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SAMDO Is an Innate Antiviral Host Factor with Stress Response
Properties That Can Be Antagonized by Poxviruses
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We show that SAMD? is an innate host antiviral stress response element that participates in the formation of antiviral granules.
Poxviruses, myxoma virus and vaccinia virus specifically, utilize a virus-encoded host range factor(s), such as a member of the
C7L superfamily, to antagonize SAMDY to prevent granule formation in a eukaryotic initiation factor 2 (eIF2)-independent
manner. When SAMD? is stimulated due to failure of the viral antagonism during infection, the resulting antiviral granules ex-
hibit properties different from those of the canonical stress granules.

oxviruses are enveloped large double-stranded DNA

(dsDNA) viruses that replicate exclusively in the cytoplasm.
Numbers of immunoregulatory factors are encoded in the poxvi-
rus genome to antagonize multiple host defense pathways at all
levels. We previously showed that a targeted knockout of M062R,
an essential host range factor of the C7L superfamily in the myx-
oma virus (MYXV) genome, led to a profound defect of viral
replication in cells from all species tested, including human, rab-
bit, and primate cells (1). Viral M062 antagonizes cellular SAMD9
during viral infection through direct protein-protein interactions,
and knocking down the expression of SAMD9 in human cells lifts
the block of late gene expression from MYXV-MO062R-null infec-
tion (1). To investigate the antiviral functions of SAMD?9, we ex-
amined the cellular localization of this host protein during
permissive wild-type and nonpermissive MYXV-M062R-null in-
fection by immunofluorescence (IF) staining. We observed that,
during MYXV-M062R-null infection, SAMD?9 formed a granule
structure in the cytoplasm. The accumulation of concentrated
SAMDO9 was detected as early as 7 h postinfection (p.i.). By 18 h
pi., 91.0% (*6.2% standard deviation [SD]) of infected cells
showed SAMD9 granules which were then mostly concentrated
near the viral factories (Fig. 1A). During permissive infection by
wild-type MYXV that expressed M062 protein, SAMD9 was ob-
served to become distributed throughout the cells, which was also
distinct from the exclusive cytoplasmic localization of SAMD9 in
uninfected cells. We further investigated the SAMD9 granules and
found that they are not conventional stress granules (SGs), as they
cannot be dispersed by cycloheximide treatment (not shown) in a
manner similar to that seen with the antiviral granules previously
described, which form after infection with E3L-knockout vaccinia
virus (VACV) (2). On the other hand, several hallmark markers of
SGs, such as rasGTPase-activating protein-binding protein 1
(G3BP1) (3) (Fig. 1), T-cell intracellular antigen 1-related protein
(TIAR) (4), USP10 (5), and key translation initiation factors such
as eukaryotic initiation factor 4G (eIF4G) (6) (Fig. 1B), were read-
ily detected surrounding the viral factories colocalized with the
SAMDO granules in infection by MYXV-M062-null. However, in
addition to the SAMD?9 granules that overlap G3BP1 staining,
SAMD?9 staining can be detected outside the viral factories. The
polyclonal SAMD9 antibody used in this study recognizes the N
terminus of SAMDY; during the extensive posttranslational pro-
cessing and/or cleavage in the cells, the N terminus of SAMD?9 is
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mostly retained (not shown). Because SAMD? full-length protein
was shown to be the target of M062 (1), we reasoned that the
presence of full-length SAMD? is the force driving formation of
the granule structure. Thus, the extensively processed products
from full-length SAMD9 may explain the IF staining pattern
that localizes in the region other than the granule structure.
There is another difference from the results seen with canonical
SGs: elF4G staining did not exclusively colocalize with G3BP1
(Fig. 1B).

We then examined the behavior of the SAMD?9 response fol-
lowing infection with E3L-knockout VACV (2). In addition, be-
cause MYXV-MO62R is a functional homolog of VACV C7L, an
orthologue of the poxvirus C7L superfamily (7, 8), we also inves-
tigated the relevance of the SAMD9 response to the function of
C7L and its complementary viral factor, K1L. We constructed tar-
geted E3L knockout VACV (VACV-E3LKO-; tdTr), C7L and KI1L
double-knockout VACV (VACV-C7LKI1L-DKO), and corre-
sponding single-knockout viruses (VACV-C7LKO-g,, GFP and
VACV-K1LKO-, tdTr) using an early/late green fluorescent pro-
tein (g, GFP) (1) or late tdTomato red (; tdTr) (9) expression cas-
sette to replace the respective specific genes. All constructed
knockout VACVs showed consistent phenotypes as previously re-
ported (2, 8, 10). At 5 h p.i., wild-type VACV (VACV-g, GFP/
tdTr) (11) (Fig. 2A), VACV-C7LKO-, GFP (not shown), or
K1LKO-; tdTr (Fig. 2A) infections did not stimulate the formation
of SAMD9 granules. However, in VACV-E3LKO-;tdTr and
VACV-C7LKI1L-DKO infection, SAMD?9 nucleated to form gran-
ules at rates of 92.1% (£8.4% of SD) and 91.8% (*+8.3% of SD),
respectively. Specifically, G3BP1 and viral factories in VACV-
E3LKO- tdTr-infected and VACV-C7LK1L-DKO-infected cells

Received 12 August 2014 Accepted 17 November 2014
Accepted manuscript posted online 26 November 2014

Citation Liu J, McFadden G. 2015. SAMD?9 is an innate antiviral host factor with
stress response properties that can be antagonized by poxviruses. J Virol
89:1925-1931. doi:10.1128/JV1.02262-14.

Editor: M. J. Imperiale

Address correspondence to Jia Liu, jliu4@uams.edu.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.02262-14

jviasm.org 1925


http://dx.doi.org/10.1128/JVI.02262-14
http://dx.doi.org/10.1128/JVI.02262-14
http://jvi.asm.org

Liu and McFadden

Mock
vMyxGFP e o
(wt) 7
100 ym
y 0 =
vMyxMO062R
KO
D 100 pm

elF4G G3BP1 GFP Merge

vMyxGFP
(wt)

vMyxMO062R
KO

FIG 1 Infection by MYXV-M062R-null (vMyxM062RKO) leads to the formation of SAMD9 granules. (A) SAMD9 forms a granule structure during
vMyxMO062RKO infection. HeLa cells were mock treated or infected with wild-type MYXV [vMyxGEP (wt)] or vMyxM062RKO at a multiplicity of infection
(MOI) of 10 for 18 h. Cells were fixed with 4% paraformaldehyde and permeabilized with cold methanol before they were incubated with primary antibodies
(SAMD9 and G3BP1; Sigma-Aldrich and Santa Cruz Biotechnologies, respectively) and then secondary antibodies (Invitrogen). Samples were mounted for
fluorescence microscopy (Nikon C2 confocal microscope). The scale bar represents a length of 100 wm. A total of 91.0% (%6.2% SD) of infected cells (GFP
positive and/or viral factory positive) showed SAMD?9 antiviral granules; within the viral factories, G3BP1 colocalizes with SAMD9 (the quantification was
conducted from three independent experiments and four random views of image with 15 to 31 cells per view in each experiment). (B) SAMD9 granules colocalize
with markers of stress granules (SGs). HeLa cells were mock treated or infected with wild-type MYXV or vMyxM062RKO viruses at a MOI of 10 for 18 h before
immunofluorescence (IF) staining for SAMD9 (Alexa Fluor 594), G3BP1 (Alexa Fluor 350), and eIF4G (Alexa Fluor 647) was performed as described for panel
A. Fluorescent images were captured with a Nikon C2 confocal microscope at 100X magnification. Scale bar, 50 pm.

were found to colocalize with the nucleated SAMD? (Fig. 2A) at 5
h p.i. Our data show that SAMD9 granules stimulated by VACV-
E3LKO-; tdTr are indeed comparable to the previously reported
antiviral granules (2). In addition, we show that double-stranded
RNA (dsRNA) was also detected within the SAMD9 granule (Fig.
2B). We examined the phosphorylation status of e[F2a at these
stages of the infections and found that the presence of SAMD9
granules was independent of eI[F2a phosphorylation (Fig. 2C).
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We next examined SAMD?9 protein behavior under cellular
stress conditions that either stimulated (sodium arsenate [SA]
treatment at 1 mM for 1 h) or were independent of (desmethyl
desamino pateamine A derivative [DMDA-PatA] treatment at 1
pM for 1 h) elF2a phosphorylation (12, 13). When cells were
stimulated with SA, an oxidative stress stimulus, along with other
markers of SGs, SAMD?9 nucleated into the SGs (Fig. 3). While
DMDA-PatA targeted eIF4A to inhibit eukaryotic cap-dependent
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FIG 2 Abortive infection by E3L knockout VACV (VACV-E3LKO- tdTr) or
C7LK1L double-knockout VACV (VACV-C7LK1L-DKO) stimulates SAMD9
granule formation. (A) SAMD?9 antiviral granules form after VACV-E3LKO-
1tdTr (92.1% = 8.4% SD) or VACV-C7LK1L-DKO (91.8% = 8.3% SD) in-
fection; meanwhile, G3BP1 colocalizes with SAMD?9 in the viral factories.
Wild-type or knockout VACV infection was conducted at a MOI of 5 for 5 h
p.i. on HeLa cells before cells were fixed and permeabilized for IF staining of
SAMDS9 (Alexa Fluor 594) and G3BP1 (Alexa Fluor 647). Nuclei and viral
factories were stained with DAPI (4',6-diamidino-2-phenylindole). Low-level
of tdTr expression driven by the late poxvirus promoter is not detectable at this
time of the infection, and thus it does not interfere with the observation of
Alexa Fluor 594. Fluorescent images were captured with a Nikon C2 confocal
microscope. Quantification was conducted from the results of up to five inde-
pendent experiments. The arrows point to an uninfected cell in the VACV-
C7LK1L-DKO infection. Scale bar, 50 pwm. (B) Double-stranded RNA can be
detected within the SAMD9 granules. Infection by MYXV and VACV was
conducted at 19 and 5 h p.i., respectively. After fixing and permeabilization,
cells were probed with SAMD9, dsRNA (English and Scientific Consulting
Kft.), and DAPI for IF. Fluorescence microscopic observation was performed
as described for panel A. Scale bar, 50 wm. (C) The formation of SAMD9
antiviral granules by poxvirus infection is eIF2a phosphorylation indepen-
dent. HeLa cells were infected with VACV (lane 3, VACV-;,; GFP/, tdTr; lane
4, VACV-KILKO-tdTr; lane 5, VACV-C7LK1L-DKO; lane 6, VACV-
E3LKO-; tdTr) for 5 h at a MOI of 5 or with MYXV (lane 7, vMyxM062RKO;
lane 8, vMyxGFP) for 19 h before they were harvested for Western blotting. As
controls, cells were either mock treated (lane 1) or treated with sodium arsen-
ate (SA) (1 mM) for 1 h (lane 2). Total proteins of 20 pg were separated using
12% SDS-PAGE before they were transferred to a polyvinylidene difluoride
(PVDF) membrane for probing with phosphorylated elF2a (Cell Signaling)
and later with total eIF2a (Cell Signaling).
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translation in an elF2a phosphorylation-independent manner,
SAMD?9 was still recruited into the SGs (Fig. 3).

Thus, combining these findings, we conclude that SAMD?9 is a
stress response element that can respond to both viral stimuli
(antiviral granules) and environmental stimuli (SGs) in both
elF2a-dependent and -independent manners.

Because MYXV-M062 was shown previously to functionally
replace VACV-C7 in a VACV-C7LK1L-double-knockout back-
ground (8), we hypothesized that SAMD9 may be one of targets of
the C7L superfamily. We engineered SAMDY knockdown cell
lines in both HeLa and A549 cells (ATCC CCL-185) (Fig. 4B and
C) to examine the role of SAMD?9 in antiviral granule formation.
Although SAMDY participated in antiviral granule formation
along with hallmark factors of the SGs such as G3BP1 (Fig. 1 and
3), we would like to investigate whether SAMD?9 plays a crucial
role in organizing this antiviral structure.

Knocking down SAMD9 led to loss of the antiviral granule
formation that would have been stimulated by either MYXV-
MO062R-null or VACV-C7LK1L-DKO infection, as G3BP1 was no
longer able to nucleate (Fig. 4A). However, VACV-E3LKO-, tdTr
infection still led to G3BP1 granule formation (Fig. 4A) under the
SAMDY knockdown conditions. This suggests very different
modes of organization of these antiviral granules. In SAMD9
knockdown cells, MYXV-MO062R-null infection showed signifi-
cant accumulation of viral GFP expression compared with infec-
tion in parental cells or control cells stably expressing the scramble
short hairpin RNA (shRNA). Similar phenomena were also
observed in VACV-C7LKIL-DKO infections, suggesting that
knocking down SAMDY expression lifted the block against the
progression of viral gene expression. Viral replication by either
MYXV-MO062R-null or VACV-C7LKI1L-DKO was rescued by
SAMD?9 knockdown (Fig. 4B and C).

There were, however, some differences between the SAMD9
antiviral granules induced by MYXV and those induced by VACV:

DAPI Merge

FIG 3 SAMD? is a stress-responding element that participates in stress granule formation. HeLa cells are treated with sodium arsenate (SA) (1 mM) or
DMDA-Pat A (1 uM) for 1 h before IF staining of SAMD9, G3BP1, and nuclei as described for Fig. 1 and 2. mk, mock treatment.
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FIG 4 Knocking down SAMD9 rescues MYXV-M062R-null (vMyxM062RKO)
and C7LK1L double-knockout VACV (VACV-C7LKI1L-DKO) by disengaging
the antiviral granule formation. (A) SAMD9 is responsible for the antiviral granule
formation stimulated by either vMyxM062RKO (a) or VACV-C7LK1L-DKO (b)
but not for the antiviral granule formation stimulated by E3L-knockout VACV
(VACV-E3LKO-; tdTr) (c). Antiviral granule formation was investigated at 19 h
p.i. for vMyxM062RKO and at 5 h p.i. for VACV infection of normal HeLa cells or
SAMD?9 knockdown (SAMDIKD) at a MOI of 10 and a MOI of 5, respectively.
After IF staining of SAMD9, G3BP1, and nuclei, images were captured with a
Nikon ¢2 confocal microscope. Scale bar, 50 wm. (B) Knocking down SAMD9
expression rescues MO62R-null MYXYV replication. HeLa cells stably expressing
shRNAs targeting SAMD9 (SAMD9KD) showed significantly reduced SAMD9
protein levels compared with control HeLa cells (con). A total protein of 40 pg was
separated on SDS-PAGE for Western blotting against SAMD9 and B-actin. Mul-
tiple-step growth curve analysis of MYXV-M062R-null was conducted on control
HeLa (con) or SAMD9 knockdown (SAMD9KD) HeLa cells. Duplicate of infec-
tion at each time point per virus was conducted. Titration was performed on
BSC40 cells in triplicate at each dilution. The growth curve shown is one view
representative of the results of two independent experiments. ffu, focus-forming
units. (C) Knocking down SAMD9 expression rescues viral replication of VACV-
C7LKI1L-DKO. A549 cells stably expressing control shRNA (A549-con) or
shRNAs targeting SAMD9 (A549-SAMD9KD) were engineered by infecting cells
with lentivirus containing corresponding shRNAs. Western blot analysis was con-
ducted with a total protein of 40 g from either A549-con or A549-SAMDIKD by
probing against SAMD9 and B-actin. The experiment designed to construct the
multiple-step growth curve of VACV-C7LKI1L-DKO was performed by infecting
control or knockdown cells at alow MOI of 0.1 followed by harvesting at different
time points. At each time point, samples from triplicate infections were collected
for titration on BSC40 cells. The growth curve shown is a view representative of the
results of two independent experiments.
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SAMD?9 granule formation was visualized at much later times in
MYXV-MO062R-null infection (18 h p.i.) than in VACV-C7LKI1L-
DKO infection (5 h p.i.). Note that late gene expression of MYXV
can be detected at 8 h p.i. (1), while that of VACV can be detected
by 6 h p.i. (14, 15). Furthermore, MYXV antagonizes SAMD9
through sequestration and redistribution by M062 direct interac-
tion; however, how C7 or K1 functionally antagonizes SAMD9
during VACYV infection remains to be investigated.

Knocking down SAMD? at this moderate level (Fig. 4B and C)
had no significant effect on improving wild-type VACV or MYXV
replication. In addition, this moderate knockdown of SAMDY in
either HeLa or A549 did not jeopardize the cellular ability to form
SGsasindicated by G3BP1 staining after SA or DMDA-PatA treat-
ment (data not shown).

Concentrated dsRNA associated with abortive poxvirus infec-
tion was detected within SAMDY antiviral granules, caused by
VACV-E3LKO- tdTr, VACV-C7LK1L-DKO, or MYXV-MO062R-
null infection. However, only VACV-E3LKO-tdTr infection
stimulated the phosphorylation of elF2a at the time of antiviral
granule formation (Fig. 2C). Vaccinia virus E3 binds to dsRNA,
thus efficiently preventing the activation of the dsRNA-dependent
protein kinase (PKR) (16, 17), which explains the eIF2a phos-
phorylation through PKR seen during E3LKO infection. How-
ever, because e[F2a phosphorylation was not detected at the time
of antiviral granule formation by vMyxM062RKO or VACV-
C7LK1L-DKO infection, we propose that there is likely a second
mechanism that drives the formation of this antiviral structure.
This correlates with the fact that SAMD9 knockdown rescues
only the abortive infection by VACV-C7LK1L-DKO and
vMyxMO062RKO but not that by VACV-E3LKO-tdTr. Impor-
tantly, SAMD9 knockdown leads to the inability to form the an-
tiviral granules only in VACV-C7LK1L-DKO-infected and
vMyxMO062RKO-infected cells. Thus, we concluded that at least
two mechanisms are employed to organize the formation of these
antiviral structures: one is e[F2a phosphorylation dependent, and
the other is SAMD9 dependent.
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