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a b s t r a c t

SAMHD1 is a triphosphohydrolase that restricts HIV-1 by limiting the intracellular dNTP pool required
for reverse transcription. Although SAMHD1 is expressed and active/unphosphorylated in most cell lines,
its restriction activity is thought to be relevant only in non-cycling cells. However, an in depth evaluation
of SAMHD1 function and relevance in cycling cells is required. Here, we show that SAMHD1-induced
degradation by HIV-2 Vpx affects the dNTP pool and HIV-1 replication capacity in the presence of the
30-azido-30-deoxythymidine (AZT) in cycling cells. Similarly, in SAMHD1 knockout cells, HIV-1 showed
increased replicative capacity in the presence of nucleoside inhibitors, especially AZT, that was reverted
by re-expression of wild type SAMHD1. Sensitivity to non-nucleoside inhibitors (nevirapine and efavir-
enz) or the integrase inhibitor raltegravir was not affected by SAMHD1. Combination of three mutations
(S18A, T21A, T25A) significantly prevented SAMHD1 phosphorylation but did not significantly affect HIV-
1 replication in the presence of AZT. Our results demonstrate that SAMHD1 is active in HIV-1 permissive
cells, does not modify susceptibility to HIV-1 infection but strongly affects sensitivity to nucleoside
inhibitors.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Sterile alpha motif and histidine-aspartate domain-containing
protein 1 (SAMHD1) is a deoxynucleoside triphosphate triphos-
phohydrolase (Goldstone et al., 2011; Lahouassa et al., 2012)
(reviewed in (Pauls et al., 2013; Schaller et al., 2012)) described as a
restriction factor for RNA and DNA viruses. The restriction activity
of SAMHD1 has been described for other retroviruses such as feline
immunodeficiency virus (FIV), simian immunodeficiency virus
(SIV) and equine infectious anemia virus (EIAV) (Gramberg et al.,
2013), but also in human T-cell lymphotropic virus (HTLV-1) (Sze
et al., 2013a), hepatitis B virus (HBV) (Chen et al., 2014; Sommer
s Trias i Pujol, C. Canyet s/n, 08916
s Trias i Pujol, C. Canyet s/n, 08916
iveira@irsicaixa.es (E. Riveira-Mu~no
et al., 2016) and DNA virus such as vaccinia or herpes simplex
type 1 (HSV-1) (Badia et al., 2016a; Hollenbaugh et al., 2013; Kim
et al., 2013). SAMHD1 restricts HIV-1 replication in resting T cells
and non-cycling myeloid cells (Baldauf et al., 2012; Hrecka et al.,
2011; Laguette et al., 2011). SAMHD1 restriction is counteracted
by HIV-2 and related simian immunodeficiency viruses (SIVsm/
mac) virion-associated Vpx accessory proteins (Vpx) by loading
SAMHD1 onto the CRL4(DCAF1) E3 ubiquitin ligase, leading to
highly efficient proteasome-dependent degradation of the protein
(Hrecka et al., 2011). The activity of SAMHD1 as a viral restriction
factor has been recently reviewed in (Ballana and Este, 2015; Rice
and Kimata, 2015; Simon et al., 2015).
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The observation that SAMHD1 does not restrict HIV-1 in cycling
cells (Baldauf et al., 2012; Descours et al., 2012) indicated a close
relationship between a functional SAMHD1 and a state of reduced
metabolic activity. The regulation of the size of the intracellular
dNTP pool through the dNTPase function of SAMHD1 was initially
suggested to be responsible for the blocking of HIV-1 reverse
transcription (RT) (Lahouassa et al., 2012). Alternative mechanisms
involving DNA and RNA endonuclease activity have been proposed
(Ryoo et al., 2014) but challenged severely (Antonucci et al., 2016;
Seamon et al., 2015). SAMHD1 activity is tightly linked to the
regulation and the progression of the cell cycle, as cyclin-
dependent kinases 1 and 2 (CDK1/2) have been shown to inacti-
vate SAMHD1 through phosphorylation (Pauls et al., 2014b, 2014c;
Ruiz et al., 2015; Yan et al., 2015) (Cribier et al., 2013; White et al.,
2013b), CDK2 (Pauls et al., 2014b; Ruiz et al., 2015; St Gelais et al.,
2014) and therefore those kinases play a pivotal role in SAMHD1
regulation and viral restriction.

Although Phosphorylation of SAMHD1 at T592 is accepted as a
marker of SAMHD1 inactivation due to the loss of viral restriction
capacity (Cribier et al., 2013; Welbourn et al., 2013; White et al.,
2013b; Wittmann et al., 2015) it does not correlate with a
decrease in its phosphohydrolase activity in vitro (Arnold et al.,
2015; Tang et al., 2015). Different hypotheses emerged to explain
this apparent contradiction, including the existence of a SAMHD1-
associated ribonuclease (RNase) activity (Ryoo et al., 2014), the
compartmentalization of unphosphorylated (active) and phos-
phorylated (inactive) forms of the enzyme (Brandariz-Nunez et al.,
2012) or the association of phosphorylated forms of SAMHD1 with
an unidentified repressor, cyclin L2 (Kyei et al., 2015) or cyclin D2
(Badia et al., 2016b). However, elucidating the mechanism of action
of SAMHD1 has been obscured by the use of distinct and hetero-
geneous models of stable cell lines with differential SAMHD1
expression or activation, under cell cycle control by different CDK or
with considerably different dNTP levels (Ballana and Este, 2015).

Here, we describe a CRISPR/Cas9 system to generate cycling cells
without (knockout) or reduced (knockdown) levels of SAMHD1 to
evaluate the effect of SAMHD1 activity on intracellular dNTP levels
and HIV-1 restriction capacity. Evaluation of viral replication in
SAMHD1 knockout cells in the presence of nucleoside reverse
transcriptase inhibitors (NRTIs), revealed that SAMHD1 function is
maintained in cycling cells and suggests that modifications of the
dNTPs intracellular pool and enhances SAMHD1 tryphosphohy-
drolase activity, an effect that is responsible for HIV-1 restriction.

2. Materials and methods

2.1. Cells

The human cell lines MT-4, TZMbl, THP1 and HEK293T were
obtained from NIH AIDS Reagent Program, National Institutes of
Health (Bethesda, MD, USA). MT-4 cell linewas grown in RPMI 1640
medium, supplemented with 10% of heat-inactivated fetal calf
serum (FCS, Gibco, Life Technologies) and antibiotics 100 U/ml
penicillin, 100 mg/ml streptomycin (Life Technologies). TZMbl and
HEK293T cells were maintained in DMEM (Gibco) supplemented
with 10% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin and
maintained at 37 �C in a 5% CO2 incubator.When needed, THP1 cells
were treated with 10 ng/ml of phorbol 12-myristate 13-acetate
(PMA) for 24 h.

Peripheral blood mononuclear cells (PBMC) were obtained from
buffy coats of blood of healthy donors using a Ficoll-Paque density
gradient centrifugation and monocytes were purified using nega-
tive selection antibody cocktails (StemCell Technologies). Mono-
cytes were cultured as described before (Pujantell et al., 2016).
Briefly, cell were maintained in complete culture medium (RPMI
1640) medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco) and penicillin/streptomycin (Gibco) and
differentiated to monocyte derived macrophages (MDM) for 4 days
in the presence of monocyte-colony stimulating factor (M-CSF,
Peprotech) at 100 ng/ml. The protocol was approved by the scien-
tific committee of Fundaci�o IrsiCaixa. Buffy coats were purchased
from the Catalan Banc de Sang i Teixits (http://www.bancsang.net/
en/index.html).

2.2. Compounds

3-Azido-3-deoxythymidine (zidovudine, AZT) was purchased
from Sigma-Aldrich (Madrid, Spain). Stavudine (d4T), lamivudine
(3TC), zalcitabine (ddC), didanosine (ddI), tenofovir disoproxil
fumarate (TFV), efavirenz (EFV), and nevirapine (NVP) were ob-
tained from the NIH AIDS Research and Reference Reagent Program.
Abacavir (ABC) was purchased from Selleckchem (Munich, Ger-
many). The integrase inhibitor raltegravir (RAL) was provided by
Merck Sharp and Dome, Spain. All compoundswere resuspended in
DMSO and stored at �20� C until use.

2.3. Generation of CRISPR-Cas9 targeting SAMHD1

Synthesis of CRISPR-Cas9 targeting SAMHD1 (CRISPRSAMHD1)
gene was performed using the plasmid PX330-U6-chimeric
BBþ8e5-CBh-eGFP-Puromycin-Cas9. Briefly, CRISPRSAMHD1 was
designed to disrupt the sequence corresponding to exon 5 of
SAMHD1 gene that encodes for HD domain (Fig. 2A), responsible of
nucleotidase and phosphodiesterase activities of the SAMHD1
protein. The gRNA sequence (forward 50-GGATGTCTAGTTCACG-
CACT-30; reverse 50- AGTGCGTGAACTAGACATCC-30) was deter-
minedwith the CRISP design online platform (http://crispr.mit.edu/
).

2.4. Generation of SAMHD1 knockout cells

TZMbl cells were transfected with CRISPRSAMHD1 expressing
plasmid as described previously (Badia et al., 2014b). Briefly,
1.5 � 105 cells were seeded in 24 well plates. After overnight cul-
ture, 0.5 mg of CRISPRSAMHD1 plasmid were mixed with lipofect-
amine 2000 reagent (Invitrogen) in serum-free medium OptiMEM
(Invitrogen) and then added to previously washed cells. Media was
replaced by fresh DMEM, four hours after transfection, and left in
the incubator for 3 days. Cells were treated with puromycin (1 mg/
ml) for 24 h. After puromycin selection, single cell clones were
obtained by limiting dilution in 96-well plates.

2.5. Analysis of genome editing

Pre-screening of genome editing of SAMHD1 in the different
clones was evaluated by the determination of heteroduplex for-
mation due to CRISPRSAMHD1 treatment as previously described
(Badia et al., 2014a, 2014b). Briefly, editing efficiency was estimated
by performing a PCR surrounding the CRISPRSAMHD1 target site
followed by digestion with 0.5 ml T7 endonuclease (New England
Biolabs), which cleaves DNA heteroduplex at mismatched sites.
Generated fragments were resolved by 2% agarose electrophoresis
as previously described (Badia et al., 2014a, 2014b).

Clones were selected according to their heteroduplex profile for
further sequence analysis of edited region of SAMHD1. Briefly,
genomic DNA from sorted single cells clones was extracted using
the QIAamp DNA Blood Mini Kit (Qiagen). Extracted DNA was used
to amplify the SAMHD1 gene using Expand High Fidelity PCR Sys-
tem (Roche) and the following primers (forward 50-
TTTTGGGATTCCGTTTGTGT-30 and reverse 50-TCACTGAAAGTTGCCA
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AGAAAA-30). PCR products were cloned into the pGEM-T Easy
Vector System (Promega) according to the manufacturer's in-
structions. Plasmid sequencing was carried out by the Macrogen
Genomic Division, Seoul, Korea using ABI PRISM Big Dye TM
Terminator Cycle Sequencing technology (Applied BioSystems).
Sequences were analyzed with the Sequencher 4.5 software (Gene
Codes Corporation, Ann Arbor, MI, USA).

2.6. Intracellular SAMHD1 staining by flow cytometry

Cells were fixed for 20 min with 4% formaldehyde (FA) followed
by permeabilization for 15 minwith 0.5% Triton X-100 in PBS. After
incubation for 1 h in phosphate buffered saline (PBS) containing 2%
bovine serum albumin (BSA), cells were stained with the rabbit
polyclonal anti-SAMHD1 (1:100, catalog no. 12586-1-AP; Pro-
teintech) for 1 h followed by incubation for 20 min with the goat
anti-rabbit Alexa 633 antibody (1:1000; Life Technologies), both
diluted in the Blocking medium. Flow cytometry was performed in
a FACS LSRII flow cytometer (BD Biosciences). Data were analyzed
using the FlowJo software (Single Cell Analysis Software).

2.7. Western blot

Treated cells were rinsed in ice-cold PBS, extracts were prepared
in lysis buffer (50 mM Tris HCl pH 7.5, 1 mM EDTA, 1 mM EGTA,
1 mM NaV3O4, 10 mM sodium b-glycerophosphate, 50 mM NaF,
5 mM sodium pyrophosphate, 270 mM sucrose and 1% Triton X-
100) supplemented with protease inhibitor cocktail (Roche) and
1 mM phenylmethylsulfonyl fluoride. Samples were electro-
phoresed in SDS-polyacrylamide gels containing 6e10% acryl-
amide, and blotted onto nitrocellulose membranes. Blocked
membranes were incubated overnight at 4 �C with the following
antibodies: anti-rabbit and anti-mouse horseradish peroxidase-
conjugated secondary antibodies (1:5000; Pierce); anti-human
Hsp90 (1:1000; 610418, BD Biosciences); anti-SAMHD1 (1:2500;
ab67820, Abcam); anti-phospho(Thr)-Pro (ref. 23,21), phospho-
CDK2 (Thr160; ref. 2561), anti-CDK2 (ref. 2546) and anti-CDK1
(ref. 9116) (all 1:1000; Cell Signalling Technologies) and anti b-
Actin (1:5000; ref. A5316, Sigma-Aldrich). Anti-phospho-SAMHD1
Thr592 (pSAMHD1 T592) was obtained by immunization of rabbit
using a phosphorylated peptide as described before (White et al.,
2013b). After washing, the membranes were incubated with a
secondary conjugated horseradish peroxidase antibody for 1 h at
room temperature and then revealed with SuperSignal West Pico
Chemiluminescent Substrate (Pierce Chemical, Rockford, IL, USA).

2.8. Generation of SAMHD1 phosphorylation defective mutants

Phosphorylation defective mutants were generated using Quick
Change Lightning site-directed mutagenesis kit (Agilent technolo-
gies), according to manufacturer's instructions. Briefly, serines at
positions 18 and 33 and threonines at positions 21, 25 and 592were
replaced by alanines (S18A, T21A, T25A, S33A and T592A). Amutant
plasmid encoding amino acid substitutions S18A, T21A, T25A (triple
mutant; 3T) was also generated. Wild-type and phosphorylation
defective mutants variants of SAMHD1 were cloned into pLPCX
plasmid (Clontech Laboratories). All introduced mutations were
confirmed by DNA sequencing. For transient re-expression of wild-
type and phosphorylation defective mutants of SAMHD1 in TZMbl
knock-out cells, 0.5 mg of each plasmid was transfected with lip-
ofectamine 2000 reagent (Invitrogen) in serum-free medium
OptiMEM (Invitrogen) and then added to previously washed cells.
Mediawas replaced by fresh DMEM4 h after transfection and left in
the incubator for 3 days before infection and drug sensibility assays.
2.9. Evaluation of ATP degradation in vitro by SAMHD1

For the assessment of the tryphosphohydrolase activity of
SAMHD1 in vitro, we used a SAMHD1-HA construct, kindly pro-
vided by Philip Cohen (Medical Research Council Protein Phos-
phorylation and Ubiquitylation Unit, Dundee, U.K.). Briefly, the
SAMHD1-HA expression plasmid was transfected in HEK 293T cells
and lysates obtained 3 days post-transfection. SAMHD1-HA was
immunoprecipitated from 1 mg of lysate using HA-beads as pre-
viously described (Pauls et al., 2014b), washed and incubated or not
in the presence of phosphatase lambda for 1 h at 37 �C. Beads were
washed and incubated with 1 mM dATP in the absence or presence
of 1 mM dGTP at 37 �C during the indicated times. Activity of
SAMHD1 was evaluated using the ATP Assay Kit (Merck Millipore)
according to the manufacturer's instructions.
2.10. Virus and infections

The envelope-deficient HIV-1 NL4-3 clone encoding internal
ribosome entry site (IRES)-green fluorescent protein (GFP) (NL4-3-
GFP) was pseudotyped with vesicular stomatitis virus G protein
(VSV-G) by cotransfection of HEK293T cells using polyethylenimine
(Polysciences) as previously described (Pauls et al., 2014b). The
HIV-1 viral strain NL4e3 (X4-tropic) was obtained from the NIBSC
Centre for AIDS Reagents (CFAR, London, UK). NL4-3 strain was
grown in lymphoid MT-4 cell line. Viral stocks were titrated for its
use in MT-4 and TZMbl cells respectively. For the production of
viral-like particles carrying Vpx (VLPVpx), HEK293T cells were
cotransfected with pSIV3þ (Mangeot et al., 2000) and a VSV-
Geexpressing plasmid. Three days after transfection, supernatants
were harvested, filtered, and stored at �80 �C.

For infections in TZMbl cells, 1.5 � 104 cells were seeded in 96-
well plates and infected with HIV-1 NL4-3 or VSV-pseudotyped
NL4-3 GFP-expressing virus. Reverse transcriptase inhibitors AZT,
d4T, 3TC, ddC, ddI, TDF, ABC, EFV and NVP and the integrase in-
hibitor RAL were used as controls. Measurement of infection by
HIV-1 NL4-3 was determined by the b-galactosidase colorimetric
assay as described elsewhere (Badia et al., 2014a). Briefly, cells were
lysed 72 h after infection and kept frozen until analysis. b-galac-
tosidase activity in 30 mL cell extracts was quantified by Absorbance
(405e620 nm) of non-infected samples was subtracted from the
rest of samples and values expressed as percentage of b-galacto-
sidase activity relative to non-drug treated control.

Assessment of infection by VSV-NL43-GFP þ virus was deter-
mined as the percentage of GFPþ cells by flow cytometry (LSRII, BD
Biosciences) 48e72 h after infection. Data were analyzed using the
FlowJo software (Single Cell Analysis Software).
2.11. Anti-HIV-1 and cytotoxicity assays in MT-4 cells

MT-4 cells were pre-treated with viral Viral-like particles car-
rying Vpx (VLPVpx) produced as previously described (Riveira-
Munoz et al., 2014) for 4 h before infection or left with fresh me-
dium as a control. Cells were then infected with VSV-pseudotyped
NL4-3-GFPþ in the presence of nucleoside and non-nucleoside
reverse transcriptase inhibitors AZT and NVP, respectively. Viral
replication was measured two days later by flow cytometry as the
number of GFP þ cells, relative to the total number of cells. The
anti-HIV activity of the different compounds was determined by
infection of cells in the presence of different drug concentrations
and toxicity of was quantified by a tetrazolium based colorimetric
method [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium,
MTT method] as previously described (Ballana et al., 2014) (Badia
et al., 2015).
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2.12. Determination of dNTP intracellular levels

dNTP content was determined using a polymerase-based
method as previously described (Ferraro et al., 2010; Gonzalez-
Vioque et al., 2011). Briefly, TZMbl cells were rinsed, counted and
adjusted at 2 � 106 cells/sample. Then cells were lysed with tri-
chloroacetic acid (TCA, 0.5 M). Cellular proteins were cleared by
centrifugation and supernatants were neutralized with 0.5M Tri-n-
octylamine in 1,1,2-trichlorotrifluoroethane (Sigma-Aldrich).
Aquose phases were recovered and dried in a SpeedVac. Pellets
were resuspended in Tris-HCl buffer (40 mM, pH7.4) and the dNTP
content determined using a polymerase-based method (Ferraro
et al., 2010) with minor modifications. Briefly, 20 mL of reaction
mixture contained 5 mL of dNTP extract in 40 mM Tris-HCl, pH 7.4,
10 mM MgCl2, 5 mM dithiothreitol, 0.25 mM oligoprimer, 0.75 mM
[8-3H]dATP, 12e21 Ci/mmol (or [methyl-3H]dTTP for the dATP
assay) and 1.7 units of Thermo Sequenase DNA Polymerase (GE
Healthcare). Reaction mixtures with aqueous dNTP standards were
processed in parallel. After incubation at 48 �C for 60 min, 18 mL of
the mix was spotted on aWhatman DE81 paper and left to dry. The
filters were washed 3 times for 10 minwith 5% NaH2PO4, once with
water, once with absolute ethanol, and left to dry again. The
retained radioactivity was determined by scintillation counting,
and the amount of dNTP was calculated by interpolation on the
calibration curves. To ensure the reliability of the results, duplicates
of 2 different dilutions of each dNTP extract (usually undiluted and
1:3 water-diluted) were processed in each independent
Fig. 1. Intracellular dNTP levels were higher in transformed cell lines comparing to GM
GM-CSF MDM is shown. Mean ± SD of two independent experiments is depicted. (B) Wester
(C) Intracellular dNTP levels in MT-4 cells treated or not with VLPVpx for 24 h dNTPs were
Decreased AZT sensitivity in MT-4 cells treated with viral-like particles carrying Vpx (VLPVp
(1 mM) and NVP (5 mM) compared to non-drug controls (ND). Viral replication was assessed
*p < 0.05; **p < 0.01; ***p < 0.001.
experiments.

2.13. Statistical analyses

Experimental data are presented as mean ± SD. One-way
ANOVA test was used for comparison between groups, using the
GraphPad Prism software (GraphPad Software, San Diego, CA, USA).
A p-value of 0.05 was considered statistically significant.

3. Results

3.1. HIV replication capacity was strongly affected by a SAMHD1-
mediated change in dNTP availability

The size of the dNTP pool was determined in MT-4 and TZMbl
transformed cell lines in comparison with primary monocyte-
derived macrophages (MDM) (i.e. GM-CSF and M-CSF derived
macrophages). In MT-4 and TZMbl cells, the dNTP levels were
considerably high (Fig. 1A), ranging from 17-fold to 41efold higher
depending on each dNTP for MT-4 cells, or between 1.75-fold and
10.6-fold higher in TZMbl cells in comparison with MDMs.

To assess the triphosphohydrolase activity of SAMHD1 on viral
replication, MT-4 cells were pre-treated with viral-like particles
carrying Vpx (VLPVpx) (Fig. 1B) prior to infection with VSV-HIV-
GFPþ expressing virus in the presence of nucleoside and non-
nucleoside reverse transcriptase inhibitors. SAMHD1 degradation
induced by VLPVpx resulted in higher intracellular dNTPs (Fig. 1C),
-CSF or M-CSF monocyte-derived macrophages (MDM). (A) Fold change compared to
n blot showing protein expression of SAMHD1 in MT-4 cells treated or not with VLPVpx.
extracted and dNTP content was determined using a polymerase-based method. (D)
x) and infected with pseudotyped VSV-NL43-GFPþ virus in the presence or not of AZT
2 days later by flow citometry. Mean ± SD of three independent experiments is shown.
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ranging from to 2-fold increase for dTTP, 2.8-fold change for dCTP
and 3.2-fold for dATP compared to the non-treated cells. A modest
increase was observed for dGTP (1.5-fold). Infection of MT-4 treated
with or without VLPVPx showed that SAMHD1 degradation induced
by Vpx (Fig. 1D) did not boost HIV replication in VLPVpx pre-treated
MT-4 cells compared to non-treated control. In the presence of the
thymidine analogue AZT, viral replication was enhanced in MT-
4 cells expressing Vpx, showing a 5.7-fold increase compared to the
control cells (p < 0.001) (Fig. 1D). Loss of sensitivity to AZT due to
SAMHD1 degradation was specific for nucleoside analogues since
no changes were observed in NVP-treated cells. Therefore, as pre-
viously observed (Amie et al., 2013; Ballana et al., 2014), the pres-
ence of a thymidine analogue such as AZT is required to assess the
effects of SAMHD1 on the viral replication capacity in MT-4 cells
(Fig. 1C and D), due to the relatively high levels of intracellular
dNTPs.

3.2. Characterization and efficiency of the CRISPRSAMHD1

The time limited and transient effect of SAMHD1 degradation by
VLPVpx in MT-4 cells, led us to generate SAMHD1 knockout cells for
further characterization of the SAMHD1 tryphosphohydrolase ac-
tivity. Therefore, CRISPR-Cas9 targeting SAMHD1 gene (CRISP-
RSAMHD1) was designed to specifically disrupt the exon 5 that
encodes the HD domain (Fig. 2A), responsible of nucleotidase and
phosphodiesterase activities of the SAMHD1 protein. Transformed
cycling TZMbl cells were used in the following experiments due to
the relatively feasibility to generate stable SAMHD1 knockout cell
lines and their suitability to transfect and test all the different
phosphorylation defective - SAMHD1 mutants. TZMbl cells were
used instead of MT-4 cell line because the latter were originally
transformed with human T-cell lymphotropic virus type 1 (HTLV-1)
that induces improper DNA double strand break repair due to
expression of the HTLV-1 Tax protein (Ducu et al., 2011), resulting in
impaired cell survival of HTLV-1 transformed cell lines after
genome editing by CRISPR endonucleases (data not shown).

Plasmids encoding the CRISPRSAMHD1 were transiently
expressed in TZMbl cells in a single round of transfection and cells
were cultured with 1 mg/mL of Puromycin (Life Technologies) for
24 h, before isolating single-cell clones by limiting dilution. Then,
cell culture plates were replicated and positive wells were pre-
screened for genetic modifications of the SAMHD1 gene. A total of
87 clones were analyzed by flow cytometry after intracellular
staining for SAMHD1 (Fig. 2B): 15 clones (17.5%) showed decreased
levels of intracellular SAMHD1 protein (70%e80% reduction). Pre-
sumably, heterozygotic mutations for the SAMHD1 gene were
observed in 35 clones (40.2%), showing a 50%e60% reduction in
SAMHD1 expression relative to the untreated TZMbl control cells.
SAMHD1 levels above 70%, and representing awild-type phenotype
were observed in 42.5% of the analyzed clones. Genetic modifica-
tions in pre-screened clones were confirmed by the evaluation of
heteroduplex formation (Fig. 2C).

Genetic modifications introduced by CRISPRSAMHD1 in SAMHD1-
negative clones were characterized by cloning the coding region
corresponding to the exon 5 of SAMHD1. Both deletions and in-
sertions were identified, being deletions were more frequent than
insertions and ranging from a 2 bp deletion to a 220 bp deletion and
(Fig. 2D). According to the hypertriploid (3nþ) nature of TZMbl
(Landry et al., 2013), multiple sequences of SAMHD1 were identi-
fied for each selected clone, suggesting that multiples copies of
SAMHD1 gene are present in the genome of TZMbl cells. However,
CRISPRSAMHD1 effectively silenced SAMHD1 active copies for at least
clones A2 and F5 (Fig. 2F). Therefore, CRISPR/Cas9 gene editing
resulted in the generation of clones with different levels of
SAMHD1 expression including functional SAMHD1 knockout
(clones A2 and F5) and knockdown (clone C8) (Fig. 2E). Clones A2
and F5 did not show active or phosphorylated forms of SAMHD1
protein indicating a functional SAMHD1 knockout phenotype. In
contrast, clone G5 retained reduced expression of both forms of the
SAMHD1 protein. Clone C8 showed a band corresponding to very
low levels of both active and phosphorylated forms of SAMHD1 so it
was included in functional characterization experiments as
SAMHD1 knockdown. Treatment with CRISPRSAMHD1 did not have
any effect on cyclin-dependent kinases 1 and 2 (CDK1, CDK2)
believed to be responsible for regulation of SAMHD1 activity.

3.3. Gene editing of SAMHD1 decreased antiviral potency of the
thymidine analogue AZT

We then evaluated the effect of SAMHD1 gene editing on its
capacity to restrict HIV-1 NL4-3 infection in clones with functional
knockout (clones A2 and F5) as compared to SAMHD1 knockdown
(clone C8). Infections were performed in the presence of different
concentrations of AZT using wild-type TZMbl as control. An AZT
dose-dependent inhibition of infection was observed in all the
clones tested (Fig. 3A). However, in knockout clones A2 and F5 HIV-
1 infection was not fully inhibited even at the highest AZT con-
centrations. Similar results were observed for clone C8 indicating
that CRISPRSAMHD1 treatment lead to very low levels or the presence
of truncated forms of SAMHD1 protein. Conversely, HIV-1 replica-
tion in wild-type cells and clone G5 were completely inhibited by
AZT. Thus, CRISPRSAMHD1 treatment led to a loss of AZT potency, in
functional SAMHD1 knockout cells. The effect was specific for the
thymidine nucleoside analogue as SAMHD1 knockout did not affect
the sensitivity to the non-nucleoside reverse transcriptase inhibitor
nevirapine or the integrase inhibitor raltegravir (Fig. 3B). Further
assessment of the activity of NRTI in SAMHD1 knockout cells (clone
F5) confirmed the decreased sensitivity to thymidine analogues
(AZT and d4T) as well as for nucleoside analogues of guanosine
(ABC) and adenosine (TDF and ddI) but not NNRTIs NVP or EFV
(Table 1) in accordance to previously published results (Amie et al.,
2013; Ballana et al., 2014).

Moreover, analysis of intracellular dNTPs revealed that CRISP-
RSAMHD1 treatment resulted in higher levels of dNTPs in clones A2,
F5 and C8, ranging between 2 and 5-fold change depending on the
nucleotide, compared to the untreated TZMbl cells and the G5 clone
(Fig. 3C). Thus, permanent disruption of the SAMHD1 gene in TZMbl
recapitulated the transient effect of VLPVpx in MT-4 cells, providing
a useful model to evaluate the activity of SAMHD1 in cycling cells.

3.4. N-terminal SAMHD1 phosphorylation sites prediction in silico

In addition to the previous described phosphorylation site at the
residue T592, located at the C-terminal region of SAMHD1, we
evaluated other potential sites susceptible to phosphorylation that
might have a role on the regulation of SAMHD1 activity. Based on
data provided by Phosphosite (http://www.phosphosite.org/) and
previous published data using direct mass spectrometry (Welbourn
et al., 2013) (White et al., 2013b), at least five phosphorylation sites
have been described along the sequence of the SAMHD1 protein: 4
located at the N-terminus (S18, T21, T25, S33) and T592 at the C-
terminus region of SAMHD1 (Fig. 4A). Phosphorylation defective
mutants were constructed by site-directed mutagenesis and
transfected into TZMbl cells. Single point mutations at the N-ter-
minal region of SAMHD1 did not significantly affect the overall
phosphorylation. However, the combination of mutations S18A,
T21A and T25A (3T) significantly prevented the overall SAMHD1
phosphorylation as measured by the disappearance of the slow
migrating band corresponding to the phosphorylated SAMHD1
(Fig. 4B), suggesting a major contribution to the overall SAMHD1

http://www.phosphosite.org/


Fig. 2. Characterization of genetic modifications induced by CRISPR-Cas9 targeting SAMHD1 (CRISPRSAMHD1) in TZMbl cell line. (A) Schematic representation of the design of
the CRISPRSAMHD1 targeting at the exon 5 of the SAMHD1 gene. CRISPRSAMHD1 targeted region is indicated in lower and red case. (B) Flow cytometry histograms showing intra-
cellular staining of SAMHD1 protein in the selected clones. Histograms correspond to the wild type (WT, red), the selected clone (light blue) and isotype control (light grey).
Percentages show SAMHD1 negative cells in each selected clone. (C) Genomic mutations induced by CRISPRSAMHD1, as measured by the induction of heteroduplex formation and
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Fig. 3. Decreased sensitivity of thymidine NRTI in CRISPRSAMHD1 clones infected with HIV-1 NL4-3 virus. (A) Dose response of zidovudine (AZT) in the CRISPRSAMHD1 clones
infected with HIV-1 NL4-3. Inhibition of HIV infection was measured as percentage of b-Gal production relative to the untreated condition 3 days after infection. Response to AZT at
the highest concentration (4 mM) is shown in the right panel. Decreased sensitivity to AZT was observed in SAMHD1 knockout clones A2 and F5 and SAMHD1 knockdown C8. INF,
Infected; WT, wild-type. Mean ± SD of three independent experiments is shown. (B) Dose response of nevirapine (NVP), and integrase inhibitor raltegravir (RAL) in the CRISP-
RSAMHD1 clones infected with HIV-1 NL4.3. (C) Intracellular dNTP levels in CRISPRSAMHD1 treated TZMbl cells. Abrogation of SAMHD1 induced CRISPRSAMHD1 results in higher amount
of intracellular dNTPs in clones A2, C8 and F5. Mean ± SD of three independent experiments is shown. *p < 0.05; **p < 0.01.
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phosphorylation. Changes in overall phosphorylation of SAMHD1
were not visible in the mutant T592A probably due to the accu-
mulation of phosphorylated sites on the N-terminal region of the
protein (Fig. 4B). The specificity of SAMHD1 T592 phosphorylation
measure was validated in PMA-treated THP-1 cells treated or not
with phosphatase (Fig. 4C).
cleaved by the T7 endonuclease, were observed for clones A2, C8 and F5. Arrows indicate het
dash lines) product of CRISPRSAMHD1 treatment. At least 24 different SAMHD1 sequences fro
identified in all clones, probably because multiple copies are present in TZMbl genome. (E) Ch
SAMHD1 and inactivated phosphorylated SAMHD1 (pSAMHD1T592) were determined in re
blot out of three is shown. **p < 0.01; ***p < 0.001. (For interpretation of the references to
3.5. SAMHD1 phosphorylation determined viral replication
capacity

To elucidate the role of phosphorylation sites in SAMHD1, clone
F5 (SAMHD1 functional knockout) was selected to restore the
expression of the wild-type form (pLPCX-SAMHD1-WT) and the
eroduplex bands. (D) Sequence analysis of the insertions (red letters) and deletions (red
m each selected clone were sequenced and aligned. Wild-type (WT) sequences were
aracterization of CRISPRSAMHD1 selected clones at protein levels byWestern-blot. Active
lation to the CDKs (CDK1 and CDK2) that control its phosphorylation. A representative
colour in this figure legend, the reader is referred to the web version of this article.)



Table 1
Anti-HIV-1 activity of NRTI and NNRTI in SAMHD1 knockout cells.

Compound EC50 WT EC50 SAMHD1-KO FC CC50

AZT 0.07 ± 0.02 0.26 ± 0.1 3.5 >4
d4T 2.21 ± 0.5 7.19 ± 3.18 3.3 >5
3TC 0.39 ± 0.13 0.54 ± 0.16 1.4 >1
ddC 0.36 ± 0.17 0.47 ± 0.07 1.3 >1
TDF 0.08 ± 0.01 0.26 ± 0.15 3 >10
ddI 6.20 ± 1.18 18.9 ± 0.89 3 >25
ABC 1.12 ± 0.53 6.03 ± 2.83 5.4 >25
EFV 0.04 ± 0.01 0.06 ± 0.03 1.5 >0.3
NVP 0.01 ± 0.0001 0.02 ± 0.003 2 >4

NRTI are AZT, d4T, 3TC, ddC, TFV, ddI, and ABC; NNRTI are NVP and EFV; EC50 and
CC50 values were calculated in wild type(WT) or SAMHD1-negative TZMbl cells and
expressed as mM. EC50, effective concentration required to block HIV-1 replication
by 50%; CC50, Cytotoxic concentration 50 or needed concentration to induce 50%
death of non-infected cells, evaluated with the MTTmethod; FC, fold change or ratio
of the EC50 in WT cells and the EC50 in SAMHD1 negative cells. Results are the
means ± SD of three independent experiments.

Fig. 4. Schematic representation of SAMHD1 phosphorylation sites and amino acid se
phosphothreonines (T) are shown in the graph indicating the amino acid positions. (B) SAMH
transfected TZMbl cells. A 6% acrylamide gel allowed revealing overall phosphorylation-dep
SAMHD1 antibody. (C) SAMHD1 protein is phosphorylated. PMA-treated THP-1 cells were ly
phosphorylation (lines 1 and 2).
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phosphorylation defective mutants (3T and T592A). Three days
after transfection, cell extracts were obtained and analyzed by
Western blot (Fig. 5A). Restoration of SAMHD1 expression was
confirmed by the appearance of a band corresponding to total
SAMHD1 for all transfected plasmids. Phosphorylated SAMHD1,
measured with specific anti-pSAMHD1 at residue T592, was
observed for SAMHD1-WT and the mutant 3T, but not for mutant
T592A. No effects on protein expression were observed for CDK1,
CDK2 or pCDK2 for any of the different re-expressed forms (Fig. 5A).

Activity of the different forms of SAMHD1 were evaluated by
infectionwith HIV-1 NL4-3. As observed inMT-4 cells treated or not
with VLPVpx, we did not observe significant differences in viral
replication capacity between the SAMHD1-wt or the phosphory-
lation defective mutants 3T and T592A variants (Fig. 5B). Infection
of wildtype TZMbl cells in the presence of AZT led to a complete
block of HIV-1 viral replication (Fig. 5C). Conversely, infection of the
SAMHD1 knockout F5 clone was clearly detectable. Transfection of
quences according to the UniProtKB database. (A) Potential phosphoserines (S) or
D1 expression and phosphorylation defective mutants measured byWestern-blot from
endent SAMHD1 band shift as compared to labelling with the T592-specific phospho-
sed (line 3) and lysates were treated or not with phosphatase to demonstrate SAMHD1



Fig. 5. Evaluation of HIV-1 replication capacity of SAMHD1 phosphorylation defective mutants. (A) Western blot showing protein expression and activation of SAMHD1 and
CDKs (CDK1, CDK2 and phosphorylated CDK2, pCDK2) in CRISPRSAMHD1 induced TZMbl SAMHD1 KO cells. Clone F5 was transfected with pLPCX-SAMHD1-wild-type (SAMHD1-WT),
mutant T592A and combined mutant S18A, T21A and T25A (3T), respectively. Overexpression of the different forms of SAMHD1 were evaluated 72 h after transfection. A
representative blot of three is shown. (B) Direct evaluation of HIV-1 NL4-3 infectivity was similar for all transfected forms of SAMHD1 as measured by the b-Gal production 72 h
post-infection. (C) Dose-response to AZT in phosphorylation defective mutants transfected in CRISPRSAMHD1 treated cells. HIV-1 replication capacity in the presence of AZT (4 mM,
right panel) was increased in the absence of a functional SAMHD1 (F5 clone) and partially reverted when SAMHD1 expression was restored. (D) Dose-response of nevirapine (NVP)
and integrase inhibitor raltegravir (RAL) in the CRISPRSAMHD1 clones infected with HIV-1 NL4-3. Mean ± SD of three independent experiments is shown. *p < 0.05; **p < 0.01. WT,
parental TZMbl cells; F5, SAMHD1 KO cells; SAMHD1-WT, F5 cells transfected with SAMHD1 expressing plasmid; T592A, F5 cells transfected with SAMHD1 T592A expressing
plasmid; 3T, F5 cells transfected with SAMHD1 N-terminal mutant expressing plasmid.
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wt-SAMHD1 into F5 cells partially restored the block on HIV-1
replication. Similarly, expression of phosphorylation defective
mutants T592A and 3T, induced a partial recovery of the sensitivity
to AZT, between 89.3% and 92.2% compared to the F5 control cells.
These partial effects may be related to limitations in the efficiency
of the transfection of SAMH1 plasmids. No differences were
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observed in anti-HIV-1 potency for NVP or RAL for any of the
phosphorylation variants of SAMHD1 (Fig. 5D). Loss of sensitivity to
AZT due to active SAMHD1, as a result of lack of phosphorylation
either in N-terminal (3T) or C-terminal (T592A), was confirmed
with VSV-NL4.3-GFP virus (Fig. 6A and B) without affecting potency
of NVP or RAL.
3.6. Phosphorylation of SAMHD1 does not affect degradation of
dATP in vitro

To assess the in vitro activity of SAMHD1 related to its phos-
phorylation state, a plasmid SAMHD1-HA was overexpressed in
HEK293 T cells and immunoprecipitated. Treatment with phos-
phatase lambda (PPase) resulted in the disappearance of the band
corresponding to p(Thr)-Pro immunoblotting (Fig. 7A). Western-
blot analysis was performed to determine the efficiency of over-
expression, immunoprecipitation and phosphatase treatment
(Fig. 7A). Assessment of dATP to ATP degradation in a time-
response kinetics did not show differences between native
Fig. 6. Evaluation of HIV-1 replication capacity of SAMHD1 phosphorylation defective m
phosphorylation defective mutants transfected in CRISPRSAMHD1 treated cells. Infection wa
presence of AZT (4 mM, right panel) was increased in the absence of a functional SAMHD
response of nevirapine (NVP) and integrase inhibitor raltegravir (RAL) in the CRISPRSAMHD1

is shown. *p < 0.05. WT, parental TZMbl cells; F5, SAMHD1 KO cells; SAMHD1-WT, F5 cells tr
T592A expressing plasmid; 3T, F5 cells transfected with SAMHD1 N-terminal mutant expre
SAMHD1-HA (containing both active and inactive SAMHD1) or the
fully active SAMHD1 (Fig. 7B).
4. Discussion

Biological activity of SAMHD1 is inherently linked to the control
of entry and progression through the cell cycle (Pauls et al., 2014b;
Sze et al., 2013b) and more recently associated to the protective
immune responses tied to innate sensing of DNA (Herrmann et al.,
2016; Sze et al., 2013b). Understanding how SAMHD1 is regulated
and exerts its activity may not only be important for viral infections
but also for determining the disease outcome of autoimmune dis-
eases and cancer (Ballana and Este, 2015). Despite SAMHD1
apparent lack of effect on viral restriction in cycling cells, SAMHD1
is expressed and active, being important the generation of phos-
phorylated new models to fully elucidate the regulation and func-
tion of SAMHD1.

Genome editing has become an irreplaceable tool to provide
new models to evaluate gain/loss of function of the targeted genes.
utants in single cycle infections with VSV-NL4.3-GFPþ. (A) Dose-response to AZT in
s measured 72 h post-infection by flow cytometry. HIV-1 replication capacity in the
1 (F5 clone) and partially reverted when SAMHD1 expression was restored (B) Dose-
clones infected with VSV-NL4.3-GFPþ. Mean ± SD of three independent experiments
ansfected with SAMHD1 expressing plasmid; T592A, F5 cells transfected with SAMHD1
ssing plasmid.



Fig. 7. In vitro evaluation of dNTPase activity of SAMHD1. (A) Assessment of
SAMHD1 phosphorylation with or without phosphatase treatment measured by anti-
phospho(Thr)-Pro immunoblotting. PPase; Phosphatase activity. (B) Degradation of
dATP to ATP was measured in immunoprecipitated SAMHD1-HA treated or not with
phosphatase lambda at 0, 5 and 16 h post-treatment. Samples without SAMHD1 or
without dGTP (cofactor required for SAMHD1 hydrolase activity) were used as negative
controls for dATP degradation overtime.
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Here we generated a CRISPR-Cas9 system that successfully abro-
gated SAMHD1 expression, providing a new model to study the
mechanisms underlying the regulation and function of SAMHD1.

SAMHD1 activity is regulated by cell-cycle dependent post-
translational modifications through cyclin-dependent kin-
aseemediated phosphorylation (Cribier et al., 2013; Pauls et al.,
2014b; White et al., 2013b). Tight regulation exerted by CDKs on
the SAMHD1 dNTPase activity is crucial for determining the avail-
ability of intracellular dNTPs, linking cell cycle and proliferation to a
time opportunity for viral replication (Ballana and Este, 2015).
Moreover, palbociclib a selective CDK4/6 inhibitor has been shown
to inhibit SAMHD1 phosphorylation and to limit the intracellular
dNTPs availability, resulting in a potent antiviral activity against
(Pauls et al., 2014a) (Badia et al., 2016a).

Evaluation of viral replication capacity related to SAMHD1 re-
striction is only possible in a context where dNTP concentrations
are below the threshold required for reverse transcription of the
viral RNA genome into DNA (Laguette et al., 2011; Lahouassa et al.,
2012) such as in primary cells. Consequently, in transformed cell
lines such as MT-4 or TZMbl, where intracellular dNTP amounts are
above the threshold for HIV-1 RT requirements, direct evaluation of
viral replication capacity is not feasible even after SAMHD1
degradation. Our results confirmed that Vpx-induced SAMHD1
degradation in transformed cell lines exclusively affects viral
sensitivity to nucleoside analogues but not to the NNRTI nevira-
pine, in agreement with previously published data for T cell lines
and primary cells (Amie et al., 2013; Ballana et al., 2014; Huber
et al., 2014). In addition, CRISPRSAMHD1 treatment in TZMbl cells
recapitulates the transient effect of Vpx by abrogating permanently
the expression of SAMHD1 gene, in accordance to Bonifati et al.,
using CRISPR to knockout SAMHD1 in THP-1 cells (Bonifati et al.,
2016). Vpx and CRISPRSAMHD1 decreased sensitivity to AZT as a
measure of viral replication capacity, as this is dependent of a
competition between thymidine analogue (AZT) and the intracel-
lular dNTPs for incorporation into newly transcribed viral DNA
during the reverse transcription step. These results together with
modified potency of other NRTIs including stavudine, tenofovir,
didanosine or abacavir but not NNRTIs nevirapine nor efavirenz,
reinforce the relevance of dNTPase activity of SAMHD1 as a
mechanism for viral restriction and indicate that SAMHD1 may be
functional even under conditions when its restrictive capacity is
not apparent, such as in cycling cells with high dNTP levels. Pres-
ence of active forms of SAMHD1 in cycling cells is relevant since
modulation of SAMHD1 expression using CRISPR-Cas9 technology
has been shown to modify the sensitivity of the nucleoside
analogue cytarabine in acute myelogenous leukemia (AML) (Herold
et al., 2017; Schneider et al., 2017), definingmodulation SAMHD1 as
a new potential therapeutic strategy for malignancies related to the
control of the intracellular dNTP content.

According to the structural domains described for SAMHD1
protein, we aimed at evaluation SAMHD1 phosphoylation sites.
Although phosphorylation at T592 is widely accepted as indicative
of SAMHD1 deactivation because SAMHD1 does not restrict HIV-1
in dividing cells where the protein is phosphorylated at residue
T592 (Cribier et al., 2013; Pauls et al., 2014a; St Gelais et al., 2014;
White et al., 2013a), the effect of this phosphorylation on
SAMHD1 dNTPase activity is still unclear (Tang et al., 2015). The
phosphomimetic mutants of SAMHD1 (T592E/T592D) have been
proved to impair the ability to block HIV-1 infection in non-
dividing cells, but retained the ability to hydrolyze dNTPs in vitro
and reduce the cellular dNTP levels (Welbourn et al., 2013; White
et al., 2013b), a result that is confirmed by our evaluation of
SAMHD1 function in vitro (Fig. 7). However Tang et al. (2015) show
that phosphomimetic mutation T592E resulted in altered confor-
mational changes, probably triggered by electrostatic repulsion,
leading to SAMHD1-tetramer destabilization with a significant
impairment of dNTPase activity. Arnold et al. (2015) also suggested
that regulation of phosphorylation SAMHD1 alters its oligomeric
state and its restriction capacity. Thus, enzymatic testing of
SAMHD1 function may not recapitulate an adequate conformation
as expressed in cell culture. In agreement, our data show that
expression of the phosphorylation defective mutant T592A, sensi-
tivity to AZT is partially recovered through a mechanism involving
dNTPase activity and affecting viral replication capacity.

Interestingly, potential phosphorylation sites S18, T21, T25, S33
are located between the nuclear localization signal (NLS) and the
SAM domain. Although the deletion of different regions of the N-
terminal sequence, including or not the SAM domain, have been
shown to be nonessential for dNTPse activity, Vpx-recognition or
Vpx-mediated degradation of SAMHD1 (Guo et al., 2013), the
combination of three phosphorylation defective mutations at S18,
T21 and T25 residues, modified the overall phosphorylation profile
of SAMHD1. It has been described that SAMHD1 contains an addi-
tional nuclear targeting mechanism in addition to the classical
nuclear localization signal KRPR, and that SAMHD1 nuclear accu-
mulation is required for Vpx-induced degradation. In fact, N-ter-
minal SAMHD1 deletion variants (D2-41; D2-109) showed
enhanced SAMHD1 import into the nucleus and became more
sensitive to Vpx-mediated degradation (Guo et al., 2013). Since
post-translational modifications, in particular phosphorylation, are
key regulatory mechanisms for nuclear-cytoplasm pathways
(Christie et al., 2016), it seems plausible to hypothesize that phos-
phorylation at the N-terminal region of SAMHD1 is implicated on
its localization, affecting its activity and viral replication capacity.
Further investigation should determine the role of phosphorylation
of the N-terminal region of SAMHD1 and its effect on SAMHD1
activity.
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In summary, we describe how genome editing of SAMHD1 by
CRISPR-Cas9 system provides a useful and stable SAMHD1
knockout model. In CRISPR-induced SAMHD1 knockout cells,
assessment of viral replication linked to SAMHD1 phosphorylation
is feasible in the context of elevated levels of intracellular dNTPs but
in competition with the nucleotide analogues. Phosphorylation
sites located in the N-terminal region of SAMHD1 (S18, T21, T25), in
addition to residue T592, contribute to the overall phosphorylation.
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