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Abstract

Background: The restriction factor SAMHD1 regulates intracellular nucleotide level by degrading dNTPs and blocks
the replication of retroviruses and DNA viruses in non-cycling cells, like macrophages or dendritic cells. In patients,
inactivating mutations in samhd1 are associated with the autoimmune disease Aicardi-Goutières Syndrome (AGS).
The accumulation of intracellular nucleic acids derived from endogenous retroelements thriving in the absence of
SAMHD1 has been discussed as potential trigger of the autoimmune reaction. In vitro, SAMHD1 has been found to
restrict endogenous retroelements, like LINE-1 elements (L1). The mechanism, however, by which SAMHD1 blocks
endogenous retroelements, is still unclear.

Results: Here, we show that SAMHD1 inhibits the replication of L1 and other endogenous retroelements in cycling
cells. By applying GFP- and neomycin-based reporter assays we found that the anti-L1 activity of SAMHD1 is
regulated by phosphorylation at threonine 592 (T592). Similar to the block of HIV, the cofactor binding site and the
enzymatic active HD domain of SAMHD1 proofed to be essential for restriction of L1 elements. However,
phosphorylation at T592 did not correlate with the dNTP hydrolase activity of SAMHD1 in cycling 293T cells
suggesting an alternative mechanism of regulation. Interestingly, we found that SAMHD1 binds to ORF2 protein of
L1 and that this interaction is regulated by T592 phosphorylation. Together with the finding that the block is also
active in cycling cells, our results suggest that the SAMHD1-mediated inhibition of L1 is similar but not identical to
HIV restriction.

Conclusion: Our findings show conclusively that SAMHD1 restricts the replication of endogenous retroelements in
vitro. The results suggest that SAMHD1 is important for maintaining genome integrity and support the idea of an
enhanced replication of endogenous retroelements in the absence of SAMHD1 in vivo, potentially triggering
autoimmune diseases like AGS. Our analysis also contributes to the better understanding of the activities of
SAMHD1 in antiviral defense and nucleotide metabolism. The finding that the phosphorylation of SAMHD1 at T592
regulates its activity against retroelements but not necessarily intracellular dNTP level suggests that the dNTP
hydrolase activity might not be the only function of SAMHD1 important for its antiviral activity and for controlling
autoimmunity.
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Background
The SAM and HD domain containing protein 1
(SAMHD1) has been identified as major block to HIV-1
infection in myeloid cells and resting T cells [1–3].
SAMHD1 acts as a dNTP triphosphohydrolase and has
been shown to contribute to the cell cycle-dependent
regulation of intracellular dNTP levels [4–6]. In non-
dividing cells, SAMHD1 is thought to limit retroviral in-
fectivity by depleting the intracellular dNTP pool and
thereby inhibiting efficient reverse transcription [7, 8].
Several groups also reported an interaction of SAMHD1
with nucleic acids, especially single strand RNA [9–11].
In addition, although controversially discussed [12, 13],
SAMHD1 has been shown to contain an RNA exonucle-
ase function and has been reported to directly degrade
incoming HIV-1 genomic RNA [14, 15]. The antiviral
activity of SAMHD1 is regulated by phosphorylation at
threonine 592 (T592) in a cell cycle-dependent manner
[16, 17]. In cycling cells, the cyclin-depended kinases
(CDK) 1 and 2 in concert with cyclin A2 have been
shown to phosphorylate T592 and thereby inactivate
SAMHD1 [16, 18, 19]. In resting cells, however, this
phosphorylation is lost and SAMHD1 is rendered anti-
viral active. Whether the dNTPase activity of SAMHD1
is also regulated by phosphorylation is unclear. While
two initial publications showed that constitutive inactive,
phosphomimetic mutants of SAMHD1 were still able to
reduce intracellular dNTP levels when overexpressed in
non-dividing monocytic cells, more recent in vitro studies
suggest that the kinase-mediated phosphorylation at T592
might reduce the dNTP hydrolase activity of SAMHD1, at
least in vitro [16, 17, 20–22].
In patients, mutations in samhd1, among other genes,

have been associated with the rare hereditary auto-
immune disease Aicardi-Goutières Syndrome (AGS)
[23]. Due to the enzymatic functions of the genes in-
volved in AGS, it has been hypothesized that aberrant
nucleic acids, most likely DNA, trigger the autoimmune
reaction. In the absence of SAMHD1, DNA fragments
resulting from error-prone DNA repair or DNA replica-
tion, or the enhanced replication of endogenous retroe-
lements have been discussed as potential trigger of the
autoimmune reaction. Interestingly, SAMHD1 has been
shown to block the retrotransposition of endogenous
retroelements in cell culture [24, 25]. Long interspersed
element 1 (LINE-1 or L1) is the only autonomously ac-
tive retrotransposon in humans and about 17% of the
genome is derived from L1 sequences [26, 27]. L1 ele-
ments are about 6 kb in length, encode three open read-
ing frames, and lack a typical retroviral LTR promoter.
While still little is known about the product of the re-
cently discovered ORF0 open reading frame [28], which
is transcribed from the L1 promoter in antisense direc-
tion, the proteins encoded by the open reading frames 1

(ORF1p) and 2 (ORF2p) are well characterized (reviewed in
[29]). While ORF1p possesses an RNA binding activity and
is the main component of the L1 ribonucleoprotein com-
plex (RNP), the enzymatic activities of L1 RNPs are
encoded by ORF2p, which acts as an endonuclease and a
reverse transcriptase. Both functions are necessary for re-
verse transcribing and inserting L1 into the genome by
target-primed reverse transcription (TPRT). Novel L1 ret-
rotransposition events can destabilize genome integrity and
cause disease by insertional mutagenesis, insertion of splice
sites, recombination, transcriptional activation of nearby
genes, or by the activation of non-autonomous short inter-
spersed elements (SINEs), like Alu elements [30]. To this
date, novel L1-mediated retrotransposition events have
been identified as the disease-causing mutations in more
than 120 patients, for example in cases of Duchenne
muscular dystrophy or Hemophilia (reviewed in [31]). To
protect from these insertions and to maintain genome
integrity, the activity of L1 elements is controlled by differ-
ent mechanisms, like promoter methylation, small RNA
species, and by inhibitory host factors, like MOV10, APO-
BEC3, ZAP, or ADAR [32–38].
In addition, two studies have reported a block of L1 retro-

transposition by SAMHD1 using in vitro reporter assays
[24, 25]. The mechanism, however, by which SAMHD1
inhibits endogenous retroelements, remains ill described.
While Zhao et al. report that SAMHD1 inhibits L1
independently of its enzymatic activities by reducing the
cellular ORF2 protein levels. Hu and colleagues describe the
necessity for the enzymatic activity of SAMHD1 [24, 25].
Furthermore, Hu et al. propose a dNTPase-independent
mechanism of restriction and suggest that SAMHD1 in-
duces the sequestration of L1 in cytoplasmic stress granules.
Since both proposed mechanisms contradict each other and
greatly differ from what is known for the SAMHD1-
mediated restriction of retroviruses, we characterized the
mechanism of SAMHD1 restriction of L1 in great detail.
Here, we report that similar to the restriction of retroviruses
the SAMHD1-mediated block to L1 depends on its enzym-
atic active site and is regulated by phosphorylation at T592.
In addition, we found the dNTP hydrolase activity of
SAMHD1 to be necessary but not sufficient to L1 retroele-
ments. Interestingly, we observed a direct interaction of
SAMHD1 with ORF2p, which is regulated by phosphoryl-
ation. Together, our data confirm previously identified func-
tions to be important for SAMHD1-mediated L1 restriction
and identify an additional novel mechanism important for
the inhibition of endogenous L1 elements by SAMHD1.

Results
SAMHD1-mediated inhibition of endogenous
retroelements is regulated by phosphorylation
To determine whether SAMHD1 influences the replica-
tion of L1 elements we employed a well-established
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retrotransposition reporter assay. Upon transfection of
an L1-GFP reporter plasmid (99-PUR-RPS-EGFP) into
293T cells, the GFP reporter gene expression serves as a
surrogate marker for successful retrotransposition [39].
The CMV-GFP cassette, which is inserted in reverse
orientation in the 3’ UTR of L1 and is interrupted by an
antisense intron, is expressed only when the L1 tran-
script is spliced, reverse transcribed, inserted into the
genome, and GFP transcripts are generated. GFP-
positive cells were quantified 5 days posttransfection by
flow cytometry. In contrast to previous publications, we
only found a weak reduction of L1-GFP activity in the
presence of cotransfected 3′ myc-tagged SAMHD1 wild-
type protein (wt) (Fig. 1a), with an average reduction of
40% compared to empty vector transfected control cells
(Additional file 1: Figure S1). In addition, the enzymati-
cally inactive mutant SAMHD1 D207N did not restrict
L1-GFP suggesting that an enzymatically active HD
domain is necessary to impede L1 retrotransposition
(Fig. 1a, Additional file 1: Figure S1). The antiretroviral

activity of SAMHD1 is regulated by phosphorylation of
threonine at position 592 (T592), which is mediated by the
cell cycle-dependent kinases CDK1 and CDK2 [16, 17]. In
cycling cells, SAMHD1 is phosphorylated by CDKs at T592
and therefore thought to be inactive against HIV-1 and
other exogenous retroviruses. In resting cells, like myeloid
cells or resting CD4 Tcells, however, T592 is not phosphor-
ylated and SAMHD1 is antiviral active [1–3]. In line with
these findings, we found transiently transfected SAMHD1
to be inactive against HIV-GFP reporter virus infection in
cycling 293T cells, correlating with its phosphorylation
status (Fig. 1b, c). While exogenous SAMHD1 was phos-
phorylated at T592 in cycling 293T cells, we could not
detect phosphorylation of endogenous SAMHD1 in control
cells in the western blot of Fig. 1c. This is most likely due
to its low expression level resulting in a very faint band next
to the strong signal of overexpressed SAMHD1. Next, we
asked whether the phosphorylation status of SAMHD1 at
T592 also affects its activity against L1. We therefore transi-
ently expressed L1-GFP together with wt SAMHD1 or
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Fig. 1 SAMHD1 T592A blocks LINE-1 but not HIV-1 replication in cycling cells. a 293T cells were transfected with a retrotransposition competent or a
retrotransposition-defective (JM111) LINE-1 (L1)-GFP reporter plasmid and empty vector (pcDNA), SAMHD1 wt, non-phosphorylated SAMHD1 (T592A),
phosphomimetic SAMHD1 (T592D), or an enzymatically inactive mutant (D207N). Five days posttransfection, GFP-positive cells were quantified by flow
cytometry. The percentage of L1-GFP-positive cells is shown as average of triplicate transfections. Error bars represent the standard deviation. One out of
three independent experiments is shown. Statistical analysis comparing control transfected cells with SAMHD1 expressing cells was done using one way
ANOVA followed by Tukey’s multiple comparison test. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. b 293T cells were transfected with empty
vector (pcDNA), SAMHD1 wt, non-phosphorylated SAMHD1 T592A, or the enzymatically inactive mutant (D207N). Two days posttransfection, cells were
infected with VSV-G-pseudotyped HIV-GFP reporter virus at the indicated MOIs. Three days later, GFP-positive cells were analyzed by flow cytometry. The
percentage of HIV-GFP-positive cells is depicted as average of triplicate infections with error bars indicating the standard deviation. One out of three
independent experiments is shown. c 293T cells were transfected with the indicated SAMHD1-myc expressing vectors. Lysates were analyzed 2 days
posttransfection by immunoblot. Membranes were probed with phosphoT592-specific, myc-specific, and HRP-containing corresponding secondary
antibodies. One out of three independent experiments is shown. d 293T shC or shSAMHD1 cells were transfected with L1-GFP reporter
plasmid. GFP-positive cells were quantified 5 days posttransfection by flow cytometry. The percentage of L1-GFP-positive cells is shown as average of
triplicate transfections. Error bars represent the standard deviation. Statistical analysis was done using an unpaired, two-tailed student’s t test. ns, not
significant. The shRNA-mediated knockdown and the phosphorylation status of SAMHD1 were analyzed by immunoblot with a SAMHD1-specific and
a phosphoT592-specific antibody. One out of three independent experiments is shown
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mutant proteins, in which we replaced the phosphorylation
site T592 with alanine (T592A) or with the phosphomi-
metic aspartic acid (T592D), and compared the effect on
L1-GFP retrotransposition. Interestingly, SAMHD1 T592A
showed a strongly increased block against L1 retrotranspo-
sition (85% reduction) but not against HIV-1 infection
compared to wt SAMHD1 (Fig. 1a, b). These results
suggest that the anti-L1 activity of SAMHD1 is quickly
regulated by phosphorylation and that only the unpho-
sphorylated SAMHD1 mutant T592A is highly active
against L1 in 293T cells. To determine whether endogenous
SAMHD1 also blocks L1, we generated stable SAMHD1
knockdown cells by transducing 293T cells with a lentiviral
vector encoding shRNA targeting SAMHD1 or control
shRNA (shC) (Fig. 1d). Although the knockdown of
SAMHD1 was very efficient, we did not observe significant
differences in L1-GFP retrotransposition between shC and
shSAMHD1 expressing cells (Fig. 1d). Fittingly, we found
that endogenous SAMHD1 is phosphorylated in cycling
293T cells. The absence of any residual activity of phos-
phorylated endogenous SAMHD1, in contrast to phosphor-
ylated exogenous SAMHD1 (Fig. 1a), might be explained
by the low expression of endogenous SAMHD1 in 293T
cells, which would minimize those effects. This finding
supports our previous results showing that phosphorylated
SAMHD1 is not active against L1-GFP (Fig. 1a). Since the
SAMHD1-mediated block to L1 is phospho-T592
dependent but at the same time active in cycling cells, our
results suggest a similar regulation but different mechanism
of L1 inhibition by SAMHD1 compared to its block to
HIV-1. The analysis also indicates that in addition to phos-
phorylation at T592 an additional unknown, cell cycle-
dependent mechanism regulates the SAMHD1-mediated
restriction of HIV-1.
Next, we asked whether SAMHD1 is only active

against L1 or whether other retroelements are affected
as well. To exclude any cell type-specific artifacts in
293T cells, we tested the activity of SAMHD1 in HeLa
cells against L1, AluY elements, and the murine LTR-
containing retroelements MusD and IAP by employing
well-established neomycin-based retrotransposition
assays (Fig. 2) [30, 40, 41]. Therefore, we co-transfected
an L1-neomycin reporter construct, in which the EGFP
reporter gene was replaced by the neomycin resistance
gene, with myc-tagged SAMHD1 wt, SAMHD1 T592A,
SAMHD1 D207N, or empty vector. Two days posttrans-
fection, geneticin was added to the medium and the cells
were selected for successful retrotransposition events.
After 14 days, resistant cell colonies were fixed, stained
with crystal violet, and counted. Similar to the L1-GFP
assay, we found that SAMHD1 T592A strongly inhibited
L1 retrotransposition, while SAMHD1 wt was almost in-
active despite being expressed to similar levels (Fig. 2a, f).
Also, expression of the catalytically inactive mutant

D207N did not reduce the number of resistant colonies,
suggesting that the anti-L1 activity of SAMHD1 in HeLa
cells is also regulated by T592 phosphorylation (SAMHD1
wt) and relies on a functional HD domain (SAMHD1
D207N). Similarly, we found that SAMHD1 T592A, and
to a lesser extent SAMHD1 wt, but not SAMHD1 D207N
efficiently blocked the replication of AluY elements (Fig. 2e).
Modern AluY elements are active in humans and classified
as SINEs. Alu elements do not encode for functional
proteins and therefore hijack L1 ORF2p for successful retro-
transposition. We therefore co-transfected an ORF2p
expression plasmid together with expression constructs for
AluY and SAMHD1. The finding that SAMHD1 T592A
restricts Alu and L1 reporter elements suggests that
SAMHD1 acts on L1 ORF2p or on an ORF2p-mediated
activity. To determine whether the block is L1 ORF2p-
specific or a more general block of endogenous retroele-
ments, we tested the effect of SAMHD1 on the murine
LTR-containing retrotransposons intracisternal A particles
(IAP) and MusD (Fig. 2c, d). In neomycin-based reporter
assays, we found that SAMHD1 T592A also counteracts
the replication of the LTR-retrotransposons IAP and MusD,
while the enzymatically inactive mutant D207N did not.
Our finding that SAMHD1 represses multiple endogenous
retroelements suggests a more broadly acting mechanism
of restriction, like the previously described dNTP hydrolase
activity or the proposed RNase activity of SAMHD1.

The inhibition of L1 elements by SAMHD1 depends on its
phosphorylation status, allosteric binding site, and
functional HD domain
To shed light on the mechanism of L1 restriction by
SAMHD1, we analyzed a variety of different human
SAMHD1 mutants, which have been described in the
context of HIV restriction, in retrotransposition reporter
assays (Fig. 3). We introduced the corresponding muta-
tions into wt SAMHD1 (Fig. 3a) and into the active,
T592A-containing mutant (Fig. 3b). In line with our pre-
vious results (Fig. 1, Fig. 2), none of the tested proteins
but the phosphorylation-defective SAMHD1 T592A
significantly affected L1-GFP retrotransposition (Fig. 3a).
In context of T592A, however, exchanging the aspartic
acids at position 311 or 207 within the HD domain
(T592A/D311N; T592A/D207N), which both cripple the
enzymatic activity of SAMHD1, blocked SAMHD1 activity
against L1. This finding shows that the enhanced activity of
the highly active, non-regulated mutant T592A still relies
on the enzymatic function mediated by an intact HD
domain. In addition, interfering with the allosteric GTP-
binding site of SAMHD1 (T592A/ D137A) also blocked
the anti-L1 activity of SAMHD1. In contrast, the mutation
Q548A, which has been reported to interfere with the pro-
posed RNase activity of SAMHD1 [14], and the SAMHD1
multimerization mutant L248S/Y432S, had only marginal
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effects on the anti-L1 activity of SAMHD1. Together, the
results show that, similar to the described inhibition of
exogenous retroviruses by SAMHD1, the block of endogen-
ous retroelements relies on an enzymatically functional HD
domain as well as on the allosteric GTP-binding sites. In
contrast, the proposed RNase activity of SAMHD1 seems
not to be important for L1 restriction.

Murine SAMHD1 blocks L1 retroelements in cell culture
Two splice variants of murine SAMHD1 have been
described, which differ in their carboxy-terminal
domain. Interestingly, isoform 2 is missing the regulatory

phosphorylation site T603, which is equivalent to T592
in human SAMHD1 [42]. We therefore compared the
anti-L1 activity of the two murine isoforms and human
SAMHD1 (Fig. 4). In our reporter assay, we found that
both murine isoforms are able to efficiently restrict hu-
man L1 retrotransposition. Similar to human SAMHD1,
mutating the enzymatically active site within the HD
domain (HD/AA) or the allosteric binding site (D138A)
weakens the anti-L1 activity. In line with previous
publications on the antiretroviral activity of murine
SAMHD1, we found that isoform 2, which is missing the
regulatory phosphorylation site, is highly active against

a b

c d

e f

Fig. 2 SAMHD1 T592A inhibits LINE-1, IAP, MusD, and AluY reporter elements in HeLa cells. a and b HeLa cells were transfected with a L1-neomycin reporter
plasmid and either empty vector (pcDNA), SAMHD1 wt, or the indicated SAMHD1 mutants using Lipofectamine. Cells were incubated with G418-containing
medium for 10 days to select for successful retrotransposition events and probed with crystal violet. b Crystal violet stained G418-resistant foci of L1-
transfected HeLa cells. c HeLa cells were transfected with IAP-neomycin reporter plasmid and either empty vector (pcDNA) or the indicated SAMHD1 mutants.
d HeLa cells were transfected with MusD-neomycin reporter plasmid and either empty vector (pcDNA) or the indicated SAMHD1 mutants. e HeLa HA cells
were transfected with an AluY-neomycin reporter plasmid, an L1 ORF2p expression construct, and either empty vector (pcDNA), SAMHD1 wt, SAMHD1
T592A, or SAMHD1 D207N. In general, G418-resistant foci were analyzed by crystal violet staining 10 days post selection using ImageJ software. The number
of resistant foci is shown as average of triplicate transfections with error bars indicating the standard deviation. Statistical analysis comparing control
transfected cells and SAMHD1 expressing cells was done using one way ANOVA followed by Tukey’s multiple comparison test. *** p < 0.001; ns, not
significant. f HeLa cells were transfected with the indicated SAMHD1-myc expression plasmids. Lysates were analyzed 2 days posttransfection by
immunoblot. Membranes were probed with phosphoT592-specific and myc-specific primary antibodies followed by HRP-containing secondary
antibodies. One of three independent experiments is shown

Herrmann et al. Mobile DNA  (2018) 9:11 Page 5 of 17



L1-GFP and that the effect of the allosteric site mutation
D138A is less pronounced in isoform 2 (Fig. 4a) [43, 44].
However, due to the stronger expression of isoform 2
compared to isoform 1, the enhanced activity of iso-
form 2 cannot be linked directly to the missing phos-
phorylation site. In isoform 1, however, we found that
the anti-L1 activity of the phosphorylation-mutant
T603A is enhanced compared to wt protein or the
phosphomimetic mutant T603D indicating that mur-
ine SAMHD1 isoform 1 is also regulated by phos-
phorylation (Fig. 4a). Interestingly, the phosphorylated
mouse protein also seemed to be more active than
human SAMHD1 (Fig. 4b). This finding might be
explained by species-specific factors important for the
regulation of SAMHD1, which might not interact
with murine SAMHD1 in human cells. Together, we
found that murine SAMHD1 also restricts L1 replica-
tion in an HD domain-dependent manner and that
the regulation of the anti-L1 activity of SAMHD1 by
phosphorylation most likely involves species-specific
factors.

The dNTP hydrolase activity of SAMHD1 is not regulated
by phosphorylation in cycling cells
Next, we asked whether the overexpression of SAMHD1
affects the intracellular dNTP level in cycling cells. We
therefore transiently expressed wt SAMHD1 or the dif-
ferent mutants in 293T cells lacking endogenous
SAMHD1 (293T shSAMHD1) and analyzed the dNTP
content of the cells 48 h posttransfection by single nucleo-
tide incorporation assay or HPLC analysis (Fig. 5a, b).
Both assays were yielding very similar results. We found
that the dNTP level in empty vector-transfected
shSAMHD1 cells were slightly higher than in shC cells,
indicating that endogenous SAMHD1 is acting as a dNTP
hydrolase (only dATP levels are depicted for reasons of
clarity). When we overexpressed the different SAMHD1
mutants in shSAMHD1 cells, all but the D207N mutant
reduced intracellular dNTP level. Surprisingly, overex-
pression of the allosteric site mutant D137A in 293T also
resulted in reduced dNTP level, although not as strong as
wt SAMHD1. This is unexpected since recombinant
SAMHD1 D137A has been shown to be defective for

a

b

Fig. 3 Human SAMHD1 mutants differentially inhibit LINE-1 retrotransposition. a 293T cells were transfected with L1-GFP reporter plasmid or the
control vector JM111, together with empty vector (pcDNA), SAMHD1 wt, non-phosphorylated SAMHD1 T592A, the phosphomimetic variant
SAMHD1 T592D, the HD domain mutants SAMHD1 D207N and D311N, the RNase-defective mutant Q548A, the allosteric site mutant D137A, or
the oligomerization-defective mutant L428S/Y432S. The mean percentage of L1-GFP-positive cells of three independent experiments normalized
on pcDNA transfected control cells is shown. Error bars represent the standard deviation of the mean. b 293T cells were transfected with L1-GFP
reporter plasmid or control vector (JM111) and either empty vector (pcDNA), SAMHD1 wt, or the different SAMHD1 mutants shown in (a) but in
a SAMHD1 T592A background. Five days posttransfection GFP-positive cells were quantified by flow cytometry. The percentage of L1-GFP positive
cells is plotted as average of triplicate transfections. Error bars indicate the standard deviation. For western blot analysis, SAMHD1
protein expression was analyzed by immunoblot using phosphoT592-specific or myc-specific antibodies 2 days posttransfection. One
out of three independent experiments is shown. For statistical analysis, one way ANOVA followed by Tukey’s multiple comparison test
was used. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant
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a

b

Fig. 4 Murine SAMHD1 isoforms potently restrict L1-GFP elements. a 293T cells were transfected with L1-GFP reporter plasmid or control vector
(JM111) together with empty vector (pcDNA), mouse SAMHD1 isoform 1 (Iso1) or isoform 2 (Iso2), non-phosphorylated mutant T603A of Iso1,
phosphomimetic Iso1 mutant T603D, the HD domain mutants HD/AA, or the allosteric site mutants D138A. b 293T cells were transfected with
L1-GFP reporter plasmid or the control vector JM111, together with empty vector (pcDNA), human SAMHD1 (huSAMHD1), huSAMHD1 T592A
(huT592A), and murine SAMHD1 Iso1 (muIso1) or Iso2 (muIso2). Five days later, GFP-positive cells were determined by flow cytometry. The
percentage of L1-GFP positive cells is shown as average of triplicate transfections. Error bars indicate the standard deviation. Statistical analysis
comparing control transfected cells and SAMHD1 expressing cells was done using one way ANOVA followed by Tukey’s multiple comparison test.
*** p < 0.001; ns, not significant. For western blot analysis, 2 days posttransfection, SAMHD1 protein expression was analyzed by immunoblot
using phosphoT592-specific or myc-specific antibodies. One out of three independent experiments is shown

a b

Fig. 5 The dNTP hydrolase activity of SAMHD1 is not regulated by phosphorylation at T592 in 293T cells. 293T shC and shSAMHD1 cells were
transfected with empty vector (pcDNA), SAMHD1 wt, non-phosphorylated SAMHD1 T592A, the phosphomimetic mutant T592D, the HD domain
mutant D207N, the RNase mutant Q548A, the allosteric site mutant D137A, or the oligomerization-defective mutant L428S/Y432S. Two days
posttransfection, cells were lysed and intracellular dNTP concentrations were determined by HPLC analysis (a) or single dNTP incorporation assays
(b) The average of triplicate analysis for dATP (μM) is shown. The analysis for the other dNTPs yielded similar results. Error bars indicate the
standard deviation. Statistical analysis was done using one way ANOVA followed by Tukey’s multiple comparison test. ns, not significant
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tetramerization and dNTPase activity in in vitro assays
[45]. Interestingly, we did not find a significant difference
in dNTP hydrolase activity between wt SAMHD1, T592A,
and T592D suggesting that the phosphorylation at T592
regulates the anti-L1 activity of SAMHD1 but not its
dNTP hydrolase activity (Fig. 5). On the other hand, the
failure of SAMHD1 D207N to degrade dNTPs correlates
with its inability to inhibit retrotransposition. Together,
these findings suggest that a functional HD domain, and
most likely its dNTPase activity, is necessary but not suffi-
cient for L1 inhibition. Thus, our results point towards an
additional, yet unknown mechanism of L1 inhibition that
is regulated by phosphorylation of SAMHD1 at T592.

SAMHD1 does not affect L1 RNA or protein expression
To identify the additional mechanism or prerequisite for
L1 restriction, we next determined the effect of
SAMHD1 T592A expression on the different steps of
the L1 life cycle (Fig. 6). First, we asked whether the pro-
moter activity of L1 might be hampered by SAMHD1.
We therefore cotransfected wt SAMHD1, SAMHD1
T592A, and SAMHD1 D207N together with a plasmid
encoding the L1 promoter followed by an luciferase
reporter gene into 293T cells (Fig. 6a). Forty-eight hours
posttransfection we determined the luciferase activity in
the cell lysates as a surrogate for L1 promoter activity.
We did not detect any differences in luciferase activity
between control transfected lysates (pcDNA) and the
lysates of wt SAMHD1, T592A, or D207N transfected
cells. Our results suggest that SAMHD1 does not inhibit
L1 retrotransposition by interfering with its promoter
activity. Next, we compared L1 RNA level in 293T cells
expressing the active mutant SAMHD1 T592A, the
inactive mutant SAMHD D207N, or the large isoform of
the L1 RNA-degrading enzyme ZAP (L) [33]. Our quan-
titative RT-PCR approach was targeting the T7 tag
sequence fused to the ORF1 open reading frame within
the L1 construct pAD2TE1 to exclude the amplification
of endogenous L1 RNA (Fig. 6b). In contrast to overex-
pression of ZAP (L), which resulted in reduced L1 RNA
level 36 h and 48 h posttransfection, neither the expres-
sion of the active T592A mutant nor of inactive D207N
SAMHD1 affected the L1 RNA level within transfected
cells. Next, we compared L1 protein level in the pres-
ence and absence of SAMHD1 upon transient transfec-
tion in 293T cells. First, we transfected wt SAMHD1 and
the SAMHD1 variants T592A, T592D, and D207N to-
gether with an L1 expression plasmid encoding T7-
tagged ORF1p or a triple FLAG (3xFLAG)-tagged
ORF2p expressing vector into 293T cells (Fig. 6c, d).
However, we did not detect a difference in ORF1p or
ORF2p protein level between the different samples. To
rule out the possibility of undetected minor effects, we
next transfected increasing amounts of SAMHD1

T592A or the inactive enzyme D207N together with the
plasmids encoding ORF1p-T7 or ORF2p-3xFLAG into
293T cells. However, we did not detect decreased levels
of ORF1p-T7 or ORF2p-3xFLAG in the presence of the
highly inhibitory SAMHD1 T592A compared to the
inactive mutant D207N (Fig. 6e, f ).

SAMHD1 does not impede L1 reverse transcription in vitro
To determine how SAMHD1 affects L1 retrotransposition
we analyzed the RT activity of ORF2p in vitro using a
well-established RT-PCR protocol (LEAP) (Fig. 7a) [46].
We therefore transfected L1 reporter plasmid containing
T7-tagged ORF1p together with pcDNA, T592A-myc,
D207N-myc, or HA-tagged ZAP (L) in 293T cells. After
48 h, transfected cells were lysed and controlled for effi-
cient protein expression by immunoblot (Fig. 7b). L1 ribo-
nucleoprotein particles (RNPs) containing L1 genomic
RNA were purified by ultracentrifugation of the lysates
through a sucrose cushion and analyzed by immunoblot
for ORF1p content (Fig. 7b). We could detect ORF1p in
all samples but from the lysate containing the L1 restric-
tion factor ZAP [32, 33]. Next, we generated L1 cDNA in
vitro by adding dNTPs and the 3’-LEAP oligonucleotide
to the purified RNPs or by additionally adding MLV re-
verse transcriptase to purified L1 RNA. Subsequently, we
amplified the cDNA generated by ORF2p or MLV-RT by
PCR using L1 and LEAP specific-primers. However, we
did not find a difference in amplification of cDNA from
SAMHD1 T592A and D207N samples generated by MLV-
RT (Fig. 7c), indicating that SAMHD1 is not affecting the
RNA content of L1 RNPs. In addition, we could not detect
a difference in efficacy of the LEAP reactions based on the
different RNPs generated from pcDNA, SAMHD1
T592A, or D207N containing cells. This suggests that
SAMHD1 is neither degrading L1 RNA from RNPs nor is
it inhibiting ORF2p-mediated RT, at least in vitro and in
the presence of excess nucleotides.

SAMHD1 directly interacts with functional L1 RNP complexes
Next, we asked whether SAMHD1 directly interacts with
L1 RNPs. We therefore cotransfected empty vector,
myc-tagged SAMHD1 wt, T592A, or D207N mutants
together with an L1 expression construct harboring a
T7-tagged ORF1p into 293T cells (Fig. 8a). Upon pre-
cipitation of L1 ORF1p-T7 with T7-mAb coupled to
magnetic beads, we found that all SAMHD1-myc proteins
coprecipitated with L1 ORF1p (Fig. 8a). Interestingly, copre-
cipitation of L1 (ORF1p-T7) and the constitutively active,
phosphorylation-deficient mutant T592A resulted in a more
intense SAMHD1 band than precipitation of the phosphory-
lated proteins SAMHD1 wt and T592D (normalized densi-
tometric intensities: T592A 100%, WT 25%, T592D 24%).
This finding suggests that phosphorylation of SAMHD1 at
T592 might regulate the direct interaction of SAMHD1 with
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L1 RNPs. To determine whether SAMHD1 interacts with
ORF1p or ORF2p, we expressed SAMHD1 T592A or empty
vector together with plasmids encoding either ORF1p-
FLAG or ORF2p-3xFLAG (Fig. 8b). Although, we found
that SAMHD1 T592A coprecipitated with both constructs,
precipitation of ORF2p resulted in the strongest signal des-
pite being expressed to the lowest level (Fig. 8b, inlet). This
suggests that SAMHD1 most likely interacts with ORF2p
rather than ORF1p. Although we cannot completely rule
out direct binding of SAMHD1 to ORF1p, it is conceivable

that the weak SAMHD1 signal upon precipitation of ORF1p
might be due to the interaction of ORF1p with endogen-
ously expressed ORF2p binding to SAMHD1. Since
SAMHD1 has also been reported to bind to RNA, we next
asked whether SAMHD1 directly binds to ORF2p or
whether the interaction is mediated by L1 RNA. We there-
fore precipitated L1 RNPs via ORF1p-T7 and analyzed the
binding to SAMHD1 T592A in the presence and absence of
RNaseA. When we treated the cell lysates with RNaseA
prior to the purification process, we found that the pull

a b

c d

e f

Fig. 6 SAMHD1 T592A does not affect LINE-1 expression. a 293T cells were transfected with a L1 promoter construct driving the luciferase reporter gene
expression (L1 promoter-Luc) together with empty vector (pcDNA), SAMHD1 wt protein, or the indicated mutants. Two days post transfection, cells were
lysed and luciferase activity (relative light units, RLU) was determined in quadruplicates. The average RLU/s of three independent transfections is shown.
Error bars represent the standard deviation of the mean. b 293T cells were transfected with the L1 reporter plasmid pAD2TE1 together with control
plasmid or expression plasmids for SAMHD1 T592A, D207N, or ZAP. Total mRNA was isolated at 12, 24, 36, and 48 h posttransfection and analyzed by
qRT-PCR with oligonucleotides specific for the T7 tag sequence fused to ORF1 within the transcripts of transfected L1. The average number of L1
copies per 100 ng RNA input from three independent experiments is plotted. For better comparison, all values were normalized on L1 transcripts
present in T592A expressing cells 36 h posttransfection. Error bars indicate the standard deviation. Statistical analysis was done using one way ANOVA
followed by Tukey’s multiple comparison test. ns, not significant. Two days posttransfection, protein expression was analyzed by immunoblot
using T7- (ORF1p), myc- (SAMHD1), and HA-specific antibodies. c and d 293T cells were transfected with the L1 reporter plasmid pAD2TE1
encoding T7-tagged ORF1p or an ORF2p-3xFLAG expression plasmid together with plasmids encoding GFP, or the human SAMHD1 proteins
wt SAMHD1, T592A, T592D, or D207N. Two days posttransfection, immunoblot analysis was performed to analyze SAMHD1-myc, ORF1p-T7, and ORF2p-FLAG
expression levels. e and f 293T cells were transfected with the L1 reporter plasmid pAD2TE1 encoding ORF1p-T7 or ORF2-3xFLAG expression plasmid and
increasing amounts of SAMHD1 T592A or D207N. To ensure a constant amount of transfected DNA, GFP expression plasmid was added to the transfection
reactions. Immunoblot analysis was performed 2 days posttransfection to determine SAMHD1-myc, ORF1p-T7, or ORF2p-FLAG expression levels. One of at
least three independent experiments is shown
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down of the control protein MOV10 is abrogated. This is in
line with a previous publication reporting that the inter-
action of MOV10 with L1 RNPs is mediated by binding to
L1 RNA [36]. In contrast, the precipitation of SAMHD1
T592A was not affected by RNase treatment, suggesting that
SAMHD1 is not interacting directly with L1 RNA (Fig. 8c).
To confirm our findings on the interaction of L1 with
SAMHD1, we next asked whether SAMHD1 interacts with
functional L1 RNPs. We therefore combined our immuno-
precipitation protocol with the LEAP RT-PCR protocol
described above (LEAP-IP). We found that L1 RNA was
reverse transcribed by MLV-RT and amplified by PCR from
SAMHD1-myc, T592A-myc, and T592D-myc precipitates
(Fig. 8d, upper panel). In addition, L1 ORF2p RT activity
was pulled down by all SAMHD1 proteins but not from
empty vector transfected cells indicating that SAMHD1 is
interacting with functional L1 RNPs within cells (Fig. 8d,
lower panel).
Together our findings conclusively show that SAMHD1

inhibits retrotransposition of L1 and other endogenous

retroelements and that this inhibition is mediated by an
enzymatically active HD domain and is regulated by
phosphorylation.

Discussion
Mutations in SAMHD1 are associated with the auto-
immune disease Aicardi-Goutières Syndrome (AGS) [23].
Since SAMHD1 blocks exogenous retroviruses at reverse
transcription (RT), it is conceivable that the replication of
endogenous retroelements, which also rely on RT, is
enhanced in the absence of SAMHD1 and generates the
molecular trigger leading to AGS in patients. Indeed,
SAMHD1 has been shown to block L1 elements in vitro,
however, the mechanisms proposed so far are unclear and
partially contradict what is known for the SAMHD1-
mediated restriction of HIV and other retroviruses [24, 25].
A better understanding of the role of SAMHD1 during en-
dogenous retroelement replication is essential to determine
whether SAMHD1 is important for L1 restriction beyond
the cell culture model. Since the analysis of endogenous L1

c

a b

Fig. 7 SAMHD1 does not impede ORF2p reverse transcriptase activity in LINE-1 RNPs. a The L1 RNP samples were purified from lysates of transfected
293T cells by ultracentrifugation through a sucrose cushion. The LEAP primer contains a linker sequence and was used to reverse transcribe L1 mRNA
from RNPs. Reverse transcription occurred by either ORF2p (LEAP reaction) or exogenous MLV-RT. Synthesized cDNA was amplified by PCR with
primers binding to the 3‘end of L1 cDNA and the linker sequence. b 293T cells were transfected with an empty vector (pcDNA) or the L1 expression
vector pAD2TE1 together with expression plasmids for SAMHD1-myc T592A, SAMHD1-myc D207N, or ZAP-HA. Two days posttransfection, immunoblot
membranes were probed with anti-T7 antibody (ORF1p-T7), anti-myc antibody (SAMHD1), and anti-HA antibody (ZAP). The amount of ORF1p in RNP
samples after ultracentrifugation was determined by immunoblot using an anti-T7 antibody. c cDNA synthesized by either ORF2p or MLV-RT from L1
RNPs was analyzed by standard PCR with primers binding to the 3′ end of L1 and the linker sequence of the LEAP primer. Amplified PCR products
were visualized on a 2% agarose gel
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Fig. 8 (See legend on next page.)
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replication in the face of many different SAMHD1 mutants
and assay conditions is not feasible, we set up in vitro retro-
transposition reporter assays to clarify the mechanism of
L1 restriction by SAMHD1. Similar to the SAMHD1-
mediated block to HIV, we found that a functional HD
domain and intact cofactor binding sites are important for
L1 restriction confirming the functionality of SAMHD1 in
our in vitro test system.
Previously, it has been shown that the CDK1/2-medi-

ated phosphorylation of SAMHD1 regulates its anti-HIV
activity [16, 18, 19]. In contrast to the initial publication
by Zhao et al., our results show that the SAMHD1-medi-
ated restriction of retroelements in cycling cells is also
regulated by phosphorylation at threonine 592 (Fig. 1)
[24]. It is unclear, why wt SAMHD1 has been found to be
highly active against L1 in 293T cells in the initial publica-
tion [24]. It might be that the cells used in the previous
study were proliferating slower or were seeded at higher
density resulting in more cells in G1/G0 phase harboring
a dephosphorylated SAMHD1. Unfortunately, the authors
did not control the phosphorylation status of SAMHD1.
Interestingly, however, the authors did see a small increase
in the anti-L1 activity of SAMHD1 T592A compared to
wt SAMHD1 but did not comment on it, most likely due
to the limited resolution of the L1-GFP assay presented in
the manuscript. While endogenous SAMHD1 and
overexpressed SAMHD1 wt protein were found to be
phosphorylated and almost inactive, expression of the
phosphorylation-deficient SAMHD1 mutant T592A
blocked L1 retrotransposition efficiently. These results
imply that also in vivo SAMHD1 is only active
against L1 when it is not phosphorylated, most likely
in non-cycling cells. It will therefore be very interest-
ing in the future to analyze the phosphorylation
status of SAMHD1 in cell types, in which L1 has
been shown to be highly active in vivo, for example
in germline cells, during early embryogenesis, or in
neuronal precursor cells (reviewed in [47]).
In contrast to L1, we found that SAMHD1 T592A is

not able to restrict HIV reporter virus infectivity in

cycling 293T cells. This finding suggests that either both
pathogens are inhibited by different functions of
SAMHD1, or that the block to HIV is not active to its
full extent in cycling cells compared to non-cycling cells,
in which T592A has been shown to restrict HIV infec-
tion. Since SAMHD1 degrades intracellular dNTPs, we
analyzed the dNTP level in 293T cells lacking endogenous
SAMHD1 complemented with various SAMHD1 mu-
tants. We found that overexpression of SAMHD1 T592A
strongly reduced intracellular dNTP level in cycling 293T
cells, however, only to a level that still supports efficient
HIV RT (500–1000 nM) (Fig. 5) [48]. This finding might
explain the lack of anti-HIV activity of SAMHD1 in 293T
cells. Not much is known about the efficiency of the
reverse transcriptase activity of ORF2p; however, initial in
vitro results suggest a Km of OPF2p for the different
dNTPs between 0.38 μM and 0.83 μM [49]. Therefore,
also L1 ORF2p might not be affected by the low dNTP
level in SAMHD1-overexpressing 239 T cells. In line with
these results, we found that overexpression of SAMHD1
in 293T cells reduced the intracellular dNTP pool inde-
pendent of its phosphorylation status. SAMHD1 wt and
the phosphomimetic variant T592D, which both are not
or only minimally active against L1, reduced the amount
of dNTPs to the same level as SAMHD1 T592A. These
findings suggest that the block to L1 depends on the
dNTPase activity of SAMHD1 but at the same time is regu-
lated by a second, phosphorylation-dependent mechanism.
Hu and colleagues suggested that SAMHD1 promotes

stress granule information and induces the sequestration
of L1 RNPs through activation of the cytoplasmic stress
granule pathway [25]. However, we did not detect
enhanced stress granule formation upon transfection of
SAMHD1 T592A with or without L1 compared to con-
trol cells (Additional file 2: Figure S2). In addition, we
did not detect any differences in number or size of stress
granules between SAMHD wt and T592A transfected
cells suggesting that enhanced stress granule formation
is also not regulated by SAMHD1-phosphorylation (data
not shown).

(See figure on previous page.)
Fig. 8 SAMHD1 interacts with LINE-1. a 293T cells were transfected with the L1 expression vector pAD2TE1 together with plasmids encoding wt SAMHD1,
SAMHD1 T592A, or SAMHD1 T592D. Two days posttransfection, cells were lysed and ORF1p-T7 was precipitated using anti-T7 antibody coupled to magnetic
beads. The precipitates were analyzed by immunoblot. SAMHD1-myc, T592A-myc, and T592D-myc signals were quantified using AIDA Image Analyzer
software and normalized on the T7 signal in IP (bait) and the myc signal in WCL (input). b 293T cells were transfected with expression plasmids for L1
ORF1p-FLAG or ORF2p-3xFLAG together with empty vector (pcDNA) or SAMHD1 T592A. Two days posttransfection, cells were lysed and L1 proteins
were precipitated with anti-FLAG antibody coupled to magnetic beads. A representative quantification of the precipitated SAMHD1 T592A signal is
shown. HRP signals were quantified with AIDA Image analyzer software and normalized on bait signal and WCL input signal. c 293T cells
were transfected with a L1 expression plasmid together with empty vector (pcDNA), SAMHD1 T592A, or MOV10. Cells were lysed 2 days
posttransfection. Lysates were treated with either RNaseOUT or 15 μg/ml RNaseA prior to ORF1p-T7 precipitation using anti-T7 antibody
coupled to magnetic beads. d 293T cells were transfected with empty vector (pcDNA), L1 expression vector and expression plasmids for SAMHD1 wt,
T592A, or T592D. Cells were lysed 2 days posttransfection and SAMHD1 was precipitated with an anti-myc antibody coupled to magnetic beads.
Subsequently, MLV-RT and LEAP-RT reactions were performed and amplification products were visualized on a 2% agarose gel. Input protein content
was controlled by immunoblot. One out of three independent experiments is shown. WCL: Whole cell lysate, IP: immunoprecipitation
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Interestingly, we found that SAMHD1 co-precipitates
with L1 RNPs upon expression in 293T cells and that
SAMHD1 binds slightly more efficient to ORF2p than to
ORF1p. Since SAMHD1 is mostly nuclear our data hint
towards a direct interaction of SAMHD1 and ORF2p in
the nucleus. Unfortunately, we and others were not able
to detect L1 ORF2p in the nucleus of transfected cells
by immunofluorescence, most likely due to the low
expression levels of the enzyme [24, 25]. However, we
found that the active SAMHD1 mutant T592A is pulled
down by L1 RNPs more efficiently than wt or the
inactive T592D mutant, suggesting that the phosphoryl-
ation of SAMHD1 might regulate the interaction of
SAMHD1 with L1 (Fig. 8a). In addition, treating the pre-
cipitate with RNase left the interaction intact indicating
that SAMHD1 targets L1 protein rather than L1 RNA
(Fig. 8c). Together with the finding that an intact HD
domain and cofactor binding site are necessary for
restriction, our data suggest a model, in which only
unphosphorylated SAMHD1 binds L1 RNPs efficiently
within the nucleus and inhibits L1 elements by locally
depleting the dNTP pool in close proximity to L1
through its enzymatic dNTP hydrolase activity. Unfortu-
nately, it is rather difficult to analyze this locally-
confined activity in vitro. In the LEAP assay, for
example, the effect is cancelled out by adding exogenous
dNTPs in excess and ORF2p-RT is active despite the
presence of T592A (Fig. 7). A locally-confined depletion
of dNTPs would explain the necessity for an intact
dNTP hydrolase domain despite a relative small effect
on total dNTPs within the cell and the absence of a
difference between SAMHD1 T592A and T592D in
reduction of overall dNTPs. Interestingly, this model of
SAMHD1 activity would also be in line with findings
showing that the phosphorylation of SAMHD1 at T592
regulates its anti-HIV activity but not its dNTPase activity
[17, 50].

Conclusion
Altogether, our data suggest that SAMHD1 indeed joins
the ranks of the “guardians of the genome” and is able
to block the replication of endogenous retroelements
like L1. In contrast to previous publications, we found
that the enzymatic activity of SAMHD1 is important for
restriction and that the activity of SAMHD1 against ret-
rotransposons is regulated by phosphorylation at T592.
We also show that SAMHD1 directly interacts with L1
proteins and that this interaction is regulated by phos-
phorylation at T592. Our findings suggest that, in
addition to its dNTPase activity, the direct interaction
with L1 is important for efficient L1 restriction. With
regard to the phospho-specific regulation of SAMHD1, it
will be of high interest to determine in which cells
SAMHD1 is keeping L1 in check and how this is connected

to the role of SAMHD1 in preventing autoimmunity,
cancer development, and maintaining genome integrity.

Methods
Cell lines and cell culture
HEK 293T (293T), HeLa, HeLa HA [51], and U2OS cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, and
1 mM glutamine. 293T cells expressing shRNA targeting
SAMHD1 or control shRNA were generated by lentiviral
transduction. Three days postinfection, cells were selected
with 2.5 μg/ml puromycin and efficient knockdown of
SAMHD1 was confirmed by immunoblotting. Stable
shRNA expressing cells were cultivated in DMEM / 10%
FBS supplemented with 0.5 μg/ml puromycin.

Plasmids
For exogenous expression of 3′ myc-tagged human and
murine codon-optimized SAMHD1 proteins, wildtype
(wt) protein or the indicated SAMHD1 mutants were
cloned in the pcDNA6mycHis expression vector via
HindIII and XbaI (Invitrogen). Mutations in SAMHD1
were introduced by overlapping PCR mutagenesis. The
amplicons were digested with HindIII and XbaI. For
expression of FLAG-tagged L1 ORF1, a 3’ FLAG tag was
attached to ORF1 from the L1 subfamily RP by PCR.
The amplicon was digested and ligated to pcDNA3.1
vector (Invitrogen) via ApaI and NotI. To generate the
L1 reporter construct pAD2TE-O1F the T7 tag at the
carboxy-terminus of ORF1 in pAD2TE1 was replaced
with a FLAG tag by overlapping PCR. The resulting
PCR product was cloned into pAD2TE1 via AgeI and
BstZ17I. All constructs were validated by nucleotide
sequencing. For the GFP-based L1 retrotransposition
assay we used the retrotransposition-competent plasmid
99 PUR RPS EGFP based on L1-RP sequences and the
defective control construct 99 PUR JM111 EGFP as
described previously [39]. For the neomycin-based L1
retrotransposition assay, the plasmid pAD2TE1 was
used, which is based on L1–3.1 and encodes a T7-tagged
ORF1 and a TAP-tagged ORF2 protein [46, 52]. For the
neomycin-based Alu retrotransposition assay the AluY
reporter plasmid pAlutet was transfected together with
the L1 ORF2 expression plasmid pAD500 encoding a
3xFLAG-tagged ORF2 protein derived from the L1–3.1
sequence as described previously [30, 52]. For the
neomycin-based MusD and IAP replication assays we used
pGL3-IAP92L23neoTNF and pCMVmus-6-DneoTNF con-
taining a neomycin reporter cassette were used [40, 53]. To
assess L1 promoter activity the L1RP-luc plasmid expressing
the luciferase reporter gene under the control of the L1 pro-
moter was transfected in HEK293T cells. The expression
plasmid for human ZAP (pcDNA4-huZAP (L)-HA) was
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generated by Kerns and colleagues and acquired from
Addgene [54].

Retrotransposition assays
The L1-GFP reporter plasmids 99 PUR L1RP EGFP and
99 PUR JM111 EGFP (negative control) have been
described previously [39]. Both plasmids contain a
CMV-EGFP reporter cassette interrupted by an intron in
the opposite transcriptional orientation within the 3’
UTR. EGFP is used as a surrogate marker for successful
retrotransposition and is only expressed upon RNA
splicing, reverse transcription, and integration. The L1
reporter plasmid and the indicated SAMHD1 expression
vector or empty vector were transfected into 293T cells
at a molecular ratio of 3:1 using calcium phosphate.
Two days posttransfection, cells were selected by the
addition of 2.5 μg/ml puromycin. After 3 days, GFP-
positive cells were quantified by flow cytometry. For
neomycin-based retrotransposition assays, reporter plas-
mids for L1 (pAD2TE1), IAP (pGL3-IAP92L23neoTNF),
or MusD (pCMVmus-6-DneoTNF) were transfected into
HeLa cells together with empty vector or the indicated
SAMHD1 expression plasmid using Lipofectamine 2000
(Thermo Scientific). For the Alu retrotransposition
assay, HeLa HA cells were transfected with the AluY re-
porter plasmid (pAlutet), an ORF2p expression vector
(pAD500), and pcDNA-SAMHD1-myc or empty vector
using FuGENE HD transfection reagent (Promega).
Similar to the L1-GFP reporter construct, the neomycin
gene is interrupted by an intron in the opposite tran-
scriptional orientation and is only expressed after suc-
cessful retrotransposition. One day posttransfection,
cells were transferred into 10 cm dishes and after one or
2 days incubated with 500 μg/ml G418. After 10 days,
cells were fixed with 1% paraformaldehyde in PBS and
G418-resistant foci were stained with 0.1% crystal violet
in 10% ethanol. Stained foci were quantified using
ImageJ software (NIH).

Virus preparation and HIV-GFP infection assay
HIV-GFP reporter virus was produced in 293T cells by
cotransfection of an env-deficient reporter virus plasmid
(pNL43-E-CMV-GFP) and a vesicular stomatitis virus
glycoprotein expression plasmid (pVSV-G) at a mass
ratio of 4:1 using the calcium phosphate transfection
method. ShRNA-containing viral particles were pro-
duced by cotransfection of pVSV-G, the HIV packaging
plasmid pCMVdeltaR8.9, and the lentiviral vector pLKO.
1-puro encoding scrambled control shRNA or shRNA
targeting SAMHD1 (target sequence: GCAGATGACTA-
CATAGAGATT). Cell culture supernatant was
harvested 48 h posttransfection, passed through 0.4 μm
pore size filters and stored at − 80 °C. Reporter virus was
titrated on 293T cells and infectivity was determined

72 h postinfection by flow cytometry. Viral particles encod-
ing shRNA were quantified by p24 ELISA. In HIV-GFP
infection assays, 293T cells were transfected with empty
control vector or a vector encoding the indicated SAMHD1
proteins using calcium phosphate transfection. One day
posttransfection, 1 × 105 transfected cells were seeded
in 6-wells and infected with VSV-G-pseudotyped HIV-
GFP reporter virus at a MOI of 0.1, 0.3, and 0.7.
Three days postinfection, cells were harvested and
fixed with 2% paraformaldehyde. GFP-positive cells
were quantified by flow cytometry.

Immunoblot analysis
Cells were lysed in NP-40 lysis buffer (10 mM Tris-HCl
pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40, Halt
Protease Inhibitor). Lysates were quantified by Bradford
assay (Carl Roth). In general, 30 μg per sample were
separated by SDS-PAGE, transferred onto PVDF mem-
branes and probed with different primary antibodies. En-
dogenous SAMHD1 was probed with anti-SAMHD1
(3F5) antibody (novusbio); phosphorylated T592 was de-
tected with a pT592-SAMHD1-specific antibody (ProSci).
Myc-tagged proteins were probed with an anti-myc
(9B11) antibody (Cell Signaling), FLAG-tagged proteins
with anti-FLAG M2 antibody (Sigma), T7-tagged proteins
with anti-T7 antibodies (Novagen, Abcam), and HA-
tagged proteins with an anti-HA (16B12) antibody (Biole-
gend). To control for equal loading of cell lysates mem-
branes were probed with anti-HSP90 α/β antibody (Santa
Cruz). Subsequently, PVDF membranes were incubated
with anti-mouse or anti-rabbit HRP-labeled secondary anti-
bodies (Cell Signaling) and visualized using HRP substrate
on an Intas Advanced Fluorescence Imager (Intas).

Quantitative RT-PCR
Total RNA of 293T cells cotransfected with the L1
expression vector pAD2TE1 and the indicated SAMHD1
plasmids (ratio 3:1) was isolated at 12 h, 24 h, 36 h, and
48 h posttransfection using the NucleoSpin RNA Kit
(Macherey-Nagel) according to the supplier’s manual.
Then, 1 μg of purified, DNaseI-treated RNA was reverse
transcribed using an oligo-dT primer and Superscript II
reverse transcriptase (Life Technologies). Quantitative
PCR was performed in triplicates on an ABI Prism 7500
cycler (Applied Biosystems) using 100 ng cDNA, a
forward primer recognizing ORF1 (5′-gaaggaagcgctaaa-
catgg), and a reverse primer binding to the T7 tag region
(5′ cccatttgctgtccaccag) together with SYBR green
reagent (Life Technologies). Dilutions of the L1 expres-
sion plasmid pAD2TE1 served as standard curve.

LEAP assay
The principle of the LEAP assay has been described pre-
viously [46]. Here, 293T cells were cotransfected with
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the L1 expression plasmid pAD2TE1 and SAMHD1
plasmid or empty vector at a molecular ratio of 1:1 using
calcium phosphate transfection. Two days posttransfec-
tion, L1 ribonucleoprotein complexes (RNPs) were iso-
lated by ultracentrifugation (168.000 × g for 2 h at 4 °C)
through a 17% sucrose cushion. Precipitates containing
L1 RNPs were resuspended in nuclease-free H2O supple-
mented with Halt Protease Inhibitor and total protein
concentrations were adjusted to 1.5 mg/ml. To control
for successful precipitation, 30 μg of the RNP samples
were analyzed by immunoblot. Next, 45 μg of the RNP
sample were used for L1 RNA isolation using the
NucleoSpin RNA isolation kit (Macherey-Nagel) accord-
ing to the supplier’s manual. Extracted RNA was treated
with DNaseI using the DNA-free™ Kit (Life Technolo-
gies) according to the supplier’s manual. Of the isolated
RNA, 1 μg was reverse transcribed using a 3’-RACE
primer (5’-GCGAGCACAGAATTAATAC-GACTCAC-
TATAGGTTTTTTTTTTTTVN) and M-MLV RT (Pro-
mega). To analyze ORF2p-mediated reverse transcription
in vitro, 1.5 μg of the RNP precipitate together with 3’-
RACE primer were added to the RT reaction. RT products
generated by ORF2p or MLV RT were amplified using Phu-
sion DNA polymerase (Thermo Scientific) together with
the 3’-RACE outer primer (5’-GCGAGCACAGAATTAA-
TACGACT) and the 5′-L1 primer (5’-GGGTTCGAAATC-
GATAAGCTTGGATCCAGAC). PCR products were
separated on 2% agarose gels and visualized by the
QUANTUM ST5 imaging system (Peqlab).

L1 promoter assay
293T cells were transfected with the L1 promoter lucif-
erase reporter plasmid (L1RP-luc) together with empty
vector (pcDNA6mycHis) or SAMHD1 expressing vector
using calcium phosphate. Two days posttransfection,
cells were lysed with Cell Culture Lysis 5× reagent (Pro-
mega) and luciferase activity was quantified using com-
mercially available components (Promega).

Immunofluorescence analysis
For immunofluorescence analysis adherent 293T, HeLa
HA, or U2OS cells were grown on coverslips in 24-well
dishes. In case of 293T cells, coverslips were pre-coated
with poly-lysine (Millipore). 293T cells were transfected
using Lipofectamine 2000 (Thermo Scientific); HeLa HA
and U2OS cells were transfected using FuGENE HD
(Promega). Cells were transfected with pAD2TE-O1F to-
gether with empty vector or pcDNA6mycHis-SAMHD1
(molecular ratio 1:1). Two days posttransfection, cells
were fixed with 4% paraformaldehyde and permeabilized
using 0.4% saponin in PBS for 20 min at 4 °C. Anti-
bodies were diluted in PBS containing 0.4% saponin and
1% FBS. SAMHD1-myc was detected with using a myc-
Alexa488 antibody (1:250 dilution), ORF1p was probed

with anti-FLAG M2 antibody (1:500 dilution) (Sigma)
and a corresponding anti-mouse Alexa488 secondary
antibody (Cell Signaling). Endogenous G3BP1 was
probed with a primary anti-G3BP1 antibody (1:1000
dilution) (Proteintech) and a corresponding anti-rabbit
Alexa647 secondary antibody (Cell Signaling).

Immunoprecipitation assays
293T cells were lysed 48 h posttransfection in 160 mM
NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 0.
25% NP-40, supplemented with Halt Protease Inhibitor,
1 mM PMSF (Sigma), and RNaseOUT (Life Technologies).
RNase inhibitors were omitted from samples treated with
15 μg/ml RNaseA (Life Technologies). FLAG- or T7-tagged
L1 proteins were immunoprecipitated with anti-FLAG M2
(Sigma) or anti-T7 (Novagen) monoclonal antibodies
coupled to magnetic beads (Dynabeads, Thermo Fisher).
Precipitated proteins were separated by SDS page and
transferred onto PVDF membranes and probed with anti-
myc (9B11) antibody (Cell Signaling) anti-FLAG M2
(Sigma), or anti-T7 antibody (Novagen). Next, membranes
were incubated with anti-mouse HRP light chain-specific
or anti-rabbit HRP conformation-specific secondary anti-
bodies (Cell Signaling). For immunoprecipitation of
SAMHD1 combined with subsequent LEAP reaction
(LEAP-IP), 293T cells transfected with pAD2TE1 and
SAMHD1-myc or empty vector were lysed and myc-tagged
SAMHD1 was precipitated using anti-myc antibody bound
to magnetic beads (Cell Signaling). The beads harboring
SAMHD1 and L1 RNPs were eluted in MLV-RT buffer
(Promega). Samples for LEAP reaction were directly
subjected to reaction, samples for MLV-RT reactions were
incubated for 10 min at 95 °C. LEAP and MLV-RT
reactions were performed as described above.

Intracellular dNTP quantification
Intracellular dNTP levels were quantified by two differ-
ent approaches, liquid chromatography-tandem mass
spectrometry analysis and dNTP incorporation assay. In
both cases, 293T cells expressing shRNA targeting
SAMHD1 were transfected with the different SAMHD1
mutants using the calcium phosphate method. Quantifi-
cation of dNTPs by liquid chromatography-tandem mass
spectrometry has been described previously [42, 55].
Here, 1 × 106 cells were pelleted, lysed and the
analytes were extracted by protein precipitation.
Samples were chromatographically separated using an
anion exchange HPLC column and analyzed in a 500
QTrap mass spectrometer. The calibration ranges in
the injected solution were 4–1000 ng/ml for dTTP
and dCTP, 2–500 ng/ml for dATP, and 4–500 ng/ml
for dGTP. Quantification by the dNTP incorporation
assay was performed as described previously [8, 56].
Briefly, the lysates of 2 × 106 transfected cells were
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incubated with 5’ P32-labeled 23-mer oligonucleotides
annealed to one of four distinct 24-mer templates
with a single nucleotide overhang (A, C, G, or T).
The template/primer was incubated with extracted
cellular dNTPs and purified HIV-1 RT. Reactions
were resolved by 20% Urea-PAGE and single nucleotide
incorporation was quantified by analyzing P32-containing
oligomers.

Additional files

Additional file 1: Figure S1. SAMHD1 T592A blocks LINE-1 replication
in cycling cells. Same experiment as in Fig. 1, however, the mean of three
independent experiments normalized on pcDNA transfected cells is
shown. Error bars represent the standard deviation of the mean. Statistical
analysis was performed using one way ANOVA followed by Tukey’s multiple
comparison test. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. One
out of three independent experiments is shown. (PDF 16 kb)

Additional file 2: Figure S2. SAMHD1 T592A does not promote stress
granule formation. (A) 293T cells were transfected with empty vector
(pcDNA) or the non-phosphorylated SAMHD1-myc mutant T592A. Two
days posttransfection, cells were probed with antibodies targeting the
myc-tag (red) or endogenous G3BP1 as stress granule marker (cyan). As a
positive control for stress granule formation, pcDNA-transfected cells
were treated with 0.5 mM As2O3 for 1 h at 37 °C prior to fixation. Slides
were analyzed by confocal microscopy. (B) 293T cells were transfected
with the L1 expressions vector pAD2TE-O1F, encoding ORF1p-FLAG, or
an expression vector for ORF1-FLAG alone together with empty vector
(pcDNA) or SAMHD1-myc T592A. Two days posttransfection, cells were
probed with antibodies targeting for ORF1-FLAG (green), SAMHD1-myc T592A
(red), or the endogenous stress granule marker G3BP1 (cyan). Cells were ana-
lyzed by confocal microscopy. (C) A number of 100 cells for each transfection
was examined to score stress granule (SG)-positive and –negative cells. The
results are summarized in bar graphs. HeLa HA cells (D) or U2OS cells (E) were
transfected with either an empty vector alone (pcDNA) or together with the
constitutively active, non-phosphorylated SAMHD1 mutant (T592A). Two days
posttransfection, cells were probed with anti-myc antibody targeting SAMHD1
T592A (red) or antibody targeting endogenous G3BP1 (cyan). Cells were
analyzed by confocal microscopy. (PDF 203 kb)
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