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Sirtuin 1 Activation Suppresses the Growth of T-lymphoblastic
Leukemia Cells by Inhibiting NOTCH and NF-kB Pathways
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Abstract. Background/Aim: The deacetylase sirtuinl (SIRTI)
inhibits tumor suppressor p53 and may promote tumorigenesis;
however, SIRT1 effects on leukemia cells are controversial. The
aim of this study was to clarify the activity of SIRT1 in leukemia
cells. Materials and Methods: The effects of SIRTI inhibition
or activation and SIRT1 knockdown or overexpression were
examined in two T cell acute lymphoblastic leukemia (T-ALL)
cell lines carrying NOTCH1 mutations and three acute myeloid
leukemia (AML) cell lines. Results: The growth of T-ALL cells
was promoted by SIRTI inhibition and SIRT1 knockdown but
was reduced by SIRTI activation and overexpression; however,
no effects were observed in AML cells. SIRTI activation
decreased NOTCH, NF-kB, and mTOR signaling and inhibited
p53, suggesting that the possible mechanisms of T-ALL growth
suppression by SIRTI are independent of p53. Conclusion:
SIRTI activators acting through the down-regulation of
NOTCH, NF-kB, and mTOR pathways can be novel targeted
drugs for NOTCHI-mutated T-ALLs.

Sirtuins (SIRTs) are NAD"-dependent lysine deacetylases
implicated in key cellular processes, including aging and
longevity. The SIRT family comprises seven isotypes, SIRT1
to SIRT7 (1); among them, SIRT1, SIRT6, and SIRT7 are
predominately localized in the nucleus, where they
deacetylate histones and non-histone proteins such as
transcription factors and DNA repair proteins (2).

SIRT1 is known to be involved in carcinogenesis,
including hematologic malignancies; however, its role in this
process is controversial (3). SIRT1 can deacetylate and
inactivate the tumor suppressor factor p53, which results in
the inhibition of apoptosis and stimulation of oncogenic
processes; on the other hand, it promotes DNA repair and
genomic stability, acting as a tumor suppressor. Furthermore,
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Sasca et al. (4) have reported that SIRT1 was highly
expressed in acute myeloid leukemia (AML) cells, where it
prevented p53 activation, whereas Chauhan et al. (5) have
found that treatment with the SIRT1 activator SRT1720
inhibited the growth and induced apoptosis of myeloma
cells. These findings indicate that the functional activity of
SIRT1 in hematologic cancers is not fully understood.

The NOTCHI receptor and its target the MYC oncogene
are implicated in the origin of T cell acute lymphoblastic
leukemia (T-ALL). More than half of T-ALLs have
activating NOTCH1 mutations, indicating a critical role of
NOTCHI1 in leukemia development (6). It has also been
shown that SIRT1 might interact with NOTCHI1 and regulate
its localization and function in T cells (7).

In this study, we aimed to elucidate the effects of SIRT1
on the growth of T-ALL and AML cells and disclose the
underlying molecular mechanisms by manipulating SIRT1
activity and expression in T-ALL and AML cells using
pharmacological and genetic approaches. Our findings
indicate that SIRT1 activation suppressed the growth of T-
ALL cells harboring NOTCHI mutations by inhibiting
NOTCH, NF-kB, and mTOR signaling. These findings
suggest a clinical potential of SIRT1 activators as novel
molecular targeting drugs for NOTCH I-mutated T-ALLs.

Materials and Methods

Cell lines and reagents. We used the T-ALL cell lines DND-41 and
KOPT-K1 and the AML cell lines THP-1, NB4, and OCI/AML2.
DND-41 and KOPT-K1 cells with activating NOTCHI mutations
(6) were donated by Drs. Harashima and Orita (Fujisaki Cell Center,
Okayama, Japan). THP-1, an acute monoblastic leukemia cell line,
was obtained from the Health Science Research Resource Bank
(Osaka, Japan); NB4, an acute promyelocytic leukemia cell line,
was a gift from Dr. M. Lanotte (INSERM, Paris, France), and
OCI/AML2, an acute myelomonoblastic leukemia cell line, was a
gift from the Ontario Cancer Institute (Toronto, Canada).

EX527, the first selective SIRTI inhibitor which acts by
occupying the nicotinamide site and a neighboring pocket (8), and
SRT1720, a small-molecule activator of SIRT1 which lowers the
Michaelis constant for acetylated substrates (9), were purchased
from SelleckChem (Houston, TX, USA) and dissolved in dimethyl
sulfoxide (DMSO) to the final concentration of 20 mM.
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Figure 1. Effects of the SIRTI inhibitor EX527 and the SIRTI activator SRT1720 on leukemia cell growth. Cells were cultured with the indicated
concentrations of the compounds for 3 days. Cell growth was evaluated by a colorimetric assay and expressed as the percentage of the mean OD
in drug-treated cells to that in control (DMSO-treated) cells. *p<0.05 compared to control.

Cell growth assay. Cell growth was evaluated by a colorimetric cell
counting kit (CCK-8, Dojindo Laboratories, Kumamoto, Japan).
Cells were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum and with or without EX527 or SRT1720 in 96-
well culture plates in a humidified 5% CO, atmosphere. After 72 h,
the CCK-8 solution was added and the optical density (OD) was
measured. Relative cell proliferation was calculated as the
percentage of the mean OD of cells cultured with drugs to that of
cells cultured with DMSO as a vehicle control. Statistical
significance of the difference was determined by Student’s r-test.
Cell morphology was evaluated under a microscope after staining
cytospin preparations with Wright stain.

SIRT1 knockdown by siRNA. SIRTI knockdown was performed
using pre-designed small interfering RNA (siRNA) targeting SIRT1
(HSS 118729, 177403, and 177404; Stealth siRNA™, Life
Technologies, Carlsbad, CA, USA). Stealth RNAi negative control
duplex was used as a control. Cells were transfected with each
siRNA using the Neon™ pipette tip chamber-based electroporation
system (Life Technologies) and immediately transferred to the
culture medium.

Forced expression of SIRTI. The SIRTI expression vector was
constructed by inserting ASIRTI [NM 012238.5] into the pRP[Exp]-
EGFP/Puro-CAG plasmid (VectorBuilder Inc., Chicago, IL, USA).
Leukemia cells were transfected with the SIRTI plasmid and the
empty vector using the Neon electroporation system and transferred
to the culture medium.
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Immunoblotting analysis. Transfected cells and cells treated with
EX527 or SRT1720 were lysed and the extracts were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting. Antibodies against SIRT1 (#2496),
NOTCHI1 (#3608), cleaved NOTCH1 (#4147), HES1 (#11988),
MYC (#13987), p65/RELA (#8242), acetyl-NF-kB p65(Lys310)
(#12629), phospho-p65 (S536) (#3033), mTOR (#2938), phospho-
mTOR (S2481) (#2974), 4E-BP1 (#9452), phospho-4E-BP1
(#9451), S6K (#2708), phospho-S6K (#9234), LC3B (#3868),
p62/SQSTM1 (#39749), acetyl-p53 (Lys382) (#2525), and cleaved
caspase-3 (#9664) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against phospho-p65 (S276)
(#ab183559) were from Abcam (Cambridge, MA, USA). Anti-
GAPDH antibodies (Fuji film Wako Pure Chemicals, Osaka, Japan)
were used as a loading control. Immunoreactive bands were
detected using horseradish peroxidase-linked secondary antibodies
and Pierce Enhanced Chemiluminescent Western Blotting Substrate
(Pierce Biotechnology, Rockford, IL, USA). Each assay was
repeated at least three times to ascertain reproducibility.

Results

Effects of SIRTI inhibition on leukemia cell growth and
signaling proteins. Treatment with the SIRT1 inhibitor EX527
promoted the growth of T-ALL cells in a dose-dependent manner
but did not significantly affect that of AML cells (Figure 1). To
elucidate the mechanisms underlying the stimulation of T-ALL
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cell proliferation, we analyzed the expression of SIRTI-
associated signaling proteins by immunoblotting. The results
indicated that in DND-41 cells, SIRT1 inhibition up-regulated
acetylation of p53 and expression of p21, a p53 downstream
target; furthermore, it increased acetylation and phosphorylation
of p65/RELA, phosphorylation of mTOR signaling molecules
4E-BP1 and S6K, and expression of HES1 and MYC, key
signaling proteins downstream of NOTCH (Figure 2). In p53-
deficient KOPT-K1 cells, SIRT1 inhibition promoted p65/RELA
acetylation and slightly increased its phosphorylation (Figure 2).

Effects of SIRTI activation on leukemia cell growth and
signaling proteins. SIRT1 activation suppressed the growth
of T-ALL cells in a dose-dependent manner but did not
significantly affect that of AML cell lines (Figure 1).
Evaluation of cytospin preparations revealed nuclear
condensation and apoptotic bodies, which suggest induction
of apoptosis; in addition, large vacuoles were observed in the
cytoplasm of DND-41 and KOPT-K1 cells treated with the
SIRT1 activator SRT1720 (Figure 3).

Western blotting analysis indicated that in both T-ALL cell
lines, SIRT1 activation induced the deacetylation of
p65/RELA, suppressed the phosphorylation of mTOR and its
downstream targets 4E-BP1 and S6K, and decreased the
levels of cleaved NOTCH1 and MYC (Figure 4).
Furthermore, a decrease in the ubiquitin-binding protein
p62/SQSTMI and an increase in the microtubule-associated
protein 1 light chain 3 (LC3)-1I/LC3-I ratio were observed,
suggesting induction of autophagy (10). In DND-41 cells, the
phosphorylation of AKT and the expression of cleaved
NOTCH1 and HES1 were down-regulated, whereas in
KOPT-K1 cells the phosphorylation of p65/RELA was
decreased and the expression of cleaved caspase-3 increased,
suggesting induction of apoptosis (Figure 4).

Effects of SIRTI expression on leukemia cell growth and
signaling proteins. To confirm that the described effects were
due to changes in SIRT1 activity and not to off-target effects,
we used genetic approaches to modulate SIRTI expression.
Among the three SIRTI-specific siRNAs, HSS 177404
(5’-UGGGACAUGCCAGAGUCCAAGUUUA-3’) was the
most potent in decreasing SIRT1 protein levels (data not
shown) and its effects on cell growth and signaling proteins
were investigated in detail. Transfection with HSS 177404
significantly increased the proliferation of DND-41 and
KOPT-K1 cells to 117+6% and 107+1% of control siRNA-
tranfected cells after culture for 48 h, respectively (p<0.05).
In both cell lines, SIRT1 knockdown up-regulated p65/RELA
acetylation. In DND-41cells, it slightly increased the
expression of cleaved NOTCH1 and MYC (Figure 5).
SIRTI overexpression resulted in a significant decrease of
T-ALL cell proliferation compared to control plasmid-
transfected cells: to 40+1% and 48+7% for DND-41 and
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Figure 2. Effects of EX527 on signaling proteins in DND-41 and KOPT-
K1 cells. Cells were cultured with 0.1 or 1 uM EX527 for 24 h and
analyzed for the expression of the indicated proteins by immunoblotting.
DMSO was used as a vehicle control.

KOPT-K1 cells after culture for 24 h, respectively (p<0.05).
Furthermore, SIRT1-overexpressing cells showed a decrease in
p65/RELA expression and p65 phosphorylation and
acetylation, as well as in mTOR phosphorylation and
expression of mTOR-related molecules and NOTCHI1
signaling proteins (Figure 6). Changes in autophagy-associated
proteins p62/SQSTM1 and LC3-II/LC3-I were also observed
in both cell lines (Figure 6). In DND-41 cells, a decrease in
AKT phosphorylation and p53 acetylation was detected.

Discussion
Our results indicate that SIRT1 inhibition promotes, whereas

its activation suppresses, the growth of T-ALL cell lines
carrying activating NOTCH1 mutations, which is confirmed
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Figure 3. Morphological changes of DND-41 and KOPT-K1 cells treated with SRT1720. Cytospin preparations from cells cultured with SRT1720
for 6 h were stained with Wright stain (original magnifications, x600). Arrows and arrowheads point on vacuoles and apoptotic bodies, respectively.
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Figure 4. Effects of SRT1720 on signaling proteins in DND-41 and
KOPT-K1I cells. Cells were cultured with the indicated concentration of
SRT1720 for 24 h and analyzed for protein expression by

immunoblotting. DMSO was used as a vehicle control.
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in the experiments with SIRT1-deficient and SIRTI1-
overexpressing cells. These findings led us to suggest a
possible role of SIRT1 as a tumor suppressor in NOTCHI-
mutated T-ALLs.
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Figure 6. Effects of forced SIRTI expression on signaling proteins in
DND-41 and KOPT-KI cells. Cells transfected with the SIRTI
expression vector and vehicle plasmid (control) were cultured for 24
and 48 h and analyzed by immunoblotting.

To examine the underlying molecular mechanisms, we
analyzed acetylation of p53 and p65/RELA, both of which
are SIRT1 substrates (11, 12). Indeed, the SIRT1 inhibitor
EX527 up-regulated, whereas the SIRT1 activator SRT1720
down-regulated p53 and p65/RELA acetylation. However,
these results were in conflict with the effects on the growth
of T-ALL cells: EX527 promoted and SRT1720 suppressed
cell proliferation despite the increase and decrease in
acetylated (activated) p53, respectively, which was observed
in DND-41 cells (KOPT-K1 cells are p53-deficient). One
explanation is that p53 may have a weak biological activity
in DND-41 cells, which consequently would not be affected
by SIRT1-dependent p53 deacetylation (11).

We also observed that SIRT1 activation down-regulated
NOTCH signaling and its downstream target MYC.
Considering that NOTCH activation is a critical event for
leukemogenesis (6) and that NOTCH-dependent MYC
contributes to the growth of T-ALL cells (13), we propose
that SIRT1 inhibits T-ALL proliferation through regulation
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Figure 7. Schematic presentation of the effects of SIRT! activation and
inhibition in T-ALL cells carrying NOTCHI mutations. 1: up-
regulation; | : down-regulation.

of these vital oncogenic pathway, just like our previous
report showing that BMII-knockdown inhibits T-ALL
proliferation through NOTCH and MYC suppression (14).
This hypothesis is consistent with reports that SIRT1 acts as
an intrinsic negative modulator of NOTCH signaling in
endothelial cells (15) and that it regulates cell growth
through deacetylation and inhibition of MYC (16).

NF-xB signaling is another important pathway in T-ALL
cells and it was shown that SIRT1 could physically interact
with and deacetylate the NF-xB subunit p65/RELA at lysine
310, leading to transcriptional inhibition (17). Our results
indicated that SIRT1 activation resulted in p65/RELA
deacetylation, suggesting that the inhibition of NF-kB
activity can augment the anticancer effect of SIRT1.

Furthermore, we observed that SIRT1 activation
suppressed AKT/mTOR signaling, which is consistent with
a previous report that SIRT1 negatively regulates mTOR
(18). Our previous study has revealed that NOTCHI
knockdown did not reduce AKT/mTOR activity in DND-41
and KOPT-K1 cells (19), suggesting that the AKT/mTOR
inhibition caused by SIRT1 activation is not due to decreased
NOTCH signaling. It is known that mTORC]1 inhibition
induces autophagy (20). We showed that SIRT1 activation
decreased p62/SQSTMI1 and increased the LC3-II/LC3-1
ratio, indicating the induction of autophagy in T-ALL cells,
which can be associated with AKT/mTOR down-regulation
by SIRTI.
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In conclusion, our results indicate that activated SIRT1
targets several key oncogenic pathways such as NOTCH,
NF-kB, and mTOR. In this scenario, the impact of p53
deacetylation on cancer cell survival might be of lower
biological importance (21). Thus, the suppression of T-ALL
cell growth by SIRT1 may be due to the down-regulation of
NOTCH, NF-xB, and mTOR signaling (Figure 7), which
overcomes the pro-survival effects of p53 inhibition.

Our study had some limitations. First, we could not obtain
wild-type NOTCHI-expressing T-ALL cell lines and,
therefore, did not compare T-ALL cells with and without
NOTCHI mutations to determine whether SIRT1-induced
growth suppression was due to mutated NOTCHI or was a
general characteristic of T-lymphoblasts. Second, we
analyzed only p65/RELA as an indicator of NF-kB activity,
which may not be enough; other NF-kB-related molecules
should be evaluated to confirm our results. Third, we did not
perform experiments with samples from T-ALL patients
carrying NOTCHI mutations and our findings should be
verified for correspondence to the clinical situation.

Nevertheless, this study provides evidence that SIRT1
activators such as SRT1720 may have a potential to be novel
SIRT1-targeting drugs for NOTCHI-mutated T-ALLs.
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