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SAMHD1 (sterile alpha motif and histidine/aspartic acid (HD) domain-containing protein 1) has been
identified as a novel HIV-1 restriction factor in myeloid cells and resting CD4+ T lymphocytes. SAMHD1
restriction is antagonized by the lentiviral protein Vpx. Here, we comment on the latest knowledge of
SAMHD1 biology, focusing on how it regulates the pool of intracellular nucleotides to control HIV repli-
cation. We discuss how HIV restriction by SAMHD1 and viral counter-restriction mechanisms may sug-
gest new strategies for therapeutic intervention.

� 2012 Elsevier B.V. All rights reserved.
1. SAMHD1, a HIV-1 restriction factor

With a myriad of genome-wide association studies and whole-
genome RNA interference-based screenings already published, it
has become apparent that an incredibly high number of cellular
factors modulate human immunodeficiency virus (HIV) infection
(Blankson, 2010; Bushman et al., 2009). Moreover, recent work
has highlighted the complex network of protein–protein interac-
tion leading to effective virus replication (Jager et al., 2011). How-
ever, only a few of them have been unequivocally identified as
genuine restriction factors, that is, cellular proteins that actively
inhibit retrovirus replication, protecting cells from infection (Goff,
2004). APOBEC3G, tetherin and TRIM-5a are some of the most
notable restriction factors targeting primate lentiviruses that, in
turn, have met their viral counterparts in the HIV-1 proteins viral
inhibitory factor (Vif) and viral protein u (Vpu) (Adamson and
Freed, 2010; Greene et al., 2008; Kirchhoff, 2010). Recently, the
sterile alpha motif (SAM) and histidine/aspartic acid (HD)
domain-containing protein 1 (SAMHD1) has also been identified
as a specific HIV-1 restriction factor. Like other restriction factors,
SAMHD1 has found its nemesis in the HIV-2-encoded lentiviral
gene product x (Vpx).

When in 1991 Vpx was reported to be strictly required for the
infection of macrophages by simian immunodeficiency virus of
rhesus macaques (SIVmac) (Yu et al., 1991), the molecular
mechanism behind this observation was still 20 years away from
being resolved. Vpx is an accessory protein encoded in the genome
of HIV-2 and its ancestor virus in sooty mangabeys (SIVsmn). In
contrast, HIV-1 and its ancestral chimpanzee virus (SIVchz) do
not encode Vpx. Studies focused on the construction of gene ther-
apy vectors identified Vpx as an adjuvant for the transduction of
dendritic cells with HIV-1-based vectors (Mangeot et al., 2002).
Crucially, in 2007 it was clearly demonstrated that Vpx-mediated
suppression of HIV-1 restriction was dependent on the proteaso-
mal degradation system (Goujon et al., 2007). Vpx was later found
to interact with the enzymatic complex E3 ligase CRL4DCAF1, lead-
ing to its ubiquitylation and degradation by the proteasomal
machinery (Sharova et al., 2008; Srivastava et al., 2008). Other
HIV accessory proteins, Vif or Vpu, have a similar ability to interact
with different E3 ligase complexes, inducing degradation of restric-
tion factors (APOBEC3 proteins and tetherin, respectively). Thus, it
was just a matter of time to find the main target for the Vpx-
mediated degradation.

Two independent groups recently identified SAMHD1 as the
restriction factor targeted by Vpx in cells of myeloid lineage
(monocytes, macrophages, and dendritic cells) (Hrecka et al.,
2011; Laguette et al., 2011). When Vpx, which is directly loaded
into SIVsmn or HIV-2 viral particles, is delivered into the cyto-
plasm, SAMHD1 becomes ubiquitinated and is degraded by the cell
proteasome, relieving retroviral restriction. SAMHD1 has been
identified as a deoxynucleoside triphosphate (dNTP) triphosphohy-
drolase enzyme (Goldstone et al., 2011), i.e., it hydrolyzes dNTPs to
deoxynucleosides and inorganic triphosphate, controlling the size
of the intracellular dNTP pool.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.antiviral.2012.12.009&amp;domain=pdf
http://dx.doi.org/10.1016/j.antiviral.2012.12.009
mailto:jaeste@irsicaixa.es
http://dx.doi.org/10.1016/j.antiviral.2012.12.009
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral


E. Pauls et al. / Antiviral Research 97 (2013) 180–182 181
Once delivered into the cytoplasm, single-stranded HIV RNA is
reverse transcribed to DNA, a step that is dependent on the cyto-
plasmic availability of dNTPs. SAMHD1 has been found to control
dNTP levels in myeloid cells below the Michaelis constant (km)
of the HIV-1 reverse transcriptase (RT), preventing proviral DNA
formation and HIV-1 replication (Lahouassa et al., 2012). Delivery
of Vpx degrades SAMHD1, increasing dNTP concentrations, allow-
ing higher infection efficacy. In fact, early observations had already
suggested that dNTP availability for the HIV-1 RT was a restriction
step in viral replication, as exogenous addition of dNTPs led to in-
creased HIV replication (Gao et al., 1993).

Like any good story, the identification of this restriction factor
has an interesting subplot. The SAMHD1 gene was found to be mu-
tated in people suffering from the Aicardi-Goutières syndrome, a
rare autoimmune disease characterized by an interferon-stimu-
lated gene expression signature that resembles a congenital viral
infection (Fazzi et al., 2012). This observation initially suggested
that SAMHD1 might play a role in interferon production. Given
its capacity to degrade dNTPs, one may speculate that SAMHD1
prevents the accumulation of nucleotides, or promotes the synthe-
sis of abortive DNA forms that would trigger innate immune sen-
sors, leading to undesired interferon production and chronic
inflammation. Strikingly, an endonuclease TREX1, which has also
been shown to be mutated in some Aicardi-Goutières syndrome
patients, had been previously identified as a regulatory factor of
the HIV-induced production of interferon (Yan et al., 2010). Other
mutations in ADAR1 (Rice et al., 2012) or RNAase H2A, B, and C have
been identified in these patients. Not surprisingly, the ADAR1 pro-
tein, a RNA-specific adenosine deaminase, has been identified as a
factor affecting HIV replication, although the exact mechanism re-
mains unclear (Biswas et al., 2012; Phuphuakrat et al., 2008). Thus,
there seems to be a tight link between the innate immune mecha-
nisms leading to Aicardi-Goutières syndrome and HIV-1 infection.
It is tempting to speculate that a better understanding of this rare
disease may shed light on some of the interactions between HIV
and the innate immune system.

HIV-1 does not express Vpx, but it encodes the accessory viral
protein Vpr, which is also present in HIV-2. However, Vpr from
HIV-1 cannot degrade SAMHD1. Because HIV-1 Vpr also has the
capacity to interact with the CRL4DCAF1 complex, it was initially
thought that HIV-1 Vpr might have evolved to lose its capacity to
degrade SAMHD1. Instead, it seems that Vpr from the HIV-1 lentiv-
iral lineage never acquired this function, indicating that HIV-1’s di-
rect ancestors never possessed the ability to degrade SAMHD1 (Lim
et al., 2012). Conversely, early Vpx/Vpr HIV-2 ancestors developed
and retained the ability to degrade SAMHD1. It is puzzling that a
pathogen as successful as HIV-1 never acquired a function that
would allow increased replication in dendritic cells and mono-
cytes. Because HIV-1 primarily targets CD4+ T lymphocytes, it
has been hypothesized that limiting viral replication capacity in
myeloid cells may confer an evolutionary advantage by avoiding
recognition by the innate immune system (Ayinde et al., 2012).
However, recent findings indicating that SAMHD1 also restricts
HIV-1 replication in CD4+ T lymphocytes (Baldauf et al., 2012)
clearly challenge this hypothesis.
2. SAMHD1 restricts HIV-1 in CD4+ T cells

It is generally accepted that activated, but not resting CD4+ T
lymphocytes, are preferentially infected by HIV-1, but the molecu-
lar basis for this restriction was not known. It has now been sug-
gested that SAMHD1 dNTP-mediated restriction also exists in
resting lymphocytes, based on evidence similar to that obtained
in myeloid cells: a genetically modified HIV-1 clone carrying Vpx
was shown to infect resting lymphocytes; downregulation of
SAMHD1 through RNA interference allowed virus replication in
resting cells; and resting lymphocytes obtained from a patient with
Aicardi-Goutières syndrome, encoding a mutation in SAMHD1,
could be infected with HIV-1 (Baldauf et al., 2012; Descours
et al., 2012). Notably, Vpx-induced degradation of SAMHD1 in acti-
vated lymphocytes did not increase virus replication, suggesting
that SAMHD1 depletion of the dNTP pool was absent in activated
lymphocytes (Descours et al., 2012). Indeed, as previously indi-
cated (Gao et al., 1993), nucleotide levels were higher in activated
than in resting lymphocytes. The observation that SAMHD1
expression is not altered in HIV-resistant resting T cells, as com-
pared to HIV-susceptible activated cells (Baldauf et al., 2012) sug-
gests that unidentified regulatory mechanisms may activate/
deactivate SAMHD1 function in T cells. It is also important to note
that restriction at a posttranscriptional step may exist in resting
lymphocytes, as HIV-1 Gag protein production may not be found
even when SAMHD1 is degraded.
3. Prospects for drug development

The role of SAMHD1 in virus replication suggests new opportu-
nities for drug discovery and development. Inhibition of HIV RT
activity is a successful antiviral approach, judged by the use of
nucleosides and non-nucleoside analogues in antiretroviral ther-
apy (Cihlar and Ray, 2010; de Bethune, 2010). Limiting the cyto-
plasmic nucleotide pool available for reverse transcription has
the potential to achieve a similar effect, and SAMHD1 offers the
molecular target for this strategy. However, understanding the
control mechanisms of SAMHD1 function will be a prerequisite.
The activity of SAMHD1 may be regulated by a posttranslational
modification, binding to a regulatory protein complex or its cellu-
lar compartmentalization.

In addition to SAMHD1, a complex regulatory network controls
the intracellular dNTP pool, so that cellular uptake or endogenous
synthesis may also provide interesting antiviral targets. The dimeric
enzyme ribonucleotide reductase is probably the major source of
dNTPs in mammalian cells. Increased expression of ribonucleotide
reductase has been associated with an increase of dNTPs induced
by Leishmania infection, favoring HIV-1 replication (Mock et al.,
2012). Decreasing the dNTP reservoir through treatment with
FDA-approved anti-cancer drugs that inhibit dNTP synthetic
pathways, targeting ribonucleotide reductases with hydroxyurea
(hydroxicarbamide) or gemcitabine, has been shown to inhibit ret-
roviral infection (Clouser et al., 2010; Gao et al., 1993; Kootstra et al.,
2000; Lori et al., 1994; Meyerhans et al., 1994). Two other ribonucle-
otide reductase inhibitors, didox (3,4-dihydroxybenzohydroxamic
acid) and trimidox (3,4,5-trihydroxybenzamidoxime) have shown
antiviral efficacy in an animal model of retroviral infection (May-
hew et al., 2002, 2005). It remains to be seen if decreasing the dNTP
pool would be a valid approach for long-term anti-HIV therapy.

The rate of SAMHD1degradation by Vpx is mechanistically tied
with HIV-2 DNA synthesis. Accelerated reverse transcription is in-
duced by the tight interplay between SAMHD1 degradation and
dNTP pool increase, which greatly improves the overall success
rate of proviral DNA synthesis (Kim et al., 2012). An alternative
antiviral strategy may arise from the use of HIV-1 RT inhibitors
and the generation of drug-resistant RT mutants with a reduced
capacity to bind dNTPs and, therefore, more susceptible to the ef-
fect of SAMHD1. The HIV-1 RT mutation Met184Ala (M184A),
which confers resistance to lamivudine (3TC, Epivir™), induces a
significant increase in the km of mutant RTs for dNTPs as compared
to wild type enzymes (Pandey et al., 1996).

It has been proposed that a greater infection of myeloid cells
may shift the balance of antigen presentation and interferon re-
sponse, favoring adaptive responses and HIV control (Manel and
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Littman, 2011). Deactivation of SAMHD1 may decrease cell death
associated with uncontrolled immune activation that may be trig-
gered by retroviral replication intermediates or abortive HIV infec-
tion in both dendritic cells, macrophages and CD4+ T lymphocytes
(Doitsh et al., 2010; Manel and Littman, 2011). Small molecule
inhibitors of SAMHD1 could play a relevant role in controlling T
cell depletion, a hallmark of HIV-1 infection and AIDS. Understand-
ing the mechanism of regulation of SAMHD1 and its role in innate
immunity is crucial to assessing its potential as a therapeutic
target.
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