AUTOPHAGY Tavior &F .
2021, VOL. 17, NO. 10, 2800-2817 aylor & Francis
https://doi.org/10.1080/15548627.2020.1846301 Taylor & Francis Group

RESEARCH PAPER a OPEN ACCESS W) Check for updates

Equine lentivirus counteracts SAMHD1 restriction by Rev-mediated degradation of
SAMHD?1 via the BECN1-dependent lysosomal pathway
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ABSTRACT ARTICLE HISTORY

The innate immune restriction factor SAMHD1 can inhibit diverse viruses in myeloid cells. Mechanistically, Received 17 April 2020
SAMHD1 inhibits lentiviral replication including HIV-1 by depleting the nucleotide pool to interfere with ~ Revised 16 October 2020
their reverse transcription. Equine infectious anemia virus (EIAV) is an ancient lentivirus that preferentially Accepted 30 October 2020
attacks macrophages. However, the mechanism by which EIAV successfully establishes infection in KEYWORDS
macrophages with functional SAMHD1 remains unclear. Here, we demonstrate that while equine BECN1; EIAV; HIV-1; innate
SAMDH1 can limit EIAV replication in equine macrophages at the reverse transcription stage, the antiviral immunity; lysosome; non-
effect is counteracted by the well-known transcriptional regulator Rev, which downregulates equine canonical autophagy;
SAMHD1 through the lysosomal pathway. Remarkably, Rev hijacks BECN1 (beclin 1) and PIK3C3 to mediate PIK3C3; retrovirus; Rev;
SAMHD1 degradation in a canonical macroautophagy/autophagy-independent pathway. Our study illus-  SAMHD1

trates that equine lentiviral Rev possesses important functions in evading cellular innate immunity in

addition to its RNA regulatory function, and may provide new insights into the co-evolutionary arms race

between SAMHD1 and lentiviruses.

Abbreviations:3-MA: 3-methyladenine; AA: amino acid; ACTB: actin beta; AD: activation domain; ATG:
autophagy related; Baf A1: bafilomycin A;; BD: binding domain; BECN1: beclin 1; BH3: BCL2-homology-3
domain; BiFC: bimolecular fluorescence complementation; CCD: coiled-coil domain; class Il PtdIns3K:
class Il phosphatidylinositol 3-kinase; CQ: chloroquine; Co-IP: co-immunoprecipitation; dNTPase: dGTP-
stimulated deoxynucleoside triphosphate triphosphohydrolase; ECD: evolutionarily conserved domain;
EIAV: equine infectious anemia virus; eMDMs: equine monocyte-derived macrophages; GFP: green
fluorescent protein; HD: histidine-aspartic; HIV-1: human immunodeficiency virus-1; hpi: hours post
infection; hpt: hours post transfection; KO: knockout; LAMP2: lysosomal associated membrane protein
2; LMB: leptomycin B; PMA: phorbol 12-myristate 13-acetate; MAP1LC3/LC3: microtubule associated
protein 1 light chain 3; ND: unknown non-essential domain; NES: nuclear export signal; NLS: localization
signal; NS: statistically non-significant; PIK3C3: phosphatidylinositol 3-kinase catalytic subunit type 3;
RBD: RNA binding domain; RT: reverse transcriptase; siRNAs: small interfering RNAs; SAMHD1: SAM and
HD domain containing deoxynucleoside triphosphate triphosphohydrolase 1; SIV: simian immunodefi-
ciency virus; VN: C-terminal residues of Venus 174 to 238; VC: N-terminal residues 2 to 173 of Venus

Introduction With its enzymatic activity, SAMHDI is able to restrict
a diverse range of retroviruses and several DNA viruses
including human cytomegalovirus, murine cytomegalovirus,
and herpes simplex virus 1 [12,14-18]. On the other hand, to
achieve successful replication, viruses have evolved various
strategies to evade the antiviral activity of SAMHDI1. HIV-2
and multiple simian immunodeficiency virus (SIV) strains are
able to antagonize SAMHDI antiviral activity through Vpx/
Vpr-mediated proteasomal degradation. Mechanistically, both
Vpx and Vpr directly load human SAMHDI1 (HsSAMHDI1)
onto the cullin ring-finger ubiquitin ligase 4 E3 ubiquitin
ligase complex, where it is polyubiquitinated and subsequently
degraded [3,19-21]. Moreover, herpes viruses are able to
overcome SAMHDI1 inhibition by modulating SAMHD1
phosphorylation [15,16,18].

SAMHD1 (SAM and HD domain containing deoxynucleoside
triphosphate triphosphohydrolase 1) is a host restriction fac-
tor against viral infection in myeloid cells [1]. This protein
was initially identified as a dGTP-stimulated deoxynucleoside
triphosphate triphosphohydrolase (ANTPase) to maintain low
levels of intracellular ANTP, which limits human immunode-
ficiency virus-1 (HIV-1) replication in non-dividing myeloid
cells [2-5]. SAMHD1 is composed of a sterile alpha domain
and a histidine-aspartic (HD) domain. The HD domain has
dNTPase activity that converts dANTPs to deoxynucleoside and
inorganic triphosphate [4,6,7]. The dNTPase activity of
SAMHDI protein was demonstrated to be crucial for its
antiviral function, and is regulated by post-translational mod-
ifications such as phosphorylation and acetylation [5,8-13].
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Of the lentiviruses in the Retroviridae family, non-primate
lentiviruses such as equine infectious anemia virus (EIAV)
and feline immunodeficiency virus share a similar genome
structure and myeloid cell tropism to the primate lentiviruses
[22-24]. All lentiviruses are considered to originate from one
non-primate lentivirus, based on the presence or absence of
a dUTPase gene and its sequence diversity [25]. EIAV pos-
sesses the smallest and genetically simplest genome [26]. In
addition to three major structural genes gag, pol and env, the
EIAV genome contains three open reading frames that encode
three accessory proteins (Tat, Rev, and S2). Notably, EIAV is
the sole member of the lentivirus family that primarily infects
equine macrophages in vivo [27,28]. Since SAMHDI depletes
dNTPs in non-dividing cells, the process by which the see-
mingly simplistic EIAV 1is able to successfully replicate
deserves further investigation.

In this study, we found that equine SAMHDI
(EfSAMHDI1) limits EIAV replication in equine macrophages
and its dNTPase activity is required for its antiviral effect.
EIAV infection in equine macrophages leads to reduction of
EfSAMHDI1 expression. Interestingly, EIAV Rev, a well-
documented viral accessory protein that mediates viral RNA
transportation, physically interacts with EfSAMHDI, leading
to the translocation of EfSAMHDI from the nucleus to the
cytoplasm for degradation in a lysosomal-dependent manner.
We also identified that Rev commandeers BECN1 (beclin 1),
a key member of class III phosphatidylinositol 3-kinase (class
III PtdIns3K) complex, to facilitate the degradation of
SAMHDI1 without inducing macroautophagy/autophagy.
Knockout of either PIK3C3 (phosphatidylinositol 3-kinase
catalytic subunit type 3) or BECNI completely rescued the
expression of EESAMHDI in the presence of EIAV Rev. Taken
together, we characterize here a novel role for Rev in the
EIAV life cycle, and present a unique strategy employed by
EIAV to mitigate inhibition by EfSAMHDI in its primary
target cells.

Results
Equine SAMHD?1 restricts EIAV infection

To verify the antiviral effect of EfSAMHDI1 on EIAV replica-
tion in equine monocyte-derived macrophages (eMDMs),
small interfering RNA (siRNA) targeting EfSAMHDI were
employed to knockdown EfSAMHD1 expression in eMDMs.
Two days following siRNA knockdown, eMDMs transfected
with EfSAMHDI-specific siRNA showed reduced level of the
target protein (Figure 1A). To investigate the effect of
SAMHDI1 depletion on EIAV infection, a low dose (10 ng
reverse transcriptase [RT]) of EIAV luciferase reporter virus
was used to infect eMDM cells. The luciferase reporter assay
showed that viral infectivity was up to 7.1-fold higher in
eMDMs depleted of EfSAMHDI, compared to those in the
cells transfected with scrambled siRNA, or in untreated
eMDMs (Figure 1B). To explore the mechanism by which
EfSAMHDI1 inhibits EIAV infection in eMDMs, the products
of early and late reverse transcription of EIAV over the
course of infection from 6 h to 24 h were quantified in
siRNA-transfected eMDMs following EIAV infection. We
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found that knockdown of EfSAMHDI in eMDMs slightly
increased the number of early minus strand reverse transcrip-
tion products at the indicated time points (Figure 1C), while
EIAV late reverse transcription products significantly
increased in eMDMs depleted of EfSAMHDI (Figure 1D).
Taken together, these results suggested that EfSAMHDI
restricts EIAV replication in eMDMs by limiting EIAV
reverse transcription.

Since the antiviral effect of HsSSAMHDI mainly relies on its
dNTPase activity, we assessed the dNTPase activity of
EfSAMHDI. The intracellular dNTP levels in eMDMs were
quantified using a previously developed fluorescence-based pri-
mer extension assay [29]. As shown in Figure S1A, the intra-
cellular concentrations of the four dNTPs were less than 100
fmol per 10° eMDM cells. Following depletion of EfSAMHDI
expression, the dNTPs level dramatically increased up to 4-fold,
suggesting that EESAMHDI has functional dNTPase activity to
maintain relatively low dNTP concentrations in eMDMs. To
verify that the cellular ANTP pool is a critically limiting factor
for EIAV replication, eMDMs cells were cultured in presence of
deoxynucleosides at different concentrations, and then infected
with single-cycle EIAV. Viral infection was measured by asses-
sing luciferase activity. Exogenous addition of deoxynucleosides
resulted in a dose-dependent enhancement of EIAV infection in
eMDMs (Figure 1E). The enhancement of viral infection
mediated by addition of deoxynucleosides was compromised
in cells depleted of EfSAMHDI, compared to those in the cells
transfected with scrambled siRNA, or in untreated eMDM:s
(Figure S1B). Altogether, these results further confirmed that
EfSAMHDI restricts EIAV infection in eMDMs by lowering
cellular ANTP levels.

The HD domain within SAMHDI is highly conserved
across different species. Importantly, it has been reported that
the catalytic and phosphohydrolase activities of the protein are
conferred by the HD domain of HsSAMHDI1 ([30,31]. To
further investigate the antiviral function of the HD domain,
we generated five U937 cell lines, each stably expressing one of
the following SAMHDI constructs: EfSAMHD1, HsSSAMHD1,
macaque SAMHD1 (MmSAMHD1), EfSAMHDI catalytically
inactive mutant EfSAMHD1 HD-AA, and HsSAMHDI cataly-
tically inactive mutant HsSSAMHD1 HD-AA. SAMHDI expres-
sion levels were confirmed by western blotting analysis (Figure
S1C). These cell lines were further differentiated into macro-
phages with phorbol 12-myristate 13-acetate (PMA) treatment
and then infected with EIAV reporter virus. Consistent with
the results obtained from eMDMs, ectopic expression of
equine, human and macaque SAMHDI1 in U937 cells resulted
in reduced EIAV infectivity by 3 to 5-fold in each case, while
the mutants with a defective HD domain completely lost their
ability to restrict EIAV infection, compared to the wild type
(Figure 1F).

We next quantified the levels of intracellular dNTPs in
differentiated U937 cells expressing the different SAMHD1
constructs. Cells expressing wild-type SAMHDI had 2 to
3-fold lower levels of ANTPs compared to the parental cells,
whereas SAMHD1 mutants with a defective HD domain were
unable to hydrolyze the cellular dNTPs (Figure S1D).
Together, these data suggested that the conserved HD domain
of EfSMAHDLI is crucial for its antiviral activity.
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Figure 1. Equine SAMHD1 restricts EIAV infection. (A) Knockdown of the protein expression levels of EfSAMHD1. eMDMs were transfected with EfSAMHD1-specific
siRNA or scrambled siRNA control. At 48 hpt, EfSAMHD1 protein levels were quantified by western blotting using ACTB as an internal control. The densities of
EfSAMHD1 bands were analyzed with the Odyssey CLx Image Studio to calculate the values relative to that of ACTB. Results were normalized to control cells, which
were set as 1. (B) Knockdown of EfSAMHD1 increases EIAV replication in equine macrophages. eMDMs transfected with the indicated siRNA were infected with EIAV
luciferase reporter virus (RT = 10 ng). Cells were lysed, and luciferase activity in the cell lysates was measured at 48 hpi. Results were normalized to control cells.
P > 0.05 was considered NS, P < 0.05 was considered statistically significant. (C and D) Knockdown of EfSAMHD?1 increases viral reverse transcription products in
eMDM: . EIAV luciferase reporter viruses were first treated with DNase and then used to infect eMDMs. Total DNA was collected, and the viral early (C) and late
reverse transcripts (D) were quantified by real-time PCR using specific primers at 6, 12 and 18 hpi. ACTB was measured as an endogenous control. Data represent
means and SD of three independent experiments. P > 0.05 was considered NS, P < 0.05 was considered statistically significant. (E) Adding dNTPs into eMDMs
enhances the infection of EIAV in a dose-dependent manner. eMDMs were exposed to deoxynucleosides at different concentration, and then infected with EIAV
luciferase reporter virus. Cells were lysed, and luciferase activity in the cell lysates was measured at 48 hpi. Results were normalized to control cells, which were set as
1. Data represent means and SD of three independent experiments. P > 0.05 was considered NS, P < 0.05 was considered statistically significant. (F) HD domain of
EfSAMHD1 is essential for its antiviral activity. Stable U937 cell lines expressing wild-type SAMHD1 or SAMHD1 mutants were inoculated with EIAV luciferase reporter
viruses. Cells were lysed, and luciferase activity in the cell lysates was measured at 48 hpi. Results were normalized to control cells, which were set as 1. Data
represent means and SD of three independent experiments. P > 0.05 was considered NS, P < 0.05 was considered statistically significant.

EIAV Rev specifically downregulates expression of equine replication-competent EIAV  strain) [32] to achieve

SAMHD1

Vpx or Vpr encoded by HIV-2 and certain SIV lineages can
abolish the antiviral function of SAMHDI in myeloid cells
by loading SAMHDI1 for proteasome-dependent degrada-
tion. Since macrophages with active SAMHDI1 are the pri-
mary target cells of EIAV in vivo, we speculated that EIAV
has evolved strategies to counteract the antiviral activity of
EfSAMHDI1 in these cells. To this end, eMDMs were
infected with high dose (RT = 200 ng) of EIAVprvse (a

a saturated infection, and cells were harvested to detect
SAMHDI1 expression at 12 and 24 h post infection (hpi).
Intriguingly, the expression level of EfSAMHDI protein, but
not of mRNA, gradually decreased with time following
infection with EIAV (Figure 2A,B). Additionally, EIAV
infection diminished SAMHDI1 levels in a dose-dependent
manner (Figure 2C), and knockdown of EfSAMHDI in
eMDMs further exaggerated infection-induced downregula-
tion of SAMHD1 (Figure S2A).
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Figure 2. EIAV Rev decreases equine SAMHD1 expression. (A) EIAV infection decreases levels of EfSAMHD1 expression at the protein level. eMDM cells were
infected with EIAVp,y36 (RT = 200 ng). EfSAMHD1 protein levels were monitored at 12 and 24 hpi. Western blotting was performed with indicated antibodies. The
densities of EFSAMHD1 bands were analyzed to calculate the values relative to that of ACTB. Results were normalized to uninfected cells as control group. (B) EIAV
infection does not decrease levels of EfSAMHD1 mRNA. eMDM cells were infected with EIAVp 3 (RT = 200 ng). EFSAMHD1 mRNA levels were monitored at 12 and
24 hpi. mRNA levels were analyzed using real-time PCR. Data represent means and SD of three independent experiments. P > 0.05 was considered NS, P < 0.05 was
considered statistically significant. (C) EIAV infection decreases levels of EFSAMHD1 protein in a dose-dependent manner. eMDMs were mock-infected or infected with
EIAVp,y36 for 24 h (RT = 200 ng; RT = 400 ng). (D) EIAV Rev decreases protein levels of EfSAMHD1. HEK293T cells were transfected with the indicated plasmids.
Protein expression was analyzed using western blotting with indicated antibodies at 48 hpt. The densities of EFSAMHD1 bands were analyzed to calculate the values
relative to that of ACTB. Results were normalized to control cells. (E) Immunoblot analysis of SAMHD1 expression from the EIAV Rev and SAMHD1mutant co-
expression experiment. HEK293T cells were transfected with indicated plasmids. Protein expression was analyzed using western blotting with indicated antibodies at
48 hpt. The densities of SAMHD1 mutant bands were analyzed to calculate the values relative to that of ACTB. Results were normalized to respective control cells. (F)
The effect of EIAV infection on different SAMHD1 mutants expression. EIAV with VSV-G (RT = 400 ng) was used to infect stable U937 cell lines expressing different
SAMHD1 mutants. Protein expression was analyzed using western blotting with indicated antibodies at 48 hpi. The densities of SAMHD1 mutant bands were
analyzed to calculate the values relative to that of ACTB. Results were normalized to respective control cells. (G) HIV-1 Rev does not decrease expression levels of
EfSAMHD1 or huSAMHD1 proteins.

To identify the viral proteins required for SAMHD1 down-
regulation, HEK293T cells were co-transfected with expres-
sion vectors of EIAV proviral DNA, gag, env, dUTPase, S2 or
rev gene, along with EfSAMHDI expression vectors. The
protein expression was determined using western blotting
with indicated antibodies at 48 h post transfection (hpt).
Interestingly, we found that transfection of either EIAV pro-
viral DNA or the rev gene was capable of decreasing levels of

EfSAMHDI1 (Figure 2D). Rev is a conserved regulatory pro-
tein involved in transportation of incompletely spliced struc-
tural protein-encoding viral mRNAs [33,34]. To confirm this
specific downregulation, we evaluated the expression of
SAMHDI1 from human, macaque and horse in the context
of EIAV Rev expression. We found that EIAV Rev, specifically
mediates the downregulation of EfSAMHDI1 and its catalyti-
cally inactive mutant, rather than HsSAMHDI1, HsSAMHD1
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HD-AA or MmSAMHDI (Figure 2E). To further corroborate
these results, we also examined the expression of these
SAMHDI variants upon infection with high dose of VSV-G
pseudotyped EIAV (RT = 400 ng) which achieved high infec-
tion efficiency in U937 cells. As expected, the results showed
that EIAV infection led to reduction of EfSAMHDI1 and its
HD mutant, but not the HsSAMHDI1, HsSAMHDI1 HD
mutant, or MmSAMHDI1 (Figure 2F). Moreover, HIV-1 Rev
failed to downregulate EfSAMHDI or HsSAMHDI1 expres-
sion (Figure 2G), and HIV-2 Vpx was unable to reduce
EfSAMHDI1 expression (Figure S2B). Collectively, these
results suggested that EIAV overcomes SAMHDI1-mediated

restriction through its encoded Rev protein in a species-
specific manner.
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EIAV Rev interacts with equine SAMHD1

To further elucidate the mechanism by which EIAV Rev
reduces EfSAMHDI1 expression, we assessed the physical
interaction of EfSAMHDI1 with Rev by GST affinity isolation
and co-immunoprecipitation (Co-IP). Rev-GST is able to pull
down EfSAMHDI tagged with Flag in an RNA-independent
manner (Figure 3A,B), whereas the interaction between Rev-
GST with HsSAMHDI1, HsSAMHD1 HD mutant, or
MmSAMHDI1 was barely detected (Figure S3A). These data
further indicate that the binding between EfSAMHDI1 and
Rev is necessary for Rev-mediated degradation of
EfSAMHDI. We next performed confocal imaging to analyze
the subcellular localization of EIAV Rev and EfSAMHDI.
Both EfSAMHDI and EIAV Rev were predominately loca-
lized at the nucleus of cells when expressed alone, however,
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Figure 3. EIAV Rev interacts with equine SAMHD1. (A) GST affinity-isolation analysis of EfSAMHD1 and Rev. Flag-SAMHD1 was co-transfected with VR-GST or Rev-
GST. Whole-cells lysates were prepared, and GST affinity isolations were performed with glutathione magbeads and analyzed using western blotting. (B) Co-IP
analysis of EFSAMHD1 and Rev. HEK293T cells were transfected with indicated plasmids. Whole-cell lysates were prepared at 48 hpt, and immunoprecipitations were
performed with anti-Flag beads and analyzed using western blotting. (C) EIAV Rev relocalizes EfSAMHD1 from the nucleus to cytoplasmic compartments. Flag-
EfSAMHD1 and Rev-HA were expressed individually or together in HeLa cells. Cells were fixed, permeabilized and incubated with primary and secondary antibodies at
36 hpt, EfSAMHD1 and Rev expression were observed using confocal microscopy. Scale bar: 5 um. (D) Schematic of the BiFC fusion proteins. (E) Detection of
EfSAMHD1 and Rev interaction using BiFC assay. VN-Flag-EfSAMHD1 and Rev-VC were expressed individually or together in Hela cells and EfSAMHD1 and Rev fusion
proteins were stained with rabbit anti-Flag or anti-HA polyclonal antibodies followed by Alexa Fluor 647-conjuated goat anti-rabbit antibodies. BiFC green fluorescent
signals together with the expression of EfSAMHD1 or Rev expression were visualized using confocal microscopy. Scale bar: 5 um. (F) HIV-1 Rev does not produce BiFC
green fluorescent signals with EfSAMHD1. Revy-VC-HA was used as a negative control. Scale bar: 20 um.



both of them translocated to the cytosol, resulting in the
formation of puncta in the cells co-expressing EfSAMHDI1
and EIAV Rev (Figure 3C). To further confirm the confocal
results, a bimolecular fluorescence complementation (BiFC)
assay that could directly visualize protein-protein interactions
in living cells [35] was utilized to analyze the specific interac-
tion of EfSAMHDI1 and EIAV Rev. In brief, two constructs
were generated: Rev-VC that EIAV Rev-HA was fused with
C-terminal residues of Venus 174 to 238 (VC), and VN-
EfSAMHD1 that Flag-EfSAMHDI1 was fused with
N-terminal residues 2 to 173 of Venus (VN) (Figure 3D).
We first confirmed that the Rev-VC retained the ability to
downregulate VN-EfSAMHDI expression (Figure S3B). After
co-transfection of Rev-VC and VN-EfSAMHDI1 into Hela
cells, a specific BiFC fluorescent signal was readily detected
in the cytoplasmic compartment as observed by immunos-
taining (Figure 3E), whereas, no specific signal was detected in
the cells co-transfected with HIV-1 Rev-VC and VN-
EfSAMHDI1 (Figure 3F), suggesting that EfSMAHDI1 specifi-
cally interacts with EIAV Rev. Therefore, our data clearly
demonstrated that EIAV Rev specifically interacts with
EfSAMHDLI to drive the redistribution of EfSAMHDI1 from
the nucleus to the cytosol.

EIAV Rev promotes the lysosomal degradation of equine
SAMHD1

The ubiquitin-proteasome pathway and the lysosome path-
way are the two major protein degradation pathways in
eukaryotic cells [36]. To illustrate the pathways involved in
EfSAMHD1 downregulation mediated by EIAV Rev,
HEK293T cells co-transfected with the expression vectors
of both Flag-EfSAMHDI1 and Rev-HA were treated with
various inhibitors that block protein degradation via the
two different pathways. Intriguingly, the degradation of
Flag-EfSAMHD1 mediated by Rev-HA was blocked both by
lysosome inhibitors, including chloroquine (CQ) and bafilo-
mycin A; (Baf Al), and by class III PtdIns3K inhibitors,
including 3-methyladenine (3-MA) and wortmannin.
However, the proteasome inhibitor MG132 treatment was
unable to rescue EfSAMHDI1 expression in the presence of
EIAV Rev expression (Figure 4A). These results suggested
that Rev may promote EfSAMHDI degradation via the lyso-
somal pathway. To further explore the function of lysosomal
pathway in EIAV Rev-mediated degradation of EfSAMHDI,
HeLa cells expressing the VN-EfSAMHDI1 and Rev-VC BiFC
pair were transfected with either LAMP2 (lysosomal asso-
ciated membrane protein 2)-mCherry or mCherry, and their
subcellular colocalization was detected by confocal micro-
scopy. As shown in Figure 4B, mCherry was diffused in the
cytoplasm, whereas LAMP2, a lysosome marker, almost
completely colocalized with SAMHDI1-Rev BiFC complex.
Furthermore, we found that treatment with Baf Al or CQ,
which disrupts intra-lysosomal degradation by inhibiting
acidification, caused the formation of larger SAMHD1-Rev
puncta. Conversely, 3-MA or wortmannin, which inhibits
class III PtdIns3k and thereby prevents initial recruitment
of effector proteins governing protein degradation [37-39],
displayed the opposite effect (Figure 4C,D). Taken together,
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these results suggested that EIAV Rev mediated the degrada-
tion of EfSAMHDI via class III PtdIns3K-dependent lysoso-
mal pathway.

BECNT1 is involved in Rev-mediated degradation of equine
SAMHD1

To further elucidate the mechanism underlying the degrada-
tion of EfSAMHDI1 mediated by EIAV Rev, potential cellular
partners of EIAV Rev were then identified using a yeast two
hybrid screening. A yeast two hybrid ¢cDNA library of
eMDMs was generated using SMART technology for identi-
fication of the partners of EIAV Rev. Surprisingly, equine
BECNI1 (EfBECN1), a core component of class III PtdIns3K
complex [40], was identified to specifically interact with Rev
(Figure 5A). To further confirm these results, we performed
GST affinity-isolation and Co-IP assays, and found that Flag-
BECN1 coimmunoprecipitated with Rev-GST in an RNA-
independent manner (Figure 5B,C). BECN1 is composed of
three motifs, including a BCL2-homology-3 domain (BH3),
a coiled-coil domain (CCD), and an evolutionarily conserved
domain (ECD) [41]. To determine the region of EfBECN1
essential for its interaction with EIAV Rev, we constructed
a series of Flag-BECNI1 truncated mutants and checked the
interactions between these variants and EIAV Rev using GST
affinity isolation. Deletion of CCD domain of EfBECN1 com-
pletely abolished the interaction between BECN1 and EIAV
Rev, while the CCD domain itself was able to bind with EIAV
Rev (Figure S4A, S4B). These results suggested that EIAV Rev
specifically interacts with EfBECN1 through binding with the
CCD domain of BECNI.

BECNI is a multifunctional protein and plays a key role in
the class III PtdIns3K activity [38,42,43], we reasoned that
EIAV Rev likely recruit BECN1 to mediate EfSAMHDI1
degradation in the lysosomes. To this end, eMDMs trans-
fected with siRNA targeting EfBECN1 were infected with
EIAVpryss and the EfSAMHDI1 expression was analyzed
using western blotting at 24 hpi. As shown in Figure 5D,
depletion of EfBECN1 blocked EIAV infection-induced
EfSAMHDI1 degradation. Interestingly, EfSAMHDI1 only
formed a complex with BECN1 in the presence of EIAV
Rev, whereas EfSAMHDI1 alone did not bind to endogenous
BECNI1 (Figure 5E). Furthermore, we found that EfBECN1
was strongly recruited to SAMHDI-Rev BiFC complexes to
form a ring-like or omegasome-like structure, further suggest-
ing that EfBECN1 is recruited to the EfSAMHDI-Rev com-
plex to mediate the degradation of EfSAMHDI (Figure 5F).
Collectively, all of these results indicated that EIAV Rev may
act as a scaffold to bridge SAMHD1 and BECN1 for lysosomal
degradation.

BECN1 and PIK3C3, but not all components of the
autophagy pathway, are required for Rev-mediated
degradation of equine SAMHD1

BECNI and PIK3C3 are recognized key regulators of auto-
phagy, and also participate in vacuolar protein sorting, endo-
cytic trafficking, and autophagy independent protein
degradation [37-39]. It is unclear whether Rev promotes
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Figure 4. EIAV Rev promotes the lysosomal degradation of equine SAMHD1. (A) Lysosome pathway inhibitors block Rev-induced EfSAMHD1 degradation.
HEK293T cells were transfected with indicated plasmids. At 20 hpt, cells were treated with MG132 (10 pM), 3-MA (5 mM), CQ (150 uM), Baf A1 (200 nM), or
wortmannin (200 nM). After incubation for 16 h, the cells were analyzed using western blotting with indicated antibodies. The densities of SAMHD1 bands were
analyzed to calculate the values relative to that of ACTB. Results were normalized to respective control cells. (B) EFSAMHD?1 is targeted to lysosomes for degradation.
VR1012-mcherry or VR1012-LAMP2-mcherry was expressed in Hela cells with the VN-Flag-EfSAMHD1 and Rev-VC pair. Colocalization of these fluorescent signals was
visualized by confocal microscopy. Scale bar: 5 um. (C and D) Analysis of the effect of protein degradation inhibitors on the SAMHD1-Rev BiFC punctate number. VN-
Flag-EfSAMHD1 and Rev-VC were co-expressed in Hela cells. At 20 hpt, cells were further treated with indicated inhibitors. After Incubation for 16 h, the cells were
observed using confocal microscopy (C). Scale bar: 20 pm. The number of SAMHD1-Rev BiFC puncta was statistically analyzed (D).

SAMHDI1 degradation directly, or through induction of the
autophagy pathway (Figure 6A). Thus, we assessed the
autophagic flux in EIAV infected eMDMs by monitoring
the turnover of endogenous MAP1LC3/LC3-II (microtubule
associated protein 1 light chain 3)-II in the presence or
absence of Baf Al, an accurate indicator to determine auto-
phagy activation [44,45]. As shown in Figure 6B, LC3-II
levels were comparable in infected cells and mock-infected
cells. Treatment with Baf Al, an inhibitor of lysosomal
acidification that blocks degradation of autophagosomes by
the lysosome led to the accumulation of LC3-II in both
infected and mock-infected cells; however, there were no
observed differences in relative LC3-II levels between
infected cells and mock-infected cells, indicating that there
was no cumulative increase in autophagosome formation as
infection progressed. To corroborate this result, we

transfected either EIAV proviral DNA or EIAV Rev expres-
sing vector into HEK293T cells, and then treated these cells
with or without Baf A1l. We found that neither expression of
EIAV proviral DNA or EIAV Rev has an effect on turnover
of LC3 II, compared with the control (Figure 6C). To further
confirm this result, we utilized green fluorescent protein
(GFP)-LC3 in conjunction with Baf A1 to detect autophagic
flux by fluorescence microscopy. GFP-LC3 was recruited to
autophagosomes forming punctate structures upon starva-
tion as typically observed [44,45]. As expected, expression of
EIAV proviral DNA or EIAV Rev has no effect on puncta
formation of GFP LC3-labeled vacuoles, compared to the
control (Figure S5A, S5B). Collectively, these results suggest
that EIAV facilitates the degradation of SAMHDI1 by Rev
through the lysosome pathway without inducing autophago-
some formation.
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Figure 5. BECN1 is involved in Rev-mediated equine SAMHD1 degradation. (A) Yeast two-hybrid analysis of EfBECNT and Rev. The indicated plasmids were co-
transformed into the Y2HGold yeast strain. (B) GST affinity-isolation analysis of EFBECN1 and Rev. Flag-BECN1 was co-transfected with VR-GST or Rev-GST. Whole-cells lysates
were prepared, and GST affinity isolations were performed with glutathione magbeads and analyzed using western blotting. (C) Co-IP analysis of EfSAMHD1 and Rev.
HEK293T cells were transfected with indicated plasmids. Whole-cell lysates were prepared at 48 hpt, and immunoprecipitations were performed with anti-Flag beads and
analyzed using western blotting. (D) Knockdown of EfBECN1 blocks EIAV-induced EfSAMHD1 degradation. eMDMs were transfected with BECNT-specific siRNA or scrambled
SiRNA control. At 48 hpt, eMDMs were infected with EIAVp 3. BECN1 and EfSAMHD1 protein levels were visualized using western blotting after additional 24 h. The
densities of EFSAMHD1 and BECN1 bands were analyzed to calculate the values relative to that of ACTB. Results were normalized to uninfected cells of control group. (E and
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complexes were immunoblotted against endogenous BECN1 and ectopically expressed SAMHD1 and Rev. (F) Flag-BECN1 was co-transfected in Hela cells with the VN-
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secondary antibodies. Colocalization of these fluorescent signals was visualized by confocal microscopy. Scale bar: 20 ym.
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Figure 6. BECN1 and PIK3C3, but not all components of the autophagy pathway, are required for Rev-mediated equine SAMHD1 degradation. (A)
Schematic overview of the lysosomal degradation related to BECN1. (B) EIAV infection does not trigger autophagy in eMDMs. eMDMs were mock-infected or infected
with EIAVppyse for 12 h and 24 h (RT = 200 ng). Cells were washed three times with PBS and then cultured in EBSS medium for 2 h for inducing starvation as

a positive control. eMDMs were treated with Baf A1 (50 nM) or DMSO for 6 h. The

cell lysates were analyzed using western blotting. The densities of LC3 Il bands

were analyzed to calculate the values relative to that of ACTB. Results were normalized to the control cells with DMSO treatment at 12 hpi. (C) Overexpression of EIAV

proviral DNA or Rev does not trigger autophagy. HEK293T cells were co-transfected

with plasmids encoding EIAV proviral DNA and Rev for 36 h, and HEK293T cells

starved in EBSS medium for 2 h were used as a positive control. HEK293T cells were treated with Baf A1 (200 nM) or DMSO for 6 h. The cell lysates were analyzed

using western blotting. The densities of LC3 Il bands were analyzed to calculate the

values relative to that of ACTB. Results were normalized to the control cells with

DMSO treatment. (D) Knockout of BECNT or PIK3C3 genes block Rev-induced EfSAMHD1 degradation. WT and ATG KO HEK293T cells were transfected with indicated
plasmids, the lysates were analyzed using western blotting. The densities of SAMHD1 bands were analyzed to calculate the values relative to that of ACTB. Results
were normalized to respective control cells. (E) Detection of BiFC signals from the SAMHD1 and Rev co-expression in WT and ATG KO HEK293T cells. LAMP2-mCherry
was expressed in WT and ATG KO HEK293T cells with the VN-EfSAMHD1-HA and Rev-VC pair. Colocalization of these fluorescent signals was visualized using confocal

microscopy at 36 hpt. Scale bar: 5 pm.

To further corroborate the involvement of autophagy in
EfSAMHDI1 degradation mediated by EIAV Rev, a series of
autophagy-related (ATG) gene knockout (KO) HEK293T cell
lines, ATG3 KO, ATG5 KO, ATG7 KO, BECNI KO, and
PIK3C3 KO, were generated using CRISPR/Cas9 technology.
The knockout efficiency and EfSAMHDI degradation were
assessed by western blotting. We found that the degradation

of EfSAMHD1 by EIAV Rev was abolished in BECN1 KO and
PIK3C3 KO cells; however, EIAV Rev was still able to mediate
EfSAMHDI degradation in ATG3 KO, ATG5 KO and ATG7
KO cells (Figure 6D). Agreeingly, SAMHDI-Rev BiFC com-
plexes were diffused in the cytoplasm of BECN1 KO and
PIK3C3 KO cells, but exhibited a puncta localization pattern
and strong colocalization with LAMP2 in ATG3 KO, ATG5
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Figure 7. Identification of Rev domains crucial for equine SAMHD1 degradation. (A) Schematic diagram of wild-type EIAV Rev and structures of respective
mutants. (B) Immunoblot analysis of EfSAMHD1 expression from the EfSAMHD1 and EIAV Rev mutant co-expression experiment. (C) Detection of BiFC green
fluorescent signals from the EfSAMHD1 and EIAV Rev mutants co-expression experiment. Hela cells were transfected with indicated plasmids. At 20 hpt, cells were
either treated with LMB (5 nM) or not. After Incubation for 16 h, ectopic Rev proteins were stained with rabbit anti-HA antibodies, followed by Alexa Fluor 647-
conjugated secondary antibodies. Colocalization of these fluorescent signals was visualized by confocal microscopy. Scale bar: 10 pm. (D) GST affinity-isolation
analysis of EFSAMHD1 and EIAV Rev mutants. (E) GST affinity-isolation analysis of EFBECN1 and EIAV Rev mutants. (F) LMB blocks Rev-induced EfSAMHD1 degradation.
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KO and ATG7 KO cells (Figure 6E). Knockout of BECNI was  degradation of SAMHD1 by hijacking BECN1, and this pro-
unable to impair the interaction between EfSAMHDI1 and Rev  cess is independent of the canonical autophagy pathway.
(Figure S5C). In addition, knockdown of BECN1 in eMDMs BECNI and PIK3C3, but not all components of the autophagy
slightly decreased EIAV replication (Figure S5D, S5E). pathway, are required for EfSAMHDI1 degradation mediated
Collectively, these results demonstrate that EIAV Rev induced by EIAV Rev.
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Identification of Rev domains crucial for the degradation
of equine SAMHD1

The widely accepted function of lentiviral Rev is to mediate
transportation of unspliced or partially spliced pre-mRNA
from the nucleus to the cytoplasm [33,34]. Thus, the role of
EIAV Rev in counteracting the restriction of SAMHDI] is novel
and unconventional. EIAV Rev contains four domains:
a nuclear localization signal (NLS), an RNA binding domain
(RBD), a nuclear export signal (NES), and a functionally
unknown non-essential domain (ND). The conserved hydro-
phobic residues (L36, W41, 145, 1L49) are required for its
nuclear export function. Two short, non-contiguous arginine-
rich motifs including a central RRDRW motif (76-80 amino
acids [AA]) and a C-terminal KRRRK motif (159-163 AA) are
necessary for RNA binding. The KRRRK motif is also essential
for the nuclear localization. A Leu residue at position 95 plays
a role in dimerization and is required for RNA-binding activity
[33,46]. To map the key domain of Rev responsible for
EfSAMHDI1 degradation, we constructed five EIAV Rev
mutants, including a Rev NES mutant (Rev-ANES), a RBD
mutant (Rev-AADAA), a dimerization domain mutant (Rev-
L95D), a NLS/RBD mutant (Rev-KAAAK) and a non-essential
domain mutant (Rev-AND) for the analysis (Figure 7A). Upon
co-expression of SAMHDI1 with each individual Rev mutant,
reduction of SAMHDI expression was observed in Rev-L95D
and Rev-KAAAK, and comparable to Rev-WT. Conversely, the
SAMHDI1 degradation activities of Rev-ANES, Rev-AADAA,
and Rev-AND mutants were impaired (Figure 7B). BiFC assay
results also displayed measurable variation in SAMHDI1-Rev
distribution among the Rev mutants (Figure 7C). Rev-L95D
and Rev-KAAAK signals were found in the same perinuclear
compartments as Rev-WT, whereas Rev-ANES and Rev-
AADAA signals were found in the nucleus. Furthermore,
Rev-AND signal was diffused in the cytoplasm and poorly
colocalized with LAMP2. GST affinity-isolation results showed
that all the Rev mutants pulled down EfSAMHDI protein,
while all but Rev-AND also pulled down with BECN1 (Figure
7D,E). These data demonstrated that the ND domain (122-148
AA) of EIAV Rev that is required for binding to BECN1 as well
as the NES and RBD domains that control the shuttle between
nucleus and cytoplasm, are important for Rev-mediated
EfSAMHDI1 degradation. To further confirm the role of
nucleocytoplasmic transport of EIAV Rev in EfSAMHDI
degradation, we used Leptomycin B (LMB) to block nuclear
export factor exportin 1-mediated export from the nucleus. We
found that Rev-mediated EfSAMHDI1 degradation was signifi-
cantly inhibited following treatment with LMB, and SAMHD1-
Rev BiFC signals were primarily located in the nucleus
(Figure 7F).

To determine the specific amino acids in Rev responsible
for BECNI1 binding and subsequent EfSAMHD1 degradation,
we generated a series of mutants with internal 9-AA deletions
(Rev-A122-130, Rev-A131-139 and Rev-A140-148). Upon co-
transfection of HEK293T cells with plasmids encoding Flag-
EfSAMHDI1 and each individual Rev mutant, we found that
loss of any 9 AA within the 122-148 AA range abolished its
ability to activate SAMHDI1 degradation (Figure S6A,S6B).
Consistent with these results, the interactions between

BECNI1 and these Rev mutants were also impaired (Figure
S6C). When the 9-AA regions flanking Rev 122-148 were
deleted (Rev-Al113-121 and Rev-A149-158), interaction
between Rev and BECN1 was unaffected (Figure S6D).
These results indicated that deletions within amino acids
122-148, but not deletions of similar length in adjacent
regions, abolished the interaction between Rev and BECNI.

Discussion

SAMHDI limits lentiviral infections in non-dividing myeloid
cells by maintaining low levels of dNTPs required for reverse-
transcription [2,4]. Unlike other lentiviruses that primarily
replicate in CD4 + T cells, the equine lentivirus EIAV exclu-
sively infects macrophages harboring functional SAMHDI1
[27,28]. In this study, we provide evidence that EfSAMHDI
inhibits EIAV infection in macrophages as does HsSSAMHDI1
in non-dividing cells. However, upon infection, EIAV was
able to circumvent the host antiviral defense. Remarkably,
we found EIAV Rev is the key player promoting lysosomal
degradation of SAMHDI in a BECN1-dependent manner, the
function of which was previously unknown.

Lentiviruses utilize cellular dNTPs for reverse transcription
in infected host cells. The low dNTPs concentrations in
macrophages result in the limited replication kinetics of
HIV-1 [47,48]. Our data demonstrate that the concentration
of NTPs in eMDMs is extremely low (Figure S1A). Depletion
of endogenous SAMHDI1 protein in eMDMs was able to
increase intracellular dNTP concentrations, and thereby
enhance EIAV replication in eMDMs (Figure 1A-D). In con-
trast, overexpression of equine SAMHDI1 in PMA-treated
U937 cells efficiently inhibited EIAV infection (Figure 1F),
indicating that the dNTPase activity of SAMHDI is highly
conserved across different species. Thus, the dNTPase activity
of SAMHD]1 is highly correlated with its antiviral function in
macrophages.

SAMHDI has been characterized as a critical restriction
factor that blocks a broad range of retroviruses and DNA
viruses as well as enterovirus 71 [49]. These viruses may
have evolved weaponry to counteract the restriction of
SAMHDI. Herpes virus, for example, may use viral kinase
to inactivate SAMHD1 by modifying SAMHDI1 phosphoryla-
tion. Enterovirus 71 is proposed to indirectly use TRIM21 as
a modulator to degrade SAMHDI. Only certain primate len-
tiviruses such as HIV-2 and several SIV strains are able to
productively infect macrophages, due to evolutionarily
acquired countermeasures (Vpx or Vpr) that enable them to
degrade HsSAMHDI1 [3,19]. Other non-primate lentiviruses
that display macrophage tropism overcome SAMHD]1 restric-
tion by mechanisms that have yet to be determined. EIAV
exclusively and successfully infect macrophages which contain
extremely low dNTP concentrations, yet previous literature
reported that EIAV and other non-primate lentiviruses failed
to proteasomally degrade SAMHDI proteins [50]. Thus, in
the present study, it was surprising to find EIAV was able to
induce EfSAMHDI lysosomal degradation though the virally
encoded accessory protein Rev. EIAV Rev is a well-studied
essential regulatory protein that is highly involved in the
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Figure 8. Schematic representation shows the model of Rev-mediated equine SAMHD1 degradation. Equine SAMHD1 limits EIAV replication by its dNTPase
activity. However, EIAV Rev degrades equine SAMHD1 through a BECN1-dependent lysosome pathway to overcome equine SAMHD?1 restriction.

mediation of nucleocytoplasmic transportation of incomple-
tely spliced viral mRNA, but its functions beyond this role are
poorly understood. Here, we present a novel function of EIAV
Rev in degradation and antagonization of SAMHDI in
a species-specific manner. EIAV Rev was unable to degrade
HsSAMHD1 and MmSAMHDI, while HIV-1 Rev and HIV-2
Vpx failed to degrade EfSAMHDI. These species-specific
limitations suggest evolutionary selection and adaptation in
lentiviruses to their hosts.

We investigated the mechanism by which EIAV Rev med-
iates EfSAMHDI1 degradation, and found that EIAV Rev
actually recruited SAMHDI into the lysosome to undergo
degradation in a BECNI-dependent manner. BECN1 is
a multifunctional protein involved in many biological pro-
cesses, including autophagy, endocytic trafficking, adaptation
to stress, cytokinesis control and more [38,51,52]. BECN1 is
also a component of the class III PtdIns3K complex that can
play a central role in autophagy. We found that Rev-
mediated SAMHDI1 degradation was only abolished in
PIK3C3 and BECNI KO cells, but not ATG3, ATG5 or
ATG7 KO cells, indicating that EIAV infection or Rev
expression does not induce autophagy. Recent literature sup-
ports the role of BECN1 in the autophagy-independent
maintenance of cellular homeostasis. The BECN1-PIK3C3
complex can recruit retromers to phagosomal membranes,
facilitating recycling of the phagocytic receptor CD36 mole-
cule in microglia [53]. In addition, the BECNI1-PIK3C3

complex regulates neuronal transforming growth factor beta
signaling by mediating recycling of transforming growth
factor beta receptorl, but ATG7 and ATGI14L have no role
in this process [54]. BECN1 and PIK3C3 are also involved in
the internalization and degradation of the epidermal growth
factor receptor in HeLa cells, whereas Atgl4L knockdown
does not affect the downregulation of epidermal growth
factor receptor [42]. Consistently, our data demonstrated
that BECNI1, but not the factors involved in the elongation
of the autophagosomal membrane, is required for EIAV Rev-
mediated EfSAMHDI1 degradation. Given that ATG3, ATG5
and ATG7 are not essential for EESAMHDI1 degradation, we
cannot exclude that a BECN1-dependent non-canonical au-
tophagy pathway is hijacked by EIAV Rev to degrade
SAMHDI. These non-canonical autophagy pathways bypass
several canonical steps such as elongation and closure
(ATG7, ATG5 and LC3), initiation (unc-51 like autophagy
activating kinase 1), and nucleation (PIK3C3-BECN1) [55--
55-57]. Indeed, our data demonstrate that EIAV infection
does not induce canonical autophagy. However, the yet
unknown host factors and mechanism by which SAMHD1
is recruited to the complex to mediate fusion with the lyso-
some for degradation remains to be investigated.

SAMHDI is mainly localized in the nucleus, but EIAV Rev
is able to relocalize EfSAMHDI to the cytoplasm, and target
EfSAMHDI for lysosomal destruction. Our data showed that
the ability of EIAV Rev to shuttle between the nucleus and
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cytoplasm is essential for Rev-mediated EfSAMHD]1 degrada-
tion as evidenced by loss of SAMHDI1 degradation mediated
by Rev-ANES and Rev-AADAA that exhibit low nuclear
export activity [58]. Previously, it has been shown that Arg
to Gly mutations at positions 161 and 162 in the KRRRK
motif abolished nuclear localization of Rev-GFP fusion pro-
teins [46]. In our study, we observed that Rev-KAAAK, the
NLS mutant, was still located in nucleus and yet could effi-
ciently mediate EfSAMHDI1 degradation. Therefore, the
KRRRK motif of Rev may not be necessary for targeting Rev
to the nucleus.

Since Rev is an essential viral protein for EIAV replication,
we were unable to generate an infectious clone lacking the
entire Rev gene to assess the role of Rev in SAMHD1 degra-
dation in the context of viral infection. However, we have
mapped the region within Rev that is responsible for
SAMHDI1 degradation. The BECNI1-binding-deficient Rev
mutant bearing 122-148 AA deletion in the non-essential
domain of Rev failed to target SAMHDI for lysosomal degra-
dation, and loss of any 9 AA in the non-essential domain
(region 122-148 AA) of Rev abolished its ability to interact
with BECNI. Dimerization and the ability for RNA binding of
Rev are not likely to be important for Rev-mediated
EfSAMHDI1 degradation. Our ongoing studies are to map
the key residues that are essential for SAMHDI degradation
only, but have no effect on its ability to promote nuclear
export of the Rev-mRNA complex.

In conclusion, our study revealed that equine SAMHDI
limits EIAV replication by its dNTPase activity, and that
EIAV Rev degrades equine SAMHDI1 through a BECNI1-
dependent lysosome pathway to overcome equine SAMHD1
restriction (Figure 8). Despite numerous studies regarding the
role of BECNI1 and canonical autophagy in viral infection,
usurpation of BECN1 by a viral protein to counteract
a restriction factor through a canonical autophagy-
independent pathway has never been reported. Therefore,
this study highlights a novel mechanism in which non-
primate lentivirus overcomes an intrinsic viral defense pro-
cess. These findings may expand our understanding of the
evolutionary conflicts between lentiviruses and restriction
factors.

Materials and methods
Cell lines and culture conditions

eMDMs were prepared from equine peripheral blood mono-
nuclear cells as described previously [59], and maintained in
RPMI 1640 (Sigma-Aldrich, R8758) supplemented with 30%
horse serum (HyClone, SH30074.03) and 30% newborn bovine
serum (Ausbian, VS500N). The human cell lines HEK293T and
Hela were maintained in Dulbecco’s high-glucose modified
Eagle’s medium (Sigma-Aldrich, D6429) supplemented with
10% fetal bovine serum (Sigma-Aldrich, F2442) and 1% penicil-
lin-streptomycin (Gibco, 15140122). U937 cells were grown in
RPMI 1640 supplemented with 10% fetal bovine serum. All
primary cells and cultured cell lines were maintained at 37°C
in a humidified incubator containing 5% carbon dioxide.

Plasmids

SAMHDI genes derived from horse, human, and rhesus maca-
que were amplified from cDNA using RT-PCR, and cloned into
the pcDNA3.1 expression vector (Invitrogen, V79020) with
either a 3x Flag at the N terminus or a 2x HA at the
C terminus. Equine BECN1 was amplified from c¢DNA of
eMDMs using RT-PCR and inserted into the pCMV-3x Flag
expression vector (Sigma-Aldrich, E7658). The human LAMP2
gene was amplified from ¢cDNA and fused to the VR1012
expression vector (a gift kindly provided by Dr. Xiaofang Yu at
First Hospital of Jilin University) with mCherry tag. pPEGFP-LC3
was constructed by inserting human LC3 encoding fragment
into the pEGFP-N1 (Clontech, HG-VYC0086). The pCMV 3-8
vector (maintained in our laboratory) expressed full-length
EIAV proviral genome of the EIAVgppy; strain [60]. Genes
encoding viral structural (dUTPase and Env) and non-structural
proteins (Tat and S2) were amplified from pCMV 3-8 and
cloned into the pcDNA3.1-2x HA. Gag was amplified from
pCMV 3-8 and cloned into the VR1012. The VR-Rev-GST
was constructed by cloning the Rev sequence from pcDNA3.1-
Revgrav-HA and fusing it to the VR1012 vector with GST at the
C terminus. The plasmids pcDNA3.1-VN-Flag-EfSAMHDI,
pcDNA3.1-VN-EfSAMHDI1-HA, and pcDNA3.1-Revgay-VC-
HA, were constructed by fusing the N-terminal residues 2-173
of Venus and C-terminal residues 174-239 to the N-termini of
either SAMHDI or EIAV Rev, respectively. pcDNA3.1-Revyyy-
VC, pcDNA3.1-Revypry-HA were reported previously [61].
A series of Flag-tagged truncated EfBECN1 constructs were
generated using site-directed mutagenesis. HIV-2 Vpx was
codon-optimized for expression in human cells using services
provided by Life Technologies Corporation (Rockville, USA).
The codon optimized ¢DNAs were cloned into
pcDNA3.1-2x HA. All constructed plasmids were analyzed
and verified by DNA sequencing.

Chemical reagents

Puromycin (P9620), PMA (P1585), MG132 (C2211), chloro-
quine (PHR1258), bafilomycin A; (B1793), wortmannin (12--
338), and 3-MA (M9281) were purchased from Sigma-
Aldrich. Leptomycin B (S1726) and DAPI (C1002) were pur-
chased from Beyotime.

Transfection and western blotting

HEK293T cells were cultured in 6-well plates and transiently
transfected with the indicated plasmids using a standard calcium
phosphate method or with PolyJet DNA reagent (SignaGen
Laboratories, SL100688), following the manufacturer’s instruc-
tions. At 48hpt, the cells were harvested, lysed in lysis buffer
(50 mM Tris-HCl [Biosharp, 0234], pH 7.5, 50 mM NaCl
[Sigma-Aldrich, S7653], 5 mM EDTA [Sigma-Aldrich, E6758],
1% Triton X-100 [Sigma-Aldrich, T7878]), and then centrifuged
at 10,000 x g for 5 min to remove the cell nuclei. The proteins in
the cell lysates were separated using SDS-PAGE and then trans-
ferred onto nitrocellulose membranes (Millipore, HATF00010).
Membranes were blocked with 5% fat-free dry milk (BD,
232100) in Tris-buffered saline (20 mM Tris-HCl, 150 mM



NaCl) for 2 h at room temperature, and then incubated with the
indicated primary and secondary antibodies. The mouse anti-
Flag (F1804), mouse anti-HA (H9658), mouse anti-actin beta
(ACTB; A1978) monoclonal antibodies, rabbit anti-SAMHD1
(SAB2102077), rabbit anti-Flag (F7425), and rabbit anti-HA
(H6908) were purchased from Sigma-Aldrich; the rabbit anti-
BECNI1 (ab207612), rabbit anti-ATG3 (ab108282), rabbit anti-
ATGS5 (ab108327), and rabbit anti-ATG7 (ab52472) antibodies
were purchased from Abcam; the rabbit anti-class III PtdIns3K
(4263) and rabbit anti-LC3B (2775) antibodies were purchased
from Cell Signaling Technology; and the rabbit anti-GST
(10000-0-AP) antibodies were purchased from Proteintech.
Monoclonal antibodies against P26, which is the capsid protein
of EIAV, were prepared in our laboratory [62]. DyLight™ 800-
labeled goat anti-mouse (5230-0415) and DyLight™ 680-labeled
goat anti-rabbit (5230-0403) secondary antibodies were pur-
chased from KPL. Bands were analyzed by scanning blots
using the Odyssey Imaging System (Li-Cor, Lincoln, NE, USA).

Generation of stable expression cell lines

Stable cell lines expressing wild-type SAMHDI1 or
SAMHDI1 mutants were generated through retroviral
transduction. The c¢DNAs of SAMHDI1 derived from
horse, human and rhesus macaque were cloned separately
into pLPCX retroviral vectors (Clontech, 3558616) with
3x HA tags at the C terminus. pLPCX-EfSAMHD1 HD-
AA and pLPCX-HsSAMHDI1 HD-AA were generated
using site-directed mutagenesis and confirmed using
DNA sequencing. The resultant plasmids were co-
transfected with the MLV Gag-Pol (Addgene, 35614;
deposited by Patrick Salmon at University of Geneva)
and VSV-G helper plasmids (Addgene, 8454; deposited
by Bob Weinberg at Massachusetts Institute of
Technology) respectively, to generate pseudotyped viruses
in HEK293T cells using calcium phosphate. Transduced
U937 cells that stably expressed SAMHDI1 were infected
with the lentiviral expression vectors and were selected in
0.4 pg/mL puromycin. Clonal U937 cell lines were gener-
ated by limiting dilution and finally identified using wes-
tern blotting. U937 were differentiated for 24 h with PMA.

Establishment of knockout cell lines

HEK293T cells were used to generate ATG gene knockout
cells using CRISPR-Cas9 technology. The gRNAs were
designed using the Broad Institute Zhang Lab Guide
Design Resources. The sequences targeting each gene were
as follows: BECN1, ATTTATTGAAACTCCTCGCC;
ATG5, AACTTGTTTCACGCTATA; ATG3, GTGAAG
GCATACCTACCAAC; ATG7, GAAGCTGAACGAGT
ATCGGC; PIK3C3, CTACATCTATAGTTGTGACC.
DNA fragments that contained the gRNAs specific for
each host factor, a guide RNA scaffold, a U6 promoter
and a U6 termination signal sequence were synthesized
and subcloned into the pMDI18-T backbone vector
(Clontech, 6011). The Cas9-eGFP expression plasmid
(pMJ920) was kindly provided by Dr. Jennifer Doudna at
University of California, Berkeley. Briefly, HEK293T cells in
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6-well plates were transfected with 1.0 ug of gRNA expres-
sion plasmids and 1.0 pg of pMJ920 plasmids with PolyJet
DNA reagent (Signagen Laboratories, SL100688). GFP-
positive cells were sorted by fluorescence-activated cell
sorting at 36 hpt. The positive clones were validated by
DNA sequencing and western blotting.

RNA interference

Equine SAMHDI siRNA and control scrambled siRNA,
were designed and synthesized by Sigma-Aldrich. The
sequences targeting each gene were as follows: SAMHDI,
GAAUCAUUGACACACCUCA; BECNI,
GACAAUUUGGCACAAUCAA. 2.0 x 10° eMDMs were
seeded into 6-well plates and cultivated for 48 h, and then
were transfected with SAMHDI or scrambled siRNA using
Lipofectamine RNAIMAX (Invitrogen, 13778100). Briefly,
100 pmol siRNA in 100 pL serum-free Opti-MEM medium
(Gibco, 31985070) and 6 uL Lipofectamine RNAIMAX in
100 pL of Opti-MEM were mixed and incubated for 5 min
at room temperature. The mixtures were then added drop-
wise to each well. The knockdown efficiency was deter-
mined at 48 hpt by western blotting analysis.

Quantification of cellular dNTPs pools

The protocol for cellular ANTP extraction from cells was similar
to that previously described [28]. Briefly, macrophages and
PMA-treated U937 cells (2.0 x 107) were resuspended in
200 pL ice-cold 60% methanol. Samples were then heated at
95°C for 3 min, prior to centrifugation at 16,000 x g for 5 min.
The supernatants were harvested and evaporated under centri-
fugal vacuum. The resultant pellet was then resuspended in
20 pL nuclease-free water and ready to assay. Quantification
of ANTPs was carried out using a fluorescence-based primer
extension assay as previously described [63]. Reaction mixtures
contained 2.5 uL cell extract or ANTP standard, 1 pL ANTP mix
(2.5 mmol/L) exlcuding the dNTP to be assayed, 1 uL primer
NDP1 (10 pmol/L), 1 pL probe (10 pmol/L), 1 uL template
(10 umol/L), 2 uL MgCl, (25 mmol/L), 2.5 uL 10x PCR Buffer
II and 0.8175 pL AmpliTaq Gold DNA polymerase (ABI,
N8080241), with a final volume of 25 pL. Thermal profiling
and fluorescence detection were carried out using an isothermal
program on Applied Biosystems 7500 Real-Time PCR system
(Life Technologies, Grand Island, NY, USA). Data were col-
lected at 30 s intervals for 15 min. The concentration of each
dNTP was determined by comparison to the standard curves
analyzed by linear regression and corrected to give fmol quan-
tities for 10° cells.

Co-IP assay

HEK293T cells were transfected with the indicated plasmids
as described above. At 48 hpt, the cellular extracts were
incubated with 30 pL anti-Flag beads (Sigma-Aldrich,
M8823) at 4°C for 8 h. The beads were then washed six
times with phosphate-buffered saline (PBS; Thermo Fisher
Scientific, 10010023), boiled in sample buffer (Beyotime,
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P0015L), and subjected to SDS-PAGE followed by immuno-
blot analysis with indicated antibodies.

GST dffinity isolation

Whole-cell extracts were prepared after transfection, followed
by incubation with 100 pL glutathione magbeads (GenScript,
L00327) at 4°C for 8 h. The beads were then washed six times
with PBS, boiled in sample buffer, and subjected to SDS-
PAGE followed by immunoblot analysis with indicated
antibodies.

Confocal microscopy

HEK293T and HeLa cells were transfected with indicated
vectors using PolyJet DNA reagent. At 36hpt, the cells were
fixed with 4% paraformaldehyde for 30 min, permeabilized
with 0.1% Triton X-100 for 15 min at room temperature, and
blocked in 5% fat-free milk in PBS for 1 h. For the immuno-
fluorescence assay, cells were incubated with primary antibo-
dies against HA or Flag tags at a 1:500 dilution in blocking
solution for 2 h, and then stained using Alexa Fluor 488-
conjugated goat anti-mouse antibody (Invitrogen, A32723),
Alexa Fluor 647-conjugated goat anti-mouse antibody
(Invitrogen, A32738), or Alexa Fluor 647-conjugated goat
anti-rabbit antibody (Invitrogen, A32733) at a 1:500 dilution
for 1 h. Finally, the nuclei were stained with DAPI for 5 min,
and cells were observed and imaged on a confocal microscope
(ZEISS LSM880, Thornwood, NY, USA).

Virus production and infection

EIAV luciferase reporter virus was produced through co-
transfection of pVSV-G, pUKgp (maintained in our labora-
tory) [64] and pONY8.1-Luc (a gift kindly provided by
Dr. Carsten Miink), at a ratio of 3:3:1 using standard calcium
phosphate transfection. The virus was titrated by detecting the
virion-associated viral reverse transcriptase using a Reverse
Transcriptase Assay Colorimetric Kit (Roche, 11468120910)
according to the manufacturer’s instructions. EIAV reporter
viruses were then used to infect indicted cells and the viral
infectivity was measured by detecting the luciferase activity in
cytoplasmic lysates using a luciferase assay according to the
manufacturer’s instructions (Promega, E1500) at 48 hpi.
EIAVpyse a replication-competent EIAV strain, was sourced
from this laboratory. To achieve high infection efficiency in
U937 cells, EIAV with VSV-G was used to infect U937 cells.
Psuedotyped EIAV with VSV-G was produced through co-
transfection of pVSV-G and pCMV 3-8 at a ratio of 10:1
using PolyJet DNA reagent.

Quantitative real-time PCR

Total RNA was extracted from eMDMs using an RNeasy mini
kit (Qiagen, 74106) according to the manufacturer’s instruc-
tions, and then subjected to reverse transcription using Prime-
Script RT reagent kit with a gDNA Eraser (Takara, RR047B).
The expression levels of equine SAMHD1 mRNA were quan-
tified using SYBR-Green (Takara, RR430A)-based real-time

quantitative PCR analysis on Agilent Mx3000P, according to
the manufacturer’s protocols. Real-time RT-PCR was per-
formed using the SAMHDI primers: SAMHDI-forward
(5'CCACTTGCTCGCCCAGAC3’) and SAMHDI-reverse
(5’AGAATTAACCAGGTGCTCAAACATC3'). ACTB was
used as a housekeeping control to normalize the number of
living cells. The ACTB primers were ACTB-forward (5
ACGGCATCGTCACCAACTG3') and ACTB-reverse
(5'CAAACATGATCTGGGTCATCTTCTC3').

To measure cDNA levels of early and late EIAV reverse
transcription products in infected cells, virus stocks from
transfected HEK293T cells were first treated with 50 units/
mL RQI-DNase (Promega, M6101) for 1 h to remove any
plasmid DNA. eMDMs were then challenged with EIAV
luciferase reporter virus and collected at the indicated time
points. The total cellular DNA was extracted using DNeasy
kits (Qiagen, 51306), and was further treated with DpnI (NEB,
R0176V) at 37°C for 2 h to remove any plasmid DNA con-
tamination. Equal amounts of cellular DNAs were then mea-
sured for early and late viral reverse transcripts using SYBR-
Green-based real-time quantitative PCR. The primer pair used
to detect early reverse transcription products of EIAV lucifer-
ase reporter virus were Early-EIAV-forward
(5'GATTCTGCGGTCTGAGTC3') and Early-EIAV-reverse
(5TAGGATCTCGAACAGACAAAC3'), and the primer pair
used to detect EIAV late reverse transcription products of
EIAV luciferase reporter virus were Late-EIAV-forward
(5’AGGTGACGGTACAAGGGTCTC3') and 3'-Late-EIAV-
reverse (5’ATGGAATGACATCCCTCAGC3'). ACTB was
used as a housekeeping control to normalize the number of
living cells.

Yeast two-hybrid screening

Plasmids encoding a DNA binding domain (BD) fused with
EIAV Rev were transformed into Saccharomyces cerevisiae
AH109 and used as a bait protein to screen an eMDMs
c¢DNA library cloned into a pGADT7-Rec vector, according
to the manufacturer’s protocol. The specificity of the interac-
tion was confirmed by retransforming activation domain
(AD)-BECNI1 into Y187 yeast cells and remating with BD-
Rev expressed in AH109 yeast cells. The mating cultures were
coated onto SD-minus Trp/Leu plate for diploid cell growth
and onto SD-minus Trp/Leu/Ade/His plate containing
X-a-Gal and aureobasdin A for detecting blue colony growth
to select protein interaction.

Autophagic flux measurements

Turnover of LC3-II in the presence or absence of lysosome
inhibitor Baf A1 was analyzed by western blot as an indicator of
the autophagic flux [44,45]. To analyze autophagic flux in EIAV
infected eMDMs, cells were infected or mock-infected with EIAV
(RT = 200 ng) for 12 h and 24 h, and then treated with Baf Al
(50 nM) or dimethyl sulfoxide (DMSO; Sigma-Aldrich, D4540)
for 6 h. To analyze the effect of overexpression of EIAV proviral
DNA or Rev on induction of autophagic flux, HEK293T cells
were transfected with expression vectors of EIAV proviral DNA
or Rev gene for 30 h, and then treated with Baf A1 (200 nM) or



DMSO for 6 h. For the starvation assay, cells were washed three
times with PBS and then cultured in Earle’s balanced salt solution
(EBSS; Sigma-Aldrich, E2888) medium for 2 h. Cells were har-
vested and probed with anti-LC3B, anti-P26, anti-HA and anti-
ACTB antibodies. Microscopy-based GFP-LC3 puncta formation
assays were performed as described previously [44,45]. Briefly,
HEK293T cells were co-transfected with expression vectors for
GFP-LC3 and EIAV proviral DNA or Rev for 30 h, and then
treated with Baf A1 (200 nM) or DMSO for 6 h. HEK293T cells
starved in EBSS medium for 2 h were used as a positive control.
Cells were fixed, permeabilized, incubated with primary antibo-
dies against HA or P26, and then stained using Alexa Fluor-647-
conjuated goat anti-mouse antibodies.

Animals

The horses used in this study for macrophage preparation
were 2-8 years old and EIAV-free or without relevant patho-
gens. Peripheral blood was obtained from these horses using
a protocol approved by the Ethics Committees of Harbin
Veterinary Research Institute, Chinese Academy of
Agricultural Sciences.

Quantification and statistical analysis

All experiments were repeated independently at least three
times. Data were presented as means + SD. GraphPad Prism
(Graph Pad Software Inc., San Diego, CA, USA) was used for
statistical tests. An unpaired two-tailed Student’s t test was
used to evaluate the significance of differences between sam-
ples. P > 0.05 was considered statistically non-significant (NS),
P < 0.05 was considered statistically significant. Western blot-
ting and confocal microscopy assays were performed inde-
pendently at least three times, with representative experiments
being shown. Quantification of the bands in the immunoblot
was performed using Odyssey CLx Image Studio.
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