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ABSTRACT Protein kinase R (PKR) is a cellular kinase involved in the antiviral
response. The inactivation or inhibition of this protein is a conserved activity in DNA
and RNA virus infections. In contrast to human adenovirus type 5, mouse adenovirus
type 1 (MAV-1) inhibits PKR activity through proteasome-dependent degradation.
However, the molecular mechanism by which this process takes place is not fully
understood. We investigated whether ubiquitination, MAV-1 early region 1B 55k (E1B
55k), and early region 4 orf6 (E4orf6) play a role in PKR degradation in MAV-1 infec-
tion, because the enzyme 3 (E3) ubiquitin ligase activity with these viral proteins is
conserved among the Adenoviridae family. We provide evidence that E4orf6 is suffi-
cient to induce mouse PKR degradation and that proteasome pathway inhibition
blocks PKR degradation. Inhibition of neddylation of cullin, a component of E3 ubiq-
uitin ligase complex, blocked efficient PKR degradation in MAV-1-infected cells.
Finally, we demonstrated that MAV-1 degradation of PKR is specific for mouse PKR.
These results indicate that counteracting PKR is mechanistically different in two spe-
cies of adenoviruses.

IMPORTANCE Viruses have evolved to counteract the immune system to successfully
replicate in the host. Downregulation of several antiviral proteins is important for
productive viral infection. Protein kinase R (PKR) is an antiviral protein that belongs
to the first line of defense of the host. Because PKR senses dsRNA and blocks the
cellular translation process during viral infections, it is not surprising that many
viruses counteract this antiviral activity. We previously reported PKR degradation dur-
ing mouse adenovirus type 1 (MAV-1) infection; however, the molecular mechanism
of this activity was not fully known. This work provides evidence about the MAV-1
protein that induces PKR degradation and expands knowledge about involvement of
the proteasome pathway.
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Mouse adenovirus type1 (MAV-1; also known as MAdV-1) belongs to the Adenoviridae
family. It is a nonenveloped virus with an icosahedral capsid containing a double

stranded DNA genome of ;31 kbp (1, 2). Following intraperitoneal inoculation, MAV-1
infects primarily endothelial cells and macrophages and causes encephalitis in mice (3–6).
Because information about human adenovirus (HAdV) pathogenesis is limited due to the
high specificity of HAdV for the host, MAV-1 has been used as a model to understand
adenoviral pathogenesis and persistence in animals (7–10). While HAdV and MAV-1 have
many infection processes in common (11, 12), some aspects are different. For example,
HAdVs circumvent the host antiviral response, induction of protein kinase R (PKR), by encod-
ing small virus-associated (VA) RNAs (13, 14). However, MAV-1 does not encode VA RNAs
(15). Recently we showed that the cellular protein PKR is degraded during MAV-1 infection,
and the data suggested that the proteasome pathway is involved in this activity (16).

HAdV infections cause degradation of a variety of cellular substrates. HAdV assembles
an enzyme 3 (E3) ubiquitin ligase complex that induces the polyubiquitination and deg-
radation of multiple cellular proteins, including apoptosis and cell cycle regulators such
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as p53 (17), DNA damage response components including Mre11 (18) and Bloom heli-
case (19), chromatin regulators (e.g., Tip 60) (20), and other proteins (21–23). To be
degraded, most of these cellular substrates require the presence of and the interaction
between two early viral proteins, HAdV early region 1B 55k (E1B 55k) and early region 4
orf6 (E4orf6). In transfection of human cells with MAV-1 genes, only mouse p53 has been
demonstrated as a target of the MAV-1 E3 ubiquitin ligase complex, and both MAV-1
E1B 55k and E4orf6 were required (24).

PKR is a cellular protein that is part of the innate immune response. PKR senses
dsRNA and is activated by autophosphorylation during stress conditions or viral infec-
tions, leading to phosphorylation of eIF-2a. This impairs eIF-2a activity (25), which
results in the inhibition of protein synthesis and the induction of apoptosis (reviewed
in Ref. 26). Also, PKR is involved in signal transduction and transcriptional control of
the NF-kB pathway. This results in transcriptional regulation through the activation of
cellular transcription factors controlling the expression of genes such as IRF-1, STATs,
MAPKs and p53 (26, 27).

Although MAV-1 does not encode a VA RNA, we demonstrated that PKR is
degraded during MAV-1 infection (16). To our knowledge, MAV-1 is the first DNA virus
demonstrated to regulate PKR activity through degradation. Here, we investigated
whether ubiquitination and MAV-1 E1B 55k and E4orf6 play a role in PKR degradation.
Transfections of human and mouse cells with plasmids expressing mouse PKR, MAV-1
E1B 55k and MAV-1 E4orf6 showed that E4orf6 alone is sufficient to induce mouse PKR
degradation. Proteasome inhibition with MG132 rescued PKR levels in those transfec-
tions, in agreement with observations in MAV-1-infected mouse cells (16). Cullin 2 is a
component of the MAV-1 E4orf6 ubiquitin ligase complex (24). We used a mutant con-
struct of MAV-1 E4orf6 in which the cullin-E4orf6 interaction is disrupted by three
amino acid changes. Transfection of human and mouse cells with this mutant E4orf6
construct resulted in no degradation of mouse PKR, suggesting that the cullin-E4orf6
interaction is important for mouse PKR degradation by MAV-1. Finally, we demon-
strated that human PKR is not degraded in MAV-1- or HAdV2-infected cells, in contrast
to mouse PKR, which is degraded in MAV-1-infected mouse cells.

RESULTS
MAV-1 PKR degradation is proteasome-dependent in mouse 3T6 cells and

requires cullin neddylation. PKR is degraded in several mouse cell types (C57BL/6
mouse embryo fibroblasts, CMT93 cells, and mouse macrophages) infected by MAV-1
(16). We performed experiments to confirm PKR degradation and the role of the pro-
teasome pathway during MAV-1 infection in an additional cell type, a 3T6 mouse fibro-
blast cell line. Cells were infected for 24 h and treated with increasing concentrations
of the proteasome inhibitor MG132 from 18–24 h postinfection (hpi) (Fig. 1A). Cells not
treated with MG132 showed a decrease in PKR levels in infected cells compared to
mock, as expected (Fig. 1A, lanes 1 and 5), confirming that PKR was degraded in MAV-1-
infected cells. However, increasing doses of MG132 stabilized PKR in infected cells, showing
a similar PKR accumulation to that in mock-infected cells at the highest MG132 concentra-
tion (Fig. 1A, lanes 4 and 8). Also, MG132 treatment did not affect viral early region 1A (E1A)
protein accumulation (Fig. 1C, lanes 3–5), indicating that MG132 did not affect MAV-1 early
gene expression. MG132 treatment did not alter PKR accumulation in mock-infected cells.
Together, the results indicate that PKR is degraded during infection.

Cullins are required for the E3 ubiquitin ligase complex assembly. These cellular
proteins are activated by a post-translational modification called neddylation, and this
is necessary for the assembly of the E3 ubiquitin ligase complex (28–30). To analyze
the effect of cullin neddylation on PKR degradation, we infected 3T6 cells with MAV-1
for 24 h or mock-infected control cells, and we treated cells with increasing concentra-
tions of a neddylation inhibitor, MLN4924 (31, 32) (Fig. 1B). The inhibition of cullin ned-
dylation affects all cullin RING ligases; we confirmed the effect of MLN4924 on cullin 2
neddylation by the loss of the slower migrating band (Fig. 1B, lanes 2–4, 6–8). As
expected, we observed reduced PKR levels in infected untreated cells compared to
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mock infected (Fig. 1B, lanes 1 and 5). However, increasing MLN4924 concentrations
stabilized PKR accumulation in infected cells (Fig. 1B, lanes 6–8). We saw no changes in
early viral protein E1A expression (Fig. 1C, lanes 6–8), indicating that the neddylation
inhibitor did not affect early viral gene expression. These data suggest that cullin ned-
dylation is needed for PKR degradation in mouse-infected cells.

MAV-1 E4orf6 induces mouse PKR degradation in human and mouse transfected
cells. HAdVs induce the degradation of multiple cellular substrates via two viral pro-
teins, E1B 55k and E4orf6, facilitating viral replication. These viral proteins assemble an
E3 ubiquitin ligase complex with cellular proteins including RunX1, elongins, and cull-
ins, resulting in polyubiquitination of cellular substrates including p53 (33), Mre 11

FIG 1 Effects on PKR degradation of inhibition of cullin-2 neddylation and proteasome activity in
mouse-infected cells. Mouse 3T6 cells were infected with MAV-1, MOI 5 for 24 h. (A) Cells were
treated with 0 (2), 1, 5 or 10 mM MG132 during the 6 h prior to harvesting. Total lysates were
processed by immunoblot using anti-PKR and anti-b actin antibodies. (B) Cells were treated with 0
(2), 1, 3 or 5 mM MLN4924 for 24 h and harvested. Total lysates were processed by immunoblot
using anti-PKR, anti-actin and anti-cullin 2 antibodies. (C) Total lysates from 0, 1, 5 or 10 mM MG132-
and 0, 1, 3 or 5 mM MLN4924-treated cells were analyzed by immunoblot to detect the viral protein
E1A. b-actin was used as the loading control. ImageJ analysis of E1A protein relative to b-actin
indicated no changes in E1A accumulation (data not shown). Each panel is representative of at least
three independent experiments.
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(18), and DNA ligase IV (34). The polyubiquitination leads to host protein degradation
by the proteasome. For MAV-1, knowledge regarding this activity is limited. In human
cells, MAV-1 induces mouse p53 degradation through the classical E3 ubiquitin ligase
complex; MAV-1 E1B 55k and MAV-1 E4orf6 are required (24).

Initially, we suspected that both viral proteins (MAV-1 E1B 55k and MAV-1 E4orf6) were
required to induce PKR degradation. We performed cotransfection experiments using a
mouse cell line lacking full-length PKR. These cells, designated here as PKR N- embryo
fibroblasts (MEFs), were derived from PKR knockout mice (35). In some conditions, these
cells express an N-terminal deleted form of PKR (36). In our conditions, even this N-termi-
nal deleted form of PKR was not detected (Fig. 2B, lane 1). We also used MEFs from a new
line of mice in which mouse PKR was deleted by CRISPR/Cas9, designated herein as PKR
TKO MEFs.

The mouse PKR gene was transfected alone or in combination with plasmids encod-
ing MAV-1 E1B 55k and MAV-1 E4orf6 into either a human HT1080 PKR knockout cell
line, PKR N- MEFs, or PKR TKO MEFs, to determine which viral proteins are required for

FIG 2 E4orf6 induces PKR degradation in transfected human and mouse cells. HT 1080 huPKR KO (A),
PKR N- MEF (B), and PKR TKO MEF cells (C) were transfected with pFlag-PKR, pFlag-E1B 55k and
pFlag-E4orf6 plasmids as indicated and harvested at 24 h posttransfection. Total lysates were
analyzed by immunoblot using anti-PKR, anti-E4orf6 antiserum and anti-b actin antibodies. E1B 55k
was detected by immunoprecipitation followed by immunoblot with anti-E1B 55k antiserum 80623.
(1) indicates the plasmid is present, (2) indicates the plasmid is absent. *Nonspecific band. Each
panel is representative of at least three independent experiments.
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PKR degradation (Fig. 2). We observed similar results in the three cell lines. In the pres-
ence of E1B 55k (Fig. 2A–C, lanes 3), PKR levels were very similar to transfection of PKR
alone (Fig. 2A–C, lanes 2). However, PKR levels were significantly lower in the presence
of E4orf6 (Fig. 2A–C, lanes 4 and 5). These data suggest that E4orf6 expression is suffi-
cient to induce PKR degradation and that E1B 55k is not required or does not enhance
PKR degradation. To confirm that E1B 55k was indeed produced in the transfected
cells, immunoprecipitation assays were performed, and a specific band was detected
in the expected lanes at the expected molecular weight (Fig. 2A–C, lanes 3 and 5).
E4orf6 was detected directly by immunoblot (Fig. 2A, lanes 4–5). We detected a specific
double band for E4orf6 in HT1080 PKR knockout cells, suggesting a possible post-trans-
lational modification in E4orf6-transfected human cells.

PKR is not degraded in human and mouse E4orf6-transfected cells when the
proteasome pathway is blocked. The proteasome pathway is involved in PKR degra-
dation in infected mouse cells (Fig. 1A and Ref. 16). We performed cotransfection
experiments and MG132 treatment to confirm the proteasome pathway requirement
for PKR degradation in the context of transfection with MAV-1 E4orf6 (Fig. 3). We con-
firmed in HT1080 PKR knockout and PKR N- cells that E4orf6 was sufficient to induce
mouse PKR degradation (Fig. 3A and B, lanes 3). Cotransfecting E4orf6 and PKR in the
presence of the proteasome inhibitor MG132 blocked degradation of PKR in both cell
types (Fig. 3A and B, lanes 4). These data indicate that the proteasome pathway is
involved in PKR degradation in transfected human and mouse cells.

Neddylation of cullin is required for PKR degradation. Cullins play an important
role in E3 ubiquitin ligase complex assembly. As shown in Fig. 1B, cullin 2 neddylation
was a requirement for PKR degradation in MAV-1-infected cells. Gilson et al. (24)
showed that E4orf6-cullin 2 interaction-defective mutant orf6 proteins are impaired for
binding to cullin 2. We cotransfected mouse PKR and either E4orf6 wild type (wt) or
E4orf6-cullin 2 interaction-defective mutant plasmid constructs into HT1080 PKR

FIG 3 PKR is degraded through the proteasome pathway in transfected human and mouse cells. HT
1080 huPKR KO (A) and MEF N- (B) cells were transfected with pFlag-PKR and pFlag-E4orf6 plasmids
at 24 h posttransfection. Cells were treated with 10 mM MG132, 6 h prior to harvesting, and samples
were analyzed by immunoblot using anti-PKR and anti-E4orf6 antibodies. *Nonspecific band. Each
panel is representative of at least three independent experiments.
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knockout and PKR N- cells to determine whether the interaction of E4orf6-cullin 2 is a
requirement for PKR degradation in transfected cells (Fig. 4). These mutants were origi-
nally designated as Y70R, V74K, and L78K based on the amino acids changed by the
mutations (24). However, based on sequencing of cDNA clones (37) and inspection of
splicing signals, the MAV-1 E4orf6 protein (corresponding to orf a/b in Ref. 37) has one
fewer amino acid at the junction of the two open reading frames than other authors
calculated (24). The numbering of the E4orf6 mutants is thus Y69R, V73K and L77K.

Transfection of mouse PKR into HT1080 PKR knockout and PKR N- cells was successful,
as shown in Fig. 4A, B, lanes 2. Mouse PKR was degraded in the presence of wt E4orf6
(Fig. 4 A, B, lanes 3) confirming the previous data (Fig. 2 and 3). PKR was also degraded
in the presence of the E4orf6 proteins with single amino acid changes (Fig. 4A, B lanes
4–6). However, the efficiency of this activity was lower compared to wt E4orf6, because
some PKR was detectable in lanes 4–6 (Fig. 4B). When all three amino acid changes were

FIG 4 MAV-1 E4orf6-cullin 2 interaction is a requirement for PKR degradation in transfected human
and mouse cells. HT 1080 huPKR KO (A) and PKR N- MEF cells (B) were transfected with pFlag-PKR
and MAV-1 E4orf6-encoding plasmids. wt: MAV-1 E4orf6 wild type; for each E4orf6 variant (lane 4–7),
the amino acid position and the substitutions are listed. Lane 7 corresponds to the plasmid with all
three amino acid changes, FLAGmE4orf6TMWT8. Cells were harvested 24 h posttransfection, and the
samples were analyzed by immunoblot using anti-PKR and anti-E4orf6 antibodies. b actin was used
as the loading control. *Nonspecific band. Each panel is representative of two independent
experiments.
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present (lanes 7), PKR was not degraded; there was a similar level of PKR compared to
the transfection of PKR alone (Fig. 4, lanes 2). These data indicate that the change of
three amino acids in E4orf6 known to affect cullin 2 binding substantially affected the
degradation of PKR in transfected human and mouse cells.

PKR degradation is a MAV-1-specific activity. PKR downregulation is an impor-
tant activity during viral infections. To determine whether the PKR degradation by
MAV-1 was specific to mouse PKR, we tested the ability of MAV-1 infection to induce
huPKR degradation. First, we performed a time course experiment in mouse NIH 3T6
cells infected with MAV-1. PKR levels were lower at 16 and 24 hpi compared to mock
infection (Fig. 5A, lanes 4 and 6), confirming the kinetics seen in other mouse cell types
(16). We observed viral gene expression (E1A and E4orf6) at the same time points in
which we detected PKR degradation (Fig. 5A, lanes 4 and 6). We then assayed whether
MAV-1 induces human PKR (huPKR) degradation. MEF cells knocked out for mouse PKR
expression stably transfected with the empty vector or huPKR (38) were infected with
MAV-1 at 24 and 48 hpi (Fig. 5B). These cells, designated as C- PKR MEFs, can express a
C-terminal truncated form of mouse PKR (36), but in our experimental conditions, this

FIG 5 PKR degradation is a MAV-1-specific activity. (A) 3T6 mouse fibroblasts were infected with MAV-1
at MOI 5 and harvested 6, 16 and 24 hpi. (B) PKR C- MEF cells stably expressing empty vector (PKR2/2

vector, lanes 1–4) or human PKR (PKR2/2 huPKR, lanes 5–8) were infected with MAV-1, MOI 5 and
harvested 24 and 48 hpi. (C) Human HT 1080 wild type cells were infected with HAdV 2, MOI 5 and
harvested at 24 and 48 hpi. In all cases, total lysates were processed by immunoblot using anti-PKR, anti-
MAV-1 E1A, anti-HAdV 2 DNA binding protein (DBP) and anti-b actin antibodies. M, Mock; I, Infected.
Each panel is representative of at least three independent experiments.

MAV1 E4orf6 Induces PKR Degradation Journal of Virology

April 2022 Volume 96 Issue 7 10.1128/jvi.02063-21 7

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.02063-21


protein was not detected (Fig. 5B, lanes 1–4). HuPKR was not degraded by MAV-1 infec-
tion (Fig. 5B, lanes 5–8). MAV-1 E4orf6 was detected at 24 and 48 hpi in empty vector
cells (Fig. 5B, lanes 2 and 4) and huPKR-expressing cells (Fig. 5B, lanes 6 and 8), indicat-
ing that the lack of huPKR degradation was not due to a lack of E4orf6. To demonstrate
that PKR degradation is a mechanism of regulation specific for MAV-1, we infected wild
type HT1080 cells with HAdV2 at 24 and 48 hpi (Fig. 5C). HuPKR was not degraded in
HAdV-2-infected cells. HT1080 cells were clearly infected, because the early viral pro-
tein DNA binding protein was detected.

DISCUSSION

PKR is an important component of the innate immune response. It counteracts viral
infections by blocking protein translation and therefore viral replication. Inhibiting PKR
antiviral activity is important for successful replication of DNA and RNA viruses
(reviewed in Ref. 39). Our experiments confirm the finding that PKR is degraded
through the proteasome pathway in MAV-1-infected cells; blocking this pathway
resulted in little or no PKR degradation (Fig. 1 and 5A). The proteasome pathway is a
well described mechanism by which the cell degrades cellular protein levels in differ-
ent cell cycle stages, and viruses exploit this pathway to counteract the antiviral
response (reviewed in Ref. 40). Also, in transfection experiments we showed that the
early viral protein MAV-1 E4orf6 induced the degradation of PKR in human and mouse
cells through the proteasome pathway (Fig. 2 and 3). The data showed that E1B 55k
did not contribute to PKR degradation, indicating that MAV-1 assembles a different E3
ubiquitin ligase complex for PKR degradation than for mouse p53 degradation (24).
For HAdV, both E1B 55k and E4orf6 are needed to polyubiquitinate and induce degra-
dation of most cellular substrates (17–19, 34, 41). However, HAdV requires only E1B
55k to induce degradation of the antiviral protein Daxx, a component of PML nuclear
bodies (42), whereas only E4orf6 is required for degradation of the cellular protein
TOPBP1 (43). In transfected human cells, only MAV-1 E4orf6 is required to degrade
mouse DNA ligase IV (24). There are no obvious protein sequence features among
mouse DNA ligase IV, human TOPBP1 and mouse PKR that could explain their inde-
pendence for E1B 55k degradation by adenoviruses.

The E3 ubiquitin ligase complex assembled by HAdV to induce the degradation of
most cellular substrates requires the presence of E4orf6 and cullins. Most HAdVs use
cullin 5, whereas MAV-1 uses cullin 2 (24). Gilson et al. (24) showed that three MAV-1
E4orf6 amino acid changes (Y69R, V73K, L77K) impair the interaction of E4orf6 with
cullin 2. We determined the effect of the interaction of E4orf6 and cullin 2 on PKR deg-
radation using wild type and variant E4orf6 proteins. Our data suggest that the E4orf6-
cullin 2 interaction is required for efficient PKR degradation in human and mouse trans-
fected cells (Fig. 4). The E4orf6 variant with all amino acid changes, Y69R/V73K/L77K,
showed the most drastic phenotype: PKR was not degraded. Inhibition of neddylation
by treatment with MLN4924 blocked PKR degradation in infected cells (Fig. 1). This
suggests that cullin 2 neddylation contributes to PKR degradation. We cannot rule out
the possibility that neddylation of other cullins or other proteins that could be involved
in PKR degradation (32) was also affected in this experiment.

To our knowledge, MAV-1 is first described DNA virus in which PKR is regulated by
degradation, though PKR degradation occurs in infections with some RNA viruses, such
as Rift Valley Fever virus and Toscana virus (44, 45). MAV-1 infection does not induce
huPKR degradation in mouse cells stably expressing huPKR (Fig. 5). Human PKR and
mouse PKR both have eIF-2a phosphorylation activity (46, 47) but they share only 56%
identity and 69% similarity. The difference in protein sequence could explain why
MAV-1 infection does not induce degradation of huPKR. Also, HAdV does not induce
huPKR degradation in HT1080 cells (Fig. 5C), confirming that the mechanism of PKR
downregulation in HAdV takes place through a degradation-independent mechanism,
consistent with its dependence on VA-RNA (13, 14).

The PKR-activating dsRNA has not been definitively detected in adenovirus
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infections, and the mechanism of PKR activation in HAdV remains unknown. It has
been proposed that dsRNA is generated by annealing of mRNA transcripts from both
strands of adenovirus DNA (14, 48), but convincing evidence for intermolecular dsRNA
formation in adenovirus infections is lacking. Accumulation of dsRNA in adenovirus-
infected cells has recently been shown with E4-defective HAdV mutants (49). This
appears to be due to a deficiency in viral mRNA splicing in the E4 mutant infections,
accompanied by PKR relocation to the nucleus. Also, either the absence of E1B 55k or
E4orf6, or the inhibition of the E3 ubiquitin ligase complex results in the accumulation
of dsRNA. Price et al. (49) propose that an efficient splicing process could explain the
undetectable levels of dsRNA in wild type HAdV infection. It is not known whether very
low (as yet undetectable) levels of dsRNA present in wild type HAdV infection are suffi-
cient to cause the induction of PKR. In Zika virus infection, PKR is activated by mito-
chondrial RNA (mtRNA) when mitophagy is compromised, resulting in an increase of
PKR-dependent chemokine expression (50). It is not known whether mtRNA is a signifi-
cant source of dsRNA in adenovirus infections. In addition, PKR activation could occur
in a dsRNA-independent manner; oxidative stress, endoplasmic reticulum stress and
metabolic stress induce PKR activation (38, 51, 52).

Our data provide direct evidence of viral E4orf6 protein involvement in PKR down-
regulation in MAV-1 infection. However, there are questions remaining, including the
effect of PKR degradation on expression of genes downstream of PKR. We have been
unable to detect changes in eIF-2a phosphorylation in MAV-1 infections compared to
mock-infected cells (data not shown). We hypothesize that a PKR degradation-defec-
tive mutant virus (e.g., E4orf6-deleted) could increase eIF-2a phosphorylation and pos-
sibly an increase of PKR-dependent chemokine expression, blocking virus replication.
Such a mutant virus, coupled with true PKR knockout mice from which we generated
the PKR-TKO MEFs used herein, will be useful in determining the importance of PKR
degradation in natural infections.

MATERIALS ANDMETHODS
Cells, virus, and infections. NIH 3T6 fibroblasts (53) were grown in Dulbecco’s modified Eagle me-

dium (DMEM) plus 10% heat-inactivated calf serum. PKR N- MEF cells were obtained from Robert
Silverman, Cleveland Clinic Foundation (54). These cells were originally derived from PKR knockout mice
produced in the Weissmann laboratory (35). Baltzis et al. (36) showed that MEF cells isolated from those
mice can express an N-terminal-deleted isoform of PKR. We therefore designate these cells herein as
PKR N- MEFs. The PKR N- MEFs were grown in DMEM containing 10% heat-inactivated fetal bovine serum
(FBS). Wild type HT1080 and HT1080 PKR knockout cells (HT 1080 huPKR KO) were kindly provided by
Malathi Krishnamurthy, University of Toledo, Ohio (55) and were grown in DMEM/10% FBS. Mouse PKR
knockout MEFs stably transfected with empty vector (PKR2/2 vector) or full-length human PKR (PKR2/2

huPKR) were kindly provided by Dr. Gokhan Hotamisligil, Harvard University (38) and were maintained
in DMEM/10% FBS. These cells were derived from PKR knockout mice produced in the Bell laboratory
(56). Baltzis et al. (36) showed that MEF cells isolated from those mice can express a C-terminal-deleted
isoform of PKR. We therefore designate these cells herein as PKR C- MEFs.

We generated a new strain of mice knocked out for PKR as follows. The University of Michigan
Transgenic Animal Core performed in vitro fertilization (IVF) with eggs from a C57BL/6J female mouse
and sperm from a male mouse heterozygous for a CRISPR/Cas9 edited eIF2ak2 (PKR) gene. The sperm
for the IVF was from this strain: C57BL/6NCrl-Eif2ak2em1(IMPC)Mbp/Mmucd (RRID: MMRRC_050636-UCD);
the sperm was obtained from the Mutant Mouse Resource and Research Center (MMRRC) at University
of California at Davis, an NIH-funded strain repository. The strain was donated to the MMRRC by Kent
Lloyd, D.V.M., University of California, Davis. We intercrossed progeny carrying the mutation through the
N3 generation, and homozygotes were identified by PCR with the MMRRC genotyping assay and then
mated. The full strain name of our mice is B6/J;C57BL/6NCrl-Eif2ak2em1(IMPC)Mbp/Mmucd. We designate
the strain PKR-TKO herein, and its characterization will be described elsewhere (D. Edwards and K.
Spindler, unpublished data). A pregnant female from a homozygous mating of PKR-TKO mice was eutha-
nized at day 15 to make mouse embryo fibroblasts. Embryos were dissected to remove viscera and tryp-
sinized. We plated cells at a density of 1 embryo per 150 mm plate and passed them using a standard
3T3 protocol: cell density of 3.5 � 105cells per 60 mm plate, passaged every 3 days (53). After immortal-
ization, cells were maintained in DMEM/10% FBS. The cells are designated PKR-TKO MEFs and were
shown by immunoblot to not express mouse PKR, as expected (Figs. 2 and 4).

Wild-type MAV-1 virus stock was prepared and titrated on mouse NIH 3T6 fibroblasts as described
previously (57). HAdV2 stock was prepared and titrated by plaque assay on HeLa cells. For all infections,
the medium was removed, and the monolayer was washed with PBS. The virus inoculum was added for
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1 h of adsorption at 37°C at MOI 5 in a small volume, and then medium containing 2% of the relevant se-
rum was added without removing the inoculum.

Protein extraction. Total lysates were obtained by washing in phosphate-buffered saline (PBS),
scraping, and pelleting the cells from a 6-well plate. Cell pellets from individual wells were incubated
with 100 ml Pierce RIPA lysis buffer (Thermo Scientific, 89900) containing 1X protease inhibitors (Thermo
Scientific, 78410) for 1 h on ice. Cell debris was removed by centrifugation at 14,000 � g, 10 min, 4°C.
Total lysates were boiled 5 min in 1X Laemmli sample buffer (Bio-Rad, 1610737) containing 10% 2-mer-
captoethanol (Sigma, M6250) and stored at220°C.

Proteasome and cullin neddylation inhibition. For proteasome inhibition, NIH 3T6 fibroblasts
were infected with MAV-1 at MOI 5 for 24 h and treated with 1, 5 or 10 mM MG132 (Sigma, M7449) in
DMSO or DMSO alone (Sigma, D2650) for 6 h prior to harvesting. For cullin neddylation studies, NIH 3T6
fibroblasts were infected with MAV-1 at MOI 5 for 24 h and treated with 1, 3 or 5 mM MLN4924 (Cayman
Chemical, 15217) in DMSO or DMSO alone for 24 h. Cell pellets were obtained by washing in 1X PBS,
scraping and pelleting cells. Total protein lysates were obtained as described above in the protein
extraction section and processed for immunoblot analysis. ImageJ software was used to quantify E1A
protein relative to b actin.

Transfection. Subconfluent cells (HT1080 huPKR KO, cells; PKR N- or PKR TKOMEFs) were washed
and incubated with a mix of DNA and Lipofectamine 2000 (1:4 DNA/Lipofectamine 2000) (Invitrogen,
11668-019) for 6 h, 37°C per the manufacturer’s recommendations. Total DNA was always adjusted to
8 mg per 60 mm-plate with empty vector as necessary. The DNA-Lipofectamine 2000 mix was removed
and DMEM/10% FBS was added. Cells were harvested by scraping and pelleting at 24 h posttransfection,
followed by lysis as described above and processed for immunoblot as described below.

The pFlag-PKR plasmid was generated by GenScript (NJ, USA) using the following primers to amplify
mouse PKR: forward 59-AAG GCT AGC GGG GGC CCT CTAG-39 and reverse 59-CTT GGT ACC GCG GCC
TAC-39, this produced a fragment of mouse PKR cDNA with the 59 UTR directly preceding it and a Flag
tag at the C-terminus. The PCR product was inserted into pcDNA3.1(-) using NheI and KpnI restriction
enzymes, whose recognition sites are underlined in the primer sequences, respectively.

The pFlag-E1B 55k plasmid was obtained by amplifying MAV-1 E1B, and a Flag tag was added to the
C-terminal end by PCR using the following primers: forward 59-AAG AAG CTT ATG GAG GAC CGT CAA
GCT CTC-39, reverse 59-ATT GCG GCC TAC TTG TCG TCA TCG TCT TTG TAG TCT TCA CTC AAT TCC TCC-39.
The fragment was inserted into pcDNAI/Amp using HindIII and NotI restriction enzymes, whose recogni-
tion sites are underlined in the primer sequences, respectively.

Plasmids Flag-E4orf6, Flag-E4orf6 Y69R, Flag-E4orf6 V73K, Flag-E4orf6 L77K and Flag-E4orf6 Y69R/V73K/
L77K (24) were kindly provided by Paola Blanchette, McGill University, Canada. We found an additional muta-
tion in the plasmid Flag-E4orf6 Y69R/V73K/L77K in the position 103 (L103A) and we corrected this mutation
to the wild type sequence using site-directed mutagenesis kit (E0554S, New England Biolabs) with the fol-
lowing primers: FW: 59-AGTTTGGAGCCTGCATTGCCAC-39, RV: 59-TCATCCCCGGTCACGTAG-39. We used DNA
sequencing to confirm the presence of sequence encoding only the three amino acid changes Y69R, V73K,
and L77K and that the position 103 corresponds to the wild type sequence (Eton Bioscience). This new plas-
mid with only 3 amino acid changes is designated FLAGmE4orf6TMWT8. Note that the true amino acid num-
bering is used here to designate the amino acids altered in the mutants (see the text).

Immunoblots. Total lysates from infected or transfected cells (3T6, PKR C- MEFs, PKR N- MEFs,
HT1080 wt, HT1080 PKR KO, and PKR TKO MEFs) were prepared as described above. Lysates were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting.
Equal volumes of total lysates were loaded on 10% acrylamide gels (8.3 cm wide x 7.3 cm high x 0.1 cm
thick) and electrophoresed for 30 min at 10 mA for the 6% stacking gel and 90 min at 20 mA for the run-
ning gel. Gels were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, 1620177) for
1.5 h at 400 mA. Blots were blocked with 10% nonfat milk in Tris-buffered saline (50 mM Tris-HCl, pH 7.6;
150 mM NaCl) – 0.1% Tween 20 (Sigma, P1379) for 1 h at room temperature and probed with primary
antibodies. Bands were visualized by Kwik Quant Western blot kit (Kindle Biosciences, R1004) and photos
were taken with a Kwik Quant Imager. Photos were visualized and cropped using Adobe Photoshop CC
2021.

Antibodies. Primary antibodies used to detect MAV-1 E1A were mouse monoclonal 10b10 (58).
Mouse monoclonal anti-PKR, B-10 (Santa Cruz Biotechnology, sc-6282) recognizes human and mouse PKR
(https://datasheets.scbt.com/sc-6282.pdf). We also used a mouse monoclonal anti-b-actin (Santa Cruz
Biotechnology, sc-1616) and anti-cullin 2 (Santa Cruz Biotechnology, sc-166506). The anti-HAdV 2 DBP anti-
body was a kind gift of Daniel Klessig (Cornell University) and was used at 1:250 dilution. GenScript (NJ,
USA) generated the custom rabbit polyclonal antisera anti-MAV-1 E4orf6 (7871) and anti-MAV-1 E1B 55k
(80623). For 7871, rabbits were immunized with MAV-1 E4orf6 peptides (106-CHCGRQGSLQVGPRR-120
and 247-SGSSPLIPGFDIPRC-260 coupled to keyhole limpet hemocyanin (KLH). For 80623, the immunogens
were E1B 55k peptides (172-HWADDEGVNFERLA-185 and 417-PDRTRFTVDVEELS-430). Antibodies were
purified by affinity chromatography using the respective peptides for each immunogen. The 7871 and
80623 antisera specificities were validated by immunoprecipitation from in vitro transcription-translation
reactions using plasmids encoding MAV-1 E4orf6, MAV-1 E1B 55k, or control empty vectors as templates
(data not shown).

Immunoprecipitation. PKR N- MEFs, HT1080 huPKR KO cells or PKR TKO MEFs were transfected with
pFlag-E1B 55k, pFlag-E4orf6 and pFlag-PKR plasmids, samples were lysed as described above, and super-
natants were obtained by centrifugation. Supernatants were precleared by incubation for 1 h at 4°C
with protein A-coupled beads that had been equilibrated in RIPA buffer containing protease inhibitors
(EMD Millipore, 16-125). After pelleting and removal of the beads, samples were then incubated with
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anti-E1B 55k (80623, 1:100) overnight at 4°C. Protein A-coupled beads were added to the samples and
incubated for 2 h, 4°C. Beads were washed three times with E1A buffer (250 mM NaCl; 50 mM Tris HCl
pH 7.4; 0.1% NP40) and one time with 50 mM Tris HCl pH 7.4. Finally, beads were boiled for 5 min in
Laemmli sample buffer/10% 2-mercaptoethanol. Samples were stored at 220°C for immunoblot
processing.
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