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Abstract Sterile a motif and histidine/aspartic acid domain containing protein 1 (SAMHD1) is
a deoxynucleoside triphosphate (dNTPs) triphosphohydrolase that can hydrolyze dNTPs into
deoxynucleosides and triphosphates to keep the balance of the intracellular dNTPs pool. More-
over, it has been reported that SAMHD1 plays a role in regulating cell proliferation and the cell
cycle, maintaining genome stability and inhibiting innate immune responses. SAMHD1 activity
is regulated by phosphorylation, oxidation, SUMOylation, and O-GlcNAcylation. SAMHD1 muta-
tions have been reported to cause diseases, including chronic lymphocytic leukemia and
mantle cell lymphoma. SAMHD1 expression in acute myeloid leukemia predicts inferior prog-
nosis. Recently, it has been revealed that SAMHD1 mediates the resistance to anti-cancer
drugs. This review will focus on SAMHD1 function and regulation, the association between
SAMHD1 and hematological malignancies and will provide updated information on SAMHD1
mediating resistance to nucleoside analogue antimetabolites, topoisomerase inhibitors, plat-
inum-derived agents and DNA hypomethylating agents. Furthermore, histone deacetylase in-
hibitors and tyrosine kinase inhibitors indirectly increase anti-cancer drug resistance by
increasing SAMDH1 activity. We herein highlight the importance of the development of novel
agents targeting SAMHD1 to overcome treatment resistance of hematological malignancies,
which would be an opportunity to improve the outcome of patients with refractory hematolog-
ical malignancies.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

In 2000, sterile a motif and histidine/aspartic acid domain-
containing protein 1 (SAMHD1) was firstly identified in the
cDNA library of dendritic cells by Xuetao Cao and his col-
leagues and was named dendritic cell-derived interferon g
(IFN-g)-induced protein (DCIP), as it is a homologue of
mouse IFN-g induced protein MG11 with 72% protein
sequence identity.1 SAMHD1 contains 626 amino acid resi-
dues with two domains arranged in tandem, an N-terminal
sterile a motif for protein or nucleic acid binding, and a
histidine/aspartic residue domain with enzyme activity
core site.2e4 In 2009, SAMHD1 mutation was identified as a
cause of Aicardi-Goutières syndrome (AGS), a congenital
encephalopathy with homeostasis disturbance of IFN-a.5

SAMHD1 was reported as a deoxynucleoside triphosphate
(dNTPs) triphosphohydrolase, which could catalyze the
hydrolysis of dNTPs into deoxynucleoside and triphos-
phate.3 In 2011, Laguette et al demonstrated that SAMHD1
could alleviate human immunodeficiency virus 1 (HIV-1)
infection.6 Since then, SAMHD1 has been regarded an
effective antiretroviral protein.6e8

Recently, SAMHD1 mutations have been reported in
many hematological malignancies, including chronic lym-
phocytic leukemia (CLL), mantle cell lymphoma (MCL), T-
cell prolymphocytic leukemia (T-PLL), and classical Hodgkin
lymphoma (cHL).9e18 Moreover, SAMHD1 mediates the
resistance to several anti-cancer drugs, and higher
expression of SAMHD1 predicts a worse prognosis in several
types of cancer.9,19,20 In this review, we will focus on the
function and regulation of SAMHD1, its expression and
mutations in hematological malignancies, and its role in
inducing therapeutic resistance in hematological malig-
nancies, to enable a better understanding of SAMHD1 tar-
geting to overcome treatment resistance in hematological
malignancies.
SAMHD1 functions

Regulating cell proliferation, restricting virus
infection, and controlling cell cycle

SAMHD1 maintains the balance of a cellular dNTP pool by
hydrolyzing dNTPs into deoxynucleosides and tri-
phosphates, and conversely SAMHD1 activity is regulated by
dNTPs.3,21,22 A SAMHD1 single unit has little dNTPase ac-
tivity, and SAMHD1 function is optimal in the homologous
tetramer. Guanosine triphosphate/deoxyguanosine
triphosphate (GTP/dGTP) binding to guanine-specific allo-
steric sites (A1) and dNTPs binding to other allosteric sites
(A2) are important activators for SAMHD1 homologous
tetramer formation.22e24 Furthermore, dNTPs are the
elementary materials for DNA synthesis, and DNA synthesis
is the premise for cell proliferation. Thus, SAMHD1 regu-
lates cell proliferation by controlling the efficiency of DNA
synthesis.19,25,26 Moreover, SAMHD1 restricts HIV and
retrovirus at the early stage of infection by depleting the
major dNTPs for reverse transcription and complementary
DNA replication.3 SAMHD1 plays a role in cell cycle regula-
tion by controlling cells transforming from S phase to G2
phase.27 Phosphorylation of SAMHD1 at Thr592 by cyclinA2/
cyclin-dependent kinase (cyclinA2/CDK) complex in S phase
decreases its dNTPase activity.28 Phosphorylated SAMHD1
with ribonucleotide reductase, a key enzyme of de novo
synthesis of dNTPs, maintains sufficient dNTPs for DNA
replication and regulates the cell cycle S/G2 transition.27,29

Thus, SAMHD1 regulates cell proliferation, restricts HIV and
retrovirus infection, and controls the cell cycle.

Maintaining genome stability

Felip et al reported that loss or downregulation of SAMHD1
induces cell genome instability, thereby making the cell
susceptible to DNA damage agents.19 SAMHD1 maintains
genome stability by facilitating cell homologous recombi-
nation when cells undergo DNA double-strand breaks (DSBs)
by harmful agents like chemo-agents and irradiation. In this
process, SAMHD1 conserved C-terminal combines with
CtBP-interacting protein (CtIP), and the complex locates at
the DNA breakpoint promoting the DNA end resection and
initiating the homologous recombination.30 During DSB
conditions, aberrant end joining and abnormal insertion of
dNTPs causing genomic instability often happen in cancer
cells, while SAMHD1 can shorten repair joints and decrease
dNTPs level to avoid abnormal insertion and maintain
genome integrity.31

In the development process of mature B-cells, cells so-
matic hypermutation (SHM) generates different high affin-
ity variable regions of antibodies, and class switch
recombination (CSR) changes constant regions. CSR occurs
in with the generation of DNA double strands breaking fol-
lowed by non-homologous end joining. In the translocation
process of mature B-cells CSR and IgH/c-Myc, SAMHD1
maintains a low cellular dNTPs level to decrease the
insertion of DSB point nucleotides.32,33 Thus, SAMHD1 can
maintain genome integrity during DNA damage or under
normal physiological conditions.

Inhibiting innate immune response

SAMHD1 plays a role in innate immune responses through
direct actions on cytokines, viral DNA replication, and RNA
reverse transcription. In previous studies, it was shown that
SAMHD1 mutations lead to AGS. AGS is characterized by
spontaneous IFN-a secretion, which suggests that SAMHD1
inhibits IFN-a production.5 During virus infection, viral DNA
replication in the cytoplasm is sensed by cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) syn-
thase (cGAS), which catalyzes the second messenger cGAMP
synthesis to activate downstream stimulator of interferon
genes (STING) molecule, leading to interferon regulatory
factor 3 (IRF3) and IRF7 phosphorylation and inducing type I
IFN production.34 Coquel et al reported that SAMHD1 in-
hibits single-strand DNA production by activating MRE11
exonuclease to resect nascent DNA at replication folk, and
activates checkpoint of ATR-CHK1 to stop DNA replication.
Thus, SAMHD1 leads to a low level of cytosolic DNA by
blocking viral DNA replication or RNA reverse transcription
and also by decreasing dNTPs level, which is insufficient to
be sensed by cGAS and activates downstream immune re-
sponses and type I IFN production.35 The NF-kB pathway is



SAMHD1 in hematological malignancies therapeutic resistance 893
essential for inflammatory responses and innate immu-
nity.36,37 Espada et al reported that SAMHD1 directly sup-
presses TNF receptor-associated factor 6 (TRAF6) and the
transforming growth factor b-activated kinase 1 (TAK1) axis
to inhibit activation of the NF-kB signaling pathway.38 Thus,
SAMHD1 is a negative regulator of the innate immune
response. SAMHD1 biological functions have been summa-
rized and displayed in Figure 1.
SAMHD1 expression and activity regulation

Expression regulation

The mechanism of SAMHD1 expression regulation remains
unknown. However, some studies have revealed that
microRNA may play a role in SAMHD1 expression. MicroRNA
is a type of small non-coding RNA that can negatively
Figure 1 SAMHD1 hydrolyzes deoxynucleoside triphosphate (dN
SAMHD1 subunit forms tetramer mediates by GTP/dGTP binding to S
to allosteric sites (A2). SAMHD1 tetramers are phosphorylated by t
dNTPase activity and are dephosphorylated by protein phosphatase
triphosphate to keep the intracellular balance of the dNTPs pool.
stage by depleting intracellular dNTPs. SAMHD1 inhibits innate imm
by keeping cytoplasm single-strand DNA at a low level insufficien
secretion. SAMHD1 inhibits the TRAF6-TAK1axis to inhibit activat
interacting protein (CtIP) to mediate DNA double-strand break (D
repair. pSAMHD1, phosphorylated SAMHD1; TNF receptor-associate
nase 1 (TAK1); IKK, inhibitor of kappa B kinase; cGAS, cyclic GMP-
osine monophosphate; STING, stimulator of interferon genes; IRF,
regulate gene expression by a post-transcriptional mecha-
nism. MicroRNA complementarily binds to target messenger
RNA (mRNA) and leads to mRNA cleavage.39 Specifically,
microRNA-181 (miR-181) and miR-30a could bind to the 30

untranslated region (30-UTR) of SMAHD1 mRNA and down-
regulate SAMHD1 expression.40e43 It has been reported that
miR-181 and miR-30a are down-regulated by type I and II
IFNs in human monocytes but not in macrophages and
dendritic cells. This suggests that SAMHD1 regulation by
IFNs is cell-type dependent.43
Phosphorylation down-regulates SAMHD1 dNTPase
activity

In proliferating cells, SAMHD1 is a substrate for cyclinA2/
CDK complex and is phosphorylated at Thr592 in the S
phase.7,28,44 Phosphorylation at Thr592 in S phase down-
TPs), regulates the cell cycle, and inhibits innate immunity.
AMHD1 guanine-specific allosteric sites (A1) and dNTPs binding
he cyclinA2/CDK complex in S/G2 transition to inhibit SAMHD1
2A (PP2A). SAMHD1 hydrolyzes dNTPs into deoxynucleoside and
SAMHD1 restricts retrovirus infections at reverse transcription
unity by suppressing virus DNA replication in the cytoplasm and
t to initiate cGAS-STING pathway to induce type I interferon
ion of the NF-kB signaling pathway. SAMHD1 binds the CtBP-
SB) end resection to initiate DNA homologous recombination
d factor 6 (TRAF6); transforming growth factor b-activated ki-
AMP synthase; cGAMP, cyclic guanosine monophosphate-aden-
interferon regulatory factor.
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regulates SAMHD1 activity to reduce dNTPs hydrolysis, and
keep sufficient dNTPs concentration for DNA replication.
SAMHD1 is down-regulated but not inactive in phosphory-
lated state, and phosphorylated SAMHD1 cooperates with
the ribonucleotide reductase in S/G2 transition in a fine-
tuning manner to keep the balance of the dNTPs pool for
DNA replication.27 In the cell cycle of M/G1 transition,
phosphatase protein phosphatase 2A (PP2A) mediates
SAMHD1 dephosphorylation and reactivation.45 Disturbance
of SAMHD1 phosphorylation at Thr592 would arrest cells in
the S phase.28

SAMHD1 phosphorylation relies on the cell cycle and on
the cyclinA2/CDK complex. Additionally, the cyclinA2/CDK
complex is negatively regulated by cyclin-dependent kinase
inhibitors (CKIs), including p21, p27, and p57, which bind the
cyclinA2/CDK complex and inhibit its kinase activity.46 In
DNA damaged cells, phosphorylated p53 tetramers act as a
transcription factor upregulating p21 and p27 expres-
sion.47,48 Moreover, activation of Toll-like receptor 4 (TLR4)
in infected cells up-regulates p21 and inhibits CDK1.49 Thus,
when cells undergo DNA damage or get infected, p21 and p27
mediate inhibition of the cyclinA2/CDK complex, which de-
creases SAMHD1 phosphorylation and leads to cell cycle ar-
rest. Conversely, phosphorylation at Thr592 keeps SAMHD1,
thereby localizing in the nucleus where it is protected from
oxidation by cytoplasmic reactive oxygen species (ROS).29

Oxidation inhibits SAMHD1 oligomerization

SAMHD1 has been reported to be regulated by the redox
switch.50,51 Oxidation by cellular ROS occurs on SAMHD1
amino acid residues Cys341, Cys350 and Cys522 50, 51.
SAMHD1 antiviral activity is dependent on redox trans-
formation to form a stable tetramer and to induce catalysis
activity.50 Cys341 and Cys350 oxidation are indispensable
for SAMHD1 oligomerization and activity. Previous studies
have reported that Cys522 oxidation does not influence
SAMHD1 oligomerization and dNTPase activity, but Cys522
mutation makes SAMHD1 resistant to redox switch regula-
tion.50 Thus, Cys522 oxidation may be promising for
SAMHD1 oxidation on Cys341 and Cys350 residues. This
research reveals that oxidation of Cys341 and Cys522 re-
stricts retrovirus infection, but does not influence dNTPs
pools and Thr592 phosphorylation, suggesting that SAMHD1
restriction of retrovirus infection has different mechanisms
other than depleting dNTPs.50 However, the full mechanism
remains to be elucidated. Moreover, the oxidation process
is reversible and only cytoplasmic SAMHD1 is oxidized by
ROS in the cytoplasm.51

SUMOylation and O-GlcNAcylation enhance SAMHD1
virus restriction

SUMOylation is a mechanism of post-translational modifica-
tions, similar to ubiquitinoylation, in which a single sentrin/
small ubiquitin-like modifier (SUMO) conjugates to a protein
substrate on lysine residues and the catalytic reaction occurs
through activation of E1, conjugation of E2, and ligation of E3
enzymes. Unlike ubiquitinoylation, SUMOylation does not
mediate target protein degradation, but changes cellular
localization, activity, or stability of proteins.52 Martinat et al
reported that SAMHD1 SUMOylation occurs mainly at lysine
residues of 469, 595 and 622. SUMOylation at Lys595 and
phosphorylation at Thr592 are two independent events, but
SUMOylation at Lys595 endows dephosphorylated SAMHD1
antiviral activities.4,53 Hu et al reported another mechanism
of the regulation of SAMHD1 antiviral activity in chronic
hepatitis B virus (HBV) infection conditions. An HBV infection
increases SAMHD1 O-linked-N-acetylglucosaminylation (O-
GlcNAcylation) at Ser93 through the hexosamine biosyn-
thesis pathway (HBP). The O-GlcNAcylation at Ser93 en-
hances the stability of SAMHD1 tetrameter and enhances the
activity of SAMHD1 virus restriction.54
SAMHD1 expression and mutation in
hematological malignancies

SAMHD1 expression

SAMHD1 is expressed in several hematological malig-
nancies, including chronic lymphocytic leukemia (CLL),
mantle cell lymphoma (MCL), T-cell prolymphocytic leuke-
mia (T-PLL), acute myeloid leukemia (AML), and classical
Hodgkin lymphoma (cHL).9,10,12,13,18,20,55 In our previous
study, we found that MCL patients with higher SAMHD1
expression were associated with an inferior chemotherapy
response rate and a shorter overall survival.9 Merrien et al
reported that blastoid/pleomorphic MCL had a higher
SAMHD1 expression, which positively correlated with MCL
ki-67 proliferation index.25 Moreover, Roider et al reported
that SAMHD1 expression in B-cell lymphoma cell lines
inversely correlates with the effect of cytarabine single
agent treatment in vitro. However, as MCL chemotherapy
regime contains many agents other than cytarabine, no
significant difference in complete remission rate and sur-
vival between SAMHD1 positive and negative patients were
found.13,25 In AML, high SAMHD1 expression predicts short
progression-free survival, relapse-free survival and overall
survival (OS).20 In cHL, SAMHD1 is positive in Hodgkin and
Reed-Sternberg (HRS) cells of 31% of cHL patients, and
SAMHD1 positive cHL patients have a higher disease pro-
gression rate, a shorter disease-free survival, and an infe-
rior OS. Therefore, SAMHD1 expression is an adverse factor
for cHL prognosis.18

SAMHD1 mutation

SAMHD1 mutation has been reported in several hemato-
logical malignancies. Mutations of SAMHD1 exist in 7.1%e
10% of MCL,9,13,14 9.6%e11% of CLL,12,55 and 18% of T-PLL.10

It has been proposed that SAMHD1 mutations could be a
driver event of CLL11,16 and MCL tumorigenesis.14 Mutation
sites and functions are displayed in Figure 2. Most reported
SAMHD1 mutations are single nucleotide substitutions,
causing variations in amino acids. Mutation sites on SAMHD1
involve allosteric sites, catalysis sites, and regulatory sites.
The GTP/dGTP mediates SAMHD1 tetramer formation and
maintains its stability by binding to amino acid residues,
including Arg145, Tyr155, Pro158 and Arg451.56 His206 and
Arg366 are in active sites and Cys522 is the residue for
regulation of oxidation. SAMHD1 mutations lead to the



Figure 2 SAMHD1 mutations in CLL and MCL. SAMHD1 has 626 amino acid residues, including a sterile a motif domain SAM
(45e110) and a histidine/aspartic acid (HD) domain (115e562). In the schematic diagram, mutations of CLL are marked in blue and
mutations of MCL are marked in red. R451H in purple is reported in both CLL and MCL. Among these mutation sites, Arg145, Tyr155,
Pro158, and Arg451 are the key residues of allosteric sites; His206 and Arg366 are in composition of the catalytic active center; and
Cys355 is the cysteine for oxidation regulation. Other functions of mutation sites displayed have not yet been elucidated.
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increase of cellular dNTPs, and cell cycle disturbance may
lead to tumorigenesis.21 Furthermore, cells with SAMHD1
mutations are vulnerable to agents that cause DNA damage,
and thus they are at an increased risk of tumor forma-
tion.30,31 For CLL and MCL, SAMHD1 mutations affect the
process of IgH/c-Myc translocation, increase insertion mu-
tations and aberrant end joining during CSR, and induce B-
cell lymphoma.32 However, whether SAMHD1 mutation af-
fects tumor prognosis is not yet known.

SAMHD1 and anti-cancer drug resistance

SAMHD1 has been reported to be associated with resistance
to several types of anti-cancer drugs used in hematological
malignancies, including nucleotide analogue antimetabo-
lites, topoisomerase inhibitors, platinum-derived agents
and DNA hypomethylating agents (HMAs). Histone deace-
tylase inhibitors (HDACi) and tyrosine kinase inhibitors
(TKIs) mediate SAMHD1 dephosphorylation and indirectly
increase resistance to other anti-cancer drugs. The under-
lying mechanisms of SAMHD1 mediating resistance of anti-
cancer drugs are diverse (Fig. 3).

Nucleoside analogue antimetabolites

Nucleoside analogue antimetabolites are a large class of
agents that mimic dNTPs. During cancer cell replication,
they incorporate into DNA inhibiting DNA polymerase ac-
tivity, thereby resulting in the termination of DNA synthe-
sis. Thus, cell proliferation is stopped and the cells undergo
apoptosis.57 Nucleoside analogue antimetabolites are
wildly used in AML, myelodysplastic syndromes (MDS),
acute lymphoblastic leukemia (ALL), lymphoma, and
myeloma. Nucleoside analogue antimetabolites are pro-
drugs that are converted to active metabolites by a group
of kinases that phosphorylate substrates of nucleosides and
nucleotides. The nucleoside analogue antimetabolites are
phosphorylated to monophosphate analogues, diphosphate
and triphosphate forms by various cellular enzymes.57

These phosphorylated nucleoside analogues can bind the
SAMHD1 catalytic pocket and are dephosphorylated by
SAMHD1, thus leading to intracellular low concentration of
effective nucleoside analogues.58 Using this mechanism,
SAMHD1 promotes resistance to a variety of nucleoside
analogue antimetabolites, including cytarabine, clofar-
abine, fludarabine, nelarabine, and cladribine.20,58e61 For
example, cytarabine is phosphorylated by kinases into
cytarabine-TP, while SAMHD1 hydrolyzes cytarabine-TP to
cytarabine and triphosphate. However, gemcitabine is not
influenced by SAMHD1, because gemcitabine is not only a
nucleoside analogue but also an inhibitor of ribonucleotide
reductase. Gemcitabine inhibition of ribonucleotide
reductase leads to a decrease in de novo synthesis of dNTPs
and in the intracellular concentration of dNTPs. Low dNTPs
concentration influences SAMHD1 allosteric transformation
into a tetramer and decrease SAMHD1 dNTPs activity. Thus,
gemcitabine indirectly leads to inhibition of SAMHD1 ac-
tivity and reduced gemcitabine-TP hydrolysis.62

DNA damage agents

DNA damage agents include topoisomerase inhibitors and
platinum-derived agents.19,30,63 Topoisomerase inhibitors,
including etoposide, and platinum-derived agents, such as
cisplatin and carboplatin, are the backbone of the treatment
of hematological malignancies. Radiotherapy is generally
applied in lymphoma.64e66 The common mechanism of
topoisomerase inhibitors, platinum-derived agents and even
radiotherapy to kill cancer cells is by induction of DNA
damage.67e70 These DNA damage agents and radiotherapy
lead to cancer cell DSB, while SAMHD1 could mediate DNA
damage repair by facilitating DSB end resection, which is the
first step of homologous recombination repair.30 DNA dam-
age induces phosphorylation and tetramerization of p53,
leading to the phosphorylation of p21, which binds CDK1.
CDK1 is an essential kinase that promotes SAMHD1 phos-
phorylation. Thus, DNA damage agents decrease SAMHD1
phosphorylation and increase SAMHD1 activity through the
p53/p21/CDK1 pathway. SAMHD1 inversely repairs DNA
damage and increases DNA stability, resulting in DNA damage
agents and chemotherapy resistance.63

HMAs

HMAs, including decitabine and azacytidine, are cytosine
nucleoside analogues, which suppress DNA methyl-
transferases (DNMTs), deplete DNA methylation, and induce
DNA damage and cell apoptosis.71 Decitabine and



Figure 3 SAMHD1 mediates resistance of multiple anti-cancer drugs. Nucleoside analogues are prodrug forms and are phos-
phorylated to active forms by cellular kinases. SAMHD1 catalyzes the hydrolysis of phosphorylated nucleoside analogues into
inactive prodrug forms and triphosphate. DNA hypomethylating agent (HMA), decitabine, is phosphorylated to decitabine-TP and
inhibits DNA methyltransferase (DNMT). SAMHD1 hydrolyzes decitabine-TP to decitabine and triphosphate. Topoisomerase inhib-
itor, platinum-derived agents, and radiotherapy mediates DNA double-strand breaks (DSBs) in cancer cells and kill cancer cells.
SAMHD1 binds CtBP-interacting protein (CtIP) and facilitates DSB end resection to initiate DNA homologous recombination and
increase resistance to DNA damage agents. Histone deacetylase inhibitors (HDACi) up-regulate p53/p27phosphorylation. Phos-
phorylated p27 binds the cyclinA2/CDK complex to inhibit its function of mediating SAMHD1 phosphorylation. Tyrosine kinase in-
hibitors (TKIs) inhibit intracellular kinase to phosphorylate SAMHD1 and increase PP2A activity to dephosphorylated SAMHD1. HDACi
and TKIs decrease phosphorylated SAMHD1 and indirectly increase SAMHD1 mediating the resistance of other agents. HAT,
histoneacetyltransferase.
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azacytidine are phosphorylated to the active form of dec-
itabine-TP and azacytidine-TP by the action of cellular
enzymes. Decitabine-TP and azacytidine-TP can incorpo-
rate into nucleic acid, while decitabine-TP mainly in-
corporates into DNA and azacytidine-TP incorporates into
both DNA and RNA.72 Decitabine and azacytidine are mainly
applied in AML and MDS.73e76 Oellerich et al reported that
SAMHD1 compromises decitabine, but not azacytidine, ef-
ficacy in AML and MDS. The underlying mechanism relies on
the fact that decitabine-TP is a substrate of SAMHD1, while
azacytidine-TP is not. SAMHD1 hydrolysis of decitabine-TP
leads to low intracellular levels and limited efficacy of



SAMHD1 in hematological malignancies therapeutic resistance 897
decitabine. High SAMHD1 expression is associated with
cellular insensitivity to decitabine and a poor response to
decitabine therapy in AML patients. Thus, SAMHD1 expres-
sion is a biomarker of decitabine response.77

HDACi

Histones are the coil of chromatin, which could regulate
DNA replication and transcription through posttranslational
modification mechanisms, such as methylation, acetyla-
tion, phosphorylation and ubiquitination.78 Histone acety-
lation leads to chromatin in a loose and active status for
DNA replication and gene expression, while deacetylation
in reverse status. Histone deacetylases (HDACs), also called
eraser, is the key enzyme removing histone acetylation.79

The abnormal activation of HDACs resulting in histone
hypoacetylation and leading to aberrant gene expression is
a major mechanism of tumorigenesis. HDACi including
vorinostat, romidepsin, belinostat, panobinostat and chi-
damide were approved by FDA and are mainly applied in T
cell lymphoma, MDS and multiple myeloma.80e85 HDACi
could mediate histone hyperacetylation and arrest cells at
G1 phase by inhibiting of cyclinA2/CDK complex through
the pathway of p53/p27/CDK1, which could lead to SAMHD1
dephosphorylation.86,87 Mlcochova et al have revealed that
HDACi (vorinostat and panobinostat) could mediate SAMHD1
dephosphorylation, increase SAMHD1 activity and indirectly
increase SAMHD1 mediating anti-cancer drug resistance.87

TKI

Tyrosine kinases (TKs) are a group of enzymes that mediate
substrate phosphorylation of signaling proteins and modu-
late their activities. Cell receptors such as the epidermal
growth factor receptor (EGFR), vascular endothelial growth
factor receptor (VEGFR) and fibroblast growth factor re-
ceptor (FGFR) belong to the TK family.88 The most famous
TKI agent is imatinib, the first generation BCR-ABL inhibitor,
and is mainly used in chronic myeloid leukemia and BCR-
ABL-positive ALL. Dasatinib is a second generation TKI, with
potent inhibitory effects and targeting multiple kinases
other than BCR-ABL, such as SRC kinase and c-Kit. TKIs,
including dasatinib, bosutinib, and ponatinib induce
SAMHD1 activation by decreasing SAMHD1 phosphorylation,
among which dasatinib provides the most potent
effect.89e91 BCR-ABL inhibits PP2A expression. Therefore,
TKIs targeting BCR-ABL induce the activation of PP2A, and
mediate dephosphorylation and activation of SAMHD1.91,92

In conclusion, TKIs indirectly induce SAMHD1 activation
resulting in SAMHD1 mediating resistance of multiple anti-
cancer drugs.

Future perspectives

SAMHD1 plays a vital role in the therapeutic resistance of
hematological malignancies. Herold et al reported that
they used virus-like particles to deliver viral accessory
protein x (Vpx) to the AML cell line, THP-1. Vpx could target
the SAMHD1 C-terminal region and conjugate to the DNA
damage-binding protein (DDB1) and comprising cullin4A
(CUL4)-associated factors 1 (DCAF1), an E3 ligase substrate
adaptor, and promote SAMHD1 degradation by the protea-
some.93,94 Depleting SAMHD1 significantly improved cytar-
abine sensitivity in hematological malignancies.95 This
study demonstrated that targeting SAMHD1 could reverse
resistance to cancer cytarabine. It is possible that chemo-
resistance may be overcome by depleting SAMHD1.

However, there is a lack of SAMHD1-specific inhibitors.
To overcome that, other inhibitors can be used. For
example, the CDK4/6 selective inhibitor, palbociclib, can
modulate SAMHD1 phosphorylation, and synergistically
enhance antimetabolite-based drug effects.96 However,
the underlying mechanism remains to be further eluci-
dated and whether palbociclib can enhance other types of
anti-cancer drugs, such as topoisomerase inhibitors, plat-
inum-derived agents and HMAs is not yet known. Mauney
et al used high-throughput screening to identify several
agents that inhibit the activities of SAMHD1 dNTPase.
Eight promising agents were found to be potent and spe-
cific SAMHD1 dNTPase inhibitors. Among them, retinoic
acid, L-thyroxine, amrinone, and montelukast are clini-
cally used, while lomofungin, ergotamine, hexestrol, and
sulindac are not used in the clinic.97 However, the inhib-
itory efficacy to SAMHD1 of these agents has not been
identified in vivo.

Conclusions

In conclusion, SAMHD1 plays a vital role in the develop-
ment, therapeutic resistance, and prognosis of hemato-
logical malignancies. To guide clinical treatment, in the
future, SAMHD1 may be used as a novel risk stratification
biomarker for hematological malignancies, such as MCL,
AML, and cHL. In addition, the development of SAMHD1-
specific inhibitors may overcome therapeutic resistance
and improve patients’ prognosis.
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35. Coquel F, Silva MJ, Técher H, et al. SAMHD1 acts at stalled
replication forks to prevent interferon induction. Nature.
2018;557(7703):57e61.

36. Taniguchi K, Karin M. NF-kB, inflammation, immunity and
cancer: coming of age. Nat Rev Immunol. 2018;18(5):309e324.

37. Kim ET, Roche KL, Kulej K, et al. SAMHD1 modulates early steps
during human cytomegalovirus infection by limiting NF-kB
activation. Cell Rep. 2019;28(2):434e448.

38. Espada CE, St Gelais C, Bonifati S, et al. TRAF6 and TAK1
contribute to SAMHD1-mediated negative regulation of NF-kB
signaling. J Virol. 2021;95(3):e01970, 20.

39. Dragomir MP, Knutsen E, Calin GA. Classical and noncanonical
functions of miRNAs in cancers. Trends Genet. 2022;38(4):
379e394.

40. Pilakka-Kanthikeel S, Raymond A, Atluri VS, et al. Sterile alpha
motif and histidine/aspartic acid domain-containing protein 1
(SAMHD1)-facilitated HIV restriction in astrocytes is regulated
by miRNA-181a. J Neuroinflammation. 2015;12:66.

41. Kohnken R, Kodigepalli KM, Mishra A, et al. MicroRNA-181
contributes to downregulation of SAMHD1 expression in CD4þ

http://refhub.elsevier.com/S2352-3042(22)00175-1/sref1
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref1
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref1
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref1
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref2
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref2
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref2
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref3
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref3
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref3
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref3
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref4
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref4
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref4
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref5
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref5
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref5
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref5
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref6
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref6
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref6
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref6
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref7
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref7
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref7
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref7
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref8
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref8
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref8
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref8
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref9
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref9
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref10
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref10
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref10
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref11
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref12
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref12
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref12
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref12
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref13
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref13
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref13
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref13
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref13
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref14
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref14
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref14
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref14
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref14
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref15
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref15
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref15
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref15
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref15
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref16
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref16
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref16
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref16
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref16
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref17
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref17
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref17
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref17
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref18
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref19
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref19
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref19
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref19
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref19
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref20
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref20
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref20
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref20
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref21
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref21
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref21
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref21
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref21
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref22
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref22
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref22
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref23
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref23
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref23
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref23
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref23
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref24
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref24
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref24
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref25
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref25
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref25
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref25
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref26
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref26
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref26
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref26
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref27
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref27
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref27
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref27
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref27
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref28
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref28
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref28
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref28
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref29
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref29
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref29
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref30
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref30
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref30
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref30
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref31
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref31
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref31
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref31
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref32
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref32
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref32
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref33
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref33
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref33
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref33
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref34
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref34
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref34
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref34
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref35
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref35
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref35
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref35
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref36
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref36
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref36
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref37
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref37
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref37
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref37
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref38
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref38
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref38
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref39
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref39
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref39
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref39
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref40
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref40
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref40
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref40
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref41
http://refhub.elsevier.com/S2352-3042(22)00175-1/sref41


SAMHD1 in hematological malignancies therapeutic resistance 899
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