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ABSTRACT Herpesviral infection reflects thousands of years of coevolution and the con-
stant struggle between virus and host for control of cellular gene expression. During
Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic replication, the virus rapidly seizes
control of host gene expression machinery by triggering a massive RNA decay event via a
virally encoded endoribonuclease, SOX. This virus takeover strategy decimates close to
80% of cellular transcripts, reallocating host resources toward viral replication. The host
cell, however, is not entirely passive in this assault on RNA stability. A small pool of host
transcripts that actively evade SOX cleavage has been identified over the years. One such
“escapee,” C19ORF66 (herein referred to as Shiftless [SHFL]), encodes a potent antiviral
protein capable of restricting the replication of multiple DNA and RNA viruses and retrovi-
ruses, including KSHV. Here, we show that SHFL restricts KSHV replication by targeting the
expression of critical viral early genes, including the master transactivator protein, KSHV
ORF50, and thus subsequently the entire lytic gene cascade. Consistent with previous
reports, we found that the SHFL interactome throughout KSHV infection is dominated by
RNA-binding proteins that influence both translation and protein stability, including the vi-
ral protein ORF57, a crucial regulator of viral RNA fate. We next show that SHFL affects
cytoplasmic RNA granule formation, triggering the disassembly of processing bodies.
Taken together, our findings provide insights into the complex relationship between RNA
stability, RNA granule formation, and the antiviral response to KSHV infection.

IMPORTANCE In the past 5 years, SHFL has emerged as a novel and integral piece of the
innate immune response to viral infection. SHFL has been reported to restrict the replication
of multiple viruses, including several flaviviruses and the retrovirus HIV-1. However, to date,
the mechanism(s) by which SHFL restricts DNA virus infection remains largely unknown. We
have previously shown that following its escape from KSHV-induced RNA decay, SHFL acts
as a potent antiviral factor, restricting nearly every stage of KSHV lytic replication. In this
study, we set out to determine the mechanism by which SHFL restricts KSHV infection. We
demonstrate that SHFL impacts all classes of KSHV genes and found that SHFL restricts the
expression of several key early genes, including KSHV ORF50 and ORF57. We then mapped
the interactome of SHFL during KSHV infection and found several host and viral RNA-bind-
ing proteins that all play crucial roles in regulating RNA stability and translation. Lastly, we
found that SHFL expression influences RNA granule formation both outside and within the
context of KSHV infection, highlighting its broader impact on global gene expression.
Collectively, our findings highlight a novel relationship between a critical piece of the antivi-
ral response to KSHV infection and the regulation of RNA-protein dynamics.
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Kaposi’s sarcoma-associated herpesvirus, or human herpesvirus 8 (KSHV/HHV-8), is an
oncogenic gamma 2 herpesvirus and the causative agent of multiple malignancies,

including its namesake, Kaposi’s sarcoma (KS), and two lymphoproliferative disorders:
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primary effusion lymphoma (PEL) and multicentric Castleman’s disease (MCD) (1, 2). Like
all herpesviruses, KSHV infection is defined by two distinct phases: a lifelong viral latency,
where most of viral gene expression is suppressed, broken only by active lytic viral repli-
cation (3). KSHV latency establishment facilitates virus persistence within its human host
for decades, reflecting KSHV’s exceptional capacity to evade detection by host immune
surveillance. Sporadically, in response to a growing list of environment and intracellular
triggers, KSHV switches into a lytic replicative state, swiftly remodeling and repurposing
the host cell toward viral gene expression and progeny virion assembly (3, 4). Normally,
the human immune response keeps this life cycle in check by actively suppressing KSHV
infection. However, in immunocompromised individuals such as untreated AIDS patients,
KSHV infection can lead to the production of protumorigenic factors (both viral and host)
that drive forward KSHV-associated malignancies (5, 6).

Successful KSHV lytic replication relies on the ability of the virus to rapidly seize and
maintain control of cellular gene expression following reactivation from latency. One
KSHV stratagem for taking over these resources is to trigger a global RNA decay event
termed host shutoff, which is orchestrated by KSHV ORF37 (SOX), a virally encoded
endoribonuclease (7–10). SOX expression decimates most of the host transcriptome,
releasing host resources, once bound to cellular mRNA and now free for coordination
of viral gene expression (10–12).

While the breadth of mRNA targeted by SOX and other viral host shutoff proteins is
expansive, we and others have found that a select few host mRNAs are spared from deg-
radation (13, 14). These transcripts, termed escapees, are spared from a range of viral—
but not host—endonucleases (13–18) and appear to actively escape cleavage via a pro-
tective RNA element located within their 39 untranslated regions (UTRs) that we refer to
as the SOX-resistant element (SRE). These “dominant” escapees previously included only
the host interleukin-6 (IL-6) (16) and the growth arrest and DNA damage-inducible 45
beta (GADD45B) (15). More recently, we identified yet another SRE-bearing mRNA,
C19ORF66 (RyDEN, IRAV, SVA-1, Shiftless), herein referred to as SHFL, a cellular transcript
that evades cleavage by not only SOX but also multiple herpesviral endonucleases and
even the influenza A virus (IAV) PA-X endonuclease (18). Upon further investigation, we
demonstrated that SHFL is a stringent anti-KSHV factor, restricting KSHV lytic reactivation
from latency and all subsequent stages of lytic viral replication.

SHFL is an interferon-stimulated gene (ISG) that is demonstrably a vital piece of the
innate immune response to viral infection, capable of suppressing the replication of
multiple DNA and RNA viruses and retroviruses (18–27). Studies of SHFL function over
the past 5 years have revealed its multifaceted capacity to negatively modulate viral
RNA stability, viral gene translation, and even viral protein stability through interac-
tions with cellular cofactors that coordinate these processes, such as cytoplasmic poly-
adenylate binding protein 1 (PABPC1), La ribonucleoprotein domain family member 1
(LARP1), and the RNA helicase MOV10 (19, 20). SHFL can also induce the degradation
of viral proteins through a variety of pathways, including lysosomal degradation (22)
and ubiquitination via the E3 ubiquitin ligase MARCH8 (25). SHFL is also among the
first human genes identified as capable of restricting the 21 programmed ribosomal
frameshift (21PRF) of both HIV-1 and the current pandemic-associated virus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (21, 24). SHFL thus has emerged as
a critical piece of the innate host defense array of ISGs against viral infection.

The SHFL protein is 291 amino acids (aa) long, consisting of several computationally
predicted structures including eight a-helices, seven b-strands, a zinc ribbon motif (aa
112 to 135), a coiled-coil motif (aa 261 to 285), a nuclear localization signal (NLS; aa
121 to 173), a nuclear export signal (NES; aa 261 to 269), and, lastly, a glutamic acid (E)-
rich motif in the C terminus. Interestingly, SHFL contains two functionally distinct
domains. The first, identified by Suzuki et al. in 2016, contains the zinc ribbon motif and
the functional nuclear localization signal, which spans aa 102 to 150 (19). This domain
was shown to be required for SHFL-mediated restriction of dengue virus (DENV) replica-
tion and for the binding of SHFL to DENV genomic RNA. More recently, it was shown
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that three arginine residues within this domain (R131, R133, and R136) are important for
the capacity of SHFL to bind viral RNA in vitro (28). The second domain, identified by Wang
et al. in 2019, spanning aa 164 to 199, was shown to be important for SHFL-mediated
restriction of the 21PRF of human and viral genes, and it is required to restrict the replica-
tion of both HIV-1 and Japanese encephalitis virus (JEV) (21, 26). SHFL complex and versatile
structures and domains thus appear to mirror its diversity of functions (29).

While the breadth of SHFL activity continues to be unraveled, the molecular mecha-
nism(s) behind SHFL’s function, especially during DNA virus infection, remains largely
unknown. Here, we demonstrate that SHFL broadly restricts KSHV lytic gene expres-
sion, including that of the master latent-to-lytic switch protein, KSHV’s ORF50 (RTA), an
impact that catastrophically dysregulates the initiation of the KSHV lytic gene cascade.
Upon further investigation, we found that the SHFL interactome is dominated by RNA-
binding proteins (RBPs) during both KSHV latency and lytic replication. Surprisingly, we
found that SHFL negatively influences the assembly of a key RNP granule type, RNA
processing bodies (P-bodies), while simultaneously inducing the formation of stress
granules (SGs) both outside and within the context of KSHV infection. Lastly, SHFL also
interacts with and restricts the expression of the KSHV RNA-binding protein ORF57, a
broad regulator of viral RNA fate. Taken together, our findings highlight that SHFL is an
integral piece of the virus-host arms race between KSHV and its human host for control
of cellular gene expression during lytic replication following its escape from SOX
cleavage.

RESULTS
SHFL broadly restricts KSHV lytic gene expression. SHFL is a potent antiviral fac-

tor capable of restricting the replication of multiple viral families, including flaviviruses,
alphaviruses, and retroviruses. Consistently, we have previously demonstrated that
SHFL also restricts KSHV lytic replication (18). To determine the mechanism underlying
this restriction, we first investigated the breadth of SHFL impact on KSHV lytic gene
expression. First, we examined an array of viral genes spanning all kinetic classes, at
both the RNA and protein levels, when overexpressing SHFL in the KSHV-positive renal
carcinoma cell line iSLK.Bac16 (herein referred to as iSLK.WT). We observed that SHFL
moderately to severely restricted gene expression for all lytic viral gene products
tested (Fig. 1A and B). Given this extensive effect on lytic gene expression, we hypothe-
sized that instead of individually targeting each of these genes, SHFL could target one
of the earliest and most critical regulators of the viral lytic gene cascade: KSHV’s
ORF50. ORF50 (RTA) is a master viral transcriptional regulator that controls the switch
between KSHV latency and active lytic replication (30–34). ORF50 alone has been
shown to be both necessary and sufficient for lytic reactivation and the transactivation
of multiple lytic gene promoters, including its own (31). In line with our hypothesis,
using both overexpression and knockdown approaches, we confirmed that ORF50
expression is severely restricted by SHFL (Fig. 1C and D). Furthermore, in iSLK.WT cells,
ORF50 is expressed from two distinct promoters: from the “endogenous” one on the vi-
ral genome (viral ORF50 [vORF50]) and from an exogenous doxycycline-inducible pro-
moter used to artificially promote the latent-to-lytic switch (35). The ORF50 detected in
our initial reverse transcription-quantitative PCR (RT-qPCR) screen represents the total
amount of ORF50 (total ORF50) expressed upon induction of lytic reactivation from
both promoters. During lytic replication, once initially expressed from the doxycycline
promoter, ORF50 will transactivate its own promoter on the viral genome (vORF50),
potentiating a positive-feedback loop (36). To determine whether the effect of SHFL on
total ORF50 mRNA levels was due to loss of transcription from the native viral pro-
moter, we next designed a set of primers to differentially assess vORF50 versus total
ORF50 expression (Fig. 1E). We observed that SHFL was able to repress vORF50 mRNA
levels derived from the viral genome promoter, suggesting that SHFL expression inter-
feres with the ORF50 positive-feedback loop possibly through either a direct influence on
ORF50 transactivation or a posttranscriptional inhibition of ORF50. We next performed a
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FIG 1 SHFL broadly restricts KSHV lytic gene expression. (A) KSHV-positive iSLK.WT cells were transfected with a FLAG-tagged SHFL or
a FLAG-empty vector and reactivated with doxycycline and sodium butyrate for 48 h. Total RNA was then harvested and subjected to
RT-qPCR to measure mRNA levels of the indicated viral early, delayed early, and late genes. (B and C) iSLK.WT cells were first
transfected with either an N-terminally tagged mCherry-SHFL (NC-SHFL) or an mCherry-empty vector. Cells were then reactivated for
48h (Lyt) or left untreated (Lat). Cells were then harvested, lysed, resolved by SDS-PAGE, and immunoblotted with the indicated
antibodies. (D) Unreactivated or reactivated iSLK.WT cells were treated with either siRNA targeting SHFL or control scramble siRNAs
for 48 h. siRNA-treated cells were then harvested, lysed, resolved by SDS-PAGE, and immunoblotted with the indicated antibodies. (E)
iSLK.WT cells were transfected with either a FLAG-empty or FLAG-SHFL vector and reactivated for 48 h. Total RNA was then harvested
and subjected to RT-qPCR using primers targeting the viral genome-derived ORF50 (vORF50). (F) HEK293T cells were first transfected

(Continued on next page)
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4-thiouridine (4sU) assay to directly measure nascent total and vORF50 RNA transcription
in SHFL-transfected iSLK.WT cells to assess whether SHFL directly impacted ORF50 tran-
scription rates. We found that vORF50 transcription was not significantly affected by SHFL
(see Fig. S1 in the supplemental material) at 48 h after reactivation from latency. Lastly,
given the significant reduction of ORF50 protein and RNA levels upon SHFL expression
and SHFL’s known RNA binding capacity, we next hypothesized that SHFL could bind to
ORF50 mRNA to mediate a posttranscriptional mechanism of restriction. We thus next
checked whether SHFL could bind to ORF50 mRNA using RNA immunoprecipitation (RIP).
HEK293T cells were transfected with both FLAG-SHFL and a C-terminal strep-tagged
ORF50, SHFL was pulled down using M2 FLAG beads and ORF50 RNA was detected by
RT-qPCR (Fig. 1F). Given these findings, we hypothesized that SHFL-mediated repression
of ORF50 could stem from a destabilization of ORF50 mRNA. However, using an actinomy-
cin D assay, we did not observe any significant difference in ORF50 mRNA half-life (t1/2;
4 h) upon SHFL expression (Fig. S2). Collectively, these data suggest that SHFL restricts
lytic gene expression posttranscriptionally and in a manner independent from viral RNA
stability.

Several previous studies of SHFL have identified two functional domains required
for its ability to both restrict viral infection and bind target mRNAs (19, 21, 23, 26). One
of these domains, amino acids (aa) 102 to 150, has been shown to be critical to main-
tain its interaction with RNA-binding proteins (16), and three specific residues within
this domain (R131, R133, and R136) have been reported to mediate the ability of SHFL
to bind to viral RNA in vitro (28). Given these previous studies, we next sought to deter-
mine if this domain of SHFL is also required to modulate ORF50 expression and to
maintain its interaction with ORF50 mRNA. To test this, we first designed an SHFL mu-
tant with a deletion of this putative RNA binding domain (aa 102 to 150), herein
referred to as SHFLD102-150. HEK293T cells were transfected with either a FLAG-empty
vector or FLAG-SHFLD102-150 and lytic reactivation was induced for 48 h using doxy-
cycline and sodium butyrate. We found that the SHFLD102-150 mutant failed to bind
ORF50 mRNA (Fig. 1F). Taken together, our results show that SHFL specifically binds to
ORF50 mRNA, restricts ORF50 expression, and therein restrict KSHV lytic replication.

SHFL interacts with RNA-binding proteins during KSHV infection. To better
understand how SHFL regulates ORF50 expression, we next set out to map its interac-
tion network throughout KSHV infection. iSLK.WT cells were either left latent or reacti-
vated for 48 h with doxycycline and sodium butyrate to trigger the KSHV lytic cycle.
After verifying SHFL pulldown efficiency (Fig. S3), the SHFL interactome during KSHV
infection was mapped using liquid chromatography-tandem mass spectrometry
(LC-MS/MS). In total, 98 unique proteins were identified as SHFL interactors, of which 9
were exclusively detected in the latent cells and 12 were exclusively found in lytic cells
(Fig. 2A and Table S1). The remaining interactors span both latency and lytic replication
and include the known SHFL interactor PABPC1, which we also confirmed via coimmu-
noprecipitation (Fig. S3) (19). Gene Ontology (GO) analysis on SHFL interactors revealed
several functional categories, including RNA binding and ubiquitin ligase binding, con-
firming previously suspected roles for SHFL in both RNA and protein stability (Fig. 2B
and C and Table S2). Notably, several important cellular RNA binding proteins were
identified that are known constituents of cytoplasmic stress granules, including
PABPC1, KPNA2, DDX3X, FUS, and HNRNPK (37–40). Intriguingly, we also detected
three viral proteins as potential SHFL interactors: ORF59, the KSHV DNA processivity
factor; ORF57, the master regulator of KSHV RNA fate; and ORF52, a tegument protein
that inhibits cytosolic viral DNA sensing via cGAS/STING (41–43).

FIG 1 Legend (Continued)
with either a FLAG-empty, FLAG-SHFL, or FLAG-SHFLD102-150 vector. Cells were then harvested and lysed, and RNA immunoprecipitation
(RIP) was performed using M2 FLAG beads or control beads (mock IP). Following reverse cross-linking, total RNA was harvested and
subjected to RT-qPCR using primers as indicated. Statistics were determined using Student’s paired t test between control and
experimental groups; error bars represent standard errors of the means (n = 3 independent biological replicates). **, P , 0.01; ***,
P , 0.001.
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FIG 2 Determination of SHFL interactome during KSHV infection. (A) iSLK.WT cells were reactivated for 72 h and subjected to mass spectrometry. Network
generated by Cytoscape represents the interactome of SHFL during both KSHV latency and lytic replication. A total of 92 high-confidence interactions
between SHFL (center hexagon) and human proteins (nodes) were identified by mass spectrometry, along with 3 viral proteins (blue nodes). Interactions
exclusively identified in latent samples are labeled in purple, while those identified specifically in the lytic samples are identified in orange. Physical
interactions among host proteins (thin gray lines) were manually curated from the STRING and IntAct databases. Gene Ontology (GO) enrichment analysis
was performed on the human interacting proteins of SHFL using the DAVID bioinformatic database. Top enriched clusters are identified on the network.
Bar graphs represent the raw P values for the most enriched GO terms by molecular function (B) and biological process (C).

Shiftless Restricts KSHV Journal of Virology

November 2022 Volume 96 Issue 22 10.1128/jvi.01469-22 6

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01469-22


SHFL influences P-body and SG dynamics during KSHV infection. Cytoplasmic
RNA granules, such as stress granules (SGs) and processing bodies (P-bodies), are mem-
brane-free, phase-separated ribonucleoprotein (RNP) complexes that function in the stor-
age, translational arrest, and/or degradation of RNA in the cytoplasm (44–51). Given the
enrichment of SG components in our mass spectrometry data, we next set out to deter-
mine whether SHFL localizes to RNP granules. First, HEK293T cells were transfected with ei-
ther a mock vector or an SHFL-expressing vector. Cells were then fixed, permeabilized, and
immunostained for known RNP granule markers, including DEAD-box helicase 6 (DDX6)
and enhancer of mRNA decapping 4 (EDC4) for P-bodies and G3BP stress granule assem-
bly factor 1 (G3BP1) and cytotoxic granule associated RNA-binding protein (TIA-1) for stress
granules. RNP granule quantification was performed using CellProfiler to analyze immuno-
fluorescence images stained for the hallmark P-body and SG resident proteins as described
in Materials and Methods. In HEK293T cells, SHFL remained diffusely cytoplasmic as we
observed previously (16) (Fig. 3A). However, surprisingly, we observed that SHFL expres-
sion drastically restricted the number of DDX6 (Fig. 3A) and EDC4 (Fig. 3B) puncta per cell
relative to mock transfection. Furthermore, we also observed that there was a simultane-
ous induction of “SG-like densities” localizing with SHFL in these SHFL-expressing cells (Fig.
3B). A similar effect was found with TIA-1, a second SG marker, in SHFL-expressing cells
(Fig. S4).

To determine whether SHFL expression also influences P-body numbers during
KSHV infection, we next transfected iSLK.WT cells with SHFL, left them latent or reacti-
vated them with doxycycline and sodium butyrate, and stained them for the same RNP
granule markers. As reported in previous literature, we observed no impact on P-body
formation in untransfected KSHV latent cells and a corresponding decrease in P-body
numbers upon lytic reactivation from latency (Fig. S5) (52). In line with our observa-
tions in HEK293T cells, SHFL expression in both KSHV latent and reactivated cells
appears to restrict the number of P-body foci (Fig. 3C). Interestingly, we did not
observe a corresponding decrease in DDX6 protein expression in SHFL-expressing
iSLK.WT cells (Fig. S6), suggesting that SHFL expression may impact the expression of
other P-body scaffolding factors or trigger their relocalization. In summary, our data
suggest that SHFL may have more global influence over cellular gene expression,
including perhaps both host and viral genes. The induction of stress granule-like den-
sities by SHFL also points toward an impact on global gene translation.

SHFL interacts with and restricts the expression of KSHV ORF57. Given SHFL
effect on ORF50 expression and its influence over RNP granule dynamics, we were partic-
ularly intrigued by its interaction with KSHV ORF57 detected in our mass spectrometry
screen. We first confirmed the interaction between SHFL and ORF57 by immunoprecipi-
tation and reverse immunoprecipitation (Fig. 4A). While SHFL overexpression in iSLK.WT
cells resulted in lower expression of ORF57 mRNA (Fig. 1A), transient coexpression of
SHFL and ORF57 in HEK293T cells seemed to have no effect on ORF57 mRNA (Fig. 4D),
reinforcing the idea that the effect observed on viral mRNA levels in KSHV-positive cells
was posttranscriptional and stemmed from an ORF50-dependent mechanism. We thus
hypothesized that SHFL could influence the expression of ORF57, which, in turn, could
be a mechanistic underpin to SHFL-mediated translational repression of ORF50. First, we
showed that the interaction between ORF57 and SHFL was drastically reduced when the
samples were treated with RNase, suggesting that SHFL and ORF57 may be brought to-
gether in a complex around viral and perhaps even host RNAs (Fig. 4A). Next, we found
that SHFL coexpression with ORF57 markedly reduced the amount of ORF57 protein, but
not mRNA levels, expressed in HEK293T cells (Fig. 4B to D), pointing once again to a
mechanism beyond viral gene transcription and RNA stability. Next, given the critical na-
ture of the aa 102 to 150 binding domain for, the binding of SHFL to viral mRNA we next
hypothesized that this domain could also affect the interaction between SHFL and
ORF57. In accordance with this, using coexpression of FLAG-SHFLD102-150 and ORF57-
6� HIS followed by coimmunoprecipitation of ORF57, we found that ORF57 did not
interact with this SHFL mutant (Fig. 4B). Given that SHFL and ORF57 appear to target
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FIG 3 SHFL expression influences RNA granule formation. (A and B) HEK293T cells were transfected with either NC-SHFL or an mCherry-only (mock)
vector. Cells were subjected to immunofluorescence assay and stained for the indicated processing body (DDX6 or EDC4 [purple]) or stress granule

(Continued on next page)
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several of the same proteins, it is likely that they form a large ribonucleoprotein complex.
Interestingly, probing immunoprecipitated from cells coexpressing SHFL and ORF57,
we found interactions between SHFL, polyadenylate-binding cytoplasmic protein 1
(PABPC1), and DDX3X but weak interactions with KPNA2 and FUS (Fig. 4C). Lastly, we
wondered whether SHFL and ORF57 colocalize, and if so, whether this colocalization
coincides with SHFL-induced SGs as shown in Fig. 3. To test this, we again cotransfected
SHFL alongside ORF57 in HEK293T cells and performed an immunofluorescence assay.
Cells were then fixed, permeabilized, and immunostained for both ORF57 and the SG
marker TIA-1. Interestingly, while ORF57 was predominately nuclear, distinct cytoplasmic
densities of SHFL appeared to localize alongside densities of ORF57 and TIA-1 in the
cytoplasm (Fig. 4E and F). We also did not see the same level of SG marker accumulation
with TIA-1 as previously observed with expression of SHFL alone, indicating that ORF57
may still have been dispersing SHFL-induced SGs. While TIA-1 is an SG marker, the protein
itself serves a primary function in orchestrating translational arrest (53, 54). Therefore, these
data indicate that SHFL may restrict the translation of ORF57 and thereby its expression.

DISCUSSION

Since its initial characterization by Suzuki et al. in 2016, C19ORF66 (here referred to
as SHFL) has emerged as a critical piece of the innate immune response to viral infec-
tion. SHFL restricts the replication of a vast assortment of DNA and RNA viruses and
retroviruses to various degrees and is itself an interferon-stimulated gene (ISG) (20, 27).
Fascinatingly, for each virus that SHFL restricts, a different mechanism has been
described. These inhibition strategies range dramatically from the targeting of viral
RNA and protein stability to restriction of viral protein translation and even the archi-
tecture of viral replication organelles (23). SHFL is also the first human gene found to
actively restrict the 21 programmed ribosomal frameshift (21PRF), a translation strat-
egy conserved across several eukaryotic viruses, mammals, and even prokaryotes (19,
22, 55–57). Collectively, these studies reflect the versatility of SHFL to broadly influence
gene expression and therein directly impact the balance between host and viral gene
expression during infection. Similarly, we have previously identified SHFL as a tran-
script that actively escapes virus-induced RNA decay during KSHV infection (18).
Furthermore, we also found that the SHFL protein is a potent anti-KSHV factor, restrict-
ing nearly every stage of KSHV lytic replication following reactivation from latency.
Here, we present our recent efforts toward understanding the mechanism(s) by which
SHFL restricts KSHV infection.

Looking broadly at KSHV lytic gene expression, we found that transient SHFL
expression stringently restricts all classes of lytic genes at both the RNA and protein
levels. Taken together with our previous observations of SHFL knockdown (18), this
restriction is likely a domino effect from a direct impact of SHFL on KSHV early gene
expression. In line with this, we observed a significant restriction of KSHV ORF50 (RTA),
which encodes the master latent-to-lytic switch protein responsible for the initiation of
the entire lytic gene cascade (31). Upon further investigation, we found that SHFL
binds to ORF50 mRNA but does not significantly impact the half-life of ORF50 mRNA
during lytic replication. Given the significant decrease in ORF50 mRNA levels in the ab-
sence of RNA decay, we next investigated the transcription of the viral genome-derived
ORF50, whose expression is controlled by a positive-feedback loop initiated by the acti-
vation of the doxycycline-inducible ORF50 in the iSLK.WT cell model. We found that
vORF50 mRNA levels were significantly impacted upon SHFL overexpression, but sur-
prisingly, its transcription rate was unaffected. This would suggest that SHFL-mediated

FIG 3 Legend (Continued)
markers (G3BP [green]). (C) iSLK.WT cells were transfected with either an NC-SHFL or mCherry-only (mock) vector and left latent or reactivated for 48
h. Cells were then subjected to immunofluorescence assay and stained with the indicated antibodies. (D and E) The number of P-body puncta per
cell was quantified using the CellProfiler pipeline as described in Materials and Methods and normalized to the mock control within each replicate.
Scale bar represents 10 mm. Statistics were determined using Student’s paired t test between control and experimental groups; error bars represent
standard errors of the means (n = 3 independent biological replicates). **, P , 0.01; ***, P , 0.001.
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FIG 4 SHFL interacts with and restricts the expression of KSHV ORF57. (A and B) HEK293T cells were cotransfected with either FLAG-SHFL or
FLAG-SHFLD102-150 and a 6�HIS-tagged ORF57. Cells were then harvested and lysed, and co-IP was performed using FLAG-tag affinity
beads. Reverse co-IP was performed using anti-6�HIS antibody. RNase co-IP was performed similarly to FLAG co-IP with an additional RNase
A and RNase T1 treatment prior to overnight co-IP. (C) HEK293T cells were transfected with both FLAG-SHFL and ORF57-6�HIS. Cells were
then harvested and lysed, and co-IP was performed using FLAG-tag affinity beads. Immunoprecipitates were run on an immunoblot and
stained with the indicated antibodies. (D) HEK293T cells were cotransfected with a FLAG-tagged ORF57 and either an mCherry-empty (mock)
or NC-SHFL vector. Cells were then harvested, subjected to immunoblotting, stained with the indicated antibodies, and quantified (E), or
total RNA was extracted for RT-qPCR to determine ORF57 mRNA levels (F). ns, not significant. ***, P , 0.001. (G) HEK293T cells were
transfected with either an mCherry-only (mock) or NC-SHFL vector. Cells were subjected to immunofluorescence assay and stained for the
indicated proteins. (H) A zoomed prospective is provided on a cell of interest. Statistics were determined using Student’s paired t test
between control and experimental groups; error bars represent standard errors of the means (n = 3 independent biological replicates).
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restriction of ORF50 occurs posttranscriptionally and might affect translation rates or
protein stability of ORF50 during KSHV infection. It would thus be interesting to investi-
gate the effect of SHFL on lysosome- and proteasome-mediated degradation during
KSHV infection, as SHFL has been implicated in these pathways before (22, 25). This
restriction of ORF50 early on following lytic reactivation would undoubtedly inhibit
many crucial stages of KSHV lytic gene expression and thereby the remainder of lytic
viral replication. Previous studies of SHFL have identified at least two SHFL domains
that are critical to its capacity to restrict viral infection. Here, we show that the aa 102
to 150 domain, a putative RNA-binding domain, is required bind viral ORF50 mRNA. By
virtue of these findings, we conclude that SHFL specifically binds to ORF50 mRNA and
that this interaction is critical for its ability to restrict KSHV lytic replication. Whether
this domain allows SHFL to exclusively impact ORF50 expression during KSHV infection
or, more broadly, the protein stability and/or translation of multiple KSHV early genes
remains an important future direction for us.

To better understand the mechanism by which SHFL restricts herpesviral transla-
tion, we next mapped the interactome of SHFL during KSHV infection using an IP-MS
approach. We found an enrichment of cellular RNA-binding proteins (RBPs) that inter-
act with SHFL during both KSHV latency and lytic reactivation. These include a vital
host translation factor and previously identified SHFL interactor, PABPC1. We also iden-
tified several other RBPs that are known constituents of cytoplasmic RNP granules,
including both P-bodies and stress granules. Both granule types have gained increas-
ing attention over the past decade as critical biophysical sites of RNA regulation that
have recently been attributed both pro- and antiviral functions (58–61). Here, we show
for the first time that transient expression of SHFL alone triggers the disassembly of P-
bodies and simultaneously the induction SG-like densities in virus-free cells. Interestingly,
in KSHV-positive cells, we observed a similar reduction in P-bodies during both viral la-
tency and lytic replication but have yet to determine whether an impact can be observed
on SG formation. It is important to note that previous studies have already demonstrated
that P-bodies are lost during KSHV lytic replication through a variety of mechanisms and
so we are unable to determine with certainty whether the loss of P-bodies in lytic cells
transfected with SHFL is due solely to the functions of SHFL (62–65). Whether the loss of
SHFL also leads to an increased number of P-bodies during latency and lytic replication
remains to be assessed. If SHFL further enhances KSHV P-body restriction, it could suggest
that SHFL restriction of P-bodies contributes to an antiviral state and calls into question
the strictly antiviral nature of this RNA granule type during KSHV infection. The SG-like
densities we have observed by SHFL suggests that the functions of SHFL likely impact
global cellular translation more broadly than initially anticipated, perhaps restricting the
translation of several host genes, which could, in turn, influence P-body assembly and/or
scaffolding factor localization. These dynamics between SHFL, a known ISG, and RNA gran-
ules raises several questions regarding the antiviral capacity of P-bodies during KSHV infec-
tion, such as the following: (i) do P-bodies also have an unforeseen proviral role given their
disassembly by SHFL, (ii) are transcripts targeted by SHFL localized to SHFL-induced SGs
for translational arrest, and (iii) what part of the SHFL mechanism is responsible for its influ-
ence over RNP granules? Moving forward, we are interested in exploring the breadth of
both viral and cellular transcripts that are targeted by SHFL in KSHV-infected cells.

The relationship between KSHV and RNA granules is multilayered. While P-bodies
are constitutively formed in cells, SGs only form in response to cellular stressors such
as oxidative stress and, relevantly, viral infection. P-body dynamics during KSHV latency
remains an active area of research to better understand what viral and host factors reg-
ulate their stability (52, 62, 63). However, it has been clearly established that during
lytic replication, KSHV actively disassembles P-bodies and restricts the formation of
SGs. This restriction of RNP granules during lytic replication is directly facilitated by the
viral protein KSHV ORF57 (52, 64). ORF57 is a master regulator of KSHV viral RNA fate
with roles including viral mRNA splicing, nuclear mRNA export, and even facilitation of
viral mRNA translation in the cytoplasm (42, 66, 67). Therefore, we were keenly
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interested in understanding the relationship between SHFL and ORF57. In this study,
we found that SHFL does in fact interact with ORF57 in an RNA-dependent manner. To
better assess the specificity of this interaction, we also tested whether ORF57 could still
interact with SHFLD102-150 and found that the loss of this domain resulted in a break-
ing of the SHFL-ORF57 interaction. These results highlight the importance of RNA as an
intermediary between these two versatile RNA-binding proteins. Therefore, we next
probed the same immunoprecipitates of cells expressing both SHFL and ORF57 and
confirmed strong interactions between SHFL, PABPC1, and DDX3X and weak interac-
tions with FUS and KPNA2, all hits found within our IP-MS screen. Defining the SHFL-
ORF57 complex to better the understand the impact of SHFL on viral gene expression
will bring important insights into the regulation of lytic infection. Interestingly, we also
observed a downregulation of ORF57 expression when ORF57 was coexpressed along-
side SHFL. Notably, there was no impact of SHFL on ORF57 mRNA levels, which in com-
bination with our observations of ORF50 further suggests that SHFL also targets ORF57
expression at the protein level. Given its ability to influence RNP granules, we next
investigated whether ORF57 could restrict the formation of SHFL-induced SG-like den-
sities. Surprisingly, we found that SGs were still restricted by ORF57 despite its distinct
downregulation by SHFL. In their place, we observed distinct accumulations of ORF57,
SHFL, and the SG marker TIA-1 in the cytoplasm. These SHFL-ORF57 densities could
reflect sites of translational arrest by SHFL on ORF57 specifically. However, they may
also suggest that there could be a distinct difference in the RNP composition of SHFL-
induced SGs that could be tailored toward a response to viral genes versus host genes.
Further exploration is required to determine if SHFL also restricts the translation of
ORF57. Or, as suggested by recent SHFL studies in Zika virus (ZIKV), porcine epidemic
diarrheal virus (PEDV), and JEV, SHFL could coordinate with lysosomal or ubiquitinoyla-
tion pathways to degrade ORF57 (22, 25, 26).

In conclusion, our findings lay the foundation for a complex relationship between
SHFL, a potent antiviral factor, and the DNA virus KSHV. Following the escape of SHFL
mRNA from SOX cleavage, SHFL protein levels climb over the course of KSHV lytic repli-
cation. SHFL expression restricts both KSHV early and delayed early genes in a manner
that cascades out to late gene expression, an effect whose ramifications are evident
across every step of KSHV lytic replication. Here, we show for the first time that overex-
pression of SHFL influences the formation of cytoplasmic RNA granules, namely, stress
granules and processing bodies. Thus, SHFL may restrict herpesviral gene expression at a
stage between viral protein stability and viral gene translation. This impact on RNP gran-
ules also suggests that SHFL’s mechanism of action has much broader repercussions on
global cellular translation. And therein, SHFL could restrict the translation of host genes
that play proviral roles in the earliest stages of lytic replication. Among the interactions
of SHFL, ORF57 also represents a cornerstone of lytic gene expression initiation and
countless roles in the stability of viral mRNAs during infection. Therefore, SHFL could
also target ORF57 as well as ORF50 and, through this two-pronged assault, cripple KSHV
replication. Thus, we may begin to piece together a model in which, following its escape
from SOX cleavage, the C19ORF66 mRNA encodes the potent antiviral protein SHFL. As
we have shown before, SHFL endogenous expression rises over the course of lytic reacti-
vation, and we hypothesized that past a certain level, SHFL restricts lytic gene expression
by either directly or indirectly targeting the expression of the master latent-to-lytic
switch protein KSHV ORF50 (RTA). From there, a cascade of restriction is triggered, with
the restriction of ORF50 leading to the repression of virtually all lytic viral genes. By
studying the impact of SHFL on KSHV lytic reactivation, we continue to unravel unex-
pected relationships between the regulation cellular RNA fate and the virus-host arms
race for control of global gene expression during herpesviral infection.

MATERIALS ANDMETHODS
Cells and transfections. HEK293T cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium

(DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS). The KSHV-infected renal carcinoma
human cell line iSLK.BAC16 (iSLK.WT) (kind gift from B. Glaunsinger) bearing doxycycline-inducible RTA
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was grown in DMEM supplemented with 10% FBS (68, 69). KSHV lytic reactivation was induced by the
addition of 1 mg/mL of doxycycline (BD Biosciences) and 1 mM sodium butyrate for 48 h as reported
above. For DNA transfections, cells were plated and transfected after 24 h when 70% confluent using
PolyJet (SignaGen). For small interfering RNA (siRNA) transfections, cells were reverse transfected in 6-well
plates by INTERFERin (Polyplus) with 10 mM siRNAs. siRNAs were obtained from IDT as Dicer-substrate
siRNA (DsiRNA; siRNA C19ORF66, hs.Ri.C19orf66.13.1).

Plasmids. The C19ORF66 coding region was obtained as a gBlock from IDT and cloned into a
pcDNA4 Nter-3�FLAG vector (FLAG-SHFL). The SHFL coding region was then cloned into a pmCherry-C1
vector (kind gift from Jeffrey Kane) to construct the N-terminal mCherry-C19ORF66 vector (NC-SHFL). A
FLAG-empty vector (pcDNA4 Nter 3�FLAG) or mCherry only (pmCherry-C1) was used as a control where
indicated. KSHV lytic gene coding sequences (ORF50, ORF57, ORF59, and ORF52) were derived from a
library of strep-tagged KSHV ORFs (70) and cloned into recipient vectors to construct ORF57-6�HIS and
FLAG-ORF57.

RT-qPCR. Total RNA was harvested using TRIzol according to the manufacturer’s protocol. cDNAs
were synthesized from 1 mg of total RNA using avian myeloblastosis virus (AMV) reverse transcriptase
(Promega) and used directly for quantitative PCR (qPCR) analysis with the SYBR green qPCR kit (Bio-Rad).
Signals obtained by qPCR were normalized to those for 18S RNA unless otherwise noted. Primers used
in the study are listed in Table S3.

Immunoblotting. Cell lysates were prepared in lysis buffer (NaCl, 150 mM; Tris, 50 mM; NP-40, 0.5%;
dithiothreitol [DTT], 1 mM; and protease inhibitor tablets) and quantified by Bradford assay. Equivalent
amounts of each sample were resolved by SDS-PAGE and immunoblotted with each respective antibody
at 1:1,000 in TBST (Tris-buffered saline, 0.1% Tween 20). Antibodies used for human and KSHV targets
are listed in Table S4. Primary antibody incubations were followed by incubations with horseradish per-
oxidase (HRP)-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (1:5,000; Southern
Biotechnology).

Immunoprecipitation. Cells were lysed in low-salt lysis buffer (150 mM NaCl, 0.5% NP-40, 50 mM Tris
[pH 8], 1 mM DTT, and protease inhibitor cocktail), and protein concentrations were determined by
Bradford assay. At least 400 mg of total protein was incubated overnight with the designated antibody
and then with protein G-coupled magnetic beads (Life Technologies) for 1 h. For FLAG construct pull-
downs, total protein lysates were instead incubated overnight with anti-FLAG M2 magnetic beads (Sigma)
or G-coupled magnetic beads. Beads were then washed extensively with lysis buffer. Where indicated,
samples were treated with both RNase A and T1 for 15 min at room temperature prior to immunoprecipi-
tation. Lastly, samples were resuspended in 4� Laemmli loading dye before resolution by SDS-PAGE.

Mass spectrometry. Briefly, iSLK.WT cells were seeded into 10-cm plates and reactivated at the
same time. At 72 h postreactivation, cells were harvested and lysed, and immunoprecipitation for SHFL
was performed overnight at 4°C. Samples were extensively washed and were trypsin digested overnight.
Samples were then cleaned up using a C18 column and mass spectral data were obtained from the
University of Massachusetts Mass Spectrometry Center using an Orbitrap Fusion mass spectrometer.
Raw data were filtered based on the number of peptides for each hit and Gene Ontology (GO) enrich-
ment analysis was performed on the human interacting proteins of SHFL using the DAVID bioinformatic
database. Top enriched clusters are identified on the network.

RIP. Following transfections, cells were cross-linked in 1% formaldehyde for 10 min, quenched in
125 mM glycine, and washed in phosphate-buffered saline (PBS). Cells were then lysed in low-salt lysis
buffer (NaCl [150 mM], NP-40 [0.5%], Tris [pH 8; 50 mM], DTT [1 mM], MgCl2 [3 mM] containing protease
inhibitor cocktail and RNase inhibitor) and sonicated. After removal of cell debris, anti-FLAG M2 mag-
netic beads or magnetic G-coupled beads were added overnight at 4°C as indicated. The following day,
beads were washed three times with lysis buffer and twice with high-salt lysis buffer (low-salt lysis buffer
except containing 400 mM NaCl). Samples were then separated into two fractions. Beads containing the
fraction used for immunoblotting were resuspended in 30 mL of lysis buffer. Beads containing the frac-
tion used for RNA extraction were resuspended in proteinase K (PK) buffer (NaCl [100 mM], Tris [pH 7.4;
10 mM], EDTA [1 mM], SDS [0.5%]) containing 1 mL of PK. Samples were incubated overnight at 65°C to
reverse cross-linking. Samples to be analyzed by immunoblotting were then supplemented with 10 mL
of 4� loading buffer before resolution by SDS-PAGE. RNA samples were resuspended in TRIzol, and total
RNA was extracted for qPCR as described above.

4sU labeling. Following transfection of either FLAG-empty or FLAG-SHFL and 48 h postreactivation,
iSLK.WT cells were pulse-labeled with DMEM containing 500 mM 4sU (Sigma) for 10 min, followed by a
PBS wash and immediate isolation of total RNA with TRIzol. 4sU isolation was performed as previously
described (11). 4sU isolated RNA was analyzed by RT-qPCR for the indicated genes.

RNA half-life. iSLK.WT cells were plated and transfected with either an mCherry-only (mock) or NC-
SHFL vector. Twenty-four hours later, KSHV was reactivated as described above for roughly 40 h. Six
hours prior to the 48-h time point, transfected cells were treated with 5 mg/mL of actinomycin D to in-
hibit cellular transcription and cells were collected at the indicated time points from 0 to 8 h. Total RNA
was extracted from all samples, subjected to qPCR analysis using primers targeting KSHV ORF50, and
normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

Immunofluorescence. HEK293T or iSLK.WT cells were grown on coverslips and fixed in 4% formal-
dehyde for 20 min at room temperature. Cells were then permeabilized in 1% Triton X-100 and 0.1% so-
dium citrate in PBS for 10 min, saturated in bovine serum albumin (BSA) for 30 min, and incubated with
the designated antibodies at various dilutions (Table S2). After 1 h, coverslips were washed in PBS and
incubated with Alexa Fluor 680, 594, or 488 secondary antibody at 1:1,500 (Invitrogen). Coverslips were
washed again in PBS and mounted in 49,6-diamidino-2-phenylindole (DAPI)-containing Vectashield
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mounting medium (Vector Labs) to stain cell nuclei before visualization by confocal microscopy on a
Nikon A1 resonant scanning confocal microscope (A1R-SIMe). The microscopy data were gathered in the
Light Microscopy Facility and Nikon Center of Excellence at the Institute for Applied Life Sciences, UMass
Amherst, with support from the Massachusetts Life Sciences Center.

RNA granule quantification. Processing bodies and stress granules were quantified using an
unbiased image analysis pipeline generated in the freeware CellProfiler (https://cellprofiler.org/) (63, 69,
71). First, detection of nuclei in the DAPI channel image was performed by applying a binary threshold
and executing primary object detection between 50 and 250 pixels. From each identified nuclear object,
the “Propagation” function was performed on the respective 594 channel (denoting mock [mCherry] or
NC-SHFL) image to define transfected cell borders. The identified cell borders were masked with the
identified nuclei to define a cytoplasm mask. The cytoplasm mask was then applied to the processing
body/stress granule punctum channel images (stains with DDX6 and EDC4 for processing bodies) to
ensure that only cytoplasmic puncta were quantified. Background staining was reduced in the cytoplas-
mic punctum channel using the “Enhance Speckles” function. Using “global thresholding with robust
background adjustments,” puncta within a defined size and intensity range were quantified. Size and in-
tensity thresholds were unchanged between experiments with identical staining parameters. Intensity
measurements of puncta were quantified. Quantification data were exported and used for data analysis.

Statistical analysis. All results are expressed as means 6 standard errors of the means (SEMs) of
experiments independently repeated at least three times. Unpaired Student’s t test was used to evaluate
the statistical difference between samples.
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