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ABSTRACT Replication of vaccinia virus in human cells depends on the viral C7 or
K1 protein. A previous human genome-wide short interfering RNA (siRNA) screen
with a C7/K1 double deletion mutant revealed SAMD9 as a principal host range re-
striction factor along with additional candidates, including WDR6 and FTSJ1. To
compare their abilities to restrict replication, the cellular genes were individually in-
activated by CRISPR/Cas9 mutagenesis. The C7/K1 deletion mutant exhibited en-
hanced replication in each knockout (KO) cell line but reached wild-type levels only
in SAMD9 KO cells. SAMD9 was not depleted in either WDR6 or FTSJ1 KO cells, sug-
gesting less efficient alternative rescue mechanisms. Using the SAMD9 KO cells as
controls, we verified a specific block in host and viral intermediate and late protein syn-
thesis in HeLa cells and demonstrated that the inhibition could be triggered by events
preceding viral DNA replication. Inhibition of cap-dependent and -independent protein
synthesis occurred primarily at the translational level, as supported by DNA and mRNA
transfection experiments. Concurrent with collapse of polyribosomes, viral mRNA was
predominantly in 80S and lighter ribonucleoprotein fractions. We confirmed the accu-
mulation of cytoplasmic granules in HeLa cells infected with the C7/K1 deletion mu-
tant and further showed that viral mRNA was sequestered with SAMD9. RNA gran-
ules were still detected in G3BP KO U2OS cells, which remained nonpermissive for
the C7/K1 deletion mutant. Inhibition of cap-dependent and internal ribosome entry
site-mediated translation, sequestration of viral mRNA, and failure of PKR, RNase L,
or G3BP KO cells to restore protein synthesis support an unusual mechanism of host
restriction.

IMPORTANCE A dynamic relationship exists between viruses and their hosts in
which each ostensibly attempts to exploit the other’s vulnerabilities. A window is
opened into the established condition, which evolved over millennia, if loss-of-
function mutations occur in either the virus or host. Thus, the inability of viral host
range mutants to replicate in specific cells can be overcome by identifying and inac-
tivating the opposing cellular gene. Here, we investigated a C7/K1 host range mu-
tant of vaccinia virus in which the cellular gene SAMD9 serves as the principal host
restriction factor. Host restriction was triggered early in infection and manifested as
a block in translation of viral mRNAs. Features of the block include inhibition of cap-
dependent and internal ribosome entry site-mediated translation, sequestration of
viral RNA, and inability to overcome the inhibition by inactivation of protein kinase
R, ribonuclease L, or G3 binding proteins, suggesting a novel mechanism of host re-
striction.
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Chordopoxviruses have nearly 100 conserved genes that enable essential functions,
such as cell entry, genome replication, transcription, and assembly of infectious

particles, as well as a similar number of less well-conserved genes, some of which
counteract cellular immune responses (1–4). A subset of the latter genes affect repli-
cation in specific cell types, and their absence produces host range defects (5). Unlike
the situation with many other viruses, the poxvirus host range genes typically affect
postentry steps in replication. Examples of vaccinia virus (VACV) host range genes
include those encoding a double-stranded RNA binding protein, an inhibitor of cellular
protein kinase R (PKR), a serine protease inhibitor, and C7 and K1, which together are
required for replication in human cells (4). More information regarding the host range
defect of VACV C7/K1 double deletion mutants, which is the focus of the present
investigation, is provided below.

Following nitrous acid mutagenesis, Drillien and coworkers (6) isolated a VACV
mutant with a large deletion near the left end of the genome that cannot replicate in
human cells. Subsequent studies revealed that the host range defect depends on the
loss of both K1 (7, 8) and C7 (9) genes, which are unrelated in sequence and have no
nonpoxvirus homologs. Replication in human cells occurs if either of the two genes is
present, while K1 but not C7 is essential in rabbit kidney cells (9, 10). Furthermore, a
third unrelated gene from cowpox virus can substitute for C7 and K1 in some cells (9,
11, 12). The original studies, as well as later ones, concurred that C7/K1 mutants are
defective in postreplicative protein synthesis (13–16). Although enhanced PKR and
eIF2� phosphorylation has been described in the absence of C7/K1, this is thought to
be a secondary effect, since protein synthesis is not restored by knockdown or
inactivation of PKR (13, 16, 17). K1 was also reported to prevent the degradation of IkB�

and inhibit NF-�B activation in RK-13 cells (18) and to bind ACAP2 (19), but the latter
does not appear related to the host range function of K1 (20).

The interferon sensitivity of C7/K1 mutant replication in human Huh7 cells suggests
a role for one or more interferon-stimulated genes (ISGs) (13). Screening of a library of
more than 350 ISGs identified interferon-regulated factor 1 (IRF1) as an inhibitor of the
C7/K1 deletion mutant but not wild-type VACV (21). However, IRF1 induces expression
of other ISGs that may be more direct inhibitors. Independent proteomic (22, 23) and
genome-wide short interfering RNA (siRNA) (24) screens identified SAMD9 as a human
host factor responsible for inhibiting replication of myxoma virus C7 homolog MO62
and VACV C7/K1 deletion mutants. The siRNA screen detected additional candidate
host factors, namely, WDR6, FTSJ1, and CDC37. SAMD9 binds VACV C7 (24, 25) and K1
(24) as well as MO62 (23). Liu and coworkers (22) described the formation of SAMD9-
containing granules, which appear related but not identical to typical stress granules,
in the absence of C7/K1 of VACV or MO62 of myxoma virus. A mutagenesis study
indicated that the N-terminal 385 amino acids of SAMD9 retain the ability to interact
with MO62 but are insufficient to prevent replication of the host range mutants (26).
SAMD9L, a paralog of SAMD9, also inhibits the C7/K1 mutant (27).

Aside from an antiviral role, there is evidence for a function of SAMD9 in human
health (28). Mutations of SAMD9 are responsible for a familial disease characterized by
calcified skin tumors (29, 30) and for a form of adrenal hypoplasia (31). SAMD9 has been
identified as a possible myeloid tumor suppressor gene, and deletion of the related
SAMD9L gene in mice causes myeloid disorders (32). SAMD9 has been shown to
interact with RGL2, a probable guanine nucleotide exchange factor, and knockdown of
RGL2 increased expression of the transcription factor EGR1 (33). There is also evidence
that SAMD9 binds to the protein EEA1 and is involved in homotypic fusion of endo-
somes and degradation of cytokine receptors (32).

Although there is general agreement that the host range defect of C7/K1 mutants
involves inhibition of postreplicative protein synthesis, the mechanism remains elusive.
The aims of the present study were to use CRISPR/Cas9 mutagenesis to confirm the
effect of knockdown of WDR6 and FTSJ1 in addition to SAMD9 on replication of the
VACV C7/K1 mutant, determine the stage of viral replication in which the translational
defect is triggered in nonpermissive cells, and evaluate the roles of translation initiation
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factors and mRNA sequestration. CRISPR/Cas9-modified cell lines unable to express
PKR, RNase L, or G3BP provided tools for this analysis.

RESULTS
Comparison of SAMD9, WDR6, and FTSJ1 inactivation on replication of �C7K1.

We previously identified SAMD9 as a principal restriction factor for inhibition of a VACV
C7/K1 deletion mutant (ΔC7K1) from a high-throughput human genome-wide siRNA
library screen and confirmed this result by CRISPR/Cas9 mutagenesis of HeLa cells (24).
However, knockdown of additional genes, including WDR6 and FTSJ1, also enhanced
spread of ΔC7K1. CRISPR/Cas9 mutagenesis of the genes encoding WDR6 and FTSJ1
was carried out to further compare their relative roles in restricting replication of
ΔC7K1. Genome sequencing of PCR products confirmed frameshift mutations within
the first exons of SAMD9, WDR6, and FTSJ1, and the sequences of cloned DNAs with
out-of-frame mutations in the first exon are shown in Fig. 1A.

To assess the biological effects of inactivating these genes, unmodified HeLa and
SAMD9, WDR6, and FTSJ1 KO cells were inoculated with a low multiplicity of infection
of ΔC7K1, which expresses green fluorescent protein (GFP) regulated by a late pro-
moter, to allow infection and spread. After 18 h, GFP-expressing cells were quantified
by flow cytometry. Spread of ΔC7K1 was enhanced in all three KO cell lines compared
to that of HeLa cells (P � 0.0001) but was greater in the SAMD9�/� cells than in the
WDR6�/� (P � 0.025) and FTSJ1�/� (P � 0.004) cells (Fig. 1B). The much higher
replication of ΔC7K1 in SAMD9�/� cells than HeLa cells is also shown in Fig. 1C.
Whereas there was an enormous difference between the replication of WT virus and
ΔC7K1 in HeLa cells (P � 0.0001), their replication was equivalent in SAMD9�/� cells (P
� 0.9999) (Fig. 1C). Interestingly, even though WT VACV replicates well in HeLa cells,
the yield was higher in the SAMD9�/� cells (P � 0.0001), suggesting a partial inhibitory
effect of SAMD9 despite the presence of C7 and K1 (Fig. 1C).

To further compare the permissiveness of the KO cell lines, each was infected with
5 PFU/cell of WT or ΔC7K1 KO viruses to provide synchronous infections. After 8 h,
Western blotting was carried out with antibodies to the early I3 and the postreplicative
D13 and A3 proteins. In HeLa cells, similar amounts of I3 were detected after infection
with WT and ΔC7K1, but both D13 and A3 were severely diminished after infection with
the mutant virus (Fig. 2A). I3 was similarly expressed in each of the KO cells infected
with WT and ΔC7K1, whereas expression of D13 and A3 was fully restored in SAMD9�/�

cells but only modestly increased in WDR6�/� and FTSJ1�/� cells infected with ΔC7K1
(Fig. 2A).

Since SAMD9�/� cells were most permissive for ΔC7K1, we considered the possi-
bility that WDR6 and FTSJ1 act by regulating SAMD9 levels. SAMD9 was not detected
in SAMD9�/� cells, consistent with other evidence for a disruption of the gene (Fig. 2B).
However, Western blotting showed that SAMD9 was undiminished in WDR6�/� or
FTSJ1�/� cells (Fig. 2B). Thus, WDR6 and FTSJ1 may act at different steps than SAMD9.
In subsequent experiments, SAMD9�/� cells were used as a control to ensure that host
range defects in ΔC7K1 replication were specific.

Metabolic labeling was carried out for a more global assessment of protein synthesis
in HeLa and SAMD9�/� cells infected with ΔC7K1. In SAMD9�/� cells, bands corre-
sponding to abundant postreplicative proteins became apparent at 4 h after infection
(Fig. 2C). In contrast, there was a total diminution of all bands between 4 and 8 h in
infected HeLa cells, indicating that host protein synthesis was also shut down, in
addition to a failure to synthesize viral proteins (Fig. 2C).

Inhibition of cap-dependent and IRES-mediated protein synthesis in cells in-
fected with �C7K1. VACV and cellular mRNAs have cap structures at their 5= ends (34)
that are pivotal for translation efficacy through the recruitment and positioning of the
ribosomes. In contrast, some viruses have an internal ribosome entry site (IRES) within
the mRNA 5= leader that enables cap-independent translation in the absence of some
or, as in the case of the cricket paralysis virus (CrPV) IRES, all translation initiation factors
(35, 36). We considered that insights into the possible mechanisms of translation
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inhibition can be obtained by comparing cap-dependent and IRES-mediated transla-
tion. Specific features of poxvirus replication enabled the strategy outlined in Fig. 3A.
Poxvirus early mRNAs are synthesized within the virus core and extruded into the
cytoplasm almost immediately after infection, and neither de novo protein synthesis nor
DNA replication are needed for this to occur. Synthesis of early proteins, which include
RNA polymerase subunits and specific intermediate transcription factors, are necessary
for intermediate gene expression. During a normal infection, viral DNA replication is
also required to provide the template for intermediate transcription. Therefore, if DNA

FIG 1 Comparison of ΔC7K1 replication in SAMD9, WDR6, and FTSJ1 CRISPR/Cas9 KO cells. (A) Genome sequences of
CRISPR/Cas9 modifications in SAMD9, WDR6, and FTSJ1 genes. The SAMD9, WDR6, and FTSJ1 genes of HeLa cells were
modified by Cas9 using guide RNAs that targeted their first exons. Representative cell clones that exhibited enhanced
replication of ΔC7K1 were expanded and further analyzed by genome sequencing. Primers that anneal to DNA flanking
the Cas9 guide RNA target sites were used for PCR amplification. The PCR products were cloned in plasmids and subjected
to Sanger sequencing. Unmodified and CRISPR/Cas9-modified sequences are shown with amino acid codons below the
nucleotide sequences. Dashes and asterisks indicate deleted nucleotides and stop codons, respectively. (B) Infection and
spread of the C7/K1 deletion mutant. HeLa, SAMD9�/�, WDR6�/�, and FTSJ1�/� cells were infected in triplicate at a
multiplicity of infection of 0.03 PFU/cell with ΔC7K1 encoding GFP regulated by the P11 late promoter. After 18 h,
GFP-positive cells were counted by flow cytometry. (C) HeLa and SAMD9�/� cells were infected with WT or ΔC7K1 VACV
and analyzed as described above. Error bars represent standard errors of the means (SEM). ****, P � 0.0001; **, P � 0.004;
*, P � 0.025.
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replication is inhibited by AraC, only early genes are expressed. Importantly for our
purposes, genes regulated by intermediate promoters can be transcribed from a
transfected plasmid template even in the absence of viral genome replication (37, 38).
Thus, our plan was to infect HeLa and SAMD9�/� cells with ΔC7K1 in the presence of
AraC and transfect a plasmid carrying a reporter gene. The reporter plasmid contained
a bicistronic gene comprised of the firefly luciferase (FLuc) open reading frame (ORF)
regulated by the intermediate G8 promoter preceding the mRNA start site, followed by
the renilla luciferase (RLuc) ORF regulated by the CrPV IRES. FLuc and RLuc have
different substrates and were assayed independently.

The first step in implementing the scheme was to determine whether intermediate
promoter-regulated gene expression from a plasmid was impaired in nonpermissive
cells. HeLa and SAMD9�/� cells were infected with ΔC7K1 and transfected with the
reporter plasmid. FLuc activity was detected at 4 h and plateaued between 6 and 8 h
(Fig. 3B). The activity was about 5-fold higher in SAMD9�/� cells than in unmodified
HeLa cells, indicating gene expression from the plasmid was reduced in the latter cells.
We next infected HeLa cells with WT and mutant ΔC7K1 viruses in the absence and
presence of AraC and transfected the FLuc/RLuc reporter plasmid. The low expression
of FLuc and RLuc in cells infected with ΔC7K1 indicated that the restriction affected
translation initiation factor-dependent and -independent protein synthesis mediated
by cap and IRES elements, respectively (Fig. 3C). Furthermore, the inhibition occurred
in the presence of AraC, indicating that neither viral DNA replication nor the onset of
viral intermediate protein synthesis was necessary to trigger the shutdown. AraC
increased FLuc and RLuc expression by WT virus, possibly by suppressing competition

FIG 2 Protein synthesis in HeLa and KO cell lines. (A) Western blot. HeLa, SAMD9�/�, WDR6�/�, and
FTSJ1�/� cells were infected with WT VACV or ΔC7K1 at a multiplicity of infection of 5 PFU/cell. At 8 h,
lysates were prepared, and proteins were resolved by SDS-PAGE and then transferred to membranes. The
blots were probed with primary antibodies to I3, D13, and A3, followed by secondary antibodies. Protein
bands were visualized with an infrared imager. Inter, intermediate. (B) Expression of SAMD9. HeLa,
SAMD9�/�, WDR6�/�, and FTSJ1�/� cells were infected as described for panel A and analyzed by
SDS-PAGE. Blots were probed with antibody to SAMD9. (C) Detection of newly synthesized proteins by
incorporation of [35S]methionine and cysteine. HeLa and SAMD9�/� cells were infected with ΔC7K1 at a
multiplicity of 3 PFU/cell and incubated with [35S]methionine and cysteine for 15 min at the indicated
times. The cells were then washed, lysed, and analyzed by SDS-PAGE. Radiolabeled proteins were
detected with a biomolecular imager. HPI, hours postinfection.
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with viral intermediate and late mRNAs or by enhancing mRNA stability by preventing
expression of the D10 decapping enzyme (39).

Relative amounts of VACV pre- and postreplicative mRNAs in HeLa and
SAMD9�/� cells infected with �C7K1. We considered that reduced amounts of viral
mRNAs might contribute to decreased cap- and IRES-mediated protein synthesis in
nonpermissive cells infected with ΔC7K1. To evaluate this possibility, the mRNAs
encoding the I3, D13, and A3 proteins were quantified by reverse transcription and
Droplet Digital PCR (ddPCR). By also determining the amount of 18S rRNA in each
sample and knowing that HeLa cells contain 9.5 � 106 ribosomes (40), we calculated
the number of copies of each mRNA per cell. At 2 h after infection, I3 was the
predominant mRNA and was even higher in the cells infected with ΔC7K1 than the
control virus, although the amounts were similar at 8 h (Fig. 4A). Due to the sensitivity
of ddPCR, small amounts of D13 were also detected at 2 h but increased dramatically
at 8 h. At the latter time, there were approximately 175,000 copies of D13 mRNA and

FIG 3 Host restriction of cap-dependent and IRES-mediated translation. (A) Experimental plan. Features of VACV transcription, including the
inhibition by AraC of intermediate and late gene expression, are indicated on the left. The plan to assess expression in VACV-infected cells
from a transfected plasmid with a bicistronic gene encoding FLuc regulated by an intermediate promoter, followed by RLuc regulated by
the CrPV IRES, is illustrated on the right. (B) HeLa and SAMD9�/� cells were infected with 3 PFU/cell of ΔC7K1 and transfected 1 h later.
Expression of FLuc was determined at 2, 4, 6, and 8 h after infection. (C) HeLa cells were infected in triplicate, as described for panel B, with
ΔC7K1 or WT virus in the absence or presence of 40 �g/ml AraC and transfected with the bicistronic reporter plasmid. At 6 h after infection,
the cells were lysed and FLuc and RLuc activities determined. Error bars represent SEM.
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150,000 copies of A3 mRNA in HeLa cells and slightly larger amounts in SAMD9�/� cells
(Fig. 3A). Although these copy numbers might be inflated to some extent because of
readthrough from upstream genes, they indicated highly reiterative transcription of the
DNA templates. In HeLa cells infected with ΔC7K1, the copies of D13 and A3 mRNAs
were reduced approximately 3- and 6-fold, respectively, compared to infection with the
control virus, whereas the control and mutant viruses had similar amounts of D13 and
A3 mRNAs in SAMD9�/� cells (Fig. 4A). Although the D13 and A3 genes both have
intermediate and late promoter elements, D13 is predominantly intermediate and A3
predominantly late (41, 42). This difference might account for the greater inhibition of

FIG 4 Quantification of mRNAs synthesized by ΔC7K1 and WT virus and translation of transfected
mRNAs. (A) mRNA quantification. HeLa and SAMD9�/� cells were infected in triplicate with ΔC7K1 or WT
virus at a multiplicity of infection of 3 PFU/cell, and RNA was extracted at 2 and 8 h, reversed transcribed,
and quantified by ddPCR using primers specific for I3, D13, and A3 transcripts and rRNA. The absolute
amounts of viral mRNA in each sample were calculated using the 18S rRNA concentration and the
number of ribosomes in HeLa cells. (B) Translation of mRNA synthesized in vitro. Control HeLa and
SAMD9�/� cells were infected in triplicate with ΔC7K1 at a multiplicity of infection of 3 PFU/cell in the
absence or presence of AraC and then transfected with capped, methylated, and polyadenylated mRNA
with a 5= poly(A) or non-poly(A) leader preceding the FLuc ORF. FLuc was measured after 6 h. Error bars
represent SEM.
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A3 compared to D13, as intermediate transcription factor proteins are products of early
genes and late transcription factor proteins are products of intermediate genes. Nev-
ertheless, it was uncertain whether the reductions in D13 and A3 mRNAs in HeLa cells
infected with ΔC7K1 were sufficient to entirely account for the inhibition of synthesis
of viral proteins, and therefore experiments were carried out to distinguish between
transcriptional and translational blocks.

Evidence for a translational block. To more directly investigate the possibility of
a translational block, we synthesized mRNAs in vitro and transfected them into infected
cells. HeLa and SAMD9�/� cells were infected with ΔC7K1 in the presence or absence
of AraC and transfected with capped mRNAs synthesized in vitro containing a 3= poly(A)
tail and with a 5= poly(A) or a non-poly(A) leader preceding the FLuc ORF. The 5= poly(A)
leader is characteristic of VACV intermediate and late mRNAs and has been reported to
enhance translation under certain conditions (43), whereas this feature is absent from
most early and cellular mRNAs. With both leader sequences, FLuc expression was
greatly reduced in HeLa cells compared to the level in SAMD9�/� cells in the absence
or presence of AraC (Fig. 4B). AraC increased the amount of FLuc in SAMD9�/� cells,
similar to the result observed with transfected plasmids. Taken together, the strong
effect on viral protein synthesis, incomplete effect on viral mRNA abundance, and the
inhibition of expression of transfected mRNA are consistent with a defect in mRNA
translation. Furthermore, the block occurred in the presence of AraC, again showing
that neither DNA replication nor postreplicative protein synthesis were necessary to
trigger the translational defect.

Localization of mRNA in cells infected with �C7K1. We next investigated the
association of viral mRNAs with ribosomes in cells infected with ΔC7K1. The number
and size of polyribosomes, comprised of ribosomes with associated mRNA and nascent
peptides, can be determined by sucrose gradient sedimentation. Polyribosomes fol-
lowing VACV infection are smaller than those of uninfected cells (44), due at least in
part to the smaller size of VACV mRNAs. In accordance, we found fewer large polyri-
bosomes after infection of HeLa cells with wild-type virus than in uninfected cells. More
importantly, there was a near total collapse of polyribosomes in cells infected with
ΔC7K1 (Fig. 5A). Analysis of gradient fractions from SAMD9�/� cells infected with
ΔC7K1 showed substantial amounts of D13 mRNA associated with polyribosomes and
in fractions lighter than 80S ribosomes (Fig. 5B). In contrast, there was less D13 mRNA
associated with polyribosomes of HeLa cells infected with ΔC7K1, and most was in the
80S ribosome and lighter fractions. Both the polyribosome collapse and the distribution
of mRNA support a reduction in translation initiation.

We were curious as to the intracellular location of viral mRNAs in HeLa cells infected
with ΔC7K1, as they were not being actively translated. The nucleoside analog 5=ethy-
nyl uridine (EU) followed by the attachment of a fluor-azide with click chemistry can be
used to localize nascent RNA (45), although to our knowledge this has not been
reported for a VACV infection. HeLa and SAMD9�/� cells were infected with ΔC7K1 and
5 h later were incubated with EU for 1 h. In HeLa cells infected with ΔC7K1, the nascent
RNA formed clustered punctae in and around 4=,6-diamidino-2-phenylindole (DAPI)-
stained viral factories (Fig. 6A). In contrast, cytoplasmic EU staining was more diffuse in
SAMD9�/� cells infected with ΔC7K1 (Fig. 6A). The drug triptolide, an inhibitor of
cellular RNA polymerase I and II that covalently binds to a subunit of TFIIH and inhibits
DNA-dependent ATPase activity (46–48), was used to help differentiate cellular and viral
RNAs. HeLa cells and SAMD9�/� cells were treated with triptolide from 4 to 6 h after
infection with ΔC7K1 and then incubated with EU for 1 h before performing click
chemistry. There was less overall nuclear labeling with EU, which was mostly concen-
trated in nucleoli, consistent with the known activity of triptolide (Fig. 6B). However, the
nascent cytoplasmic RNA still localized in punctae in HeLa cells and was diffuse in
SAMD9�/� cells. Taken together, the data indicated that in HeLa cells infected with
ΔC7K1, the viral mRNA did not sediment with polyribosomes and was localized in
discrete structures associated with cytoplasmic viral factories.
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Association of RNA with stress granule markers. We suspected that the RNA
punctae detected with EU corresponded to the SAMD9 granules previously described
in nonpermissive cells infected with myxoma virus MO62 and VACV C7/K1 deletion
mutants (23). In that study, SAMD9 colocalized with the stress granule markers as well
as the translation factor eIF4G and double-stranded RNA, but the presence of nascent
mRNA was not investigated. We infected HeLa cells and SAMD9�/� cells with ΔC7K1 in
the presence of triptolide. G3BP was associated with granules in and around viral
factories in HeLa cells infected with ΔC7K1, whereas G3BP was more diffuse in infected
SAMD9�/� cells (Fig. 7A). As shown in the merge, EU-labeled RNA punctae in HeLa cells
colocalized with many of the G3BP granules. Liu and McFadden (23) reported that
SAMD9 and G3BP colocalize in granules that form in HeLa cells infected with the MO62
and C7K1L deletion mutants. We found that SAMD9 also colocalized at sites of EU
labeling in cells infected with ΔC7K1 (Fig. 7B).

FIG 5 Localization of viral mRNA on sucrose gradients. (A) Polyribosome profiles. HeLa cells were not
infected (NI) or were infected with WT or ΔC7K1 virus for 6 h, after which their cytosols were centrifuged
on sucrose gradients. The gradients were collected from the top while we continuously recorded the
absorbance (A260) to monitor ribosomes and polyribosomes. The 80S ribosome position is indicated. (B)
Distribution of D13 mRNA. HeLa and SAMD9�/� cells were infected with ΔC7K1, and the cytosols were
centrifuged on sucrose gradients as described for panel A. RNA was extracted from the resulting fractions
and reversed transcribed, and D13 mRNA was quantified using ddPCR. Fraction 1 is the top of the
gradient.
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Although the cytoplasmic RNA labeled with EU at late times after infection was
almost certainly viral, fluorescent in situ hybridization (FISH) was employed to prove
this. A D13 antisense probe partially colocalized with G3BP granules in HeLa cells
infected with ΔC7K1 (Fig. 7C). Thus, we confirmed the formation of SAMD9-containing
stress-like granules in the cytoplasm during nonpermissive infection with ΔC7K1 and
importantly provided evidence for their colocalization with viral mRNA.

Host range defect of �C7K1 is not overcome by inactivation of G3BP, PKR, or
RNase L. Mammalian stress granules contain stalled translation preinitiation complexes
that are assembled into discrete granules by specific RNA-binding proteins, such as
G3BP. Kedersha and coworkers (49) reported that CRISPR/Cas9-modified human U2OS
cells unable to synthesize G3BP1 and G3BP2 (ΔΔG3BP1/2) do not form stress granules
in response to eIF2� phosphorylation or eIF4A inhibition, although they still form after

FIG 6 Localization of EU-labeled nascent RNA. (A) HeLa and SAMD9�/� cells were grown on coverslips,
infected with ΔC7K1, and incubated with 1 mM EU from 5 to 6 h after infection. Cells were washed, fixed,
and permeabilized, and EU-labeled RNA was detected by conjugating Alexa Fluor 568 azide using click
chemistry. DNA was detected by staining with DAPI. Arrows pointing to the positions of the viral factories
visualized with DAPI are shown in all panels. Magnification is indicated by size bars. (B) HeLa and
SAMD9�/� cells were infected with ΔC7K1, as described for panel A, except that triptolide was added at
4 h and 1 mM EU at 5 h. At 6 h, the cells were fixed and treated as described for panel A. Arrows pointing
to viral factories visualized with DAPI are shown only in the DNA panels.
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severe heat or osmotic stress. The ΔΔG3BP1/2 cells therefore provided a means to
determine whether G3BP was required to form the ΔC7K1-induced RNA granules and
mediate host restriction. Prominent granules were detected with antibodies to G3BP
and eIF3A in unmodified U2OS cells treated with arsenite, a strong inducer of stress
granules, or infected with ΔC7K1 (Fig. 8A). As expected, the granular pattern detected
with antibody to eIF3A was greatly diminished in arsenite-treated ΔΔG3BP1/2 cells.
However, in ΔΔG3BP1/2 cells infected with ΔC7K1, the granular pattern was more
persistent (Fig. 7A).

An important question was whether inactivation of G3BP1/2 enhanced the replica-
tion of ΔC7K1. Whereas KO of SAMD9 from HeLa cells greatly increased the spread of
ΔC7K1, KO of G3BP1/2 did not improve the spread (Fig. 8B). Similarly, PKR/RNase L
double KO A549 cells were unable to support replication of ΔC7K1 (Fig. 8C), unlike the
situation with E3 and decapping enzyme mutants (50). We concluded that the restric-
tion of ΔC7K1 was not mediated by G3BP, PKR, or RNase L.

DISCUSSION

In a previous human genome-wide siRNA screen, SAMD9 was the most prominent
hit based on enhancement of ΔC7K1 spread in HeLa cells (24). Nevertheless, additional

FIG 7 Association of viral RNA with the G3BP stress granule marker and SAMD9. (A) Colocalization of
EU-labeled cytoplasmic RNA and G3BP1 at viral factories. HeLa and SAMD9�/� cells were infected with
ΔC7K1. At 4 h after infection, cells were treated with 1 �M triptolide for 1 h and then 1 mM EU in the
continued presence of triptolide for an additional 1 h. EU-labeled RNA was detected as described in the
legend to Fig. 6A, and G3BP was visualized with a rabbit polyclonal antibody followed by a fluorescent
secondary antibody. Arrows point to DAPI-labeled DNA factories. Magnification is indicated by size bars.
(B) Colocalization of EU-labeled RNA and SAMD9. HeLa cells were infected and analyzed as described for
panel A, except that the antibody was to SAMD9 instead of G3BP1. (C) Colocalization of viral D13 mRNA
with G3BP1. HeLa cells were infected as described for panel A except for the absence of triptolide.
Following fixation and permeabilization, D13 mRNA was detected by FISH using probes to D13 mRNA.
G3BP1 was detected with specific antibody.
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potential host restriction factors were identified and confirmed by repeat siRNA assays.
Because the extent of knockdown can vary due to protein stability and other causes, we
used CRISPR/Cas9 to introduce out-of-frame mutations in the first exons of two of the
genes encoding additional potential restriction factors, namely, WDR6 and FTSJ1. The
new KO cell lines enhanced replication and late protein synthesis of ΔC7K1 but to a
lesser extent than SAMD9 KO cells. Although the possibility that WDR6 and FTSJ1
regulated SAMD9 abundance would be a parsimonious explanation for the existence of
multiple host factors, SAMD9 was not reduced in either WDR6 or FTSJ1 KO cells,

FIG 8 Effect of G3BP1/2 deletion on granule formation and virus spread. (A) Effect of G3BP1/2 deletion
on granule formation. U2OS cells (left) and ΔΔG3BP1/2 U2OS cells (right) were grown on coverslips and
left untreated or incubated for 1 h with 100 �M arsenite to induce stress granule formation or inoculated
with ΔC7K1 virus at a multiplicity of infection of 3 PFU/cell for 6 h. Cells were fixed and granules were
detected with antibodies to G3BP and eIF3A and fluorescent secondary antibodies. Large images on the
left represent a merge of DAPI and antibody staining; areas within the boxes are shown at higher
magnification on the right as a composite of DAPI and anti-G3BP (upper) and anti-eIF3A (lower).
Magnification is indicated by size bars. (B) Effect of G3BP1/2 deletion on spread of ΔC7K1. HeLa,
SAMD9�/�, U2OS, and ΔΔG3BP1/2 cells were infected in triplicate with ΔC7K1 at a multiplicity of 0.05
PFU/cell for 18 h. GFP-positive cells were determined by flow cytometry. (C) Effect of PKR and RNase L
deletion on spread of ΔC7K1. The procedure was similar to that described for panel B, except that A549
and PKR/RNase L knockout cells were used. Error bars represent SEM.

Sivan et al. Journal of Virology

December 2018 Volume 92 Issue 23 e01329-18 jvi.asm.org 12

https://jvi.asm.org


suggesting alternative but less efficient restriction mechanisms. However, the limited
information available regarding the latter host proteins does not suggest a mechanism
for host restriction. WDR6, a member of the 40-amino-acid WD repeat family, has a
mass of approximately 122 kDa, is located in the cytoplasm, and is reported to interact
with serine/threonine kinase 11 and contribute to cell growth arrest (51). FTSJ1, a
member of the methyltransferase superfamily, is a 36-kDa protein located in the
cytoplasm and nucleolus, can methylate the anticodon loop of some tRNAs, and is
implicated in cognitive disabilities (52). Intriguingly, there is evidence for a physical
interaction between WDR6 and FTSJ1 (and also CDC37, another positive hit in the siRNA
screen but not further evaluated here) (53, 54). It would be interesting to construct
double WDR6/FTSJ1 KO cell lines to see if replication of ΔC7K1 is further enhanced.

The SAMD9�/� HeLa cells provided a useful control for further studies of the C7/K1
deletion mutant, which comprise the major portion of this paper. Previous studies had
shown that the host range defect of C7/K1 mutants is manifested as a block in viral
postreplicative protein synthesis. VACV mRNAs are capped by viral enzymes and use
the cellular translation machinery, which includes ribosomes and a multitude of
translation initiation factors. One hypothesis was that the cell responds to infection by
C7/K1 mutants by inactivating one or more initiation factors. We tested this idea by
taking advantage of the CrPV IRES element, which allows translation in the absence of
any known translation initiation factor. By means of transfection experiments, we found
that CrPV IRES-mediated as well as cap-dependent translation were restricted in HeLa
cells infected with the C7/K1 deletion mutant. This suggested that translation initiation
factors are not the target of host restriction. In this context, we also determined that KO
of both PKR, which prevents phosphorylation of eIF2� in A549 cells, and RNase L did
not alleviate the host range restriction.

Reduced amounts of viral mRNAs would impact both translation initiation factor-
dependent and -independent protein synthesis. Using quantitative ddPCR, we found
that synthesis of a representative early mRNA was unimpeded, whereas the two
postreplicative intermediate/late mRNAs analyzed were reduced 3- to 6-fold in ΔC7K1-
infected HeLa cells compared to the level in SAMD9�/� cells, which seemed insufficient
to account entirely for the decrease in viral protein synthesis. Moreover, a decrease in
translation of intermediate mRNAs and the consequent reduced levels of transcription
factors could lead to a secondary decrease in late mRNA synthesis. In order to untangle
the relationship between viral protein and mRNA synthesis, we transfected mRNAs
made in vitro and found diminished translation in cells infected with ΔC7K1. Similar
results were obtained with mRNA containing a 5= poly(A) untranslated leader, which
resembles intermediate and late mRNAs, and with a non-poly(A) leader, which resem-
bles viral early and host cell mRNAs. A block at or before the initiation stage of
translation was supported by the analysis of polyribosome profiles, which exhibited
near total collapse at 8 h after infection of HeLa cells with ΔC7K1. Moreover, viral mRNA
was largely in the 80S and lighter fractions. A similar collapse of polyribosomes and
accumulation of cellular mRNA on ribosomes and ribosome subunits occurs in unin-
fected cells treated with arsenite, which causes eIF2a phosphorylation and stress
granule formation (55).

The absence of viral mRNA in polyribosomes brought up the question of its
intracellular location. We first examined this by incorporation of the clickable nucleo-
side analog EU at times at which nearly all newly synthesized cytoplasmic mRNA is viral
during a normal infection. The EU-labeled cytoplasmic RNA in HeLa cells infected with
ΔC7K1 was present in punctae that localized in and around viral factories, whereas the
EU-labeled RNA was more diffusely cytoplasmic in permissive SAMD9�/� cells. Similar
results were obtained when triptolide, a specific inhibitor of cellular RNA polymerase I
and II, was used, supporting the viral nature of the EU-labeled RNA. More definitive
evidence was obtained by FISH using a probe to a specific viral intermediate mRNA. The
stress granule marker G3BP, as well as SAMD9, colocalized with the viral mRNA. The
latter result fit with a prior report that SAMD9 localized in stress-like granules in cells
infected with deletions of the myxoma virus MO62 gene and the VACV C7/K1 deletion
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mutant (23). Stress-like granules have also been detected in cells infected with a VACV
E3 deletion mutant and were called antiviral because of the associated replication block
(56). However, whether antiviral granule formation in that system is a cause or a result
of the translation block, which involves phosphorylation of PKR and eIF2�, remains
unknown. We were therefore interested in this question in relation to the C7/K1
deletion mutant.

Mammalian stress granules form under conditions associated with disassembly of
polyribosomes and contain stalled translation preinitiation complexes containing 40S
ribosomes and mRNA bound to RNA binding proteins, including G3BP (57–61). The
phosphorylations of PKR and eIF2� are often associated with stress granule formation.
Kedersha and coworkers (49) recently showed that human U2OS cells lacking G3BP1
and G3BP2 are unable to form stress granules in response to phosphorylation of eIF2�

induced by arsenite or inhibition of eIF4A but still form stress granules in response to
heat or osmotic shock. We confirmed the requirement for G3BPs for arsenite-induced
granules but found that RNA granules still formed in G3BP1/2 KO U2OS cells that were
infected with ΔC7K1 virus. Furthermore, the G3BP1/2 KO cells remained nonpermissive
for ΔC7K1, indicating that G3BP was not directly involved in the inhibition of replica-
tion.

Since SAMD9 is constitutively expressed in HeLa and other cell lines, it seems that
VACV must trigger an activation step that is suppressed or counteracted by C7 or K1
binding. We showed that the triggering event does not require viral DNA replication,
even though the major effect appears to be on intermediate and late protein synthesis.
Although intermediate and late mRNAs are distinguished from the majority of cellular
and viral early mRNAs by the presence of a 5= poly(A) leader, the presence or absence
of this feature did not affect translatability in HeLa cells infected with ΔC7K1. A more
likely explanation for the lesser effect on early gene expression is that it takes time to
establish the inhibitory state. In support of this idea, Meng et al. (13) reported that C7
is required for the sustained synthesis of E3, an early protein.

The possibility that SAMD9 inhibits protein synthesis following a direct interaction
with mRNA instead of translation factors could explain the effect on both cap-
dependent and IRES-mediated translation, the failure of the inhibition to be alleviated
by KO of PKR or RNase L, and the collapse of polyribosomes. Moreover, such an
interaction would be consistent with the secondary colocalization of viral mRNA and
SAMD9 in stress-like granules independent of G3BP. A recent bioinformatic analysis
revealed that SAMD9 has a complex architecture with domains predicted to exhibit
DNA/RNA binding, Sir2-like activity, P-loop ATPase, and an OB-fold with RNA binding
properties (62). To test the above-described model, it will be necessary to directly
investigate mRNA binding by SAMD9 and determine the effects of site-specific muta-
tions, particularly in the putative RNA binding site of SAMD9, on host range restriction.

MATERIALS AND METHODS
Cells and viruses. BS-C-1 cells were grown in minimum essential medium with Earle’s salts; HeLa,

U2OS, and A549 cells were grown in Dulbecco’s minimum essential medium. In both cases the media
were supplemented with 10% fetal bovine serum (FBS), 100 U of penicillin, and 100 �g of streptomycin
per ml (Quality Biologicals, Gaithersburg, MD). HeLa SAMD9�/� cells (24) and A549 PKR/RNase L�/� cells
(50) were described previously. U2OS ΔΔG3BP1/2 cells (49) were a kind gift of Nancy Kedersha and Paul
Anderson (Brigham and Women’s Hospital, Boston, MA). Recombinant VACV vTF7-3 (63) expressing
p11-GFP was previously described (64) and used here as the wild-type (WT) virus. vTF7-3 with deletions
of the C7L and K1L genes and expressing p11-GFP (15) was a gift of Yan Xiang (University of Texas, San
Antonio).

CRISPR/Cas9 mutagenesis of HeLa cells. Guide sequences for WDR6 (CACCACTGGATTTGGGATGC
ACGCGTTT) and FTSJ1 (CACCGCGGGATGTCTACTACCGCCGTTT) were inserted into the CAS9 plasmid
pSpCas9(BB)-2A-GFP (PX458) (48138; deposited by Feng Zheng; Addgene). Plasmids were transfected
into HeLa cells grown in a 6-well plate, and fluorescence-activated cell sorting was used to select for
GFP� cells, which were distributed into 96-well plates with 1 to 3 GFP� cells/well. Individual colonies
were randomly selected and tested for the ability to support the spread of ΔC7K1. Cells were grown in
6-well plates, and DNA was extracted using a Qiagen DNeasy blood and tissue kit. The DNA was then PCR
amplified using primers flanking the CRISPR target. The PCR products were gel purified, cloned into
pCR-Blunt II TOPO plasmid vector, and sequenced at Eurofins, using M13 F and R primers.
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Expression plasmids and in vitro mRNA synthesis. A plasmid was constructed that contained the
VACV G8 intermediate promoter regulating the FLuc ORF, which was followed by the CrPV IRES and the
RLuc ORF. Infected cells were transfected using Lipofectamine 2000 (Thermo Fisher).

A PCR product with a T7 promoter followed by 12 adenylate residues or the sequence GTAGTAGT
AGTA preceding the FLuc ORF was used as the template for in vitro transcription using an mMessage
mMachine kit by Ambion. The poly(A) tail was added to the 3= end of the mRNA using the poly(A) tailing
kit (Thermo Fisher). mRNAs were purified by lithium chloride precipitation. For expression, 750 ng of
mRNA was transfected into cells using Lipofectamine 2000 (Thermo Fisher).

Antibodies. Polyclonal antibodies specific for hSAMD9 and eIF3B were purchased from Sigma and
Bethyl Laboratories, respectively. The rabbit polyclonal antibody recognizing G3BP1 was previously
described (65).

Western blot analysis. Proteins of whole-cell lysates and purified virions were separated in 4 to 12%
Novex NuPAGE acrylamide gels with 2-(N-morpholino)ethanesulfonic acid buffer and were transferred to
nitrocellulose membranes using the iBlot system (Invitrogen). Membranes were blocked with 5% nonfat
milk in phosphate-buffered saline (PBS) with 0.05% Tween 20 and then incubated for 1 h at room
temperature or overnight at 4°C in the same solution with primary antibodies at appropriate dilutions.
Excess antibodies were removed by washing with PBS containing Tween 20, followed by PBS without
detergent. IRDye 800- or 700-conjugated secondary antibodies against mouse and rabbit antibodies
were added, and the mixture was incubated for 1 h at room temperature, washed, and developed using
an Odyssey infrared imager (LI-COR Biosciences, Lincoln, NE). Images were acquired with Image Studio
Software (LI-COR Biosciences, Lincoln, NE) and prepared with Photoshop.

Luciferase assays. HeLa or SAMD9�/� cells in 24-well plates were infected with the indicated viruses
for 1 h at 4°C. Cells were then placed in a 37°C incubator and transfected with plasmids encoding the
luciferase gene using Lipofectamine 2000 (Thermo-Fisher). At 6 h posttransfection, cells were lysed with
100 �l of passive cell lysis buffer X1 and diluted 1:100, and luciferase activity was assayed using a
Dual-Glo Luciferase assay system (Promega).

Virus infectivity and replication assays. Plaque assays were performed in BS-C-1 cell monolayers
in 12-well culture plates with duplicate 10-fold serial dilutions of virus. The virus was adsorbed for 1 h
at room temperature, after which unbound virus was removed, and the cells were washed and incubated
with medium containing 0.5% (wt/vol) methylcellulose. To measure virus spread, cells in 24-well plates
were infected in triplicate with viruses expressing GFP at a multiplicity of 0.01 PFU/cell for 1 h at 37°C.
The cells were washed, incubated with medium for 18 h at 37°C, trypsin treated, and fixed with 2%
paraformaldehyde. Cells expressing GFP were detected by flow cytometry and analyzed with FlowJo
software (FlowJo, Ashland, OR). P values were calculated by one-way analysis of variance and postrep-
licative test with Bonferroni corrections (Prism).

Metabolic labeling of nascent proteins. HeLa cells grown in 24-well plates were infected with 3
PFU/cell of the indicated viruses for 1 h at room temperature. The inoculum was removed, and the cells
were incubated with complete Dulbecco’s minimum essential medium for the indicated times. At 30 min
before labeling, the cells were incubated with cysteine- and methionine-free medium at 37°C and then
pulse labeled for 15 min with 100 �Ci of [35S]methionine-cysteine (Perkin-Elmer). The cells were washed
with cold PBS and lysed in 0.5% Nonidet P-40 containing cOmplete Protease Inhibitor Cocktail (Roche
Applied Science). Proteins in the clarified cell lysate were resolved by SDS-PAGE and the gels imaged with
a Typhoon imager FL7000 (GE Life Sciences).

Polysomal profile analysis. Polysomal profiles were performed according to Johannes and Sarnow
(66), with modifications. Specifically, cells were grown in T150 flasks, incubated for 5 min with 100 �g of
cycloheximide (CHX), harvested, and stored at �70°C. Prior to analysis, the cells were resuspended in 0.4
ml of LBA buffer (18 mM Tris, pH 7.5, 50 mM KCl, 10 mM MgCl, 10 mM NaF, 10 mM �-glycerolphosphate,
1.4 �g/ml pepstatin, 2 �g/ml leupeptin, EDTA-free cOmplete Protease Inhibitor Cocktail [Roche],
70 �g/ml CHX, 1.25 mM dithiothreitol, and 200 �g/ml heparin), and Triton X-100 and deoxycholate were
added to a final concentration of 1.2% each for lysis over a 5-min period on ice. Twenty optical density
units (at 260 nm) were loaded on each sucrose gradient. Gradients were centrifuged for 100 min at
39,000 rpm (SW-41 rotor) and then resolved using a Teledyne ISCO (model UA-6). RNA absorbance was
continuously monitored using 260-nM UV light, and 0.5-ml fractions were collected. For RNA extraction,
1 ml of cold ethanol was added to each fraction, which was then incubated for 12 h at �20°C and
centrifuged for 15 min at 20,000 � g. RNA was extracted from each pellet with TRIzol reagent
(ThermoFisher) according to the manufacturer’s instructions. Experiments were carried out twice, and a
representative is shown.

mRNA quantification by ddPCR. Total RNA was purified using TRIzol reagent (Life Technologies,
Carlsbad, CA) according to the manufacturer’s protocols. A portion of each RNA sample was treated with
DNase (Life Technologies) for 1 h at 37°C prior to reverse transcription with oligo(dT) and random
hexamer primers using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Serial dilutions of the cDNA
were added to a reaction mix containing QX200 EvaGreen supermix (Bio-Rad), and droplets were
generated using an automated droplet generator (Bio-Rad). Oligonucleotides generating short amplicons
within cellular 18S rRNA and viral I3, D13, and A3 genes were used for the PCR. Upon completion,
droplets were analyzed in a QX200 Droplet Digital PCR system (Bio-Rad).

Confocal microscopy. Cells grown on coverslips were infected for specified times, fixed with 4%
paraformaldehyde, and permeabilized with 0.1% Triton X-100 in PBS. The samples were blocked with 5%
bovine serum albumin and 10% FBS, followed by incubation with primary antibodies in 10% serum for
2 h. Cells were washed with PBS and incubated with appropriate secondary antibodies conjugated to
fluorescent dyes (Molecular Probes, Eugene, OR) for an additional 1 h with DAPI. Coverslips were washed
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and mounted on a glass slide using ProLong Gold (Invitrogen). The slides were examined with a Leica
SP5 inverted four-channel confocal microscope, and images were prepared using IMARIS software,
version 8.2 (Bitplane Scientific Software, St. Paul, MN). Colocalization was determined using IMARIS on
individual focal planes prior to z-stack superimposition. For RNA labeling with EU (Thermo Fisher), cells
were grown on coverslips and infected with VACV. In specific experiments, cells were treated with 1 �M
triptolide (Sigma) to inhibit cellular polymerase I and II transcription at 1 to 2 h before labeling with EU.
Cells were pulse labeled with 1 mM EU for 1 h, washed, fixed with 4% paraformaldehyde, and reacted
with Alexa Fluor 594 azide (Click-iT RNA Alexa Fluor 594 imaging kit; ThermoFisher). Cells were washed
with the kit’s wash buffer and were processed further for confocal microscopy as described above.

FISH. HeLa cells were plated on 12-mm glass circular coverslips in a 24-well dish and the next day
were infected with 3 PFU/cell of ΔC7K1. At 8 h postinfection, cells were washed 3� with Dulbecco’s
phosphate-buffered saline (DPBS) containing calcium and magnesium. Cells were then fixed for 10 min
in 3.7% formaldehyde in 1� DPBS. Fixed cells were then washed 4� in DPBS and placed in 70% ethanol
overnight. Ethanol was removed and cells were washed 4� at 5-min intervals with wash buffer
containing 10% formamide in 2� SSC buffer (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
Fluorescently labeled VACV D13 antisense deoxyoligonucleotides (Bioresearch Technologies, Petaluma,
CA) were resuspended in TE (10 mM Tris-HCl, 1 mM sodium EDTA, pH 8.0) to give a final solution of 25
�M. The probe was diluted 1:100 with hybridization buffer (100 mg/ml dextran sulfate, 10% formamide
in 2� SSC), put on cells, and incubated in a humidified incubator at 37˚C overnight. Cells were washed
4� at 15-min intervals with wash buffer at 37˚C. Cells were then incubated for 3 h at 37˚C with rabbit
polyclonal antibody to G3BP1 (65) diluted 1:100 in 2� SSC, 8% formamide, 2 mM vanadyl-ribonucleoside
complex, and 0.2% bovine serum albumin. Cells were washed 3� at 10-min intervals with wash buffer
at 37˚C. Secondary antibody diluted 1:100 in the same buffer as the primary antibody (Thermo Fisher
Scientific) was added for 3 h at 37˚C. Cells were washed as described above and incubated with 5 ng/ml
DAPI in wash buffer for 30 min at 37˚C. After washing, 3� coverslips were mounted on a glass slide with
ProLong gold (Thermo Fisher Scientific). Analysis was done using a Leica SP5 confocal microscope.
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