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ABSTRACT
Sirtuins (SIRT) are nicotinamide adenine dinucleotide (NADC) dependent deacetylases or ADP- ribosyl
transferases (ARTs) that deacetylate lysine residues on various proteins regulating a variety of cellular and
metabolic processes. These enzymes regulate metabolism, cell survival, differentiation and DNA repair.
SIRT proteins play an important role in the survival and drug resistance of cancer cells. The purpose of the
present study was to investigate the expression and role of SIRT in chronic lymphocytic leukemia (CLL).
We analyzed the expression of SIRT1 and SIRT2 in CLL and normal B cells using the Oncomine database as
well as by Western blotting of fresh CLL cells from patients and pro-lymphocytic leukemia (PLL) cell lines,
JVM-3 and MEC-2. We showed that both primary CLL cells and JVM-3 and MEC-2 cell lines overexpress
high levels of functional SIRT1 and SIRT2. SIRT inhibitors EX-527 and sirtinol impair cell growth, induce ROS
production, loss of mitochondrial membrane potential and apoptosis in primary CLL cells and cell lines.
Using shRNA knock down of SIRT1 and SIRT2 in JVM-3 and MEC-2 cell lines, we showed that expression of
both proteins is crucial for the survival of these cells. Furthermore, studies in nutrient deprived conditions
suggest a role of SIRT in metabolism in CLL. These results demonstrate that the inhibition of SIRT1 and
SIRT2 activity may be a new therapeutic approach for CLL.

KEYWORDS
Chronic lymphocytic
leukemia; pro-lymphocytic
leukemia; SIRT1; SIRT2;
Sirtuins inhibitor

Introduction

B-cell chronic lymphocytic leukemia (B-CLL) or CLL is the
most common form of leukemia in western countries. Cur-
rently more than 15,000 newly diagnosed cases/year and
»4500 deaths/year are estimated. CLL is characterized by
abnormal proliferation and accumulation of mature CD5 posi-
tive B-lymphocytes in blood, bone marrow, spleen and lymph
nodes.1 Many patients with progressive CLL have poor overall
outcome and survival is greatly impaired by the presence of
11q deletions and17p deletion/TP53 mutation with complex
karyotype.2-5 (HDAC) enzyme activity, including the class III
HDACs Sirtuins, has been found to be associated with the
development of cancer.6,7

Sirtuins are NADC dependent ADP-ribosyl transferases
with evolutionary conserved function in cellular metabolism
and chromatin regulation.8 Seven sirtuins (SIRT1-SIRT7) have
been identified in mammals at distinct subcellular locations
and targeting different substrates. SIRT1, 2, 6, and 7 are pri-
marily found in the nucleus, SIRT2 in the cytoplasm and
SIRT3, 4, 5 in the mitochondria. Sirtuins are associated with
cancer as they deacetylate cancer associated transcription fac-
tors, and SIRT1 is overexpressed in acute myeloid leukemia,
colon and prostate cancers.9 Several studies reported SIRT2 as
a tumor suppressor as it is downregulated in human glio-
mas.10 SIRT1 and SIRT6 are reported to be significantly
increased in CLL.7 Several HDAC inhibitors are currently in
clinical trials for the treatment of cancer. Although there are

in vitro and in vivo studies using class I and class II HDAC
inhibitors (HDACi)11-15 in hematologic malignancies, class III
HDACi have not been studied in detail. We hypothesized that
sirtuins play an important role in the development and main-
tenance of CLL and might be a target in CLL. In the present
study, we have analyzed the expression of SIRT1 and SIRT2
in fresh CLL cells from patients and in the pro-lymphocytic
leukemia (PLL) cell lines JVM-3 and MEC-2, and investigated
the effects of sirtuin modulation using pharmacological inhibi-
tors and SIRT1 and SIRT2 shRNA. Our data suggest that both
SIRT1 and SIRT2 play an important role in CLL cell prolifera-
tion and may be a potential therapeutic target.

Results

SIRT1 mRNA is upregulated in CLL

We analyzed the differential expression of SIRT1 and SIRT2
mRNA between leukemic cells and normal PBMC by data-
mining of the Oncomine microarray gene expression datasets.
Oncomine is a bioinformatics initiative that collects, standard-
izes, analyzes, and delivers cancer transcriptome data to the
biomedical research community.16

We found that SIRT1 expression was significantly upregu-
lated in CLL (n D 448) compared with normal PBMC (n D 74)
using the Haferlach leukemia data set17 (Fig. 1A). Furthermore
SIRT1 was upregulated in other leukemias including acute mye-
loid leukemia (n D 542), B-cell acute lymphoblastic leukemia
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(n D 147), B-cell childhood acute lymphoblastic leukemia (n D
359), myelodysplastic syndrome (n D 206) and pre-B acute
lymphoblastic leukemia (n D 70) (Fig. 1A). The expression of
SIRT1 was found to be lower in T-cell acute lymphoblastic leu-
kemia (n D 174) and chronic myelogenous leukemia (n D 76)
(Fig. 1A & B). By contrast, SIRT2 expression remains
unchanged in most leukemias, including CLL (Fig. 1C & D).

SIRT1 protein is upregulated in CLL primary cells and cell
lines

To address the change in protein expression, we quantified
SIRT1 and SIRT2 protein expression in fresh CLL samples
from 9 patients and 2 cell lines derived from B-prolympho-
cytic leukemia (JVM-3 and MEC-2) using western blotting.
As shown in Fig. 2A, both SIRT1 and SIRT2 proteins were
overexpressed in all the CLL samples examined, however,
we observed that SIRT2 levels were lower than SIRT1 in
most samples (Fig. 2B). By contrast, there was little differ-
ence in the protein levels of SIRT1 and SIRT2 in the 2 PLL
cell lines JVM-3 and MEC-2 as measured by Western blot-
ting (Fig. 2C) followed by quantitation of relative protein
expression (Fig. 2D). Interestingly SIRT1 expression was
higher in primary cells than in the cell lines, while SIRT2
expression was lower in primary cells compared with cell

lines (Fig. 2 E). These results demonstrate that both SIRT1
and SIRT 2 are overexpressed in CLL patients and PLL cell
lines.

Pharmacological inhibition of sirtuins has anti-
proliferative effects on CLL cells and cell lines

To investigate the possible role of sirtuins on CLL cell growth,
we tested the effect of SIRT inhibitors, sirtinol and EX-527 in
PBMC obtained from 9 CLL patients (data from 3 representa-
tive samples are presented) by analyzing cell viability by WST1.
EX-527 and sirtinol treatment inhibited cell growth in all the
samples tested with an IC50 ranging from 50–100 mM for Ex-
527 and 10–20 mM for sirtinol. Cell viability was significantly
inhibited in the presence of both inhibitors in a dose dependent
manner at 24–72 hr. (Fig. 3A). Similar effects of EX-527 and
sirtinol were observed on JVM-3 and MEC-2 cell lines
(Fig. 3B). To investigate whether apoptosis was triggered fol-
lowing EX-527 or sirtinol treatment, we incubated cells with
the inhibitors for 48 hr. followed by annexin V/PI staining and
analyzed by flow cytometry. Both drugs induced significant
apoptosis at all the concentrations tested in most of the samples
(Fig. 3C) as well as in the cell lines (Fig. 3D). Taken together,
these data suggest that inhibition of SIRT1 results in cellular
apoptosis in CLL patient samples and relevant cell lines.

Figure 1. Expression of SIRT1 and SIRT2 mRNA in leukemia revealed by data mining of the Oncomine gene expression database. (A) SIRT1 expression in leukemia cells
compared with normal PBMC using the Haferlach leukemia dataset from the Oncomine database (https://www.oncomine.org/resource/login.html). 0) Normal PBMC (n D
74). 1) Acute Myeloid Leukemia (n D 542), 2) B-Cell Acute Lymphoblastic Leukemia (n D 147), 3) B-Cell Childhood Acute Lymphoblastic Leukemia (n D 359). 4) Chronic
Lymphocytic Leukemia (n D 448). 5) Chronic Myelogenous Leukemia (n D 76) 6) Myelodysplastic Syndrome (n D 206). 7) Pro-B Acute Lymphoblastic Leukemia (n D 70).
8) T-Cell Acute Lymphoblastic Leukemia (n D 174). (B) Differential expression of SIRT1 in normal PBMC and CLL cells obtained from the Haferlach data set. 1) Peripheral
Blood Mononuclear Cell (n D 74) 2) Chronic Lymphocytic Leukemia (n D 448). (C) SIRT2 expression in leukemia cells comparing with normal PBMC using the Haferlach
leukemia dataset. (D) Differential expression of SIRT2 in normal PBMC and CLL cells obtained from the Haferlach data set. 1) Peripheral Blood Mononuclear Cell (n D 74)
2) Chronic Lymphocytic Leukemia (n D 448). The error bars represent SDs of mean, and statistically significant differences (by Student t test) between normal PBMC and
leukemia are indicated by p-value.
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SIRT inhibitors increase tubulin acetylation

Since we have shown that SIRT inhibitors induce apoptosis and
inhibit cell proliferation, we then examined the effect of SIRT
inhibitors on SIRT1 and SIRT2 protein expression and acetyla-
tion of a-tubulin. As shown in Figs. 4A and B, treatment of
cells with EX-527 or sirtinol slightly reduces the expression of
SIRT1 protein in CLL primary cells and more so in the repre-
sentative cell lines. Expression of SIRT2 protein remains unaf-
fected by treatment of cells with any of these inhibitors. To
investigate the functional consequences of SIRT inhibition, we
investigated the effect of EX-527 and Sirtinol on deacetylating
activity of SIRT1 in CLL cells and in cell lines by measuring
a-tubulin acetylation by Western blot using acetyl a-tubulin
antibody. While EX-527 induced only a 1.5-fold increase in
a-tubulin acetylation, a 4–5-fold increase was observed in CLL
cells following treatment with sirtinol (a representative patient
is shown in Fig. 4C). Fold change in tubulin acetylation over
time was determined by quantitation of band densities in West-
ern blots using the Image-J program and represented by histo-
gram. Interestingly, the effect of these inhibitors was more
robust in the cell lines. As shown in Fig. 4D, tubulin acetylation
was as high as 6-fold in JVM-3 cells and more than 20-fold in
MEC-2 cells following treatment with EX-527. By contrast, sir-
tinol showed a 2-fold and 4-fold increase in a-tubulin acetyla-
tion in JVM-3 and MEC-2 cell lines respectively (Fig. 4E).
Taken together these data suggest that both EX-527 and sirtinol

inhibit deacetylase activity in CLL cells and cell lines albeit with
varying intensity resulting in an increase in acetylation.

Superoxide production, dissipation of Mitochondrial
transmembrane potential (DCm) and caspase activation

Since generation of ROS has been shown to accelerate cell
death, we examined the effects of SIRT inhibitors on intra-
cellular ROS formation. Mito-SOX Red, which produces
fluorescence when it is oxidized by mitochondrial superox-
ide, was used to detect ROS production in mitochondria. A
significant increase in mitochondrial superoxide formation
was observed in both JVM-3 and MEC-2 cell lines following
incubation with EX-527 and sirtinol (Fig. 5)

Next, we examined the effect of SIRT inhibitors on mitochon-
drial transmembrane potential following staining with JC-1, a
cationic dye that exhibits a potentially dependent accumulation
in mitochondria. Mitochondrial depolarization was indicated by
a decrease in the red to green fluorescence intensity ratio. The
increase in the green JC-1 monomeric form is indicative of col-
lapse of transmembrane potential and was quantitatively deter-
mined using flow cytometry. As can be seen in Fig. 6A the
treated CLL cells predominantly showed a shift in the mean
fluorescence intensity of green JC-1 monomers compared with
controls. Quantitation of FACS data indicated up to »90%
increase in the mean fluorescence intensity of drug-treated JC-1-

Figure 2. SIRT1 and SIRT2 is overexpressed in CLL primary cells and cell lines. (A) Expression level of SIRT1 and SIRT2 proteins was determined by Western blotting of
PBMC obtained from CLL patients and normal B cells. (B) Quantitative estimation of SIRT1 and SIRT2 obtained by measuring band density of Western blots in Fig. 1A using
Image-J software. Relative expression denotes values of SIRT1 or SIRT2 in relation to Actin. (C) Expression level of SIRT1 and SIRT2 protein in JVM-3 and MEC-2 cell lines.
Western blot of cell lysates obtained from JVM-3 and MEC-2 cell line. Samples were loaded in triplicate for statistical analysis. (D) Quantitative estimation of SIRT1 and
SIRT2 protein in JVM-3 and MEC-2 cell lines obtained from Fig. 2C. (E) Graphic presentation of SIRT1 and SIRT2 in grouped samples of CLL and cell lines. Actin is used as
an internal control on all Western blots. The error bars represent standard deviation (SD) of mean.
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stained cells compared with controls. EX-527 and sirtinol treat-
ment caused a statistically significant increase in the percentage
of cells with green fluorescence, indicating collapse of the mito-
chondrial membrane potential, as shown by decrease in red/
green fluorescence intensity ratio (Fig. 6B).

Mitochondrial depolarization was accompanied by cas-
pase 3 and PARP cleavage. In CLL cells, EX-527 at 100 mM
at 6 hr. caused a significant increase in cleaved caspase 3
and PARP while the effect of sirtinol was minimal
(Fig. 6C). Unlike in CLL cells, EX-527 and sirtinol both
induced significant caspase 3 and PARP activation in JVM-
3 and MEC-2 cell lines (Fig. 6D). Together these results
suggest that although both EX-527 and sirtinol induce apo-
ptosis in CLL cells and cell lines, their mode of action
might be different in cell lines and primary CLL cells due
to higher expression of SIRT1 in CLL cells.

Nutrient deprivation enhances the anti-proliferative effect
of SIRT inhibitors

Sirtuins, and SIRT1 in particular have been implicated in the
regulation of glucose and lipid metabolism during cellular stress
induced by caloric restriction.18 We therefore investigated the
activity of SIRT inhibitors in nutrient-deprived medium. JVM-3

and MEC-2 cell lines were cultured in either normal or nutrient
deprived (glucose/essential amino acid deficient) medium con-
taining 25 mM of EX-527 or 10 mM sirtinol. Apoptosis was mea-
sured after 24 hr. Fig. 7A and B show that the apoptotic effect of
EX-527 and sirtinol was enhanced in starving nutrient deprived
conditions in both JVM-3 and MEC-2 cell lines.

shRNA knock down of SIRT1 and SIRT2 impairs cell growth

Our results demonstrate that sirtuin activity is compromised in
CLL cells exposed to SIRT inhibitors. To confirm whether sir-
tuins are essential to CLL cell growth, we knocked down
SIRT1, SIRT2 or both in JVM-3 and MEC-2 cell lines and fol-
lowed cell viability for 48 hr. Fig. 7C and D show that transcrip-
tional silencing of SIRT1 or SIRT2 impaired the viability of
both JVM-3 and MEC-2 cells at 48 hr. Furthermore, cells lack-
ing both SIRT1 and SIRT2 show further reduction in cell
viability.

Discussion

Sirtuins (SIRT) are class III histone deacetylases, which are
uniquely dependent on NADC for deacetylase activity. The
mammalian SIRT1 is the direct homolog of the yeast SIRT2

Figure 3. Pharmacological inhibition of Sirtuins effects cell viability and induces apoptosis (A) PBMC purified from CLL patients were treated with indicated concentrations
of EX-527 or sirtinol for up to 72 hr. Cell viability was measured by WST-1 assay following 24, 48 and 72 hr. incubation. Representative 3 patients are shown. (B) JVM3 and
MEC-2 cell lines were treated with indicated concentrations of EX-527 and Sirtinol for up to 72 hr. Cell viability was measured by MTT assay following 24, 48 and 72 hr.
(C) PBMC purified from CLL patients and (D) JVM-3 and MEC-2 cell lines were treated with indicated concentrations of EX-527 or sirtinol for 48 hr. Apoptosis was measured
by annexinV/PI staining followed by flow cytometry and analyzed by FCS express software. The error bars represent SDs of mean and statistically significant differences
(by Student t test) in between control and treatment are indicated by an asterisk (�, P< 0.01, ��, P < 0.001; ���, P < 0.0001).
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and has a wide range of substrates and cellular functions.
SIRT1 can induce chromatin silencing through de-acetyla-
tion of histones H1, H3, and H419 and regulates a wide
variety of biological processes and cellular functions by
de-acetylating a large number of non-histone proteins,
including transcription factor p53, FOXO1, FOXO3a, NF-
kB, c-MYC and E2F1,20-25 by regulating cell cycle progres-
sion and survival; PGC1a, PPARg25 and LXR26 and by reg-
ulating metabolism. The roles and functions of SIRT1 in
cancer development have become increasingly complex and
are still not well understood. Although SIRT1 can act as
either a tumor promoter or a tumor suppressor,27 the knock
down of SIRT1 reduces the growth of various tumor
cells.28,29 In the present study, we have explored the role of

sirtuin expression in the proliferation and survival of CLL
cells and in PLL cell lines (a surrogate since no CLL cells
lines are extant) JVM-3 and MEC-2 using 2 SIRT inhibi-
tors, EX-527 and sirtinol.

We observed an increase in SIRT1 mRNA expression in CLL
by data mining of an independent microarray dataset in the
Oncomine database,16 with a total of 2022 leukemia samples
and 74 normal controls. SIRT1 was significantly upregulated in
CLL compared with normal PBMC as well as other leukemia
types. Overexpression of SIRT1 has been reported in various
malignancies30 and high SIRT1 expression is associated with
poor prognosis in diffuse large B cell lymphomas,31 ovarian
and breast cancers.32,33 Analysis of SIRT2 expression from the
same data set did not show any significant difference between

Figure 4. Sirt inhibitors impair SIRT1 protein expression and de-acetylation activity. (A) Western blots showing expression of SIRT1 and SIRT2 proteins in CLL cells follow-
ing exposure to indicated concentrations of EX-527 and Sirtinol for 24 hr. (B) JVM3 and MEC-2 cell lines were treated with EX-527 or sirtinol followed by Western blotting
using specific antibodies for SIRT1 and SIRT2. (C) CLL cells were treated with indicated concentrations of EX-527 or sirtinol for 6 hr. followed by cell lysis and Western blot-
ting using specific antibodies for acetyl-a tubulin and total tubulin. Bar graph shows the fold change in tubulin acetylation as measured by quantitation of band densities
from the Western blot in Fig. 3C using image-J. (D) JVM-3 and MEC-2 cell lines were treated with 50 mM EX-527 or 20 mM sirtinol (E) and samples were collected at the
indicated time points. Western blot was performed using specific antibodies for acetyl-a tubulin and total tubulin. Bar graph shows the fold change in tubulin acetylation.
Total tubulin is used for normalization. The error bars represent SDs of mean and statistically significant differences (by Student t test) in between control and treatment
over time are indicated by an asterisk (�, P< 0.01, ��, P < 0.001; ���, P < 0.0001).
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Figure 5. Generation of intracellular ROS. JVM3 and MEC-2 cells were treated with EX-527 for 16 hr. and sirtinol for 30 minutes followed by 30 min incubation with
2.5 mM MitoSOX red and flow cytometry. Histograms next to the graph overlays show mean fluorescence intensity (MFI). The error bars represent SDs of mean and statis-
tically significant differences (by Student t test) in between control and treatment are indicated by an asterisk (�, P < 0.01, ��, P < 0.001; ���, P < 0.0001).

Figure 6. Sirtuin inhibitors inducemitochondrial depolarization and caspase activation. (A) CLL cells were treatedwith indicated concentrations of EX-527 and sirtinol for 16 hr. followedby
JC-1 staining and flow cytometry to measure MMP as described inmaterials andmethods. Figures are representatives of 3 independent experiments. Values in the left quadrant represent
cells with intact MMP. CCCP is used as positive control. (B) The bar graph is obtained from Fig. 6A, and represents themean value of 3 replicates§ SD of A. � indicates significant difference
from the corresponding control. The error bars represent SDs of mean and statistically significant differences (by Student t test) in between control and treatment is indicated by an asterisk
(���, P< 0.0001). (C) CLL cells and (D) JVM-3 andMEC-2 cells were treated with indicated concentrations of EX-527 and sirtinol for 6 hr. followed by cell lysis and protein gel blotting using
specific antibodies for caspase 3 and PARP. Actin is used as an internal control.
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CLL samples and other leukemia types or normal PBMC. These
observations suggested that SIRT1 might play a role in CLL.

In our studies, Western blot analysis of 9 CLL patient sam-
ples and 2 PLL cell lines revealed that both SIRT1 and SIRT2
are overexpressed in CLL cells as well as in the PLL cell lines.
SIRT1 expression was significantly higher than SIRT2 in all the
CLL samples tested while the difference in SIRT1 and SIRT2
expression in the cell lines was minimal. Moreover, SIRT1
expression was 4-fold higher in CLL patient samples compared
with the cell lines while cell lines had higher expression of
SIRT2 compared with CLL samples. These observations dem-
onstrate that cell line data are not always consistent with the
data in primary cancer cells and that both need to be investi-
gated when possible to explain the sometimes differential biol-
ogy in vivo and in vitro. Interestingly, single-agent treatment
with the specific SIRT1-inhibitor EX527 at low concentration
(<25 mM) had minimal effect on leukemic cell proliferation or
apoptosis, but treatment with higher concentrations (>50 mM)
of EX-527 or the SIRT1/2 inhibitor, sirtinol induced significant
apoptosis. These data indicate redundant functions of SIRT1
and SIRT2. Furthermore, both compounds potently inhibited
SIRT1 protein expression, while no change in SIRT2 expression
was observed in either CLL cells or cell lines. Interestingly, both
inhibitors induced a-tubulin acetylation in the cell lines and in
CLL cells. Tubulin can be de-acetylated by 2 enzymes, the
NAD-independent histone deacetylase HDAC6 34 and SIRT2.35

We observed an increase in tubulin acetylation following treat-
ment with EX-527 as well as sirtinol. While EX-527 is a more
specific SIRT1 inhibitor at lower concentrations and both sirti-
nol and EX-527 display a higher degree of inhibitory activity
toward SIRT1 than SIRT2,36 higher concentration of these
inhibitors has significant effect on SIRT2 activity as well. We
believe that the concentrations of EX-527 and sirtinol that we
used for our studies are high enough to inhibit SIRT2 activity,
resulting in increased tubulin acetylation. Furthermore, we
observed that increase in tubulin acetylation in cell lines was
much higher with EX-527 compared with sirtinol. Sirtinol,
however induces more apoptosis than EX-527. It is possible
that sirtinol has some other non-specific targets, while EX-527
is specific to SIRT1 and SIRT2.

Mammalian sirtuins have diverse cellular locations, target
multiple substrates, and affect a broad range of cellular func-
tions, such as regulation of oxidative stress, DNA damage and
metabolism.37 We also demonstrated that sirtinol, and EX-
527, pharmacologically distinct inhibitors of SIRT1/SIRT2,
induced apoptosis in CLL cells and PLL cell lines, which
included a decrease in mitochondrial transmembrane potential
(DCm) and enhanced mitochondrial ROS followed by caspase
and PARP activation. Using shRNA to knock down SIRT1 and
SIRT2 we demonstrated that both SIRT1 and SIRT2 are impor-
tant for cell survival. Additionally the nutrient deprivation data
described in Fig. 7 confirms the role of SIRT1 and SIRT2 in

Figure 7. Starvation enhances the effect of SIRT inhibitors and knock down of sirtuins reduces cell viability. (A) JVM-3 and (B) MEC-2 cells were exposed to EX-527 or sirti-
nol in normal and nutrient deprived medium for 24 hr. Apoptosis was measured by Annexin V/PtdIns staining followed by flow cytometry. Statistically significant differen-
ces (by Student t test) between un-starved and starved cells is indicated by an asterisk (�, P< 0.01, ��, P< 0.001; ���, P< 0.0001). (C, D) JVM-3 and MEC-2 were transiently
transduced with lentivirus containing short hairpin RNA for SIRT1 or SIRT2. Cell viability was measured using MTT assay following 48 hr. of transduction. The error bars
represent SDs of mean and statistically significant differences (by Student t test) between cells tranduced with scrambeled and/or SIRT-shRNA are indicated by an asterisk
(�, P < 0.01, ��, P < 0.001; ���, P < 0.0001).
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metabolism in CLL. Many cancer cells display a greater sensi-
tivity to nutrient deprivation. Caloric restriction and oxidative
stress induce autophagy and SIRT1 expression in tumor cell
lines.38 In our studies apoptosis induced by sirtuin inhibition
was enhanced in nutrient-deprived conditions. These results
support a protective role of sirtuins in tumor cells in which
blood supply, nutrients and oxygen are limited.

Using shRNA to knock down SIRT1 and SIRT2 we demon-
strated that SIRT1 and SIRT2 expression is crucial for the sur-
vival of CLL cells.

Taken together, these findings suggest that CLL cells are
characterized by increased expression and function of SIRT1
and SIRT2, both directly inhibited by SIRT inhibitors. SIRT1
and SIRT2 inhibition using specific inhibitors could be a novel
therapeutic approach for the treatment of CLL and other SIRT
expressing hematologic malignancies.

Materials and methods

Primary chronic lymphocytic leukemia (CLL) cells

After approval by the Northwestern University Institutional
Review Board (IRB) and written informed consent in accor-
dance with the declaration of Helsinki, peripheral blood was
drawn from patients with CLL. Malignant cells were purified
by diluting the blood 1:1 with PBS (Ca2C and Mg2C free) and
layered on top of Ficoll-Paque Plus (Sigma-Aldrich). Samples
were then centrifuged at 150g for 20 minutes at room tempera-
ture; the buffy coat layer was removed and washed with PBS
twice and subsequently placed in culture with RPMI medium
containing 10% heat-inactivated FBS and 200 U of penicillin/
streptomycin (Mediatech) under 5% CO2 and 37�C.

Cell lines

B celL-prolymphocytic leukemia (PLL) cell lines JVM-3 (ACC-
18) and MEC-2 (ACC-500) were obtained from DSMZ (Ger-
man collection of microorganisms and cell cultures). JVM-3
and MEC-2 cell lines were grown in RPMI-1640 and IMDM
(Life technologies) respectively, consisting of 10% heat-inacti-
vated FBS and 200 U of penicillin/streptomycin (Mediatech)
under 5% CO2 and 37�C.

JVM-3 was established from the peripheral blood of a 73-
year-old man with PLL and is characterized by Trisomy 12.
The cell line was established by EBV-transformation during
treatment with phorbol ester TPA; cells express mRNA of the
proto-oncogenes BCL2 and BCL3.39 The MEC-2 cell line was
established from a patient with CLL in the prolymphocytic
phase and expresses the same light (k) and heavy chains (m, d)
as the fresh parental B-CLL cells at the same high intensity.
MEC-2 is characterized by expression of mature B cell markers
(CD19, CD20, CD21, CD22), CD11a, CD18, CD44, CD49d,
CD54 and high levels of both CD80 and CD86.40

Antibodies and reagents

Antibodies used were anti-SIRT1 (Upstate-Millipore Biotech-
nology), anti-p53, anti–acetylated-Lys382-p53, anti-caspase-3,
anti-PARP1, anti-Mcl1, anti-Bim, anti-p21, anti-b-Actin, anti-

mouse IgG-HRP conjugated and anti-rabbit HRP-conjugated
(all from Cell Signaling Technologies). EX-527 and Sirtinol are
from Sigma-Aldrich.

Establishment of SIRT1 and SIRT2 knock down cell lines

The phoenix packaging cell line was transfected with SIRT1 or
SIRT2 shRNA in GIPZ lentivirus (Open Biosystem) using
Mirus 2020 (Mirus Bio LLC) transfection reagent. After 48 hr.,
the medium containing lentivirus was collected. Lentivirus was
incubated with 8 mg/ml polybrene for 10 min and added to
JVM-3 and MEC-2 cell lines followed by spin infection at
2200 rpm and 25�C for 2 hr. Following transduction, cells were
selected in puromycin-containing media for 14 d Stably trans-
duced cells that were viable after knocking down SIRT1 and
SIRT2 proteins were selected for further analysis

WST-1 cell viability assay

Cells were plated at a concentration of 1 £ 104 cells per well in
96-well plates and cells were incubated with several different
concentrations of EX-527 or Sirtinol. After 24, 48 or 72 h,
10 mL of WST-1 reagent (Roche, Mannheim, Germany) was
added into each well and the absorbance was measured at
450 nm after 1 h of incubation using a Model Synergy HT
Microplate Reader (Bio-Tek).

MTT assay

In a 96-well flat bottom plate, approximately 104 cells
/100 uL were plated and treated for 24, 48 or 72 hours with
vehicle or increasing concentrations of EX-527 (25–100 mM)
or sirtinol (10–30 mM). After treatment 20 mL of MTS/PMS
(Promega Cell Titer 96 Aqueous Non-Radioactive Cell Pro-
loferation assay), solution was added to each well and incu-
bated for 4 hours at 37�C. Plates were then analyzed at
490 nm wavelength. Data are plotted as growth percentage
of control. This value was determined by comparing the
absorbance reading of each set of control wells in which no
drug was added.

Cell apoptosis assays

Apoptosis was measured using the apoptosis detection kit
from BD Biosciences using the manufacturer’s protocol. In
brief, cells were harvested washed and stained with Annexin
V-FITC and propidium iodide (PtdIns) for 15 minutes at
room temperature followed by flow cytometry using the BD
LSR Fortessa instrument. Data were analyzed using FCS
Express software. The significance of differences between
experimental conditions was determined using the Student’s
t test.

Western blot analysis

Cells were centrifuged, washed with cold PBS, and lysed on
ice for 30 minutes in lysis buffer containing protease and phos-
phatase inhibitors. Protein concentrations were determined
with the Bio-Rad protein assay kit (Bio-Rad, Hercules,CA).
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Total protein (50mg) was electrophoresed on 12% SDS poly-
acrylamide gels and transferred to nitrocellulose membranes,
blocked for 1 hour with 50 mM Tris buffer, pH7.5 containing
0.15 M NaCl, 0.05% Tween 20 (TBST) and 5 % (wt/vol) nonfat
dry milk and probed overnight at 4C with TBST containing pri-
mary antibodies. After three 10-minutes washes in TBST, the
filters were incubated with horseradish peroxidase-conjugated
secondary antibody in the blocking buffer for 1 hour at room
temperature. After three 10 minutes washes in TBST, proteins
were detected by enhanced chemiluminescence detection
reagents (Amersham Biosciences, Buckinghamshire, United
Kingdom). Blots were stripped and re-probed with b-actin to
use as loading control.

Reactive oxygen species (ROS) measurement

To determine ROS production, JVM-3 and MEC-2 cells were
suspended in pre-warmed (37�C) RPMI containing 2.5 mM
MitoSOX Red for 30 min followed by washing with PBS and
analysis by flow cytometry using the LSRFortessa analyzer (BD,
USA). MitoSOX–red is a fluorogenic dye, which specifically tar-
gets mitochondria in the live cells.

Measurement of mitochondrial membrane potential
(DCm) (MMP)

MMP was measured by flow cytometry using JC-1 staining. JC-
1 dye exhibits potential- dependent accumulation in mitochon-
dria, indicated by a fluorescence emission shift from green
(»529 nm) to red (»590 nm). Mitochondrial depolarization is
indicated by a decrease in the red/green fluorescence intensity
ratio. Following incubation with EX-527 or sirtinol, cells were
further incubated with JC-1 dye (final concentration 2 mM) for
15 minutes. After incubation cells were washed with phosphate
buffered saline (PBS) and re-suspended in PBS followed by
flow cytometry. Carbonyl cyanide m-cholorophenylhydrazone
(CCCP) was used as a positive control.
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