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Abstract Non-Hodgkin Lymphoma (NHL) constitutes a very
heterogeneous group of diseases with different aggressive-
ness. Diffuse large B-cell lymphoma (DLBCL) and Burkitt’s
lymphoma (BL) are two clinically aggressive lymphomas
from the germinal center, very heterogeneous and with differ-
ent genetic signatures. Several intracellular pathways are in-
volved in lymphomagenesis, being BCR/PI3K/AKT/mTOR
and RAS/RAF pathways the most frequently ones. In this
context the therapeutic potential of a mTOR inhibitor – evero-
limus – and a RAS/RAF pathway inhibitor – L744,832 – was
evaluated in two NHL cell lines. Farage and Raji cells were
cultured in the absence and presence of several concentrations
of everolimus and L744,832 in monotherapy and in combina-
tion with each other, as well as in association with the con-
ventional chemotherapy drug vincristine. Our results show
that everolimus and L744,832 induce antiproliferative and
cytotoxic effect in a time-, dose-, and cell line-dependent man-
ner, inducing cell death mainly by apoptosis. A potentiation
effect was observedwhen the drugs were used in combination.
In conclusion, the results suggest that everolimus and L744,

832, alone or in combination, could provide therapeutic ben-
efits in these subtypes of NHL.
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Introduction

Lymphomas are lymphoproliferative malignancies arising at
multiple stages of normal lymphoid cell development. In 90%
of the cases they are classify as non-Hodgkin lymphoma
(NHL), being the other 10 % Hodgkin lymphomas. NHL con-
stitute a very heterogeneous groups of diseases that can affect-
ed various cells types, B and T lymphocytes or NK cells, with
different stages of maturation (immature and mature) and ag-
gressiveness (indolent as follicular lymphoma and aggressive
forms as Diffuse large B cell and Burkitt’s lymphoma) [1].
The Diffuse large B cell lymphoma (DLBCL) is the most
common type of non-Hodgkin lymphoma (NHL), accounting
for approximately 25 to 30 % of these hematological neopla-
sias in Western countries [2] and for 30 to 40 % of newly
diagnosed lymphomas [3]. The DLBCL is more frequently a
B-cell neoplasia, in particular of germinal center centroblasts.
It is a clinically aggressive lymphoma with a high rate of
cellular proliferation, being able to progressively infiltrate
the lymph nodes, the bone marrow, and other organs [2].
Additionally, this type of lymphoma consists in a heteroge-
neous entity in terms of morphological, biological, and clini-
cal features [4]. Another lymphoma from the germinal center
is Burkitt’s lymphoma (BL), a very aggressive form of NHL
with high proliferation index that spreads to blood and bone
marrow [5]. There are three different variants of BL: endemic,
sporadic, and immunodeficient. Endemic BL occurs in some
parts of Africa and almost all the cases are EBV positive,

* Ana Bela Sarmento-Ribeiro
absarmento@fmed.uc.pt

1 University Clinic of Hematology and Applied Molecular Biology,
Faculty of Medicine University of Coimbra – FMUC, Azinhaga de
Santa Comba, Celas, 3000-548 Coimbra, Portugal

2 Center of Investigation on Environment Genetic and Oncobiology –
CIMAGO, FMUC, Coimbra, Portugal

3 Center for Neuroscience and Cell Biology – CNC.IBILI, University
of Coimbra, Coimbra, Portugal

4 Clinical Hematology Department, Centro Hospitalar Universitário de
Coimbra (CHUC), Coimbra, Portugal

Pathol. Oncol. Res. (2016) 22:301–309
DOI 10.1007/s12253-015-9998-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s12253-015-9998-4&domain=pdf


while sporadic forms are less associated with EBV and ac-
counts for 1–2 % of all adult lymphomas in Europe and the
United States. One of the molecular hallmarks of this disease
is the deregulation of c-MYC [6]. NHL conventional treat-
ment consists of chemotherapy protocols, like CHOP (cyclo-
phosphamide, vincristine, and prednisolone) that could be
followed by radiotherapy, depending on disease characteris-
tics, such as localized or advanced disease [3, 6–11]. The
introduction of anti-CD20 monoclonal antibodies in the clin-
ical practice improves the outcome of patients with mature B
cell lymphomas, especially when combine with CHOP regi-
mens [1]. However, the side effects and acquisition of resis-
tance to the treatment, additionally to the possibility of relapse
justify the improvement of new therapeutic approaches.

Exploring particular molecular aspects of these diseases
could contribute to the development of some target therapy.
Several intracellular pathways are related to lymphomagene-
sis, such as the RAS/MAPK pathway and PI3K/AKT/mTOR
pathway [11–14]. The starting point of RAS/MAPK pathway
consists in activation of RAS by addition of a farnesyl group at
t h e ca rboxy l i c t e rm ina l , p ro ce s s med i a t ed by
farnesyltransferase. This particularly pathway is involved in
the regulation of proliferation and differentiation [15]. One
indirect way of targeting this pathway is by the inhibition of
farnesyltransferase, which will block the activation of RAS.
L744,832 is one farnesyltransferase inhibitors (FTI) that have
been tested as anticancer agents. PI3K/AKT/mTOR signaling
pathway is essential in survival, resistance to apoptosis, and
cell cycle progression, and is other altered pathway in NHL.
This pathway could be inhibited in multiple points and several
molecules are on clinical trials or already approved to some
cancers. Everolimus is an inhibitor of mTOR (mTORi) ap-
proved by FDA to metastatic renal cell carcinoma and for
advanced ER+/HER2− breast cancer that induce cell death
and reduce cell proliferation [16, 17]. In this context, we in-
vestigate the anticancer activity of L744,832 and everolimus,
in monotherapy as well as in combination with vincristine
(conventional drug), in two NHL cell lines.

Materials and Methods

Cell Culture Conditions

We used two NHL cell lines: Farage cells a model of DLBCL
and Raji cells as a Burkitt Lymphoma model, both obtain from
American Type Culture Collection (ATCC). The cell lines were
routinely grown in Roswell Park Memorial Institute 1640 me-
dium (RPMI 1640), containing 2 mM L-glutamine, 25 mM
HEPES-Na, 100 U/ml penicillin, 100 μg/ml streptomycin
(Gibco, Invitrogen), supplemented with heat-inactivated fetal
bovine serum (FBS) (Gibco, Invitrogen), and kept in culture at
37 °C in a humidified atmosphere with 5 % CO2. Farage cells

were maintained with 20 % of FBS and seeded at a density of
0.5×106 cells/ml in all performed assays, while Raji cells were
supplemented with 10 % and seeded at 0.3×106 cells/ml. In
order to evaluate the antiproliferative and cytotoxic effect of
L744,832 and everolimus (EVE), the cells were cultured for
72 h in the absence and presence of L744,832 (Enzo Life
Science) in concentrations ranging from 1 to 100 μM, and
EVE (Sigma-Aldrich) in concentrations ranging from 5 to
100 μM. Lower doses of these compounds were also tested
in double combination with 0.1 nM of vincristine (VCR;
Sigma-Aldrich) and in a triple combination scheme.

Metabolic Activity Evaluation

The resazurin assay, methodology based on mitochondria en-
zymes activity, was used to assess the metabolic activity of the
cells in absence and presence of L744,832, EVE, and/or VCR.
Resazurin was prepared as a stock solution of 100 μg/ml in
phosphate-buffered saline (PBS). After treatment, a final con-
centration of 10 μg/ml of resazurin solution was added to the
cells, which were then incubated at 37 °C for 4 h. Following
incubation, the absorbance at 570 nm and 600 nm was mea-
sured using a Synergy™ HT Multi-Mode Microplate Reader
(BioTek Instruments), and metabolic activity was calculated
as a percentage of control cells.

Cell Death Analysis

Cell death was examined throughmorphological analysis using
optic microscopy and by flow cytometry (FC) through annexin
and propidium iodide double staining. After an incubation pe-
riod of 48 h, cells untreated and treated with the different drugs
were collected and seeded in glass slides. Then, cell smears
were stained with May-Grünwald solution (0.3 %v/v in meth-
anol; Sigma-Aldrich) for 3 min, diluted in a 1:1 ratio with
distilled water, and then staining with Giemsa solution
(0.75 % p/v in glycerol/methanol 1:1; Sigma-Aldrich) diluted
1:8 in distilled water for 15 min. After rinsing with distilled
water, smears were left to dry at room temperature and cell
morphology was analyzed by light microscopy using a Nikon
Eclipse 80i microscope equipped with a Nikon Digital Camera
DXm 1200 F. For flow cytometry assays, cells were collected
andwashedwith PBS by centrifuged at 400 xg for 5min. Then,
cells were resuspended in 100 μl of binding buffer and incu-
bated with 5 μl of annexin V-FITC (AV) and 2 μl of propidium
iodide (PI) staining solution (ImmunoStep) for 15 min at room
temperature in the dark. Cells were then analyzed in a FACS
Calibur (Becton Dickinson) flow cytometer equipped with an
argon laser. CellQuest software (Becton Dickinson) was used
for the acquisition of data and results were analyzed with the
Paint-a-Gate software. Results were expressed in percentage of
viable cells (AV−/PI−), early apoptotic (AV+/PI−), late
apoptotic/necrotic (AV+/PI+), and necrotic cells (AV−/PI+).
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Evaluation of Proteins Expression by Flow Cytometry

The expression levels of activated Caspase 3, Lamin A/C and
Ki-67 were assessed by FC using monoclonal antibodies la-
beled with fluorescent probes. Cells of each condition were
incubated with a monoclonal antibody anti-activated caspase
3-phycoerythrin (PE; BD Pharmingen, Becton Dickinson),
monoclonal anti-Lamin A/C PE or anti-Ki-67 PE (Santa
Cruz Biotechnology) antibodies according to manufacturer’s
protocol. Briefly, cells were fixed with 100 μl of fix solution
(IntraCell, Immunostep) for 15 min and then washed by cen-
trifugation at 300 xg for 5 min. Cells were then permeabilized
by incubated for 15 min with 100 μl of permeabilization so-
lution (IntraCell, Immunostep) and 1 μg of the respective
antibody. After washing, cells were analyzed by FC. The re-
sults are presented as mean intensity fluorescence (MIF) arbi-
trary units and represent MIF detected in the cells, which is
proportional to the protein concentration in each cell.

Cell Cycle Analysis

For cell cycle analysis, the cells incubated with different treat-
ments were harvested in order to obtain a density of 1x106

cells/ml. Cells were then washed by centrifuged for 5 min at
300 xg, and fixed by incubation at 4 °C for 30min with 200 μl
of 70% ethanol. After a wash step by centrifugation, 500 μl of
propidium iodide solution with RNase (PI/RNase,
Immunostep) was added to the cell pellet and incubated for
15 min at room temperature. Cell cycle distribution was ana-
lyzed using the ModFit LT software (Verity Software House).
Results were expressed in percentage of cells in the different
cell cycle phases (G0/G1, S, and G2/M) according with the PI
intensity. A sub-G1 population was also identify, when pres-
ent, corresponding to apoptotic cells.

Statistical Analysis

Data were expressed as mean±SEM of the number of inde-
pendent experiments indicated in the figure legends. Student’s
t test, ANOVA, and Dunnett’s post-test were used to deter-
mine the statistical significance, considering a p value of<
0.05.

Results

L744,832 and Everolimus Decrease Metabolic Activity
of NHL Cells

The effect of L744,832 and EVE in metabolic activity of
Farage and Raji cells were represent in Fig. 1. Our results
show that all conditions tested induce a decrease in met-
abolic activity, in a time-, dose- and cell type dependent

manner. As represented in Fig. 1a, the FTI induces a
reduction on metabolic activity of Farage cells with an
IC50 after 24 h between 50 and 75 μM. Revealing the
importance of incubation time, the IC50 reduces for a val-
ue between 25 and 50 μM after 48 h. For some L744,832
concentrations, a slightly reversion of effect was also ob-
served after 72 h of incubation. In Raji cells (Fig. 1d), FTI
also decreased the metabolic activity, however these cells
required a higher dose in comparison with DLBCL cells,
being the IC50 after 48 h between 50 and 75 μM. EVE
reduces significantly the metabolic activity of Farage and
Raji cells also in a dose- and time-dependent manner. The
IC50 was achieved when the Farage cells were exposed to
75 μM EVE for 24 h and 25 μM for 48 h (Fig. 1b). In
case of Burkitt cells, the dose of Eve necessary to achieve
the IC50 was lower, with values between 15 and 25 μM
for 24 h, and less than 15 μM after 48 h of incubation
(Fig. 1e).

Drug combination is one common strategy used to mini-
mize the toxicity of therapeutic. Based on results in monother-
apy, we tested a double combination of each inhibitor with
VCR and a triple combination, represented in Fig. 1c and f.
Our results show a significant decrease of metabolic activity
when cells are treated with drugs combination, compared with
untreated and/or monotherapy treated cells. The double com-
bination between L744,832 and VCR showed an additive ef-
fect during the 72 h, decreasing the metabolic activity from
75 % achieved in monotherapy to approximately 55 % at the
end of study. The same pattern was observed in the combina-
tion of EVE with VCR. Avery pronounce effect was noted in
the triple combination in Farage cells, at the end of 24 h of
incubation the metabolic activity reduced from 75% inmono-
therapy to less than 25 % of activity. At the same time of
incubation, metabolic activity of Raji cells decreased from
65 to 30 %. The use of three inhibitors at the same time was
the most effective combination scheme used in the study, spe-
cially pointing out the potentiation synergistic effect between
each drug in DLBCL cell line. However, in Burkitt cells the
triple combination did not revealed statistical differences com-
paring with the double combination of Everolimus and
Vincristine.

L744,832 and Everolimus Induce Cell Death
by Caspases-Dependent Apoptosis

We analyzed cell death induced by L744,832 and everolimus
using AnnexinV/PI double staining as well as by morpholog-
ical analysis. As illustrated in Fig. 2a, both inhibitors in mono-
therapy and in combination scheme decreased the percentage
of viable cells (V) with a significant increase of cells in apo-
ptosis (in Farage cells mainly early apoptosis and in Raji cells
late apoptosis/necrosis), being the effects dose dependent.
Supporting these results, the morphological analysis revealed
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typical characteristic of cell death mediated by apoptosis. In
Farage cells treated with L744,832 and EVE was observed
cellular contraction, nuclear fragmentation, and blebbing

(Fig. 2b). The same pattern was noted in Raji cells, with par-
ticular contribution of necrotic process in cells exposed to
L744,832. We also analyzed the expression levels of activated

Fig. 1 Dose response curves. Farage and Raji cells were incubated
during 72 h, in the absence or in the presence of increasing
concentrations of L744,832 (a/d) and everolimus (b/e) in monotherapy
or in combination scheme with vincristine (c/f), as indicated in figure.
Dose response curves were established by resazurin reduction each 24 h,

as described in Methods and Materials. Results are expressed in
percentage (%) normalized to control. Data are expressed as mean±SE
obtained from at least 5 independent experiments. Everolimus, EVE;
vincristine, VCR
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caspase 3, a frequently activated apoptotic cell death protease,
to confirm the previous results. As shown in Fig. 2c, L744,832
and EVE induced significant increase the expression levels of
activated Caspase 3, compared with control cells. Caspase 3
activation was dose dependent, being the differences statistical
significant when comparing lower and high doses. In combi-
nation schemes, the expression levels of activated caspases 3
were similar to those induce by the equivalent doses in
monotherapy.

L744,832 and Everolimus Promotes Cell Cycle Arrest
in G0/G1 Phase

The compounds in study could not only induce cell death but
also affect the cell cycle progression, and to confirm that we
analysis the distribution of cells through cell cycle phases. In
Farage cells, EVE induced a significant cell cycle arrest in G0/
G1 phase, when compared with untreated cells, and this effect
was dependent on the dose (Table 1). In the same way, L744,
832 also induced G0/G1 phase arrest. In all tested combination
schemes were detected an arrest in G0/G1 phase, not only with
statistical significance when comparing to control cells but
also when compared with equivalent doses in monotherapy

(Table 1). Particularly in the case of L744,832, the association
with VCR potentiated the ability to affect the cell cycle pro-
gression achieving the differences statistical meaning. In
Burkitt cells, the higher dose of L744,832 induced significant
G0/G1 phase arrest (Table 1). Everolimus exhibits the same
ability to interfere with cell cycle in Raji cells, however the
lower dose presents a higher effect. In the association of
Everolimus with VCR or in triple combination a significant
increase in the percentage of cells in G0/G1 was detected
(Table 1).

Additionally, by the same technique the presence of a sub-
G1 peak was detected, corresponding to DNA fragmentation
typical of apoptotic cells. The percentage of cells in sub-G1

peak was dose- and therapeutic scheme-dependent, being
higher in monotherapy conditions for both cell lines. In
Farage cells, the percentage of sub-G1 population significantly
increased in cells treated with everolimus (15 μM and
25 μM), and in cells treated with the higher concentration of
L-744,832 (75 μM). Similarly, in Raji cells the same pattern
was observed, however the differences were only significant
in the higher dose of both compounds. Furthermore, the major
differences in the sub-G1 peak were observed in the triple
therapeutic scheme (Table 1).

Fig. 2 Analysis of cell death induced by L744,832 and everolimus in
NHL cell lines. In a cell death was detected by annexin Vand propidium
iodide staining and analysed by flow cytometry; data are expressed as
percentage (%) of viable cells (V), early apoptotic cells (EA), late
apoptotic/necrotic cells (LA/N) and necrosis (N). In b cell smears were
stained with May-Grünwald-Giemsa (amplification: 500×). In c the

activated caspase 3 expression levels were analysed by flow cytometry.
Results were obtained after 48 h of incubation and represent mean±SE of
at last 4 independent experiments. Everolimus, EVE; vincristine, VCR; *
p<0.05; ** p<0.01; *** p<0.001 (comparison with control); $ p<0.05
(comparison with lower dose of correspondent inhibitor)
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L744,832 Modulate Farnesylation and Everolimus
Decreases Ki-67 Expression in DLBCL and Burkitt Cells

We used Lamin A/C and Ki-67 expression levels to confirm
that L744,832 and everolimus were acting in the proper tar-
gets, as describe in literature. Pre-Lamin A/C needs a farnesyl
group to be transformed in Lamin A/C, and this action is
mediated by farnesyltransferase. L744,832 treated cells
showed a significant decrease of Lamin A/C levels (Fig. 3a),
and this effect was dose dependent. In Farage cells, the asso-
ciation of lower dose of L744,832 with VCR induced an
equivalent decrease in Lamina A/C levels, as observed with
higher doses of L744,832 in monotherapy. Triple combination
induced a lower farnesyltransferase inhibition comparing with
double combination (higher Lamin A/C levels than double
combination), however farnesyltransferase inhibition in triple
combination was significantly different from control cells.
This suggests that EVE reverse the potentiation effect of
farnesyltransferase inhibitor induced by L744,832, since the
levels were similar to those detected with 12.5 μM of L744,
832 alone. In Raji cells, the combination schemes also show a
farnesyltransferase inhibition but without potentiation of the
effect. The results in these schemes were similar to those ob-
tain in monotherapy. Ki-67 is an essential protein to cell

progress into different phases of cell cycle, being useful to
confirm antiproliferative effects of some compounds. EVE
induced a significant decrease in expression levels of Ki-67,
being the effect dose dependent in both cell lines (Fig. 3b). A
reduction of Ki-67 expression was also detected in combina-
tion schemes. The triple association showed higher levels of
Ki-67 than double combination, suggesting that L744,832 im-
pairs the antiproliferative effects of Everolimus.

Discussion

Several studies explored the role of multiple signaling path-
ways in lymphomagenesis, trying to explain the heterogeneity
between different subtypes. Particularly in ABC subtype of
DLBCL, Lenz et al. showed that chronic activation of B-cell
receptor signaling could be interrupted by inhibition of down-
stream kinases, such as SRC, PKC, and PI3K/mTOR [4]. The
same pathway plays a very important role in Burkitt
lymphomogenesis. In this particular disease were observed a
tonic BCR signaling via PI3K pathway for contra balance the
proapoptotic signals associated with c-MYC deregulation [18,
19]. These evidence stimulated the search of new molecules

Table 1 Effects of L-744,832 and Everolimus in cell cycle of Farage and Raji cells

Sub-G1 (%) G0/G1 (%) S (%) G2/M (%)

Farage Cells Control 4.5±0.5 46.0±4.0 36.0±3.0 18.0±1.0

Monotherapy

VCR 0.1 nM 5.0±0.0 39.5±3.5 55.5±2.5 * 5.0±1.0 *

L-744,832 12.5 μM 12.0±1.0 57.0±2.0 32.5±2.5 10.5±4.5

L-744,832 75 μM 22.5±3.5 * 59.0±1.0 34.5±3.5 6.5±2.5 *

Eve 15 μM 20.0±1.0 * 68.5±6.5 * 24.0±6.0 7.5±0.5 *

Eve 25 μM 32.5±1.5 * 91.0±2.0 * 4.0±2.0 * 5.0±0.0 *

Combination

VCR 0.1 nM+L-744,832 12.5 μM 11.0±0.0 73.5±1.5 *$ 22.5±1.5 4.0±0.0 *

VCR 0.1 nM+Eve 15 μM 12.5±0.5 93.5±0.5 *# 1.5±0.5 *# 5.0±0.0 *

VCR 0.1 nM+L-744,832 12.5 μM+Eve 15 μM 18.5±3.5 * 89.5±0.5 *$# 6.0±1.0 *$# 4.5±0.5 *

Raji Cells Control 0.8±0.6 39.2±4.0 41.6±1.6 19.1±2.0

Monotherapy

VCR 0.1 nM 0.5±0.3 39.0±1.3 42.9±2.9 18.1±3.3

L-744,832 12.5 μM 1.3±0.5 41.5±1.9 38.8±1.3 19.7±1.3

L-744,832 75 μM 45.0±2.0 * 84.0±3.5 * 4.3±0.7 * 11.7±2.8

Eve 15 μM 0.5±0.5 87.0±1.1 * 7.7±1.0 * 5.3±0.5 *

Eve 25 μM 7.0±1.5 * 75.3±5.3 * 13.5±2.0 * 11.2±2.3

Combination

VCR 0.1 nM+L-744,832 12.5 μM 1.8±0.6 50.3±5.8 29.7±2.3 *$ 20.0±2.0

VCR 0.1 nM+Eve 15 μM 1.8±1.1 64.4±4.1 *# 8.1±4.0 * 27.3±1.3 #

VCR 0.1 nM+L-744,832 12.5 μM+Eve 15 μM 7.3±3.6 *$# 64.0±1.8 *$# 19.3±0.9 *$# 16.7±1.7 #

* p<0.05 comparing with Control, $ p<0.05 comparing with L-744,832 12.5 μM, # p<0.05 comparing with Eve 15 μM
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that could interfere with deregulated pathways in NHL and
other lymphoproliferative disease.

In our study, we evaluated the therapeutic potential of
L744,832 (FTI an indirect inhibitor of RAS/MAPK) and
everolimus (a mTOR inhibitor), in monotherapy and in com-
bination with conventional drug vincristine. We demonstrated
that L744,832 has a cytotoxic effect in a DLBCL and Burkitt
cell lines in monotherapy and in combination scheme, in a
time and dose-dependent manner. However, Farage cells
seems to be more sensitive to FT inhibition then Raji cells,
since requires smaller doses of FTIs to achieve the IC50.

Similar results were observed in CEM cells, an acute lympho-
blastic leukemia cell line, when treated with a FTI [20]. The
cell death induced by this drug was mediated by apoptosis,
confirmed by expression of caspases 3, changes in morpho-
logic aspects, and by phospholipids distribution at cell mem-
brane. The identification of a sub-G1 peak in the cell cycle
analysis confirmed the DNA fragmentation after FTI treat-
ment, a typical process in cells dyeing by apoptosis. In fact,
the different techniques used to, direct or indirect, assess the
cell death were in agreement and reveal statistical significant.

The activation of this mechanism of death by FTI was in
concordance with described by others authors that tested sim-
ilar molecules [20]. All the results emphasize the relevance of
this pathway in lymphoproliferative disorders. Additionally,
our study showed antiproliferative effect of L744,832
sustained by the increase of cells in G0/G1 phase. Song and
collaborators [21] showed that the L744,832 leads to an in-
crease in the number of tetraploid cells in pancreatic adeno-
carcinoma cells, by stopping progression of the cell cycle
through G2/M. However, other studies using hematological
cell lines show a decrease in the expression of cyclin D1
[20], a protein involved in cell cycle progression from G1 to
S phases. These observations suggest that the effect of this FTI
on cell cycle is dependent on the cell type. To confirm the
molecular action of L744,832, we used Lamin A/C levels as
a marker of FTI efficacy, as describe in literature [22]. Lamins
are nuclear membrane structural molecules, important for cer-
tain cellular functions, such as cell cycle control, DNA repli-
cation, and chromatin organization [23]. These molecules
constitute a marker for enzyme farnesyltransferase activity,
since the activation of Lamins from pre-Lamin is dependent

Fig. 3 Evaluation of Lamin A/C
and Ki-67 protein expression
levels in Farage and Raji cells by
flow cytometry. Lamin A/C (a)
and Ki-67 (b) expression levels
were analysed by flow cytometry.
Both cell lines were incubated
during 48 h, in the absence or in
the presence of L744,832,
everolimus (EVE) and/or
vincristine (VCR) in the
concentrations indicated in the
figure. Results were expressed as
mean intensity fluorescence
(MIF) normalized to control and
represented as mean±SE of at
least 4 independent experiments.
* p<0.05; ** p<0.01;
*** p<0.001
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of FT [24]. In accordance with literature, we observed a lower
expression of Lamin A/C in cells exposed to FTI, even in
cases of combination with other drugs [25, 26].

In phase I and II trials, the mTOR inhibitors demonstrated
clinical activity against a variety of solid tumors [27, 28].
Everolimus is one mTOR inhibitors already approved for
some specific cases of solid tumors; however not used in
practice for hematological cases. Preclinical studies in human
multiple myeloma cells using a xenograft model confirmed
the activity of an mTOR inhibitor in myeloma cells through
inhibition of proliferation, angiogenesis, and induction of ap-
optosis [29]. In a B-cell lymphoma mouse model, Wendel and
colleagues [30] demonstrated that activated AKT promoted
lymphomagenesis by disabling apoptosis. Taken in account
the importance of PI3K/AKT/mTOR pathway in hematolog-
ical cancers, we confirmed the ability of everolimus to induce
not only a markedly cell cycle arrest but also cell death in
DLBCL and Burkitt cells. This compound has been mainly
described by the ability to block the cell cycle progression
[31]. In both cell lines tested, everolimus induced a significant
arrest in G0/G1 phase in monotherapy and in combination
scheme. To support this finding, we evaluated the expression
levels of a protein essential for cell cycle progression, the Ki-
67 [32]. Ki-67 is expressed in all proliferating cells that are in
the active phases of the cell cycle but absent in resting cells. In
accordance with cell cycle analysis, Ki-67 expression levels
were lower with increasing doses of everolimus. Not so de-
scribe in literature, we observed that this mTORi was also able
to induced cytotoxic effects. Activation of apoptotic process
by everolimus was demonstrated by the positivity for annexin-
V, the presence of blebbing (morphologic analysis) and DNA
fragmentation (sub-G1 population), as well as by the increased
expression of activated caspases 3. The changes induced by
everolimus treatment were statistically significant in the dif-
ferent methods used. Some authors justify the induction of
apoptosis by mTORi with down-regulation of anti-apoptotic
proteins (MCL-1, BCL-2, BCL-XL, cIAP, STAT3) [33] and
with the negative regulation of the NF-κB pathway [34].
Everolimus inhibit FKBP51 immunophillin, a cofactor of
the IKK complex that positively regulates NF-κB activity,
promoting apoptosis [27]. Shortly, everolimus acts by down-
regulation of cell cycle proteins regulators, altering the expres-
sion levels of anti-apoptotic proteins, and also have anti-
angiogenic effects [33–35]. Particular in our study, Burkitt
cells revealed to bemore sensitive than DLBCL cells to evero-
limus, reinforcing the importance of tonic BCR activation in
this disease. Blocking of PI3K/AKT/mTOR pathway pro-
motes the increase of apoptotic signals, may be correlatedwith
c-MYC alterations, justifying the higher sensibility of Burkitt
cells to mTOR inhibitors [18, 19, 36].

Knowing the cross-talk between the different signaling
pathways, many authors defend the combination of multiple
drugs, by that targeting multiple points in a single shoot [21,

31]. With double and triple combination, we achieve a signif-
icant cytotoxic and cytostatic effect with lower doses of each
compound. These results supports the possibility of increase
effects and at same time minimizes the secondary toxicity
associated with combination of multiple drugs, offering more
therapeutic benefits with potentially less side-effects.

In summary, although be an in vitro study, our results sug-
gest that L744,832 and everolimus induce cell cycle arrest in
G0/G1 phase and apoptosis in NHL cells, in monotherapy and
in therapeutic combination.
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