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ABSTRACT Receptor for activated C kinase 1 (RACK1) is a small ribosomal subunit
protein that is phosphorylated by vaccinia virus (VacV) to maximize translation of post-
replicative (PR) mRNAs that harbor 59 polyA leaders. However, RACK1 is a multifunc-
tional protein that both controls translation directly and acts as a scaffold for signaling
to and from the ribosome. This includes stress signaling that is activated by ribosome-
associated quality control (RQC) and ribotoxic stress response (RSR) pathways. As VacV
infection activates RQC and stress signaling, whether RACK1 influences viral protein syn-
thesis through its effects on translation, signaling, or both remains unclear. Examining
the effects of genetic knockout of RACK1 on the phosphorylation of key mitogenic and
stress-related kinases, we reveal that loss of RACK1 specifically blunts the activation of
c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) at late stages of
infection. However, RACK1 was not required for JNK recruitment to ribosomes, and
unlike RACK1 knockout, JNK inhibitors had no effect on viral protein synthesis.
Moreover, reduced JNK activity during infection in RACK1 knockout cells contrasted
with the absolute requirement for RACK1 in RSR-induced JNK phosphorylation.
Comparing the effects of RACK1 knockout alongside inhibitors of late stage replication,
our data suggest that JNK activation is only indirectly affected by the absence of
RACK1 due to reduced viral protein accumulation. Cumulatively, our findings in the
context of infection add further support for a model whereby RACK1 plays a specific
and direct role in controlling translation of PR viral mRNAs that is independent of its
role in ribosome-based stress signaling.

IMPORTANCE Receptor for activated C kinase 1 (RACK1) is a multifunctional ribosomal
protein that regulates translation directly and mediates signaling to and from the ribo-
some. While recent work has shown that RACK1 is phosphorylated by vaccinia virus
(VacV) to stimulate translation of postreplicative viral mRNAs, whether RACK1 also con-
tributes to VacV replication through its roles in ribosome-based stress signaling
remains unclear. Here, we characterize the role of RACK1 in infected cells. In doing so,
we find that RACK1 is essential for stress signal activation by ribotoxic stress responses
but not by VacV infection. Moreover, although the loss of RACK1 reduces the level of
stress-associated JNK activation in infected cells, this is an indirect consequence of
RACK1’s specific requirement for the synthesis of postreplicative viral proteins, the
accumulation of which determines the level of cellular stress. Our findings reveal both
the specific role of RACK1 and the complex downstream effects of its control of viral
protein synthesis in the context of infection.
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The poxviridae is a family of large double-stranded DNA (dsDNA) viruses that include
variola virus (VarV), the causative agent of smallpox, as well as monkeypox virus (1, 2).

Although smallpox was declared eradicated in 1980, the unprecedented global spread of
monkeypox in 2022 underscores the pandemic potential of zoonotic poxvirus infections
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and the reasons they remain category A pathogens (3–5). Protection against either small-
pox or monkeypox is afforded by vaccination with the closely related orthopoxvirus vacci-
nia virus (VacV), which has also become the laboratory prototype for poxvirus research (2).

Poxviruses are notable for their exceptional self-sufficiency that includes independently
transcribing and replicating their DNA genomes in the cytoplasm rather than the nucleus,
where they form DNA-filled structures termed “viral factories” (VFs) (2). This level of inde-
pendence from the host is enabled by the fact that poxviruses on average encode around
200 genes. Approximately half of their genes are expressed early after entry into the cell
and mainly function in regulating uncoating of the viral core, control of host innate
immune responses, and progression of the viral replication cycle (2, 6). Progression from
early stages involves DNA replication and expression of both intermediate and late viral
genes, which are often referred to cumulatively as postreplicative (PR) genes. This is
because both intermediate and late genes share a dependence on viral DNA replication
for transcriptional activation, as well as promoters that generate mRNAs with 59-untrans-
lated regions (UTRs) that contain unusual homopolymeric adenosine (polyA) tracts (7, 8).
As infection transitions to the PR phase, host protein synthesis is also shut off, and viral
proteins are dominantly synthesized. However, despite their ability to both transcribe and
fully process their own mRNAs, poxviruses still require the host translational machinery to
synthesize their proteins and complete their replication cycle.

Viruses use diverse strategies to take control of the host translation machinery, often
revolving around control of translation initiation factors (9). However, VacV also directly
targets the ribosome by phosphorylating several subunits due to the activity of the vi-
rus-encoded B1 kinase (10–14) (reviewed in reference 8). B1 is expressed as an early pro-
tein that phosphorylates unique sites on a number of small ribosomal subunit proteins
(RPSs), some of which have been shown to enhance translation of PR mRNAs. These
include RPS2, which is located at the mRNA entry channel, and receptor for activated C
kinase 1 (RACK1), which is located near the mRNA exit channel (13–16). Of these, RACK1
is best characterized in terms of how poxvirus-induced phosphorylation affects its func-
tion. B1 phosphorylates a serine residue (S278) within a linker region of RACK1 that gives
rise to electrostatic forces that alter the swivel motion of the 40S head domain (14–16).
This in turn facilitates noncanonical modes of cap-independent translation that have
been suggested for certain classes of cellular and viral mRNAs. In the case of VacV, this
alternate mode of initiation on PR mRNAs is supported by their unusual 59 polyA leaders,
which are not normally found on mammalian transcripts (8, 17–19).

In mammalian cells, homopolymeric stretches of adenosine nucleotides are usually
limited to the 39 polyA tail, in which they play roles in mRNA stability and mRNA circular-
ization that enhance translation initiation efficiency (20, 21). PolyA tracts also play a key
role in the cellular mRNA and protein surveillance process called ribosome-associated
quality control (RQC) (22, 23). A central aspect of RQC involves ribosome stalling on cer-
tain mRNA sequences that are recognized as aberrant, which includes polyA tracts.
Under normal conditions, translation has terminated, and the 39 polyA tail is never
decoded. However, if an mRNA is accidentally internally polyadenylated or if a stop
codon is absent and leads to readthrough to the polyA tail, the ribosome stalls upon
encountering the polyA stretch (24, 25). Trailing ribosomes then collide with stalled ribo-
somes, which results in regulatory monoubiquitylation of specific RPSs by the E3 ubiqui-
tin-protein ligase ZNF598 (26–30). This in turn promotes disassembly and recycling of
stalled ribosomes along with destruction of the aberrant mRNA and nascent peptide.
Beyond ZNF598 activation, ribosome collisions that occur during RQC or the related pro-
cess of the ribotoxic stress response (RSR), which is induced by drugs or conditions that
affect ribosome elongation rates, lead to the activation of stress signaling through c-Jun
N-terminal kinase/stress-activated protein kinase (JNK/SAPK) and p38 mitogen-activated
protein kinase (MAPK) (31–33). Notably, RACK1 functions in RQC, and in particular, it
plays an essential role in JNK and p38 activation during RSR (16, 26, 34, 35). Indeed,
RACK1 was initially discovered and named as a binding partner or receptor for protein ki-
nase C bII (PKCbII), which it binds in response to stress inducers such as phorbol
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12-myristate 13-acetate (PMA) or tumor necrosis factor a (TNF-a). Since this discovery, it
has become clear that RACK1 is a core ribosomal protein that plays dual roles in regulat-
ing translation directly and as a scaffolding protein or hub for signaling to and from the
ribosome (36–39). This is due to its structure and position on the ribosome. Structurally,
RACK1 is a tryptophan-aspartate (WD) 40 repeat protein that largely consists of seven
b-propeller domains that mediate binding to kinases and translation initiation factors. In
terms of position, RACK1 lies at the outer edge of the 40S subunit head domain with sev-
eral of its b-propellers facing outward to the cytosol, which allows it to bridge kinases
and initiation factors to the ribosome (39). This also positions RACK1 near the interface
of ribosome collisions, also explaining its role in signaling during RSR (29, 40).

Poxvirus infection activates several MAPK pathways, including JNK and p38 (41–45).
Separately, VacV has also recently been shown to activate and exploit ZNF598 activity
to maximize both early and PR viral protein production (46, 47). Given the centrality of
RACK1 in ribosome-based stress signaling and RQC, it therefore remains unclear
whether RACK1’s role in poxvirus protein synthesis involves direct effects on transla-
tion or by mediating signaling events or a combination of both. Here, we show that
unlike its essential role in stress signaling during RSR and unlike the roles of ZNF598
and RQC through all stages of infection (46), RACK1 is specifically required for PR viral
protein synthesis. Moreover, RACK1 is not essential for stress signaling during infection
and instead only indirectly influences stress activation through effects on PR protein
production. Overall, our findings suggest that RACK1’s reported roles in stress signaling
have little to do with its role in poxvirus protein synthesis and add additional lines of
evidence suggesting that poxvirus-modified RACK1 functions specifically and directly
in the regulation of PR mRNA translation.

RESULTS
Characterization of poxvirus infection in HAP1 cells. The near-haploid human

chronic myeloid leukemia cell line HAP1 is becoming increasingly recognized as a powerful
genetic system to study host factors required for infection by a variety of viruses (48–55),
including modified vaccinia virus (MVA) (56) and monkeypox (57). Indeed, in addition to
being adherent and fibroblast-like, HAP1 cells also retain key regulatory features of primary
cells that are often lost in other transformed lines. This notably includes the rapid degrada-
tion of subunit proteins when they are not part of the ribosome itself (otherwise termed
extraribosomal), which serves to limit the activity of RPs such as RACK1 to the ribosome (13,
14, 16, 58–60). Moreover, we previously generated two independent RACK1 knockout HAP1
lines that have been extensively characterized by a number of groups (13, 16, 58, 59).
Thus far, these studies have revealed that similar to many other organisms and systems
(14, 60–68), there is a limited requirement for RACK1 for global translation and a greater reli-
ance on RACK1 for transcript-specific translation that includes viral mRNAs that harbor inter-
nal ribosome entry sites (IRESs) and VacV mRNAs with 59 polyA leaders (14, 16, 58, 59).
However, how closely poxvirus infection in HAP1 cells parallels infection in more established
cell systems and precisely how loss of the multifunctional protein RACK1 affects poxvirus
protein production remains unclear.

To begin addressing these questions, we first compared VacV infection time courses
in parental HAP1 cells and primary normal human dermal fibroblasts (NHDFs). Beginning
with immunofluorescence (IF) analysis of viral factory (VF) formation, cells were infected
with VacV at a multiplicity of infection (MOI) of 25 and fixed at 0, 6, 16, and 24 h postin-
fection (hpi). DNA was stained with Hoechst dye, and infection was visualized using anti-
body against the early-intermediate protein I3, which predominantly localizes to VFs. In
HAP1 cells, early VFs were detectable in many but not all cells by 6 hpi (Fig. 1A). By
16 hpi, all cells contained bright VFs, and the size and intensity of VFs increased through
24 hpi. While not readily detected in most NHDF cells at 6 hpi, VFs were evident in all
cells at 16 hpi and increased in size through 24 hpi (Fig. 1A). VFs appear more compact
and brighter in HAP1 cells compared to NHDFs because HAP1s are smaller in size yet
produce more viral protein. Despite this simple difference, the kinetics of VF formation
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were similar in the two cell types. To extend this comparison, we next measured rates
and patterns of protein synthesis at each time point using 35S-methionine/cysteine
pulse-labeling. A key feature of the transition from early to PR phases of VacV infection is
the shutoff host translation, evident as a robust loss of actively synthesized host proteins
and distinctive patterns of PR viral protein synthesis. As would be expected for early
stages of infection, host protein synthesis was sustained, while a subset of new bands
representing early viral proteins were evident in HAP1 and NHDF cells at 6 hpi (Fig. 1B).
Expression of early viral proteins was confirmed by Western blot (WB) analysis, which
showed that the early-intermediate protein I3 was produced at 6 hpi and peaked in
abundance by 16 hpi in both cell types (Fig. 1B). As infection progressed, robust shutoff
host translation and the typical pattern of PR viral protein synthesis was evident in both
cell types by 16 hpi and continued through 24 hpi. This was accompanied by ready
detection of intermediate (A25) and late (A14) viral proteins by WB, with the abundance
of A14 increasing between 16 and 24 hpi in both cell types as the replication cycle

FIG 1 Comparison of VacV infection in HAP1 and NHDF cells. HAP1 and normal human dermal
fibroblasts (NHDF) cells were infected with VacV Western reserve (WR) at a multiplicity of infection
(MOI) of 25 for the indicated period of time. (A) Cells were stained with Hoechst dye and I3 (red)
antibody. Representative images are shown for each cell type and time point. (B) Cells were labeled
with 35S-Met/Cys for 30 min prior to harvesting at the indicated times postinfection. The samples were
subjected to polyacrylamide gel analysis and autoradiography to detect nascent protein synthesis (top)
or Western blotting for the indicated viral proteins (bottom). The results are representative of at least
three independent experiments. hpi, hours postinfection.
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progressed. These findings are in line with other studies showing robust host shutoff
and late viral protein accumulation spanning 16 to 48 hpi in several cell types (for exam-
ples, see references 43 and 69–72). Cumulatively, these findings demonstrate that de-
spite modest differences in how quickly VacV initially establishes infection and begins to
form VFs in HAP1 cells, its replication cycle is similar to that in primary NHDFs.

MAPK pathway activation during poxvirus infection. We next examined the
phosphorylation status of specific stress and mitogen-activated protein kinases (MAPKs)
in HAP1 and other cell types in response to VacV infection, focusing on those reported
to be regulated by RACK1. Beginning with HAP1 cells, WB analysis showed that VacV did
not alter the levels of phosphorylated PKCbII at any time point examined (Fig. 2A).
Indeed, prior studies have already established that PKbII does not function with RACK1
during infection (14). In contrast, infection robustly activated both JNK and p38 specifi-
cally at later stages of infection. In addition, VacV infection activated mitogen-associated
extracellular signal-regulated kinase (ERK) at late stages of infection in HAP1 cells.

We next determined whether these signaling events in HAP1 cells reflected similar
effects of infection in other human cell types, including primary NHDFs and hTERT-immor-
talized lung fibroblast MRC5 cells (73), as well as HEK293A cells (Fig. 2B). As was seen in
HAP1 cells, infection of NHDF, MRC5, or HEK293A cells did not affect the levels of phos-
phorylated PKCbII, while JNK and p38 also showed the same pattern of phosphorylation;

FIG 2 VacV infection activates mitogenic and stress-related mitogen-activated protein kinase (MAPK)
signaling pathways at postreplicative stages of infection. (A) HAP1 cells were infected with VacV at
MOI 25 and harvested at 0, 6, and 24 h hpi. The samples were analyzed by Western blotting with the
indicated antibodies. (B) NHDF, HEK293A, and MRC5 cells were infected and analyzed as described for
HAP1 cells for panel A. The results are representative of at least three independent experiments. JNK, c-
Jun N-terminal kinase; ERK, extracellular signal-regulated kinase.
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modest JNK phosphorylation occurred at 6 hpi, while a robust activation of both stress ki-
nases occurred at late stages of infection. These kinetics of JNK activation were similar to
prior studies in murine fibroblasts and other nonhuman cell lines, wherein the bulk of JNK
activation occurs from 24 hpi onward (44, 74). Notably, the pattern of ERK phosphorylation
varied between all cell types. There was no change during infection of NHDFs, which con-
tained high basal levels of activated ERK in uninfected cells. Similarly, basal levels of phos-
phorylated ERK were high in MRC5 cells, and infection caused a decrease at 6 hpi followed
by a modest increase again by 24 hpi. In contrast, ERK was highly activated at 6 hpi, and
although the level of activation dropped from this peak, it remained activated at later
stages of infection in HEK293A cells. This suggests that changes in ERK signaling are
unlikely to be directly regulated by VacV or related to stress pathway activation during late
stages of infection. Instead, these differences likely reflect how cells of different types or
metabolic states respond to viral growth factor homologs in complex ways (75). Notably,
however, ERK was active at later stages of infection in all cell types tested, albeit to varying
degrees. Collectively, this demonstrated that VacV does not activate the RACK1-associated
PKCbII signaling pathway but consistently and robustly activates JNK and p38 stress path-
ways at later stages of infection in several cell types, including HAP1 cells.

RACK1 specifically regulates postreplicative viral protein synthesis. To under-
stand the potential role(s) of RACK1 in regulating signaling and/or viral mRNA transla-
tion, we first extended upon our earlier analysis of effects on viral protein production.
To date, our studies have predominantly focused on RACK1 phosphomimetics to
understand its specific effects on translation outside the more complex context of
infection (14–16). In terms of the infected cell context, prior studies have shown that
knockout of RACK1 in HAP1 cells reduces metabolic labeling of viral proteins at late
stages of infection and specifically reduces the accumulation of late viral proteins D8
and A14 but has very little effect on the early-intermediate protein I3 (14). However,
whether this is due solely to defects in PR protein synthesis or cumulative feedback
effects on viral DNA replication and/or mRNA accumulation is unknown. To address
this, we infected parental HAP1 cells or two independent HAP1 RACK1 knockout lines.
We then measured viral DNA, RNA, and protein levels at 24 hpi. As a control, cytosine
arabinose (AraC) was used to block DNA synthesis, which in turn reduces the transcrip-
tion of PR viral genes. The results showed that viral DNA levels were at most only mod-
estly reduced in RACK1 knockout cells (Fig. 3A). Moreover, regardless of any modest
differences in DNA replication, loss of RACK1 had no detectable effect on the produc-
tion of representative early-intermediate (I3) or late (A14) viral mRNAs (Fig. 3B). As
expected, AraC blocked viral DNA replication (Fig. 3A) and resulted in a 1,000- to
10,000-fold reduction in late (A14) mRNA levels in each cell line (Fig. 3B). Examining an
expanded number of viral proteins from different kinetic classes, we found that the
levels of the early viral protein E3 and the early-intermediate protein I3 were largely
unaffected in RACK1 knockouts compared to parental lines (Fig. 3C). In contrast, the
accumulation of PR proteins, including A14, D8, F17, and A25, showed large reductions
in abundance in both RACK1 knockouts compared to parental HAP1 cells (Fig. 3C). As
expected, AraC treatment selectively blocked the accumulation of these late proteins
in each cell line. Cumulatively, this suggests that there is a specific defect in PR viral
mRNA translation in the absence of RACK1 in the context of infection, in line with re-
ciprocal approaches demonstrating that a phosphomimetic of poxvirus-modified
RACK1 increases translation of mRNA reporters with 59 polyA leaders (14, 15).

Loss of RACK1 indirectly regulates JNK phosphorylation during VacV infection.
Given that RACK1 is required for JNK and p38 activation as part of the ribotoxic stress
response (RSR) (16, 31–35), we next examined whether it was also required for stress signal-
ing during VacV infection. Infection of HAP1 parental or RACK1 knockout cells revealed that
loss of RACK1 had little or no effect on VacV-induced increases in p38 activation that occur
at late stages (Fig. 4A). In contrast, JNK activation was reduced, while ERK activity increased
in both RACK1 knockout lines compared to parental HAP1 cells. Demonstrating that this
was directly due to loss of RACK1, expression of FLAG-tagged RACK1 increased both PR vi-
ral protein production and JNK phosphorylation in RACK1 knockout cells (Fig. 4B). This
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could indicate either a direct requirement for RACK1 in JNK activation by VacV or an indi-
rect consequence of reduced PR viral protein accumulation that may thereby impose less
stress on infected cells. Indeed, reduced stress may also explain the increased mitogenic
ERK signaling in these cells. To test the relationship between stress signal activation and vi-
rus replication in these cells, we used either AraC or phosphonoacetic acid (PAA) to inhibit
viral DNA replication and PR viral gene expression. The results showed that both inhibitors

FIG 3 Loss of RACK1 specifically reduces postreplicative viral protein production. HAP1 parental (par.)
or two HAP1 RACK1 knockout cell lines (KO#1, KO#2) were infected with VacV at MOI 25 for 24 h in the
presence or absence of AraC (40 mg/mL). (A, B) Total DNA (A) or RNA (B) were extracted and measured
by RT-PCR with using I3 (early) and A14 (late) gene primers. The results are representative of at least
two independent experiments. (C) The cells were lysed and subjected to Western blotting with the
indicated antibodies. The results are representative of at least three independent experiments.
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independently reduced JNK and p38 activation in HAP1 cells, as well as in NHDFs,
HEK293A, or MRC5 cells infected with VacV (Fig. 5). This is in line with our earlier kinetic
analysis, which suggests that PR stages of infection cause a significant increase in stress sig-
naling, particularly for JNK. Indeed, JNK and p38 activation has been linked to host
responses to late stages of VacV infection (45). Furthermore, we noted that ERK phosphoryl-
ation increased in inhibitor-treated cells other than NHDFs, which, as discussed above,
contain high basal levels of phosphorylated ERK that cannot be further activated upon
infection. This suggests that replication stresses in turn reduce the ability of cells to activate
ERK, and reductions in virus-induced stress likely allow the cell to better sustain mitogenic
signaling. While DNA replication inhibitors block several aspects of late stage replication,
the more specific defects in late viral protein accumulation that occur in RACK1 knockout
cells (Fig. 3C and 4) likely cause a more limited cellular stress response that is restricted to
JNK. Moreover, the fact that ERK activity increases when JNK activity decreases in RACK1
knockout cells suggests that RACK1 does not directly regulate either signaling pathway
during infection (Fig. 4A). Instead, these opposing states of JNK and ERK activation likely
reflect reduced cellular stress imposed in RACK1 knockout cells due to reduced PR viral pro-
tein accumulation.

To further test whether RACK1 might directly affect JNK signaling as part of how it
controls viral protein synthesis, we explored whether RACK1 knockout affected JNK
recruitment to the ribosome in the context of VacV infection. To do this, we infected
HAP1 parental or RACK1 knockout cells followed by sucrose gradient sedimentation
and fractionation of cell lysates to isolate free fractions, eukaryotic initiation factor (eIF)
complexes, eIF-bound initiating 40S ribosome subunits, 60S subunits, and finally
assembled 80S monosomes and polysomes (Fig. 6). Analysis of these fractions showed
that beyond subtle differences in the overall distribution of proteins due to the role of
RACK1 in regulating ribosome activity at late stages of infection, discussed again
directly below, and the expected differences in JNK phosphorylation between parental
or RACK1 knockouts, there was no notable difference in the cofractionation of either
activated or total JNK with eIFs or initiating 40S subunits. Using I3 to confirm infection,

FIG 4 VacV-induced activation of JNK is impaired in RACK1 knockout cells. (A) HAP1 parental (par.) or
two HAP1 RACK1 knockout cell lines (KO#1, KO#2) were infected with VacV at MOI 25 and harvested at
the indicated time points. The cells were lysed and subjected to Western blotting with the indicated
antibodies. (B) HAP1 RACK1 knockout (KO#1) cells expressing either FLAG-control or FLAG-tagged RACK1
were infected as described for panel A. The cells were lysed and subjected to Western blotting with the
indicated antibodies. The results are representative of at least three independent experiments.
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we also observed that it cosediments with eIF4F subunits such as eIF4G, one of I3’s
reported binding partners (76). This pattern of cosedimentation was also not affected
by the absence of RACK1 (Fig. 6). Cumulatively, our data suggest that RACK1 does not
regulate JNK recruitment to initiating or assembled ribosomes in infected cells.

Stress signal activation has distinct requirements for RACK1 during VacV infection
versus ribotoxic stress responses. It has recently been reported that VacV activates ribo-
some quality control (RQC) (46), which shares key features of ribosome collisions and
stress signal activation that are associated with the broader ribotoxic stress response
(RSR). Moreover, RACK1 plays a key role in mediating the sensing of collided ribosomes
and the initiation of subsequent stress signals during RQC or RSR (31–35). To explore

FIG 5 VacV replication is required for maximal JNK and p38 activation. HAP1, NHDFs, HEK 293A, and
MRC5 cells were infected with VacV at MOI 25 for 24 h in the presence or absence of phosphonoacetic
acid (PAA) (400 mg/mL) (A) and AraC (40 mg/mL) (B). The cells were lysed and subjected to Western
blotting with the indicated antibodies. The results are representative of two independent experiments
for each inhibitor and cell type.
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this further, we first examined the ribosome profiles of uninfected or infected HAP1 pa-
rental or RACK1 knockout cells. Notably, the pattern of 40S, 60S, and 80S polysomes
was very similar between uninfected parental HAP1 cells and early stages of infection
(6 hpi) (Fig. 7A and B), in line with a lack of host shutoff at this point. Moreover, in line
with the nonessentiality of RACK1 in overall translation in several systems, including in
previous studies of HAP1 cells (16, 59), the loss of RACK1 resulted in only a modest
reduction in the levels of polysomes and a slight increase in monosome accumulation
in both uninfected cells and cells infected for 6 h. In stark contrast, there was a large
reduction in polysomes and a corresponding accumulation of both 80S monosomes
and disomes in infected parental HAP1 cells at 24 hpi (Fig. 7C). Further, in line with a
more specific requirement for RACK1 in PR viral protein synthesis, there was a more
pronounced decrease in polysomes in infected RACK1 knockout cells at 24 hpi, a time
point when late viral mRNAs are now the predominant species being translated (Fig. 1B).

FIG 6 RACK1 does not regulate JNK recruitment to ribosomes. HAP1 parental or HAP1 RACK1 knockout
(KO#1) cells were infected with VacV at MOI 25 and harvested for polysome fractionation. Fractions
were trichloroacetic acid (TCA) precipitated and subjected to Western blotting with the indicated
antibodies. A sample of total lysate (L) is shown alongside each fraction. Fractions are labeled to
illustrate the distribution of initiation complexes (eIF4F and eIF4F1eIF3) followed by 43S (40S subunit
bound by eIFs), 60S, and assembled 80S ribosomes (distributed as 80S monosomes, disomes, and
polysomes). Representative small (RPS2, RACK1) and large subunit proteins (RPL11, RPL13a) are shown.
eIF, eukaryotic initiation factor; SSU, small subunit; LSU, large subunit. The results are representative of
three independent experiments.
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In addition, we also noted a reduction in disome peaks in infected RACK1 knockout cells
at this later time point. This overall phenotype raises two important points. First, while
disomes can indicate collided ribosomes, they are usually transient or dynamic and occur
at low levels during RQC (22–24, 40). In other words, they are not normally so obvious in
polysome traces, which indicate steady-state ribosome levels. Moreover, prior reports
suggest that VacV infection induces RQC but similarly, this occurs at a low level, and RQC
reaches maximal activity within an hour of infection (46). Accordingly, we do not observe
notable disomes at 6 hpi, suggesting that disome formation at late stages is not a

FIG 7 Ribosome profiles are altered at postreplicative stages of vaccinia virus (VacV) infection. Mock or VacV-infected HAP1
parental and RACK1 KO cells were lysed in polysome buffer and subjected to sucrose gradient centrifugation. Polysome
traces were measured by detecting RNA at 254 nm. (A) Polysome profiles in uninfected cells. Note that the absence of
RACK1 only modestly reduces the level of polysomes, in particular larger polysomes. (B) Polysome profiles at early stages of
the VacV infection (6 hpi) are very similar to those of uninfected cells and exhibit similar effects of RACK1 loss as in panel A.
(C) Polysome profiles at postreplicative stages of the VacV infection (24 hpi) illustrating the reduction in heavy polysomes,
the increase in 80S monosomes, and the appearance of disome peaks, indicated and marked with red circles. Loss of RACK1
at this stage of infection causes a notable loss of polysomes and the disome shoulder. The results are representative of
three independent experiments.
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reflection of RQC or RSR activity. Second, we recently found that a phosphomimetic of
poxvirus-modified RACK1 induces a very similar disome pattern as part of how a negative
charge in the RACK1 linker domain remodels ribosome behavior to promote cap-inde-
pendent translation (16). This suggests that the RACK1-dependent appearance of disomes
in infected cells observed at this time point is more likely to be a reflection of viral remod-
eling of ribosome function and translation of PR viral mRNAs than a reflection of ribosome
collisions.

To further explore whether RACK1 might be functionally linked to ribosome collisions
during infection, we compared the requirements for RACK1 in VacV-induced versus RSR-
induced JNK activation. RSR can be potently activated by moderate doses of anisomycin
(ANS), which induces ribosome collisions by slowing translation elongation (16, 31–35).
Comparing conditions in parental HAP1 cells, we found that treatment with ANS consistently
induced JNK phosphorylation more robustly than VacV infection (Fig. 8A). Moreover, as
observed earlier, JNK activation was reduced but not eliminated in VacV-infected RACK1

FIG 8 Differential requirements for RACK1 in JNK activation during poxvirus infection versus ribotoxic
stress responses. (A) HAP1 parental and RACK1 KO cells were treated with anisomycin (ANS) (10 mM)
for 1 h or infected with VacV at MOI 25 for 24 h. The cells were lysed and subjected to Western
blotting with the indicated antibodies. ANS-induced JNK activation is completely dependent on
RACK1, while VacV-induced JNK activation is not. (B) Validation of JNK inhibitor VIII efficacy in cells
treated with ANS or infected with VacV. JNKVIII blocks JNK activity but not its phosphorylation. To
verify inhibitory efficacy, HAP1 cells were treated with dimethyl sulfoxide (DMSO) solvent control or
ANS (10 mM) for 1 h or infected with VacV at MOI 25 for 24 h in the presence of JNK inhibitor VIII at
the indicated concentrations. Uninfected or infected HAP1 cells were treated with DMSO as a solvent
control. Phosphorylated c-Jun was used as a readout for inhibition of JNK activity. (C) JNK activity is
not required for VacV protein synthesis. HAP1 cells were infected with VacV as described for panel
B. Representative early-intermediate (I3) and late (F17, A14) VacV proteins were analyzed by Western
blotting. Early and late viral protein levels were unaffected by JNK inhibition. The results are
representative of three independent experiments.
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knockout cells. In contrast, RACK1 was absolutely required for JNK activation by ANS, as
reported previously (16, 35). This demonstrates that the essential role of RACK1 in RSR-
induced stress signaling is distinct from the effects of RACK1 loss during VacV infection.
Furthermore, JNK inhibitor VIII blocked c-Jun phosphorylation by either ANS or VacV
(Fig. 8B) but had no detectable effect on the accumulation of representative VacV proteins
(Fig. 8C). This was also in line with prior reports that JNK is not required for VacV protein pro-
duction or replication in murine cells (44). Cumulatively, our data demonstrate that unlike
contexts such as RSR in which RACK1 is directly involved in and essential to ribosome-based
stress signaling, RACK1 only indirectly affects the levels of JNK activation during infection
through its effects on the accumulation of PR viral proteins.

DISCUSSION

The sensing of stalled ribosomes by RQC is an important surveillance mechanism
and regulator of stress responses, and it is associated with diseases such as neurode-
generation when the system is not properly functioning (22, 31). Interestingly, factors
involved in RQC appear to play a particularly important role in VacV protein synthesis
compared to herpes simplex virus 1 (HSV-1) or vesicular stomatitis virus (VSV), but why
this is the case remains unclear (47). While our own initial studies revealed that the
central RQC factor, ZNF598 is required for efficient accumulation of a limited number
of early-intermediate and late viral proteins that were tested, leading us to suggest
potential links to the presence of 59 polyA leaders on their encoding mRNAs (47), sub-
sequent proteomic studies revealed that RQC is activated within 1 h of infection and is
more broadly required for the accumulation of all classes of poxvirus proteins (46).
Intriguingly, both studies also found that VacV protein synthesis relies upon ubiquityla-
tion of the ZNF598 substrate RPS20 but not RPS10. This contrasts with conventional
RQC that occurs on reporters harboring internal polyA stretches in which ubiquityla-
tion of RPS10 appears to play a more prominent role than that of RPS20 (26–28, 40,
77). It remains unclear why these differences arise and how poxviruses activate RPS20
ubiquitylation so rapidly, but it is tempting to suggest that it represents a variation of
RQC that is perhaps a host response to infection that the virus ultimately coopts to its
benefit. Regardless, the early kinetics of activation and general requirement for
ZNF598 and RPS20 ubiquitylation for both early and PR viral protein synthesis contrasts
with the more specific requirement for RACK1 at later stages, suggesting that RACK1
has little or no role in the form of RQC that functions during VacV infection.

The kinetics and effects on JNK and p38 signaling further support the idea that
RACK1 functions distinctly from RQC or RSR during infection. Similar to other studies
(44, 74), other than modest JNK activation at 6 hpi, the bulk of JNK and p38 activation
occurs at late stages of infection, long after RQC is reported to be maximally activated.
Moreover, the fact that RACK1 loss did not coordinately affect both kinases to the
same extent further suggests that its function during infection is distinct from any RSR
activation that might occur early and persist through the course of infection. Further
supporting this idea, we find that while RACK1 is essential for the activation of JNK in
response to RSR induction by ANS, loss of RACK1 only blunts JNK activation. Combined
with the concurrent increase in mitogenic signaling that occurs, our data suggest that
this effect on JNK activation likely reflects reduced cellular stresses as a result of
reduced accumulation of PR viral proteins. Indeed, we find no evidence that RACK1 is
directly involved in either JNK activation or recruitment to initiating 40S ribosomes
during infection. Finally, it is unlikely that JNK activity mediates any of the effects of
RACK1 on translation as JNK inhibition had no detectable effect on viral protein pro-
duction. This is in line with prior reports that also showed that JNK inhibition or knock-
out had no effect on viral protein production or virus replication, but interestingly, JNK
activity appears to be involved in cytoskeletal remodeling and cell motility that subse-
quently promotes virus spread (44). While it remains possible that RACK1 functions in
these later JNK-dependent events, our findings show that RACK1’s role in PR viral pro-
tein synthesis does not involve JNK activity.
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Our findings in infected cells also align with prior studies that, to date, have largely
focused on understanding how poxvirus-modified RACK1 regulates translation using
phosphomimetics. These approaches have shown that phosphomimetic RACK1 enhan-
ces translation of reporter mRNAs that harbor 59 polyA mRNAs and more broadly sup-
ports cap-independent modes of translation on select subsets of mRNAs (14–16).
Mechanistically, phosphomimetic RACK1 alters the swivel motion of the 40S head do-
main in the same way as type III or IV IRESs (16). While IRESs represent a broad group
of structural elements found in the 59-UTR of many RNA viruses that confer various
degrees of independence from host translation initiation factors, type III and IV IRESs
interact directly with the 40S ribosome (9). Several of these interactions involve and
require RACK1, and they alter the swivel motion of the 40S head domain to control the
ribosome and initiate translation independently of the cap-binding eukaryotic transla-
tion initiation factor complex, eIF4F (58, 59, 61, 78–83). Interestingly, poxvirus 59 polyA
leaders do not have inherent IRES activity (18) and instead phosphorylated RACK1
mimics the effects of these IRESs (14, 16). In doing so, phosphomimetic RACK1 facili-
tates a less complex form of initiation with reduced eIF dependency, similar to several
IRES elements but on structurally simple leaders such as polyA tracts. In the context of
infection, 59 polyA reporters and PR mRNA translation also have a reduced depend-
ence on the cap-binding eIF4F subunits eIF4E and eIF4G (18, 84). Our findings here,
now examining the role of RACK1 in the context of infection in more detail, further
support this overall model that RACK1 directly regulates PR viral protein synthesis.
Furthermore, the effects of phosphomimetic RACK1 that manifest as a reduction in pol-
ysomes and an accumulation of 80S monosomes and disomes (16) were also evident
here at late stages of infection. This suggests that these profile changes may not simply
reflect host shutoff but instead reflect how poxvirus-modified RACK1 alters ribosome
activity.

Cumulatively, our approaches dissect the complex roles of the ribosome-associated
regulatory and signaling protein RACK1 in the context of infection. Our findings further
support the idea that RACK1 functions directly in regulating translation of PR viral
mRNAs yet highlight how this has indirect secondary effects on cellular stress and mi-
togenic signaling activity in the context of infection.

MATERIALS ANDMETHODS
Cell lines and viruses. Stocks of VacV Western reserve (WR) were prepared and titred in BSC40 cells

as previously described (73). HAP1 parental cells (Horizon, C859) and HAP1 RACK1 knockout cells, as
well as RACK1 knockouts expressing either FLAG control or FLAG-RACK1 (14, 16), were cultured in
Iscove’s modified Dulbecco’s Medium (IMDM; Fisher Scientific) containing 5% fetal bovine serum (FBS),
100 IU penicillin-streptomycin, 4 mM L-glutamine, and 25 mM HEPES. Primary normal human dermal
fibroblasts (NHDFs) (Lonza, CC-2509), telomerase-expressing MRC5 fibroblasts, human embryonic kidney
(HEK) 293A cells (Jeremy Luban, University of Massachusetts School of Medicine), and BSC40 cells (Ian
Mohr, New York University School of Medicine) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Fisher Scientific) with 5% FBS, 2 mM L-glutamine, and 100 IU penicillin-streptomycin as
described previously (73). All cell lines were cultured at 37°C with 5% CO2 and periodically screened for
mycoplasma contamination.

Virus infection and inhibitor treatment. In 12-well plates, 0.5 � 106 cells were seeded and infected
with VacV WR at a MOI 25 for 1 h in 2.5% FBS medium. Then, the medium was replaced with fresh me-
dium containing 5% FBS until the indicated time postinfection. For inhibitors, anisomycin (10 mM) was
added for 30 min before cell lysis. AraC (Calbiochem, 251010; 40mg/mL), PAA (Sigma, 284270; 400mg/mL),
or JNK inhibitor VIII (Selleckchem, S7794) was added 1 h prior to virus infection and maintained throughout
the experiment.

Western blot and immunofluorescence analyses. The cells were harvested with 1� Laemmli buffer
and samples were resolved by SDS-polyacrylamide gels and transferred to nitrocellulose membranes (GE
Healthcare Life Sciences). The membranes were blocked with 5% milk in TBST, pH 7.4 (20 M Tris, 150 mM
NaCl, 0.25% Tween 20), for 1 h. The membranes were probed with the indicated primary antibodies in
TBST containing 5% bovine serum albumin (BSA) and 0.02% (wt/vol) sodium azide overnight at 4°C. The
antibodies from Cell Signaling Technology are as follows: p-p44/42 (ERK) MAPK (T202/Y204) (catalog no.
4370), p44/42 MAPK (catalog no. 9102, 1:3000), p-SAPK/JNK (T183/Y185) (catalog no. 4668), JNK2 (catalog
no. 9258), p-p38 MAPK (T180/Y182) (catalog no. 9211), p38 MAPK (catalog no. 9212), RACK1 (catalog no.
5432 1:3000), eIF4A (catalog no. 2425), eIF3A (catalog no. 3411), RPL13a (catalog no. 2765), p-c-Jun (S63)
(catalog no. 9261), b-actin (catalog no. 3700, 1:10,000), and Hsp90 (catalog no. 4877 1:3000). Also used
were VacV I3 (David Evans, 1:3000), VacV E3 (Jingxin Cao, 1:5,000), VacV D8 (Paula Traktman, 1:3,000), VacV
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A14 (Yan Xiang, 1:3000), VacV F17 (Paula Traktman, 1:10,000), VacV A25 (Immune Tech, catalog no. 012-
003M1, 1:1000), p-PKCbII (T641) (Millipore Sigma, catalog no. 07-873-I), and RPS2 (Gene Tex, catalog no.
GTX114734). eIF4G (1:5,000) and PABP (1:5,000) were described previously (85, 86). All primary antibodies
were diluted at 1:1,000 unless otherwise indicated. Secondary antibodies were mouse IgG, horseradish per-
oxidase (HRP) (GE Healthcare UK, Millipore Sigma, 1:5,000); rabbit IgG, HRP (GE Healthcare UK, Millipore
Sigma, 1:5,000) diluted in TBST containing 5% (wt/vol) nonfat milk. Antigens were detected by incubating
membranes with Pierce ECL Western blotting substrate or Pierce SuperSignal West Femto maximum sensi-
tivity substrate. For immunofluorescence, HAP1 or NHDF cells were seeded on glass slips in 12-well plates
and infected with VacV WR at the indicated MOI for the indicated times. The cells were fixed and stained
as described previously using Hoechst dye (Thermo, 33342) and anti-I3 antibody (David Evans, University
of Alberta) (71, 87).

Ribosome profiling and TCA precipitation.We used 1 � 107 uninfected or infected HAP1 cells in a
10-cm dish for lysis and polysome fractionation. Sucrose gradient centrifugation and fractionation fol-
lowed by trichloroacetic acid (TCA) precipitation for Western blot analysis was performed as previously
described (16).

Nucleic acid extraction and qRT-PCR. For uninfected or infected samples, 1 � 106 HAP1 cells in 6-well
plate were harvested, and total RNA was extracted using TRIzol LS reagent (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. We used 80 ng of extracted RNA for cDNA synthesis using Revert Aid
first-strand cDNA synthesis kits (Thermo Fisher Scientific). Total DNA was extracted using a Genomic DNA kit
(IBI Scientific). Quantitative reverse transcription (qRT)-PCR was performed using PowerUP SYBR green
Master Mix reagent and 7500 Fast real-time PCR system (Applied Biosystems) with following conditions:
Heat-labile uracil-DNA glycosylase activation at 95°C for 2 min and Dual-LockDNA polymerase at 95°C for
2 min. There were 40 cycles of denaturing at 95°C for 15 s and annealing/extension at 60°C for 1 min. RNA
quantitation was analyzed using comparative Ctmethods (DDCtmethod). Primer sequences were as follows:
I3 forward, ccttggccaattgtctttctc; I3 reverse, ccttggccaattgtctttctc; A14 forward, ctttccatgtacgagtgggactg; and
A14 reverse, ggacatgatgcttatgattgg.

35S-Methionine/cysteine labeling. At 30 min prior to harvesting cells, the medium was replaced
with methionine/cysteine (Met/Cys)-free DMEM (Corning, 17-204-CL) containing 40 mM HEPES, 2 mM
L-glutamine, and 0.035 mCi/mL 35S-L-methionine and 35S-L-cysteine mix (PerkinElmer, NEG072007MC).
Cells were harvested in Laemmli buffer and resolved in SDS-PAGE. The gels were then incubated in
destaining solution (10% acetic acid, 25% methanol in water) for 30 min. The fixed gels were dried at
80°C for 2 h using a model 583 gel dryer (Bio-Rad) and incubated with audioradiography film at 280°C
for detection.
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