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Nuclear speckles are non–membrane-bound organelles known as storage sites for mes-
senger RNA (mRNA) processing and splicing factors. More recently, nuclear speckles
have also been implicated in splicing and export of a subset of mRNAs, including the
influenza virus M mRNA that encodes proteins required for viral entry, trafficking, and
budding. However, little is known about how nuclear speckles are assembled or regu-
lated. Here, we uncovered a role for the cellular protein kinase TAO2 as a constituent
of nuclear speckles and as a factor required for the integrity of these nuclear bodies and
for their functions in pre-mRNA splicing and trafficking. We found that a nuclear pool
of TAO2 is localized at nuclear speckles and interacts with nuclear speckle factors
involved in RNA splicing and nuclear export, including SRSF1 and Aly/Ref. Depletion
of TAO2 or inhibition of its kinase activity disrupts nuclear speckle structure, decreas-
ing the levels of several proteins involved in nuclear speckle assembly and splicing,
including SC35 and SON. Consequently, splicing and nuclear export of influenza virus
M mRNA were severely compromised and caused a disruption in the virus life cycle. In
fact, low levels of TAO2 led to a decrease in viral protein levels and inhibited viral repli-
cation. Additionally, depletion or inhibition of TAO2 resulted in abnormal expression
of a subset of mRNAs with key roles in viral replication and immunity. Together, these
findings uncovered a function of TAO2 in nuclear speckle formation and function and
revealed host requirements and vulnerabilities for influenza infection.
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The compartmentalization of the eukaryotic nucleus allows for the physical separation
of functional activities and is closely linked to messenger RNA (mRNA) processing and
maturation steps such as pre-mRNA splicing. We and others have shown that the splic-
ing and trafficking of nascent transcripts in the nucleus are tightly regulated to control
gene expression (1–3). However, despite decades of research, much remains to be
learned about the regulators of RNA processing and nuclear architecture. Importantly,
viruses often hijack compartmentalization and processing of nuclear RNA to promote
the expression of their own genes; thus, the study of virus–host interactions has histori-
cally provided unexpected and critical insight into nuclear structure and function
(2, 4, 5). Equally important to both viral and host mRNA processing are nuclear speck-
les, which are membraneless assemblies that are defined by puncta of nuclear staining
with antibodies to the RNA-binding proteins SC35, SRRM2, or SON (6, 7). Nuclear
speckles are typically considered to be storage sites for splicing factors that traffic to the
nucleoplasm to splice most cellular pre-mRNAs (8, 9). However, there is evidence indi-
cating that a subset of cellular mRNAs are posttranscriptionally spliced at nuclear speck-
les (10). Additionally, mRNA export factors are also enriched at nuclear speckles (11)
and intronless mRNAs traffic through nuclear speckles for nuclear export (12).
We have shown that influenza virus usurps nuclear speckles to splice and export key

viral mRNAs that encode proteins required for viral entry, trafficking, and budding (2).
Influenza virus enters the cell via endocytosis, and the M2 proton channel present in the
viral membrane allows acidification of the viral particle for uncoating and subsequent
release of the eight viral genomic RNA segments (viral ribonucleoproteins or vRNPs) into
the cytoplasm upon viral membrane fusion with the endosomal membrane (13). The
vRNPs are then imported into the nucleus, where they are transcribed and replicated.
Two of the vRNPs (M and NS) are transcribed into M1 and NS1 mRNAs and alterna-
tively spliced into M2 and NS2 mRNAs, respectively. M1 can also be spliced into other
less known isoforms. In addition to being spliced, M1 mRNA (unspliced) is also exported
from the nucleus to be translated into M1 protein, which has a role in mediating vRNP
nuclear export and viral assembly, forming a coat under the viral membrane (13). M2
mRNA encodes the M2 proton channel required for viral entry (13) and assembly
(14, 15), and is also involved in autophagy (16). NS1 mRNA is translated into a major
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virulence factor, NS1 protein, that inhibits antiviral responses,
and NS2 mRNA encodes the NS2 protein (NEP), which medi-
ates vRNP nuclear export (13, 17). After transcribing and trans-
lating its mRNAs and replicating its genome, influenza virus
genomic RNAs leave the nucleus and together with viral proteins
assemble new virions that bud from the plasma membrane.
Recently, we identified small-molecule inhibitors of influenza

virus M mRNA processing and nuclear export, which conse-
quently impair virus replication (18). One of these inhibitors
targets TAO2 (19). Full-length TAO2 is composed of an
N-terminal kinase domain and a poorly characterized C termi-
nus that is predicted to be partially disordered and to have long
helices, which likely mediate protein–protein interactions.
TAO2 was first studied as an activator of MAP2Ks 3, 4, and 6
of the stress-responsive mitogen-activated protein kinase path-
ways (20). Subsequently, TAO2, and its paralogs TAO1 and
TAO3, have been implicated in a number of additional signal-
ing pathways (21, 22), and TAO2 activity in neurons has
recently been linked to behavior, cognitive abnormalities, and
autism spectrum disorder (23–25). However, much about the
localization and function of TAO2 in specific cellular compart-
ments remains unknown.
Since we identified a chemical inhibitor of influenza virus M

mRNA processing and nuclear export that targets TAO2
(18, 19), we sought to determine the intracellular localization
of TAO2 and uncover its potential role in the influenza virus
life cycle. Here, we show that a significant pool of TAO2 is
concentrated at nuclear speckles and demonstrate that TAO2
interacts with key splicing and other RNA-processing factors at

these nuclear bodies. We also found that TAO2 is required for
the integrity and function of nuclear speckles, including splic-
ing and nuclear export of a subset of influenza virus mRNAs
that are processed at nuclear speckles, such as M mRNAs. In
addition, we show that TAO2 is critical for expression of a sub-
set of cellular mRNAs, among which are mRNAs that encode
factors with key functions in viral immunity. Indeed, we found
that TAO2 supports influenza virus replication. Thus, these
data demonstrate a role for TAO2 in nuclear speckle architec-
ture and function and point to a potential effect of this cellular
kinase in the regulation of both influenza virus replication and
immunity.

Results and Discussion

We previously performed a high-throughput screen to identify
chemical inhibitors of influenza virus M mRNA export (18), a
process that occurs via nuclear speckles where a pool of M1
mRNA is spliced into M2 mRNA prior to nuclear export (2).
Among the identified hits was a known TAO2 kinase inhibitor
(19). This finding led us to further investigate the intracellular
localization of TAO2. Interestingly, using a polyclonal rabbit
anti-TAO2 antibody raised previously against a peptide antigen
that is not shared by TAO1 or 3 (20), we found a substantial
intranuclear pool of TAO2 at nuclear speckles as it colocalized
with the nuclear speckle marker SC35 (Fig. 1A). To then assess
the function of TAO2 with respect to these intranuclear bodies,
we knocked down TAO2 with small interfering RNAs (siRNAs)
and found that TAO2 depletion reduced the amount and speckle

Fig. 1. TAO2 is localized at nuclear speckles and maintains the basal levels of nuclear speckle factors. (A) A549 cells were subjected to immunofluorescence
microscopy with rabbit anti-TAO2 serum and mouse SC35 antibody. The enlarged image on the right depicts a nuclear speckle from the merge panel
(marked region). (Scale bars, 5 μm.) n = 3. (B) A549 cells or A549 cells with the SON gene tagged with Flag, HA, and AID were transfected with control siRNA
or with an siRNA pool targeting TAO2 and then subjected to immunofluorescence microscopy with antibodies against TAO2 and SC35, or with anti-FLAG
antibodies to detect SON protein. White arrows indicate cells with decreased levels of TAO2 compared with neighboring cells. (Scale bars, 5 μm.) (C) A549
cells were transfected with control siRNA or siRNAs targeting TAO2, and whole-cell lysates were subjected to Western blot to detect endogenous TAO2,
SC35, SON, nucleolin, and hnRNP K protein levels. β-actin serves as loading control. n = 3. The intensity of each protein band was quantified and normalized
to β-actin levels.
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localization of key nuclear speckle assembly and splicing factors—
SON and SC35 (Fig. 1 B and C). Since a pool of heterogeneous
nuclear RNP (hnRNP) K is also found at nuclear speckles (2), we
assessed its levels upon TAO2 knockdown and found no signifi-
cant changes (Fig. 1C). Similarly, we found no alterations in
nucleolin levels (Fig. 1C), which is a known nucleolar marker,
indicating that TAO2 is not inducing a more widespread effect
on nuclear bodies but is specifically targeting nuclear speckles
where it resides. To then determine whether the kinase activity of
TAO2 is involved in this process, we used our TAO2 kinase
inhibitor to test its impact on nuclear speckles. We found that
inhibition of TAO2 kinase activity altered nuclear speckle shape
and decreased the levels of SC35 (SI Appendix, Fig. S1), phenoco-
pying TAO2 depletion. These results suggest that the kinase activ-
ity of TAO2 indeed has a role in nuclear speckle integrity.
To further understand the role of TAO2 in the nucleus, we

have immunoprecipitated TAO2 from nuclear extracts of A549
cells and carried out mass spectrometry analysis. Notably, many
TAO2-interacting partners identified in this assay (Fig. 2A and
Dataset S1) overlap with proteins determined to be within the
nuclear speckles in a recent study using a modified protocol of
tyramide signal amplification mass spectrometry (26). Several
of these TAO2- and speckle-associated proteins are also known
splicing and mRNA export factors (Fig. 2A). Some of these fac-
tors identified as TAO2-interacting partners were further con-
firmed by immunoprecipitation of TAO2 from cell extracts, in
the presence of RNasin or RNase A, followed by Western blot
analysis. The splicing factor SRSF1 and the mRNA export fac-
tor Aly/Ref interacted with TAO2 in the presence and absence
of RNA (Fig. 2B). SRSF1 plays a critical role in promoting
assembly of the spliceosome to properly process pre-mRNAs
(27) and Aly/Ref is a key adaptor protein for recruiting the
major mRNA export receptor NXF1-NXT1 (28), which then
docks the mRNA to the nuclear pore complex for export to the
cytoplasm. Additionally, TAO2 depletion decreased the levels
of both SRSF1 and Aly/Ref, indicating a critical role for TAO2
in maintaining the basal levels of these splicing and mRNA
export factors (Fig. 2C). In sum, both our biochemical and
imaging results corroborate the conclusion that TAO2 is pre-
sent in, and involved in the formation of, nuclear speckles.
To determine if the interaction of TAO2 with factors critical

for RNA processing and export indeed occurs at nuclear speck-
les in situ, we performed proximity ligation assays (PLAs) with
antibodies against TAO2 and SRSF1. PLA was also performed
using antibodies against TAO2 and NXF1 as a negative con-
trol. As shown in Fig. 3 A and B, PLA signals (red dots) were
not observed when TAO2 and SRSF1 antibodies were used
alone or in the presence of both TAO2 and NXF1 antibodies.
These results demonstrated the lack of nonspecific signals in
the presence of these antibodies. However, consistent with the
biochemical interaction identified above (Fig. 2), PLA signals
were detected when we combined TAO2 and SRSF1 antibodies
(Fig. 3 A and B). We then further developed the PLA in com-
bination with immunofluorescence microscopy to co-stain
nuclear speckles with the SC35 antibody. In this manner, we
could assess whether TAO2 interaction with SRSF1 occurs at
nuclear speckles. As shown in Fig. 3 C and D, a significant per-
centage of the intranuclear PLA signal derived from the interac-
tion between TAO2 and SRSF1 (42%) was indeed localized at
nuclear speckles. Three-dimensional (3D) projection of PLA
signals and nuclear speckles showed that this TAO2-SRSF1
pool is localized at the periphery of nuclear speckles (Fig. 3D).
These results further corroborate TAO2 localization and inter-
action with constituents of nuclear speckles.

Our findings on TAO2 localization at nuclear speckles and
interaction with splicing factors led us to test its potential role
in regulating splicing of influenza virus M mRNA, which occurs
at nuclear speckles (2). Influenza virus M1 mRNA is spliced
into M2 mRNA at nuclear speckles while NS1-to-NS2 mRNA
splicing likely occurs in the nucleoplasm, as we previously
reported (2). To test the effect of TAO2 on M1 to M2 levels
and splicing (Fig. 4A), we knocked down TAO2 (Fig. 4 B
and C) and first assessed the levels of M1, M2, NS1, and NS2
mRNAs by quantitative real-time PCR (qPCR). We observed a
decrease in the total amounts of these mRNAs (Fig. 4D). Addi-
tionally, the ratio of M2/M1 was reduced (Fig. 4E) while the
ratio of NS2/NS1 was not altered (Fig. 4F), suggesting that
M1-to-M2 splicing was impaired upon TAO2 depletion while
NS1-to-NS2 splicing was not affected. Together, these results
indicate that TAO2 is required for generating M and NS
mRNAs as well as for M1-to-M2 splicing. Since M1-to-M2
splicing occurs at nuclear speckles, this finding suggests a func-
tional disruption of nuclear speckles. This is consistent with the
decrease in nuclear speckle proteins involved in splicing upon
TAO2 knockdown, as well as the observed alteration in nuclear
speckle structure under this condition (Fig. 1 B and C).

Since the next step after splicing is nuclear export (2), we have
also assessed nucleocytoplasmic distribution of M mRNA upon
depletion of TAO2 followed by single-molecule RNA–fluorescence
in situ hybridization (smRNA-FISH) to detect M1 and M2
mRNAs. We show that TAO2 knockdown led to a significant
retention of M mRNAs in the nucleus (Fig. 4G). This mRNA
export inhibition was quantified and the intracellular distribution
of the M1 mRNA fluorescence intensity was calculated in the
nucleus (N) and in the cytoplasm (C), and then expressed as the
N/C ratio. A higher N/C ratio of M mRNAs was observed in
TAO2-depleted cells than in control cells (Fig. 4H), indicating
mRNA export inhibition. In contrast, the intracellular distribution
of NS1 and hemagglutinin (HA) mRNAs was not altered by
TAO2 knockdown (SI Appendix, Fig. S2). This finding corrobo-
rates previous data showing that the NS1-to-NS2 mRNA splicing
and export do not appear to occur via nuclear speckles and that
NS1-to-NS2 splicing does not require NS1-BP, which is a key
mediator of M mRNA splicing and export (2, 29, 30). Thus, both
splicing and nuclear export of M mRNAs through nuclear speckles
rely on TAO2 function. These findings are consistent with changes
in nuclear speckle structure and composition observed upon
TAO2 knockdown, which includes the reduced levels of the splic-
ing factor SRSF1 and the mRNA export factor Aly/Ref. In fact,
we have shown that Aly/Ref is a key mRNA export factor for
M mRNAs (2).

To determine the impact of TAO2 depletion on influenza
virus replication, we measured viral protein levels and viral rep-
lication in control versus TAO2-depleted cells. We found that
TAO2 knockdown decreased the levels of influenza virus pro-
teins (Fig. 5A) and inhibited viral replication (Fig. 5 B and C).
This effect may be partially due to the disruption of nuclear
speckle structure upon TAO2 knockdown that results in
reduced M1-to-M2 splicing and nuclear export. As a conse-
quence, the M2/M1 protein ratio is reduced and M2 protein
function in viral entry, budding, and autophagy would be com-
promised. In fact, influenza virus replication is also inhibited
upon knockdown of the nuclear speckle assembly/splicing
factor SON protein (Fig. 5 B and C), as previously reported
(2, 31). The extent of inhibition is similar to what we observed
upon TAO2 knockdown (Fig. 5 B and C). Additionally, the
decrease in TAO2 in the cytoplasm may down-regulate MAPK
signaling (20), whose inhibition is known to prevent influenza
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virus replication (32) and therefore may also contribute to the
overall inhibition of viral replication observed upon TAO2
knockdown.
To test a potential effect of TAO2 on immune-regulated

genes, we performed RNA-sequencing (RNA-seq) analysis of

control versus TAO2-depleted cells in the absence of infection.
We found that the levels of only a subset of cellular mRNAs
were altered by TAO2 knockdown (Fig. 5D). Within this sub-
set were up-regulated mRNAs that encode mediators of antivi-
ral immunity such as the interferon-regulated MX1, OAS2,

Fig. 2. Nuclear speckle proteome is associated with TAO2. Nuclear lysates from A549 cells were subjected to immunoprecipitation with control rabbit IgG
or TAO2 antibody. (A) TAO2-interacting proteins were identified by mass spectrometry. The heatmap shows relative abundances of selected hits represent-
ing proteins that overlap with constituents of nuclear speckles. Control immunoprecipitation (IP) with IgG is compared with immunoprecipitation performed
with TAO2 antibody. NA represents hits not detected in IgG-immunoprecipitated samples. (B) Immunoprecipitates were probed with the indicated antibodies
to confirm the interactions between TAO2 and selected hits in A. NXF1 is used as negative control since it did not interact with TAO2 in the mass spectrome-
try analysis. n = 3. (C) A549 cells were transfected with control siRNA or siRNAs targeting TAO2, and whole-cell lysates were subjected to Western blot to
detect endogenous TAO2, SRSF1, and Aly/Ref. β-actin serves as loading control. n = 3.

4 of 9 https://doi.org/10.1073/pnas.2206046119 pnas.org



IFI6, IFI44, and IFIT1 proteins (33–35) (Fig. 5 D, Inset and
Datasets S2 and S3), which may also contribute to the inhibi-
tion of virus replication observed upon TAO2 knockdown
(Fig. 5 A–C). Similar to TAO2 depletion, these interferon-
regulated mRNAs were also up-regulated upon inhibition of

TAO2 kinase activity (SI Appendix, Fig. S3), suggesting that
the kinase activity is involved in this immune-regulatory pro-
cess. Moreover, gene set enrichment analysis of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database shows
pathways that are regulated during infections by influenza virus,

Fig. 3. Pool of the TAO2–SRSF1 complex is
localized at the periphery of nuclear speckles.
(A) A549 cells grown on coverslips were fixed
and subjected to PLAs with the indicated pri-
mary antibodies. (Scale bars, 5 μm.) (B) PLA sig-
nals were quantified in 100 cells for each condi-
tion. Values are means ± SD. n = 3. (C and D)
A549 cells were subjected to PLA to detect the
TAO2–SRSF1 complex followed by immunofluo-
rescence microscopy to stain nuclear speckles
with an antibody against SC35. n = 3. (C) Two-
dimensional images of PLA signals merged with
nuclear speckles and DNA. (Scale bars, 2 μm.)
(D) Three-dimensional projection of PLA signals
and nuclear speckles. (I) Low magnification
of the maximum-intensity projection (MIP) is
shown. PLA signal of the TAO2–SRSF1 complex
(red), nuclear speckles (SC35, green), and chro-
matin (blue). (II and III) High magnification of
the MIP surfaces is shown for PLA signal of the
TAO2–SRSF1 complex (red) and nuclear speck-
les are stained in green. (Scale bars, 2 μm.)
(IV) Pairwise merged surface created for PLA
signal of the TAO2–SRSF1 complex (red) and
nuclear speckles (green) is shown. (V–VII) Views
of a chromatin merged surface created for
(V) PLA signal of the TAO2–SRSF1 complex
(red), (VI) nuclear speckles (green), and (VII) PLA
signal of TAO2–SRSF1 (red) and nuclear speck-
les (green) are shown. (Scale bars, 2 μm.)
The squared marked area in VII is enlarged and
shown in the view of 3D isometric MIP-
rendering volume (Top) or 3D isometric blend-
rendering volume (Bottom). Both 3D rendered
volumes are presented in 90° alternative views
to provide visual and spatial emphasis for
the colocalization (yellow) of the TAO2–SRSF1
complex (red) and nuclear speckles (green). To
calculate the percentage of the TAO2–SRSF1
complex colocalization with nuclear speckles,
156 cells were analyzed and 42% of the PLA sig-
nal was found at nuclear speckles.
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SARS-CoV-2, Epstein–Barr virus, Kaposi sarcoma–associated
herpesvirus, and human papilloma virus (Fig. 5E). In addition,
mRNAs that encode constituents of cytokine pathways and the
PI3K-AKT pathway are also enriched by TAO2 depletion and
both pathways are known regulators of viral replication and
viral-mediated apoptosis (36–38). These putative TAO2 func-
tions in infection and immunity may also be related to its inter-
action with SRSF1. It has been shown that SRSF1 is required
for regulatory T cell functions that prevent autoimmunity (39)
and for limiting interferon-gamma production (40). These pro-
cesses would likely be impacted by modulation of TAO2 activ-
ity, which controls SRSF1 basal levels (Fig. 2C).
In sum, TAO2 is a constituent and key mediator and/or reg-

ulator of nuclear speckle assembly and function. As a result,
TAO2 promotes expression of influenza virus M mRNAs,
which usurp nuclear speckles for splicing and nuclear export.

Furthermore, TAO2 alters expression of a subset of cellular
mRNAs involved in viral infection and immunity. The latter
processes likely include a combination of TAO2 functions in
the nucleus and in the cytoplasm that ultimately result in the
regulation of selective gene expression.

Materials and Methods

Cell Culture and Virus. Human lung adenocarcinoma epithelial (A549) cells
were maintained in high-glucose Dulbecco’s modified Eagle’s medium (Gibco) sup-
plemented with 10% fetal bovine serum (Sigma) and 100 U/mL penicillin/strepto-
mycin antibiotics at 37 °C with 5% CO2. Influenza virus (A/WSN/33) was propagated
in Madin–Darby canine kidney cells and virus titer was determined by plaque assay,
as previously described (41). A549 cells expressing 3×Flag-HA-AID-SON were gen-
erated using CRISPR-Cas9–mediated recombination, as previously described (42).
Briefly, both alleles of the SON gene were tagged sequentially. The first allele was

Fig. 4. Partial depletion of TAO2 impairs splicing and nuclear export of influenza virus M mRNA. (A) Schematic representation of influenza virus M1 and M2
mRNAs. Boxes denote exons and the line denotes an intron. (B–F) A549 cells were treated with control siRNA or siRNAs targeting TAO2 followed by infection
with WSN at an MOI of 2 for 8 h. (B) Purified RNA from total cell lysates was subjected to qPCR to measure TAO2 mRNA. (C) Total cell lysates were subjected to
Western blot to detect TAO2 protein levels. β-actin serves as loading control. n = 3. (D) Purified RNA from total cell lysates was subjected to qPCR to measure
M1, M2, NS1, and NS2 mRNA levels. (E and F) The ratios of M2/M1 (E) and NS2/NS1 (F) mRNA levels are shown. Graphs show mean ± SD. n = 3. *P < 0.05,
**P < 0.01. (G) A549 cells were treated with control or siRNAs targeting TAO2 followed by infection with WSN at an MOI of 2 for 8 h. smRNA-FISH was performed
to detect M mRNA. (H) Nuclear-to-cytoplasmic fluorescence intensity (N/C ratio) was quantified. Control, n = 177 cells; siTAO2, n = 181 cells. **P < 0.01.
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tagged with the 3×Flag tag, full-length 229–amino acid AID degron (flAID), and
hygromycin AID gene. The second allele was tagged with the HA tag, a minimal
functional 44–amino acid AID tag (1×microAID), and puromycin. The sequences of
homology arms were amplified from genomic DNA extracted from a colorectal ade-
nocarcinoma cell line (DLD-1). The sequence of E3 ubiquitin ligase TIR1 was inte-
grated into the RCC1 locus, where RCC1 was tagged with an infrared fluorescent
protein and a blasticidin resistance gene. In all cases, the selection marker was sepa-
rated from the tagged gene by the sequence encoding self-cleavage peptide P2A.

Antibodies. TAO2 polyclonal antiserum (U2253) was generated as previously
described (20). The antiserum was used at a 1:500 dilution in immunofluores-
cence assay (IFA) and PLA, and at 1:1,000 dilution in Western blot analysis.
SC35 monoclonal antibody (Sigma-Aldrich, SAB4200725) was used at 1:1,000
dilution for IFA and Western blot. M2 anti-FLAG monoclonal antibody (Sigma-
Aldrich, F1804) was used at 1:1,000 dilution. SON polyclonal antibody (GeneTex,
GTX129778) was used at 1:500 dilution. Nucleolin monoclonal antibody (Invitro-
gen, 39-6400) was used at 1:500 dilution. hnRNP K polyclonal antibody (Invitro-
gen, PA5-27522) was used at 1:500 dilution. β-actin monoclonal antibody
(Invitrogen, AM4302) was used at 1:5,000 dilution. NXF1 monoclonal antibody
(Sigma-Aldrich, T1076) was used at 1:1,000 dilution. Aly/Ref monoclonal anti-
body (Sigma-Aldrich, A9979) was used at 1:500 dilution. SRSF1 monoclonal
antibody (Invitrogen, 32-4600) was used at 1:500 dilution in Western blot
analysis and 1:200 dilution in PLA. Anti–influenza A virion polyclonal antibody
(Meridian Life Science) was used for detection of HA, NP, and M1 in Western
blot analysis at 1:1,000 dilution. Anti-M2 antibody (Invitrogen, MA1-082) was
used at 1:1,000 dilution. Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG)
and Alexa Fluor 546 goat anti-mouse IgG were used at 1:300 dilution. Enhanced
chemiluminescent anti-mouse and anti-rabbit IgG, horseradish peroxidase–linked
(GE Healthcare, NA931V, NA934V) were used at 1:10,000 dilution.

RNA Interference and Transfection. A pool of four siRNAs that target TAO2
(SMARTpool siRNA, Dharmacon) was used for RNA knockdown of TAO2. siRNAs
were transfected into A549 cells using RNAiMAX (Invitrogen), according to the
manufacturer’s instructions. After 96 h, cells were fixed for imaging or lysed for
biochemical approaches.

Western Blot. Western blot was performed as we previously described (30).
Quantification of protein band intensity was obtained by generating a ratio of
mean intensity over median intensity using Adobe Photoshop (CS4). Results
were normalized to β-actin.

Immunofluorescence. Cells grown on coverslips were fixed for 15 min in 4%
paraformaldehyde (PFA; Electron Microscopy Sciences) and then permeabilized
for 5 min in phosphate-buffered saline (PBS) with 0.5% Triton X-100. After block-
ing (30 min, 5% bovine serum albumin; BSA), cells were immunostained for 1 h
at 37 °C with the primary antibodies. The coverslips were washed three times
with PBS and labeled with the secondary antibody for 1 h at 37 °C. Coverslips
were then washed three times with PBS, stained with 1 μg/mL Hoechst 33258
(Molecular Probes Life Technologies) for 5 min, and briefly washed in PBS.
Coverslips were mounted in ProLong Gold antifade reagent (Life Technologies).

Cell Fractionation. Cell fractionation was performed as previously described (43).

Immunoprecipitation and Mass Spectrometry. A549 cells were cultured in
10-cm plates for 24 h. Cells were then fractionated and the nuclear fraction was
incubated in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
0.1 mM Na3VO4, 1 mM NaF, 1 mM dithiothreitol, 1 mM ethylenediaminetetra-
acetate, 1 mM phenylmethylsulfonyl fluoride, 1× cOmplete protease inhibitor
mixture, 10% glycerol) for 30 min at 4 °C and sonicated. The debris was
removed by centrifugation at 12,000 rpm for 15 min. The supernatant was sub-
jected to immunoprecipitation with protein A Sepharose (Sigma-Aldrich) preincu-
bated with 5 μg anti-TAO2 antibody or rabbit IgG (Sigma-Aldrich) as negative
control for 8 h at 4 °C. For experiments treated with RNasin RNase inhibitor
(Roche), the reagent was added to a final concentration of 200 U/mL. For experi-
ments treated with RNase A (Sigma-Aldrich), the enzyme was added to a final
concentration of 1 μg/mL. After extensive washes with lysis buffer, the proteins
were eluted by adding 2× sample buffer (63 mM Tris, 10% glycerol, 2% sodium
dodecyl sulfate) and heating at 100 °C for 10 min. Samples were then subjected
to mass spectrometry analysis as we have previously described (44). Protein
abundances used to generate the heatmap shown in Fig. 2A were normalized
using the heatmap.2 tool of the gplots package of the R Project.

Fig. 5. Partial depletion of TAO2 results in inhibition of influenza virus replication and alters the levels of a subset of cellular mRNAs. (A) A549 cells were trans-
fected with control siRNA or siRNAs targeting TAO2 followed by infection with WSN at an MOI of 2 for 8 h. Total cell lysates were subjected to Western blot to
detect the levels of β-actin (loading control), TAO2, and viral proteins HA, NP, M1, and M2. (B and C) Cells were infected with WSN at an MOI of 0.01 and superna-
tants and cell lysates were collected at the indicated time points after infection. (B) Supernatants were used in viral replication assays following NP expression.
(C) Cell lysates were subjected to Western blot analysis to assess the levels of TAO2, SON, and β-actin (loading control). (D) Depletion of TAO2 alters the levels of a
subset of cellular mRNAs. Total mRNA from cells treated with control siRNA or siRNAs targeting TAO2 was subjected to RNA-seq analysis. The volcano plot depicts
total levels of individual cellular mRNAs upon TAO2 knockdown. NS, not signficantly changed; FC, fold change. (D, Inset) Selected interferon-regulated mRNAs
whose levels were up-regulated upon TAO2 knockdown, measured by qPCR. Graphs show means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
n = 3. (E) Gene set enrichment analysis of the KEGG database shows enrichment in pathways involved in the regulation of viral infections upon TAO2 depletion.
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Kinase Activity Assay. Purified TAO2 kinase (amino acids 1 to 314; Thermo
Fisher Scientific) was incubated in the absence or presence of increasing concen-
trations of compound 2, as depicted in SI Appendix, Fig. S1A, and TAO2 kinase
activity was measured using the Z0-LYTE activity assay (Thermo Fisher Scientific),
according to the manufacturer’s instructions.

RNA Purification and qRT-PCR. Total RNA was isolated from A549 cells with
the RNeasy Plus Mini Kit (Qiagen) and 1 μg of total RNA was reverse-transcribed
into complementary DNA (cDNA) by SuperScript II reverse transcriptase (Invitro-
gen) according to the manufacturer’s instructions using 1 μM oligo (dT) as
primers. cDNA was diluted with nuclease-free water at a ratio of 1:5 and 2 μL
mixture was subjected to qPCR using SYBR Green I Master Mix and amplified by
the LightCycler 480 qPCR System (Roche) with sequence-specific primers, as we
previously described in detail (18). Data were normalized to β-actin mRNA levels.
TAO2 qPCR primers were as follows: forward, 50-GGGAAGCAGTCCAATGAGAAA-30;
reverse, 50-CCGGTACTGAATGGTGTTGGG-30. Primers for detection of additional
cellular mRNAs are commercially available and were purchased from Bio-Rad
(PrimePCR Assay System).

Proximity Ligation Assay. The Duolink In Situ Red Starter Kit Mouse/Rabbit
(DUO92101, Sigma-Aldrich) was used to detect the interaction between TAO2
and SRSF1 in situ. Cells were seeded in 24-well plates with coverslips and cul-
tured overnight. Coverslips were washed with PBS, fixed in 4% PFA for 15 min,
and then blocked with Duolink blocking solution in a humid chamber for 1 h at
37 °C. The primary antibodies to detect TAO2 and SRSF1 were added to the cov-
erslips and incubated for 1 h at 37 °C followed by washing with 1× wash buffer
A (DUO82046 Sigma-Aldrich) twice and subsequently incubated with anti-
mouse and anti-rabbit PLA probes (1:5 diluted in antibody diluents) for 1 h at
37 °C. The ligation-ligase solution was then added for 30 min followed by incu-
bation with the amplification-polymerase solution for 100 min in a humidified
chamber at 37 °C. Before imaging, coverslips were washed with 1× wash buffer
B (DUO82048 Sigma-Aldrich) for 10 min twice and 0.01× wash buffer B for 1
min, and then mounted in Duolink in situ mounting medium containing DAPI.

Image Acquisition for PLA. Image series of fluorescent signals were acquired
by spinning disk confocal microscopy (Nikon, CSU-W1 SoRa) using a 100× PLAN
APO objective (glycerol immersion, numerical aperture 1.4). Images were
recorded sequentially for each channel using a step size of 0.2 μm (total z size
12 μm). Acquired z stack images were blind-deconvolved using Autoquant X
(Media Cybernetics).

Imaris-Assisted Image Analysis to Detect Cells, Nuclei, Nuclear Speckles,
and TAO2–SRSF1 Complexes. The Imaris software package Cells module
(Bitplane, version 9.8.2) was used to identify and create conventional 2D
maximum-intensity projection and 3D isometric rendering images of the nucleus
(chromatin), nuclear speckles (SC35 labeling), and PLA signal of the TAO2–SRSF1
complex display of confocal z stack fluorescence. First, nuclei (Hoechst) were seg-
mented using an automated threshold (based on the intensity distribution histo-
gram) in a 405-nm laser line. Identified nucleus populations were filtered to
remove large nucleus aggregates (upper nucleus volume threshold and lower
threshold to manually remove fragments of nuclei at the edges of the stack)
using the Imaris surface tool. Next, nuclear speckles (SC35 marker) and PLA
signal for TAO2 and SRSF1 interaction were identified in 488- and 561-nm
laser lines, respectively, using the Imaris spot tool. The seed spot size used was
0.2 μm. For objective nuclear speckle center identification, automatic thresholds
were used to filter raw spot quality.

smRNA-FISH, Imaging Quantification, and Statistics. These methods were
described in detail in our previous publications (2, 18).

Viral Infection and Replication Assays. A549 cells transfected with control
siRNA or siRNAs targeting TAO2 were infected with WSN at the indicated multi-
plicities of infection (MOIs) in infection media containing Eagle’s minimal essen-
tial medium (ATCC), 10 mM Hepes (Gibco), 0.125% BSA (Gibco), and 0.5 mg/mL
TPCK trypsin (Thermo Fisher Scientific). Cells were incubated with the virus for 1 h
at 37 °C and washed briefly with PBS before incubation in fresh infection media.
To assess viral replication, supernatants were serially diluted and added onto
A549 cells growing on coverslips. Cells were then fixed with 4% PFA for 30 min
at 8 h postinfection and subjected to immunofluorescence microscopy using an
anti-NP primary antibody. Percent infection was quantified by dividing the
NP-positive cells by the total number of cells, as we previously described (41).

RNA-Seq Data Analysis. Raw sequence data were trimmed using Trimmo-
matic (45). Quality control–filtered trimmed sequences were aligned to hg19
using STAR (46). All subsequent analysis was performed using R version 4.0.2
and Bioconductor 3.11 (47) in RStudio (R Core Team, 2020) (RStudio Team,
2020). The DESeq2 package was used for differential expression analysis
between control and TAO2 knockdown, with Benjamini–Hochberg correction
(false discovery rate < 0.05) (48). The volcano plot was generated using the
EnhancedVolcano package (https://github.com/kevinblighe/EnhancedVolcano).
Gene set enrichment analysis of the KEGG database was performed using the
clusterProfiler package (49).

Data Availability. All study data are included in the article and/or supporting
information.
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