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Sterile alpha motif and HD domain-containing protein 1
(SAMHD1) is a deoxynucleoside triphosphohydrolase (dNT-
Pase) with a nuclear localization signal (NLS). SAMHD1 sup-
presses innate immune responses to viral infection and
inflammatory stimuli by inhibiting the NF-�B and type I
interferon (IFN-I) pathways. However, whether the dNTPase
activity and nuclear localization of SAMHD1 are required for
its suppression of innate immunity remains unknown. Here,
we report that the dNTPase activity, but not nuclear localiza-
tion of SAMHD1, is important for its suppression of innate
immune responses in differentiated monocytic cells. We
generated monocytic U937 cell lines stably expressing WT
SAMHD1 or mutated variants defective in dNTPase activity
(HD/RN) or nuclear localization (mNLS). WT SAMHD1 in
differentiated U937 cells significantly inhibited lipopoly-
saccharide-induced expression of tumor necrosis factor �
(TNF-�) and interleukin-6 (IL-6) mRNAs, as well as IFN-�,
IFN-�, and TNF-� mRNA levels induced by Sendai virus
infection. In contrast, the HD/RN mutant did not exhibit this
inhibition in either U937 or THP-1 cells, indicating that the
dNTPase activity of SAMHD1 is important for suppressing
NF-�B activation. Of note, in lipopolysaccharide-treated or
Sendai virus–infected U937 or THP-1 cells, the mNLS variant
reduced TNF-� or IFN-� mRNA expression to a similar
extent as did WT SAMHD1, suggesting that SAMHD1-medi-
ated inhibition of innate immune responses is independent of
SAMHD1’s nuclear localization. Moreover, WT and mutant
SAMHD1 similarly interacted with key proteins in NF-�B
and IFN-I pathways in cells. This study further defines the

role and mechanisms of SAMHD1 in suppressing innate
immunity.

SAMHD1 is a dNTPase3 that reduces intracellular deoxy-
nucleoside triphosphate (dNTP) levels (1, 2). The enzymatic
sites responsible for dNTP hydrolysis are in the HD domain, and
the SAMHD1 active site mutant (H206R and D207N) known as
HD/RN was demonstrated to lack dNTPase activity (3). The
majority of SAMHD1 is localized in the nucleus (4), with only a
small portion detectable in the cytoplasm (5, 6). The nuclear local-
ization signal (NLS) of SAMHD1 at the N terminus has been iden-
tified as 11KRPR14 (5, 7, 8). The SAMHD1 mutation of three amino
acids of this motif except Pro-13 to alanine results in SAMHD1
localization only in the cytoplasm although retaining catalytic
activity, and hence can also deplete the intracellular dNTP pool (7).

SAMHD1 is a broad viral restriction factor in nondividing
immune cells. HIV-1 infection is restricted by SAMHD1 in non-
dividing myeloid cells (9, 10) and resting CD4� T cells (6, 11).
SAMHD1 can also block infections of other retroviruses, such as
feline immunodeficiency virus, murine leukemia virus, equine
infectious anemia virus, and human T cell leukemia virus type 1
(12, 13). Furthermore, SAMHD1 can block the infections of sev-
eral DNA viruses, including hepatitis B virus, vaccinia virus, and
herpes simplex virus type I in noncycling myeloid cells (14–17).
Interestingly, viral proteins are able to counteract SAMHD1-me-
diated restriction of viral infections. The Vpx protein from HIV-2
and Vpx/Vpr of certain lineages of simian immunodeficiency
viruses target SAMHD1 for degradation through the ubiquitin
proteasome pathway (9, 10, 18). SAMHD1-mediated restriction of
Epstein-Barr virus infection is also antagonized by a conserved
viral protein kinase (BGLF4) encoded by all herpesviruses (19).
These results indicate that SAMHD1 plays a significant role in
host-virus interactions during viral infections.
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Upon viral infection, the innate immune response is the first
line of defense. The NF-�B family of transcription factors and
interferon regulatory factors (IRFs) are major regulators of
innate immune responses (20, 21). NF-�B inhibitor � (IkB�) is
phosphorylated and then degraded to release the p105/p65
complex, which is subsequently processed into p50/p65 and
translocated to the nucleus to activate the transcription of
NF-�B-responsive genes (22). IRF3/7 can be phosphorylated by
inhibitor of NF-�B kinase subunit epsilon (IKK�), and then
forms homodimers to translocate into the nucleus to activate
the interferon-sensitive responsive element (ISRE) (23). The
activation of NF-�B and IFN-I pathway leads to the expression
of proinflammatory cytokines such as TNF-� and IL-6, and
IFN-I, which may inhibit viral infections.

SAMHD1 acts as a negative regulator of innate immunity
(24). Homozygous mutations of SAMHD1 can cause autoim-
mune diseases such as Aicardi-Goutières syndrome and sys-
temic lupus erythematosus (4, 25, 26). These patients can have
increased levels of IFN-I or IFN-inducible gene expression (4,
27), suggesting that SAMHD1 is a negative regulator of innate
immunity. Moreover, SAMHD1 acts at stalled replication forks
to restart DNA replication resulting in prevention of IFN-I
induction (28). We have reported that SAMHD1 suppresses
innate immune responses to viral infection and inflammatory
stimuli by inhibiting the NF-�B and IFN-I pathways (29).
Knockdown of SAMHD1 by siRNA in primary human macro-
phages increased TNF-�, IL-6, IFN-�, and IFN-� mRNA levels
after SeV infection, indicating SAMHD1 inhibits NF-�B activa-
tion and IFN-I induction (29).

To analyze the correlation between SAMHD1-mediated
suppression of innate immune responses and its dNTPase
activity, we overexpressed WT SAMHD1 and the HD/RN
mutant in dividing HEK293T cells and found that both can
inhibit IL-1�-induced NF-�B activation and IRF7-mediated
ISRE activity (29). These results suggest that SAMHD1 inhibi-
tion of NF-�B activation and IFN-I induction is independent of
its dNTPase activity in dividing cells. However, it remains
unknown whether the dNTPase activity and nuclear localiza-
tion of SAMHD1 are important for its suppression of innate
immune responses in nondividing cells.

In this study, we found that WT SAMHD1, but not mutant
HD/RN, suppressed NF-�B activation and IFN-I induction in
differentiated monocytic U937 and THP-1 cells in response to
lipopolysaccharide (LPS) treatment or SeV infection. These
new data suggest that dNTPase activity, but not nuclear local-
ization of SAMHD1, is important for its suppression of innate
immunity in response to inflammatory stimulation and viral
infection in nondividing monocytic cells. Our findings provide
new insights into better understanding the immunoregulation
function of SAMHD1.

Results

Inhibition of LPS-induced NF-�B activation by SAMHD1
requires its dNTPase activity

We reported that WT SAMHD1-mediated NF-�B activation
is independent of its dNTPase activity in dividing HEK293T
cells (29). However, it remains unclear whether SAMHD1-me-

diated suppression of NF-�B activation is specific for nondivid-
ing cell types. SAMHD1 is responsible for down-regulation of
dNTP levels by its dNTPase activity in nondividing cells (1, 2).
Monocytic U937 cells lacking endogenous SAMHD1 protein
have been extensively used in functional and mechanistic stud-
ies of WT SAMHD1 or other SAMHD1 variants upon exoge-
nous expression (1, 10, 29 –34).

To investigate the correlation between SAMHD1-mediated
inhibition of NF-�B activation and its dNTPase activity in non-
dividing cells, we first generated monocytic U937 cells stably
expressing WT SAMHD1 or the HD/RN mutant by lentiviral
transduction. SAMHD1 mutant HD/RN is defective for dNT-
Pase activity (3). To differentiate U937 cells and induce expres-
sion of WT SAMHD1 or the HD/RN mutant, we treated cells
with phorbol 12-myristate 13-acetate (PMA). To validate the
dNTPase activity of WT SAMHD1 and HD/RN in differenti-
ated U937 cells, intracellular dNTP levels were measured. We
found that WT SAMHD1, but not HD/RN, significantly
reduced intracellular dNTP levels compared with vector con-
trol cells (Fig. 1A), confirming that HD/RN has no dNTPase
activity.

To examine whether the dNTPase activity of SAMHD1 is
important for its inhibition of NF-�B pathway in nondividing
cells, we treated PMA-differentiated U937 cells with LPS for
6 h. Immunoblotting confirmed comparable WT SAMHD1
and HD/RN expression levels independently of LPS treatment
(Fig. 1B). We analyzed expression level of phosphorylated IkB�
(p-IkB�) as a marker of NF-�B activation. The expression levels
of p-IkB� were normalized to total IkB�, and increased slightly
after LPS treatment in vector control U937 cells (Fig. 1B), indi-
cating activation of the NF-�B pathway. Of note, p-IkB�
expression level was reduced by WT SAMHD1 in LPS-treated
cells relative to vector control cells (Fig. 1B), which is consistent
with our previous study (29). In contrast, HD/RN mutant did
not significantly reduce p-IkB� levels after LPS treatment rela-
tive to vector control cells (Fig. 1B).

Next, we measured mRNA levels of the NF-�B-dependent
genes TNF-� and IL-6 in cells treated with LPS or mock treated.
We found that after LPS treatment WT SAMHD1 reduced
TNF-� and IL-6 mRNA levels by �2.4-fold and �6-fold,
respectively, compared with vector control cells (Fig. 1, C and
D). These data suggest that WT SAMHD1 suppresses LPS-in-
duced NF-�B activation, in line with our previous study (29).
However, the HD/RN mutant was not able to inhibit TNF-�
and IL-6 mRNA levels after LPS treatment compared with vec-
tor control cells (Fig. 1, C and D, respectively), indicating that
dNTPase activity of SAMHD1 is important for its suppression
of NF-�B activation induced by LPS in nondividing monocytic
cells.

SAMHD1-mediated suppression of SeV infection–induced
NF-�B and IFN-I activation requires its dNTPase activity

To examine the importance of dNTPase activity of SAMHD1
in its suppression of NF-�B and IFN-I activation induced by
viral infection in nondividing cells, we infected PMA-differen-
tiated U937 cells with SeV, an RNA virus that activates both
NF-�B and IFN-I pathways (29). We observed p-IkB� expres-
sion levels increased in vector control cells at 6 h post SeV
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Figure 1. Inhibition of LPS-induced NF-�B activation by SAMHD1 requires its dNTPase activity in differentiated U937 cells. U937 cells stably
expressing WT SAMHD1 or HD/RN mutant were differentiated with PMA (100 ng/ml) for 24 h and then recovered in fresh medium for another 24 h. A,
after differentiation, intracellular dNTP levels were measured. WT SAMHD1 but not HD/RN reduces cellular dNTP levels in differentiated U937 cells.
Results are shown as mean � S.D. Statistical significance was determined by unpaired Student’s t test; **, p � 0.01 compared with the vector control.
B–D, differentiated U937 cells were treated with LPS (100 ng/ml) or mock treated for 6 h. Cells were collected, and cell lysates were analyzed by
immunoblotting (IB) to test the expression levels of HA-tagged SAMHD1, total and phosphorylated IkB� (p-IkB�). GAPDH was a loading control when
quantifying relative p-IkB�/IkB� levels (B). Relative mRNA levels of TNF-� (C) and IL-6 (D) in cell pellets were measured by RT-PCR. Results are shown as
mean � S.D. Statistical significance was determined using unpaired Student’s t test; *, p � 0.05; **, p � 0.01 compared with vector controls. The results
are representative of three independent experiments.

Figure 2. SAMHD1-mediated suppression of SeV infection–induced NF-�B activation and IFN-I induction requires its dNTPase activity in differenti-
ated U937 cells. Differentiated U937 cells stably expressing WT SAMHD1 or HD/RN were infected with SeV at the m.o.i. of 10 for 6 h or mock infected. A, Cell
lysates were used to test the expression levels of HA-tagged SAMHD1, total and phosphorylated IkB�, and GAPDH by SDS-PAGE. Dimerization of IRF7 was also
tested in native PAGE separately. B and C, dNTPase activity of SAMHD1 is needed for suppressing NF-�B activation and IFN-I induction after SeV infection.
Relative mRNA levels of TNF-� (B), IFN-� (C), and IFN-� (C) in cell pellets were measured by RT-PCR. D, IFN-� protein levels in the supernatants were tested after
24 h SeV infection. Results are shown as mean � S.D. Statistical significance was determined by unpaired Student’s t test; *, p � 0.05; **, p � 0.01 compared with
vector controls. The results are representative of three independent experiments.
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infection (Fig. 2A), indicating the activation of the NF-�B path-
way. We also tested the dimerization of IRF7 in cells as a marker
of activation of the IFN-I pathway. We found significant
increases in the dimerization of IRF7 after SeV infection in vec-
tor control cells (Fig. 2A), indicating the activation of the IFN-I
pathway. Interestingly, WT SAMHD1 significantly reduced
p-IkB� expression levels and IRF7 dimerization after SeV infec-
tion compared with vector control cells (Fig. 2A), indicating
that WT SAMHD1 inhibits NF-�B and IFN-I activation after
viral infection in differentiated monocytic cells. Of note,
expression levels of p-IkB� and dimerization of IRF7 were not
inhibited significantly by HD/RN mutant relative to vector con-
trol after SeV infection (Fig. 2A).

We then measured TNF-� mRNA levels in cells infected with
SeV or mock infected. We found that WT SAMHD1 reduced
TNF-� mRNA levels by �4-fold after SeV infection relative to
vector control cells, whereas the HD/RN mutant did not (Fig.
2B). These results suggest that dNTPase activity of SAMHD1 is
necessary for its suppression of NF-�B activation induced by
viral infection in differentiated monocytes.

We further measured mRNA levels of IFN-� and IFN-�
after SeV infection as indicators of the activation of IFN-I
pathway. Compared with vector control cells, we observed
after SeV infection WT SAMHD1, but not HD/RN, reduced
IFN-� and IFN-� mRNA levels by �2.5-fold and �2-fold,
respectively (Fig. 2C). Moreover, WT SAMHD1, but not
HD/RN, significantly decreased IFN-� protein levels in the
supernatants from SeV-infected differentiated U937 cells
relative to vector control cells (Fig. 2D). These data suggest
that the dNTPase activity of SAMHD1 is important for its
suppression of IFN-I induction after viral infection in differ-
entiated monocytic cells.

Nuclear localization of SAMHD1 is not required for its
suppression of NF-�B activation and IFN-I induction in
differentiated U937 cells

Our previous studies suggest that the mechanism of the sup-
pression of innate immune responses by SAMHD1 is through
the interactions with the key proteins in the NF-�B pathway
(such as IkB�) or in the IFN-I pathway (such as IRF7), resulting
in the inhibition of the phosphorylation of IkB� and IRF7 (29).
The majority of endogenous SAMHD1 is located in the nucleus
and cytoplasmic SAMHD1 is also reported (5, 6). Our previous
studies have not defined whether nuclear or cytoplasmic
SAMHD1 is responsible for its suppression of innate immune
responses. We hypothesize that SAMHD1-mediated suppres-
sion of innate immune responses occurs in the cytoplasm,
and nuclear localization of SAMHD1 is not required for the
suppressive effect. To test our hypothesis and to better
understand the underlying mechanism driving the suppres-
sion, we mutated the NLS from 11KRPR14 in WT SAMHD1 to
11AAPA14 (mNLS) which results in cytoplasmic localization
(5). We then generated U937 cells stably expressing mNLS, and
examined its localization in PMA-differentiated cells by immu-
nofluorescence microscopy. We observed that the mNLS was
only localized in the cytoplasm without overlapping with DAPI
(Fig. 3A). However, some WT SAMHD1 signal overlapped with
DAPI, indicating nuclear localization only, and others through-

out the whole cells (Fig. 3A). We then counted 100 cells and
analyzed SAMHD1 localization. The mNLS was exclusively
cytoplasmic, whereas about half (43%) WT SAMHD1 was only
nuclear, and the remaining (57%) was in both nucleus and cyto-
plasm (Fig. 3B).

To examine whether nuclear localization of SAMHD1 is
required for its suppression of LPS-induced NF-�B activa-
tion in nondividing cells, we treated PMA-differentiated
U937 cells with LPS to activate NF-�B signaling. Compara-
ble expression levels of WT SAMHD1 and mNLS were
obtained with or without LPS treatment (Fig. 3C). TNF-�
mRNA levels were reduced by both WT SAMHD1 and
mNLS after LPS treatment relative to vector control cells
(Fig. 3D), suggesting that nuclear localization of SAMHD1 is
not required for its suppression of LPS-induced NF-�B acti-
vation in differentiated U937 cells.

To demonstrate whether NLS of SAMHD1 is required for its
suppression of SeV infection–induced IFN-I induction in non-
dividing cells, we infected PMA-differentiated U937 cells with
SeV. WT SAMHD1 and mNLS had comparable expression lev-
els with or without SeV infection (Fig. 3E). Both WT SAMHD1
and mNLS reduced IFN-� mRNA levels after SeV infection
relative to vector control cells (Fig. 3F), suggesting that nuclear
localization of SAMHD1 is not required for its suppression of
IFN-I induction induced by viral infection in differentiated
U937 cells.

Reconstitution of WT SAMHD1, but not HD/RN, in THP-1/KO
cells suppresses NF-�B activation

We previously generated SAMHD1-knockout monocytic
THP-1 cell lines (THP-1/KO) and characterized their phono-
types (34). Reconstitution of WT SAMHD1 or SAMHD1
mutants in THP-1/KO cells is an important approach to further
validate our above results from differentiated U937 cells.
Therefore, we reconstituted WT SAMHD1 or HD/RN in THP-
1/KO cells by retroviral transduction. To verify the reconsti-
tuted cells, we first tested the intracellular dNTP levels and
observed that reconstitution of WT SAMHD1 but not HD/RN
reduced intracellular dNTP levels in differentiated THP-1/KO
cells compared with vector control cells (Fig. 4A), indicating
that HD/RN has no dNTPase activity. We then examined the
expression levels of WT SAMHD1 and HD/RN after reconsti-
tution in the differentiated THP-1/KO cells. We obtained com-
parable expression levels of WT SAMHD1 and HD/RN with or
without LPS treatment (Fig. 4B).

To examine whether dNTPase activity of SAMHD1 also
correlates with its suppression of NF-�B activation in non-
dividing monocytic cells, we treated PMA-differentiated
THP-1 cells with LPS to activate NF-�B signaling. Compared
with vector control cells, a 13- and 32-fold reduction of
TNF-� and IL-6 mRNA levels was observed by reconstitut-
ing WT SAMHD1 after LPS treatment, respectively (Fig. 4, C
and D). However, reconstitution of HD/RN had no effect on
TNF-� and IL-6 mRNA levels compared with vector control
cells (Fig. 4, C and D, respectively). These results indicate
that dNTPase activity of SAMHD1 is important for its sup-
pression of LPS-induced NF-�B activation in differentiated
monocytic cells.
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Reconstitution of WT SAMHD1 or mNLS suppresses innate
immune responses in differentiated THP-1/KO cells

To validate our results observed in differentiated U937
cells using a different monocytic cell line, we reconstituted
SAMHD1 WT or mNLS in THP-1/KO cells by retroviral trans-
duction. Immunofluorescence microscopy was conducted to
verify SAMHD1 localization. The results showed that WT
SAMHD1 was in the nucleus, whereas mNLS was in the cyto-
plasm of PMA-differentiated THP-1/KO cells after SAMHD1
reconstitution (Fig. 5A).

To validate that SAMHD1-mediated inhibition of NF-�B
activation is independent of its nuclear localization in nondi-
viding cells, we treated PMA-differentiated THP-1/KO cells

with LPS for 6 h, and observed comparable expression levels of
reconstituted WT SAMHD1 and mNLS (Fig. 5B, bottom blots).
We found that reconstitution of WT SAMHD1 or mNLS in
THP-1/KO cells decreased TNF-� mRNA levels relative to vec-
tor control cells (Fig. 5B, top bar chart), indicating that nuclear
localization of SAMHD1 is not required for its suppression of
NF-�B activation in differentiated THP-1 cells.

Next, we infected the PMA-differentiated THP-1/KO cells
expressing WT SAMHD1 or mNLS with SeV and examined the
effect on NF-�B activation and IFN-I induction. After SeV
infection, we observed comparable expression levels of WT
SAMHD1 and mNLS (Fig. 5C). TNF-� and IFN-I mRNA levels
were examined as indicators of NF-�B activation and IFN-I

Figure 3. Nuclear localization of SAMHD1 is not required for its suppression of NF-�B activation and IFN-I induction in differentiated U937 cells. U937
cells stably expressing WT SAMHD1 or mNLS variant were differentiated with PMA (100 ng/ml) for 24 h and then recovered in fresh medium for another 24 h.
A, mNLS is only localized in the cytoplasm in differentiated U937 cells. Differentiated U937 cells were fixed and stained with HA antibody and DAPI staining. The
images shown are from one representative experiment. Red, HA-tagged SAMHD1; blue, DAPI. Scale bars, 15 �m. B, one hundred WT SAMHD1- or mNLS-
expressing cells were examined, counted, and scored according to the visual localization. C and D, nuclear localization of SAMHD1 is not required for its
suppression of LPS-induced NF-�B activation. Differentiated U937 cells were treated with 100 ng/ml LPS or mock treated for 6 h. C, cell lysates were used to test
expression levels of HA-tagged SAMHD1, total and phosphorylated IkB� by IB. GAPDH was a loading control. D, relative mRNA levels of TNF-� were measured
by RT-PCR. Results are shown as mean � S.D. E and F, nuclear localization of SAMHD1 is not required for its suppression of SeV infection–induced IFN-I
induction. Differentiated U937 cells were infected with SeV for 6 h (m.o.i. of 10). After infection, cells were collected. E, cell lysates were used to test expression
levels of HA-tagged SAMHD1, total and phosphorylated IkB� by IB. GAPDH was a loading control. F, relative IFN-� mRNA levels were quantified by RT-PCR.
Results are shown as mean � S.D. Statistical significance in D and F was determined by unpaired Student’s t test; *, p � 0.05; **, p � 0.01 compared with vector
controls with LPS treatment or SeV infection. The results are representative of three independent experiments.
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induction by SeV infection, respectively. The results showed
that reconstituted WT SAMHD1 or mNLS significantly inhib-
ited expression of TNF-�, IFN-�, and IFN-� mRNA in differen-
tiated THP-1/KO cells compared with vector control cells (Fig.
5, D–F, respectively). These results further demonstrated that
nuclear localization of SAMHD1 is not required for its suppres-
sion of innate immune responses to viral infection in differen-
tiated monocytic cells.

SAMHD1 suppresses NF-�B activation and IFN-I induction
independently of its nuclear localization in dividing HEK293T
cells

In our previously published studies, we found that SAMHD1
inhibits NF-�B activation and IFN-I induction independently
of its dNTPase activity in dividing HEK293T cells (29). How-
ever, in this study we showed that dNTPase activity of
SAMHD1 correlates with its suppression of NF-�B activation
and IFN-I induction in differentiated monocytic cells. This

suggests that the correlation between dNTPase activity of
SAMHD1 and its suppression of innate immunity differs in
dividing cells relative to nondividing cells. We also showed that
nuclear localization of SAMHD1 is not required for its suppres-
sion of NF-�B activation and IFN-I induction in differentiated
monocytic cells. However, the requirement of nuclear localiza-
tion of SAMHD1 in dividing HEK293T cells remains unknown.
Because HEK293T cells express a very low level of endoge-
nous SAMHD1 (35), WT SAMHD1 or mNLS was overex-
pressed in HEK293T cells to examine whether nuclear local-
ization of SAMHD1 is required for suppressing the innate
immune responses. Immunofluorescence results showed
that WT SAMHD1 was exclusively localized in the nucleus,
whereas the mNLS was only in the cytoplasm of HEK293T
cells (Fig. 6A).

To test whether nuclear localization of SAMHD1 is required
for its suppression of NF-�B activation in HEK293T cells, we
co-expressed HA-tagged WT SAMHD1 or mNLS, together

Figure 4. Reconstitution of WT SAMHD1 in differentiated THP-1/KO cells suppresses NF-�B activation. THP-1/KO cells were transduced with a Lvx vector
(Lvx), or SAMHD1 WT or HD/RN expressing lentiviruses. The reconstituted THP-1/KO cells were differentiated with PMA (30 ng/ml) for 24 h to induce WT
SAMHD1 or HD/RN expression. A, after differentiation, intracellular dNTP levels were measured. Reconstitution of WT SAMHD1, but not HD/RN, in THP-1/KO
cells reduces intracellular dNTP levels. Results are shown as mean � S.D. Statistical significance was determined by unpaired Student’s t test; *, p � 0.05
compared with the vector control. B–D, the differentiated cells were treated with LPS (100 ng/ml) or mock treated. After 6-h treatment, cells were collected and
cell lysates were analyzed by IB to measure the expression levels of WT SAMHD1 or HD/RN. GAPDH was a loading control (B). Relative mRNA levels of TNF-� (C)
and IL-6 (D) in the cell pellets were also measured by RT-PCR. Results are shown as mean � S.D. Statistical significance was determined using unpaired Student’s
t test; **, p � 0.01; ***, p � 0.001 compared with vector controls. The results are representative of three independent experiments.
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with an NF-�B-luciferase reporter in HEK293T cells. The cells
were then treated with IL-1� to activate NF-�B signaling. We
observed comparable expression levels of WT SAMHD1 and
mNLS after IL-1� treatment (Fig. 6B). We also found that high
levels of WT SAMHD1 and mNLS reduced NF-�B activity
induced by IL-1� treatment relative to vector control cells (Fig.
6B), suggesting that nuclear localization of SAMHD1 is not
required for its inhibition of NF-�B activation in dividing
HEK293T cells.

Furthermore, to test the requirement of nuclear localization
of SAMHD1 in its inhibition of IFN-I induction in dividing
cells, we co-expressed WT SAMHD1 or mNLS, together with
IRF7 and an ISRE reporter in HEK293T cells. Comparable
expression levels of WT SAMHD1 and mNLS were observed as
well as IRF7 expression levels (Fig. 6C). We also examined ISRE
activity and found that mNLS variant and WT SAMHD1 simi-

larly reduced IRF7-mediated ISRE activity relative to vector
control cells (Fig. 6D), suggesting that nuclear localization of
SAMHD1 is not required for its suppression of IFN-I induction
in dividing HEK293T cells.

SAMHD1 mNLS and HD/RN variants interact with key proteins
in both NF-�B and IFN-I pathways in HEK293T cells

We reported interactions between WT SAMHD1 and key
proteins in both the NF-�B and IFN-I pathways, such as p100,
IRF7, and IKK� (29). Our previous and current results showed
that SAMHD1 suppresses NF-�B activation and IFN-I induc-
tion independently of its dNTPase activity and nuclear localiza-
tion in dividing HEK293T cells (29). We hypothesize the inde-
pendence of dNTPase activity and nuclear localization of
SAMHD1 in dividing HEK293T cells is because of the interac-
tions between SAMHD1 variant HD/RN or mNLS and the key

Figure 5. Reconstitution of WT SAMHD1 or mNLS variant suppresses innate immune responses in differentiated THP-1/KO cells. THP-1/KO cells were
transduced with Lvx (empty vector), WT SAMHD1, or mNLS expressing lentiviruses. The reconstituted THP-1/KO cells were differentiated with PMA (30 ng/ml)
for 24 h. A, SAMHD1-reconstituted THP-1/KO cells were fixed and immunofluorescence assay was conducted with SAMHD1 and DAPI staining. Green, SAMHD1;
blue, DAPI. Scale bars, 15 �m. B, the differentiated cells were treated with LPS (100 ng/ml) or mock treated. After 6-h treatment, cells were collected, and cell
lysates were used to analyze expression levels of WT SAMHD1 or mNLS with a SAMHD1-specific antibody (bottom blots). GAPDH was the loading control. TNF-�
mRNA levels in the cells were measured by RT-PCR. C–F, the differentiated cells were infected with SeV for 6 h (m.o.i. of 10). After infection, cells were collected,
and cell lysates were analyzed for expression levels of SAMHD1. GAPDH was used as loading control (C). TNF-� (D), IFN-� (E), and IFN-� (F) mRNA levels in the
cells were measured by RT-PCR. Results are shown as mean � S.D. Statistical significance was determined using unpaired Student’s t test; *, p � 0.05; **, p � 0.01
compared with vector controls. The results are representative of three independent experiments.
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proteins, such as p100, IRF7, and IKK�, in both NF-�B and
IFN-I pathways. To test whether overexpressed HD/RN and
mNLS are able to interact with p100, IRF7 and IKK�, we co-ex-
pressed HA-tagged SAMHD1 WT, variant HD/RN or mNLS,
and p100 or IRF7 or IKK� in HEK293T cells, and performed
co-immunoprecipitation assay. We observed that both
SAMHD1 variants HD/RN and mNLS were able to interact
with overexpressed p100, IRF7, and IKK� similarly to WT
SAMHD1 in HEK293T cells (Fig. 7, A–C, respectively). Fur-
thermore, because WT SAMHD1 inhibits IKK�-mediated IRF7
phosphorylation in HEK293T cells (29), we hypothesized that
SAMHD1 variants HD/RN and mNLS can also inhibit IRF7
phosphorylation. To test this hypothesis, we co-expressed HA-
tagged WT SAMHD1, variant HD/RN or mNLS, together with
IRF7 and IKK� in HEK293T cells. Both the HD/RN and mNLS
variants inhibited IKK�-mediated phosphorylation of IRF7
(reduced by �50 – 60%) similarly to WT SAMHD1 (reduced by
�70%) in HEK293T cells (Fig. 7D). These data further help

explain why the dNTPase activity and nuclear localization of
SAMHD1 are not required to inhibit IFN-I induction in divid-
ing HEK293T cells.

Discussion

Upon viral infection, we reported that SAMHD1 suppresses
innate immune responses by inhibiting the NF-�B and IFN-I
pathways, in which SAMHD1 interacts with the key proteins in
both NF-�B and IFN-I signaling (24, 29). In this study, we dem-
onstrated that in nondividing monocytic cells, the dNTPase
activity, but not nuclear localization, of SAMHD1 is important
for its inhibition of NF-�B activation and IFN-I induction in
response to inflammatory stimulation and viral infection. This
study facilitates better understanding the function of SAMHD1
in suppressing the innate immune responses to inflammatory
stimuli and viral infections. A recent study suggests that
SAMHD1 restricts the infection of human cytomegalovirus by
inhibiting NF-�B activation (36). They showed that the

Figure 6. SAMHD1 suppresses NF-�B activation and IFN-I induction independently of its nuclear localization in dividing HEK293T cells. A, mNLS is only
localized in the cytoplasm of HEK293T cells. HEK293T cells were transfected with HA-tagged WT SAMHD1 or mNLS for 24 h. Cells were fixed, and immunoflu-
orescence was performed with HA antibody and DAPI staining. Red, HA-tagged SAMHD1; blue, DAPI. Scale bars, 15 �m. B, both WT SAMHD1 and mNLS inhibit
IL-1�–induced NF-�B activation. HEK293T cells were transfected with HA-tagged SAMHD1 WT or mNLS, together with NF-�B–luciferase reporter. After 24-h
transfection, cells were treated with 10 ng/ml IL-1� for 6 h. Cells were collected and lysed. Cell lysates were used to quantify the relative NF-�B activity, and to
detect WT SAMHD1 and mNLS expression levels by IB. Results are shown as mean � S.D. Statistical significance was determined using one-way ANOVA; ****,
p � 0.0001 compared with the vector control with IL-1� treatment. The result is representative of three independent experiments. C and D, both WT SAMHD1
and mNLS inhibit IRF7-mediated ISRE activation in HEK293T cells. HEK293T cells were transfected with HA-tagged SAMHD1 WT or mNLS, together with IRF7
and ISRE-luc reporter. After 24-h transfection, cells were collected and lysed. C, cell lysates were used to detect expression levels of HA-tagged SAMHD1 and
IRF7 by IB. D, cell lysates were also used to quantify the relative ISRE activity. Results are shown as mean � S.D. Statistical significance was determined by
unpaired Student’s t test; ****, p � 0.0001 compared with the vector control with IRF7 co-expression. The result is representative of three independent
experiments.
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SAMHD1 dNTPase-defective mutant (HD/AA) loses the sup-
pression of NF-�B activation compared with WT SAMHD1
after human cytomegalovirus infection in U937 cells (36),
which is similar to what we observed in U937 cells during
SeV infection. The correlation between dNTPase activity of
SAMHD1 and its suppression of NF-�B activation is conserved
in DNA virus and RNA virus infections in monocytic cells.

Our new data suggest that SAMHD1 suppresses NF-�B acti-
vation and IFN-I induction dependent on its dNTPase activity
in nondividing monocytic cells, although in dividing HEK293T
cells, dNTPase activity of SAMHD1 is not required for its sup-
pression (29). There may be various factors causing the cell-
type dependence. We previously reported that SAMHD1 has
little effect on intracellular dNTP levels in dividing HEK293T
cells (35), although it reduces intracellular dNTP levels in dif-
ferentiated U937 cells. The difference in intracellular dNTP
levels may be important in SAMHD1-mediated suppression of
innate immune responses. As to nondividing monocytic cells
stimulated by LPS, the intracellular dNTP levels were lower,
and the suppression of NF-�B activation by WT SAMHD1 was
stronger in THP-1 cells relative to U937 cells (Figs. 1 and 4).
The precise mechanism of the dependence of dNTPase activity
of SAMHD1 in suppressing innate immune responses in non-
dividing monocytic cells remains to be examined.

The importance of dNTPase activity of SAMHD1 implies its
balanced regulation of innate immune responses in monocytic
cells during viral infections. SAMHD1 is a well-studied restric-
tion factor to viral infections that reduces intracellular dNTP
levels through its dNTPase activity (13, 15–17, 30). The lack of
viral replication blocks leads to the accumulation of viral
nucleic acids in cells (35), which may result in the activation of
innate immune responses. To avoid too strong innate immune
responses, SAMHD1 inhibits the secretion of inflammatory
cytokines and IFN-I by interacting with key proteins in NF-�B
and IFN-I pathways (29). Thus, the balanced regulation of the
antiviral function and negative effect on innate immunity by
SAMHD1 may be critical for host cells.

In dividing HEK293T cells, SAMHD1 suppression of NF-�B
activation and IFN-I induction is independent of its dNTPase
activity (29) and nuclear localization in this study. SAMHD1
dNTPase– defective mutant HD/RN and nuclear localization–
defective mutant mNLS can interact with the key proteins in
both NF-�B and IFN-I pathways similarly to WT SAMHD1.
These suggest that the interactions between SAMHD1 and key
proteins in both NF-�B and interferon pathways correlate with
its suppression of innate immune responses.

SAMHD1-mediated inhibition of NF-�B activation might
occur at the transcriptional level in nondividing monocytic

Figure 7. SAMHD1 mNLS and HD/RN variants interact with key proteins in both NF-�B and IFN-I pathways in HEK293T cells. A–C, overexpressed
HA-tagged SAMHD1 WT, mNLS or HD/RN interacts with overexpressed p100 (A), FLAG-tagged IRF7 (B), and FLAG-tagged IKK� (C) in HEK293T cells. HEK293T
cells were co-transfected with each plasmid. At 30 h post transfection, cells were lysed and analyzed using HA-agarose beads by IP assay. The indicated protein
levels were detected by IB. D, SAMHD1 mNLS and HD/RN variants inhibit IKK�-mediated phosphorylation of IRF7. HEK293T cells were co-transfected with each
plasmid for 24 h. Cells were collected and lysed to analyze expression levels of the indicated proteins by IB. The results are representative of three independent
experiments.
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cells. WT SAMHD1 expression in PMA-differentiated U937
and THP-1 cells efficiently inhibited LPS-induced IL-6 mRNA
expression (Figs. 1D and 4D, respectively). However, using
ELISA, we did not observe SAMHD1-mediated inhibition of
release of IL-6 protein from PMA-differentiated U937 cells at
12, 24, and 36 h post LPS treatment (data not shown). Previous
studies indicated that LPS-induced production of cytokines,
including IL-6, in monocytes and macrophages is highly regu-
lated by intracellular signal transduction pathways (37). It is
therefore conceivable that nuclear SAMHD1 may not be able to
directly inhibit LPS-induced IL-6 protein production or secre-
tion from differentiated monocytes.

Studying the role of SAMHD1 in suppressing NF-�B and
IFN-I pathways to inflammatory stimuli and viral infection is
important not only for better understanding autoimmune dis-
eases caused by homozygous mutations of SAMHD1, but also
for exploring the underlying mechanisms of innate immune
responses to viral infections. Overall, our current study fills the
knowledge gap and lays the foundation for future research.

Experimental procedures

Plasmids

The plasmids encoding HA-tagged empty pLenti-puro vec-
tor and WT SAMHD1 (30) were gifts from Dr. Nathaniel Lan-
dau (New York University). The plasmid encoding SAMHD1
mutant HD/RN has been reported (29). The plasmid encoding
SAMHD1 mNLS was generated using a QuikChange mutagen-
esis kit (Agilent Technologies) according to the manufacturer’s
protocol. To generate mNLS, the following primer was used:
5�-GAG CAG CCC TCC GCG GCT CCC GCT TGC GAT
GAC AGC-3�. The plasmids encoding FLAG-IRF7 and ISRE-
Luciferase (29, 38) were gifts from Dr. Deyin Guo (Wuhan Uni-
versity, China). The plasmids encoding FLAG-IKK� and
NF-�B–Luciferase have been described (29, 39). The plasmid
encoding p100 was purchased from Addgene (catalogue no.
23287).

Cell culture

Monocytic U937 parental cells and HEK293T cells were from
the American Type Culture Collection (ATCC) (31, 40). THP-
1/KO cells were described previously (34). U937 cells stably
expressing empty vector, WT SAMHD1, SAMHD1 mutant
HD/RN, or mNLS were generated by spinoculation of mono-
cytic U937 parental cells with concentrated lentiviral vectors
followed by 1 �g/ml puromycin containing media selection as
described (7, 31, 41). THP-1/KO cells expressing Lvx vector,
WT SAMHD1, HD/RN, or mNLS were generated as described
(29). All transduced U937 and THP-1/KO cell lines were cul-
tured in RPMI 1640 (ATCC), supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 1 �g/ml puromycin. HEK293T cells were cultured as
reported (34). All cell lines were maintained at 37 °C, 5% CO2
and confirmed free from mycoplasma contamination using the
universal mycoplasma detection kit (ATCC 30-101-2K).

LPS, IL-1� treatment, and SeV infection of cells

Monocytic U937 or THP-1 cells were treated with 100 ng/ml
LPS for 6 h. HEK293T cells were treated with 10 ng/ml IL-1�

for 6 h. SeV strain was generated as described previously (29).
Viral titer was determined (42) and SeV infection was con-
ducted at a multiplicity of infection (m.o.i.) of 10 for 6 h.

Intracellular dNTP quantification

For intracellular dNTP quantification, cells were harvested
and prepared for the single nucleotide incorporation assay as
reported (34, 43).

Antibodies and immunoblotting

Cells were lysed with cell lysis buffer (Cell Signaling Technol-
ogy) containing protease inhibitor mixture (Sigma-Aldrich)
and phosphatase inhibitor mixture (Sigma-Aldrich) after har-
vest. Cell lysates were used to conduct BCA assay for quantify-
ing protein concentrations, and then same amounts of protein
were loaded for SDS-PAGE. Immunoblotting was performed
as described (29, 31). Blots were detected with antibodies spe-
cific against HA (BioLegend, no. 901501), IkB� (Abnova, no.
MAB0057), p-IkB� (Cell Signaling Technology, no. 9246S),
GAPDH (Bio-Rad, no. AHP1628), IRF7 (Cell Signaling Tech-
nology, no. 4920), phosphorylated IRF7 (Cell Signaling Tech-
nology, no. 5184), SAMHD1 (Abcam, no. 67820), p100 (Milli-
pore, no. 05-361) and IKK� (Cell Signaling Technology, no.
2690). Detection of GAPDH expression acted as the loading
control. The detection of IRF7 dimerization using native gel
electrophoresis was performed as described (29).

RNA extraction and real-time quantitative RT-PCR assay

Cells were collected and total RNA was extracted using
RNeasy Mini Kit from Qiagen. RNA concentrations were mea-
sured and equal amounts of RNA were reverse transcribed into
cDNA with First-Strand Synthesis kit from Invitrogen. Synthe-
sized cDNAs were used for SYBR Green– based qPCR analyses
as described (29). Cellular 18S rRNA was used as a control and
relative mRNA levels were calculated using the 2-��CT
method. Primer sequences for target genes were reported (29).

Immunofluorescence microscopy assay

Immunofluorescence microscopy was conducted in PMA-dif-
ferentiated U937 cells, THP-1/KO cells or dividing HEK293T cells
using method described previously (32).

Transfection and luciferase assay

Transfection of HEK293T cells and luciferase assay were
conducted as reported (29).

Co-immunoprecipitation assay

Co-immunoprecipitation assay was conducted as described
in HEK293T cells (29). Monoclonal anti-HA-agarose beads
(Sigma-Aldrich) were used to precipitate samples. IP samples
were analyzed by immunoblotting with specific antibodies indi-
cated in the figure and legends.

IFN-� ELISA in the supernatant of SeV-infected differentiated
U937 cells

PMA-differentiated U937 cells were infected with SeV as
described. The supernatants were collected after 24-h infec-
tion. VeriKine Human IFN Beta ELISA Kit (PBL Assay Science,
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no. 41410) were used to test IFN-� protein levels according to
the instructions.

Statistical analyses

As to statistical analyses, p value less than 0.05 is considered
significant. GraphPad Prism 6 (GraphPad Software) was used
to analyze all data. Statistical tests and biological replicates are
in the figure legends.
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