated with medium alone
(control), empty ND, naked ATRA (20 pmol/l) and ATRA-ND (20 pmol/l) for 24 h. Following incubation, cell homogenates were separated by SDS-
PAGE, transferred to nitrocellulose and probed with antibodies directed against caspase 9, caspase 3, PARP and GAPDH respectively. For all three cell
lines, there is decreased caspase 3 and 9 protein after ATRA-ND compared with naked ATRA or medium alone, indicating cleavage of caspase 3 and 9,
and increased PARP cleavage with ATRA-ND.

detected upon incubation with ATRA-ND (10 pmol/l for negatively regulate CDKs, and because p21 is induced by the
24 h). There was a progressive decrease in S-phase cells and an tumour suppressor p53 in response to DNA damage, the
increase in G1 growth arrest. expression level of these proteins were examined in Granta

Cyclin-dependent kinases (CDKs) regulate checkpoints that cells as a function of ATRA exposure. Compared to untreated
integrate mitogenic and growth inhibitory signals during cell control cells, no changes in the level of these proteins were seen
cycle transitions. CDK inhibitors bind to CDKs and inhibit following incubation with empty-ND. Whereas naked ATRA
kinase activity, leading to cell cycle arrest. p21 and p27 induced a modest increase in p21, p27 and p53, much larger
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Fig 3. ATRA-mediated ROS generation in MCL cells. (A) Granta, NCEB, and Jeko cells were treated with medium alone (Peak 1), 20 pmol/l naked
ATRA (Peak 2) or 20 pmol/l ATRA-ND (Peak 3) for 4 h (Granta, NCEB) or 24 h (Jeko) at 37°C. ROS production in live cells was measured by flow
cytometry as described in Materials and methods. In all three cell lines, there is an increase in ROS after ATRA-ND (peak 3) compared with naked
ATRA or medium alone. (B) Incubations as in A, except an additional incubation of 20 pmol/l ATRA-ND (A-ND) plus 10 mmol/l N-acetylcysteine
(NAC) was included. After 48 h, cells were analyzed for apoptosis as described in Materials and Methods. Early and late apoptotic percentages
(AnnexinV/PI positive) from each dot plot were combined to represent total apoptosis (summarized in the bar graphs). In all three cell lines, there is
an increase in apoptosis after ATRA-ND, which is abrogated by NAC. Values shown are the mean + SD (n = 3). *P < 0-01 vs ATRA-ND.

increases were induced by ATRA-ND (Fig 4B). Since cyclin D1
is induced by the chromosomal translocation t(11;14)
(q13;q32), which characterizes MCL, its levels were also
determined. Compared to medium alone or empty ND-treated
cells, both naked ATRA and ATRA-ND incubation led to a
decrease in cyclin D1 expression (Fig 4B). To extend these
findings, the levels of cyclins D2 and D3 in Granta cells were
determined. Compared to incubation with medium alone or
empty-ND, naked ATRA and ATRA-ND induced a clear
increase in cyclins D2 and D3 (data not shown). These data
suggest ATRA-dependent cyclin D1 downregulation is accom-
panied by a compensatory increase in cyclins D2 and D3.

Expression of RARs and RXRs in MCL cells

Since the diversity of retinoic acid-induced signaling is
associated with RAR and RXR subtypes, we examined

retinoid receptor levels and mRNA expression. While empty
ND had no effect on RARa or RXRy protein levels, ATRA
exposure resulted in increased levels of these proteins. In
Granta and Jeko cells, ATRA-ND induced a greater increase
in RARo protein than naked ATRA, while both forms of
ATRA elicited similar increases in NCEB cells. ATRA-ND
induced greater expression of RXRy in each of the three cell
lines (Fig 5A).

Subsequently, the relationship between retinoid receptor
mRNA and ATRA exposure was evaluated in Granta cells. RT-
PCR analysis of various receptor subtypes (Fig 5B) revealed a
differential expression of RAR and RXR subtype mRNAs.
Compared to naked ATRA, ATRA-ND elicited greater RARA
and RXRG mRNA expression while naked ATRA and ATRA-
ND elicited a similar induction of RARB, RARG, RXRaA and
RXRB.
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Fig 4. (A) Effect of ATRA on cell cycle status of MCL cells. MCL cells were incubated for 24 h with medium alone, naked ATRA (10 pmol/l) and
ATRA-ND (10 pmol/l). Following incubation, cells were analyzed for DNA content as described in Materials and methods. The percentage of cells in
G, S, and G, were evaluated using ModFit LT for Win32 software (Verity Software House, Topsham, ME, USA). G1 (red), G2 (blue), and S
(hatched). ATRA-ND results in more G1 arrest compared with naked ATRA and medium alone (control). (B) Western Blot analysis of cell cycle
regulator protein expression. Whole cell lysates were obtained from Granta cells incubated for 24 h with medium alone (control), empty ND, naked
ATRA (20 pmol/l) and ATRA-ND (20 pmol/l) and probed with antibodies directed against p21, p27, p53, cyclin D1 and GAPDH. ATRA-ND results
in an increase in p21, p53 and p27 and a decrease in cyclin D1 in all three cell lines.

Role of RARo in ATRA-ND induced ROS generation, cell
cycle arrest, and apoptosis

We next sought to determine the role of RARs in ATRA-ND
induced generation of ROS, cell cycle arrest, and apoptosis in
cultured MCL cells. Studies were performed with the RAR
antagonist, Ro 41-5253. ATRA-ND induced generation of ROS
was inhibited by co-incubation with Ro 41-5253 (Fig 6A). To
assess the role of RARs in ATRA-ND induced G; growth arrest,
cells were incubated with ATRA-ND alone or ATRA-ND plus
Ro 41-5253. While ATRA-ND induced G; growth arrest in
each of three MCL cell lines examined, growth arrest was
prevented in cells treated with ATRA-ND plus Ro 41-5253

(Fig 6B). In addition, we determined whether RARs play a role
in ATRA-ND induced apoptosis. At 2 umol/l, Ro 41-5253
effectively blocked ATRA-ND induced apoptosis in each of the
MCL cell lines (Fig 6C).

Increased transcriptional activity of ATRA-ND compared
with free ATRA

To compare the responsiveness of RARA to ATRA-ND and
naked ATRA in another cancer cell model we used MCF-7
breast cancer cells. We measured the effects of NDs on the
transcription of RARA in MCF-7 breast cancer cells, which
are also sensitive to the growth inhibitory effects of retinoic
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Fig 5. (A) Effect of ATRA on RAR and RXR subtype protein expression. Whole cell lysates were obtained from Granta, NCEB, and Jeko cells
incubated for 24 h with medium alone (control), empty ND, naked ATRA (20 pmol/l) or ATRA-ND (20 pmol/l) and immunodetection was
performed using antibodies directed against RAR and RXR receptor subtypes, and GAPDH as an internal control. Immune complexes were visualized
by enhanced chemiluminescence. ATRA-ND incubation results in an increase in RARa and RXRy protein compared with control (medium) and
naked ATRA. (B) RT-PCR of RAR and RXR subtype mRNA. Granta cells were incubated with medium alone (Control), naked ATRA (20 pmol/l) or
ATRA-ND (20 pmol/l) for 24 h. Following incubation, total RNA was isolated as described in Materials and methods. A 1-0 ug RNA was used for
amplification.

acid (van der Leede et al, 1997). We tested the effects of dependent manner (Orlandi ef al, 2003). Similar to HL-60
empty-ND, naked ATRA, and ATRA-ND on RARo by cells, we demonstrated apoptotic effects of ATRA in MCL cell
measuring their ability to stimulate the transcriptional lines using this same dose range. Based on the observation that
activity of RARA in MCF-7 cells transfected with luciferase ATRA in DMSO has the capacity to treat APL (Jingo et al,
reporter genes. The transactivation of RARA induced by 2001) and that ATRA-ND cause cell death in HepG2 cells, we
ATRA-ND was significantly higher than the naked ATRA. hypothesized that ATRA delivered by ND would be more
Empty-ND had no effect compared with medium alone effective than ATRA in DMSO in causing apoptosis in MCL
(control) (Fig 7). cells. In the present study, MCL cell lines were treated with

ATRA in DMSO (naked ATRA) or in nanodisks (ATRA-ND)
where increased apoptosis was observed as a function of

Discussion increasing doses of ATRA-ND while naked ATRA was less
MCL is an aggressive malignant lymphoma with moderate effective. These data are in agreement with Sundaresan et al
chemosensitivity and poor prognosis and remains one of the (1997) who reported an induction of apoptosis after treatment
most difficult therapeutic challenges. Complete response rates with ATRA in both freshly obtained patient cells and B-cell
to chemotherapy range from 20% to 40%, with median lymphoma cells. These authors tested both free ATRA and
survivals of 2-3 years. Emerging anticancer drugs, such as ATRA in liposomes and found that liposomal ATRA elicited a
retinoids, have been shown to exert dramatic biological effects better response than free ATRA in terms of tumour growth
in acute promyelocytic leukaemia (APL). In addition, retinoic inhibition and apoptosis induction. In addition to lymphoma
acid isomers have also been shown to inhibit the proliferation cells, in vitro cell viability assays with human HepG2 hepatoma
of primary MCL cells (Guidoboni et al, 2005). ATRA was first cells (Redmond et al, 2007) demonstrated enhanced cell
introduced as a differentiating agent in the treatment of APL growth inhibition activity for ATRA-ND compared to naked
and is still regarded as first-line drug against APL. It reaches a ATRA. Furthermore, in MCF-7 breast cancer cells, which are
maximum plasma concentration of about 2 umol/l to induce sensitive to the growth inhibitory effects of retinoic acid,
complete remission (Wang & Chen, 2000). In leukemic cell ATRA-ND exposure induced a significant increase in RARA
lines (HL-60), however, ATRA or 9-cis-RA induced reduced transcript (Fig. 7). Thus, it may be concluded that packaging
proliferation at higher doses (5-20 umol/l) and in a dose- ATRA in lipid particles enhances the biological effectiveness of

Fig 6. Effect of the RAR antagonist Ro 41-5253 on ATRA-ND induced ROS generation, cell cycle progression, and apoptosis in MCL Cells. (A)
Granta, NCEB, and Jeko cells were incubated with medium alone (control), ATRA-ND (20 pmol/l) or ATRA-ND plus Ro 41-5253 (2 umol/l) for 4 h.
Following incubation, ROS generation was measured as described in Materials and methods. The red peak represents control, the blue peak is ATRA-
ND, and green peak represents ATRA-ND plus Ro 41-5253. There is an increase in ROS production (blue peak) that is inhibited by the Ro 41-5253
(green peak) (B) Cells were incubated with medium alone (control), ATRA-ND (10 pmol/l), Ro 41-5253 (2 pmol/l) and ATRA-ND plus Ro 41-5253
for 24 h. Following incubation, cells were analyzed for DNA content as described in Materials and methods. DNA content was quantified by PI
staining and flow cytometry. G1 (red), G2 (blue), and S (hatched). (C) MCL cells were incubated with medium (control), Ro 41-5253 (2 pmol/l),
ATRA-ND (20 pmol/l) or ATRA-ND plus Ro 41-5253 at 37°C in a 5% CO, atmosphere for 48 h. Early and late apoptotic percentages (AnnexinV/PI
positive) from each dot plot were combined to estimate total apoptosis (summarized in the bar graph). Ro-41-5253 blocks ATRA-ND induced
apoptosis in all three cell lines. Values shown are the mean £ SD (n = 3). *P < 0-001 vs ATRA-ND.
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Fig 7. Effect of ATRA on RARA transcription. MCF-7 cells were
transfected with an RARE-luciferase construct. Forty eight hours after
transfection, cells were treated for 24 h with 10 pmol/l ATRA-ND,
10 pmol/l naked ATRA, empty-ND, or medium alone (control) and
luciferase activity was measured. Data are expressed as fold increase in
response to each treatment over control untreated samples. Each
experiment was performed in triplicate and values shown are
mean * SE (n = 3). *P < 0-01 vs Naked ATRA.

this retinoid. In this regard, ND have potential advantages over
liposomes as an ATRA delivery vehicle, including nanoscale
size (<20 nm diameter), full water solubility, exposure of both
faces of the bilayer to the external environment and the
presence of protein as an intrinsic structural component
(Ryan, 2008). This latter feature facilitates incorporation of
targeting sequences via protein engineering of the apolipopro-
tein component (Iovannisci et al, 2009).

Our data show that the exposure of Granta and NCEB cells
to ATRA-ND triggered cleavage of caspases and PARP,
suggesting activation of the intrinsic pathway, consistent with
studies in acute lymphoblastic leukaemia cells (Faderl et al,
2003). Characteristic apoptotic events may also involve
enhanced ROS production (Green & Reed, 1998), because
ROS are reported to be involved in retinoid-induced apoptosis
in human leukemic and cervical cells (Delia et al, 1997;
Oridate et al, 1997). The present study provides evidence that
ATRA-ND induce significant generation of ROS in MCL cells.
This conclusion was supported by our experiments with
N-acetylcysteine, which increased intracellular glutathione as
an endogenous anti-oxidant and partially blocked ATRA-
ND-induced apoptosis.

Our data on cell cycle events indicate that ATRA-ND
treatment, compared to naked ATRA or empty ND, resulted
in a marked increase in the cell population in the G1 phase of
the cell cycle in Granta, NCEB, and Jeko cells. This increase
in G1 phase was accompanied by a corresponding decrease in
the S phase. These data suggest that ATRA-ND inhibits the
G1-S transition and that this effect was greater with ATRA-
ND than naked ATRA. Using a specific siRNA to knockdown
p21, Yu et al (2008) have demonstrated that p21 is a critical
regulator of cell growth and that its activation is required in
growth inhibition by ATRA. In addition, Tanaka et al (2007)
have demonstrated that p2l is a transcriptional target of

retinoid receptors, and that the expression of RAR and RXR
in cancers is crucial in inducing p21-mediated cell growth
arrest. In addition to p21, we also found that MCL cells
treated with ATRA-ND showed a significant increase in
p27 and p53 proteins, suggesting that they play a key role in
cell cycle arrest and apoptosis (Dierov et al, 1999; Izban et al,
2000). Chiarle et al (2000, 2001) reported that p27 levels
in mantle cells were regulated by proteasome-mediated
degradation and that low expression of p27 was a negative
risk factor for MCL patients. It is conceivable that ATRA-ND
may affect the proteasome activity responsible for p27
degradation.

Cell cycle control and differentiation are deregulated in many
cancers (Clarke & Allan, 2009). The t(11:14) abnormality
associated with MCL results in translocation of CCNDI
(BCL1), a member of the cyclin gene family, from chromosome
11-14. This translocation leads to dysregulation of CCNDI and
plays a role in overexpression of CCNDI mRNA (Ott et al,
1996). High levels of CCNDI mRNA are consistently found in
malignant cells with the t(11:14) abnormality (Alkan et al,
1995). ATRA-ND treatment of Granta cells induced a signif-
icant decrease in cyclin D1, in keeping with the observed cell
growth arrest. In addition, ATRA-ND treated Granta cells
displayed increased levels of cyclins D2 and D3. These findings
suggest that upregulation of cyclins D2 and D3 may be
compensatory with respect to the decrease in cyclin D1. Spinella
et al (1999) also reported a decline in cyclin D1 after treatment
with retinoic acid and Baldassarre et al (2000) found increased
cyclin D3 in human embryonal carcinoma cells treated with
retinoic acid. In other studies, Fu ef al (2005) suggested an
upregulation of D2 or D3 substitutes for D1 in MCL cells while
Mozos et al (2009) reported an increase in cyclins D2 and D3 in
cyclin D1 deficient MCL cells. When cyclin D1 was knocked
down with lentiviral ShRNA, cyclin D2 levels increased (Klier
et al, 2008). It is conceivable that the decline in cyclin DI in
ATRA-ND treated Granta cells may involve the ubiquitin-
proteasome pathway. This pathway, which is recognized to
exist in MCL cells, plays a major role in degradation of proteins
involved in the cell cycle, proliferation, and apoptosis (Bogner
et al, 2006). Consistent with this interpretation, Spinella et al
(1999) found that retinoids accelerate ubiquitination and
subsequent degradation of cyclin D1 via a process that is
blocked by proteasome inhibitors. Given the major role of the
ubiquitin-proteasome pathway in the degradation of proteins
involved in cell cycle progression and apoptosis, it is plausible
that this pathway may be operative in ATRA-induced cyclin D1
degradation in Granta cells.

The present study evaluated the ability of ATRA-ND to
activate RARs or RXRs in Granta cells and noted that, while
these transcripts were nearly undetectable in untreated cells,
their levels increased with ATRA exposure. ATRA-ND
increased the mRNA levels of RARA and RXRG and their
respective protein levels. This finding is similar to studies with
B-cell lymphoma reported by Sundaresan et al (1997). In
malignant myeloid leukemic cells, RAR subtypes and RXRa are
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expressed to a variable degree, and ATRA-induced RARP
expression (Lehmann et al, 2001). The potential role of RARo
in ATRA-ND induced cell death is demonstrated by inhibition
of ROS production, cell cycle arrest, and apoptosis caused by
Ro 41-5253. In other studies, selective RARa antagonists have
been shown to reverse the effect of retinoids on cell growth
inhibition in NHL-B cells (Sundaresan et al (1997), mouse B
cells (Lehmann et al, 1992), and Burkitt lymphoma cells
(Cariati et al, 2000). Whereas results from the present study
suggest RARo mediates ATRA-ND induced effects on ROS,
cell growth, and apoptosis in MCL cells, it is conceivable that
other retinoid receptors may also play a role.

An important aspect of the present results relates to
differences in biological activity observed with different ATRA
delivery methods, i.e. naked ATRA versus ATRA-ND. Whereas
ATRA solubilized in DMSO had relatively little effect on
Granta cells, packaging ATRA into ND greatly enhanced
apoptosis and cell cycle arrest. It is conceivable that solubi-
lization of ATRA in the ND hydrophobic milieu effectively
concentrates this bioactive lipid and provides a means for
more efficient delivery to target cells. Further, in order to
demonstrate the functional significance of ATRA packaged in
ND, we have shown that ATRA-ND increased RARA tran-
scriptional activity compared with naked ATRA in MCF-7 cells
transiently transfected with an RARA luciferase reporter vector.
It has yet to be determined if ATRA in ND is more stable or
resists degradation during the course of cell incubations or
whether ATRA-ND are taken up by the cells via receptor-
mediated endocytosis. Further work is required to elucidate
the molecular basis of the enhanced biological activity of
ATRA when presented to cells as a component of ND and
whether the enhanced activity observed in cell culture can be
extended to an in vivo setting. Nonetheless, results obtained in
this study suggest ATRA-ND represent a potentially effective
approach to the treatment of mantle cell lymphoma and
should be explored further.
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