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Inhibition of histone deacetylases (HDACi) has emerged as a promising approach in the treatment of
many types of cancer, including leukemias. Among the HDACs, Class III HDACs, also known as sirtuins
(SIRTs), are unique in that their function is directly related to the cell's metabolic state through their
dependency on the co-factor NADþ . In this study, we examined the relation between SIRTs and the
growth, survival, and differentiation of K562 erythroleukemia cells. Using a mass spectrometry approach
we previously developed, we show that SIRT expression and deacetylase activity in these cells changes
greatly with differentiation state (undifferentiated vs. megakaryocytic differentiation vs. erythroid dif-
ferentiation). Moreover, SIRT1 is crucially involved in regulating the differentiation state. Overexpression
of wildtype (but not deacetylase mutant) SIRT1 resulted in upregulation of glycophorin A, �2-fold in-
crease in the mRNA levels of α, γ, ε, and ζ-globins, and spontaneous hemoglobinization. Hemin-induced
differentiation was also enhanced by (and depended on) higher SIRT1 levels. Since K562 cells are bi-
potent, we also investigated whether SIRT1 modulation affected their ability to undergo megakaryocytic
(MK) differentiation. SIRT1 was required for commitment to the MK lineage and subsequent maturation,
but was not directly involved in polyploidization of either K562 cells or an already-MK-committed cell
line, CHRF-288–11. The observed blockage in commitment to the MK lineage was associated with a
dramatic decrease in the formation of autophagic vacuoles, which was previously shown to be required
for K562 cell MK commitment. Autophagy-associated conversion of the protein LC3-I to LC3-II was
greatly enhanced by overexpression of wildtype SIRT1, further suggesting a functional connection be-
tween SIRT1, autophagy, and MK differentiation. Based on its clear effects on autophagy, we also ex-
amined the effect of SIRT1 modulation on stress responses. Consistent with results of prior studies, we
found that SIRT1 silencing modestly promoted drug-induced apoptosis, while overexpression was pro-
tective. Furthermore, pan-SIRT inhibition mediated by nicotinamide pre-treatment substantially in-
creased imatinib-induced apoptosis. Altogether, our results suggest a complex role for SIRT1 in regulating
many aspects of K562 cell state and stress response. These observations warrant further investigation
using normal and leukemic primary cell models. We further suggest that, ultimately, a well-defined
mapping of HDACs to their substrates and corresponding signaling pathways will be important for op-
timally designing HDACi-based therapeutic approaches.
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1. Introduction

In recent years, lysine acetylation has come to be appreciated as
a functionally important and pervasive regulator of protein activ-
ity. Acetylation can modify the activity of enzymes [1,2], the lo-
calization and DNA-binding activity of transcription factors [3–6],
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availability of chromatin for transcription [7,8], and protein sta-
bility [9]. In 2009, Choudary and colleagues utilized high-resolu-
tion mass spectrometry to demonstrate over 3500 acetylation sites
on 1750 proteins, affecting essentially every major cellular process
[10]. Subsequent mass spectrometry-based studies have offered
further evidence for the extensive role of acetylation in cell sig-
naling [11–13]. Thus, it seems that many (if not most) proteins in
the human cell are subject to acetylation and a host of other
competing lysine modifications (e.g., ubiquitination, sumoylation,
etc.).

Within the cell, acetylation is mediated by histone acetyl trans-
ferases (HATs), and removal of the acetyl-group is catalyzed by his-
tone deacetylases (HDACs). In human cells, there are 18 HDACs,
which are grouped into 5 classes (I, IIa, IIb, III, IV), primarily based on
their homology to yeast deacetylases. Class I, IIa, IIb, and IV HDACs
are further known as the “classical” HDACs, as they retain significant
commonalities with regards to structure and domain organization,
exhibit Zn2þ dependence, and have similar inhibitor sensitivities
[14]. In recent years, general inhibitors of the classical HDACs have
received widespread attention for their ability to enhance che-
motherapeutic drug efficacy in a wide variety of cell types in culture
[15–17]. In addition, numerous classical HDAC inhibitors have un-
dergone clinical trials for the treatment of leukemias and lympho-
mas, among many other cancer types [18]. Of particular note, vor-
inostat and romidepsin have already received FDA approval for
treatment of cutaneous T-cell lymphomas.

From a chemotherapeutic standpoint, less attention has been
given to the Class III HDACs (also known as sirtuins (SIRTs)). SIRTs
are unique in that their activity is directly linked to the real-time
metabolic state of the cell through their dependence on NADþ as a
co-factor. This is particularly interesting because of the long-
speculated connection between cancer and metabolism dating
back to Otto Warburg's observation in 1924 that cancer cells ty-
pically favor aerobic glycolysis over oxidative phosphorylation
(recently reviewed by Vander Heiden et al. [19]). Because SIRTs
appear to be designed for sensing the metabolic environment and
responding in real-time, they could potentially serve as a trans-
ducer in implementing changes downstream of the altered me-
tabolic state present in cancer cells. Interestingly, SIRT1 itself was
recently shown to directly down-regulate glycolytic flux through
deacetylation of the glycolytic enzyme phosphoglycerate mutase-1
[20]. Although this further complicates our understanding of the
role of SIRTs, it demonstrates that there is substantial crosstalk
between general cell metabolism and SIRT activities.

From a different standpoint, we and others have already pro-
vided evidence that SIRTs (especially SIRT1) can act as regulators
of normal hematopoietic cell differentiation [21,22]. Recent studies
further suggest an important role for SIRT1 in hematopoietic stem
cell (HSC) maintenance [23] and hematopoietic lineage specifica-
tion [24]. Since leukemic cells are essentially undifferentiated
progenitor cells with out-of-control proliferation (and a clearly
failed terminal differentiation program), differentiation regulation
could potentially represent another link between SIRTs and ma-
lignant phenotypes.

Based on the aforementioned points, we investigated whether
SIRTs might be important for the phenotypic characteristics of
chronic myeloid leukemia (CML) cells using the K562 cell line as a
model system. We aimed to identify the relative contributions of
SIRTs to the K562 cell's overall deacetylase activity, to investigate
whether SIRT modulation might regulate the phenotype of K562
cells and, ultimately, have therapeutic implications for CML. Fi-
nally, we explored whether RNAi or inhibitor approaches could
enhance apoptosis induced by imatinib, which is the current front-
line treatment for bcr-ablþ CML.
2. Materials and methods

2.1. Reagents

Antibodies for flow cytometry (CD41, glycophorin A, and An-
nexin V) were from BD Biosciences. Chemical reagents were from
Sigma Aldrich unless otherwise specified.

2.2. Cell culture and differentiation

K562 and CHRF-288–11 (CHRF) cells were maintained in Is-
cove's Modified Dulbecco's Media (IMDM) supplemented with 10%
fetal bovine serum (Hyclone). To induce megakaryocytic (MK)
differentiation, cells were stimulated with 10 ng/ml phorbol 12-
myristate 13-acetate (PMA). To induce erythroid
(E) differentiation, K562 cells were treated with 30 mM hemin.

2.3. Preparation of lentiviral transfer vectors

The original lentivectors used in the study (see Fig. 3A) were
based on the pLVTHM vector [25] (Addgene #12247) for gene si-
lencing and the pWPI vector (Addgene #12254) for over-
expression. For creation of the shSIRT1 and shSIRT2 silencing
vectors, oligonucleotides with overhangs corresponding to the
MluI and ClaI restriction sites in pLVTHM were annealed and li-
gated into the digested pLVTHM vector. For creation of the SIRT1
overexpression vector, SIRT1 PCR product was cloned into pWPI at
the PMEI site. A mutant SIRT1 (H363Y) based on the aforemen-
tioned construct was purchased from Genscript.

For studies involving MK differentiation, we also made use of a
purchased pGIPZ lentivector expressing a shRNAmir targeting
SIRT1 (Open Biosystems, GE Healthcare) and, after validating the
effectiveness of that shRNAmir, subsequently transferred it to the
Tetracycline-inducible lentivector pTRIPZ (Open Biosystems) using
standard cloning techniques.

2.4. Virus production and transduction

LentiX 293 T cells (Clontech) were transfected with the
packaging plasmids pMD2G, pSPAX2, and the relevant lentiviral
transfer vector in a 3:8:10 mass ratio using Lipofectamine 2000
(Life Technologies). Lentivirus-containing supernatant was har-
vested �48 h after transfection and concentrated with PEG-it
(Systems Biosciences) according to the manufacturer's re-
commendation. Briefly, supernatants were centrifuged at 500� g,
4 °C, and clarified supernatant was then mixed with PEG-it and
incubated overnight at 4 °C. The following day, precipitated len-
tivirus was collected by centrifugation at 1500� g for 30 min, re-
suspended in phosphate buffered saline (PBS), aliquoted and
stored at �80 °C. Functional titers of virus were determined by
transducing K562 cells with various dilutions of virus and subse-
quently analyzing GFP expression by flow cytometry.

For transduction, K562 or CHRF cells were spinoculated at a mul-
tiplicity of infection of �5 for 30 min at 800� g and 32 °C. In the case
of pGIPZ-based lentiviruses, cells were then further selected with 1 mg/
ml puromycin for at least 3 days to ensure a pure population. Although
the pLVTHM and pWPI based lentiviruses do not contain an antibiotic
selection marker, at the MOI used, transduction efficiencies were
consistently 490% (as determined by GFP expression).

2.5. Flow cytometry

For analysis of surface antigen expression (CD41, GlyA), 25,000–
50,000 cells were washed 2� with PBS supplemented with 0.5%
bovine serum albumin (BSA) and 1 mM EDTA (PEB). Then cells
were incubated with antibody for 30 min at 4 °C, re-washed 2�



Fig. 1. Sirtuin expression in K562 cells, according to differentiation state. (A) K562 cells differentiate to the E or MK lineage after treatment with hemin or PMA, respectively.
Right panel histogram shows acquisition of CD41 expression after 3 days of PMA treatment, while micrograph shows cells stained positively for hemoglobin after 3 days of
hemin treatment. (B) Sirtuin expression at the protein level after 3 days of differentiation or not. Representative of two independent experiments. (C) Sirtuin expression at
the mRNA level after 3 days of differentiation or not (n¼3). * indicates po0.05 compared to SIRT copies in untreated cells by two-tailed t-test with equal variance.
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with PEB, and 10 ml of DAPI (70 mg/ml) was added in order to
identify non-viable cells. Alternatively, ploidy was analyzed by
fixing PEB-washed cells with 0.5% paraformaldehyde (PFA) for
15 min at room temperature (RT), followed by permeabilization
with 70% methanol at 4 °C for 1 h. Cells were then washed 2x with
PEB, treated with RNAse for 30 min at 37 °C, and finally DNA was
stained with propidium iodide (50 mg/ml). To determine ploidy in
pTRIPZ-transduced cells, we performed Hoescht 33342 staining
and analysis as previously described [26].

To evaluate apoptosis, cells were washed 2� with Annexin V
Binding Buffer (BD Biosciences), stained with Annexin V and DAPI for
15 min at RT, and then analyzed. All samples were analyzed on an
LSRII flow cytometer (BD Biosciences).
2.6. cDNA synthesis and qPCR

RNA was purified from cells using the RNAeasy kit (Qiagen)
according to the manufacturer's instructions. RNA was then re-
verse transcribed into cDNA using Superscript III Reverse Tran-
scriptase (Life Technologies). qPCR reactions were then prepared
with Power Sybr Green Master Mix (BioRad), with 20 ng of cDNA
as template per reaction. All reactions were performed in tripli-
cate. qPCR primer sequences are provided in Supplemental
Table, 1.

2.7. Western blotting

K562 cells were collected before induction of differentiation,



Fig. 2. Sirtuin and classical HDAC activity in K562 cells, according to differentiation
state. K562 cell lysates were tested for their ability to deacetylate a panel of
acetylated peptides using SAMDI. The peptide substrates were of the sequence
Ac-GRKAcXZC-NH2 or Ac-GXKAcZGC-NH2 where X and Z represent variable amino
acids, and peptides are identified by abbreviated names (RKAcXZ or XKAcZ). The
classical HDAC inhibitor TSA was included during lysate-peptide incubations to
permit only sirtuin-mediated deacetylation. Nicotinamide was included in lysate-
peptide incubations to only permit classical HDAC-mediated deacetylation. The
error bars represent the mean7SD of 3 technical replicates, and the presented
deacetylase activity is representative of two biological replicates. The deacetylase
conversion on each peptide was compared by two-tailed t-test with equal variance.
P-values o0.05 are indicated for lysates from basal cells compared to hemin-
treated (*) and basal cells compared to PMA-treated (#).
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as well as three days after treatment with PMA or hemin, washed
once with PBS, and frozen at �80 °C. Cell lysates were prepared
as previously described [12]. Lysates were diluted in 3X protein
loading buffer (187.5 mM Tris (pH 6.8), 30% glycerol, 6% SDS,
0.005% pyronin Y, 5% beta-mercaptoethanol) and boiled for 5 min
at 95 °C. Lysate proteins were separated by gel electrophoresis
using Mini-PROTEAN TGX Precast Gels (BioRad), and transferred
onto nitrocellulose membranes (BioRad). The membranes were
blocked for 1 h at RT with 5% dried milk or 5% BSA in TBST buffer
(Tris-buffered saline þ 0.1% Tween 20). Membranes were in-
cubated with primary antibody in TBST þ 5% milk or BSA with
gentle shaking for 2 h at room temperature or overnight at 4 °C.
Membranes were washed and incubated with horseradish per-
oxidase (HRP)-conjugated anti-mouse- or anti-rabbit-IgG anti-
body (Cell Signaling). Protein was detected using Chemilumi-
nescent HRP Substrate (Millipore) and film exposure. The SIRT1
(sc-74504), HSC70 (sc-7298), and SIRT7 (sc-135055) antibodies
were obtained from Santa Cruz; SIRT2 (#04–1124) and SIRT5
(#ABE198) from Millipore; SIRT3 (#5490) and SIRT6 (#2590)
from Cell Signaling.
2.8. Analysis of HDAC activity by SAMDI

The same lysate samples used for western blotting were used
for analysis of HDAC activity. Lysates were diluted to a final protein
concentration of 1 mg/ml in HDAC buffer (25 mM Tris (pH 8.0),
137 mM NaCL, 2.7 mM KCl, 1 mM MgCl2). For measuring sirtuin
activity alone, trichostatin A (TSA) was added to the diluted lysates
to a final concentration of 50 mM. For measuring class I/II/IV HDAC
activity alone, nicotinamide (NIC) was added to the diluted lysates
to a final concentration of 50 mM. Then, 5 ml of the lysate was
distributed into separate wells of a 384-well plate, and protease
inhibitor cocktail (Roche) and NADþ were added to each well.
Finally, the cysteine-terminated acetylated hexapeptide substrates
were added at final concentration of 10 mM to initiate the deace-
tylase reaction, and the plate was incubated at 37 °C to allow the
reaction to proceed. Eight different peptide substrates were used
to profile activity, each with 3 or 4 replicate reactions per condi-
tion. After one hour, the reaction was quenched with deacetylase
inhibitors, and 2 ml of the reactions were transferred to an array
plate. The array plate contained small, gold islands with a mono-
layer of alkanethiolates presenting maleimide groups to allow
immobilization of the peptides in both the acetylated and deace-
tylated form. The array plate was then rinsed with deionized ul-
trafiltered water and ethanol, dried under nitrogen, and treated
with matrix (2,4,6-trihydroxyacetophenone, 20 mg/ml in acetone).
The monolayers were analyzed by MALDI-TOF MS to obtain a mass
spectrum for each spot. The peak areas for the acetylated and
deacetylated forms of the peptide were integrated and used to
calculate percent deacetylation (Deacetylase activity¼ID/(IDþIA)
where subscript D refers to the deacetylated peptide product peak
and A refers to the acetylated peptide substrate peak). Details of
the mass spectrometry and peptide synthesis have been pre-
viously described [12].

2.9. Analysis of PMA-induced autophagic vacuoles

K562 cells stably transduced with a shRNAmir targeting
SIRT1 or a non-silencing sequence were treated with 10 ng/ml
PMA and cultured for the indicated times. Cells were collected,
washed with PBS þ1% BSA, and cytospun onto glass slides. Cells
were then stained with Wright-Giemsa (Camco) according to
the manufacturer's instructions and imaged on a Leica wide-
field microscope.

For quantification of vacuole formation, a researcher scored
images after relabeling (in order to blind him with regards to the
conditions). Cells were classified as having either (i) no vacuoles,
(ii) small/punctate vacuoles, or (iii) large, non-punctate vacuoles
that constituted a significant fraction of the cell body area.

2.10. Immunofluorescence

Cells were fixed in situ with 4% PFA, washed with PBS, and
permeabilized with 0.1% Triton X-100. After blocking, cells were
incubated with primary antibody against SIRT1 (Abcam #32424)
overnight at 4 °C. The following day, cells were washed, incubated
with FITC-labeled secondary antibody for 2 h, re-washed, and
nuclei were labeled with DAPI. Samples were mounted and ana-
lyzed on a Leica SP5 confocal system.
3. Results

3.1. Sirtuin expression and activity profile in K562 cells depends on
differentiation state

In this study, we primarily focused on the CML line K562. K562



Fig. 3. Overexpression of wildtype SIRT1 dramatically reduces K562 cell growth rate. (A) Design of the SIRT1 silencing and overexpression lentivectors. (B) Lentivector-
mediated silencing and overexpression, evaluated by qPCR (n¼2). (C) The effect of SIRT1 modulation on growth rate over 3 days of culture (n¼3). Error bars represent the
standard deviation. * indicates po0.05 compared to empty vector (PWPI) by two-tailed t-test with equal variance. α indicates po0.05 compared to non-silencing vector
(shNS).
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cells have some resemblance to the megakaryocytic-erythroid
progenitors (MEPs) that have been hypothesized to give rise to
both MK cells and red blood cells [27]. Treatment with hemin
increases expression of the erythroid-specific antigen glycophorin
A (GlyA) and stimulates hemoglobinization of a large fraction of
the cells. On the other hand, stimulation with PMA results in loss
of GlyA expression (not shown), and acquisition of the MK antigen
CD41, followed by polyploidization (Fig.1A).

Initially, we sought to characterize which SIRTs are expressed
in these cells at each differentiation state. (Note that we ne-
glected SIRT4 in some of the analyses, as it has been reported
not to have any deacetylase activity [28].) SIRT1, 2, 3, 5, 6, and
7 were all readily detectable at the protein level in basal K562
cells (Fig. 1B). Several substantial changes in SIRT expression
were observed after induction of differentiation with PMA or
hemin. In the case of PMA, SIRT1/2/6/7 were strongly down-
regulated at the protein level, while SIRT3 was upregulated. In
the case of hemin, the protein level of SIRT3 decreased drama-
tically, while the levels of SIRT1/6/7 decreased, but remained
detectable. Because differences in antibody efficiency do not
allow for a direct comparison between SIRT protein expression
levels, we next sought to quantitate the mRNA expression of
each SIRT. A copy number estimate for each SIRT was de-
termined from a standard curve based on dilutions of linearized
plasmid containing the corresponding cDNA (Fig. 1C). SIRT1 and
SIRT2 mRNAs were expressed at significantly higher levels
compared to SIRT3–7. PMA decreased SIRT1/2 by �50%. How-
ever, besides this, relatively small changes in mRNA levels were
observed in response to either hemin or PMA treatment.

Next, we examined the relative importance of SIRT deacetylase
activity in comparison to class I/II/IV HDACs. To do this, we utilized
Self-Assembled Monolayers and matrix-assisted laser Desorption
Ionization time-of-flight mass spectrometry (SAMDI), as we have
previously described. This assay consists of incubating a panel of
short, acetylated peptides with cell lysate, followed by covalent
attachment to a self-assembled monolayer of alkane-thiolates on a
gold surface, and then the proportion of peptide that has been
deacetylated is quantified by mass spectrometry. The 8 peptide
substrates chosen were shown to be substrates for human dea-
cetylases in earlier work [12,29,30]. The total cell lysate reveals
deacetylase activity contributed from both SIRTs and the class I/II/
IV HDACs. To selectively gauge the level of SIRT deacetylase ac-
tivity alone, the peptide-lysate incubation is performed in the
presence of TSA, a well-known generic class I/II/IV HDAC inhibitor.
Alternatively, to determine class I/II/IV HDAC activity, peptide-ly-
sate incubations were performed in the presence of the pan-SIRT
inhibitor NIC.

Interestingly, we found that SIRTs provided the dominant
deacetylase activity in undifferentiated and hemin-differentiated
K562 cells (Fig. 2). The class I/II/IV HDACs (þNIC condition)
showed little change in activity with either PMA- or hemin-
mediated differentiation. Notably, the SIRT activity (þTSA condi-
tion) was dramatically decreased in PMA-induced MK differ-
entiation, but SIRT activity remained comparatively unchanged
with hemin-induced differentiation. These activity trends are
consistent with protein expression patterns of many of the SIRT
deacetylases (Fig. 1B). The decrease in SIRT activity with PMA
differentiation is consistent with our earlier report examining a
different leukemic cell line, CHRF, that is already committed to the
MK lineage [12]. This suggests that there may be a significant re-
lationship between E/MK specification and SIRT activity, and
especially SIRT1/2, as these were the most highly expressed



Fig. 4. SIRT1 promotes erythroid maturation of K562 cells. (A) GlyA expression level monitored 4, 8, and 12 days after transduction with wildtype or mutant SIRT1. Re-
presentative of 2 independent time-course experiments. (B) Effect of SIRT1 modulation on hemoglobinization as assessed by benzidine staining in untreated or hemin-
treated K562 cells (n¼3). * indicates po0.05 compared to empty vector (PWPI) by two-tailed t-test with equal variance. α indicates po0.05 compared to non-silencing
vector (shNS). C) Effect of SIRT1 modulation on globin mRNA expression in untreated K562 cells by qPCR (n¼2). Error bars represent the standard deviation.
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Fig. 5. SIRT1 is essential for efficient PMA-induced MK differentiation of K562 cells. (A) Median fluorescence intensity of CD41 during MK differentiation with and without SIRT1
silencing. (B) Percentage of polyploid cells during MK differentiation with and without SIRT1 silencing. Error bars represent the standard deviation (n¼3). *indicates po0.05
compared to non-silencing vector (shNS) by two-tailed t-test with equal variance.
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isoforms at the time of inducing differentiation. The rise in SIRT3
protein levels observed for PMA-induced MK differentiation
(Fig. 1B) was also seen with CHRF cells and suggests a potentially
lineage-specific role. Regarding classical HDAC activity, there
seemed to be a modest increase in deacetylation for most peptides
following treatment with PMA.

3.2. SIRT1 is a key regulator of K562 cell growth and erythroid
differentiation

Multiple previous reports have shown that SIRT1 is involved in
hematopoietic stem cell maintenance [23], as well as cell differ-
entiation in multiple tissue types [31,32]. Based on this and the
aforementioned results indicating high levels of SIRT1/2 activity,
we decided to examine potential roles for SIRT1 in regulating the
phenotype of K562 cells. We constructed and introduced lenti-
vectors for either silencing SIRT1 or overexpression of wildtype or
deacetylase mutant SIRT1 (Fig. 3A). Silencing was �85% efficient
and the overexpression level was �200-fold that of the control by
qPCR (Fig. 3B). Interestingly, we found that the growth rate of
undifferentiated K562 cells was dramatically reduced with the
introduction of wildtype SIRT1 and modestly reduced by mutant
SIRT1 (Fig. 3C).

Because of this, we further investigated whether the erythroid-
like phenotype of the cells had been altered, as assessed by ex-
pression of GlyA and CD71. Although CD71 expression was rela-
tively unchanged (not shown), GlyA expression was dramatically
increased in cells overexpressing wildtype (but not mutant) SIRT1
(Fig. 4A). We thus hypothesized that high SIRT1 levels may be
driving terminal erythroid differentiation. Consistent with this, we
found that �15% of overexpressing cells were already hemoglobin
positive without any differentiation stimulus. Under hemin sti-
mulation, these cells also achieved a much greater extent of he-
moglobinization compared to the empty vector control (62% vs
26% at Day 3) (Fig. 4B). This effect was again dependent on SIRT1's
deacetylase activity. Consistently, we observed a substantial re-
duction in hemoglobinization with SIRT1 silencing. Although
SIRT2 has substantial substrate overlap with SIRT1 [33] and there
is evidence for situational functional redundancy [34], silencing
SIRT2 did not affect erythroid differentiation of K562 cells (Fig. S1A
and B).

Next, we examined the effect of SIRT1 modulation on globin
mRNA. Xue et al. previously reported that SIRT1 positively reg-
ulates ε-globin expression through SATB1 during erythroid dif-
ferentiation [22]. We also observed this effect, and further ob-
served similar effects for α-, ζ-, and γ-globins (Fig. 4C). Over-
expression of wildtype SIRT1 resulted in �2-fold upregulation of
each globin mRNA. Consistently, silencing resulted in a 30–40%
reduction in globin levels compared to the non-silencing control,
and overexpression of mutant SIRT1 reduced ε-, γ-, and ζ-globins
by 30–50% compared to the empty vector control. Thus, globin
expression clearly depends on the level of SIRT1 deacetylase ac-
tivity. Taken together, our results demonstrate widespread effects
of SIRT1 driving cells towards a more mature erythroid differ-
entiation state.



Fig. 6. SIRT1 is not involved in PMA-induced MK polyploidization. (A) CHRF cell MK antigen expression, demonstrating their CD41þCD42– phenotype. (B) % polyploid CHRF
cells (control vs shSIRT1-expressing) after induction of polyploidization and maturation by PMA (n¼2). (C) A dox-inducible SIRT1 silencing vector was employed to test the
effect of changing the timing of silencing relative to the initiation of differentiation in K562 cells. The vector efficiently induced SIRT1 silencing after the addition of dox.
(D) K562 cells were treated with PMA, and subsequently dox after various time delays, and polyploidization was assessed at Day 7 of PMA (n¼2). Error bars represent the
standard deviation. * indicates po0.05 compared to the condition without dox by two-tailed t-test with equal variance.

M.T. Duncan et al. / Experimental Cell Research 344 (2016) 40–52 47
3.3. SIRT1 also regulates PMA-induced MK commitment, but not
PMA-induced polyploidization

We next examined whether SIRT1 was also required for PMA-
induced MK differentiation of K562 cells. To avoid the changes in
phenotype induced by changing SIRT1 level prior to the initiation of
differentiation, we utilized a quasi-inducible lentivector wherein a
shRNAmir targeting SIRT1 is driven by the CMV promoter. The CMV
promoter has only weak activity in K562 cells until it is activated by
treatment with PMA. Thus, this vector caused only weak silencing
until after induction with PMA (Fig. S2A).

As in erythroid differentiation, we found that K562 cells lacking
SIRT1 could not efficiently commit to the megakaryocytic lineage as
assessed by CD41 expression (Fig. 5A), but SIRT2 silencing had no
effect (Fig. S1C). Expectedly, the fraction of cells that subsequently
became polyploid was also greatly reduced by shSIRT1 (Fig. 5B).
Overexpression of the deacetylase mutant SIRT1 resulted in similar
defects in differentiation as SIRT1 silencing (Fig. S3). The reduction
in polyploidization mediated by silencing could not be attributed to
differences in cell proliferation, as both control and shSIRT1-ex-
pressing cells continued to divide after PMA treatment, but by Day
3 expansion had stopped and cell number began to decline (Fig.
S2B). We analyzed DNA synthesis by BrdU incorporation after 1 and
3 days of PMA treatment (Fig. S2C), and found that shSIRT1 did
cause a clear reduction in the number of endomitotic cells (BrdUþ
and Z4N DNA content) at Day 3, when polyploidization is first
becoming apparent (see Fig. 5B). We also investigated changes in
the expression of genes related to MK maturation/polyploidization:
cyclin D1, cyclin D3, and p21. In primary megakaryocytes cyclin D3
is known to be a key driver of endomitotic cell cycling [35], while
PMA-induced MK differentiation in K562 cells corresponds to dra-
matic increases in cyclin D1 and p21 [36]. Consistent with a re-
duction in cell cycling, we found that SIRT1 silencing resulted in a
130% increase in p21 levels (relative to the non-silencing control)
after 3 days of PMA treatment (Fig. S2D). We note that the effects on
p21 levels were not mediated through p53 (a well-known SIRT1
substrate), since K562 cells are p53 null.

We and others have previously provided evidence that SIRT1
opposes polyploidization in primary MK cells and endothelial cells
[21,37,38]. Thus, we investigated the effects of SIRT1 on PMA-in-
duced polyploidization in greater detail. First, we examined the
committed MK cell line CHRF, which expresses the immature MK
marker CD41, but not the more mature marker CD42 (Fig. 6A). We
found that silencing SIRT1 did not affect the polyploidization of these
cells (Fig. 6B). Next, we used a doxycycline-inducible lentivector to
reexamine the effects of SIRT1 silencing in K562 cells. In this ex-
periment, we induced silencing by doxycycline (dox) addition at
various times relative to the induction of MK differentiation by PMA
addition (Fig. 6C). Adding dox o2 days after PMA treatment notably
reduced the ploidy, but adding it at later times (e.g., day 4 or 5 of
PMA treatment), when cells have largely already committed to the
MK lineage, did not substantially alter the polyploidization versus the



Fig. 7. SIRT1 enhances PMA-induced autophagy in K562 cells. (A) Comparison of autophagic vacuole formation in K562 cells before and after PMA treatment in control and
SIRT1-silenced cells. Representative images of Wright-Giemsa stained cytospins are shown. Cells were classified as having either no vacuoles, small/punctate vacuoles, or
large vacuoles, and the quantification is shown (n¼3). Error bars represent the standard deviation. Number of vacuoles at each day were compared by two-tailed t-test with
equal variance. P-valueso0.05 are indicated for comparisons of the number of large vacuoles (*) and the total number of vacuoles (small þ large; #). (B) Cells with either
empty vector control or overexpressing SIRT1 were also analyzed for vacuole formation by Wright-Giemsa staining. Representative of two independent experiments.
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–dox control (Fig. 6D). Taken together, these results show SIRT1 is not
substantially involved in PMA-induced polyploidization.

3.4. SIRT1 may regulate MK differentiation of K562 cells through
enhancing PMA-induced autophagy

Concomitant with reduced MK commitment, we observed a
dramatic reduction in PMA-induced autophagic vacuole formation
in K562 cells with SIRT1 silencing, and an increase in vacuole
formation with overexpression (Fig. 7A and B). Moreover, despite
its often cited nuclear localization, a substantial fraction of SIRT1
was found in the cytosol in K562 cells (Fig. 8A). This indicates a
possible mechanism by which SIRT1 depletion blocks K562 cell
commitment to the MK lineage, as autophagy has been shown to
be essential for PMA-induced MK commitment for these cells [39].
SIRT1 is known to affect autophagy in other cell types, and one of
the mechanisms appears to be deacetylation of ATG family pro-
teins [40]. To confirm that SIRT1 was affecting PMA-induced
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Fig. 8. SIRT1 exhibits cytosolic localization and enhances LC3 cleavage. (A) We analyzed SIRT1 localization in K562 cells prior to treatment or after 2 days of PMA treatment.
Substantial levels of SIRT1 expressionwere detected in the cytosol. Scale bar¼23.6 mm. (B) The effect of SIRT1 modulation on cleavage of LC3. Conversion of LC3-I (�19 kd) to
LC3-II (�17 kd) is a well-accepted marker of autophagy induction. Cells were treated with PMA and CQ (an inhibitor of autophagosome degradation) for 6 h prior to harvest
of cells for LC3 immunoblotting.
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autophagy in K562 cells, we checked conversion of LC3-I to LC3-II
(a commonly used marker of autophagy induction [41]) after 6 h of
stimulation with PMA. We also co-treated cells with chloroquine
(CQ) to block degradation of autophagosomes in order to better
observe changes in the autophagic flux over the treatment period.
We found that cells overexpressing wildtype SIRT1 showed a
dramatic increase in LC3-II compared to the control (Fig. 8B).

3.5. Nicotinamide pre-treatment enhances imatinib-induced
apoptosis

Based on the fact that SIRT1 can promote autophagy in K562
cells, we also considered whether it might affect apoptosis. The
relationship between autophagy and apoptosis is complex, and has
often generated conflicting reports [42–46]. However, most lit-
erature examining CML cells or leukemic cell lines, such as K562,
indicate that inhibition of autophagy tends to promote apoptosis
[47]. In fact, the autophagy inhibitor hydroxychloroquine (HCQ) is
currently in clinical trials to examine whether co-treatment with
HCQ and imatinib offers a therapeutic benefit over imatinib alone
[48].

While this work was in progress, it was reported that SIRT1
silencing does indeed enhance apoptosis induced by imatinib in
primary CML [49] and K562 cells [50]. We observed the same
tendency, although with a more modest enhancement with
shSIRT1 (Fig. 9A). This could be due to differences in silencing
efficiency, the RNAi approach used, or other experimental vari-
ables. Because there may be some functional redundancy between
SIRTs, we also examined the effects of NIC with and without im-
atinib. NIC alone reduced cell growth at doses greater than
12.5 mM, but toxicity as determined by AnnexinV/DAPI staining
was only apparent at 50 mM (Fig. 9B and C). Because of that, we
examined NIC concentrations ranging from 1 mM to 25 mM in
combination with 1 mM imatinib. Although simultaneous treat-
ment with NIC and imatinib did not enhance apoptosis, perform-
ing a 24 h pretreatment with 25 mM NIC did enhance imatinib-
induced apoptosis (Fig. 9D). These results suggest that, although
NIC generally restrains K562 cell growth, changes in the cell state
(epigenetic? metabolic?) are required for an enhanced apoptotic
response to imatinib.

We also tested whether SIRT1 would affect apoptosis induced
by a drug with a completely different mechanism of action. Acti-
nomycin D (ActD) blocks both RNA PolI- and PolII-mediated
transcription at high doses (�mg/ml range), is selective for PolI at
lower doses (�ng/ml range) [51] and rapidly induces apoptosis in
K562 cells [52]. We found that SIRT1 was strongly protective
against ActD-induced apoptosis (Fig. S4), while silencing modestly
enhanced apoptosis. Since ActD ultimately acts to reduce de novo
protein synthesis (especially through inhibition of PolI-mediated
rRNA transcription), we speculate that SIRT1's well-known acti-
vation of the heat shock pathway may be responsible for sus-
taining viability in cells with reduced capability for protein
synthesis [53].
4. Discussion

In this study, we have demonstrated the importance of SIRT1
activity for the maintenance of the normal K562 cell phenotype
and differentiation potential. This is consistent with the recent
literature indicating an important role for SIRT1 in HSC and em-
bryonic stem cell (ESC) maintenance [23,54,55]. Additionally, al-
though there are obvious differences in the E/MK differentiation
programs of normal HSCs and K562 cells, there are also substantial
overlaps [56–60], suggesting SIRT1 may have important involve-
ment in normal E/MK differentiation. This deserves further
investigation.

In any case, it is clear that SIRT1 is a crucial player in the regulation
of autophagy and the cell's stress response. In light of this, it would
seem that SIRT1 (and perhaps other SIRTs) are natural targets for
therapeutic intervention. Although preliminary, our results with NIC/
imatinib co-treatment are particularly interesting because (i) NIC is
already used for various skin and anxiety disorders [61,62] and (ii) NIC
is well-tolerated at high intravenous doses [63].

From a broad perspective, it should be said that, despite in-
tensive study in recent years, we still lack a precise understanding
of the totality of SIRTs’ functions and this clearly impedes its
therapeutic exploitation. This in large part stems from the vast
number of proteins and signaling pathways regulated by SIRTs,
making their predominant effects highly dependent on the cellular
context. For instance, although SIRT1 is normally thought of as
anti-apoptotic, cytoplasmic SIRT1 actually promotes apoptosis in
HeLa cells [64] and SIRT1 unexpectedly promotes mouse ESC
apoptosis mediated by endogenous reactive oxygen species [65].
Seeming contradictions are also reported with regards to hema-
topoiesis. For instance, SIRT1 was shown to be important for HSC



Fig. 9. SIRT1 silencing and NIC pretreatment enhance imatinib-induced apoptosis. (A) Effects of SIRT1 modulation on the apoptotic response to imatinib treatment. AnnexinV
and DAPI stained cells were analyzed to determine the live, apoptotic and dead fractions as shown (n¼2). (B) NIC dose effects on K562 cell proliferation (n¼2). (C) NIC dose
effects on K562 cell apoptosis after 48 h (n¼3). D) Effect of NIC co-treatment or pretreatment on imatinib-induced apoptosis. Viability and apoptosis were assessed after 48 h
of imatinib treatment by flow cytometry as in (B) (n¼3). Error bars represent the standard deviation. * indicates po0.05 compared to the condition without NIC by single
factor ANOVA using Dunnett's post-hoc test.
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maintenance using a mouse knockout model [23], but inhibiting
SIRTs by treating CD34þcells from umbilical cord blood with NIC
promoted HSC self-renewal while opposing differentiation [66].
Discrepancies like this could occur for many reasons: the physio-
logical difference between SIRT1 absence and inhibition, potential
functional redundancy between SIRTs, additional effects of NIC
(e.g., increasing [NADþ] [21], inhibiting other NADþ-dependent
enzymes such as PARP [67]), etc. Also, although a diverse set of
SIRT inhibitors has been described, the lack of inhibitors with high
specificity and effectiveness remains a critical issue [68].

Our ability to understand and predict the effects of both SIRT
and classical HDAC inhibitors would certainly improve if we
possessed a detailed understanding of each HDAC's binding part-
ners, substrates, and corresponding signaling pathways. Given the
thousands of proteins in a cell, this is impossible to achieve with
any kind of expediency using traditional assays. Thus, we believe
that development and application of new technologies (especially
mass-spectrometry-based methods, such as SAMDI) and compu-
tational approaches will be especially useful in mapping out the
overlapping and opposing effects of the 18 human HDACs. We
anticipate that this “map”, in combination with the development of
more specific HDAC inhibitors, will allow for tailoring combina-
torial HDACi treatments specific to a particular malignancy.
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