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Abstract
In mammalian cells, the catabolic activity of the dNTP triphosphohydrolase SAMHD1 
sets the balance and concentration of the four dNTPs. Deficiency of SAMHD1 leads 
to unequally increased pools and marked dNTP imbalance. Imbalanced dNTP pools 
increase mutation frequency in cancer cells, but it is not known if the SAMHD1-
induced dNTP imbalance favors accumulation of somatic mutations in non- 
transformed cells. Here, we have investigated how fibroblasts from Aicardi-Goutières 
Syndrome (AGS) patients with mutated SAMHD1 react to the constitutive pool im-
balance characterized by a huge dGTP pool. We focused on the effects on dNTP 
pools, cell cycle progression, dynamics and fidelity of DNA replication, and effi-
ciency of UV-induced DNA repair. AGS fibroblasts entered senescence prematurely 
or upregulated genes involved in G1/S transition and DNA replication. The normally 
growing AGS cells exhibited unchanged DNA replication dynamics and, when qui-
escent, faster rate of excision repair of UV-induced DNA damages. To investigate 
whether the lack of SAMHD1 affects DNA replication fidelity, we compared de novo 
mutations in AGS and WT cells by exome next-generation sequencing. Somatic vari-
ant analysis indicated a mutator phenotype suggesting that SAMHD1 is a caretaker 
gene whose deficiency is per se mutagenic, promoting genome instability in non-
transformed cells.
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1 |  INTRODUCTION

A critical factor for the fidelity of DNA synthesis is the 
availability of appropriate and balanced intracellular concen-
trations of deoxynucleoside triphosphates (dNTPs).1,2 The 
sizes of the four dNTP pools depend on a network of syn-
thetic and catabolic enzymes that control and adjust dNTP 
concentrations to the needs of DNA replication and repair 
and to changes in the cell microenvironment.3,4 The onset 
of nuclear DNA synthesis coincides with a large expansion 
of dNTP pools guaranteed by S phase–specific upregulation 
of ribonucleotide reductase (RNR) and cytosolic thymidine 
kinase 1 (TK1). Following S phase, R2, the essential small 
subunit of RNR, and TK1 are eliminated by regulated prote-
olysis resulting in about 10-fold decreased concentrations of 
dNTPs.5 Not only is the synthesis of dNTPs strictly regulated 
but also their degradation, with the deoxynucleotide triphos-
phohydrolase SAMHD1 as the major player. Similar to RNR, 
SAMHD1 is an oligomeric enzyme, allosterically regulated 
in both its activity and substrate specificity by (deoxy)- 
ribonucleoside triphosphates binding to its allosteric sites.6,7 
In contrast to RNR, SAMHD1 is a nuclear protein. We pre-
viously showed that SAMHD1 expression in normal human 
fibroblasts changes with their proliferation state.8 The pro-
tein accumulates in G0/G1 and quiescent cell states, which 
suggested that the enzyme may exert its activity mainly out-
side S phase.8 During S phase CDK-cyclin complexes phos-
phorylate SAMHD1 at T592 with still debated functional 
implications. At first, T592 phosphorylation was interpreted 
as a mechanism to inactivate or downregulate SAMHD1 tri-
phosphohydrolase activity.9 However, we recently showed 
that in S phase SAMHD1 is still functional and performs a 
significant regulatory role in the maintenance of dNTP pool 
balance during DNA replication.10 Our findings agree with 
the recently reported participation of T592-phosphorylated 
SAMHD1 in protein/protein interactions at stalled replication 
forks, required for the ATR-CHK1 pathway and fork restart.11 
The latter function of SAMHD1 permits the degradation of 
ssDNA stretches removed from the stalled forks preventing 
accumulation of ssDNA in the cytosol and induction of the 
interferon response.11

Genetic defects in SAMHD1 cause human pathologies 
linked to either of the two recognized functions of the pro-
tein, that is, as a dNTP pool regulator and a defense against 
inflammatory response. Lack of the former function is con-
sidered to underlie several cancers by lowering the fidelity 
of DNA synthesis, lack of the latter to cause the congenital 
inflammatory Aicardi-Goutières Syndrome (AGS). The cel-
lular consequences of SAMHD1 deficiency have been inves-
tigated by knocking down the protein by different approaches 
in normal or transformed cells. Loss of SAMHD1 is accom-
panied by expansion of the dNTP pools, particularly large 

in non-dividing cells. However, only in a minority of cases 
all four dNTPs have been examined, revealing that they un-
dergo differential changes which result in pool imbalance. 
Purine dNTPs increased more than pyrimidine dNTPs in 
transformed cells,12,13 in primary fibroblasts,8 and in whole 
mouse embryos.14 In elutriated SAMHD1-KO THP1 cells, 
all dNTP pools were expanded in all phases relative to pa-
rental SAMHD1-proficient cells, but purines increased more 
than pyrimidines in G1 and G2/M, whereas in S phase the 
fold-increase in dCTP was similar to those of dATP and 
dGTP.10

Besides the effects on dNTP pool composition, in nor-
mal human fibroblasts siRNA-silencing of SAMHD1 in-
hibits cell proliferation and disturbs the G1/S transition.8 
Similarly, in S cerevisiae the expansion of dNTP pools 
produced by overexpression of a RNR variant with altered 
allosteric regulation, transiently arrests cell cycle progres-
sion in late G1 phase delaying the activation of prereplica-
tive complexes at the origins of replication.15 In the case 
of transformed cells, the effects of SAMHD1 downregula-
tion on cell cycle progression are controversial. Some stud-
ies reported reduced proliferation,11,16 others accelerated 
growth,13 and we did not find any significant difference 
relative to the controls.10

There is no in vivo evidence for anti-proliferative effects 
of SAMHD1 deficiency. Humans carrying germ-line muta-
tions in SAMHD1 undergo normal development before mani-
festing AGS, often with a late onset presentation.17 Moreover, 
the lack of SAMHD1 in mouse and zebrafish models did not 
perturb development.18-20

Pool imbalances have documented destabilizing effects, 
inducing misincorporation of the dNTP present in excess, 
interfering with correct chain elongation and causing struc-
tural alterations of chromosomes.1,2,21-23 The abnormal 
dNTP pools associated with SAMHD1 deficiency may con-
tribute to cancer development. SAMHD1 mutations were 
first recognized as potential founding events in chronic 
lymphocytic leukemias24 and later identified in additional 
forms of leukemia25 and in solid tumors.14,26 On this basis, 
SAMHD1 was suggested to function as a tumor suppressor. 
Moreover, SAMHD1 deficiency may have a twofold influ-
ence on DNA repair. The induced imbalance of dNTP pools 
may affect the efficiency of DNA repair synthesis27 and the 
recruitment of proteins involved in HR-mediated repair of 
DNA double-strand breaks may be impaired by the lack of 
SAMHD1.28

Considering the potential problems arising from the 
experimental suppression of SAMHD1 activity, here we 
chose to study the effects of an endogenous lack of SAMHD1 
on cell proliferation and genomic stability in primary skin 
fibroblasts derived from four unrelated AGS patients carry-
ing different SAMHD1 mutations.
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2 |  MATERIALS AND METHODS

2.1 | Cell lines

We used four lines of skin fibroblasts derived from patients 
affected by AGS with inactivating mutations in SAMHD1 
(Prof. Y. Crow collection, University of Manchester, UK). 
Patient P1 (AGS282) is a compound heterozygote carrying 
mutations R145X and R164X,29 patient P2 (AGS295) car-
ried the homozygous deletion of exons 12-16,30 patient P3 
(AGS165) carried the homozygous nucleotide deletion 359-
370,31 and patient P4 (AGS128) carried the homozygous mu-
tation Q149X.31 Appropriate written informed consent was 
obtained from the parents of the patients for inclusion in this 
study, which was approved by the Leeds (East) Multi-Centre 
Research Ethics Committee. Three lines of age-matched con-
trol skin fibroblasts were available in our laboratory (WT1, 
WT2, and WT3). Human monocytic cells (THP1) knockout 
for SAMHD1 and matched control were donated by Prof. T. 
Gramberg.32

2.2 | Cell growth, cell cycle analysis, and SA-
β-galactosidase staining

All fibroblasts were grown in DMEM with 4.5 g/L glucose, 
10% (v/v) fetal calf serum (FCS), non-essential amino acids, 
and antibiotics. To ensure comparability in all experiments, 
cell cultures were used at similar passage numbers. THP1 
cells were cultured in RPMI with 10% (v/v) FCS.

Cell cycle distribution was determined by flow cytometry 
after propidium iodide staining of fixed resuspended cells, 
with a FACSCanto II Flow cytometer (BD Biosciences, San 
Jose, CA, USA). To identify 20% S phase enriched cell cul-
tures, sets of 0.2 million cells/10 cm dish were seeded and 
collected for FACS analysis between 30 and 48 hours after 
seeding every 2-3 hours.

To quantify the percentage of senescent cells, WT and 
AGS fibroblasts were seeded at 0.05 million cells/35  mm 
dish. After 48 hours, cells were fixed and stained using the 
senescence cells histochemical staining kit (Sigma Aldrich, 
St. Louis, MO, USA). To quantify the SA-β-Gal-positive 
cells > 700 cells were counted for each sample using several 
fields.

2.3 | Cumulative population doubling level

To evaluate replicative lifespan, cells of P1 and P2 and of 
two controls (WT1 and WT2) were serially subcultured 
every 4  days for 5  months, seeding 0.4 million cells in 
75  cm2 flasks. The daily population doublings numbers 
(PDN) were calculated by the formula {ln [(number of 

cells harvested)/(number of cells seeded)]/ln 2}/4 days and 
added to the previous PDNs to yield the cumulative PDN 
value.

2.4 | Western blotting

All procedures were performed as described in Franzolin 
et al (2015).33 Samples of 1-2 million cells were collected 
by centrifugation, washed with PBS, and lysed with ra-
dioimmunoprecipitation assay buffer (10 mM TrisHCl pH 
7.4, 100mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 
1% Nonidet P-40) containing a mixture of protease inhibi-
tors for mammalian cells (Sigma Aldrich). The extracts 
were centrifuged at 19  000  g for 20  minutes, the protein 
concentrations of the supernatant solutions were deter-
mined by the Pierce BCA protein assay kit (Thermo Fisher 
Scientific, Waltham MA, USA), and 20 µg or 10 µg of the 
cleared supernatants, respectively, from proliferating and 
resting cells were loaded on precast gels 7.5% (Bio-Rad, 
Hercules, CA, USA) and electrophoresed. The proteins 
were blotted on Hybond-C extra (GE Healthcare, Chicago, 
IL, USA) and saturated with 2% non-fat milk (Euroclone) 
for 1  hour at room temperature and incubated overnight 
at 4°C with the primary anti-SAMHD1 antibody (1:4000, 
PROTEINTECH group, Rosemont, IL, USA) or anti-β 
actin (1:10  000, Sigma Aldrich). After 3 washings with 
PBS  +  0.05% Tween 20 for 10  minutes, the membranes 
were incubated with horseradish peroxidase-conjugated 
secondary antibodies (1:40 000 and 1:100 000, respectively) 
for 1 hour at room temperature. Then the membranes were 
washed and developed with a chemiluminescence ECL kit 
(LiteAblotTurbo, Euroclone S.p.a, Pero, MI, Italy). The 
signals were detected on Kodak films.

2.5 | Quantitation of dNTP pools

Cycling cell cultures were obtained seeding 0.2 million 
cells/10  cm dish and were harvested after 32-48  hours 
growth. For confluent cell, cultures were seeded at 0.4 mil-
lion cells/10 cm dish. At confluence, the medium was re-
placed with 0.1% FBS medium and cells were harvested 
after 10 days of quiescence with fresh 0.1% FCS medium 
being supplied twice weekly. Dishes were cooled on ice, 
the cells were carefully washed free of medium and ex-
tracted with ice-cold 60% methanol. After immersion for 
3 minutes in a boiling water bath, the methanolic extract 
was centrifuged and brought to dryness by centrifugal 
evaporation. The dry residue was dissolved in 0.2  mL 
of water and used for assays. The four dNTPs were de-
termined by an enzymatic assay modified as described in 
Ferraro et al (2010).34
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2.6 | RNA extraction, reverse 
transcription, and quantitative real-time PCR 
(qRT-PCR)

RNA extraction, reverse transcription, and real-time PCR 
were done as described by Franzolin et al (2013).8 TRIzol 
Reagent (Thermo Fisher Scientific) was used to extract RNA 
from cell cultures according to the manufacturer's protocol. 
Prior to RNA extraction, cell cultures were washed in PBS 
to remove excess medium then Trizol was added directly 
on the dish and cells were detached using a cell scraper. 
RNA quantity and quality was tested by UV spectrophotom-
etry and with electrophoresis by 2100 Agilent Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA) following 
the protocol provided by the manufacturer. We quantified 
by qRT-PCR with QuantiTect Primer assay kit (Qiagen, 
Hilden, Germany) the mRNA of SAMHD1, BRCA1, E2F2, 
CDT1, PRIM1, CDC7, MLH1 using as housekeeping gene 
Succinate Dehydrogenase Complex Flavoprotein Subunit A 
(SDHA). SAMHD1 primer which amplifies exons 1, 2, and 3 
allowed us to detect SAMHD1 mRNA both in WT and AGS 
mutant fibroblasts with mutations localized in exons 4, 5, or 
in the C terminus.

2.7 | Microarray experiments and 
data analysis

Fluorescent cRNA to be hybridized onto microarrays was 
produced by Low Input Quick Amp Labeling Kit (Agilent 
Technologies) according to the manufacturer's instructions. 
Labeled cRNA was dispersed onto the microarray to perform 
the hybridization (65°C, 17 hours, 10  rpm rotation). Slides 
were washed using Wash Buffer Kit (Agilent Technologies) 
and dried at room temperature. Microarray slides were 
scanned using G2505C scanner (Agilent Technologies) at 
3-µm resolution. Probe features were extracted using the 
Feature Extraction Software v. 10.7.3.1 with GE_1_Sep09 
protocol (Agilent Technologies). Intra-array normalization 
was directly performed by the Feature Extraction Software. 
Raw and normalized data are available in the GEO database 
(GSE 135652). For each sample, we set probe expression to 
NA (not available) when flag “Positive and Significant” from 
Feature Extraction Software was “FALSE.” To normalize 
data, we used quantile inter-arrays normalization (normal-
izeQuantiles, limma R package). Data for long non-coding 
RNAs were excluded for the normalization of coding RNAs. 
The expression of probes with the same ProbeName was 
averaged.

Microarray data were analyzed using the MultiExperiment 
Viewer (MeV, Ver. 4.8).35 We used a t test (from MeV) to 
identify differentially expressed RNAs between cells derived 
from AGS patients and WT. P values were computed using a 

gene permutation approach and corrected using Bonferroni. 
We consider a gene differentially expressed when the cor-
rected P value was  ≤  .05. Differentially expressed genes 
resulting from each comparison were grouped to identify 
interesting profiles considering all samples. Gene grouping 
was performed using the Self Organizing Tree Algorithm 
(SOTA)36 implemented in the MultiExperiment Viewer 
software. Clustering was performed using the Pearson cor-
relation. Genes in specific clusters were classified according 
to their function using the Reactome database implemented 
in the WEB-based GEne SeT AnaLysis Toolkit.37 The 
Benjamini and Hochberg correction for multiple tests was 
used to calculate FDR corresponding to each pathway.

2.8 | UV irradiation of cells and analysis of 
photoproducts

Cell monolayers were irradiated with a 254-nm UVS-11 min-
eral light lamp at a fluency rate of 2  J/m2/sec. Then fresh 
medium was added, and the cells were returned to culture 
conditions for the indicated time points. Genomic DNA was 
isolated using the Puregene Core Kit B (Qiagen). Dot blot 
immunoassays were performed to determine the relative 
amounts of UV-induced photoproducts CPDs and 6-4PPs in 
total genomic DNA from cells collected at different times 
after UV irradiation, as described in Pontarin et al (2012).27 
All experiments were performed in duplicate. The relative in-
tensity of each signal was determined using ImageJ program.

2.9 | Fluorometric analysis of 
DNA unwinding

Fluorometric analysis of DNA unwinding (FADU) was per-
formed 30, 60, 90, and 180 minutes after UV irradiation with 
24  J/m2 following the protocol described in Pontarin et al 
(2012).27

To avoid DNA resynthesis after UV damage, in a parallel 
experiment cells were maintained in the presence of 12 µM 
aphidicolin (APH) and added to the medium 1 hour before 
UV irradiation and maintained until harvesting.

2.10 | Clonogenic cell survival assay

0.2 million cells were seeded in 10 cm plates and 3 days later 
were irradiated with 0-6-12-18-24-30 J/m2 of UV light. To 
calculate the percent survival, 100 not irradiated cells, 300 
cells irradiated with 6 and 12 J/m2, 500 cells treated with 18 
and 24 J/m2, or 1000 cells irradiated with 30 J/m2 were spread 
on 5 cm diameter plates (10 plates for each dose of UV light). 
Cells were grown at 37°C for 15  days and the number of 
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viable colonies was counted. The colony number from the 
non-irradiated control plates was averaged and taken as 100% 
viability.

2.11 | NGS library preparation, 
sequencing, and data analysis

0.4 million cells/10 cm dish were seeded in 10% FBS me-
dium. When confluence was reached cells were treated with 
5 nM AllStar negative control siRNA (catalog no.1027281 
Qiagen) or with siRNA anti-MLH1 (catalog no. SI00005404 
Qiagen) in medium containing 0.1% FBS. The cells were 
transfected using 1  µL RNAiMAX (LifeTechnologies, 
Carlsbad, CA, USA)/mL of medium. After 4 days, the cells 
were treated again with siRNA as before and after 2  days 
genomic DNA (gDNA) was extracted with the Puregene 
Core Kit B (Qiagen). At the same time point, MLH1 expres-
sion was assessed by qRT-PCR. All siCTRL samples had 
similar MLH1 mRNA levels and silencing left 20%-30% re-
sidual level of mRNA.

The Qubit DNA HS assay kit (Thermo Fisher Scientific) 
was used to quantify purified gDNA. DNA libraries were pre-
pared using reagents provided in the TruSeq Exome Library 
Prep Kit (Illumina, San Diego, CA, USA) following the man-
ufacturer's instructions. Briefly, 100 ng of input gDNA was 
sonicated with Covaris S2 machine and fragment distribu-
tion was checked on 2100 Agilent Bioanalyzer using a High 
Sensitivity DNA chip (Agilent Technologies). Afterwards, 
a 10-cycles PCR step was performed using unique single 6 
base index adapters on the P7 strand to generate barcoded 
libraries. For the enrichment, two hybridizations were carried 
out using capture probes according to the manufacturer's pro-
tocols. Then the enriched libraries were amplified and quan-
tified with Qubit fluorometer using a dsDNA HS kit (Thermo 
Fisher Scientific). The size distribution of post-enriched li-
braries was checked using the 2100 Agilent Bioanalyzer DNA 
High sensitivity assay (Agilent Technologies). A 75bp paired-
end sequencing was performed on Illumina NextSeq500 
using the NextSeq500 High Output Kit v2 (150 cycles). The 
following samples were independently sequenced to obtain 
four biological replicates of each condition (WT si-CTRL, 
WT si-MLH1, P si-CTRL, and P si-MLH1). A total of 16 
samples were thus sequenced. Due to poor sequencing qual-
ity, one WT si-CTRL specimen was discarded from the anal-
ysis. FASTQ files were processed according to the GATK 
best practices (https ://www.broad insti tute.org/partn ershi ps/
educa tion/broad e/best-pract ices-varia nt-calli ng-gatk-1). In 
particular, 75 bp paired-end reads were aligned on the pri-
mary assembly of the hg19 reference genome using BWA 
mem (v. 0.7.12 with default parameters)38 and the resulting 
BAM files39 were marked for optical and PCR duplicates 
(Picard MarkDuplicatesWithMateCigar v2.3.0), corrected 

for misalignment around indels and recalibrated for the base 
quality score (GATK BaseQualityScoreRecalibrator v3.6-0). 
The mean coverage of the samples treated with control siRNA 
was planned to be near 120X, as they were designed to be 
used as references in the subsequent analysis, while the other 
samples should reach a value of 30X. Somatic variant call-
ing was performed using VarDict40 in the paired mode. The 
set of aligned reads of each sample was sub-sampled, taking 
points at 1, 2, 5, 7, and 10 millions randomly collected reads. 
At least three technical replicates were taken for each point, 
not allowing the same read to occur more than once at each 
point. The resulting variants were selected to keep only single 
nucleotide variants (SNVs) with base quality > 30, covered 
by just a single mutated read in the sub-sample and none in 
the control. This procedure should select only very recently 
occurring mutations, while the probability of discarding two 
or more variants falling at the same position remains neg-
ligible. On the other hand, it must be considered that true 
mutations and sequencing errors cannot be distinguished at 
this stage; therefore, we refer to these variants as mismatches. 
Mismatches were plotted as a function of the read number 
to create tendency lines whose slope should be proportional 
to the mismatch frequency of the sample. Thus, mismatch 
frequency is calculated by dividing the slope of tendency line 
by the read length (75 bp). This value corresponds to the sum 
of de novo mutation frequency which depends on sample 
experimental conditions and intrinsic sequencing error fre-
quency that are expected to be similar among the samples. 
The mean of the mismatches related to each technical replica 
was used to perform a statistical comparison of the various 
biological conditions. Regression slopes were calculated by 
the Ordinary Least Squares (OLS) model and evaluated by 
the StatsModels Python Library, whereas the comparison of 
the data at the middle of the regressions (5 million reads) was 
evaluated by Tukey's HSD test.

2.12 | Molecular combing and genome-wide 
DNA replication analysis

Sub-confluent AGS (P1 and P2) and WT (WT1 and WT2) 
fibroblasts as well as exponentially growing SAMHD1-KO 
and WT THP1 cells were labeled with sequential 30  min-
utes pulses of 50 µM 5-Iodo-2′-deoxyuridine (IdU; Sigma-
Aldrich) and 100  µM 5-Chloro-2′-deoxyuridine (CldU; 
Sigma-Aldrich), respectively. When cells were exposed to 
replication stress (0.4  µM APH for 2  hours), labeling was 
performed during the last hour of APH treatment. 1-2x105 
cells were immobilized in agarose plugs and incubated 
overnight at 50°C in 2  mg/mL Proteinase K solution (1% 
N-laurosylsarcosine, 0.1  M EDTA pH 8.0, 0.01  M Tris-
HCl pH 8.0, 0.02 M NaCl). After digestion with β-agarase I 
(New England BioLabs, Ipswich, MA, USA), high molecular 

https://www.broadinstitute.org/partnerships/education/broade/best-practices-variant-calling-gatk-1
https://www.broadinstitute.org/partnerships/education/broade/best-practices-variant-calling-gatk-1
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weight DNA from 1-2 plugs was delivered in 0.1 M MES 
pH 6.1. DNA combing was performed on silanized surfaces 
according to a standard procedure and well-established 
criteria of analysis.41-43 Briefly, genome-wide replication 
analysis was carried out by IdU and CldU immunodetec-
tion, and the integrity of the DNA molecules was assessed by 
an anti-ssDNA antibody. A motorized fluorescence micro-
scope (Zeiss Axio Imager.M1) equipped with a CCD camera 
(Photometrix, Coolsnap HQ2) was used for microscope anal-
yses. Adobe Photoshop CS2 and Metavue Research Imaging 
System (Molecular Devices, San Jose, CA, USA) software 
were used for image analyses. A complete description can be 
found in Refs. 41,42. Replication rates were calculated consid-
ering complete bidirectional forks only. All other patterns, 
including forks with unidirectional progression and possible 
deregulation events, such as asynchronous and paused/ar-
rested forks, were recorded. Replication cluster length and 
DNA molecule length were also determined. The latter repre-
sents the control for quality/integrity of combed DNA.

2.13 | Statistical analysis

Statistical analyses were performed with either parametric or 
non-parametric tests, according to data distribution of each 
experimental setting. Details are given in the table and figure 
legends.

3 |  RESULTS

3.1 | The dNTP pools of AGS fibroblasts are 
strongly increased and severely imbalanced

SAMHD1 silencing in non-transformed human skin and lung 
fibroblasts results in increased and imbalanced dNTP pools.8 
Similar dNTP pool changes were reported in KO mice con-
stitutively deficient for SAMHD1,18 whereas dNTP pools in 
SAMHD1-deficient patients cells have not been carefully in-
vestigated. We studied four lines of human skin fibroblasts 
isolated from unrelated AGS patients (P1 to 4) with inacti-
vating mutations of SAMHD1.29-31 We first compared the 
expression of SAMHD1 mRNA during proliferation in AGS 
and WT (WT1 and WT2) fibroblasts. The mRNA level was 
comparable in WT, P3 and P4 cells, but about 90% lower in 
P1 and P2 cells (Supplemental Table S1). Whereas in WT 
fibroblasts, the concentration of the SAMHD1 protein was 
higher in quiescent than in cycling cells, as reported previ-
ously,8 in the SAMHD1-mutated lines the protein was un-
detectable, independently of mRNA expression and growth 
conditions (Supplemental Figure S1).

Next, we measured the four dNTP pools in cycling and 
quiescent cultures of WT and AGS cells (Figure 1A,B) and 

calculated the percentage of each dNTP in the total pool 
(Figure 1C,D). To compare the unsynchronized proliferat-
ing cultures and the dNTP concentrations that depend on the 
frequency of S phase cells, we used cultures with the same 
percentage of S phase cells (20% in Figure 1A,C). In all AGS 
lines, each of the four dNTP pools was increased, but to dif-
ferent extents (Figure 1A). Purine pools were increased much 
more than pyrimidine pools. The dGTP pool was 5-15 times 
higher in AGS than in WT fibroblasts (P < .001), followed 
by dATP, three- to sixfold expanded (P < .001). The increase 
in pyrimidine deoxynucleotides was modest, dTTP was 2-4 
times higher in AGS cells (P < .001) whereas dCTP, roughly 
doubled in P3 and P4 fibroblasts (P < .01), was only margin-
ally increased in P1 and P2 cells (Figure 1A). Similar dNTP 
pool changes were observed previously in siRNA-silenced 
skin fibroblasts.8 The differences among the four AGS lines 
may be ascribed to inter-individual variability in the expres-
sion of synthetic and catabolic enzymes involved in deoxynu-
cleotide metabolism.33

To estimate to which extent SAMHD1 is involved in dNTP 
pool regulation during quiescence, we compared dNTP pool 
sizes in serum-starved cultures (max 1%-2% S phase cells). 
Under those conditions, the absence of SAMHD1 favored a 
remarkable expansion of dNTP pools (Figure 1B). In AGS 
fibroblasts, both dGTP and dATP were 50- to 200-fold higher 
than in WT cells (P < .01), whereas pyrimidine dNTPs in-
creased much less, dTTP 6- to 10-fold and dCTP threefold 
only in P3 and P4 cells (P  <  .01). Surprisingly, in resting 
AGS cells, purine dNTPs were two orders of magnitude 
higher than in quiescent skin fibroblasts siRNA-silenced for 
SAMHD1.8 These data point to a major role of SAMHD1 in 
setting dNTP pool balance outside S phase.

In normal skin fibroblasts, purine dNTPs make up 25%-
30% of the total dNTP content independently of the prolifer-
ation state.34 The same occurred here in the WT fibroblasts 
(Figure 1C,D), whereas in AGS fibroblasts dNTP pool com-
position was markedly altered (P < .001). During prolifera-
tion, purine dNTPs amounted to 50% of the total pool and up 
to 80% during quiescence (Figure 1C,D). Indeed, an impres-
sive common feature of the AGS lines was their huge pool 
imbalance. In spite of some variability in pool expansion, a 
chi square analysis showed that the relative frequency of each 
dNTP in the total pool was similar in all mutants (P < .001) 
(Figure 1C,D). We wondered which consequences such un-
usual dNTP pools may have for cell proliferation and genome 
stability.

3.2 | SAMHD1-deficient fibroblasts can 
adapt to high dNTP content and grow normally

Considering the growth-inhibitory effects described ear-
lier in normal cells devoid of SAMHD1 activity, we asked 
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whether the chronic dNTP pool imbalance of the four AGS 
cell lines examined here interfered with their cell cycle pro-
gression. The individual lines behaved differently: P3 and P4 
cells grew poorly similar to the AGS skin fibroblasts studied 
by Kretschmer and coworkers,44 whereas P1 cells grew like 
the controls and P2 cells, although slow-growing, reached 
the stationary phase at a WT cell density (Figure 2A). We 
estimated the degree of senescence in AGS and WT cell 
cultures at early10-15 and late30-40 passages after isolation 
(Figure 2B). Populations of P3 and P4 cells became senes-
cent at early passages and contained 40% and 60% SA-β-Gal 
stained cells, respectively. The senescent plateau was associ-
ated with cell flattening and increase in SA-β-Gal-positive 
cells. Conversely, AGS P1 and P2 cells reached senescence 
after about 50 population doublings like the WT fibroblasts 
(Figure 2C).

We hypothesized that the growth differences among 
the AGS lines might be linked to different gene expres-
sion, resulting in a different capacity to cope with dNTP 
pool imbalance. To obtain a global view of the transcrip-
tional changes in the SAMHD1 mutants relative to WT 

fibroblasts, we performed a genome-wide RNA expression 
analysis. The RNA samples were prepared from asynchro-
nous populations with 20% S phase cells. The analysis of 
gene set enrichment profiles did not reveal any significant 
interferon-related signature, in contrast to a previous re-
port.44 However, some genes induced by interferon were 
overexpressed in P1 and P2 cells relative to WT fibro-
blasts, for example, the interferon alpha inducible pro-
tein 27 (IFI27) gene (8 times in P1 and 62 times in P2) 
and interferon-induced protein 44 like (IFI44L) gene (6 
times in P1 and 15 times in P2) (Supplemental Figure S2). 
Differentially expressed genes were grouped into 11 clus-
ters according to their expression profiles to identify genes 
with shared profiles (Figure 3A and Supplemental Data 
S1). Cluster 1 includes genes activated only in P3 and P4 
cells, cluster 10 includes genes downregulated in P3 and 
P4 cells, and clusters 5 and 6 group genes activated only in 
P1 and P2 cells (Supplemental Data S2). Cluster 1 was en-
riched for genes belonging to pathways associated with se-
nescence such as the oxidative stress–induced senescence 
pathway or the SIRT1-associated pathway. Clusters 5, 6, 

F I G U R E  1  dNTP cellular sizes and composition in AGS and WT skin fibroblasts. dNTP pool sizes were measured in cycling cell cultures 
with 20% S phase cells (A) and in quiescent cultures maintained for 10 days in 0.1% FCS serum (B). Data are means ± SE from at least four 
experiments for each cell line. Statistical analysis was performed using a two-tailed t test, **P < .01, ***P < .001. To evaluate the balance of the 
dNTP pool, we calculated the relative percentage abundance of each dNTP in the total pool in proliferating (C) and quiescent samples (D). The 
values of two WT cell lines (WT1 and WT2) were averaged, whereas those of the patient lines (P1, P2, P3 and P4) are reported separately
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and 10 were enriched for genes involved in DNA replica-
tion and cell cycle progression, clusters 5 and 6 being in 
addition enriched for genes of DNA repair pathways (Table 
1 and Supplemental Data S3). Microarray results were val-
idated by qRT-PCR for five genes from clusters 5 and 6 
(Figure 3B and Supplemental Figure S3). The correlation 
among microarray and qRT-PCR data varied between 75% 
and 95% (Supplemental Figure S3). The E2F2 transcrip-
tion factor active at the G1/S transition was upregulated 
almost threefold in P1, P2, and P3 samples (Figure 3B). 
CDT1, coding for an essential licensing protein and PRIM1 
and CDC7, also required for DNA replication, were almost 
twofold upregulated in P1 and P2 cells only. Similarly up-
regulated was BRCA1 which, besides its function in DNA 
repair, has a role in replication fork stability.45 Our anal-
ysis suggests that some cell lines, like the present P1 and 
P2 fibroblasts, can adapt to SAMHD1 deficiency and the 
resulting abnormal dNTP pools by upregulation of genes 

F I G U R E  2  SAMHD1-deficient fibroblasts enter senescence 
prematurely or adapt to high dNTP content growing normally. A, 
Time-dependent growth in culture of AGS mutant (P1, P2, P3 and P4) 
and control (WT) cells from early passages. The values of three WT 
cell line (WT1 + WT2 + WT3) were averaged. Data are means ± SE 
from three experiments for each cell line. Statistical significance of 
differences between the group of WT, P1 and P2 with the group of P3 
and P4 fibroblast lines was compared with t test at 96 and 144 hours 
of growth, ***P < .001. B, Percentage of SA-β-galactosidase-
positive cells in two WT cell lines (WT1 and WT2) and in the four 
AGS fibroblast lines (P1, P2, P3, and P4) at early passages (8-20 
passages) and at late passages (30-50 passages). At least 700 cells were 
counted in each condition. The values are expressed as mean ± SD. 
C, Cumulative population doubling curves of WT and AGS P1 and 
P2 fibroblasts. The values of two WT cell lines (WT1 and WT2) were 
averaged and error bars represent the range of values, whereas those 
of the patient lines (P1, P2) are reported separately. Viable cells were 
counted every 4 days for 5 months

F I G U R E  3  Heat map of differentially expressed genes in control 
(WT1) and AGS (P1, P2, P3, P4) skin fibroblasts and validation by 
qRT-PCR. A, Differentially expressed genes were grouped into 11 
clusters according to their expression profiles. Green, low expression; 
red, high expression. Three or four biological replicates were tested 
for each AGS and WT line, respectively. B, Validation of mRNA 
microarray results for five annotated genes of clusters 5 and 6. qRT 
PCR was run on RNA from samples with 20% S phase cells. The level 
of expression of each RNA is compared with that of WT1. Data are 
means ± SE of three biological replicates each analyzed in triplicate. 
The statistical significance between each AGS (P1, P2, P3, and P4) 
and WT fibroblast line was calculated by a two-tailed t test. *P < .05, 
**P < .001
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involved in G1/S transition and DNA replication. In con-
trast, other SAMHD1 mutants fail to adapt and enter a pre-
mature senescent state. Considering the poor proliferation 
ability of the P3 and P4 lines, we continued our study with 
the P1 and P2 AGS lines.

3.3 | DNA replication dynamics is 
unaffected in AGS fibroblasts but altered in a 
SAMHD1-KO transformed cell line

An insufficient supply of dNTPs causes global slowdown of 
replication fork speed and increased origin firing by activa-
tion of the DNA damage response.46-49 The effect on repli-
cation dynamics produced by an excess of DNA precursors 
remains to be assessed. In yeast, a moderate increase in dNTP 
levels protected cells from replication stress and promoted 
replication fork progression.50 In human cells, SAMHD1 
deficiency with the associated strong dNTP pool expansion 
may affect per se DNA replication dynamics.

To address this question, we analyzed replication dy-
namics in AGS P1 and P2 fibroblasts and WT1 and WT2 fi-
broblasts. No differences in terms of fork progression rate, 
inter origin distance (IOD), and cluster size were observed 
among the four cell lines (Figure 4A-D and Supplemental 
Table S2). Furthermore, the same frequencies of unidirec-
tional forks and pause/arrest events were observed in all 
samples (Supplemental Table S2) and fell within the ranges 
observed in other mammalian cells.51,52 To investigate 
whether the large dNTP pools modify the tolerance of AGS 
cells to replication stress, as reported in yeast,50 replication 

profiles of P2 and WT1 fibroblasts were assessed after 
treatment with aphidicolin (APH, 0.4  µM). As expected 
due to the inhibitory effect of APH on DNA replication, 
a significant reduction of fork rates, IOD and cluster size 
were observed in comparison to untreated samples, but 
no differential response was found between APH-treated 
P2 and WT1 cells (Figure 4A-D and Supplemental Table 
S2). Upon reduction of the replication cluster size, the fre-
quency of firing origins increased in both AGS and WT 
fibroblasts compared to untreated cells (P < .001) (Figure 
4E, Supplemental Table S2), again with no difference be-
tween mutant and WT cells. Importantly, the distribution 
of molecule length was consistent among all samples and 
was not affected from APH treatment (Figure 4D), al-
lowing to exclude that the cluster size reduction induced 
by APH was an artifact related to the quality of combed 
DNA molecules. Finally, no differential response to APH 
emerged also considering the additional replication param-
eters (unidirectional, paused/arrested, asynchronous forks) 
(Supplemental Table S2). Taken together, these data show 
that AGS P1 and P2 fibroblasts preserve normal DNA rep-
lication dynamics.

We had already found that SAMHD1 knockout in THP1 
cells (a transformed monocytic cell line) expanded DNA pre-
cursor pools,10 with some differences compared to the pres-
ent AGS fibroblasts. In SAMHD1-KO THP1 cells, the largest 
pool was dATP and the dTTP pool was minimally changed 
(Supplemental Figure S4). The lack of SAMHD1 increased 
the percent abundance of purine dNTPs in the pool from 8% 
to 23% but the total pool still consisted largely of pyrimidine 
dNTPs, that in SAMHD1-proficient THP1 cells represented 
92% of the pool (Supplemental Figure S4). In parental and 
SAMHD1-KO THP1 cells, the analysis of replication dy-
namics highlighted a pronounced reduction (P  <  .001) in 
fork rates, IOD, and cluster size in THP1-KO cells (Figure 
4A-D and Supplemental Table S2). In addition, the number 
of activated origins per cluster was significantly increased 
(P < .001) relative to the parental THP1 cell line (Figure 4F 
and Supplemental Table S2). This feature may account for 
the ability of the SAMHD1-KO THP1 cells to proliferate at 
the same rate as the parental THP1 cells.10 Finally, the pro-
portion of paused/arrested forks was doubled in THP1-KO, 
although the difference with the parental cells lacked statisti-
cal significance (Supplemental Table S2). On the whole, the 
replication dynamics observed in THP1 cells deficient for 
SAMHD1 points to an endogenous replication stress.

The observed differences in DNA replication dynamics 
between untransformed AGS fibroblasts and transformed 
SAMHD1-KO THP1 cells may result from intrinsic differ-
ences between cell types and/or development of an adaptive 
phenotype in AGS cells. The latter hypothesis is supported by 
the gene expression profiles differentiating AGS P1 and P2 
cell lines from WT fibroblasts.

T A B L E  1  Pathway enrichment analysis of specific gene clusters 
identified from differentially expressed genes in SAMHD1-deficient 
fibroblasts

Pathwaya  

Cluster 1b FDRc

Packaging of telomere ends 3.96 e−03

SIRT1 negatively regulates rRNA expression 4.67 e−03

Oxidative stress–induced senescence 4.67 e−03

Cluster 10b  

Cell cycle 1.3 e−02

Cell cycle, mitotic 1.55 e−02

Cluster 5 and 6b  

Cell cycle 6.49 e−12

DNA repair 8.25 e−05

Cell cycle checkpoints 1.65 e−04

aPathway names were derived from Reactome database. 
bClusters in Figure 3A. 
cFalse Discovery Rate (FDR) was calculated using the Benjamini and Hochberg 
correction for multiple tests. 
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F I G U R E  4  Replication dynamics of SAMHD1-deficient cells. Distributions of fork rates (A), inter-origin distances, IOD (B), cluster size 
(C), molecule lengths (D) in AGS mutant cells (P1, P2) compared to WT fibroblasts (WT1, WT2) and in THP1-KO compared to THP1 cells. 
P2 and WT1 fibroblasts were analyzed also after APH-induced replication stress. ***P < .001, Kruskal-Wallis non-parametric test. Color lines 
represent the median of each distribution. E, Number of activated origins as a function of cluster size in P2 (blue symbols, untreated; green 
symbols, APH-treated) and WT1 (black symbols, untreated; red symbols, APH-treated) cells. A significant increase in origin firing was detected 
for both cell types after APH-induced replication stress (P < .001 for the comparison between regression slopes), whereas untreated SAMHD1-
deficient and WT fibroblasts did not differ. F, Number of activated origins as a function of cluster size in THP1-KO (SAMHD1-deficient, red 
symbols) and THP1 (black symbols) cells. All the samples fit a linear regression model (P < .001). The b values of the two regression lines are 
significantly different (P < .001) indicating that SAMHD1-deficient cells activate a higher number of origins per cluster than WT THP1 cells. 
Datasets are shown in Supplemental Table S2



   | 11FRANZOLIN et AL.

3.4 | The aberrant dNTP 
content of SAMHD1-deficient cells 
increases their mutation frequency

Minor alterations of dNTP pools increase the mutation fre-
quencies of colon cancer cells lacking a functional mis-
match repair.14 To assess whether the aberrant dNTP pool 
composition in P1 and P2 fibroblasts is mutagenic for these 
non-transformed cells, we designed an approach based on 
next-generation sequencing (NGS). The DNA was extracted 
from AGS (P1 and P2) and WT (WT1 and 2) fibroblasts 
treated for 6 days with control siRNA (si-CTRL) or with a 
siRNA targeting the mismatch repair gene MLH1 (si-MLH1), 
to amplify the potential mutagenicity of the high dNTP pools.

For a quantitative comparison of mismatch frequencies 
between AGS and WT fibroblasts, we focused on exome se-
quences and built by high coverage (120X) whole exome se-
quencing (WES) a reference sequence for each of the four cell 
lines treated with control siRNA. Sequencing errors intrinsic 
to NGS technology might overshadow the de novo mutations 
generated by imbalanced dNTP pools or MLH1 silencing. To 
minimize this problem, we considered only bases with Phred 
quality score >30 (probability of error smaller than 1/1250) 
and only single nucleotide variants (SNVs) referred as mis-
matches. A detailed description of the procedure is reported 
in Material and Methods. Figure 5 summarizes our results 
showing the number of mismatches in each sample plotted 
as a function of read number. We performed two independent 

silencing experiments for all cell lines and conditions of 
treatment. Data from WT1 and WT2 samples were combined 
as well as those from P1 and P2 samples. Considering the 
experimental design, the slope of the tendency lines is ex-
pected to be proportional to the mismatch frequency of each 
sample, that is, the sum of de novo mutation frequency and 
intrinsic sequencing error frequency. WT fibroblasts treated 
with si-CTRL (WT si-CTRL) showed the lowest mismatch 
frequency that we considered essentially equal to that of the 
sequencing errors. As the read length was 75 bases, the cal-
culated mismatch frequency in WT si-CTRL samples was 
about 1.1/10 000 bp which is lower than expected with a Q 
value > 30. Most importantly, the accuracy of the measure-
ments was very high, with a very contained sampling error, 
thus permitting to detect small differences of mismatch fre-
quencies among samples.

With MLH1 silencing, WT cells presented an increased 
mismatch frequency (1.39/10  000  bp), comparable to that 
of AGS fibroblasts treated with control siRNA (P si-CTRL) 
(1.37/10 000 bp). This result indicates that SAMHD1 defi-
ciency is associated with an accumulation of genomic mu-
tations even when MLH1-dependent repair is functional. 
MLH1 silencing in AGS fibroblasts further increased the 
frequency of mismatches to 1.56/10 000 bp. Assuming that 
all samples were affected by the same sequencing error fre-
quency and using as baseline the mismatches found in WT 
cells (light blue line in Figure 5), we estimated the mutation 
frequencies of the other samples, that is, 0.29/10 000 bp in 

F I G U R E  5  Mismatch quantitation by NGS analysis. The number of mismatches detected in SAMHD1-WT (WT1 + WT2) and AGS 
fibroblasts (P1 + P2) treated for 6 days with non-target siRNA (si-CTRL) or MLH1-siRNA (si-MLH1) is plotted against the number of analyzed 
reads. All samples were analyzed with NGS in two independent silencing experiments to have for each cell line two different sequencing runs. 
These data were used to build tendency lines by linear regression, whose equations are shown on the top. WT1 + WT2 si-CTRL tendency line 
(light-blue), mainly due to sequencing errors, constitutes the baseline for comparisons with the other samples. Linear regressions of P1 + P2 si-
CTRL, P1 + P2 si-MLH1, and WT1 + WT2 si-MLH1 are represented in gold, red, and blue, respectively. Boxplots are used to explore sample 
mismatch at 5 million (5M) reads. The results of statistical analysis are summarized in Supplemental Table S3
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MLH1-silenced WT, 0.27/10 000 bp in AGS si-CTRL, and 
0.46/10 000 bp in MLH1-silenced AGS cells.

To estimate the significance of the observed differences, 
we performed two parallel statistical analyses. Briefly, the 
first method compared the slopes of the regression lines, 
whereas the second compared the number of variants at 5 
million reads (Figure 5 and Supplemental Table S3). We 
found for WT si-CTRL samples (WT1 + WT2) a slope sig-
nificantly lower than all the others. Moreover, the slope of 
the AGS si-CTRL samples (P1 + P2) was significantly lower 
than that of the MLH1-silenced AGS samples (P1 + P2 si-
MLH1) (P = 3.55e−05) but similar to MLH1-silenced WT 
(P = .696). The results obtained at 5 million reads confirmed 
the differences observed by slope analysis, but in this case 
the comparisons between P1  +  P2 si-MLH1 against either 
WT si-MLH1 or P1 + P2 si-CTRL do not reach significant 
probability values (Supplemental Table S3).

These data support the hypothesis that SAMHD1 defi-
ciency and/or the related imbalanced dNTP pool may be per 
se a mutagenic condition that promotes genome instability in 
non-transformed cells.

3.5 | Faster nucleotide excision repair after 
UV damage in quiescent SAMHD1-deficient 
fibroblasts

Nucleotide excision repair (NER) removes bulky DNA le-
sions such as those caused by UV light. The resynthesis step 
requires dNTPs to fill the gaps arising from excision of the 
UV-induced photoproducts, after which DNA ligases seal 
the nicks and restore the original dsDNA. NER is the re-
pair mechanism requiring the highest amount of dNTPs and 
should be most sensitive to deviations of dNTP concentra-
tions from their physiological level. In fact, when the supply 
of one or more dNTPs is limited, for example, in quiescent 
p53R2-mutated human fibroblasts, NER is delayed.27 We 
asked whether the opposite condition, that is, increased 
supply of dNTPs, affects NER dynamics and examined the 
ability of the AGS mutant fibroblasts to repair DNA after 
UV irradiation. We first tested the clonogenic cell survival 
of cycling AGS and WT fibroblasts after increasing doses 
of UV-C. Both P1 and P2 cells were less sensitive to UV-
induced lethality than WT fibroblasts at each irradiation dose 
(Figure 6A). The exposure resulted in 90% cell killing after 
12 J/m2 for WT cell lines and 18 J/m2 for P1 and P2 mutants. 
To study NER efficiency, we employed quiescent cultures on 
account of the very large expansion of dNTP pools in qui-
escent AGS versus WT fibroblasts (see above) and because 
repair assays based on measurements of NER-mediated DNA 
breaks are more sensitive in G0/G1 phase.53 After 10 days of 
incubation in 0.1% FCS, cell cultures were irradiated with 
24 J/m2 UV-C, a dose that under quiescence is not lethal.27 

F I G U R E  6  DNA repair in UV-irradiated AGS mutant and WT 
fibroblasts. A, Clonogenic survival in two AGS mutant (P1 + P2) and 
two control (WT1 + WT2) fibroblast lines after UV-C irradiation. 
The experiment was repeated at least twice for each cell line and bars 
indicate SE of the mean. B, Disappearance of primary DNA damage in 
AGS mutant (P1 + P2) and control (WT1 + WT2 + WT3) fibroblasts. 
We irradiated quiescent cells with 24 J/m2 UV light and used specific 
monoclonal antibodies to identify the disappearance of 6-4 PPs over the 
subsequent 24 hours. Values are means of three different experiments 
performed in duplicate for each cell line and bars indicate SE of the 
means. C, Time course of DNA repair in quiescent AGS mutant 
(P1 + P2) and control fibroblasts (WT1 + WT2) lines after irradiation 
with UV (24 J/m2) in the presence or absence of aphidicolin (APH). The 
fraction of intact dsDNA relative to not irradiated samples was measured 
by FADU from the fluorescence of EtBr bound to alkali-treated DNA. 
Values are means of at least three different experiments for each cell 
line in absence of APH and of two experiments for each cell line in the 
presence of 12 µM APH. Bars indicate SE. Statistical significance for 
the differences between AGS and WT fibroblasts was calculated by two-
tailed t test (*P < .05, **P < .001), the significance shown in (C) refers 
to the comparison between samples not treated with APH
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Using specific antibodies, we determined the time-dependent 
disappearance of the two main UV-induced photoproducts, 
cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidone 
photo-products (6-4PPs). After irradiation, 50% of the 6-4PPs 
was removed during the first 6 hours, in agreement with pre-
vious reports,27 similarly in WT and AGS cells (Figure 6B). 
As expected, CPD removal took considerably longer. After 
24 hours, the damages were reduced only by 30% in both WT 
and AGS fibroblasts (data not shown). These results indicate 
that the early recognition and removal of the damaged sites 
occurred with similar efficiency in SAMHD1-mutant and 
WT cells.

Then we studied the gap-filling step measuring re-
joining of the repair-induced DNA strand breaks by flu-
orometric analysis of DNA unwinding (FADU) after EtBr 
staining.27 Before the ligation step, alkali treatment of the 
nicked DNA produces single-stranded regions at the sites 
of initial damage. The ongoing DNA repair is monitored 
measuring the EtBr-fluorescence of the DNA remaining 
double stranded after alkaline incubation. Quiescent WT 
and AGS fibroblasts irradiated with 24 J/m2 UV-C were al-
lowed to repair their DNA for up to 3 hours in conditioned 
medium in the presence or absence of aphidicolin (12 µM), 
added 1  hour before irradiation. DNA strand break pro-
duction in WT and AGS fibroblasts was the same when 
the resynthesis step was inhibited by APH during repair 
incubation, suggesting that the irradiation had caused the 
same level of damage in both types of cells (Figure 6C). 
Conversely, in the absence of APH, the SAMHD1-mutant 
cell lines recovered double-stranded DNA faster than the 
WT cells (90% vs 50% dsDNA at 30 minutes from irradia-
tion; P < .001) (Figure 6C). Taken together, these experi-
ments suggest that the strong dNTP pool expansion caused 
by SAMHD1 inactivity stimulates the rate of single strand 
gap filling by DNA polymerases improving the overall rate 
of the repair process.

4 |  DISCUSSION

The gene coding for SAMHD1 was described in the year 
2000,54 but the interest in the protein began to soar only a dec-
ade later, following the discoveries about its multiple biologi-
cal functions and its implications for human health. SAMHD1 
was found to act as host restriction factor against HIV1 and 
other lentiviruses55 on account of its enzyme activity as a dNTP 
triphosphohydrolase.56,57 Moreover, loss of function of the 
gene was associated with the Aicardi-Goutières Syndrome31 
and cancer.24 Early studies employed transformed human cells 
in culture to investigate the effects of SAMHD1 knockdown 
on the dNTP pools and/or HIV1 replication.55 In a previous 
study, we employed non-transformed human fibroblasts si-
lenced by siRNA transfections. That approach provided a clear 

demonstration of the major role of SAMHD1 in keeping dNTP 
pool balance during the cell cycle and in quiescence.8 Here, 
we extend our investigation to cells constitutively devoid of 
SAMHD1 activity to assess how normal human fibroblasts 
react to a constitutive alteration of dNTP pool composition 
and if the chronic pool imbalance affects their genetic stability. 
The only similar study published so far employed AGS skin fi-
broblasts isolated from two patients carrying SAMHD1 muta-
tions different from those of the present patients and measured 
the dATP and dGTP pools only.44

The dNTP pool alterations found here in the four AGS 
lines were even more striking than those observed earlier in 
SAMHD1-silenced fibroblasts.8 Despite some variability in 
pool sizes, the changes in pool composition were remarkably 
similar in the four lines, providing a general picture of the 
pool changes produced by SAMHD1 deficiency. The main 
feature is the large increase in purine dNTPs, in agreement 
with earlier reports.8,12-14 Notably, the dGTP pool, normally 
the smallest34,58 undergoes the largest expansion in the ab-
sence of SAMHD1 (Figure 1). This increase was previously 
ascribed to the fact that dGTP is the best substrate for the 
purified enzyme, on the basis of its KM.6,59 However, the KM 
differences for the four dNTPs are relatively small and the two 
purines, dGTP and dATP, lie at the two extremes of the KM 
range. We suggest that the larger increase in purine dNTPs 
reflects not only the loss of SAMHD1 catabolic activity but 
also the modulation of the anabolic activity of RNR by its 
allosteric effectors (Figure 7). The increased concentration of 
dTTP stimulates GDP reduction by RNR favoring accumula-
tion of dGTP that, in turn, stimulates ADP reduction to dADP 
and inhibits reduction of pyrimidine nucleotides.7 Thus, lack 
of SAMHD1 influences dNTP de novo synthesis by chang-
ing the concentrations of the allosteric effectors active at the 
substrate specificity site of RNR. The increase in dATP, that 
works as negative effector at RNR activity site,7 clearly does 
not shut down dNTP synthesis completely.

An additional factor for the specific accumulation of 
dGTP and dATP is the different composition of the en-
zyme network regulating purine vs pyrimidine dNTPs. 
The catabolism of deoxyguanosine and deoxyadenosine 
released from dGTP and dATP by SAMHD1 is performed 
by purine nucleoside phosphorylase (PNP) and adenosine 
deaminase (ADA).4,60 These two enzymes are more widely 
expressed and more active in vivo than the corresponding 
phosphorylase and deaminase degrading thymidine and de-
oxycytidine (reviewed in 4). Degradation of the two purine 
deoxynucleosides lowers their probability to be directly 
recycled to deoxynucleotides by the relevant deoxynucle-
oside kinases (Figure 7). In SAMHD1-proficient cells, the 
fast removal of purine compounds from the dNTP pool is 
likely balanced by an optimized rate of de novo synthesis 
by RNR. With the loss of SAMHD1, the whole catabolic 
component of the regulatory network loses its impact, as 
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PNP and ADA are deprived of the major part of their de-
oxynucleoside substrates normally produced by SAMHD1. 
As a consequence, the anabolic component of the network 
prevails, boosting the purine dNTP pools. The weight of 
this mechanism for the expansion of the dGTP and dATP 
pools may vary, depending on the expression of PNP and 
ADA in the individual cells and tissues.

When active, SAMHD1 transforms plasma mem-
brane-impermeable dNTPs into deoxynucleosides that are 
transferred bidirectionally across the membrane by equili-
brative transporters61 following the concentration gradients. 
In this way, the cell can adjust its dNTP concentrations to 
the conditions of its microenvironment. In the absence of 
SAMHD1, production of deoxynucleosides relies exclu-
sively on 5′-nucleotidases, that, judging from the effects of 
their loss or gain of function,62,63 in vivo are much less ac-
tive than SAMHD1.

We had earlier reported that in human fibroblasts the ex-
pansion of the dNTP pools after SAMHD1 silencing quickly 
inhibited cell proliferation, leading to accumulation of cells 
in G0 within 48-72 hours. This block of the cell cycle con-
flicts with the basically normal development of human pa-
tients and animal models of SAMHD1 deficiency.18-20 In 
the four AGS lines studied here, we observed two different 
patterns of growth in vitro, namely normal proliferation or 
precocious senescence (Figure 2), connected to different 
gene expression patterns. The P1 and P2 lines, growing sim-
ilar to WT fibroblasts, revealed slightly (2-3 fold) increased 
expression of key genes controlling cell cycle progression 
and DNA replication (Figure 3), suggesting that such a small 
overexpression suffices to preserve normal proliferation in 
non-transformed cells. We propose that some genetic back-
grounds favor the upregulation of pro-growth genes permit-
ting normal cell proliferation, whereas cells more prone to 

F I G U R E  7  Enzymatic network for dNTP synthesis and degradation in mammalian cells. dNTP pool composition is regulated by synthetic 
and catabolic enzymes. dNTPs are mainly synthesized by de novo synthesis in the cytosol by ribonucleotide reductase (RNR) or through the 
salvage of deoxynucleosides (dN) by deoxynucleoside kinases. RNR activity is allosterically regulated: once formed, dTTP promotes the reduction 
of GDP to dGDP favoring the accumulation of dGTP which, in turn, inhibits reduction of pyrimidine ribonucleosides. Conversely, dGTP induces 
the reduction of ADP to dADP. High concentrations of dATP inhibit the overall activity of RNR. The two synthetic pathways are counteracted 
by catabolic activities. In the nucleus, SAMHD1 degrades dNTPs to the corresponding deoxynucleosides (dN) which are also produced in the 
cytosol or in the mitochondria by 5′-nucleotidases (5′NT). dN are either exchanged across the plasma membrane by equilibrative transporters or 
further degraded by nucleoside phosphorylases and deaminases to free nucleobases that are diffusible across the plasma membrane. Green dashed 
lines indicate stimulation of RNR activity, purple dashed lines indicate inhibition. Blue dashed lines highlight metabolites able to cross the plasma 
membrane
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upregulate pro-senescence genes grow slowly and manifest 
an early senescent phenotype.

The dNTP pools in SAMHD1-mutated fibroblasts are 
characterized by a marked imbalance deriving from uneven 
expansion of the individual dNTPs. Imbalanced dNTP pools 
are known to cause replication stress and impair the cell 
ability to preserve its genetic information.1,2,21,22 Indeed, a 
newly described function of SAMHD1 is exerted at stalled 
replication forks during the replication stress response.11 
To investigate the consequences of SAMHD1 deficiency 
for the genomic stability of AGS fibroblasts, we examined 
three critical features, the dynamics of DNA replication, 
the rate of UV-induced DNA repair, and the overall fidelity  
of DNA synthesis. Our data show that, in contrast to 
what occurs in transformed cell lines when SAMHD1 is 
experimentally inactivated (Figure 4 and 11), the non- 
senescent SAMHD1-deficient fibroblasts uphold normal 
DNA replication dynamics despite the concomitant dNTP 
pool imbalance. This difference may depend on the altered 
cell cycle control of the transformed cells and suggests 
that the modest variations of pro-growth gene expression 
in AGS cells support their control of S phase progression.

In quiescent cells, after UV damage, the large pools  
associated with lack of SAMHD1 favor the resynthesis step of 
NER (Figure 6C), leaving the previous detection and removal 
of the photoproducts unchanged compared to WT fibroblasts 
(Figure 6B). The dependence of NER resynthesis on the 
availability of dNTPs in non-cycling cells is highlighted by 
the comparison between the present AGS fibroblasts and the 
p53R2-deficient fibroblasts reported earlier,27 where the low 
pools associated with impaired de novo synthesis delayed the 
final steps of NER.

Thus, SAMHD1-deficient human fibroblasts can syn-
thesize DNA efficiently both during replication and repair, 
but how faithful is their DNA synthesis? Their large and im-
balanced dNTP pools are expected to reduce the fidelity of 
DNA polymerases by interfering with their selectivity and 
proofreading activity23,58 and by favoring mismatch exten-
sion.23 The mutagenic consequences of the pool alterations 
produced by total or partial SAMHD1 loss of function have 
been reported earlier in colon-rectal carcinoma cells.14 
Here, we found a similar situation even in non-cancer cells. 
Remarkably, the absence of SAMHD1 in AGS fibroblasts 
(P1 + P2 si-CTRL) led to the same frequency of mismatches 
as the inactivation of MMR in SAMHD1-proficient controls 
(WT1 + WT2 si-MLH1) (Figure 5 and Supplemental Table 
S3). Downregulation of MLH1 in AGS cells resulted in al-
most twofold increase in the mutation frequency. Our data 
are in strict agreement with a different study where mutation 
frequencies were compared in MLH1-deficient cancer cells 
with or without increased dNTP pools to mimic SAMHD1 
deficiency.14 The high mutation frequency in SAMHD1-
deficient fibroblasts is likely related to the nature of their pool 

imbalance, that is, enlarged pools with very high dGTP, sim-
ilar to the most mutagenic imbalance described by Schmidt 
et al.58 On this basis, we cannot exclude that an accumulation 
of somatic mutations in AGS cells may have contributed to 
the ability of P1 and P2 fibroblasts to proliferate in culture.

SAMHD1 was proposed to act as a tumor suppressor, con-
trolling the size and balance of the four dNTPs and contribut-
ing to the fidelity of DNA synthesis.24 In agreement with this 
view, our findings indicate that SAMHD1 deficiency is per 
se sufficient to elicit a mutator phenotype in non-transformed 
cells. Similar to genes of DNA repair pathways, SAMHD1 
can be classified as a caretaker of genome stability.
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