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Abstract
Conventional chemo-immunotherapy fails to cure the majority of mantle cell lymphoma patients and causes substantial toxicity.

Resistant mantle cell lymphoma cells commonly overexpress and are dependent on the anti-apoptotic protein, Mcl-1, for survival.

In this study, we use potent lipidoid nanoparticles to deliver siRNA to silence Mcl-1 expression. Studies were conducted using two

different mantle cell lymphoma cell lines, a normal (JeKo-1) and an aggressive (MAVER-1) line, to assess the ability of lipidoid

nanoparticles to be used broadly in the treatment of mantle cell lymphoma. Mcl-1 mRNA silencing and protein knockdown was

observed as early as one day after treatment and the lipidoid nanoparticles achieved sustained silencing of Mcl-1 mRNA for at

least four days in both JeKo-1 and MAVER-1 cells. Eighty percent silencing was achieved at three days post-transfection in JeKo-

1 cells while 50% silencing was achieved in MAVER-1 cells, which are more resistant to transfection. Interestingly, silencing of

Mcl-1 induced apoptosis in nearly 30% of both JeKo-1 and MAVER-1 cells three days post-transfection. Additionally, Mcl-1

silencing and the resultant apoptosis in mantle cell lymphoma cells were dose dependent. These data suggest that lipidoid

nanoparticles siRNA therapy targeting Mcl-1 has potential as a new treatment modality for mantle cell lymphoma and many

other cancers that overexpress Mcl-1. The combination of anti-Mcl-1 lipidoid nanoparticles with other forms of targeted therapy

offers hope for reducing or replacing cytotoxic chemotherapy as standard treatment for mantle cell lymphoma.

Keywords: Mcl-1, siRNA, nanomedicine, nanoparticles, mantle cell lymphoma

Experimental Biology and Medicine 2016; 241: 1007–1013. DOI: 10.1177/1535370216640944

Introduction

Non-Hodgkin lymphoma (NHL) is the seventh most
common cancer in the United States, with nearly 70,000
people diagnosed each year.1 NHL is a particularly hetero-
geneous cancer, with over 60 known subtypes that differ in
genetic landscape, cell surface receptor expression, and
aggressiveness. Of the 12 most commonly diagnosed sub-
types of NHL, mantle cell lymphoma is the most formid-
able. Considered incurable, it has an extremely poor
prognosis, with a five-year survival rate of 55.8%.1

Mantle cell lymphoma cells typically have several gen-
etic mutations compared to healthy, naı̈ve B-cells. The gen-
etic hallmark of mantle cell lymphoma is a t(11;14)(q13;q32)
translocation, which places the cyclin D1 gene downstream
of IgH enhancer elements. This errant positioning results in
overexpression of cyclin D1, a cell cycle regulator that facili-
tates the G1/S phase transition. Additionally, mantle cell
lymphoma tumors overexpress several other survival pro-
moting genes, including Mcl-1.2–4 Mcl-1 is an anti-apoptotic

protein that is part of the Bcl-2 family,5 and its overexpres-
sion is associated with many types of cancer, including mul-
tiple myeloma, acute myeloid leukemia, breast cancer, and
lung cancers.6–8 Although novel treatments have been
developed that inhibit Bcl-2,9–11 their use in mantle cell
lymphoma has been stymied by high levels of Mcl-1.4,10

Although several Mcl-1 inhibitors have recently achieved
encouraging results in vitro and in vivo, no selective and
direct Mcl-1 inhibitor has been approved by the Food and
Drug Administration to the authors’ knowledge.12,13

This study investigates the therapeutic potential of Mcl-1
gene downregulation using RNA interference (RNAi). It is
anticipated that RNAi therapy would be used in conjunc-
tion with the standard treatment for mantle cell lymphoma,
such as R-HyperCVAD followed by autologous stem cell
transplantation for younger patients or R-CHOP for older
patients, who generally cannot tolerate the intensity of
R-HyperCVAD.14 R-HyperCVAD pairs immunotherapy
(rituximab) with chemotherapy (cyclophosphamide,
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vincristine, doxorubicin, dexamethasone alternating with
methotrexate, and cytarabine).15 R-CHOP, on the other
hand, combines rituximab with cyclophosphamide, doxo-
rubicin hydrochloride, vincristine sulfate, and prednis-
one.16 Unfortunately, patients that undergo these
therapeutic regimens inevitably relapse, and the cumula-
tive cardiotoxicity of chemotherapy, particularly in older
patients, prevents its continued aggressive use. The intro-
duction of a mechanistically distinct anti-cancer therapy,
such as RNA interference, has the potential to lower the
overall doses of chemotherapy needed to achieve remis-
sion. Should patients relapse, cardiotoxicity would no
longer prevent the use of additional chemotherapy.

Several groups have attempted to knockdown Mcl-1 in
mantle cell lymphoma cells with short interfering RNA
(siRNA) via electroporation or lipofectamine-mediated
delivery.4,17–20 Although the results associated with Mcl-1
knockdown were encouraging, the delivery methods used
were unfortunately not viable for use in animals or in the
clinic. Through this study, we have, therefore, sought to use
a more robust delivery system, lipidoid nanoparticles
(LNPs), to deliver siRNA targeting Mcl-1 into mantle cell
lymphoma cells for therapeutic effect. These LNPs have
been previously shown to be potent and viable for in vivo
delivery to numerous cell and organ targets, including hep-
atocytes and immune cells.21 In this article, we harness their
potency for the treatment of difficult-to-transfect human
mantle cell lymphoma cells through the silencing of the
anti-apoptotic protein, Mcl-1.

Method and materials
Materials

JeKo-1 and MAVER-1 human mantle cell lymphoma cells
were obtained from ATCC (Manassas, VA). Tridecyl acrylate
was purchased from Pfaltz & Bauer (Waterbury, CT). 1,2-
Distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (C14 PEG2000) were ordered from
Avanti Polar Lipids (Alabaster, AL). 3,30-Diamino-N-methyl-
dipropylamine and cholesterol were purchased from Sigma–
Aldrich (St. Louis, MO). Roswell Park Memorial Institute
(RPMI) Medium 1640, phosphate buffered saline (PBS), fetal
bovine serum (FBS), penicillin/streptomycin, Quant-iTTM

Ribogreen Reagent, TaqMan Gene Expression Assays,
TaqMan Gene Expression Master Mix, and High Capacity
cDNA Reverse Transcription Kits were purchased from Life
Technologies (Grand Island, NY). Myeloid cell leukemia-1
(Mcl-1) and alpha-tubulin rabbit monoclonal antibodies
were purchased from Abcam (Cambridge, MA).

306O13 lipidoid is synthesized via Michael addition
chemistry

The lipidoid 306O13 was synthesized as described previ-
ously.21 Briefly, tridecyl acrylate and 3,30-diamino-N-
methyldipropylamine at a 3:1 ratio were stirred in a
glass scintillation vial at 90�C for two days. Lipidoids
were purified using flash chromatography (Isco Teledyne,

Lincoln, NE) and inspected using electrospray ionization
mass spectrometry.

Nanoparticle formation and characterization

Nanoparticles were formed as described previously.22

Briefly, a lipid solution containing lipidoid, DSPC, choles-
terol, and C14 PEG2000 in a ratio of 50:10:38.5:1.5 in ethanol,
respectively, was added to equal volume of siRNA in citrate
buffer. This solution was further diluted 1:2 in PBS. The
lipid:siRNA ratio was 5:1. Nanoparticles were briefly vor-
texed after each addition. Nanoparticle size was deter-
mined using a Malvern Zetasizer Nano ZSP
(Westborough, MA). siRNA entrapment was determined
using Quant-iTTMRibogreen RNA Reagent.

Cell culture

Jeko-1 cells were cultured in RPMI 1640 medium supple-
mented with 20% FBS, 20 U/ml penicillin, and 20 U/ml
streptomycin with 5% CO2 and 37�C in a Heracell 240i
CO2 incubator (Thermo Fisher Scientific, Grand Island,
NY). MAVER-1 cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 20 U/ml penicillin, and
20 U/ml streptomycin.

Cell transfection with siRNA LNPs

In each experiment, cells were seeded at a density of 250,000
cells per ml. For 24-well plates, 400 ml of media/cells were
added to each well. For 12-well plates, 800ml of media/cells
were added to each well. The LNP solution was added to
the cells such that it made up 10% of the final volume.
Treatments were completed in triplicate. Mcl-1 siRNA was
purchased from Sigma–Aldrich (St. Louis, MO) (siRNA ID:
SASI_Hs01_00162658).

Gene expression

RNA was extracted using an RNeasy Mini (250) kit (Qiagen,
Valencia, CA) and QIAshredder columns (Qiagen, Valencia,
CA). Reverse transcriptase PCR was completed using High
Capacity cDNA Reverse Transcription Kits with RNase
Inhibitor following the manufacturer’s protocol. qPCR
was performed using an Applied Biosystems (Grand
Island, NY) ViiA 7 Real-Time PCR System, Taqman Gene
Expression Mastermix, and TaqMan gene expression
assays. The TaqMan Gene Expression Assays were
Hs01050896_m1 and Hs02758991_g1 for Mcl-1 and
GAPDH genes, respectively. All experiments were run in
comparative Ct mode with temperatures at 50�C for two
min, 95�C for 10 min, followed by 40 cycles of 95�C for
15 s and 60�C for 1 min. Two technical replicates were com-
pleted for each cDNA sample. The mRNA expression of
Mcl-1 was normalized with GAPDH mRNA expression.
The Mcl-1 mRNA expression is presented as relative to
the untreated control group.
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Mcl-1 protein expression determined
via Western blotting

For protein harvesting, cells were centrifuged for five min at
2000 rpm and washed with ice-cold PBS. PBS was removed
and ice-cold lysis buffer was added to each tube. The lysis
buffer is composed of 50 nM Tris, 150 mM NaCl, 1% Triton
X-100. A mammalian protease inhibitor cocktail (Amresco,
Solon, OH) was added to the buffer in a 1:100 cocktail:lysis
buffer ratio. Cells were shaken for 30 min on a thermal
shaker at 400 rpm. Every 10 min, the cells were vortexed
for 10 s at 3000 rpm. Then the cells were centrifuged at
14,000 rpm for 10 min at 4�C. The supernatant was removed
and put in a fresh tube. Total protein concentration was
quantified using a Pierce Bicinchoninic acid assay kit
(Thermo Fisher Scientific, Rockford, IL) and analyzed
using a NanoDrop 2000 (Thermo Scientific, Grand Island,
NY) by following the manufacturer’s protocol. Equal
amounts of protein were added to each well in a mini
4%–15% SDS-PAGE (TGX Mini-Protean) gel (Bio-Rad
Laboratories, Hercules, CA). The gel was run in a Mini-
PROTEAN 3 tank (Bio-Rad Laboratories, Hercules, CA)
in 1� Tris/Glycine/SDS running buffer (Bio-Rad
Laboratories, Hercules, CA) for 30 min at 200 V. The gel
was then blotted onto a polyvinylidene difluoride (PDVF)
membrane using an iBlot system (Life Technologies, Grand
Island, NY). Immunodetection of proteins on the gel was
performed using a WesternBreeze Chemiluminescent kit
(Thermo Fisher Scientific, Grand Island, NY).
Chemiluminesence was detected using an ImageQuant
LAS 4000 system (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden), and band densities were measured
using ImageJ.

Results

In this study, we investigated the ability of LNPs to silence
the anti-apoptotic protein, Mcl-1, for therapeutic effect in
the treatment of mantle cell lymphoma. The lipidoid used
for these studies, 306O13, is a potent siRNA delivery mater-
ial with proven efficacy, both in vitro and in vivo, in a var-
iety of cell types, including epithelial cells, hepatocytes, and
immune cells (Figure 1(a)).21,22 Prior to siRNA transfection,
the lipidoid 306O13 was formulated into nanoparticles
along with cholesterol (for stability), DSPC, C14 PEG2000
(for reduced phagocytosis in vivo), and siRNA. Although
the use of a polyethylene glycol (PEG) compound was not
necessary for in vitro experiments, we included it in the
nanoparticle formulation to facilitate translation to eventual
in vivo studies. Resultant nanoparticles were relatively
monodisperse, with a number average diameter of 90 nm
as measured by dynamic light scattering (Figure 1(b)).

LNPs effectively silence Mcl-1 in human mantle
cell lymphoma cells

Mcl-1, which is an anti-apoptotic Bcl-2 family protein, was
chosen as a potential therapeutic gene target because higher
Mcl-1 levels have been commonly observed in mantle cell
lymphoma cells compared to normal mantle zone lympho-
cytes.2,3 Among other anti-apoptotic properties, Mcl-1 pro-
tein sequesters the pro-apoptotic protein BAK away from

the mitochondrial membrane, preventing cells from
undergoing apoptosis.5,23 Human cancers that overexpress
Mcl-1 have been shown to overly depend on Mcl-1 for cell
survival compared to control cells.8

Despite its potential as a therapeutic gene target, there
are no direct Mcl-1 inhibitors approved for use or currently
in clinical trials, to the authors’ knowledge. Therefore, we
sought to specifically silence Mcl-1 expression using LNPs.
Unfortunately, B cells are notoriously difficult to transfect,
with a limited number of studies reporting siRNA delivery
efficacy.24–26 The lipidoid 306O13, however, is potent
enough to facilitate transfection in mantle cell lymphoma
cells.

In a first set of experiments, JeKo-1 cells, a standard
mantle cell lymphoma cell line, were transfected with
LNPs at an siMcl-1 dose of 100 nM. Three days post-trans-
fection, Mcl-1 mRNA expression was reduced by 80%
(Figure 2(a)). Silencing was quite durable, with greater
than 60% silencing being maintained over a period of one
week. Over the same time period, control LNPs containing
control siRNA did not induce gene knockdown, suggesting
that the LNP delivery vehicle was not causing cytotoxicity
or otherwise affecting Mcl-1 levels. Western blotting con-
firmed corresponding Mcl-1 protein knockdown 24 hours
post-transfection in cells treated with 100 nM siMcl-1
(Figure 2(b)). Again, no Mcl-1 downregulation was
observed for control LNPs.

One challenge associated with genetic therapies for
cancer is the heterogeneity of gene expression across differ-
ent patients with the same diagnosis. To assess whether or
not siMcl-1 LNP therapy might be broadly applicable to
mantle cell lymphomas with disparate genetic background,
we assessed gene silencing in MAVER-1 cells in addition to
the aforementioned JeKo-1 cells. The MAVER-1 cell line
contains many of the genetic features of aggressive, poor
prognosis mantle cell lymphoma and is the only known
mantle cell lymphoma line that contains a MYC

Figure 1 Lipidoid nanoparticle formulation and characterization. (a) The lipi-

doid 306O13 is the active component of the delivery vehicles used in this study.

It is formulated into nanoparticles along with cholesterol, DSPC, C14 PEG2000,

and siRNA. (b) Dynamic light scattering indicated that the number average size of

306O13 LNPs was 87.7� 12.2 nm with a PDI of 0.116� 0.036 (n¼76)
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rearrangement.27 Indeed, we show in this work that it is
more difficult to treat. A single LNP dose containing
100 nM siMcl-1 silenced 50% of Mcl-1 mRNA expression
relative to untreated cells (Figure 2(c)). Again, Western blot-
ting suggests robust Mcl-1 silencing at the protein level for
MAVER-1 cells (Figure 2(d)).

Mcl-1 silencing induces apoptosis in lymphoma cells

In parallel experiments, we analyzed the fraction of cells
undergoing apoptosis in response to Mcl-1 gene silencing.
Apoptosis was determined using an Annexin V/PI assay,
with quantification by flow cytometry. For JeKo-1 cells
receiving a 100 nM siMcl-1 LNP treatment, apoptosis rates
increased from about 5%–15% the first two days following
treatment. Three days post-treatment, however, the percent-
age of apoptotic cells further increased to nearly 30%
(Figure 3(a)). This was in contrast to MAVER-1 cells,
which underwent constant increased levels of apoptosis
(�30%) at each time point following treatment
(Figure 3(b)). For both JeKo-1 and MAVER-1 cells, cells trea-
ted with control LNPs did not experience higher levels of
apoptosis than untreated cells (Figure 3). Again, this sug-
gests that the delivery vehicle does not contribute to the cell
killing effect.

Mcl-1 silencing and the ensuing apoptosis were
dose dependent

Dose response experiments in both JeKo-1 and MAVER-1
cell lines were completed to determine what doses of
siRNA are needed for the maximum fraction of cells to
undergo apoptosis. For JeKo-1 cells, maximal apoptosis
was observed at 200 nM doses of siMcl-1 LNPs
(Figure 4(a)). The dose response appears to be more evident
in the apoptosis measurement compared to the gene expres-
sion (Figure 4(b)). For MAVER-1 cells, a 200 nM dose was
also responsible for maximally observed apoptosis
(Figure 4(c)). Of note, although 100 and 200 nM doses of
siMcl-1 LNPs did not result in statistically different levels
of mRNA silencing (p¼ 0.15) (Figure 4(d)), they did cause
statistically significant differences in apoptosis levels
(p¼ 0.01).

Discussion

In the past 15 years, NHL outcomes have improved dra-
matically with the introduction of the R-CHOP chemother-
apy regimen.1,28 Despite these advances, mantle cell
lymphoma is still considered incurable using currently
approved regimens. This stubbornness of mantle cell
lymphoma necessitates the development of alternative
therapies that are mechanistically distinct from

Figure 2 Lipid nanoparticles induce Mcl-1 silencing in human mantle cell lymphoma cells. Knockdown was achieved at the (a, c) mRNA and (b, d) protein level for two

genetically heterogeneous mantle cell lymphoma cell lines: (a, b) JeKo-1 and (c, d) MAVER-1. For Western blotting experiments, siRNA doses were 100 nM and protein

was isolated from cells 24 h post-transfection. Alpha-tubulin was used as a loading control. Error bars correspond to s.d. (n¼3)

Figure 3 Silencing Mcl-1 causes apoptosis in human mantle cell lymphoma cells. (a) JeKo-1 and (b) MAVER-1 cells were transfected with a 100 nM dose of either

siMcl-1 or control siRNA. Every 24 h, the fraction of cells undergoing apoptosis was analyzed with an Annexin V/PI apoptosis assay using flow cytometry. Error bars

represent s.d. (n¼3). (A color version of this figure is available in the online journal.)
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chemotherapy and immunotherapy. Although RNAi thera-
peutics could meet this need, the delivery of siRNA to
B-cells has historically been particularly challenging. To
the authors’ knowledge, only three studies have delivered
siRNA for successful gene silencing in B-cell NHL without
the use of lipofectamine or electroporation.24–26

Here, we use potent LNPs to deliver siRNA to two genet-
ically heterogeneous lines of mantle cell lymphoma and dem-
onstrate that Mcl-1 protein knockdown induces apoptosis.
Both JeKo-1 and MAVER-1 mantle cell lymphoma cells
were examined to preliminarily assess the broader utility of
Mcl-1 directed therapy. That is, siRNA drugs will have the
widest impact if they can be used for most patients, regard-
less of genetic differences. While JeKo-1 cells represent a
standard manifestation of mantle cell lymphoma, MAVER-1
cells are considered to be the most challenging from a treat-
ment perspective. MAVER-1 cells are double hit lymphoma
cells that contain the MYC/8q24 translocation as well as the
classic t(11;14)(q13;q32) translocation.27 This double hit
lymphoma is an aggressive variant of mantle cell lymphoma
with a very poor prognosis.27,29 JeKo-1 cells do not contain
this MYC rearrangement, though they do express MYC.27,30

As anticipated, the Mcl-1 gene silencing that we
achieved in MAVER-1 cells was significantly lower than
that obtained in JeKo-1 cells (40% vs. 80%, respectively,
three days post-transfection, Figure 2). The dose response
study conducted in Figure 4 shows even a wider discrep-
ancy: 25% vs. 80% Mcl-1 silencing for a 200 nM dose. This
disparity could be a result of either (1) lower transfection
rates or (2) higher initial Mcl-1 mRNA expression in
MAVER-1 cells compared to JeKo-1 cells. Our qPCR data
for both cell lines, however, suggests that Mcl-1 levels are
nearly equivalent in each cell line. Therefore, we conclude
that MAVER-1 cells are more difficult to transfect.
Interestingly, the very different levels of Mcl-1 knockdown
in the two cell lines resulted in nearly identical apoptosis
rates of 25%–30% three days post-transfection (Figure 4(a)
and (c)). Furthermore, MAVER-1 cells saw higher levels of
apoptosis within one day of siRNA delivery, compared to

the three days required for JeKo-1 cells (Figure 3), while
both cell lines experienced robust protein knockdown 24 h
of post-treatment (Figure 2(b) and (d)). Together, these data
suggest that MAVER-1 cells rely more heavily on Mcl-1 for
apoptosis avoidance compared to JeKo-1 cells. To our
knowledge, this is the first demonstration of siRNA-
mediated gene silencing in MAVER-1 cells, irrespective of
the delivery method.

This gene modulatory therapy has the potential to be
combined with chemotherapy, immunotherapy, or small
molecule drug inhibitors to enhance the treatment of
NHLs, including mantle cell lymphoma. Furthermore, to
prevent resistance to chemotherapeutics or small molecule
drug inhibitors, siRNA and the inhibitors could potentially
be co-delivered using LNPs. Nanoparticle delivery of che-
motherapeutics, nucleic acids, small molecule drug inhibi-
tors, and other cytotoxic material has been used to improve
efficacy, biodistribution, and tolerability compared to free
drug.31 Adding targeting ligands to the nanoparticle can
potentially improve cancer cell localization and efficacy
compared to non-actively targeting nanoparticles.32–35

Several groups have co-delivered nucleic acids and other
drugs in nanoparticles leading to an improvement in the
treatment.36–38 Although LNPs have not yet been used to
co-deliver nucleic acids and small molecule drug inhibitors,
LNPs have been shown to effectively deliver a variety of
cargo, including protein, DNA, mRNA, and siRNA. As
such, we believe LNPs are a promising vehicle option for
co-delivery.39–43 Hydrophilic drugs can be stored in the
hydrophilic core and hydrophobic drugs within the hydro-
phobic lipid bilayer of these particles. Alternatively, co-
delivery of siRNAs with different targets could potentially
negate the need for co-delivery of siRNA and inhibitors or
chemotherapeutics.

In this study, we have shown that LNPs are sufficiently
potent to silence Mcl-1 at the mRNA and protein levels in
two distinct lines of mantle cell lymphoma, leading to an
increase in the fraction of the cells undergoing apoptosis.
In particular, cells that have developed resistance to

Figure 4 Mcl-1 silencing and resultant apoptosis were siRNA dose dependent. Lipid nanoparticles containing siRNA doses between 1 and 200 nM were delivered to

(a, b) JeKo-1 and (c, d) MAVER-1 cells. (a, c) The percentage of cells undergoing apoptosis was determined by flow cytometry 72 h post-transfection and compared to

(b, d) Mcl-1 gene silencing as determined by qPCR. Error bars represent s.d. (n¼ 3).*p< 0.05 and **p<0.01. (A color version of this figure is available in the online

journal.)
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chemotherapy, glucocorticoids, or inhibitors often have
higher levels of Mcl-1 compared to normal cells.4,10,44–48

By reducing Mcl-1 levels, it is expected that improvements
in efficacy and reductions in relapse rates may be realized
for mantle cell lymphoma patients.
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