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Abstract: Sirtuin 1 (SIRT1) is a protein deacetylase, which regulates various physiological activities by deacetylating
different protein substrates. An increasing number of studies have revealed critical roles of SIRT1 in different aspects
of cancers including metabolism, proliferation, genomic instability, and chemotherapy resistance. Depending on the
protein targets in a certain oncogenic context, SIRT1 may play a unique role in each individual blood cancer subtype.
Our previous work showed that activation of SIRT1 in primitive leukemia cells of acute myeloid leukemia (AML) and
chronic myelogenous leukemia (CML) promotes disease maintenance. On the other hand, an SIRT1 agonist was shown
to disrupt maintenance of myelodysplastic syndrome (MDS) stem cells and holds promise as a potential therapeutic
approach. Herein, we present a concise summary of the different functions of SIRT1 in hematologic malignancies.
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1 Introduction

Sirtuins are nicotinamide adenine dinucleotide
(NAD)-dependent protein deacetylases, which are
highly conserved from yeast to mammalian cells.
Seven sirtuins (SIRT1-SIRT7) in mammalian cells
exhibit functional significance on aging, diabetes,
cardiovascular diseases, and cancers (Chalkiadaki
and Guarente, 2015) (Fig. 1). SIRT1, the most ex-
tensively studied sirtuin, can deacetylate various
histone and non-histone substrates including p53,
¢-MYC, and FOXO, thereby regulating diverse bio-
logical processes such as DNA repair, metabolism,
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cell cycle, and survival (Brooks and Gu, 2009; Her-
ranz and Serrano, 2010; Chalkiadaki and Guarente,
2015). Earlier studies identified the tumor suppressor
p53 as the first non-histone SIRT1 deacetylase target:
under stress conditions, such as DNA damage,
deacetylation of p53 attenuates its transactivation-
dependent apoptosis, thus promoting lung cancer cell
survival (Luo et al., 2001; Vaziri et al., 2001). Like-
wise, E2F1 was also found to be negatively regulated
by SIRT1 in the lung cancer cell line (Wang et al,,
2006). Therefore, SIRT1 was considered to be an
oncogenic protein. However, recent investigations
shed a new light on SIRTI function in stem cell
transformation, including its roles in promoting the
faithful repair of DNA and inhibiting oncogenic
transformation, showing that SIRTI can serve as a
tumor suppressor in some cancers (Chalkiadaki and
Guarente, 2015). Here, we highlight the different roles
of SIRT1 in several hematologic malignancy subtypes.
In each context, we also summarize the possible mo-
lecular mechanisms of SIRT1 effects (Fig. 2).
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N-terminal binding domain C-terminal Size Location
SIRT1 [ | ] 747aa  Nucleus,
cytoplasm
SIRT2 [ I | ] 389 aa Cytoplasm
SIRT3 [ [ l ] 399 aa Nucleus,
mitochondria
SIRT4 [ l I ] 314 aa Mitochondria
SIRTS [ | |] 310 aa Mitochondria
SIRTé [ I I ] 355 aa Nucleus
SIRT7 [ I | ] 400 aa Nucleus
Fig.1 Primary structure of seven mammalian sirtuins (SIRTs)
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Fig. 2 Representative targets of SIRT1 in hematologic malignancies
SIRT1 enhances target activity (labeled in brown), promoting hematologic malignancies; SIRT1 decreases target activity
(labeled in grey), promoting hematologic malignancies; SIRT1 enhances target activity (labeled in blue), suppressing he-
matologic malignancies. AML, acute myeloid leukemia; CML, chronic myelogenous leukemia; LSC, leukemia stem cell;
MLL-r, mixed-lineage leukemia-rearranged; MDS, myelodysplastic syndrome; HSPC, hematopoietic stem/progenitor cell;
ALL, acute lymphoblastic leukemia; cHL, classical Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; PEL,

primary effusion lymphoma
2 Role of SIRT1 in acute myeloid leukemia

Acute myeloid leukemia (AML) is a heteroge-
neous disease characterized by hyperproliferative and
immature leukemia blasts expanding in the bone mar-
row (BM). Leukemia blasts arise from aberrant prim-
itive hematopoietic precursor cells called leukemic

stem cells (LSCs). LSCs are a small subset of
self-renewing leukemic cells, which are enriched in
the CD34'CD38™ subset, that persist after conven-
tional therapy and are considered a source of leuke-
mia relapse (Ng et al., 2016). We have found in-
creased SIRT1 protein levels in CD34"CD38 ™ cells of
AML BM relative to normal counterparts (Li et al.,
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2014). In addition, SIRT1 expression was higher in
cells from patient specimens with high or intermedi-
ate risk compared to those with low risk. Internal
tandem duplication in FLT3 (FLT3-ITD) is one of the
most frequent mutations in AML and is associated
with enhanced relapse rate (Patel et al., 2012). Two
independent groups reported higher SIRT1 expres-
sion in CD34" cells from FLT3-ITD" AML speci-
mens relative to those of FLT3 wild-type AML coun-

terparts (Li et al., 2014; Sasca et al., 2014). Sasca et al.

(2014) demonstrated that SIRT1 activity is positively
regulated through the FLT3—ATM-DBC1 axis. How-
ever, we found that SIRT1 overexpression is related to
enhanced expression of the USP22 deubiquitinase
(Li et al., 2014). This c-Myc/USP22/SIRT1 post-
transcriptional regulatory network in human FLT3-
ITD AML LSCs eventually leads to LSC maintenance
and drug resistance through downregulation of p53
activity (Li et al., 2014). The two reports converged
on p53 and concluded that pharmacological inhibition
of SIRT1 can enhance p53 acetylation levels, leading
to increased p53 target gene expression, cell growth
inhibition, and enhanced sensitivity to tyrosine kinase
inhibitor treatment. These results support the idea of
an important role of SIRT1 in AML LSCs and suggest
SIRT1 inhibition as a potential strategy for precise
targeting of AML LSCs. Bradbury et al. (2005) ana-
lyzed the role of SIRT1 expression in mononuclear
cells from a large cohort of AML specimens and
found SIRT1 to be consistently overexpressed in
AML samples compared with normal controls.

Another unique upstream regulatory pathway
and corresponding function of SIRT1 in AML were
identified by Tian et al. (2018). They found that the
mRNA level of SIRT1 was negatively correlated with
the mRNA level of IRF9, a member of the interferon-
regulatory factor (IRF) family. They also showed that
IRF9 binds the SIRT1 promoter and represses the
transcription of SIRT1, thus activating p53 and in-
hibiting AML cell growth.

Previous studies have shown that SIRT1 posi-
tively regulates autophagy by deacetylating autoph-
agy factors Atg5, Atg7, Atg8, and LC3 (Lee et al.,
2008; Huang et al., 2015). As autophagy plays a
protective role upon stress, Ou et al. (2014) evaluated
connections between SIRT1 activity and reactive
oxygen species (ROS)-induced autophagy in murine
and human embryonic stem cells (ESCs), and found

that SIRT1 promotes PI3K/Beclin 1 and mediates
stress-induced autophagy in ESCs. These works re-
vealed an important role of SIRT1 in enhancing au-
tophagy, eventually leading to apoptosis resistance.

Another group focused their attention on epi-
genetic regulation and found a tumor suppressive
role of SIRTI in mixed-lineage leukemia (MLL)-
rearranged leukemia (Chen et al., 2015). Previous
studies have shown that leukemia cells driven by
MLL-rearrangement are highly sensitive to DOTI1L
inhibition and H3K79 methylation, which established
a heterochromatin-like state around MLL fusion tar-
get genes and aberrantly active leukemic gene ex-
pression. To determine the exact mechanisms, they
conducted a genome-scale RNA interfere (RNAi)
screen and found SIRT1 as an antagonist of DOTI1L.
Further investigation demonstrated that chromatin
localization of SIRT1 and the H3K9 methyltransfer-
ase SUV39H1 could induce silencing of leukemic
genes. Conversely, DOTI1L can inhibit this localiza-
tion and maintain an open chromatin state at MLL
fusion target genes, thereby sustaining leukemic gene
expression. The results of Chen et al. (2015) indicated
that DOTI1L inhibition in combination with SIRT1
activation could be a promising strategy in MLL-
rearranged leukemia patients.

3 Role of SIRT1 in chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a clonal
hematological malignancy resulting from BCR-ABL
transformed hematopoietic stem cells (Ren, 2005).
There are three clinical phases of CML, progressing
from a chronic phase to an accelerated phase and then
to a terminal blast crisis. Tyrosine kinase inhibitors
(TKIs) target the constitutively activated BCR-ABL
kinase, thus leading to longer term remission of CML
in the majority of patients, but they do not eliminate
LSCs. The relapse that occurs in 50% of patients after
stopping treatment with TKIs is likely due to the
presence of LSCs (Ross et al., 2013; Rea and Mahon,
2018).

Similar to AML, the expression of SIRT1 is
significantly increased in CML LSCs relative to
normal counterparts (Li et al., 2012; Yuan et al,,
2012). Yuan et al. (2012) showed that BCR-ABL
activates SIRT1 through kinase-dependent STATS
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signaling. However, BCR-ABL kinase inhibition or
STATS knockdown can only partially reduce SIRT1
expression, which suggests that other kinase-
independent mechanisms are responsible for in-
creased SIRT1 activity in CML (Yuan et al., 2012).
To explore the functional role of SIRT1 in CML, our
group inhibited SIRTI1 using short hairpin RNA
(shRNA) and the small-molecule inhibitor TV-6 and
showed that SIRT1 inhibition increased p53 acetyla-
tion and activation in CML LSCs, reducing LSC
survival and growth (Li et al., 2012). Wang et al.
(2015) identified novel LSC markers in the BALB/c
mouse model of CML. They demonstrated that the
genetic loss of SIRT1 can increase p53 acetylation,
depleting CML LSCs.

Previous studies have shown that SIRT1 main-
tains genome stability and acts as a tumor suppressor
(Wang et al., 2008). On the other hand, impaired
DNA damage response was also observed in SIRT1-
knockout CML cells. Accordingly, Wang et al. (2013)
showed that the high expression of SIRT1 in CML
can enhance error-prone DNA damage repair and
promote mutation acquisition. Similarly, recent work
indicated that SIRT1 inhibition impairs non-homologous
end joining DNA damage repair by increasing KU70
acetylation in CML (Roth et al., 2016; Zhang et al.,
2016). These results reveal a different role of SIRT1
for promoting mutation acquisition, thus leading to
drug resistance in CML.

4 Role of SIRT1 in myelodysplastic syndrome

Myelodysplastic syndrome (MDS) is a clonal
disease that arises from hematopoietic stem/progenitor
cells (HSPCs) harboring genetic alterations. MDS is
characterized by morphological dysplasia, ineffective
hematopoiesis, and risk of transformation to AML.
MDS remains incurable by existing non-transplant
treatments (Sperling et al., 2017).

Recently, our lab demonstrated that SIRT1 pro-
tein levels were decreased in MDS HSPCs compared
to normal counterparts (Sun et al., 2018). Interest-
ingly, SIRT1 mRNA levels were similar in these two
cohorts, and thus we next explored post-transcriptional
regulation of SIRT1. As a result, microRNA-9 (miR-9)
and miR-34a were found to be highly expressed in
CD34" cells and their expression was inversely cor-

related with SIRT1 protein but not mRNA levels,
which suggests that miR-9 and miR-34a downregu-
late SIRT1 in MDS cells. In this study, we further
explored the SIRT1 function and showed that SIRT1
deficiency in MDS HSPCs enhances their growth and
self-renewal. To identify the target of SIRT1 in MDS
cells, we immunoprecipitated total acetylated lysine
proteins and then identified potential targets through
mass spectrometry. Through small interfering RNA
(siRNA) screening, we identified TET2, an essential
enzyme of DNA demethylation, as a possible SIRT1
deacetylation target. Taken together, low SIRT1 lev-
els in MDS HSPCs caused TET2 hyperacetylation
and further reduced TET2 catalytic activity, thereby
resulting in higher levels of DNA methylation, de-
creased tumor suppressor gene expression, and en-
hanced maintenance of MDS HSPCs. Conversely,
overexpression or pharmacological activation of
SIRT1 enhanced TET2 function and drastically de-
layed MDS development in vivo. In conclusion, this
work uncovered an important tumor suppressive role
of SIRT1 in MDS and potentially in other myeloid
cancers. Restoring TET2 function through SIRT1
activation seems to be a promising means to target
MDS HSPCs. Nevertheless, as mentioned above,
SIRT1 activation can inhibit p53 activity and accel-
erate disease progression in FLT3-ITD" AML and
CML. Although we observed a modest reduction of
p53 acetylation levels in SRT1720-treated MDS cells,
considering MDS heterogeneity and risk to transform
into AML, future trials will require careful consider-
ation of patient selection criteria.

5 Role of SIRT1 in lymphoma

Acute lymphoblastic leukemia/lymphoblastic
lymphoma (ALL/LBL) is one of the most common
childhood malignancies. Although the cure rates for
patients with newly diagnosed ALL/LBL have stead-
ily improved over past decades, little progress has
been made in the treatment of the relapsed population
(Pui et al., 2004; Bhojwani and Pui, 2013). Similar to
what was observed in other myeloid malignancies, the
SIRT1 expression level is also elevated in ALL/LBL
compared to normal counterparts (Jin et al., 2015; Li
et al., 2015). Jin et al. (2015) found that inhibition of
SIRT1 by the small molecule inhibitor tenovin-6 can
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lead to hyperacetylation of p53 and induce cell
growth inhibition and apoptosis in ALL cells.
Mechanistically, the inhibition of SIRT1/2 activity
also decreased Wnt/B-catenin signaling, thus elimi-
nating ALL-initiating cells (Jin et al., 2015). SIRT1
expression levels were also increased in chronic
lymphocytic leukemia/small lymphocytic lymphoma
(CLL/SLL) (Audrito et al., 2011; dal Bo et al., 2015;
Bhalla and Gordon, 2016). Audrito et al. (2011) found
that nicotinamide can significantly increase miR-34a
levels with a concomitant inhibition of SIRT1 in CLL
cells, which leads to a block of proliferation and the
activation of apoptosis. Another group demonstrated
that activation of BCR in CLL cells can upregulate
miR-132 levels causing downregulation of SIRT1 and
increased acetylation of p53 (dal Bo et al., 2015).
Consistently, higher miR-132 levels in CLL/SLL
cells were associated with a better clinical course for
patients (dal Bo et al., 2015).

Diffuse large B-cell lymphoma (DLBCL) is one
of the most common non-Hodgkin lymphomas. A
decade ago, researchers observed the correlation
between high SIRT1 expression and poor prognosis
of DLBCL (Jang et al., 2008). Recently, Kan et al.
(2018) revealed a negative association between
the SIRT1 single-nucleotide polymorphism (SNP)
rs3758391 (an SNP of the SIRT1 gene promoter) and
the survival rate of DLBCL patients in the Chinese
Han population. Their genotyping results showed that
patients with SIRT1 SNP rs3758391 have a better
overall survival than those with wild-type (WT) allele,
indicating that SIRT1 could serve as a biomarker for
DLBCL. Targeting SIRT1 by pharmacological in-
hibitors like tenovin-6 seems promising. To explore
their function in DLBCL, Yuan et al. (2017) treated
DLBCL cell lines with tenovin-6 and observed that
treatment could inhibit cancer cell proliferation. In-
terestingly, specific knockdown of SIRT1/2/3 has no
effect on DLBCL, suggesting that the inhibitory ef-
fects of tenovin-6 are independent of sirtuin. Mecha-
nistically, they found that tenovin-6 can increase the
expression level of the autophagy marker LC3B-II in
all DLBCL cell lines tested, but the action is not rel-
evant to the SIRT1/p53 axis. As tenovin-6 was used
as an SIRTI1 inhibitor in these studies, Yuan et al.
(2017) unveiled a new mechanism involving au-
tophagy, and thus precautions should be taken in
future studies.

There are also examples of SIRT1 regulating
other types of lymphomas. Nihal et al. (2014) found
increased SIRT1 expression of cutaneous T-cell
lymphoma cell lines and tissues relative to normal
lymphocytes. SIRT1 inhibition by tenovin-1 resulted
in reduced cellular metabolism and proliferation, and
increased apoptosis. Similarly, SIRT1 helps to
maintain the proliferation and survival of primary
effusion lymphoma (PEL) cells in an AMPK-
dependent manner (He et al., 2017). Thus, targeting
the SIRT1-AMPK axis with tenovin derivatives ef-
fectively inhibits the initiation and progression of
PEL, and dramatically extends lymphoma xeno-
grafted animal survival. Heltweg et al. (2006) identi-
fied a compound called cambinol that can inhibit
SIRT1/2 in Burkitt lymphoma cells, thus decreasing
BCL-6 level and activating checkpoint pathways like
p53 concurrently, eventually leading to apoptosis of
lymphoma cells.

6 Role of SIRT1 in hematologic malignancy
microenvironment

Over the past decades, mounting evidence sug-
gests that immune dysregulation happens in the tumor
microenvironment. There is also evidence that SIRT1
participates in immune dysregulation. Previous stud-
ies suggest that the presence of cytotoxic TIA-1" cells
with reduced FoxP3" Treg cells predicts unfavorable
outcomes in classical Hodgkin lymphoma (cHL).
Briefly, Quesada et al. (2015) focused their attention
on the relationship between SIRT1 and the immune
microenvironment in cHL. They detected the expres-
sion of SIRT1 and FoxP3 from 24 cases and found
increased expression of SIRT1 in 21 cases. Further
analysis revealed that the patients who suffered a
recurrence had a significantly higher ratio of SIRT1
versus FoxP3 than the patients who were in remission.
As FoxP3 is one of the deacetylation targets of SIRT]I,
they hypothesized that SIRT1 deacetylates FoxP3 and
reduces T regulatory (FoxP3") cell function. Thus,
SIRT1 inhibition may promote Hodgkin Reed-
Sternberg cells to differentiate into CD4" naive T
cells as well as Tregs, contributing to a better clinical
outcome. Moreover, Daenthanasanmak et al. (2019)
reported that SIRT1 inhibition can attenuate graft
versus host disease (GVHD) by promoting Treg cell
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Table 1 Role of SIRT1 in hematologic malignancies

Disease Upstream SIRT1 level Role of SIRT1
AML IRF9 Increased ~ Promote AML development
SDF-1a, CXCR4 Increased  Promote autophagy
FLT3-ITD AML c-MYC, USP22 Increased Promote LSC maintenance
ATM, DBC1 Increased  Inhibit genomic stress-induced apoptosis
MLL-r leukemia DOTIL Unknown  Mediate leukemic gene silencing
CML BCR-ABL STATS Increased  Enhance error-prone DNA damage repair
HICI Increased ~ Promote LSC maintenance
MDS miR-9, miR-34a  Decreased  Disrupt maintenance of MDS stem and progenitor cells
ALL/LBL Unknown Increased  Promote LSC maintenance
CLL/SLL miR-34a, miR132 Increased  Promote proliferation and survival
PEL Unknown Increased ~ Promote proliferation and survival
CTCL Unknown Increased ~ Promote proliferation and survival
Burkitt lymphoma Unknown Unknown  Promote apoptosis resistance
cHL Unknown Increased Decrease Treg
BM transplantation Unknown Unknown  Promote graft versus host disease

AML, acute myeloid leukemia; FLT3-ITD, internal tandem duplication in FLT3; MLL-r, mixed-lineage leukemia-rearranged; CML,
chronic myelogenous leukemia; MDS, myelodysplastic syndrome; ALL, acute lymphoblastic leukemia; LBL, lymphoblastic lymphoma;
CLL, chronic lymphocytic leukemia; SLL, small lymphocytic lymphoma; PEL, primary effusion lymphoma; CTCL, cutaneous T-cell
lymphoma; cHL, classical Hodgkin lymphoma; BM, bone marrow; LSC, leukemia stem cell

differentiation and inhibiting interferon-y production.
These observations indicate that SIRT1 can regulate
not only tumor cells themselves, but also the micro-
environment, affecting clinical outcomes (Table 1).
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7 Conclusions

It is now clear that SIRT1 can regulate pro-
survival pathways in most of the hematologic ma-
lignancies. Moreover, this SIRT1 action can be mul-
tifaceted, modulating cell survival, genomic stability,
metabolism, and the microenvironment. Though
many targets have been reported, the SIRT1 effects
can be context-dependent, given that only certain
substrates will contribute to the major phenotype.
Thus, further evaluation of SIRTI-directed therapy
for both preclinical and clinical application is
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HXBE

: SIRT1 7E ML R G ya = R R i3t

: SIRT1J& T JHEE L IRVEnS — B (NAD) #KH
HIZHER (1 10 RS R o B AR &R AR
Y& 2Bk, SIRT1 25 7 4UMACH. 20 A 1
PLK DNA BE %L A B i M. U2
FiZRM: SIRT1 7EME D se A P, 78
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