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SUMMARY

Alphaviruses are a large group of re-emerging arthropod-borne RNA viruses. The compact

viral RNA genomes harbor diverse structures that facilitate replication. These structures can be
recognized by antiviral cellular RNA binding proteins, including DExD-box (DDX) helicases, that
bind viral RNAs to control infection. The full spectrum of antiviral DDXs and the structures that
are recognized remains unclear. Genetic screening identified DDX39A as antiviral against the
alphavirus chikungunya virus (CHIKV) as well as other medically relevant alphaviruses. Upon
infection, the predominantly nuclear DDX39A accumulates in the cytoplasm inhibiting alphavirus
replication independent of the canonical interferon pathway. Biochemically, DDX39A binds to
CHIKYV genomic RNA, interacting with the 5’ conserved sequence element (5’ CSE) which is
essential for the antiviral activity of DDX39A. Altogether, DDX39A relocalization and binding
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to a conserved structural element in the alphavirus genomic RNA attenuates infection revealing a
previously unknown layer to the cellular control of infection.

eTOC Blurb

The full spectrum of host RNA binding proteins that control viral infection remains unclear.
Tapescu et al. show that DDX39A binds a conserved RNA structure encoded in the genome of
alphaviruses inhibiting infection independent of the canonical interferon pathway.
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INTRODUCTION

Alphaviruses are medically relevant viruses that are a reemerging public health threat?.
Based on their historic geographical distribution and clinical syndromes, alphaviruses are
divided into Old World alphaviruses including chikungunya (CHIKV), Sindbis (SINV), O-
nyong-nyong virus (ONNV), and into New World alphaviruses including Venezuelan equine
encephalitis (VEEV)Z. Infection with CHIKV leads to fever, headache, myalgia, and joint
pain, in some cases leading to long-lasting and debilitating arthritis2. SINV, the prototypical
alphavirus, transmitted between mosquitoes and migratory birds in Northern Europe causes
self-limiting disease3. ONNV is endemic to sub-Saharan Africa and causes severe arthralgia
and cervical lymphadenopathy®. VEEV predominantly circulates in the Americas and causes
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a spectrum of diseases. Around ~5-15% of infected individuals present with central nervous
disease leading to fatal or long-lasting neurologic sequelae®. Despite being a major threat to
human health, there are no specific treatments or vaccines approved for alphaviruses®:’.

Alphaviruses contain a compact positive-sense, single-stranded RNA genome of ~12 kb.
Given this limited coding capacity, viral RNAs harbor structural elements to direct many
activities required for the replication8-12. The replication cycle starts with alphavirus binding
to specific receptors, internalization into an endocytic compartment, and release of the viral
genome into the cytoplasm?3. In the cytoplasm, the capped and polyadenylated viral genome
with two open reading frames (ORFs) is immediately translated by host ribosomes4:15,
ORF-1 is translated from the genomic RNA and encodes the nonstructural proteins nsP1-4,
which are part of the viral replicase complex responsible for RNA synthesis. RNA synthesis
by the viral replicase is facilitated by viral RNA structures, including the 5’ conserved
sequence element (5’ CSE) — the most conserved structural element across alphaviruses®2:16,
Moreover, during viral RNA replication, sequences and structures at the genome termini
direct antigenomic (negative sense) RNA synthesis, which leads to the production of the
double-stranded RNA (dsRNA) intermediatel’. The antigenome serves as a template for the
genome and the more abundant subgenomic RNA that is produced from an internal promoter
in the antigenome RNA517.18. ORF-2, translated from the subgenomic RNA, encodes the
alphaviral structural proteins required for the assembly and egress of virions. Additional
RNA structures, including the packaging signal, direct efficient genome packaging within
the virions for the ultimate release of infectious particles10-19,

To mount an antiviral response, cells must first sense the viral infection. Distinct features on
viral nucleic acids, including dsRNA intermediates, are recognized by pathogen recognition
receptors (PRRs) as foreign, which leads to the activation of antiviral pathways2°. Two
well-established PRRs are the retinoic acid-inducible gene | (R/G-1/DD.X58) and melanoma
differentiation-associated protein 5 (MDA-5/IFIHI), which recognize the virally encoded

5 triphosphates and dsRNAs, respectively to induce interferon (IFN) signaling and

the downstream interferon-stimulated genes (ISGs) that control infection20-21, However,
alphaviruses have evolved diverse and potent strategies to evade and attenuate the canonical
interferon pathway?2-25, Given that alphaviruses suppress the canonical IFN program but
are ultimately cleared, we hypothesized that host cells encode additional PRRs to control
infection. Since RIG-1 and MDA-5 are part of a larger family of DExH/D-box helicases that
play diverse roles in RNA metabolism by binding to structural features rather than specific
sequences, we hypothesized that this makes them well-suited to target structures on viral
RNAs26-29, Indeed, emerging research suggests that in addition to RIG-I1 and MDA-5, other
DDXs have critical roles in antiviral defense2>:30-32, Furthermore, DDXs can bind RNA
structural elements; however, the specificity of this large family is poorly understood33.

Altogether, given that we have an incomplete understanding of the host-encoded RNA
helicases involved and the viral RNA structures they recognize, we set out to discover
additional DDXs that control the alphavirus CHIKV. We performed a loss-of-function screen
targeting 42 human DDXs and found that DDX39A is antiviral against CHIKV while

its close paralog DDX39B is not. DDX39A is an RNA helicase with roles in mRNA

export, innate immunity, and cancer, and has not been shown to have antiviral activity34-37.

Mol Cell. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tapescu et al.

RESULTS

Page 4

Furthermore, we found that DDX39A controls diverse alphaviruses, but not against other
positive sense, such as coronaviruses and picornaviruses, or negative sense viruses, such

as rhabdoviruses and bunyaviruses suggesting that DDX39A controls this group of viruses
more broadly. Mechanistically, we found that DDX39A antiviral activity is independent of
the canonical interferon pathway. During infection, DDX39A relocalizes from the nucleus to
the cytoplasm where it binds CHIKV genomic RNA. We mapped the interaction using cross-
linking immunoprecipitation (CLIP-Seq) and found an enrichment of DDX39A binding
within the 5’ CSE element of CHIKV RNA, which is the most highly conserved structure
across diverse alphaviruses6. We showed the antiviral activity of DDX39A is dependent

on the 5’CSE as loss of the structure renders CHIKV insensitive to the antiviral activity of
DDX39A. Altogether, we found that DDX39A controls diverse alphaviruses independently
of IFN through recognition of a conserved RNA structural element.

DDX39A is antiviral against alphaviruses

To identify DEAD-box helicases that impact CHIKYV infection, we optimized an image-
based RNA. screen in human osteosarcoma U20S cells, which are permissive to alphavirus
infections18:31, We included siRNAs targeting anti-apoptotic RNAs (siDeath) as a positive
control for knockdown efficiency (~90% of cells die 3 days post-transfection) (Figure
S1A). Furthermore, we used scrambled siRNA (siCon) as negative controls and siRNAs
against the known antiviral factors IFIT1 and zinc finger antiviral protein (ZAP) as positive
controls38:39, Infection with CHIKV (Ross strain, MOI 0.1, 24 h) led to an increase in
CHIKV-infected cells upon loss of either IFIT1 or ZAP compared to non-targeting controls
(Figure S1B). Using this validated assay, we performed a screen targeting 42 human DDXs
(4 siRNAs per well, Table S1), and infected cells with CHIKYV (Ross strain, MOI 0.1, 24h).
We used automated imaging and image analysis to quantify cell number (Hoechst, nuclei
+) and percent infection (Hoechst, nuclei+, and CHIKV+, using an anti-CHIKV antibody)
(Figure 1A). We identified 3 helicases that when depleted led to an increase in infection
(Z>1.5) in the absence of toxicity (Z<-2): DDX39A, DDX43, and DDX50 (Figure 1B,
Table S1). DDX50 and DDX43 are known to stimulate the IFN signaling pathway*9-41,
and thus we did not pursue these candidates. DDX39A has a close paralog, DDX398, with
90% homology, whose depletion did not impact infection (Figure 1B, Table S1), suggesting
specificity. Therefore, we set out to explore the role of DDX39A in CHIKV infection.

We validated the role of DDX39A in alphavirus infection using orthogonal assays. We
transfected cells with either control siRNA (siCon), silFIT1 as a positive control, or SiIRNAs
against DDX39A and infected with CHIKV at various multiplicities of infection (MOI).
Cells depleted of DDX39A or IFIT1 show a comparable increase in infection (Figure 1C—
D) in the absence of cytotoxicity across MOIs (Figure S1C) as measured by automated
microscopy. Immunoblot analysis also reveals similar increases in viral proteins upon
depletion of either DDX39A or IFIT1 (Fig S1D). We also evaluated whether depletion

of DDX39A impacted levels of CHIKV RNA by RT-qPCR and found that depletion of
DDX39A leads to a ~10-fold increase in CHIKV viral RNA (Figure 1E). Furthermore, the
depletion of DDX39A leads to increased viral titers (Figure 1F) and viral RNA (Figure
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S1E) at multiple MOls. To confirm that the siRNAs were on-target, we tested the individual
siRNAs and found that both siRNAs against DDX39A deplete DDX39A mRNA (Figure
S1F) and protein (Figure S1G) and are active against CHIKV (Figure S1H). We also
generated a U20S DDX39A knockout cell line using CRISPR-Cas9, which we validated
by immunoblot (Figure S1I). Consistent with our siRNA approach, loss of DDX39A leads
to a ~10-fold increase in CHIKV RNA (Figure 1G) and increased viral protein (Figure
S1I). Lastly, we tested whether DDX39A is active against CHIKYV in other susceptible cell
types#2-44, We depleted DDX39A in human A549 (lung epithelial adenocarcinoma) and
human HeL a (cervical epithelial adenocarcinoma) cells and found that loss of DDX39A
leads to increased CHIKYV replication as measured by microscopy (Figure S1J) and RT-
gPCR (Figure S1K).

Our screen revealed an antiviral activity for DDX39A but not DDX39B, a ~90%
homologous paralog®®. While both helicases can rescue the lethality induced by deleting the
yeast ortholog Sub2, DDX39A, and DDX39B have distinct activities in higher organisms34.
We validated that DDX39B was depleted by the siRNAs at mRNA (Figure S2A) and protein
level (Figure S2B) and that DDX39B-depletion had no impact on cell viability (Figure S2C)
or CHIKYV infection as measured by microscopy (Figure 1H) and by gPCR (Figure 11).
Together these data show that DDX39A, but not DDX39B, impacts CHIKV infection.

Since alphaviruses are a large group of medically relevant viruses, we evaluated the role of
DDX39A in the infection of other globally important alphaviruses (Figure S2D). We found
that both siRNA DDX39A-depleted and knockout cells are more susceptible to infection
with SINV compared to controls as measured by RT-qPCR (Figure 1J, and Figure S1L),
and by microscopy (Figure S2E) in the absence of cytotoxicity (Figure S2F). Moreover,
DDX39A but not DDX39B is antiviral against SINV as knockdown of DDX39A but not

of DDX39B results in an increased percentage of infected cells (Figure S2G). We also
tested the activity of DDX39A against VEEV and ONNYV and found that loss of DDX39A
leads to an increase in VEEV (Figure 1K) and ONNV (Figure 1L) infection as measured
by RT-qPCR. Alphaviruses are positive-sense RNA viruses and thus we were interested in
the breadth of DDX39A against other positive and negative-sense viruses. We found that
depletion of DDX39A does not impact infection with coronaviruses such as 229E (Figure
1M) and OC43 (Figure 1N) and picornaviruses such as the coxsackie B virus (CVB) (Figure
IN). In addition, knockdown of DDX39A does not impact infection with the negative sense
viruses including the bunyavirus Rift Valley Fever virus (RVFV) (Figure S2H) and the
rhabdovirus vesicular stomatitis virus (VSV) in either U20S (Figure 1P and Figure S2I) or
Ab549 cells (Figure S2J). Therefore, DDX39A is a broadly active anti-alphavirus factor.

DDX39A is antiviral independent of the interferon pathway

Upon binding of viral RNA ligands, the DExD/H-box helicases, RIG-I and MDA-5,
upregulate interferons, which are secreted and bind to the interferon receptor. Binding
activates JAK/STAT signaling to transcriptionally upregulate hundreds of ISGs that block
infectionZ0. However, alphaviruses antagonize the IFN axis?34647, Consistent with this,
transfection of U20S cells with poly (I:C), a dsSRNA mimic, activates interferons and
potently induces the ISG IFIT1 (Figure 2A). Similarly, infection with Sendai virus (SeV),
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another positive control for stimulation of the IFN pathway, strongly induces IFNB1
activation (Figure S3B), and I1SGs such as IFIT1 (Figure S2C), IFIT2 (Figure S2D),

IFIT3 (Figure S3E) and IFIT5 (Figure S3F). However, both CHIKV and SINV have a
significantly more muted response; even at high MOls, alphavirus infection results in
attenuated induction of /F/T1 at both transcript (Figure 2A) and protein levels (Figure S3A)
compared to poly (1:C) stimulation and SeV (Figures S3C-S3F). We first tested if DDX39A
is itself an ISG. We found that, compared to the canonical ISG, IFIT1, DDX39A mRNA
(Figure 2B) or protein (Figure 2C) is not induced following poly (I:C) treatment. Moreover,
infection with either SINV, CHIKYV, or SeV does not alter the levels of DDX39A (Figure
2D). Second, we determined if DDX39A promotes ISG induction. While treatment with
poly (I:C) induces multiple ISGs (Figure S3G-K), loss of DDX39A does not decrease ISG
production, suggesting that DDX39A is not antiviral by stimulating the IFN pathway.

We next evaluated if the antiviral effect of DDX39A is dependent on IFN signaling. For
these studies, we pretreated cells with a JAK inhibitor, Ruxolitinib, and confirmed that this
treatment prevents the IFN-dependent activation of ISGs (Figure 2E, F). Moreover, we found
that the DDX39A-dependent increase in CHIKYV infection is independent of JAK signaling
as there is a comparable increase in infection in either the presence or absence of Ruxolitinib
in both U20S (Figure 2G and Figure 2H) and A549 cells (Figure S3L). Together, these data
indicate that DDX39A is not regulated by the interferon pathway and that DDX39A has a
mechanism of action independent of interferon signaling.

Infection with CHIKV leads to the accumulation of cytoplasmic DDX39A

Under basal conditions, we and others have found that DDX39A is predominately located

in the nucleus as seen by confocal microscopy (Figure 3A)4°. We next monitored the
localization of DDX39A during CHIKYV infection. We found that DDX39A accumulates in
the cytoplasm concomitant with a decrease in nuclear DDX39A during CHIKYV infection
(Figure 3A). To further support our microscopy studies, we used biochemical fractionation
to monitor DDX39A localization over time during infection. We assessed DDX39A protein
expression using immunoblot, with GAPDH and Histone H3 as controls for our cytoplasmic
and nuclear fractionations, respectively. We observed a small fraction of DDX39A in the
cytoplasm basally and importantly a time-dependent increase in cytoplasmic DDX39A,
concomitant with a decrease in nuclear DDX39A without a change in total protein levels
during infection (Figure 3B). We next determined whether CHIKYV replication was required
for the cytoplasmic accumulation of DDX39A. For these studies, we infected cells with
either wild-type or UV-inactivated CHIKV which cannot replicate. We validated that
UV-inactivated CHIKYV is unable to replicate by immunoblot (CHIKV E1) (Figure 3C).
Notably, replication-competent CHIKV but not UV-inactivated CHIKV leads to cytoplasmic
accumulation of DDX39A accompanied by a decrease in nuclear DDX39A (Figure 3C).
These data together reveal a replication-dependent accumulation of DDX39A in the
cytoplasm where RNA replication occurs. This cytoplasmic accumulation is in punctae and
there are two well-studied cytoplasmic granules that appear as punctae: stress granules and
P-bodies*8. Moreover, helicases, such as DDX6 can drive the formation and accumulation of
cytoplasmic P-bodies which are important for RNA decay#°0, Stress granules accumulate
translationally arrested RNAs, are induced by alphavirus infection, and are thought to
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repress viral nSP synthesis®~54, We used confocal microscopy to monitor the localization
of stress granules (TIAR) and P-bodies (RCK). We used arsenic as a positive control to
induce these foci. We found that both arsenic and CHIKYV infection induce these foci, but
that DDX39A does not colocalize with either the stress granule marker TIAR or the P-body
marker, RCK (Figure S4). Therefore, the DDX39A foci are not canonical stress granules or
P-bodies.

To further explore the specificity of this relocalization of DDX39A, we monitored DDX39B
localization during infection. We observed that DDX39B also accumulates in the cytoplasm
of infected cells (Figure S5A). These data suggest that infection is inducing a relocalization
of multiple RNA binding proteins®®31, and since DDX39A and DDX39B are shuttling
proteins®® perhaps a step in nuclear import is attenuated. Nevertheless, because DDX39A
but not DDX39B impacts CHIKYV infection, these data suggest that cytoplasmic localization
is only one determinant of antiviral activity.

DDX39A affects early steps in viral RNA replication

Alphavirus replication begins with binding to specific alphavirus cellular receptors at the cell
surface, and the receptors utilized by CHIKV, ONNV, VEEV, and SINV are distinct3:57.
After binding, virions undergo endocytic internalization into a low pH compartment where
fusion occurs and release of the viral genome into the cytoplasm!314. To assess whether
DDX39A impacts viral entry, we infected cells pretreated with cycloheximide to block new
translation and quantified levels of CHIKV RNA that was internalized in either control or
DDX39A-depleted cells. We observed no difference in viral RNA levels between control
and DDX39A-depleted cells (Figure 4A), suggesting that DDX39A likely does not impact
CHIKYV entry.

Next, we tested whether DDX39A impacts viral spread. We infected cells for 4h to allow
for entry and then blocked endosomal acidification with ammonium chloride which prevents
subsequent entry of new virions, thus blocking a second round of infection. As expected,
treatment with ammonium chloride decreases overall CHIKV infection levels; however,
treatment does not abolish the phenotypic differences between control and DDX39A-
depleted cells (Figure 4B). Altogether, our data suggest that DDX39A impacts a step in

the replication cycle downstream of entry but upstream of spread.

These data implicate a role for DDX39A in an intracellular replication step in the viral
lifecycle. We first determined how early the antiviral activity can be measured. We
synchronized the infection by pre-binding virus for 1h at 4°C and quantified CHIKV RNA
accumulation over time in DDX39A-depleted and control cells. While we observed no
difference at Ohpi (Lhpi at 4°C), prior to new replication, by 4h post-infection, when new
viral RNA synthesis is occurring, DDX39A depletion leads to an increase in CHIKV RNA
(Figure 4C). The earliest step in viral RNA synthesis is the generation of antigenome. Given
the early timing of the antiviral phenotype, we hypothesized that DDX39A may impact

the synthesis of antigenome copies. Thus, we quantified antigenome RNA accumulation
using strand-specific and standard-curve RT-gPCR. We observed that loss of DDX39A leads
to increased levels of antigenome copies at low (Figure 4D, Figure 4E) and high MOls
(Figure S3M). The synthesis of antigenome produces the dsRNA intermediate, which can be
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observed by microscopy. We infected control or DDX39A-depleted cells with CHIKV (MOI
10) and monitored infection 4hpi to capture the initial production of dsRNA foci. We found
that loss of DDX39A leads to an increase in dSRNA foci compared to the control (Figure
4F-G).

To further explore the mechanism by which DDX39A impacts CHIKYV replication, we used
confocal microscopy to assess the localization of DDX39A relative to dsRNA intermediates.
We observed that cytoplasmic DDX39A is found in the vicinity of dsSRNA foci (Figure 4H)
but displays weak to moderate colocalization (Figure 41). Therefore, DDX39A inhibits the
earliest steps in viral RNA synthesis and may prevent dsRNA formation by sequestering
viral RNA away from replication complexes or by blocking their formation.

DDX39A binds to a conserved CHIKYV RNA structure

We observed that DDX39A impacts early viral RNA synthesis and accumulates in the
cytoplasm where the viral RNAs are localized. Therefore, we tested whether DDX39A
binds to viral RNA to control infection. We infected cells with CHIKV and performed
cross-linking RNA-immunoprecipitation followed by RT-gPCR (RIP-gPCR). Analysis by
immunoblot showed that endogenous DDX39A was efficiently immunoprecipitated (Figure
5A). The associated RNAs precipitated with either rabbit IgG control or DDX39A were
analyzed by RT-gPCR where we observed a striking enrichment of CHIKV RNA ~600-fold
(Figure 5B) but not of other host MRNAs (Figure S5B). Since DDX39A is also antiviral
against VEEV, but not VSV, we tested whether the ability of DDX39A to bind to these
viral RNAs might account for the difference in phenotype. RIP-qPCR of DDX39A during
VEEV (Figure S5C) or VSV infection (Figure S5D) demonstrates that DDX39A binds to
VEEV RNA (Figure 5C), but not to VSV (Figure 5D), findings which paralleled the antiviral
phenotype.

We further assessed the specificity of the interaction between DDX39A and CHIKV RNA
by testing whether the DDX39A paralog, DDX39B, which is not antiviral, binds to CHIKV
RNA. We immunoprecipitated endogenous DDX39B (Figure S5E) and using RIP-qPCR, we
found that DDX39B also binds to CHIKV RNA (Figure S5E), but potentially less efficiently
compared to DDX39A (~60-fold vs. ~600-fold) (Figure 5B). Importantly, these differences
in phenotype are not a consequence of differential infection levels between experiments
(Figure S5G) or relative expression (Figure S5H), or cytoplasmic localization (Fig S5A).
Altogether, these data suggest that viral RNA binding by DDX39A may be required for
antiviral activity.

Thus, we set out to map where DDX39A binds to CHIKV RNA by performing cross-linking
immunoprecipitation coupled with sequencing (CLIP-Seq)31:58. We immunoprecipitated
endogenous DDX39A in CHIKV-infected cells (Figure S6A), radiolabeled and size-selected
samples (Figure S6B), and prepared libraries (Figure S6C) for sequencing. We mapped

the reads to the viral and human genome and found that 950 human RNAs had >10

reads across the 3 replicates (Table S6). Using CLIP-seq Analysis of Multi-mapped reads
(CLAM)>? and the HOMER®? program, we identified two GC-rich motifs that were found
in ~20% of DDX39A peaks and had a significant p-value (Figure S7). More strikingly,

we found that approximately 15% of the total reads mapped to the viral genome while
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only ~ 0.02% of viral reads mapped to the antigenome (Figure S6D, Table S2), suggesting
clear specificity for the genomic RNA. After removing background reads in the Rb 19gG
control and normalizing reads to counts per mapped (CPM) reads and relative viral species
abundancel8, we observed several enriched peaks (Figure 5E). We mined previous studies
and found that two of the top peaks overlapped with previously characterized secondary
structures (Figure 5F, orange asterisks, Table S3)®-11.61 This includes Peak 1 (Figure 5F,
top panel), which encodes the 5’ conserved sequence element (5’ CSE) and the upstream
stem-loop 3 (SL3) that are important for viral replication (Madden et al., 2020). Peak 2
includes a stem-loop and the conserved alphavirus packaging sequence element (Figure 5F,
middle panel). We also identified a third striking peak that does not encode any known
structures (Figure 5F, bottom panel). To validate the CLIP-seq data, we performed a reverse
RIP assay. First, we generated biotinylated /in vitro transcribed RNAs (Figure S5E): Peak 1
(encompassing the known functional 5’ CSE+SL3 structures) (Figure 5F top panel, Figure
S5E), Peak 2 (which includes the packaging signal) (Figure S6E, Figure 5F, middle panel),
Peak3 an enriched signal in ORF2 (Figure S6E, Figure 5F, bottom panel). We also included
Region 1 with reduced reads as a negative control (Figure S6E. Figure 5F, bottom panel).
Additionally, we included two cellular mRNA controls: MAVS as a positive control as it was
shown by a previous study to be bound by DDX39A in uninfected cells®>, and DDX24as a
cellular negative control as we observed no binding in our biochemical assay (Figure S5A).
We added these biotinylated RNAs to lysates overexpressing DDX39A and used streptavidin
beads to recover biotinylated RNAs. We observed that DDX39A preferentially binds to the
enriched peaks observed by CLIP, and MAVS, but not the negative control fragment (Region
1) or DDX24 (Figure 5G).

DDX39A controls CHIKV infection through the conserved 5’ CSE element

The CHIKYV genome has several structural elements, but few are conserved across
alphaviruses1®. While packaging signals exist across the family, the structures are not highly
conserved!8. The most conserved structural RNA element across the alphavirus genus is

the 5’CSE, within our identified peak 1, which is important for the replication of CHIKV?,
SINV®2, and VEEV®3, Since these alphaviruses are all sensitive to DDX39A depletion,

and we observed a striking enrichment in CLIP Peak 1 (Figure 5E), and our biochemical
binding assay (Figure 5G), we explored this interaction. We performed competition assays
between Peak 1 and the negative control Region 1 (Figure S6F). We found that DDX39A
preferentially binds to Peakl RNA encompassing the SL3-+5’CSE elements since Region 1
was less able to compete for DDX39A binding (Figure S6G).

Peak 1 has two structures: the 5 CSE or the SL3 stem-loop. We explored the role of

each by taking advantage of recombinant CHIKV viruses with mutations in each of these
regions as viruses with deletions in this region are not viable®3. We utilized two distinct
mutant strains: a strain with changes that disrupt the secondary structure of either the 5
CSE (05’CSE’) or the SL3 (0SL3) while maintaining the coding capacity and dinucleotide
frequency (Figure 5H, Table S4)°. Both the 5’CSE and the SL3 structures are important but
not essential for CHIKV RNA infectivity and CHIKYV replication in some cell lines® and we
observed cell type-specific differences in titers where both mutants showed reduced titers in
hamster BHK cells (Figure S6H). In contrast, in U20S cells only the 0SL3 showed reduced

Mol Cell. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tapescu et al.

Page 10

titers while the 05’ CSE replicated similarly to WT (Figure S6l), these cell-type differences
potentially reflecting a differential abundance of RNA-binding proteins that modulate the
function of the CHIKV RNA structure. We infected control or DDX39A-depleted U20S
cells, with WT CHIKYV, 95’ CSE, or dSL3. We assessed CHIKYV levels by gPCR (Figure

51, Figure S6J), and immunofluorescence (Figure S6K). DDX39A knockdown resulted in

a significant increase in WT CHIKYV infection as well as dSL3; however, this antiviral

effect was lost specifically against the 05’ CSE mutant. We tested whether this was due

to a loss of cytoplasmic localization of DDX39A upon infection with the 05’ CSE virus.
Using confocal microscopy, we observed that both the WT and the 05’ CSE mutant lead to
cytoplasmic accumulation of DDX39A (Figure S5L), suggesting phenotypic differences are
not due to different localization of DDX39A. Furthermore, using our biochemical assay we
compared DDX39A binding to either a ~500mer RNA fragment synthesized from either WT
CHIKYV or the 05’ CSE strain that leaves SL3 intact (Figure S6M). We observed decreased
binding of DDX39A to the RNA from 05’ CSE compared to the WT virus (Figure S6N)
further supporting a role for the 5 CSE in DDX39A-dependent restriction. Importantly,

we measured the viral titers of control or DDX39A-depleted cells infected with either WT
CHIKYV or the 05’CSE CHIKYV strain. We found that loss of DDX39A leads to a ~ 200-fold
increase in infection of the WT virus but that DDX39A has no impact on the titers of
05’CSE CHIKYV (Figure 5J). Overall, these data demonstrate that binding of DDX39A to the
CHIKV 5’ CSE is required for antiviral activity.

Some DEAD-box proteins interact with binding partners that increase the specificity for
target RNAs54-68. DDX39A interacts with two RNA binding proteins, CIP29 and ALY/
REF3469 Therefore, we tested if depletion of either of these RNA binding proteins impacts
alphavirus infection and observed that ALY/REF but not CIP29 has activity against CHIKV
(Figure S8A) and SINV (Figure S8B).To determine whether ALY/REF works through
interferon, we stimulated control and ALY/REF-depleted cells using poly(l:C) and we
observed that ALY/REF has no effect on IFNB1 (Figure S8C) or IFIT1 levels (Figure S6D).
Next, we tested if the antiviral activity of ALY/REF is dependent on IFN signaling. Thus, we
pretreated cells with Ruxolitinib, and we observed that ALY/REF is antiviral in both vehicle
and Ruxolitinib-treated cells (Figure S8E), confirming an IFN-independent phenotype as we
observed with DDX39A. Next, we evaluated whether DDX39A and ALY/REF interact and
potentially cooperate to control CHIKYV infection. For these studies, we used a proximity
ligation assay (PLA) to reveal interactions. As expected, we observed that under basal
conditions, there is a strong nuclear PLA signal between DDX39A and ALY/REF (Fig S8F).
As controls, we tested whether DDX39A interacts with an unrelated DEAD-box helicase
DDX24 or GAPDH (Figure S8F) and found little interaction. Next, we challenged the cells
with CHIKYV and found that DDX39A and Aly/REF interact in the cytoplasm (Figure S8F,
S8G). These results suggest that ALY/REF and DDX39A interact in the cytoplasm during
CHIKYV infection and likely cooperate to inhibit alphavirus replication.

DISCUSSION

Innate immune defense begins with the recognition of viral RNA by cellular sensors
and the induction of antiviral effector pathways including the IFN pathway2%. However,
many viruses have evolved mechanisms to evade and dampen interferon-dependent
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responses?2-25.70-72 Therefore, additional RNA binding proteins likely play roles in
antiviral defenses outside of canonical interferon pathways. Key players at the host-pathogen
interface, DEAD-box helicases are a conserved family of RNA binding proteins that bind
RNA structures rather than sequences to regulate RNA metabolism26:30:33 While several
DDXs inhibit viral replication by stimulating the IFN pathway, few RNA helicases have
antiviral activities independent of IFN31:32.73.74 Using screening approaches, we identified
DDX39A as antiviral against diverse Old and New World alphaviruses, but not against other
positive or negative sense viruses, suggesting a direct effect. DDX39A controls infection
independent of IFN signaling at the earliest stages of RNA replication. Biochemically we
found that DDX39A binds a conserved RNA secondary structure and that binding the
conserved 5’CSE RNA structure is required for DDX39A antiviral activity. Thus, DDX39A
represents a class of antiviral effectors that recognize viral RNA structures to control
infection outside of interferon pathways overcoming the virally encoded antagonism of this
pathway.

Given their limited genetic space, RNA viruses have evolved complex RNA structures to
regulate various aspects of their life cycles1%75-79, In the evolutionary arm-race between
innate defense factors and viral evasion mechanisms, many restriction factors target
evolutionarily conserved viral RNA features including the dsRNA intermediate produced
during replication of all RNA viruses?1:80_ he DEAD-box helicase family is increasingly
reMany alphavirus RNA structures have been characterized including packaging signals
which direct encapsidation of the viral genomel®. Interestingly, while every alphavirus
contains a packaging signal, this signal is divergent between CHIKV and SINV or
VEEV10.16.81 The most highly conserved structure across alphaviruses is the 5’ CSE9:82,
We demonstrate that DDX39A physically interacts with this structure on CHIKV RNA
and disrupts its replication. The 5’CSE is important for replication events including the
synthesis of both plus and minus strands by the viral replicase complex, and is essential,
as deletion viruses are not viable, although the exact mechanism is unknown83. DDX39A
attenuates early steps in viral replication including the production of dSRNA intermediates
and negative strand antigenome copies. DDX39A and other RNA helicases have multiple
activities including ATPase and helicase activity®®, which enable them to unwind RNA
structures and remodel RNA-protein complexes in the presence of target RNA84-86, Since
mutations that disrupt the structure of the 5’CSE render CHIKYV insensitive to DDX39A
antiviral activity, this supports a model in which DDX39A binds to the CHIKV 5’CSE and
either sequesters it away from the viral replication complex or alternatively, remodels the
CSE to hinder its recognition by the viral replicase.

We found that DDX39A accumulates in the cytoplasm during infection with CHIKV.
Subcellular localization of proteins clearly alters function, and viral infection can induce
large-scale changes in protein localization31:3246:55.87-89 et the mechanisms underlying
these changes remain unknown. As an mRNA export protein, DDX39A normally shuttles
between the nucleus and cytoplasm to deliver cargo using a CRM1-independent pathway®®.
A cytoplasmic function for DDX39A has not been previously described. Here, we show that
while DDX39A is predominantly nuclear basally, CHIKV infection leads to a redistribution
of DDX39A to the cytoplasm and this is dependent on alphavirus replication. Like other
DDX helicases’2, DDX39A interacts with additional RNA binding proteins to facilitate
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function89 and we found that the known DDX39A binding partner ALY/REF controls
alphavirus infection and interacts with DDX39A in the cytoplasm suggesting that DDX39A
this complex inhibits CHIKYV infection. Mechanistically, DDX39A impacts early steps in
viral replication when a small amount of viral RNA is present, suggesting that either the
basal cytoplasmic pool of DDX39A is sufficient to restrict the limited amount of viral RNA,
or the initial translocated protein is sufficient to restrict replication but difficult to detect

by low sensitivity immunoblot. We also found that the mutant virus that is insensitive to
DDX39A also promotes the accumulation of DDX39A in the cytoplasm, suggesting that
binding to the region alone does not drive cytoplasmic accumulation. Two well-established
RNA foci include stress granules and P-bodies, which play roles in translational arrest

and RNA decay 49-51. We found that while CHIKYV infection induces these structures,
DDX39A does not colocalize with these RNA granules suggesting distinct activity. Future
studies will assess the composition of these foci along with which cellular signals or aspects
of CHIKYV replication are required for DDX39A relocalization. Moreover, defining the
differential interactions of DDX39A with proteins, RNAs, or signaling pathways that alter
the posttranslational modification of DDX39A may uncover additional regulation. Because
the cytoplasmic accumulation of DDX39A during CHIKYV infection is not colocalized with
dsRNA replication foci or stress granules, we suggest that DDX39A binding of alphavirus
genomic RNA sequesters this RNA away from replication machinery, thereby attenuating
infection.

DDX39A has a close paralog DDX39B. Indeed, though conserved in all three domains of
life, DExD box helicases have expanded in part by gene duplication, resulting in many
members with closely related paralogs®. While paralogs can functionally compensate for
each other, the specific functions and the evolutionary advantage behind the diversification
of paralogues remain poorly understood32:91-93 While either DDX39A or DDX39B can
rescue the yeast Sub2 mutant, in human cells, DDX39A, and DDX39B play nonredundant
roles in splicing, circRNA, mRNA export, and even cancer3*94-99, Similarly, other closely
related paralogs such as DDX3X and DDX3Y (92% identical) have distinct biochemical
properties®. Here, we found that while DDX39A controls alphavirus infection, DDX39B
is dispensable even though both helicases have similar expression and localization®6:95:101,
Sequence divergence between DDX39A and DDX39B occurs outside the helicase core,
which may explain the distinct binding affinities for RNA substrates®6:192, How these two
factors are divergently regulated is unclear, but we suggest that one driver of paralogs may
include antiviral responses and future studies will explore this more directly.

The DEAD-box helicase family is increasingly recognized as an important pool of antiviral
effectors that directly bind viral RNAs. These are well suited for this role as they can bind
to conserved structural features. Indeed, viruses readily evolve different sequences while
maintaining the structural motifs required for viral replication. Moreover, DDX proteins
regulate diverse facets of RNA metabolism and thus can be highly regulated at the cell
biological levell03, We suggest that there may be a stress-induced program that regulates a
subset of DDXs to expand their functions. Of note, these functions can be either proviral or
antiviral depending on the virus or even cell type and both proviral and antiviral activities
have been described in the same helicase31:35:104-114 |ndeed, while we found that DDX39A
restricts alphaviruses other studies found that DDX39A can promote VSV infection in
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HEK?293 cells3®. Therefore, a better understanding of the stimuli and mechanisms that

drive these changes will further our understanding of how these proteins achieve functional
specificity in the context of viral infections. There are many paralogs that have evolved in
the DDX family, and we have shown differences in antiviral function. How and why this
family has expanded may also provide additional insight into the new functions required

by distinct organisms. While DDXs bind structural features, the determinants of these
interactions are poorly understood. Our work defines an essential interaction between a host
RNA binding protein and a conserved viral RNA structure highlighting the potential for
structure-based antivirals. A better understanding of the DDXs that control infection and the
structures they target will better characterize the interface between viruses and hosts and
define the mechanisms by which DDXs interact with RNA. With many DEAD-box helicases
dysregulated in cancers, autoimmune diseases, and other pathological conditions, continuing
to define RNA features recognized and modified by DEAD-box helicases will be important
for the development of therapeutics beyond viral infections19-117,

Limitations of the study

Our results demonstrate that DDX39A binds CHIKV RNA at the 5’CSE, and that viruses
mutated in this structure are no longer sensitive to DDX39A restriction. However, we

have not demonstrated how this interaction blocks viral replication. Furthermore, while

we have shown that the 5’CSE structure is dispensable for CHIKV-induced relocalization,
we have not identified the CHIKV-induced molecular signal that drives this cytoplasmic
accumulation. Lastly, while we found that DDX39A binds cellular RNA with GC-enriched
motifs, we could not correct for overall gene expression, thus future studies will define how
this binding impacts RNA function.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells and viruses: U20S, A549, BHK-21, Vero, HeLa, and HEK293T cells were
obtained from ATCC and maintained at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% FBS, L-Glutamine (Gibco) and penicillin/
streptomycin (Gibco). All cell lines were confirmed to be mycoplasma negative. CHIKV
(strain Ross) was provided by Dr. David Weiner (University of Pennsylvania). VSV-
enhanced GFP (VSV-eGFP) was a gift from J. Rose (Yale). CHIKV 181/25 WT, CHIKV
181/25 9CSE, CHIKV 181/25 dSL3%, SINV-mKate (strain Girdwood) and VEEV (TC-83
strain) were obtained from M. Heise. Rift Valley Fever (RVFV, strain MP12) was a gift from
Dr. Michael Diamond (Washington University in St. Louis). O’nyong’nyong (ONNYV, strain
SG650) was a gift from Dr. Thomas E. Morrison (University of Colorado). Viruses (CHIKV
Ross, ONNV, RVFV, SINV-mKate, VEEV) were propagated in C636, CHIKV (181/25 WT,
dCSE, and 0SL3) in Vero CCL81 and (VSV-eGFP) in BHK cells as described!1?. Viral
titers, represented as pfu/mL were determined by plaque assay or tissue culture infectious
dose (TCIDsg) using Vero E6 cells or BHK cells.

METHODS DETAIL

Transfections: U20S cells were transfected with siRNAs using HiPerfect reagent
(Qiagen) with a final sSiRNA concentration of 20nM for U20S and 30nM for HeLa and

for A549 cells following the manufacturer’s protocol for forward transfections. Unless
specified, pooled siRNAs were used for all experiments. siRNAs for DDX39A, IFIT1, ALY/
REF, CIP29, and DDX39B and controls were obtained from Ambion (SilencerSelect) or
Sigma. AllStars Hs Cell Death siRNA (Qiagen #1027299) was used to verify knockdown

in each experiment before infection. Transfection of DDX39A was performed with Viafect
(Promega) according to the manufacturer’s protocol.

Cytokines and inhibitors: Human interferon p (IFNB) was purchased from Stem Cell
Technologies, resuspended in phosphate-buffered saline (PBS), and used at 10 ng/mL.
Ruxolitinib (JAK/STAT inhibitor) was purchased from Selleck Chemicals and added 2h
prior to infection. Poly (I:C) (polyinosinic: polycytidylic acid) was used at 10pg/mL.
Mock and untreated controls were “stimulated” with the appropriate vehicle at the volume/
concentration used for the given experiment and reagent concentration.

High-throughput RNAi screening and analysis: Pooled siRNAs (Dharmacon)
targeting 42 human DEAD-box helicases were spotted in each well of a 96-well black tissue
culture-treated plate. HiPerfect diluted in Opti-MEM was added to each siRNA-containing
well (final sSiRNA concentration 20nM). U20S cells (10,000/70pL) were then added and
cells were incubated for 3 days at 37°C, 5% CO,. CHIKV (Ross strain 0.1) was then
dispensed into each well, followed by 24h incubation. Cells were then fixed with 4%
formaldehyde in PBS at room temperature, washed, and stained with anti-CHIKV (ATCC
V-548-701- 438 562) for viral protein and Hoechst 33342 for nuclei. The cells were imaged
at 10x (ImageXpress Micro, Molecular Devices) with nine sites per well in a 96-well

plate. The number of infected cells and total nuclei per site were quantified using the
MetaXpress software (Cell scoring). Percentage of Control [POC = (%Infectionsampie sirna/
Average %lInfectiongontrolsirnas) 100] and Z-scores [Z = (%oInfectiongample sirna — Average
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%Infectiongontrolsirnas) / Standard Deviation %lnfectiongonirolsirnas] Were calculated with
the Spotfire software (PerkinElmer).

Immunofluorescence, automated imaging and analysis: Briefly, cells were
transfected for 3 days with siRNA in a 96-well black tissue culture-treated plate using
HiPerfect. Cells were then infected with SINV-mKate, VSV-GFP, VEEV, ONNV, or CHIKV
(Ross or 181/25 strains) at the indicated MOIs, U20S cells infected with SINV-mKate

and VSV-GFP were fixed, washed with PBS and stained with Hoechst 33342. CHIKV

and VEEV-infected U20S cells were stained with anti-CHIKV (ATCC V-548-701-438
562) and anti-VEEV (ATCC V-532-711-562) primary antibodies, respectively, followed by
incubation with anti-mouse Alexa488 and Hoechst 33342. The cells were imaged at 10x
(ImageXpress Micro, Molecular Devices) with nine sites per well. The number of cells

and the number of infected cells were measured using MetaXpress software (Cell Scoring
Module) and the percentage of infected cells was calculated.

Generation of DDX39A U20S knockout cell line by CRISPR/Cas9: DDX39A-
deficient U20S cells were generated using CRISPR/Cas9 technology. A

single guide RNA (sgRNA)-targeting DDX39A was cloned into a Cas9-

expressing lentiviral transfer vector (lentiCRISPRv2)120, The oligonucleotides for

SgRNAs were as previously described:5’-CACCGCAGCAGATTGAGCCTGTCAA-3;
5’AAACTTGACAGGCTCAATCTGCTGC-3"3. The plasmid was digested with BsmBl
(Thermo #ER0451) and ligated and annealed oligonucleotide (DDX39A-sgRNA). The
lentiCRISPRV2 plasmid was cotransfected into HEK293T cells with packaging vectors
pCMV-VSV-G (Addgene) and psPAX2 (Addgene) using Lipofectamine 2000 (Invitrogen
#11668027). One day after transfection media was changed, and two days after transfection,
the viral supernatant was harvested and stored at —80°C. U20S cells were transduced with
virus supernatant containing 10 ug/mL polybrene for 48h and selected with 1.5 mg/ml
puromycin. Single cell clonal populations were generated and DDX39A levels quantified via
immunoblot.

RNA isolation, reverse transcription and quantitative reverse transcription
PCR: Cells were lysed in TRIzol, and RNA was extracted using on-column purification
(Zymo Research #R1018) with DNase | treatment (Zymo Research #E1010). The
concentration of the RNA was then determined, and cDNA was generated from

random hexamers primers to prime reverse transcription reactions with Moloney murine
leukemia virus (M-MLV) reverse transcriptase (Ambion). The qPCR was performed in
triplicate with the diluted cDNA using a SYBR-based (ThermoScientific) gPCR assay on
AppliedBiosystems equipment with Ta=60. Relative quantification was calculated according
to the AACt method!21 by normalization to the GAPDH loading control. Antigenome
quantification was performed using strand-specific reverse transcriptionl?2, gPCR was
performed with antigenome-specific primers. A standard curve was generated from a gBlock
amplicon encoding 133 bp (IDT). A standard gPCR curve for antigenome (=) copy number
was generated from a gBlock amplicon-based of 10-fold serial dilutions starting at 108 DNA
copies and antigenome-specific gPCR primers.
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Viral cycle assays: Viral spread was assayed by infecting control or DDX39A-depleted
cells for 4h with CHIKV, MOI 0.5 followed by the addition of 20 mM NH4CI. Cells were
lysed in TRIzol 20hpi and RNA was isolated for RT-gPCR as described above. The effect
of DDX39A on entry was determined by infecting control and DDX39A -depleted cells with
CHIKYV, MOI 20 in the presence of 10 pg/mL cycloheximide (CHX) for 4h. Cells were then
washed with PBS to remove unbound virus and then incubated in 0.25% trypsin-EDTA to
remove bound but not internalized virus. Trypsin was neutralized with media and cells were
collected and then lysed in 1 mL TRIzol for downstream RNA isolation.

Viral time course: Control and DDX39A-depleted cells were synchronously infected with
CHIKYV, MOI 10 by allowing viruses to bind at 4°C for 1h. Cells were washed twice with
PBS to remove unbound virus, complete culture media was added, and incubated at 37°C.
At each time point, samples were washed with PBS and collected in TRIzol for downstream
RNA extraction and qPCR analysis.

dsRNA accumulation assay: Control and DDX39A-depleted cells were plated on a
glass coverslip in a 24-well plate and infected with CHIKYV, MOI 10 for 4h. Cells were

then fixed with 4% formaldehyde, washed with PBS then processed for immunofluorescence
staining with J2 antibody to measure dsRNA accumulation and Hoechst (#33342) to stain
nuclei. Following PBS-T washes, secondary antibody treatment was done for 1h at room
temperature. Following staining, coverslips were mounted onto glass slides with Vectashield
(\Vector Laboratories) and then imaged with Leica DM5500A confocal microscope. Images
were imported in MetaXpress (Molecular Devices) software and quantified with the
granularity module as previously described123,

Immunoblots: For whole-cell analyses, cells were lysed in RIPA buffer, sonicated for 15
sec at 20% 3 times, and centrifuged for 10 minutes. Nuclear and cytoplasmic fractionation
was performed following the manufacturer’s instruction (CST #9038). Briefly, cells were
collected by trypsinization, and the cell pellet was resuspended in CIB buffer with

protease inhibitors, vortexed, and incubated on ice for 5 minutes. After centrifugation,

the supernatant was removed to obtain the cytoplasmic fraction. The pellet containing the
nuclei was resuspended in CyNIB buffer supplemented with protease inhibitors and lysed
after sonication for 5 sec at 20% power 3 times. Protein levels were quantified using the
BCA Protein Assay (ThermoScientific) and equal amounts of protein were boiled in SDS
buffer at 95°C. Samples were run on Tris-glycine SDS-PAGE gels and transferred to PVDF
membranes (Immobilon) for western blot detection. Blots were exposed with ECL reagents
(GE Healthcare) or SuperSignal West Femto (Thermo Fisher) and imaged with a CCD-based
detection system (Amersham).

UV-inactivation of CHIKV: Virus was spread on a 60 mm? tissue culture dish and
exposed to 1200 pJ x 100 of 254 nm UV light using a Stratalinker 2400 five times.

The UV-inactivated virus was then placed in a new tube. Equivalent volumes of WT and
UV-inactivated viruses were used for downstream studies.

Confocal microscopy: Cells on glass coverslips were fixed with 4% formaldehyde
and washed twice with phosphate-buffered saline (PBS) before blocking was performed
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for 30 min in PBS containing 1% Triton X-100 (PBS-T), 2% bovine serum albumin

(BSA), and 0.02% sodium azide. Primary antibody in block buffer was added at room
temperature for 1h. For the DDX39A localization experiment, the blocking buffer and
antibody dilution buffers also had 0.1% saponin. Following three PBS-T washes, secondary
antibody treatment was done for 1h at room temperature. Coverslips were then mounted
with Vectashield (Mector Laboratories) and imaged using a 63x objective lens with a Leica
DM5500A confocal microscope. Colocalization analysis of CHIKV-infected U20S cells
stained with DDX39A, J2(dsRNA), and Hoechst (nuclei) was performed using Coloc2 in
Fiji. J2+ cells and nuclei were outlined using the polygon drawing tool and subtracted. The
colocalization was determined on a single cell level between J2 and cytoplasmic DDX39A
for 4 different experiments (>22 cells/experiment), the Costes randomizations were set to 10
and Pearson’s coefficient was calculated.

Viral titer quantification: Control or DDX39A-depleted U20S cells were infected with
CHIKY at the indicated MOIs. At 4hpi, cells were washed with PBS, and media was
replaced. Supernatant was collected at 24 hpi. Serial 10-fold dilutions of supernatants were
used to infect either BHK or Vero E6 cells for tissue cultures infective doses (TCIDsgp)
analysis using the Reed and Muench method 124,

RNA-immunoprecipitation with gPCR (RIP-gPCR): U20S cells were infected with
CHIKYV, MOI 5, and 24hpi, cells were trypsinized, resuspended in Hank’s Balanced Salt
Solution (HBSS) (GIBCO), and subjected to ultraviolet crosslinking. Cells were then lysed
in Buffer A (30mM Hepes pH 7.4, 2mM MgOAc, 0.1% NP40) and 150 mM KOAc
supplemented with fresh RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen),
PMSF and protease inhibitor cocktail (Sigma). Cell lysates were precleared by incubation
with Protein A/G Agarose beads at 4 °C for 1 h with rotation. 10% of lysate was saved for
input analyses of protein and RNA. The cell lysates were then incubated with Protein A/G
Agarose beads and specific antibodies or rabbit 1gG control overnight at 4 °C with rotation.
Beads were then washed with Buffer A and 150mM KOAc, eluted with 0.2 M glycine pH
2.5, and neutralized with 1 M Tris pH 9. TRIzol was used to extract RNA. 5% of the washed
beads were boiled in SDS loading buffer and analyzed by western blotting. Abundance of
transcripts bound by DDX39A/DDX39B, or rabbit 1gG control was analyzed by RT-gPCR
relative to input.

In vitro RNA synthesis: Templates containing a T7 promoter were generated with

the high-fidelity Phusion enzyme (NEB) from either uninfected U20S cDNA (MAVS,
DDX24) or cDNA generated from purified CHIKV RNA as follows: Peak 1 (nucleotides
1-517, overlaps the SL3 70-156 and the 5’CSE 165-216 structures), Peak 2 (nucleotides
1949-3131, overlaps a stem-loop 2276-2304, and the packaging signal 2501-3079),
Region 1 (nucleotides 7049 —7525) and Peak 3 (nucleotides 7565-8050) (Table S6).
After confirmation of the products by agarose gel electrophoresis and sequencing, /in
vitro RNA synthesis was performed using T7 MEGAScript Kit (AM1334). RNA products
were biotinylated using ThermoScientific’s 3’ Biotinylation Kit (20160) according to the
manufacturer’s protocol. After purification of the biotinylated RNA, biotinylation was
confirmed by Streptavidin dot blot using Streptavidin-HRP antibody (CST #3999).
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Biochemical RNA affinity pulldown: Dynabeads Streptavidin C1 (Invitrogen #65001)
were washed with Solution A (0.1 M NaOH, 0.05 NaCl) and Solution B (0.1 M NaCl)

and then resuspended in Wash and Binding (W&B) buffer (10 mM Tris-HCI pH 7.5, 1ImM
EDTA, 2M NaCl) according to manufacturer’s instructions. Beads were then incubated
with equal concentrations of biotinylated RNAs for 30 minutes at room temperature with
rotation. Conjugated beads were then washed twice with W&B buffer and then equilibrated
with Protein-RNA Binding Buffer (Thermo Scientific #20164). HEK293T cells transfected
with DDX39A (PLX304-DDX39A from DNASU) for 24h and then cells were lysed in
RIPA buffer. Protein levels were assessed via BCA assay and 150 pug of lysate was added
to each condition. The protocol was adapted from the Pierce Magnetic RNA-Protein Pull-
Down kit (Buffer (Thermo Scientific #20164). Briefly, beads were incubated with 150

ug protein from cell lysate, protein-RNA binding buffer, 50% glycerol, and RNaseOUT
Recombinant Ribonuclease Inhibitor (Invitrogen) for 4h at room temperature with rotation.
For competition assays, cell lysate was supplemented with excess non-biotinylated RNA.
Beads were then washed three times washed with Wash Buffer (Thermo Scientific #20164)
supplemented with NaCl (final concentration 500mM). Beads were then resuspended in
RIPA buffer and boiled in SDS. The samples were then analyzed by immunaoblot.

CLIP-Seq: Cross-linking and immunoprecipitation (CLIP-seq) of DDX39A was performed
using a modified protocol 3158, Briefly, U20S cells were plated in a 15-cm dish and infected
with CHIKV (MOI, 5) for 20h. Cells were then trypsinized resuspended in HBSS and
subjected to ultraviolet crosslinking. Cell lysates were then prepared in a DNase-free PMPG
buffer and treated with Rnase T1. Samples were immunoprecipitated with anti-DDX39A
(Proteintech #11723-1-AP) or rabbit 1gG control (Bethyl # P120-201) antibodies bound

to Dynabeads protein A beads (Thermo #10002D). A 32P-labeled RNA adapter was then
ligated to the 3"end of RNA, and samples were then size-selected by running them on an
SDS-PAGE gel and transferred to a nitrocellulose membrane. A 5" RNA adapter with a
degenerate barcode was ligated to the extracted RNA and samples were reversed transcribed
and amplified by PCR using primers with specific indexes to allow for demultiplexing of
samples following sequencing. Samples were pooled and sequenced on Illumina HiSeq at
the University of Pennsylvania Next Generation Sequencing Core.

CLIP-Seq bioinformatics: Sequencing results were generated for three independent sets
of infections and immunoprecipitations. Raw FastQ reads were trimmed using Cutadapt2®
and Trimmomatic126 and then collapsed exact duplicates using fastq2collapsel?’. Reads
were aligned to a composite genome composed of the full human genome (hg38) and of the
CHIKYV genomic sequence (Ross strain; GenBank accession no. AF490259.3). To exclude
cross-contaminating signals from our analysis of viral reads, reads aligned to the CHIKV
genome were filtered to exclude any reads that matched in sequence, barcode, and mapping
location between samples within each replicate. We used deeptools’ multiBamSummary and
plotCorrelation (Spearman analysis) to confirm a correlation between replicates and merged
samples to generate coverage plots'28:129, Using deeptools’ bamcompare, we subtracted
background reads from our Rb IgG control and normalized to counts per mapped reads
(CPM) and relative viral genome abundance, as described in figure legends. We obtained
host transcripts bound by DDX39A using the featureCounts function of the Rsubread
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package and used a cutoff of 10 reads in all replicates for further analysis into biotypes.
We used samtools to assess read counts for various stages of data processing®30. For
motif analyses, RNA sequencing reads from three independent replicates of DDX39A
and 1gG (control) pulldowns were aligned to the hg38 genome using STAR 2.7.10a131,
Preprocessing, realignment, and peak calling of BAM files was performed with CLAM
1.2.59 using the “—read-tagger-method start” arguments and the gencode version 109
annotation file. HOMER v4.11%0 was used to identify motifs enriched in these peaks
using the arguments “-rna -len 5,6,7 -p 20 -size 100 -S 10”. Analyses were run on the
Penn Medicine Academic Computing Services High-Performance Computing System, and
results were visualized in R (v 1.4.1106) and IGV (v 2.9.2). Figures were generated in

R. Samtools!30 was used to generate the CLIP-Seq read coverage on the CHIKV genome
(Table S2).

Proximity ligation assay (PLA): PLA was performed on formaldehyde-fixed U20S
cells either mock uninfected or infected with CHIKV Ross (MOI 1.5, 20h) using the
Duolink PLA technology probes and reagents following the manufacturer’s instructions
(Sigma-Aldrich). First, U20S cells were permeabilized with DPBS + Triton X-100 0.2% for
10 min at room temperature followed by blocking in Duolink Blocking Buffer for 60 min

at 37°C. Pairs of antibodies of different species were then added to each sample for 2 h at
37°C. Coverslips were then washed twice for 5 min with Wash Buffer A and then incubated
with the anti-rabbit PLUS and anti-mouse MINUS PLA probes for 1h at 37°C. For technical
controls, only one antibody was added to each coverslip. Coverslips were washed twice

for 5 min with Wash Buffer A, and then the two oligonucleotides within the PLA probes

are ligated by incubating with the Duolink ligase for 30 min at 37°C. After two additional
washes, rolling circle amplification is performed by incubating with the polymerase in the
kit for 100 min at 37°C. Coverslips were washed twice with Wash Buffer B for 10 minutes,
then with 0.01X Wash Buffer B for 1 min followed by incubation with blocking buffer
(PBS with 1% Triton X-100, 2% bovine serum albumin and 0.02% sodium azide) for 30
min. Coverslips were then incubated with anti-CHIKV (ATCC) antibodies overnight at 4°C,
washed with PBS-T, and treated with secondary antibody for 1h. Coverslips were then
mounted with Vectashield and imaged using a 63x objective lens using the Leica DM5500A
confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assigned when p values were < 0.05 using Prism Version 8
(GraphPad). All statistics performed on fold change data were log, transformed prior to
analysis. Each dot represents an individual experiment. The specific tests and numbers of
experiments are indicated in the Figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. DDX39A is antiviral against alphaviruses independent of the interferon
pathway
. Infection with Chikungunya leads to cytoplasmic accumulation of DDX39A
. DDX39A binds to a conserved RNA structure on the alphavirus genomic
RNA

. Aided by ALY/REF, DDX39A binds this structure to control infection
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Figure 1. DDX39A is an antiviral against alphaviruses.
(A) Human U20S cells were transfected with 42 siRNAs targeting human DDXs and

infected with chikungunya (CHIKV, MOI 0.1, 24h). Cells were fixed and immunostained
(infection, anti-CHIKYV, and nuclei, Hoechst 33342). Automated imaging and image analysis
were used to quantify cell number and percent infection. (B) Z-scores were graphed after
removing cytotoxic candidates (Z<-2); 3 antiviral DDXs with a Z>1.5 are highlighted in
purple, with DDX39A in turquoise. DDX39B is shown in blue. (C) Representative image

of control, DDX39A, and IFIT1-depleted cells infected with CHIKYV at the indicated MOls
for 24h and immunostained (nuclei, blue and infection, green). Magnification 10x; Scale bar
200 pm. Infection levels were quantified by (D) automated microscopy or by (E) reverse
transcription-PCR (gPCR) for viral RNA. (F) Control or DDX39A-depleted U20S cells
were infected with CHIKYV, and viral titers (median tissue culture infectious dose (TCIDsgg))
were quantified 24hpi. (G) DDX39A~ U20S were generated using CRISPR/Cas9 and
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infected with CHIKV (MOI 0.5, 24h). CHIKV RNA was measured by qPCR. (H-I) Control,
DDX39A, and DDX39B-depleted U20S cells infected with CHIKYV for 24h at (H) the
indicated MOls or at (I) MOI 0.5. Infection levels were quantified by (H) automated
microscopy or by (1) gPCR for viral RNA. (J-M) Control and DDX39A-depleted U20S cells
were infected with (J) SINV (MOI 0.1, 24h), (K) VEEV (MOI 0.0005, 24h), (L) ONNV
(MOI 0.005, 24h), (M) CBV (24h) at the indicated MOIs and infection was quantified by
(J-L) RT-gPCR or (M) automated microscopy. (N-M) Control and DDX39A-depleted A549
cells were infected with (N) hCoV-229E (MOI 1.2, 24h), (O) hCoV-OC43 (MOI 1, 24h),
and infection was assessed by qPCR. (P) Control and DDX39A-depleted cells were infected
with VSV (MOI 1, 16h), and viral RNA was quantified by RT-qPCR. Data are presented

as fold change vs. control (siCon) in (E, I-L). Dots represent individual knockdown
experiments. GAPDH was used as a loading control gene for all g°PCR experiments unless
otherwise noted. Statistical analyses were performed using Student’s (unpaired, two-tailed)
ttest (G, J, K, L, N, O, P), multiple unpaired t-tests (F), one-way ANOVA with Bonferroni
corrections for multiple comparisons (E, 1), two-way ANOVA with Bonferroni correction for
multiple comparisons (D, F, H, M). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; error
bars represent S.E.M.
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Figure 2. DDX39A is antiviral independent of the interferon pathway.
(A) U20S cells were stimulated with poly (1:C) or infected with CHIKYV at the indicated

MOls. /FIT1 levels were assessed by qPCR relative to uninfected vehicle control. (B-C)
Levels of DDX39A or IF/T1 were measured by (B) gPCR for mRNA levels and by (C)
immunoblot. A representative immunoblot image is shown. (D) U20S cells were infected
with SINV-mKate (MOls 0.1,1,5), CHIKV (MOls 0.1,1,3) or SeV (100 and 500 HAU/

mL), and levels of DDX39A were assessed by gPCR compared to mock uninfected cells

(E) Representative immunofluorescence image of U20S cells pretreated with vehicle or
Ruxolitinib (10 uM) for 2h and stimulated with IFNB (10 ng/mL) for 6h, and immunostained
(nuclei, Hoechst 33342 in blue and IFIT1+ cells in green). Magnification 10x; Scale bar 200
um. (F) Percent IFIT1+ cells were calculated with automated microscopy. (G) Control or
SIRNA depleted-DDX39A, and (H) DDX39A™* or DDX39A~ U20S cells were pretreated
with vehicle or Ruxolitinib (10 uM) and infected with CHIKV (MOI 0.5, 24h). Levels of
viral RNA were measured by qPCR. Data are presented as fold change vs. vehicle-treated
cells (A, B, F, G, H). Dots represent individual knockdown experiments. Immunoblots

were performed in duplicate, n=3 for all other experiments as indicated. GAPDH was used
as a loading control gene for all gPCR experiments. Beta-Actin was used as a loading
control for all immunoblots as indicated. Statistical analyses were performed using one-way
ANOVA with Bonferroni corrections (A, D), two-way ANOVA with Bonferroni corrections
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for multiple comparisons (B, E, G, H) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; error
bars represent S.E.M.
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Figure 3. DDX39A accumulates in the cytoplasm upon infection with CHIKV.
(A) Mock uninfected and CHIKV-infected U20S cells (MOI 3, 20h) were fixed, stained

(anti-DDX39A in green, anti-CHIKYV in red, and nuclei, Hoechst 33342 in blue), and
imaged with confocal microscopy, n=2; an inset is shown for an uninfected and a CHIKV-
infected cell. Magnification 63x; Scale bar 25 um. (B) Mock and CHIKV-infected U20S
cells MOI 5 were subjected to nuclear-cytoplasmic fractionation at the indicated time points.
Representative blots are shown, n=4. (C) U20S cells were infected with CHIKV MOI 5

or UV-inactivated CHIKYV for 24h and subjected to nuclear-cytoplasmic fractionation at the
indicated time points. Samples were immunoblotted with DDX39A or CHIKV EL1 protein.
Beta-Actin, histone H3/Lamin B1, and GAPDH were used as loading or fractionation purity
controls, respectively. Representative blots are shown, n=3.
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Figure 4. DDX39A controls early steps in CHIKV RNA replication.
(A) Control and DDX39A-depleted U20S cells were infected with CHIKV (MOI 20,

4h) in the presence of cycloheximide followed by removal of extracellular virions and
quantification of intracellular viral RNA by gPCR. (B) Control and DDX39A-depleted
U20S cells were infected with CHIKV (MOI 0.5, 4h), followed by the addition of
vehicle or ammonium chloride (NH,4CI) for 24h. CHIKV RNA was assessed by qPCR.
(C) Control and DDX39A-depleted U20S were infected with CHIKV (MOI 5, 1h at
4°C), washed, and incubated at 37°C. CHIKV RNA levels were quantified by gPCR

at the indicated time points. Data are expressed as fold change relative to control at 0

hpi. (D) Control or DDX39A-depleted cells and (E) DDX39A* or DDX39A~~ U20S
cells were infected with CHIKV (MOI 0.1, 8h) and (=) strand (antigenome) specific
RT-gPCR was performed. (F) Control and DDX39-Adepleted cells were infected with
CHIKV (MOI 10, 4h) and dsRNA/J2+ puncta were detected by immunofluorescence
(nuclei, Hoechst 33342 in blue and dsRNA, anti-J2 in green). Magnification 63x; Scale
bar 10 um. (G) The number of puncta per infected cell was quantified by MetaXpress
(granularity) in >67 cells per experiment in two independent experiments. (H) U20S cells
were infected with CHIKV (MOI 10, 8h) and stained with J2 (dSRNA, red), DDX39A
(green), and Hoechst (nuclei, blue). Stars indicate colocalization. (I) Colocalization was
assessed for J2 puncta and cytoplasmic DDX39A for 4 experiments (>24 cells/experiment)
using the Coloc2 plugin in image J. The degree of colocalization was assessed based on
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Pearson cutoffs!18, Dots represent individual experiments, n=3-4 for all experiments unless
otherwise noted. GAPDH was used as a loading control gene for all gPCR experiments.
Statistical analyses were performed using Student’s (unpaired, two-tailed) £test (A, D, F),
two-way ANOVA with Bonferroni corrections for multiple comparisons (B, C) *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001; error bars represent S.E.M.
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Figure 5. DDX39A binds to a conserved stem-loop in the CHIKV genome.
(A-D) U20S cells were infected with (A-B) CHIKV (MOI 3, 20h), (C) VEEV (MOl 1,

20h), and (D) VSV (MOI 3, 16h), UV cross-linked and immunoprecipitated with DDX39A
and rabbit 1gG as shown in immunoblot (A). (B-D) Viral transcripts precipitated with
DDX39A, and with the rabbit IgG control were analyzed by gPCR relative to input.

(E) Graph shows coverage depth of viral reads after removal of RblgG background

reads, normalizing to counts per mapped reads (CPM) and transcript abundance. Viral
proteins and RNAs are shown below the graph according to annotations in Table S3. The
highly enriched 3 peaks are marked with lines; stars emphasize peaks overlapping known
functional structures (orange) or SHAPE-characterized structures (black). (F) Zoomed in
CLIP-seq coverage emphasizing the peaks bound by DDX39A with SHAPE-structures®. (G)
In vitro transcribed RNAs mapping to Peaks 1-3 and Region 1 on the CHIKV genome

and to DDX24and MAVS (Table S5) were biotinylated, incubated with HEK293T cells
transfected with DDX39A, and enriched using streptavidin-conjugated beads. The relative
level of co-precipitated DDX39A onto each fragment was measured by immunoblot. (H)
Schematics of wild-type (WT) parent, and mutated 05’ CSE or dSL3 CHIKYV strains with
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structure-disrupting mutations (Table S4) were generated with biorender based on SHAPE
data®. (1) Control and DDX39A-depleted U20S cells were infected with WT, 85’CSE, and
0SL3 strains of CHIKYV for 24h, and viral RNA was quantified by gPCR. (J) Control and
DDX39A-depleted U20S cells were infected with CHIKV WT and CHIKYV 95’ CSE strains,
and viral titers (TCIDsg) were quantified at 24h. Dots represent individual experiments,
n=3-7 for all experiments. Data represented as fold enrichment relative to input (B, C,

D) and fold change relative to Rb 1gG control. GAPDH was used as a loading control

gene for all gPCR experiments unless otherwise noted. Statistical analyses were performed
using Student’s (unpaired, two-tailed) #test (B, C, D), two-way ANOVA with Bonferroni
corrections with multiple comparisons (1) multiple unpaired t-tests (J). *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001; error bars represent S.E.M.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
DDX39A Proteintech Cat#11723-1-AP
GAPDH Sigma Cat#CB1001
Lamin B1 Abcam Cat#ab16048
Tubulin Sigma Cat#T6199
DDX39B Santa Cruz Cat#sc-271395
Beta actin Santa Cruz Cat#sc-47778
IFIT1 Cell Signaling Technology Cat#D2X9Z
CHIKV E1 Novus Cat# MAB97792
CHIKYV ascites ATCC Cat#V-548-701-562
Histone H3 Abcam Cat#ab18521
J2(dsRNA) Absolute Cat#Ab01299
VEEYV ascites ATCC Cat#\V-532-711-562
IAV NP BEI Resources Cat#NR-4282
Rabbit 1gG Bethyl Cat#P120-201
VSV-M Absolute Cat#23H12
DDX39A Abnova Cat# MAB6576
DDX24 Proteintech Cat# 15769-1-AP
Streptavidin-HRP antibody Cell Signaling Technology Cat#3999
ALY/REF Novus Cat#NB100670
J2(dsRNA) Cherry Lab
DDX39B Proteintech Cat#14798-1-AP
RCK (p54) MBL Cat#PD009
TIAR BD Biosciences Cat#610352

Bacterial and virus strains

Coxsackie B Virus

Carolyn B. Coyne (University of Pittsburgh)

CHIKYV, Ross strain

Dr. D. Weiner (Wistar Institute)

CHIKYV 181/25 WT, 85°CSE, 6SL3

M. Heise (University of North Carolina)

HCoV-0C43 ATCC Cat# VR-1558
HCoV-229E ATCC Cat#VR-740
s , Dr. Thomas E. Morrison (University of
O’nyong’ nyong (SG650) Colorado)( Y -
Dr. Michael Diamond (Washington University
RVFV (MP12) in St. Louis) .
SeV Charles River Cat#10100774
SINV-mKate M. Heise (University of North Carolina) -

VEEV (strain TC-83)

M. Heise (University of North Carolina)

VSV-EGFP

Jack Rose (Yale University)
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REAGENT or RESOURCE SOURCE IDENTIFIER
NEB 5-alpha Competent £. coli NEB Cat#C2988J
Chemicals, peptides, and recombinant proteins
Random Primers Invitrogen Cat#48190011
IFNB STEMCELL Technologies Cat#78113
M MLV Reverse Transcriptase Invitrogen Cat#28025013
SYBR green master mix Applied Biosystems Cat#4368708

Hoechst 33342 Sigma Aldrich Cat#B2261-25MG
HiPerFect reagent Qiagen Cat#301709
TRIzol Life Technologies Cat#15596018
Cycloheximide Sigma Aldrich Cat#01810
Ruxolitinib Invitrogen Cat#tlrl-rux
Poly(l:C)-LMW Invivogen Cat# tlrl-picw
Critical commercial assays
Dynabeads Streptavidin C1 Invitrogen Cat#65001)
Zymo RNA clean and concentrator 25 Zymo Research Cat#R1018
T7 MEGAScript Kit Ambion Cat#AM1334
Cell Fractionation Kit Cell Signaling Technology Cat#9038
3’ Biotinylation Kit ThermoScientific Cat#20160
Experimental models: Cell lines
Homo sapiens: U20S ATCC HTB-96
Homo sapiens: A549 ATCC CCL-2
Homo sapiens: HelLa S3 ATCC CCL-185
Homo sapiens: HEK 293T ATCC CRL-3216

Mesocricetus auratus. BHK-21

Mesocricetus auratus. BHK-21

Mesocricetus auratus. BHK-21

Cercopithecus aethiops. \fero E6 ATCC CRL-1586
Cercopithecus aethiops. Vero CCL81 ATCC CCL81
Oligonucleotides
Primers for gPCR analysis, see Table S5 This paper -
siRNA sequences, see Table S5 This paper -
Primers for RNA afgglty experiments, see This paper R
Deposited data
Microscope images and blots Mendeley Mendeley ?jztirégls ndzoi: 10.17632/
Recombinant DNA
PLX304-DDX39A plasmid DNASU http://dnasu.org/DNASU/GetCloneDetail.do?

cloneid=440517

lentiCRISPR v2

lentiCRISPR v2 was a gift from Feng Zhang

(Addgene plasmid # 52961; http://n2t.net/
addgene:52961; RRID:Addgene_52961)

PCMV-VSV-G

pCMV-VSV-G was a gift from Bob Weinberg

Addgene plasmid # 8454; http://n2t.net/
addgene:8454; RRID:Addgene_8454
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REAGENT or RESOURCE SOURCE IDENTIFIER
: . P Addgene plasmid # 12260; http://n2t.net/
psPAX-2 psPAX2 was a gift from Didier Trono addgene:12260; RRID:Addgene_12260)
Software and algorithms
. . version 0.32 https://github.com/usadellab/
Trimmomatic (Bolger et al., 2014) Trimmomatic
. version 1.5 https://cutadapt.readthedocs.io/en/
Cutadapt (Martin, 2011) stable/index.html
. version 2.5.2a https://github.com/alexdobin/
STAR (Dobin et al., 2013) STAR
Samtools (Li etal., 2009) version 1.1 http://samtools.sourceforge.net/
. . A . . version 1.141 https://broadinstitute.github.io/
Picard http://broadinstitute.github.io/picard picard/
HOMER (Heinz et al., 2010) Version 4.11 http://homer.ucsd.edu/homer/

CLIP-seq Analysis of Multi-mapped
reads (CLAM)

(Zhang and Xing, 2017)

version 1.2.1 https://github.com/Xinglab/
CLAM

version 2.30.0 https://

Medium containing DAPI

Bedtools (Quinlan and Hall, 2010) bedtools.readthedocs.io/en/latest/
RStudio DeveI-cl)—;?nn;nlﬁc.)rzg%%gﬁs:g,i(i:n(l:r.],t?c:gttgg, MA. 1.4.1106 http://www.rstudio.com/.
MetaXpress Molecular Devices Corporation
version
Deeptools2 (Ramirez et al., 2016) 2.0 https://deeptools.readthedocs.io/en/
develop/content/installation.html
QuantStudio 6 1.3 Applied Biosystems N/A
PRISM 8.4.3 GraphPad Software N/A
Spotfire PerkinElmer N/A
Other
VECTASHIELD Antifade Mounting Vector Laboratories H-1200

Sensitivity

4 NUPAGE 4-12% Bis-Tris Gels Invitrogen Cat# NP0323
Complete EDTA-free protease inhibitor . :
cocktail Sigma-Aldrich Cat# 4693159001
Dynabeads protein A Invitrogen Cat# 10002D
Nitrocellulose membrane GE Healthcare Life Sciences Cat#10600002
SuperSignal * West Femto Maximum Thermo Fisher Scientific Cat# 34095

Lipofectamine 2000

Thermo Fisher Scientific

Cat# 13000008

RNase T1 Thermo Fisher Scientific Cat#AM2294

RQ1 DNase Promega Cat# M6101

SuperSeript 1l Reverse Transcrptese Invitrogen Cat#214351
Accuprime Pfx supermix Invitrogen Cat# 12344040
TURBO DNase Thermo Fisher Scientific Cat#AM2238

ProteinaseK Sigma-Aldrich Cat# 3115828001

T4 Polynucleotide Kinase Thermo Fisher Scientific Cat#EK003

T4 RNA ligase ThermoScientific Cat#00864622
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

T4 Polynucleotide kinase

Biolabs

Cat#MO0201S
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