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ABSTRACT

SAM domain and HD domain containing protein 1 (SAMHD1) is a deoxynucleotide
triphosphohydrolase (dNTPase) that inhibits retroviruses by depleting intracellular
deoxynucleotide triphosphates (dANTPs) in non-cycling myeloid cells. Although SAMHD1
is expressed ubiquitously throughout the human body, the molecular mechanisms
regulating its enzymatic activity and function in non-immune cells are relatively
unexplored. Here, we demonstrate that the dNTPase activity of SAMHD1 is regulated
by acetylation, which promotes cell cycle progression in cancer cells. SAMHDL1 is
acetylated at residue lysine 405 (K405) in vitro and in vivo by an acetylatransferase,
arrest defective protein 1 (ARD1). Acetylated SAMHD1 wildtype proteins have
enhanced dNTPase activity in vitro, whereas non-acetylated arginine substituted
mutants (K405R) do not. K405R mutant expressing cancer cells have reduced G1/S
transition and slower proliferation compared to wildtype. SAMHD1 acetylation levels
are strongest during the G1 phase, indicating a role during G1 phase. Collectively,
these findings suggest that SAMHD1 acetylation enhances its dNTPase activity and
promotes cancer cell proliferation. Therefore, SAMHD1 acetylation may be a potent
therapeutic target for cancer treatment.

INTRODUCTION critical for proper DNA replication and repair in cells [1].
When cells proliferate, the availability of ANTP fluctuate:

Deoxyribonucleotide triphosphates (ANTPs) are the Fhe 1arges'F pools are seen.dlllr.ing S phase and the smallest
precursors of DNA synthesis, and their strict balance is in GO, which controls the initiation of DNA replication [2].
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This fluctuation needs to remain within a range optimal
for chromosomal replication in order to maintain genomic
stability; thus eukaryotes use diverse mechanisms to
strictly regulate the supply of dNTPs [3]. Ribonucleotide
reductases (RNR) are the major contributors that
synthesize dNTPs from ribonucleoside diphosphates
[4]. RNRs have long been recognized as an attractive
target for cancer treatment, because their dysregulated
activity is associated with genomic instability, malignant
transformation and cancer development [5].

An additional mode of dNTP pool control was
discovered in 2011 by the enzyme SAMHDI (Sterile alpha
motif domain and Histidine-aspartic domain containing
protein 1). With its deoxynucleotide triphosphohydrolase
(dNTPase) activity, SAMHDI1 can cleave dNTPs,
yielding deoxyribonucleosides plus tripolyphosphate [6,
7]. Originally discovered as a component of the human
innate immune system [8], SAMHDI depletes the level
of cellular dNTPs to an amount that is insufficient for
reverse transcription to block early-stage retroviral
replication in dendritic and other myeloid cells, and, in
particular, has anti-viral activity against HIV-1 [9, 10]. In
addition, SAMHDI stimulates cell proliferation in lung
fibroblasts and THP-1 cells as its levels were variably
expressed during cell cycle progression [11, 12]. Because
SAMHDI can control the availability of ANTPs and cell
cycle progression, it is likely associated with cancer;
however, little has been investigated about its role in
cancer proliferation.

Posttranslational modifications (PTMs), such as
phosphorylation, glycosylation, and acetylation, are
chemical modifications of a protein that increase its
functional diversity [13]. Phosphorylation of SAMHD1
has been reported to regulate its anti-viral restriction
activity [14], but not its dNTPase activity [15]. Other
PTMs or mechanisms that affects its dNTPase activity
directly have not been discovered. Protein acetylation is
one of the major PTMs in cell signaling and metabolism in
eukaryotes as its regulation is crucial for important cellular
processes [16—18]. Arrest defective protein 1 (ARDI, also
known as NaalO) is an acetyltransferase that acetylates
various substrates to alter their mode of action, including
ARDL1 itself (autoacetylation) [19], androgen receptor
(AR) [20], Runt-related transcription factor 2 (Runx2) [21]
and heat shock protein 70 (HSP70) [22]. Moreover, ARD1
is suggested to be oncogenic and overexpressed in several
types of cancers, including breast [23, 24], prostate [20],
lung and colorectal [25].

In the present study, we found that SAMHDI is
acetylated by ARDI1. As ARDI is reported to be oncogenic
and the enzymatic activity of SAMHDI is relevant to
the cell cycle regulation, we hypothesized that ARD1-
mediated SAMHDI acetylation may contribute to cancer
cell proliferation. By identifying the specific acetylation
site of SAMHD1 and mutating it to block its acetylation,

we aimed to discover a novel function of SAMHDI
acetylation in cancer cell growth.

RESULTS

SAMHDI is a novel acetylation substrate of
ARD1

While screening for ARD1-binding proteins using
affinity purification combined with mass spectrometry,
we found that endogenous SAMHDI1 binds to ARDI1
in HEK293T cells (Supplementary Figure 1A). This
was confirmed by co-immunoprecipitation followed
by western blot analysis (Figure 1A). As ARDI1 is an
acetyltransferase, we next tested if ARDI acetylates
SAMHDI directly. An in vitro acetylation assay revealed
that recombinant GST-SAMHDI1 protein was acetylated
when His-ARD1 and acetyl-CoA were present (Figure
IB). The intensity of endogenous acetylated SAMHDI1
was stronger in GFP-ARDI1-overexpressing HEK293T
cells, indicating that ARD1-mediated acetylation also
occurs in vivo (Figure 1C). ARDI is autoacetylated at
its K136 residue to enhance its catalytic activity [19]. To
test whether this is required for SAMHDI acetylation, we
overexpressed K136R and dominant negative (DN) ARD1
mutants to inhibit this activity. These two variants blocked
SAMHDI1 acetylation (Figure 1D). This data demonstrates
that SAMHDI is acetylated by autoacetylated-ARDI,
which is required as an up-stream signal.

SAMHDI is acetylated at K405 by ARD1

Next, to identify the target site of acetylation, we
constructed deletion mutants of SAMHDI1 and subjected
them to an in vitro acetylation assay in the presence of His-
ARDI and acetyl-CoA. Among 3 constructs, C-terminal
domain (CTD) was found to be the major acetylated
domain (Figure 2A). To determine which residue in
CTD is acetylated by ARDI, acetylated GST-CTD was
digested into peptides, and subjected to micro-liquid
chromatography-tandem mass spectrometry (LC—MS/
MS). 2 potential acetylation sites were revealed, K405 and
K580 (Figure 2B, Supplementary Figure 1B). To establish
the causality of this relationship and to verify the critical
site between the two, we generated K405R and K580R
mutations, in which the lysine residues were replaced by
arginine. When subjected to in vitro acetylation in the
presence of ARDI1, only K405R had decreased acetylation,
indicating that K405 is the main target site for acetylation
(Figure 2C). This result was also observed in vivo as
K405R SAMHDI1 had decreased acetylation in HEK293T
cells compared to wildtype or KS80R-expressing cells
(Figure 2D). Alignment of SAMHD1 amino acid sequence
from various species revealed that the K405 residue is
well-conserved from human to Xenopus, suggesting that
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this acetylation site may be critical for its biological
functions in many species (Figure 2E). In summary,
ARDI1-mediated SAMHDI1 acetylation occurs at the
conserved K405 residue.

SAMHDI1 acetylation upregulates its ANTPase
activity

We next investigated whether SAMHD1 acetylation
could regulate its dNTPase activity directly. We tested
the ability of recombinant acetylated and non-acetylated
SAMHDI to hydrolyze a-?P labeled thymidine
triphosphate (a-[**P]TTP) to deoxythymidine (dT) and

a-[*P]PP. Acetylated and non-acetylated GST-SAMHD1
proteins were incubated with o-[*P]TTP, then were
separated using thin layer chromatography to compare the
amount of released a-[*P]PP. Acetylated SAMHDI1 had
higher enzymatic activity over the non-acetylated protein
(Figure 3A), and this effect was lost in the non-acetylated
K405R mutant (Figure 3B). In accordance, wildtype
SAMHDI1 immunoprecipitated from HEK293T cells also
had enhanced enzymatic activity over the K405R mutant
(Figure 3C). When co-expressed with MYC-ARDI1, the
amount of hydrolyzed a-[*?P]PP increased in SAMHDI1
wildtype expressing cells, but not in K405R mutant
cells (Figure 3D). These results suggest that the ARD1-
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Figure 1: SAMHDI1 is a novel acetylation substrate of ARD1. (A) FLAG-ARDI was immunoprecipitated from HEK293T cells,
and co-precipitation of endogenous SAMHD1 was analyzed by western blot. (B) Recombinant GST-SAMHD1 proteins were subjected to
in vitro acetylation assay with +His-ARD1. The acetylation level was determined with anti-Lys-Ac antibody. (C) Lys-acetylated proteins
were precipitated from GFP-mock or ARD1 expressing HEK293T cells and were blotted with anti-SAMHD1 antibody. (D) FLAG-ARD1
wildtype, K136R and DN mutants were overexpressed in HEK293T. Lysed proteins were precipitated with anti-Lys-Ac antibody and were

blotted with anti-SAMHDI1 antibody.
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Figure 2: SAMHDI1 is acetylated at K405 by ARDI1. (A) Construction of SAMHDI1 deletion mutants (left). SAM; SAM domain,
HD; HD domain, CTD; C-terminal domain. Deletion mutants of GST-SAMHD1 were subjected to in vitro acetylation assays with +His-
ARDI and blotted with anti-Lys-Ac antibody (right). Arrows indicate respective proteins. (B) GST-CTD were acetylated in vitro and
subjected to LC-MS/MS. (C) GST-SAMHDI recombinants were subjected to in vitro acetylation assays with His-ARDI1. Acetylation
levels were determined with an anti-Lys-Ac antibody. (D) FLAG-SAMHDI1 variants were immnunoprecipitated from HEK293T cells, and
their acetylation levels in vivo were analyzed using an anti-Lys-Ac antibody. (E) Sequence alignment of SAMHD1 K405 residue in various

species.
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mediated SAMHDI1 acetylation enhances its dNTPase
activity.

SAMHDI1 acetylation is important for cell
proliferation in various cancer cells

In proliferating cell populations, the supply of
dNTPs needs to be strictly balanced for proper DNA
replication and repair. As SAMHDI1 controls the
intracellular pool of dNTPs via its dNTPase activity,
we hypothesized that SAMHD1 may also regulate cell
proliferation in cancer. SAMHDI1 expression levels in
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tumor and surrounding non-tumor tissues collected from
7 hepatocarcinoma patients were analyzed by western
blot. The tumor tissues had higher levels of SAMHD1
than non-tumor tissues, suggesting that SAMHD1 may
be related to hepatocellular tumorigenesis (Figure 4A).
The level of ARD1 was also elevated in tumor tissues as
previously reported [26], implying that ARD1-mediated
SAMHDI1 acetylation levels may be upregulated in
hepatocarcinoma. To investigate the role of SAMHDI1
in cancer cells, SAMHDI was silenced in various
cancer cell lines (Supplementary Figure 2A). SAMHD1-
downregulation caused HeLa cells to grow slower than the
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Figure 3: SAMHDI1 acetylation upregulates its ANTPase activity. (A and B) Recombinant GST-SAMHD1 proteins were acetylated
in vitro with +tHis-ARD1 and blotted with anti-Lys-Ac antibody (lower right). Products were subjected to dGTP-triphosphohydrolase assay
and imaged using a phosphorimager (left). The released amount of a-[**P]PP were measured and presented as mean +S.D. (n=3) (upper
right). (C and D) FLAG-mock, SAMHD1 wildtype or K405R mutants were overexpressed with +MYC-ARD1, then FLAG-tagged proteins
were immunoprecipitated from HEK293T (lower right). Precipitated proteins were subjected to dGTP-triphosphohydrolase assay (left) and
were quantified (upper right). Shown are mean +S.D. (n=3). *P<0.05; **P<0.01; ¢ test, N.S.; not significant.
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Figure 4: SAMHDI1 acetylation is important for cell proliferation in various cancer cells. (A) Tumor and non-tumor tissues
from 7 hepatocarcinoma patients were lysed and extracted. Protein expression levels were analyzed by western blot and presented as mean
+S.E.M. (n=7). T, tumor tissue; N, non-tumor tissue. (B) Cell growth of siCtrl or siSAMHDI treated HeLa cells were monitored over time
by MTS assay. Shown are mean +S.E.M. (n=4). (C) siCtrl or siSAMHDI1 treated MCF7 cells were subjected to anchorage-dependent
colony formation assays. Number of colonies were presented as mean +S.D. (n=3) with representative well pictures. (D) Cell growth
of stable HeLa cells expressing SAMHD1 wildtype, K405R or empty vector were monitored over time by MTS assay. Shown are mean
+S.E.M. (n=4). (E) Stable MCF7 cells expressing SAMHD1 wildtype, K405R or empty vector were subjected to anchorage-dependent
colony formation assays. Number of colonies were presented as mean +S.D. (n=3) with representative well pictures.*P<0.05; **P<0.01;
*#%P<(0.001; ¢ test; N.S.; not significant.
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Figure 5: SAMHDI1 acetylation promotes G1/G0 transition in cancer cells. (A) Cell cycle profiles of siCtrl or siSAMHDI
treated HeLa cells were determined by flow cytometry. Representative cell cycle profiles (top); the percentage of cells in each phase is
presented as mean £S.D. (n=3) (bottom). (B) Lysates were extracted from siCtrl or siSAMHDI treated HeLa cells and the levels of cyclin
D1 and cyclin B1 were immunoblotted by corresponding antibodies. (C) Cell cycle profiles of stable A549 cells expressing SAMHDI
wildtype, K405R or empty vector were determined by flow cytometry. Representative cell cycle profiles (top); the percentage of cells
in each phase is presented as mean +S.D. (n=3) (bottom). (D) The levels of cyclin D1 and cyclin B1 were immunoblotted in the lysates
extracted from stable A549 cells expressing SAMHD1 wildtype, K405R or empty vector. (E) Stable Hep3B cells expressing SAMHD1
wildtype, K405R or empty vector were serum-deprived for 48 h and were re-stimulated for 24 h, then the expressions of PCNA were
monitored by confocal microscopy with immunofluorescence using the PCNA antibody. Hoechst was used for nuclei staining. Scale bar;
100 um. (F) FLAG-SAMHD1 wildtype expressing stable A549 cells were synchronized to specific cell cycle phases using thymidine-
double block method. SAMHD1 was precipitated and blotted with an anti-Lys-Ac antibody. (G) HeLa cells were synchronized to specific
cell cycle phases by thymidine double block method. The expression levels of SAMHDI1 was assessed by western blotting. *P<0.05;
**P<0.01; ***P<0.001; ¢ test; N.S.; not significant; Asy; asynchonized.
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control cells (Figure 4B), and caused a decrease in MCF7
colony formation (Figure 4C), indicating that SAMHDI1
expression is important for cancer cell growth.

To determine whether SAMHDI1 acetylation
affects this phenomenon, we constructed stable cancer
cell lines expressing wildtype SAMHDI1 and K405R
mutant (Supplementary Figure 2B). Unlike the K405R
mutant, overexpression of wildtype SAMHDI1 resulted
in an increased growth rate in HeLa cells (Figure 4D).
Moreover, only wildtype-expressing cells exhibited
an increased number of colonies when subjected to the
anchorage dependent/ independent colony formation assay
(Figure 4E, Supplementary Figure 2C). These results
demonstrate that SAMHDI acetylation enhances its ability
to promote cancer cell proliferation.

SAMHDI1 acetylation promotes G1/S transition
in cancer cells

SAMHDI has been previously reported to control the
mammalian cell cycle by regulating ANTP availability [11,
12]. To determine whether cell cycle progression is altered
by SAMHDI in cancer cells, HeLa cells were treated with
siSAMHDI to downregulate the expression of SAMHDI1.
48 h after treatment, SAMHD1-silenced HeLa cells were
synchronized by 48 h of serum-starvation and re-stimulated
for 24 h, then subjected to flow cytometry for cell cycle
analysis. Depletion of SAMHDI caused delay in Gl

phase, as G1/GO0 population increased whereas S and G2/M
populations decreased (Figure 5A). Western blot analysis
also revealed that the expression levels of cyclin D1 and
Bl—markers for G1/S and G2/M transition respectively—
were decreased in siSAMHDI treated cells (Figure 5B).
Accordingly, in wildtype SAMHDI1-expressing A549
cells but not K405R-expressing cells, the G1-to-S phase
progression was increased (Figure 5C). This result was also
confirmed by the expression levels of cyclin D1 (Figure
5D). Immunofluorescent images of proliferating cell
nuclear antigen (PCNA)—mainly expressed during the S
phase—also highlighted the increased S phase in wildtype
SAMHDI1 expressing cells (Figure SE). Collectively, these
results demonstrate that SAMHDI acetylation contributes
to G1/S transition in cancer cell lines.

To validate the role of SAMHDI acetylation in cell
cycle progression in detail, we measured acetylation levels
during each phases. The G1/GO phase had the greatest
amount of acetylated SAMHD1 in A549 and HeLa cells
(Figure 5F, Supplementary Figure 3A), suggesting that
the dNTPase activity of SAMHDI may be strongest
during the G1/GO phase. SAMHD1 expression levels are
known to fluctuate throughout the cell cycle in fibroblasts
[11]; however, there were no significant differences in
Hela cells and Hep3B cells (Figure 5G, Supplementary
Figure 3B), indicating that the altered cell cycle observed
in wildtype SAMHDI- and mutant-expressing cells is
caused by its acetylation and not changes in expression. In

Acetylated ARD1

|

SAMHD1 acetylation

|

I dNTPase activity

|

J/ dNTP pool

|

M G1/S transition

|

M Cell proliferation

Figure 6: Schematic for the mechanism of ARD1-mediated SAMHD]1 acetylation in cancer cell proliferation. ARDI-
mediated SAMHDI acetylation facilitates G1/S transition by lowering dNTP levels and promotes cancer cell proliferation.
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Summary, SAMHDI acetylation promotes tumor growth
by facilitating G1/S cell cycle progression.

DISCUSSION

SAMHDI was identified for its anti-HIV-1 activity;
thus, most studies have focused on its antiviral function.
However, SAMHDI is expressed not only in immune
cells but also ubiquitously in human organs, suggesting
a regulatory mechanism for its enzymatic activity and
additional functions in non-immune cells. Here, we
identified SAMHDI1 acetylation, a novel PTM for this
protein, and its roles in cancer cell proliferation (Figure
6). The K405R residue of SAMHDI is acetylated by
ARDI, resulting in increased dNTPase activity in vitro.
SAMHDI1 acetylation levels are highest during G1 phase
and facilitates G1/S transition, causing increases in cell
growth and colony formation in cancer cells. However,
the K405R acetylation blocked-mutant with decreased
dNTPase activity did not have the same effect, suggesting
that SAMHDI acetylation promotes the G1/S transition
through its dNTPase activity. dNTP levels are known to
affect cell cycle progression; for example, constitutively
high dNTP concentration delays entry into S phase [2].
SAMHDI is reported to promote S phase progression
by sufficiently lowering cellular ANTP availability to
satisfy G1 checkpoint [11, 12]. Thus, the increased level
of SAMHDI1 acetylation during G1 phase may cause
sufficiently low levels of ANTPs for G1/S transition, which
in turn promotes cancer cell proliferation (Figure 6). These
findings broaden the understating of ANTP metabolism
and cell cycle regulation, and highlights SAMHD1 and
its acetylation as a novel therapeutic target for cancer
treatment.

Along with K405 residue, LC-MS/MS analysis
of acetylated CTD also revealed K580 residue as an
acetylated site (Figure 2B, Supplementary Figure
1B). When tested in vitro, however, K580 acetylation
was not affected by ARD1 (Figure 2C), and K580R
mutation had no effect on its dNTPase activity (data not
shown), indicating that K580 acetylation may not play a
meaningful role in ARD1-mediated SAMHDI activation.
However, we will not rule out the possibility that K580
residue-acetylation may carry out other functions of
SAMHDI.

SAMHDI1 acetylation may also affect its anti-
viral activity in non-cycling immune cells, because the
ability of SAMHDI1 to deplete dNTP pools is critical for
limiting lentiviral replication in non-cycling immune cells
[6, 15, 27]. The sole expression of SAMHDI1 itself was
insufficient to induce this effect in proliferating immune
cells, implicating the existence of PTMs and/or a cofactor
expressed only in non-proliferating cells [28, 29]. Here,
we have discovered that SAMHD1 acetylation enhances
its dNTPase function directly as acetylated SAMHDI1 had
higher hydrolase activity over non-acetylated proteins

and the K405R mutants (Figure 3). Moreover, previous
report has demonstrated that histone deacetylase inhibitors
(HDAC:) possess antiretroviral activity that is SAMHD1—
dependent in macrophages; which suggests that protein
acetylation related to SAMHDI plays role in viral defense
[30]. Therefore, further investigations on acetylation status
in cycling/non-cycling myeloid cells are needed for a
deeper understanding of the role of SAMHDI acetylation
in immune defense.

MATERIALS AND METHODS

Human liver tissue samples

Hepatocarcinoma  tissues and  surrounding
non-tumorous liver samples were obtained from
patients at Asan Hospital (Seoul, Republic of Korea).
Clinicopathological characteristics of hepatocarcinoma
patients are summarized in Supplementary Table 1. This
study was approved by Institutional Review Board of Asan
Hospital, and written informed consent was obtained from
all the patients.

Cell culture and synchronization

HeLa, A549, Hep3B, MCF-7 and HEK293T cells
were purchased from ATCC. Cells were grown in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin in 5% CO, humidified atmosphere
at 37°C. For serum starvation, cells were incubated in
DMEM without serum for 48 h and re-stimulated with
DMEM containing 10% FBS. A double thymidine block
was performed to synchronize cell populations in S phase.
Cells were treated with 2 mM thymidine (Sigma-Aldrich)
for 18 h, cultured for 9 h in normal growth medium, and
then retreated with thymidine for another 16 h. After
removing the thymidine, cells were released to normal
medium and harvested at the indicated times.

in vitro acetylation assay

Acetylation assay was performed as described
previously [19]. Briefly, 1 pg of purified recombinants or
precipitated cellular proteins were incubated in total 20
pl of reaction mixture containing 50 mM Tris—HCI (pH
8), 0.1 mM EDTA, 1 mM DTT, 10% glycerol and 10 mM
acetyl-CoA at 37°C for 1.5 h. Reaction products were
separated by SDS-PAGE and were analyzed by western
blot using anti-Lys-Ac antibody. Input proteins were
visually quantified using Coomassie brilliant blue staining
or Ponceau S staining.

Mass spectrometric analysis

Mass spectrometric analysis was performed as
previously described [31]. For enzymatic digestion of
recombinant SAMHD1, two GST-SAMHD1 samples used
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in the in vitro acetylation assay (incubated with ZARD1)
were immediately denatured using 6 M GuHCI and were
reduced with S mM DTT for 30 min at room temperature,
then alkylated with 25 mM iodoacetamide for 30 min.
Glu-C digestions were carried out for 6 h at 25 °C then
were quenched by 5% formic acid. Micro RPLC-MS/MS
analysis was performed as previously described [22].

dGTP-triphosphohydrolase assay

An enzymatic assay based on thin-layer
chromatography was performed as described previously
[9]. The purified recombinant or immunoprecipated
cellular protein (1 pg) was incubated in total 20 pl of
reaction mixture composed of 50 mM Tris-Cl (pH 8.0),
20 mM KCl, 5 mM MgCl,, 0.1 uCi [0-**P]dTTP, and 200
uM ice-cold dGTP for 3 h at 37 °C. The reactions were
stopped by heat inactivation at 70 °C for 10 min. Mixtures
were blotted onto polyethyleneimine (PEI)-cellulose
plates (Sigma-Aldrich) and subsequently separated using
a mobile phase of 1.2 M LiCl. After separation, the
a-*?P-labeled reaction products were visualized using a
phosphorimager. Results from 3 independently-repeated
experiments were analyzed.

siRNA and plasmid construction

The siRNA sequence targeting human SAMHD1
corresponds to GAUUCAUUGUGGCCAUAUA as
previously described [9]. Full-length of c¢cDNAs for
human SAMHDI1 (Genbank: NM_015474) and human
ARDI1 (Genbank: NM_003491.3) were obtained from
PCR and subcloned into pCDNA3.1 (FLAG-SAMHD1),
pCMV-tag2b (FLAG-ARD1), pEGFP-C3 (GFP-ARDI1)
and pCS2" (MYC-ARD1) vectors for cellular expression
or pGEX-4T (GST-SAMHD1) and pET28a (His-ARD1)
vectors for the bacterial induction of recombinant proteins.
Deletion mutants of GST-SAMHD1 were constructed
from pGEX-4T-SAMHD1 plasmid. cDNAs of SAMHDI1
corresponding to 34-113 aa, 160-339 aa and 334-626 aa
were amplified by PCR and inserted into pGEX-4T-1. For
construction of stable cell lines, cDNAs of SAMHDI1 was
co-inserted into pMX-IRES-Blasticidin® vector with PCR-
amplified FLAG. Point mutations in SAMHD1 (K405R
and K580R) and ARD1 (K136R and DN: R82A/Y 122F)
were generated using the Muta-Direct Site Directed
Mutagenesis kit (Intron) according to the manufacturer’s
instructions. The following primers and its reverse-
complement for each point mutation (mutated based in
lower case bold):

SAMHDI1 K405R: TACAGGTGCTGGAGGeggAA
AGTATCGCATTTC

SAMHDI1 K580R: GACAGAAATTTCACCegGCC
GCAGGATGGCGAT

ARDI1 K136R: AGTGAAGTGGAGCCCAEATAC
TATGCAGATGGG

ARDI R82A: TGTGAAGCGTTCCCACgeGCGC
CTCGGTCTGGCT

ARDI1 Y122F: GCCGCCCTGCACCTCTtTTCCA
ACACCCTCAAC

Transfection and stable cell line construction

Transfection was performed as described
previously [22]. We transfected HEK293T cell with
polyethyleneimine (PEI) at a ratio of 3:1 (ul PEl/ug
plasmid DAN) in basal media overnight. siRNA targeting
SAMHDI1 was transfected with HiPerFect reagent
(Quiagen) according to the manufacture’s instruction.

For the establishment of stable cells, pIRES-FLAG-
SAMHDI1 plasmids were transfected into Platinum A
cells and retroviral supernatants were harvested 72 h
after transfection. Collected supernatants were used to
transduce target cell lines (HeLa, A549, Hep3B and
MCF-7) with polybrene (10 pg ml™"). Transduced cells
were selected using blasticidin (10 pg ml™"). Expression
of FLAG-SAMHDI1 was quantified by western blot.

Immunoblotting and immunoprecipitation

Cellular proteins were extracted using cell lysis
buffer composed of 20 mM Tris-CL (pH 7.5), 150 mM
NaCl, 0.1 mM EDTA, 0.1% Triton X-100 and a protease
inhibitor cocktail (Roche). 20 ~50 pg of cell extracts were
used for immunoblotting. For immunoprecipitation, 1 mg
of proteins were incubated with corresponding primary
antibody conjugated to A or G bead (Upstate) or Anti-
DDDDK-tag mAb-Magnetic Agarose (MBL) overnight
at 4 °C. Beads were washed three times with washing
buffer containing 20 mM Tris-Cl (pH 7.5), 150 mM NaCl
and 0.1 mM EDTA. After SDS-PAGE, membranes were
immunoblotted using the corresponding primary antibody
overnight at 4 °C. HRP-conjugated secondary antibodies
were incubated with the membranes for 1 h at room
temperature. Visualization was performed using ECL Plus
(Intron) and LAS-4000 (GE Healthcare).

Screening of binding proteins

The protein-protein interaction assay was performed
as reported previously [22]. HEK293T cells were
transiently transfected with FLAG-HA tagged ARD1 and
were lysed in lysis buffer consisting 20 mM Tris-Cl (pH
7.5), 150 mM NacCl, 0.1 mM EDTA, 0.2% Triton X-100
and a protease inhibitor cocktail (Roche). Cell lysates
were incubated with anti-M2 resin (Sigma) for 2 h at 4 °C,
then resins were collected by centrifugation and washed
three times with washing buffer, composed of 20 mM Tris-
Cl (pH 7.5), 150 mM NacCl and 0.1 mM EDTA. Bound
proteins were eluted by 3 x FLAG-peptide and were
immunoprecipitated again using anti-HA-antibody for 2 h
at 4 °C. The bound proteins were analyzed by SDS-PAGE
and silver staining.
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Recombinant protein preparation

BL21 cells were transformed with plasmids pGEX-
4T-1-SAMHD! or pET28a-ARD1 and were grown to and
0OD600 of 0.6-0.8. 1 mM IPTG was added to induce GST-
tagged SAMHDI or His-tagged ARDI, then cells were
grown overnight at 20°C. Cells were collected and proteins
were extracted with a lysis buffer consisting 50 mM Tris—
HCI (pH 8), 250 mM NacCl, 2.5 mM EDTA and 1% Triton
X-100. GST-tagged and His-tagged proteins were purified
with Glutathione Sepharose 4B (GE Healthcare) and
TALON® Metal Affinity Resins (Clontech), respectively.
Resin-bound proteins were eluted with an elution buffer
containing 50 mM Tris—HCI (pH 8) and 10 mM reduced
glutathione (GSH).

Protein sequence alignment

SAMHDI1 multiple protein sequence alignment was
conducted by Constraint-based Multiple Alignment Tool
provided from NCBI.

Flow cytometry analysis

For a flow cytometry assay, cells were collected,
fixed in 1% PFA, and stored at 4°C for 30 min. Cells were
then washed with PBS and stained with propidium iodide
(PI, 30 pg ml™") mixed with RNase A (1 pg ml™") for 15
min at 37°C. The DNA content of cells was assessed with
a FACS-Verse system (BD Biosciences), and cell cycle
profiles were analyzed with the BD FACSuite software. At
least 30,000 cells in each sample were analyzed to obtain
a measurable signal, using the same instrument setting.
Results from 3 independently-repeated experiments were
analyzed.

Cell proliferation assay

The proliferation rates were measured using a
Cell Proliferation Assay kit (Promega) following the
manufacturer's instructions. Briefly, 2x10° cells/well were
seeded onto 96-well plates and were allowed to grow. At
indicated time points, 20 pL of substrate solution was
added to the cells and were incubated for 1 h for color
development. The absorbance at 492 nm was measured to
indicate the number of proliferating cells. Results from 4
replicates in one experiment were analyzed.

Colony formation assay

Colony formation assays were performed as
described previously [32]. For anchorage dependent
colony formation, cells were seeded at a density of 100
cells/well onto 6-well plates and were allowed to grow
for 2 weeks. Cells were then fixed with 100% methanol,
stained with 0.005% crystal violet and the number of
colonies were counted. For anchorage independent
colony formation, cells were resuspended in 0.5 mL

DMEM containing 0.4% agar and were seeded onto
a layer of 1% agar in 12-well plates. After 2 weeks of
incubation, colonies were stained with 0.005% crystal
violet and counted. Results from 3 independently-repeated
experiments were analyzed.

Fluorescence microscopy

For the analysis of PCNA by fluorescence microscopy,
cells were seeded onto the glass coverslips in 24-well plates.
After synchronization, cells were fixed in 2% PFA for 20
min and were permeabilized in 1% triton X-100 in PBS 10
min at room temperature. Then, cells were incubated with
PCNA antibody (Cell signaling) and visualized with Alexa
488-conjugated igG (Molecular Probes). Nucleus staining
was performed with Hoechst 33342 (Molecular Probes).
The immunofluorescence was visualized using a confocal
microscopy (Carl Zeiss, LSM700).

Statistical analysis

Results are expressed as the mean’s+s.d’s orts.e.m’s.
P values were calculated by applying the two-tailed
Student’s ¢ test or one-way ANOVA. A difference was
considered statistically significant at a value of P<0.05.
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