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ABSTRACT

Sterile alpha motif and HD domain-containing protein 1 (SAMHD1) is a mammalian dNTP hydrolase that
acts as a negative regulator in the efficacy of cytarabine treatment against acute myeloid leukemia
(AML). However, the role of SAMHD1 in AML development and progression remains unknown. We have
reported that SAMHD1 knockout (KO) in the AML-derived THP-1 cells results in enhanced proliferation
and reduced apoptosis, but the underlying mechanisms are unclear. Here we show that SAMHD1 KO in
THP-1 cells increased PI3K activity and reduced expression of the tumor suppressor PTEN.
Pharmacological inhibition of PI3K activity reduced cell proliferation specifically in SAMHD1 KO cells,
suggesting that SAMHD1 KO-induced cell proliferation is mediated via enhanced PI3K signaling.
However, PI3K inhibition did not significantly affect SAMHD1 KO-reduced apoptosis, implicating the
involvement of additional mechanisms. SAMHD1 KO also led to enhanced phosphorylation of p27 at
residue T157 and its mis-localization to the cytoplasm. Inhibition of PI3K activity reversed these effects,
indicating that SAMHD1 KO-induced changes in p27 phosphorylation and localization is mediated via
PI3K-Akt signaling. While SAMHD1 KO significantly enhanced THP-1 cell migration in vitro, SAMHD1 KO
attenuated the ability of THP-1 cells to form subcutaneous tumors in xenografted immunodeficient
mice. This effect correlated with significantly increased expression of tumor necrosis factor a (TNF-a) in
tumors, which may suggest that TNF-a-mediated inflammation could account for the decreased tumor-
igenicity in vivo. Our findings implicate that SAMHD1 can regulate AML cell proliferation via modulation
of the PI3K-Akt-p27 signaling axis, and that SAMHD1 may affect tumorigenicity by downregulating

ARTICLE HISTORY
Received 17 January 2018
Accepted 11 May 2018

KEYWORDS
SAMHD1; cell proliferation;
PI3K; PTEN; Akt; p27

inflammation.

Introduction

AML is the most common type of leukemia in adults over the
age of 45 [1,2]. PI3K-Akt signaling plays a major role in
maintaining cell proliferation and survival under normal phy-
siological conditions. Dysregulation of this pathway occurs via
overexpression or hyper-activation of the signaling mediators
PI3K, Akt, PDK1 (3-phosphoinositide-dependent kinase 1),
and/or loss-of-function mutations of the inhibitory molecule
PTEN (phosphatase and tensin homolog) [3-5]. These altera-
tions have been implicated in several malignancies, including
AML [3-7]. Mediators of this pathway have been key drug
targets in pre-clinical and clinical studies of AML [6-10]. In
particular, specific inhibitors targeting PI3K, PDK1 and Akt
have been reported to potentiate the cytotoxicity of the anti-
cancer drug deoxycytidine analog cytarabine (Ara-C) in AML
and other cancers [4,8,11,12], indicating that targeting the
PI3K-Akt pathway may synergistically enhance the efficiency
of Ara-C and other therapeutics against AML. Among other
targets, the PI3K-Akt signaling regulates the activity of p27
(also known as Kipl), a cyclin-dependent kinase (CDK) inhi-
bitor that induces cell cycle arrest in Gl and has been
reported to be dysregulated in several malignancies [13-18].

Phosphorylation on serine, tyrosine or threonine residues
modulates p27 activity and stability [13]. Akt phosphorylates
p27 on threonine 157 (T157), which inhibits p27 nuclear
import, thus impairing CDK inhibition by p27 and resulting
in cell cycle progression [15].

SAMHDLI is the first identified mammalian ANTP hydro-
lase (dNTPase) that regulates intracellular ANTP homeostasis
[19-23]. SAMHDI inhibits infections of retroviruses and cer-
tain DNA viruses by reducing the dNTP levels in the host
cells required for viral genome replication [19,21,22]. Besides
its role in viral infections, SAMHDI is emerging as a key
player in regulating cancer development or treatment.
Somatic mutations of SAMHDI1 have been identified in
chronic lymphocytic leukemia (CLL), glioblastoma, myeloma,
medulloblastoma, lung adenocarcinoma, colorectal, breast,
and pancreatic cancers [24-34]. In CLL patients, increased
SAMHDI1 somatic mutation rate (~ 11%) is associated with
increased chemo-resistance [25]. In colorectal cancers,
SAMHDI is highly mutated leading to loss of its dNTPase
activity [34]. Additionally, these mutations are associated with
inactivated mismatch repair and increased mutation rates,
suggesting that SAMHD1 function is required to maintain
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genomic integrity [34]. SAMHDI has also been shown to
facilitate DNA double-stranded break repair and to promote
genomic integrity through mechanisms independent of its
dNTPase function [35]. We initially reported that SAMHD1
expression is significantly downregulated in cell lines or pri-
mary cells derived from T-cell leukemia and lymphoma
patients compared to those from healthy donors [36-38].
SAMHDI protein and mRNA is also downregulated in CLL,
lung adenocarcinoma, and breast cancers [25,39]. Collectively,
these studies suggest an anti-tumor role of SAMHDI.

We have reported that SAMHD1 knockout (KO) in THP-1
cells via the CRISPR/Cas-9 approach increases cell prolifera-
tion and reduces apoptosis relative to control cells with endo-
genous SAMHDI expression [40]. However, the underlying
mechanisms of these effects remain unknown. Furthermore,
we have shown that, in cutaneous T-cell lymphoma derived-
cells, exogenous SAMHDI expression inhibits cell growth and
induces the extrinsic apoptotic pathway by activating caspase-
8, -3 and -7 and by downregulating the expression of the
anti-apoptotic molecule cFLIPg (short form of cellular FLICE-
like inhibitory protein) [41]. These results implicate that
SAMHDI may affect tumor cell growth by regulating cell
proliferation and apoptosis.

Herein, we report that SAMHDI controls THP-1 cell pro-
liferation via regulation of the PI3K-Akt-p27 signaling axis.
SAMHDI1 KO leads to increased PI3K activity, which med-
iates enhanced cell proliferation in THP-1 cells. Additionally,
we show that SAMHDI1 KO reduces PTEN expression, and
modulates phosphorylation and intracellular localization of
the cell cycle regulator p27 via the PI3K-Akt pathway, thereby
affecting cell growth and migration. Our data suggest that
SAMHDI may modulate AML cell proliferation by regulating
the key PI3K-Akt-p27 signaling axis.

Results

SAMHD1 expression negatively correlates with
myeloblast percentage in AML patient-derived peripheral
blood mononuclear cells (PBMCs)

We analyzed levels of SAMHDI expression in PBMCs isolated
from 22 AML patients (Figure 1(a)). SAMHDI protein levels
were variable among different donors, with cells expressing
higher or lower levels of SAMHDI compared to normal
PBMCs or THP-1 cells (Figure 1(a)). These variations are
likely due to genetic heterogeneity that is common in AML
patients [42]. Interestingly, SAMHDI1 protein levels negatively
correlated with the percentage of myeloblasts in PBMCs, one
of the factors required for AML diagnosis, in these samples
(Figure 1(b)). This result indicates that SAMHD1 may have a
key role in controlling myeloid cancer cell proliferation.

SAMHD1 KO leads to increased PI3K activity in THP-1
cells

We have reported that SAMHD1 KO in AML-derived THP-1
cells leads to a significant increase in cell growth and prolifera-
tion and reduces apoptosis levels compared to control cells [40].
However, the mechanisms underlying the anti-proliferative
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function of SAMHDI1 in THP-1 cells remain unknown. To
identify potential mechanisms, we performed a microarray ana-
lysis in THP-1 control and SAMHD1 KO (THP-1/KO) cells
using the Affymetrix system. Complete microarray data have
been deposited in NCBI's Gene Expression Omnibus [43] and
are accessible through GEO Series accession number GSE113610
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE113610). We identified 1181 genes whose expression was
significantly affected by SAMHD1. Pathway enrichment analysis
revealed that the AML signaling is among the most up-regulated
pathways in THP-1/KO cells compared to control cells (Figure 2
(a)). SAMHDI silencing resulted in significant downregulation
of mRNA levels of the tyrosine kinase receptors CSFIR and FLT3
as well as the proto-oncogene KRAS, while the transcripts of
other key mediators of the AML signaling, such as PI3K and Akt,
were highly expressed in THP-1/KO cells relative to control cells
(Figure 2(b)).

Since PI3K-Akt signaling is a critical regulator of cell pro-
liferation and is also one of the most frequently dysregulated
pathways in AML, we hypothesized that the increased prolif-
eration in THP-1/KO cells was mediated by altered PI3K-Akt
signaling. To assess PI3K activity levels in THP-1 control or
THP-1/KO cells and validate the microarray data, we per-
formed immunoblotting and measured the phosphorylation
of Akt at residue S473 (p-Akt), which is a downstream sub-
strate of PI3K [5]. In line with a recent study [44], we
observed that p-Akt level in THP-1/KO cells was 2-fold higher
compared to control cells (Figure 2(c)), indicating that PI3K
activity was elevated in THP-1 cells upon SAMHD1 KO.
Notably, the total Akt levels were unaltered in these cells
(Figure 2(c)), suggesting that the absence of SAMHDI1 affects
the activity but not the expression of Akt. Enhanced phos-
phorylation of Akt upon SAMHDI1 KO was confirmed using
additional two THP-1/KO and one control cell clones
(Supplementary Figure 1). To validate the increased PI3K
activity upon SAMHDI1 KO, we treated THP-1 control and
KO cells with LY294002 (LY), a specific inhibitor of the PI3K
catalytic subunit [45]. As expected, p-Akt levels were signifi-
cantly reduced upon LY treatment in a dose-dependent man-
ner (Figure 2(d)), confirming that the increased p-Akt levels
in THP-1/KO cells was due to enhanced PI3K activity. Since
PTEN is a crucial negative regulator of the PI3K signaling [5],
we examined whether increased PI3K activity could be
mediated via altered PTEN expression. Indeed, we observed
that PTEN expression was significantly reduced in THP-1/KO
cells relative to control cells (Figure 2(e)), suggesting that
increased PI3K activity may be partially due to reduced
PTEN protein levels. Thus, SAMHDI negatively regulates
PI3K signaling activity in THP-1 cells.

SAMHD1 KO-induced proliferation in THP-1 cells is
mediated via PI3K signaling

To determine whether increased cell proliferation in THP-1 cells
upon SAMHDI1 KO is due to increased PI3K activity, we
assessed cell proliferation in control and THP-1/KO cells via
an MTT-based assay after treatment with LY. Consistent with
our previous observations [40], untreated THP-1/KO cells
demonstrated significantly increased cell proliferation rate than
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Figure 1. SAMHD?1 expression negatively correlates with myeloblast levels in AML patient-derived PBMCs. (a) Five million PBMCs from 22 AML patients were collected
and analyzed via immunoblotting for endogenous SAMHD1 protein. PBMCs from 2 ‘Normal’ (healthy) donors and THP-1 cells were used as a reference. GAPDH was a
loading control. The percentages of blasts (%) in patient PBMCs are shown. Relative SAMHD1 levels were calculated by densitometry analysis. (b) Non-parametric
correlation (Spearman) analysis between relative SAMHD1 levels and blast percentages (P = 0.046, R? = 0.1935). Patient #1 sample was excluded from analysis due to

low protein concentration of the cell lysate.

control cells in the presence of DMSO as a vehicle control of LY
(Figure 3(a)). Compared to cells treated with DMSO, treatment
with LY significantly reduced the proliferation rate in both
control and THP-1/KO cells (Figure 3(a)). However, the reduc-
tion of cell proliferation upon LY treatment was more pro-
nounced in THP-1/KO cells than in control cells (at day 5, LY
decreased proliferation of 1.2-fold in control cells and of 1.5-fold
in THP-1/KO cells), suggesting that THP-1/KO cells are more
sensitive to PI3K inhibitor treatment due to elevated PI3K acti-
vation. We have reported that SAMHD1 KO also reduces apop-
tosis and caspase activity in THP-1 cells [40]. To determine
whether PI3K inhibition can also reverse the SAMHDI1 KO-
induced changes in apoptosis, we treated control and THP-1/
KO cells with DMSO or LY and performed apoptosis and
caspase-3/7 activity assays. Consistent with our previous obser-
vations [40], apoptosis and caspase activity were significantly
lower in THP-1/KO cells than those in control cells in the

presence of DMSO (Figure 3(b,c), respectively). Interestingly,
PI3K inhibition via LY treatment did not significantly alter the
apoptosis levels and caspase-3/7 activity in control or THP-1/KO
cells (Figure 3(b,c) and Supplementary Fig. 2), suggesting that
additional mechanisms may be involved in SAMHD1-regulation
of apoptosis in THP-1 cells. These results also indicate that
SAMHDI1 may regulate cell proliferation and apoptosis via dis-
tinct mechanisms.

SAMHD1 KO inhibits nuclear localization of p27

In several cancers including AML, enhanced and constitu-
tive PI3K-Akt activation may lead to mis-localization of
p27 to the cytoplasm, thus preventing cell cycle arrest
[18,46,47]. To further understand the mechanism by
which PI3K signaling regulates cell proliferation in THP-
1/KO cells, we determined expression and localization of
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Figure 2. SAMHD1 KO enhances PI3K activity and reduces PTEN levels. (a) Significantly enriched pathways in THP-1/KO cells versus control cells were identified by
ingenuity pathway analysis (IPA) of the microarray data. Statistically significant pathways are shown with their respective p values and z-scores. Pathway up-
regulation is indicated by a positive z-score, while down-regulation is indicated by a negative z-score. PEDF, serpin family F member 1; iCOS, inducible T cell
costimulator; iCOSL, inducible T cell costimulator ligand; PKC, protein kinase C theta; MAPK, mitogen-activated protein kinase. (b) Activation of the AML signaling in
THP-1/KO cells relative to control (Ctrl) cells by microarray analysis. Each cell line was analyzed in three biological replicates as indicated by sample numbers 1-3. The
heatmap shows mRNA levels of differentially expressed key regulators of the AML signaling pathway. Up-regulated genes are shown in red, down-regulated genes
are shown in green (the numbers next to the legend represent raw Z-score). CSF1R, colony stimulating factor 1 receptor; FLT3, Fms related tyrosine kinase 3; KRAS,
Kirsten ras oncogene homolog; AKT3, AKT serine/threonine kinase 3; TCF4, transcription factor 4; KIT, KIT proto-oncogene receptor tyrosine kinase; PIK3C3,
phosphatidylinositol 3-kinase catalytic subunit type 3; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1. (c) THP-1 control (Ctrl) and SAMHD1 KO cells were
analyzed for the indicated protein expression by immunoblotting. The levels of phosphorylated AKT (p-AKT) expression were quantified by densitometry after
normalization for total AKT and GAPDH. (d) THP-1 control and SAMHD1 KO cells were treated with LY294002 or DMSO (vehicle control of LY) or left untreated (Mock),
and then analyzed for the indicated protein expression by immunoblotting. GAPDH was a loading control. (e) PTEN protein levels are lower in THP-1/KO cells
compared to control (Ctrl) cells. Panels show representative results from three independent experiments.
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Figure 3. PI3K inhibition reduces SAMHD1 KO-induced proliferation in THP-1 cells but does not affect apoptosis. (a) THP-1 control (Ctrl) and SAMHD1 KO cells were
treated with DMSO or the PI3K inhibitor LY294002 at 5 puM. Cells were analyzed by an MTT-based cell proliferation assay at the indicated time points. One
representative experiment performed in three replicates is shown. OD, optical density at 490 nm. *, P < 0.01; **, P < 0.001; ***, P < 0.0001. (b-c) THP-1 control (Ctrl)
or SAMHD?1 KO cells were treated with DMSO or 25 uM LY294002 for 18 h and were analyzed via (b) annexin-V/7-AAD apoptosis assay and (c) via caspase-glo 3/7
activity assay to determine the apoptosis levels and caspase activities, respectively. Each experiment was performed in three biological replicates.

p27 in these cells. Interestingly, subcellular fractionation
analysis revealed that p27 in THP-1/KO cells was predomi-
nantly localized to the cytoplasm (94% in the cytosol and
6% in the nucleus). In contrast, p27 in THP-1 control cells
was predominantly localized to nucleus (39% in the cytosol
and 61% in the nucleus). The purity of the cytosolic and
nuclear fractions was validated by immunoblotting of
GAPDH and Lamin A/C, respectively (Figure 4(a)).
Consistent with a previous report [48], SAMHDI localized
in both cytoplasm and nucleus in THP-1 control cells. To
further confirm the reduced nuclear localization of p27 in
THP-1/KO cells, we performed immunofluorescence (IF)
microscopy of SAMHDI1 and p27. Consistently, IF analysis
indicated that p27 was mainly localized out of nucleus in
THP-1/KO cells relative to control cells (Figure 4(b)).
Together, these results indicate that SAMHDI1 KO reduces
nuclear translocation of p27 in THP-1 cells. As p27 nuclear

import is required for inhibition of cyclin-CDK complexes
[49], cytosolic accumulation of p27 in THP-1/KO cells may
result in increased cell proliferation.

SAMHD1 KO induces mis-localization of p27 to the
cytoplasm via enhanced PI3K signaling

Since activated PI3K-Akt signaling has been identified to regulate
P27 expression and localization [50], we hypothesize that p27 mis-
localization in THP-1/KO cells is due to enhanced PI3K activity in
these cells. To test this, we treated control and THP-1/KO cells
with DMSO or LY, and then assessed the localization of p27 via
subcellular fractionation. As shown in Figure 5(a), PI3K inhibition
via LY treatment in THP-1/KO cells resulted in a significant
increase (from 9% to 39%) in p27 nuclear localization relative to
DMSO-treated cells in a dose dependent manner. In contrast,
there was only a modest increase (from 42% to 47%) in nuclear
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Figure 4. SAMHD1 KO inhibits nuclear localization of p27 in THP-1 cells. (a) THP-1 control and SAMHD1 KO cells were analyzed via subcellular fractionation followed
by immunoblotting. GAPDH and Lamin A/C were used as markers for cytosolic and nuclear fraction, respectively. Results are representative of three independent
experiments. (b) Cells were analyzed via indirect immunofluorescence for p27 (red) and SAMHD1 (green) expression. DAPI (blue) was used to stain the nuclei. Scale
bars, 15 pm. Results are from one representative experiment of two independent assays.

p27 levels upon LY treatment relative to DMSO treatment in
control cells, suggesting that SAMHD1 KO-induced mis-localiza-
tion of p27 to cytoplasm is in part due to enhanced PI3K activity.
We further validated the role of PI3K signaling in SAMHD1 KO-
induced changes in p27 localization by IF microscopy and quan-
tification. Consistent with our previous data (Figure 4(a,b)),
nuclear levels of p27 were significantly lower in DMSO-treated
THP-1/KO cells compared to control cells (Figure 5(b,c)).
However, PI3K inhibition in SAMHDI1 KO cells resulted in a
significant increase in nuclear localization of p27 compared to
DMSO-treated cells (Figure 5(b,c)). These results indicate that
SAMHD1 KO-mediated p27 mis-localization to cytoplasm is
due to enhanced PI3K activity in THP-1 cells.

SAMHD1 KO leads to increased T157 phosphorylation of
p27 via PI3K signaling and enhanced cell migration

Upon activation by PI3K, Akt leads to phosphorylation of p27 at
residue T157 located in its nuclear localization signal, thus pre-
venting p27 nuclear translocation and leading to uncontrolled cell
proliferation [15-17]. To further understand the mechanisms of
SAMHD1 KO-induced effect on p27 localization, we assessed the
T157 phosphorylation of p27 (p-p27) using a specific antibody.
The p-p27 level in THP-1/KO cells was significantly increased
(~1.8 fold) compared to control cells (Figure 6(a,b)). Increased
p-p27 upon SAMHDI1 KO was confirmed using additional THP-
1/KO and control clones (Supplementary Fig. 1). Additionally,
P-p27 was observed only in the cytoplasmic fractions of control
and KO cells (Figure 6(c)), possibly because phosphorylation at

T157 blocks p27 nuclear translocation [15]. Consistent with total
cell lysates (Figure 6(a)), cytoplasmic p-p27 levels were higher in
THP-1/KO cells compared to control cells. Inhibition of PI3K
activity using LY specifically reduced the p-p27 levels in THP-1/
KO cells, but not in control cells (Figure 6(d)). These results
indicate that SAMHD]1 silencing, through enhanced PI3K signal-
ing, leads to increased phosphorylation of p27 at T157, thus
preventing its translocation to the nucleus.

As cytoplasmic p27 has been reported to promote cell
migration in various cancer cell types [51-53], we performed
a migration assay in cells treated with the stromal-derived
factor 1 (SDEF-1), the specific ligand of the CXC motif che-
mokine receptor 4 (CXCR4), which is involved in control of
migration and metastasis of tumor cells including AML cells
[54-56]. Flow cytometry analysis revealed similar low levels of
surface CXCR4 expression on THP-1 control and THP-1/KO
cells (10.7% and 10.4% CXCR4-positive population, respec-
tively) (Supplementary Fig. 3A). Compared to control cells,
THP-1/KO cells showed a ~ 4-fold increase (P = 0.0008) in
migration ability (Figure 6(e)). Treatment with the CXCR4
antagonist AMD3100 efficiently inhibited SDF-1-induced
migration in both cell lines, indicating that the effect observed
was specifically due to CXCR4 activation by SDF-1 (Figure 6
(e)). These data suggest that SAMHDI can negatively regulate
THP-1 cell migration in vitro. Interestingly, LY treatment did
not affect SDF-1-induced migration in both cell lines
(Supplementary Fig. 3B), suggesting that the effect of
SAMHDI on the migration of THP-1 may be mediated by a
PI3K-independent mechanism.
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independent assays is shown.
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analyzed by immunoblotting for the indicated protein. GAPDH was used as a loading control. (b) Densitometric analysis was performed to determine the relative
levels of T157 phosphorylation of p27 (p-p27) based on the immunoblotting results of (a). (c) Subcellular fractionation in THP-1 control and SAMHD1 KO cells was
performed as described in Figure 4a. (d) THP-1 control and SAMHD1 KO cells were left untreated (Mock) or treated with DMSO or LY294002 for 18 h, and p27 (total
and phosphorylated form) levels were determined by immunoblotting. Densitometric analysis was performed to quantify the relative levels of T157 phosphorylation
of p27 (p-p27). GAPDH was used as a loading control. (e) THP-1 control and SAMHD1 KO cells were grown in 0.1% FBS containing media with or without AMD3100
(10 pg/ml, DMSO as the vehicle control) for 90 min. Cells were then seeded in the upper chamber of a transwell plate containing media only (Mock) or media with
SDF-1 in the lower chamber, and further incubated for 3 h to allow cell migration. The graph shows data from one representative experiment performed in biological
duplicates. The SDF-1-induced cell migration assay represents one of three independent experiments.

SAMHD1 KO attenuates THP-1 cell tumorigenicity in
xenograft mice

In order to validate the growth inhibitory function of
SAMHDI1 in AML cells, we assessed the effect of SAMHD1
on THP-1 cell tumorigenicity using a xenograft mouse model
[57]. We obtained NSG (non-obese diabetic/severe combined
immune deficient-gamma) mice (n = 7 per group), subcuta-
neously injected control or THP-1/KO cells and monitored
the rate of tumor growth. Unexpectedly, THP-1/KO cells did
not demonstrate higher rate of subcutaneous tumor formation
in mice relative to control cells (Figure 7(a)). Furthermore,
the THP-1/KO cells formed significantly smaller tumors

relative to control cells at 24 days post-injection (Figure 7
(b)), indicating that the absence of SAMHDI expression
(Figure 7(c)) attenuated the ability of THP-1 cells to form
subcutaneous tumors in these mice.

Of note, upstream regulator analysis of our microarray
data predicted tumor necrosis factor a (TNF-a), one of the
major cytokines involved in inflammation, to be signifi-
cantly activated in THP-1/KO cells relative to control cells
(Supplementary Table 1). This may indicate that THP-1/
KO cells are characterized by spontaneously increased
inflammation status. Moreover, TNF-a has been described
to regulate cancer progression and development with anti-
neoplastic activity in hematological malignancies [58].
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Figure 7. SAMHD1 KO attenuates THP-1 cell tumorigenicity in xenograft mice. Female, 4-6-week old NSG mice (n = 7 per group) were subcutaneously injected with
THP-1 control or THP-1/KO cells (5 x 10° per mouse). (a) The rate of tumor growth and tumor volume were assessed at the time indicated. Mice were sacrificed when
the tumors reached a volume of 1,600 mm?>. (b) Average volume of subcutaneous tumors from the mice of both groups was calculated at 24 days post-injection (6
out of 7 mice developed measurable tumors). (c) Upon sacrificing the mice, tumor tissues were collected and harvested proteins were analyzed via immunoblotting
for TNF-a and SAMHD1. GAPDH was a loading control. (d) Densitometry analysis was performed to quantify the relative TNF-a protein levels in control and THP-1/KO
cell-derived tumors. The results were based on the normalization to GAPDH levels. (e) Pearson’s correlation analysis was performed to determine correlation between
subcutaneous tumor volume and the TNF-a protein levels. All results are representative of two independent experiments. (b, d and e) Statistical significance was
determined by unpaired Students t-test and the P values are shown on the figures.

These studies prompted us to analyze TNF-a expression
levels in THP-1 cell-derived tumors in mice. Interestingly,
human TNF-a protein levels in the tumors derived from
THP-1/KO cells were significantly higher than in control
cells (Figure 7(c,d)). Furthermore, we found a significant
inverse correlation between the tumor volumes and TNF-a
protein levels in the tumors (Figure 7(e)). These results
show that the loss of SAMHDI in THP-1/KO cells may
lead to significantly increased TNF-a expression in subcu-
taneous tumors, suggesting that TNF-a-mediated inflam-
mation responses may possibly contribute to decreased
tumor growth in vivo.

Discussion

In this study, we identify a novel mechanism involving the PI3K-
Akt-p27 signaling axis through which SAMHDI regulates THP-
1 cell proliferation, and thus may perform an anti-proliferative

function in AML-derived cells. However, our results of mouse
xenograft study suggest that the role of SAMHDI in tumori-
genicity is complex, likely involving negative regulation of TNF-
a-mediated inflammation responses (Figure 8).

AML is a heterogeneous hematological malignancy char-
acterized by uncontrolled proliferation of immature blood
cells. Current AML treatment strategies predominantly con-
sist of intensive chemotherapy with nucleoside analog drugs,
including the cytidine analog Ara-C and anthracyclines, either
alone or in combination with other drugs [4,5,59]. However,
increased resistance to current treatment options has resulted
in high incidence of tumor relapse and in an overall patient
survival rate of just ~27%. Therefore, development of novel
and more effective treatment strategies is urgently needed.

SAMHDL] has recently emerged as an important protein that
may regulate the development and progression of solid and hema-
tological malignancies, where SAMHDI gene mutation or down-
regulation have been identified as primarily involved in cancer
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Figure 8. Proposed mechanisms by which SAMHD1 regulates AML cell prolifera-
tion in vitro and affects tumorigenicity in xenografted mice. Silencing of
SAMHD1 in AML-derived THP-1 cells causes down-regulation of PTEN and
increase of PI3K activity, which in turn induces phosphorylation of Akt and of
its substrate p27. Phosphorylation of p27 at residue T157 results in its mis-
localization to the cytoplasm and impairment of its CDK inhibitory function,
leading to increased cell proliferation and enhanced cell migration. The letters P
with a circle indicates phosphorylation of Akt and p27. In contrast, SAMHD1 KO
attenuates THP-1 cell tumorigenicity in xenografted immunodeficient mice,
possibly due to increased TNF-a expression and inflammation responses in
tumors.

growth [60]. We have reported that SAMHD1 KO in AML-
derived THP-1 cell lines increases cell proliferation and reduces
apoptosis, suggesting a potential role of SAMHDI] in regulating
AML pathogenesis [40]. Interestingly, recent studies discovered
that SAMHD1, through its dNTPase activity, impairs therapeutic
efficiency of Ara-C in AML patients, proposing SAMHDI as a
negative biomarker in AML treatment [61,62]. SAMHDI gene
silencing in AML-derived THP-1 cell line has been reported to
increase the sensitivity to several other nucleoside-based antime-
tabolites [63], suggesting that SAMHDI1 may impair treatment of
solid cancers and hematological malignancies using these drugs.
Despite the anti-therapeutic role of SAMHD1 in AML, increasing
evidence suggests that SAMHDI may be a potential tumor sup-
pressor, as high expression of SAMHDI1 is associated with more
favorable AML progression [64]. These new studies implicate that
SAMHDI can be a double-edged sword for AML patients, and call
for a better understanding of the function of SAMHDI and
mechanisms in AML pathophysiology.

Hyper-activation of the PI3K-Akt signaling drives uncon-
trolled cell proliferation and survival in many cancers, and con-
stitutive PI3K activation has been reported in 50% of AML cases
[4]. As a tumor suppressor, p27 acts downstream of the PI3K/Akt
pathway. Gene mutations of p27, reduced p27 protein expression
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or its mis-localization to the cytoplasm have been identified as
major mechanisms associated with malignant transformation in
different cancer types [65]. Under normal physiological condi-
tions, p27 is predominantly localized to the nucleus, where it
binds to and inhibits cyclin-CDK complexes, thus controlling
cell cycle progression and cell proliferation [14,15,50,66].
Impaired nuclear import of p27 as a consequence of PI3K/Akt-
induced phosphorylation at residue T157 has been described as a
negative prognostic factor and marker of poor survival in AML,
breast and cervical cancer [15,17,50]. In addition to its cell cycle
inhibitory activity, p27 possesses other important cellular func-
tions [67]. In particular, cytoplasmic p27 has been described to
sustain tumor migration and metastasis [51-53].

We found that SAMHD1 KO in THP-1 cells modulates the
PI3K-Akt signaling by enhancing PI3K activity, reducing the
expression of PTEN, and impairing the activity of the cyclin-
CDK inhibitory protein p27 through block of its nuclear
import. Importantly, this phenotype was confirmed in addi-
tional THP-1 control and THP-1/KO cell clones, excluding
the possibility that these may be off-target effects of CRISPR-
Cas9 expression, and confirming the important role of
SAMHDI in these processes.

Consistent with published studies [50], we found that mis-
localization of p27 in the cytoplasm of AML-derived THP-1
cells is associated with sustained cell proliferation and migra-
tion. Notably, we provide first evidence that inhibition of p27
nuclear translocation in these cells is, at least in part, due to
SAMHDI silencing. Moreover, increased p27 cytoplasmic
localization in SAMHD]1-deficient cells was associated with
enhanced migration potential, confirming the role of p27 in
the control of cell migration and motility previously described
[51,53]. These results suggest that the PI3K-Akt-p27 signaling
axis is a key mediator of SAMHDI-mediated modulation of
THP-1 cell proliferation. Interestingly, our data show that the
PI3K/Akt pathway does not mediate SAMHD1-induced apop-
tosis, suggesting that additional pathways might be involved
in SAMHD1-mediated regulation of apoptosis in these cells.
Previous studies have shown that, when localized to the cyto-
plasm, p27 can have an anti-apoptotic function in certain
cancer cells [68]. In our study, although PI3K inhibition
rescued the nuclear p27 levels, p27 levels in the cytosol were
not significantly reduced. Therefore, it would be interesting to
determine whether cytoplasmic p27 plays a role in reducing
apoptosis in the THP-1/KO cells. Additional studies are
required to fully elucidate the molecular mechanisms asso-
ciated with this effect.

Our in vivo study showing decreased tumor growth of
THP-1/KO cells relative to control cells transplanted in
immunodeficient NSG mice suggests that SAMHD1 may
inhibit TNF-a-mediated inflammation responses in vivo.
This observation is in line with our recent findings showing
that, in SAMHD1 KO mice, SAMHDI1 inhibits TNF-a
responses [69]. Although NSG mice are severely immuno-
deficient and would not generate graft-versus-host diseases
after the transplantation of human cells, subcutaneous
tumors derived from the THP-1/KO or control cells could
be affected by the microenvironment. Higher levels of
human TNF-a protein or other proinflammatory cytokines
expressed in THP-1/KO cell-derived tumor may lead to
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death of the cancer cells, thereby reducing the tumor size or
limiting tumor growth rate. However, further studies are
needed to determine whether there is a direct and causal
effect of increased TNF-a on reduced tumorigenicity of
THP-1/KO cells.

Although the mechanisms of AML development are well
investigated and clinical significance of the PI3K-Akt-p27
signaling axis in AML treatment is well studied, there is an
urgent need for novel and more effective strategies in AML
therapy based on mechanistic studies. Our work provides new
insights into AML pathology and highlights the role of
SAMHDI in this disease. Further studies to completely inves-
tigate the role of SAMHDI and its interplay with PI3K-Akt-
p27 axis may help to fully characterize the mechanisms by
which SAMHDI controls AML progression, and more impor-
tantly, will pave the way for the design of more effective
therapeutic strategies for the treatment of this aggressive
malignancy.

Materials and methods
PBMCs from AML patients and healthy donors

PBMCs derived from 22 de-identified AML patients of were
obtained through the Leukemia Tissue Bank of the Ohio State
University Comprehensive Cancer Center to evaluate the
expression of SAMHDI via immunoblotting as described
[37]. Healthy blood donors’ leukocyte samples (bufty coats)
were purchased from the Red Cross, Columbus, OH. PBMCs
were isolated from the buffy coats using Ficoll gradient centri-
fugation (Sigma Aldrich) as described [37]. The Institutional
Review Board at the Ohio State University has approved these
in vitro experiments involving PBMCs from de-identified
healthy blood donors and AML patients.

Cell culture and treatments

THP-1 cell lines were generated and cultured as previously
described [40]. HEK293T cells were maintained in complete
DMEM supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. All the cell lines utilized for the
presented studies were tested negative for mycoplasma con-
tamination using universal mycoplasma detection kit (ATCC,
#30-101-2K). Inhibition of PI3K activity was achieved by
treatment with LY294002 (Cell Signaling, #9901) in culture
media as described in figure legends.

Microarray analysis

Gene expression profile in THP-1 control and THP-1/KO
cells was analyzed in three biological replicates by
Affymetrix Clariom D assay (Thermo Fisher Scientific) using
500 ng RNA per sample. The analysis was performed at the
Ohio State University Genomic Core Facility. Gene expression
values with fold change > 2 and p-value < 1 x 107* were
considered statistically significant. Significantly affected path-
ways were analyzed via Ingenuity Pathway Analysis using
software from Qiagen.

Immunoblotting analysis

Post indicated treatments, cells were pelleted, washed with ice-
cold PBS and were lysed using 1 X cell lysis buffer (Cell signaling,
#9803). Collected protein samples were normalized via BCA assay
and were analyzed via SDS-PAGE followed by immunoblotting as
previously described [70]. Immunoblotting was performed using
the following antibodies to human proteins: SAMHD1 (1:1000,
ProSci, #1224), phospho-Akt (Ser473) (1:1000, Cell signaling
#4060S), Akt (1:1000, Cell signaling #9272S), PTEN (1:1000, Cell
Signaling #9188T), PI3K p110a (1:1000, Cell Signaling, #4249S),
phospho-p27/Kipl (Thrl57) (1:500, R&D Systems, #AF1555),
p27/Kipl (1:500, Cell Signaling #3686S), Lamin A/C (1:1000,
Cell Signaling, #4777S), TNF-a (1:1000, Abcam, #9635), and
GAPDH (1:3000, Bio-Rad #AHP1628).

Cell proliferation assay

Control or THP-1/KO cells were plated into 96-well plates at
a density of 2.5 x 10* cells per well in 100 pl of culture media
containing DMSO or 5 pM LY294002 (4 replicates per con-
dition). On the indicated time points, MTT assay was per-
formed as previously described [41].

Apoptosis assay

Control and THP-1/KO cells were plated at a density of
2 x 10° per well of a 12-well plate in 1 ml media with
25 uM LY294002 or equal volume of DMSO. Seven days
post-seeding, cells were washed with ice-cold PBS and were
resuspended in 1x binding buffer at a density of 1 x 10° cells/
ml. Cells were then stained with annexin V-PE and 7-AAD
for 15 min at room temperature in the dark. Percentage of
cells undergoing early and late apoptosis was quantified by
performing Guava Nexin Annexin V Assay (EMD Millipore,
#4500-0450) according to the manufacturer’s instructions.
Cells negative for both annexin V and 7-AAD were labeled
as “live”, cells positive for annexin V only were labeled as
“early apoptotic” and double positive cells for annexin V and
7-AAD were labeled as “late apoptotic” as described [41].

Caspase-3/7 activity assay

Control or THP-1/KO cells were plated in a 6-well plate at a
density of 5 x 10° cells in 2 ml culture media containing
25 uM LY294002 or equal volume of DMSO. Seven days
post-seeding, 1 x 10* cells were counted and seeded per well
(in 4 replicates) in a white opaque 96-well plate. Then, 100 ul
of Caspase-Glo 3/7 reagent (Promega, # G8090) was added to
each well and incubated at room temperature for 1 h pro-
tected from light as described [41]. Luminescence readings
were taken, were blank (media only) corrected and average of
all replicates was calculated.

Isolation of cytoplasmic and nuclear factions

Control and THP-1/KO cells (1 x 107) were left untreated or
treated with 10 uM or 25 uM LY294002 or DMSO for 18 h in
a 25 cm® culture flask. Post-treatment, cells were pelleted,



washed with ice-cold PBS and fractions were isolated using
NE-PER nuclear and cytoplasmic extraction kit (Thermo
Fisher Scientific, #78833) according to manufacturer’s instruc-
tions. Isolated fractions were normalized using BCA assay and
were analyzed via SDS-PAGE followed by immunoblotting for
the indicated antibodies as described above. p27 levels in the
nucleus and cytoplasm were quantified by densitometry and
normalized to Lamin A/C (for the nuclear fraction) and
GAPDH (for the cytosolic fraction) levels.

Immunofluorescence microscopy

THP-1 control or THP-1/KO cells were counted and were
plated in a 12-well plate containing poly-L-lysine treated
coverslips at a density of 1 x 10° cells in 2 ml culture media
with DMSO or 1LY294002 (25 uM) for 18 h.
Immunofluorescence to detect SAMHDI1 and p27 was per-
formed as described previously [71]. Briefly, one day post-
seeding/treatment, cells were fixed with 4% paraformaldehyde
for 30 min, permeabilized with 0.1% Triton X-100 for 5 min
and blocked with 1% bovine serum albumin in PBS for 1 h.
The cells were then stained with SAMHD1 (1:500, Abcam)
and p27 (1:800, Cell Signaling) primary antibodies. Alexa
Fluor-488 (SAMHD1) and Alexa Fluor-550 (p27) secondary
antibodies were used. All the antibodies were prepared in 2%
FBS in PBS. Cells were finally stained with DAPI for nuclear
staining and were imaged and processed using Delta Vision
Elite deconvolution imaging system (GE Healthcare Life
Sciences). Nuclear localization and expression analyzes were
performed via SoftWorx software as per manufacturer’s
instructions.

Cell migration assay

THP-1 control and SAMHDI1 KO cells (5 x 10° cells) were
pre-incubated in 100 ul of media containing 0.1% FBS and
10 pg/ml bicyclam JM-2987 (hydrobromide salt of AMD3100,
(obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH. Catalog # 8128) or vehicle control
(DMSO) for 90 min. Subsequently, cells were placed into the
upper chamber of a 24-well transwell plate (Corning # 3421),
and 500 pl media containing 100 ng/ml SDF-1 (PeproTech #
300-28A) were added to the lower chamber. The cells were
allowed to migrate for 3 h, after which cell migration was
determined by counting the cells in the bottom chamber with
a hemocytometer.

Mouse xenograft experiments

All mouse experiments were performed in accordance with
the protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at the Ohio State University.
Female, 4-6 weeks old NSG mice were purchased from the
Target Validation Shared Resources, the Ohio State University
Comprehensive Cancer Center. THP-1 control or THP-1/KO
cells (5 x 10° cells per mouse) resuspended in 200 pl serum-
free culture media were injected subcutaneously on the flank
into NSG mice (n = 7 per group) under anesthesia (isoflurane,
USP). Injection with 200 pl serum-free media was performed
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as a mock control. Subcutaneous tumor sizes were regularly
measured by calipers and tumor volume was quantified for ~
6 weeks post-implantation. Mice were sacrificed upon reach-
ing maximum tumor burden (volume of 1,600 mm?) and the
tumors were harvested for further analyzes and collection of
protein lysates. For protein isolation, tumor tissues were
homogenized and lysed using 2 x cell lysis buffer. Clarified
protein lysates were normalized and analyzed via
immunoblotting.

Statistical analyzes

Error bars displayed on the bar graphs represent standard
deviations. P values were calculated based on the non-para-
metric Student’s t-test. P < 0.05 is considered as statistically
significant. Spearman’s non-parametric correlation analysis
(Figure 1(b)) and Pearson’s correlation analysis (Figure 7(e))
were performed using Prism (GraphPad).
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