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The influenza virulence factor NS1 protein interacts with the
cellular NS1-BP protein to promote splicing and nuclear export of
the viral M mRNAs. The viral M1 mRNA encodes the M1 matrix
protein and is alternatively spliced into the M2 mRNA, which is
translated into the M2 ion channel. These proteins have key
functions in viral trafficking and budding. To uncover the NS1-BP
structural and functional activities in splicing and nuclear export,
we performed proteomics analysis of nuclear NS1-BP binding
partners and showed its interaction with constituents of the
splicing and mRNA export machineries. NS1-BP BTB domains form
dimers in the crystal. Full-length NS1-BP is a dimer in solution and
forms at least a dimer in cells. Mutations suggest that dimerization is
important for splicing. The central BACK domain of NS1-BP interacts
directly with splicing factors such as hnRNP K and PTBP1 and with the
viral NS1 protein. The BACK domain is also the site for interactions
with mRNA export factor Aly/REF and is required for viral M mRNA
nuclear export. The crystal structure of the C-terminal Kelch domain
shows that it forms a p-propeller fold, which is required for the splic-
ing function of NS1-BP. This domain interacts with the polymerase II
C-terminal domain and SART1, which are involved in recruitment of
splicing factors and spliccosome assembly, respectively. NS1-BP func-
tions are not only critical for processing a subset of viral mRNAs but
also impact levels and nuclear export of a subset of cellular mRNAs
encoding factors involved in metastasis and immunity.
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M ultiple and highly coordinated viral-host interactions with
intranuclear pathways dictate the replication of influenza
A viruses, which are major human pathogens. The segmented
genome of influenza virus, composed of eight single-strand negative-
sense RNAs (viral ribonuclear proteins, vVRNPs), enters the host
cell nucleus for transcription and replication. Two of the viral
mRNAs, M and NS mRNAs, undergo alternative splicing to
generate critical viral proteins. For example, the M mRNA gen-
erates the M1 and M2 proteins involved in viral trafficking and
budding. The M1 protein is encoded by the unspliced M1 mRNA,
whereas the M2 mRNA is derived by the removal of an intron.
The M1 protein is associated with the inner surface of the viral
envelope where it appears to interact with the viral glycoproteins
and RNPs. The functions of M1 protein include vVRNP nuclear
export and virion assembly at the plasma membrane. The M2
protein encodes a proton channel that acidifies the viral particle in
the endosomes during viral entry, leading to the disruption of M1-
VRNP interactions and the release of vRNPs in the cytoplasm,
which are subsequently imported into the nucleus (1). M2 also has
functions in the late stages of the virus life cycle, including bud-
ding (2, 3) and autophagy inhibition (4).

www.pnas.org/cgi/doi/10.1073/pnas.1818012115

Viral mRNA splicing requires the cellular spliceosome. Most
of cellular splicing occurs in the nucleoplasm, where splicing
factors are recruited to nascent transcripts through interaction
with polymerase II (Pol II). However, there is some evidence
that splicing of a subset of mRNAs might be compartmentalized
at nuclear speckles (5), which are known to be storage sites of
splicing and processing factors (6). We have shown that influenza
virus M mRNA is targeted to nuclear speckles for splicing and
nuclear export (7). This process requires both viral and cellular
proteins. Our findings suggested a model in which the viral
protein NS1, a virulence factor of influenza, together with its
cellular interacting partner NS1-BP, promotes targeting of the
influenza M mRNA to nuclear speckles where heterogeneous
nuclear RNP K (hnRNP K), in conjunction with the nuclear
speckle assembly factor SON, promotes splicing of M1 mRNA
into M2 mRNA through recruitment of the splicing machinery
(8). Together with previous findings (9, 10), these results showed
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export machineries to promote viral gene expression. Addi-
tionally, NS1-BP is important for proper expression of a subset
of mRNAs involved in metastasis and immunity. These findings
reveal basic features of NS1-BP that can be exploited in antiviral
therapy and to investigate NS1-BP function in tumorigenesis.
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spatial and temporal regulation of M2 expression, which is likely
important to prevent premature expression of an ion channel
that could be detrimental to the host cell during the early stages
of virus replication. In addition, M2 expression likely should be
coordinated with budding for effective production of infectious
viral particles.

While the core components of the spliceosome have been de-
fined, regulatory factors of this key machinery for gene expression
have not been fully explored. The spliceosome is an enzymatic
complex composed of five small nuclear RNPs (snRNPs): U1, U2,
U4, U5, and U6 (11). Additional factors interact with these snRNPs
to regulate the different stages of the splicing cycle. In the case of
influenza virus M1 mRNA, we show that the cellular protein NS1-
BP interacts with the cellular RNA-binding protein hnRNP K to
promote splicing of the viral M1 mRNA. NS1-BP belongs to the
Kelch family of proteins. It has a BTB [broad-complex, tramtrack,
and bric-a-brac; also known as a “POZ” (Pox virus and zinc finger)]
domain at its N terminus, followed by a BACK domain and a C-
terminal Kelch domain (Fig. 14). Many characterized BTB do-
mains are dimers (12); the central BACK domains of Kelch pro-
teins contain HEAT repeats that are possibly flexible (13) and bind
various proteins; and the C-terminal Kelch domain contains Kelch
repeats that form p-propellers and can serve as protein interaction
surfaces. The Kelch family of proteins is involved in diverse func-
tions (14). While there are only a few reports on NS1-BP function,
they indicate multifunctionality. NS1-BP is localized in the nucleus
and in the cytoplasm and is involved in splicing (7, 9, 15), c-myc
transcription regulation (16), signal transduction (17), stabilization
of actin filaments (18), and protein stability (19). Understanding the
players and molecular mechanisms involved in these processes is
critical to elucidate how NS1-BP and its interacting partner hnRNP
K impact influenza virus replication (7, 9) and cancer metastasis (19,
20). In this study, we identified the NS1-BP nuclear interactome and
defined the structural and functional relationship of NS1-BP re-
sponsible for its role in splicing and mRNA nuclear export.

Results

NS1-BP Interacts with Splicing and mRNA Export Factors. To dissect
the function of NS1-BP in splicing, we first sought to identify
interacting partners of NS1-BP in the nucleus. Nuclear extracts
from cells stably expressing 3xFlag-NS1-BP, 3xFlag-NS1-BP
(BTB-BACK), or 3xFlag (control) were subjected to im-
munoprecipitation followed by mass spectrometry analysis (S/
Appendix, Table S1). We have previously shown, in total-cell
extracts, that endogenous NS1-BP interacts with hnRNP K and
the Pol II C-terminal domain (CTD) (9). We have now identified
a subset of splicing factors as interacting partners of NS1-BP
including PTBP1 (polypyrimidine tract binding protein 1), UlA
(also called “Mud1” or “SNRPA”), and SART1. PTBP1 is a splicing
repressor (21). U1A interacts with Ul snRNA, which binds the 5’
splice site of precursor mRNAs constituting the first steps of the
splicing reaction (22). SART1 (or Snu66) is a constituent of the U4/
U6-US triple snRNP (trisnRNP) and has a role in spliceosome ac-
tivation (22). These interactions were confirmed by immunopre-
cipitation followed by Western blot (Fig. 1B). The splicing factor
LSm-8, which also interacts with U4/U6, did not bind NS1-BP (Fig.
1B), further indicating the interaction of NS1-BP with a subset of
splicing factors. The interactions of splicing factors with NS1-BP
were further corroborated in a pull-down assay with purified GST-
NS1-BP and cell extracts (Fig. 1C). Additionally, NS1-BP interacts
with the mRNA export factor Aly/REF (Fig. 1 B and C), which is
known to bind spliceosomes at the late steps of the splicing reaction
and links splicing to mRNA nuclear export (23).

Since NS1-BP interacts with factors that bind the spliceosome
at different stages of the splicing reaction, we tested whether
NS1-BP differentially coeluted with its interacting partners. We
performed size-exclusion chromatography of nuclear extracts
and followed the elution profiles of NS1-BP and its interacting
partners by Western blot. As shown in Fig. 1D, most of the NS1-BP
protein eluted as a dimer at ~140 kDa. However, other pools of
NS1-BP were also found at higher molecular mass fractions (from
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440 kDa to 669 kDa and above) where specific bindings partners
coeluted at different positions. This pattern suggests the formation of
prespliceosome and spliceosome complexes between NS1-BP and
splicing factors. Fraction 11 contains NS1-BP, U1A, and SART],
whereas fractions 9.5 and 10 likely contain the high molecular mass
spliceosome where the expected splicing factors and the mRNA
export factor Aly/REF coeluted. As mentioned above, Aly/REF
interacts with the spliceosome to link splicing to mRNA nuclear
export (23). The differences in UIA mobility observed between
fractions 9.5 and 11 are likely due to differential phosphorylation
(24). Taken together, a pool of NS1-BP binds splicing factors, and
the mRNA export factor Aly/REF, and NS1-BP probably associates
with prespliceosome and spliceosome complexes.

Dimerization of NS1-BP via Its BTB Domain Is Required for Splicing.
To understand the mode of action of NS1-BP on splicing, we
determined the crystal structure of its BTB domain to 2.8-A
resolution (Fig. 24 and SI Appendix, Table S2). The NS1-BP
BTB forms a homodimer in the crystal (Fig. 24). The NS1-BP
BTB homodimer is comprised of a group of a-helices that are
flanked by four short p-sheets. The structure is very similar to those of
many other BTB domains in the Protein Data Bank (PDB), such as
the BTB domains from the LRF/ZBTB7 transcriptional regulator
(PDB ID code: 2NN2; rmsd ~1.33 A), KLHL11 (PDB ID code:
3I3N; rmsd 1.213 A), and BCL6 (PDB ID code: 4CP3; rmsd 1.354 A)
(25-27). All four BTB domains have extensive dimer interfaces:
The NS1-BP BTB buries 1,804 A22, 29% of the monomer surface; the
LRF/ZBTB7 BTB buries 1,620 A, 28% of the monomer surface; the
KLHL11 BTB buries 2,510 A% 34% of the monomer surface; and
the BCL6 BTB buries 2,030 A , 30% of the monomer surface. An-
alytical ultracentrifugation analyses of full-length NS1-BP show the
protein to be a dimer in solution (Fig. 2B), consistent with the BTB
homodimer observed in the crystal (Fig. 24). This is also consistent
with size-exclusion chromatography data suggesting a possibly dimeric
purified NS1-BP (SI Appendix, Fig. S1A4) and a possibly dimeric NS1-
BP in nuclear extract (Fig. 1D). To further test the possibility that
NS1-BP interacts with itself in cells, Flag-NS1-BP and Myc-NS1-BP
were cotransfected into cells and immunoprecipitated with anti-Flag
antibody. Flag-NS1-BP coprecipitated with Myc-NS1-BP, indicating
that NS1-BP is at least a dimer in cells (SI Appendix, Fig. S1B).

A portion of the NS1-BP BTB dimer interface involves a domain
swap in which the first p-strand (residues 1-12) of one subunit in-
teracts with the fifth p-strand (residues 92-98) of the other subunit
(Fig. 24). We deleted residues 1-12 to destabilize the NS1-BP di-
mer (NS1-BPA1-12) (the difference in AGyissociation predicted by
PISA is 17.5 kcal/mol). Analytical ultracentrifugation analysis of
NS1-BPA1-12 shows that the mutant equilibrates between mono-
mer and dimer at 1 pM, 3 uM, and 9 pM (SI Appendix, Fig. S1C).
NS1-BPA1-12 also forms higher-order oligomers at 3 pM and 9 pM
(SI Appendix, Fig. S1C). The BTB dimer is indeed destabilized in
the NS1-BPA1-12 mutant. We stably expressed either full-length
NS1-BP or the dimer-destabilized NS1-BPA1-12 mutant in cells
transfected with control siRNA or siRNA to knock down NS1-BP
RNA and assessed influenza virus M1 to M2 mRNA splicing. RNA
was purified from these cells, and M1/M2 mRNA levels were de-
termined by qPCR. Destabilization of the NS1-BPA1-12 dimer
prevented proper splicing of M1 to M2 mRNA (Fig. 2 C and D),
indicating that a stable NS1-BP dimer is important for NS1-BP
splicing activity. To further test the importance of dimerization, we
replaced the BTB domain with the GCN4 coiled-coiled di-
merization domain. The dimeric NS1-BP(GCN4 coiled-coil) mutant
maintained its splicing activity, demonstrating that dimerization,
whether through the BTB domain or through a generic coiled-coil,
is required for NS1-BP splicing activity (Fig. 2 C and D). We also
show that the BTB domain alone is not sufficient for the splicing
activity of NS1-BP (Fig. 2 C and D), indicating that other NS1-BP
domains promote splicing.

BACK Domain of NS1-BP Recruits Splicing and mRNA Export Factors.

The BACK domain of NS1-BP connects the BTB and Kelch do-
mains. BACK domains contain multiple tandem helical repeats

Zhang et al.
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that are reminiscent of HEAT repeats (KHLH3; PDB ID codes:
4AP2 and 2EQX). Secondary structure prediction suggests that
the BACK domain of NS1-BP also contains multiple tandem
a-helices. The sequences of these helices in NS1-BP align well
with helices in the KLHL11 BACK [23% sequence identity; PDB
ID code: 4AP2 (28)], suggesting that the NS1-BP BACK is also
likely a series of five tandem helical repeats. Our inability to
crystallize the NS1-BP BACK domain alone or with the BTB
domain suggests that the BACK helical repeats may be flexible, as
in many HEAT repeat proteins (13). We found that the BACK
domain of NS1-BP binds splicing factors (hnRNP K, PTBP1, and
U1A) and the mRNA export factor Aly/REF (Fig. 3 4 and B). We
have previously shown that the interaction of NS1-BP with hnRNP
K is important in influenza virus RNA splicing (7, 9), but the NS1-
BP domain that mediates this interaction had not been de-
termined. In addition, the interaction of NS1-BP with PTBP1 and
U1A had not been previously identified. These interactions were

Zhang et al.

proteins.

first detected in nuclear extracts as shown in SI Appendix, Table
S1. These findings indicate binding of the NS1-BP BACK domain
to the spliceosomal protein U1A and splicing factors PTBP1 and
hnRNP K. PTBP1 has been previously shown to bind hnRNP K
(29), further supporting our findings that both proteins interact
with the same domain of NS1-BP. Moreover, the BACK domain
of NS1-BP binds to the mRNA export factor Aly/REF, which
associates with the spliceosome at late stages of splicing to link
splicing to mRNA nuclear export (23). This is consistent with the
size-exclusion chromatography results shown in Fig. 1D in which
Aly/REF coeluted in a high molecular weight complex with spli-
ceosome components and splicing regulators.

In vitro binding assays using purified recombinant Aly/REF and
NS1-BP or UlA and NS1-BP show no direct binding between the
proteins (Fig. 3C), indicating that interactions of NS1-BP with Aly/
REF and U1A are indirect. However, purified PTBP1 and hnRNP
K bound directly to the BACK domain of NS1-BP, as does the
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Fig. 2. Homodimerization of the BTB domain of NS1-BP is critical for NS1-BP splicing activity. (A) The crystal structure of the BTB domain of NS1-BP (residues
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influenza virus NS1 protein, which first led to the discovery of NS1-
BP (Fig. 3 D-F) (15). NS1 binding to the BACK domain does not
compete with hnRNP K or PTBP1 (SI Appendix, Fig. S2). PTBP1
was previously reported to bind hnRNP K (29). Binding assays with
purified proteins show that NS1 binds NS1-BP but not hnRNP K
and that NS1-BP binds to both hnRNP K and NS1 (Fig. 3G), in-
dicating that NS1-BP bridges the interactions between NS1 and
hnRNP K. In summary, the BACK domain of NS1-BP binds di-
rectly to PTBP1, hnRNP K, and NS1 but interacts only indirectly
with U1A and Aly/REF. These findings support a role for NS1-BP
in splicing and mRNA nuclear export. The latter is addressed
further below.

The Kelch Domain of NS1-BP Binds Splicing Factors and Is Required for
Splicing. We solved the crystal structure of the NS1-BP Kelch
domain to 2.6-A resolution. The domain is composed of six
Kelch p-propeller repeats or blades (Fig. 44). Each Kelch repeat
is a four-stranded antiparallel p-sheet, and the six repeats are
positioned radially around a central axis. Loops that connect the
B-strands in the domain protrude from the top and bottom of the
disk-shaped domain. Long loops that connect the second and
third p-strands of each Kelch repeat/blade (R1Loop, R2Loop,
R3Loop, R4Loop, R5Loop, and R6Loop) protrude to the top of
the domain (Fig. 4B) and were found to be ligand-binding sites in
several Kelch domains (30-32). Kelch domains are known to be
protein—protein interaction modules, and in NS1-BP the Kelch
domain binds SART1 and the Pol II CTD, as shown in cells
expressing full-length NS1-BP or domain-deletion mutants that
were subjected to immunoprecipitation followed by Western blot
analysis (Fig. 4C). In an attempt to map ligand-binding sites in
the Kelch domain, we truncated individual R1-R6 loops and
assessed the ability of the truncated-loop mutant NS1-BPs to
bind SART1 and the Pol II CTD. NSI1-BP mutants with a
truncated R2Loop or a truncated R3Loop (circular dichroism
spectra show they are folded) (SI Appendix, Fig. S3) showed
decreased SART1 and Pol II CTD binding (Fig. 4D), suggesting
that these loops may be part of the binding sites.

SART1 (or Snu66) is a member of the U4/U6-US trisnRNP
and is involved in spliceosome activation (22), whereas the Pol II
CTD interacts with the virus polymerase (33, 34), which has a
role in the choice of alternative 5" splice sites in the influenza
virus M1 mRNA (35). The interactions of the Kelch domain with
a spliceosome factor and with a splicing regulator suggest this
domain has an important role in NS1-BP function in splicing.
Indeed, we show that the Kelch domain of NS1-BP is required
for splicing of M1 to M2 mRNA in influenza virus-infected cells
expressing full-length NS1-BP or specific deletion mutants of
NS1-BP domains (Fig. 4E). Replacement of the NS1-BP Kelch
domain by the hKLHL?2 Kelch domain did not rescue NS1-BP
splicing activity, indicating that the Kelch domain of NS1-BP has
features important for its splicing function (Fig. 4E). Addition-
ally, a smear is present above the BTB-BACK protein, suggest-
ing that it may be posttranslationally modified, a potential
regulatory process that should be investigated in the future.

NS1-BP's Role in mRNA Nuclear Export. As shown above, NS1-BP
binds the mRNA nuclear export factor Aly/REF through its
BACK domain (Figs. 1 and 3), suggesting a role in viral M
mRNA nuclear export. To further define the function of NS1-BP
in viral mRNA nuclear export, A549 cells stably expressing full-
length NS1-BP or mutants of NS1-BP were infected for 4 hor 8 h
and were subjected to single-molecule RNA (smRNA)-FISH to
determine the intracellular localization of M mRNA (Fig. 5 and
SI Appendix, Fig. S4). At 4 h postinfection, most of the M mRNA
is still nuclear (Fig. 54). However, expression of full-length NS1-
BP or NS1-BP BTB-BACK domains promoted nuclear export of
M mRNA to the cytoplasm at 4 h postinfection (Fig. 54), al-
though the full-length protein was slightly more efficient in in-
ducing export. On the other hand, expression of the BTB and the
first half of the BACK domain (BTB-BACKI, amino acids 1-
234), which lacks the binding site for the mRNA export factor

Zhang et al.

Aly/REF, did not promote M mRNA nuclear export at 4 h
postinfection (Fig. 54). A similar pattern was observed at 8 h
postinfection. At this time, most of the M mRNA is already
cytoplasmic, and overexpression of full-length NS1-BP or its
BTB-BACK further enhanced its cytoplasmic localization (Fig.
5B). On the other hand, expression of BTB-BACK1 blocked M
mRNA in the nucleus (Fig. 5B). We have also performed these
experiments with the viral HA mRNA (SI Appendix, Fig. S5) and
NS mRNA (SI Appendix, Fig. S6). As opposed to the viral M
mRNA, wild-type or mutants of NS1-BP had no effect on the
intracellular distribution of the HA and NS mRNAs. In addition,
we observed no changes in NS1 mRNA or protein levels or in the
NS2/NS1 mRNA ratios, as NS mRNA also undergoes alternative
splicing (SI Appendix, Fig. S7). We have also tested M vRNP and
show that NS1-BP enhances its nuclear export at 8 h post-
infection and the NS1-BP BTB-BACKI1 is sufficient to promote
this effect (SI Appendix, Fig. S8). These results revealed that
NS1-BP has the activity of an RNA nuclear export factor, as its
expression promotes trafficking of viral M mRNA and vRNP out
of the nucleus, and that the BACK domain binds an mRNA
export factor involved in this process.

NS1-BP Alters Cellular mRNA Levels. Since viral-host interactions
traditionally uncover new cellular functions, the cellular NS1-BP
protein functions likely impact cellular mRNAs. To determine if
this is indeed the case, RNA purified from control or NS1-BP-
knockdown cells was subjected to RNA-sequencing (RNA-seq)
analysis. From 56,634 RNAs sequenced, 667 mRNAs were al-
tered by NS1-BP depletion (428 were down-regulated, and
239 were up-regulated), considering a cutoff of 1.5-fold (SI Ap-
pendix, Table S3). RNA-seq was also performed in cells stably
expressing NS1-BP with siRNAs against NS1-BP to identify high-
confidence hits (Dataset S1). Overlapping hits were detected
between this condition and the condition described in SI Ap-
pendix, Table S3, in which endogenous NS1-BP was knocked
down. While there were overlapping mRNAs, we have detected
mRNAs that were specific for each condition. This is likely be-
cause stable expression of NS1-BP, even in the presence of NS1-
BP knockdown, yields levels of this protein slightly higher than
endogenous levels, as it is difficult to obtain exact endogenous
conditions. Since NS1-BP is involved in gene expression, the dif-
ferences observed are expected. Nevertheless, gene set enrichment
analysis (GSEA) of both conditions revealed the matrisome and the
reactome immune system (Fig. 6 4 and B and Dataset S1). Selected
top hits were then confirmed by qPCR to determine total levels
(Fig. 6C) or the intracellular distribution between the nucleus and
cytoplasm (Fig. 6D). We found that NS1-BP altered the levels and/
or nuclear export of a subset of cellular mRNAs, indicating that
NS1-BP functions on the expression and localization not only of a
viral mRNA but also of key cellular mRNAs, such as CENPK,
SKP2, RAB9A, NOTCH3, SERF1A, PIK3R2, and others.
Together, these findings underscore the impact of NS1-BP on
the expression of factors involved in cell growth and in the in-
fluenza virus life cycle.

Discussion

This study uncovered interactions of NS1-BP with key constitu-
ents of the splicing and mRNA nuclear export machineries,
which support its function in splicing and nuclear export. All
domains of NS1-BP are essential for its function in splicing, while
only the BACK domain is required for the mRNA export activity
of NS1-BP. With regards to splicing, we show here that the BTB
domain mediates the required dimerization of NS1-BP, while the
BACK and Kelch domains function as protein—protein in-
teraction modules to recruit proteins involved in splicing. Spe-
cifically, the Kelch domain recruits SART1 (22) and the Pol II
CTD (36), whereas the BACK domain recruits hnRNP K, U1A,
PTBP1, and the viral protein NS1 (7-9). The BACK domain also
recruits Aly/Ref to mediate mRNA export.

The BACK domain of NS1-BP interacts directly with hnRNP
K and PTBP1. However, the interactions between the BACK
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domain and U1A and Aly/Ref are indirect. PTBP1 is known to
interact with hnRNP K (29), which binds directly to the viral M
mRNA, as we previously reported (9). Since U1A binds U1 snRNA,
which interacts with the 5’ splice site of pre-mRNAs to mediate the
first steps of splicing (22), and PTBP1 represses the early stages of
splicing (37), the NS1-BP BACK domain and hnRNP K likely in-
teract with the PTBP1 complex to mediate or regulate the early
stages of splicing. Furthermore, the Kelch domain of NS1-BP binds
the Pol I CTD that interacts with the virus polymerase (33, 34). The
viral polymerase, in turn, mediates the choice of alternative 5’ splice
sites in the influenza virus M1 mRNA by blocking the 5’ splice site
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Fig. 3. The BACK domain of NS1-BP interacts with
splicing and mRNA export factors. (A) Schematic
representation of proteins studied in this figure. (B)

A Cell extracts from A549 cells stably expressing the
- : : : depicted NS1-BP wild-type and mutant proteins
- - = &+ were subjected to immunoprecipitation with anti-

Flag antibody followed by Western blots with spe-
cific antibodies against the depicted proteins. Bound
and unbound fractions are shown. Expression and
- immunoprecipitation efficiency for each Flag-tagged
protein are shown in S/ Appendix, Fig. S9C. (C-G) In
vitro binding assays were performed with the depicted
combinations of purified recombinant proteins. Bound
and unbound fractions were subjected to Western blot
to detect the depicted proteins.

that generates the noncoding mRNA; and causing the switch to the
M2 mRNA 5’ splice site (35). Additionally, NS1-BP probably con-
tinues to participate in the splicing reaction, as its Kelch domain
interacts with SART1, a constituent of the U4/U6-US5 trisnRNP that
functions in spliceosome assembly (22). Thus, it is possible that the
Kelch domain interaction with the Pol II CTD occurs at the early
stages of splicing, while its binding to SART1 takes place at the later
stage of spliceosome activation.

The mRNA export factor Aly/REF interacts indirectly with
the BACK domain of NS1-BP in an RNA-independent manner,
whereas hnRNP K bound directly to this domain. Both hnRNP
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Fig. 4. The Kelch domain of NS1-BP binds spliceosome factors and is re-
quired for splicing. (A) Crystal structure of the Kelch domain of NS1-BP
(residues 347-642; six tandem histidine residues are at the C terminus of
Phe642); the six blades or repeats of the p-propeller domain are labeled R1-
R6. (B) A view of the Kelch domain rotated 90° about the horizontal axis
from the orientation in A. Each Kelch repeat/blade contains a long R1Loop
(blue), R2Loop (cyan), R3Loop (green), R4Loop (yellow), R5Loop (orange),
and RéLoop (red) that connects their central g-strands. (C) A549 cells stably
expressing full-length 3xFlag-NS1-BP or the various depicted mutants of
NS1-BP were immunoprecipitated with anti-Flag antibody followed by
Western blot to detect SART1 and Pol Il CTD. Expression and immunopre-
cipitation efficiency for each Flag-tagged protein are shown in S/ Appendix,
Fig. S9C. (D) As in C, except that additional cells expressing full-length NS1-
BP or NS1-BP with truncated individual loops were tested, as shown in B. (E,
Left) RNA was purified from A549 cells stably expressing the depicted pro-
teins and depleted of endogenous NS1-BP by siRNA targeting the 3’ UTR or
control siRNA, followed by infection with influenza virus (WSN) at an MOI of
2 for 7 h. gPCR was performed to determine the ratio of influenza virus M2/
M1 mRNAs. n = 3; **P < 0.01 and *P < 0.05. (Right) Gels depict the ex-
pression levels of each depicted protein, endogenous NS1-BP, and f-actin
(control), as determined by Western blot.

K and Aly/REF are important for nuclear trafficking of the viral
M mRNA (7), consistent with the role of the NS1-BP BACK
domain in nuclear export of the viral M mRNA shown here.
Additionally, the BACK domain interacts with the influenza vi-
rus NS1 protein, which promotes viral M mRNA splicing and
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export (7, 38). Thus, these interactions of the NS1-BP BACK
domain with Aly/REF, hnRNP K, and NSI1 likely work together
to mediate M mRNA nuclear export, as shown here and sup-
ported by our previous results (7). The role of NS1-BP in me-
diating both splicing and nuclear export is consistent with the
identification of other proteins that are involved in more than
one step of gene expression, such as the TREX complex and SR
proteins. The TREX complex of proteins, which includes Aly/
REF, couples transcription to mRNA processing and nuclear
export (39). Similarly, SR proteins can function throughout the
gene-expression pathway from transcription, processing, and
nuclear export to translation (40).

NS1-BP activities impact a subset of influenza virus mRNAs.
While the splicing of the M mRNA is mediated by NS1-BP, the
NS mRNA splicing is not affected by NS1-BP (9). In addition,
nuclear export of viral HA and NS mRNAs is not altered by
NS1-BP. However, nuclear export of M vRNP was enhanced by
NS1-BP but required a different region of the BTB-BACK do-
main than the M mRNA. This is an interesting observation for
future studies. Regarding cellular mRNAs, we show that de-
pletion of NS1-BP affected RNA levels and intracellular distri-
bution of only a subset of mRNAs. These results suggest that
NS1-BP has a role in the expression and/or nuclear export of a
subset of viral and cellular mRNAs. Interestingly, this subset
enriched for mRNAs that encode immune factors and proteins
involved in tumorigenesis. As mentioned above, NS1-BP and
hnRNP K have roles in cancer metastasis (19, 20). This is con-
sistent with our findings that NS1-BP regulates subsets of
mRNAs encoding constituents of the p53 pathway, the matri-
some, and platelet activation signaling and aggregation, which
are directly involved in various stages of tumorigenesis (41, 42).
The role of NS1-BP in immunity is probably a result, at least in
part, of the viral-host interactions shown here which impact virus
replication (7, 9, 15). In sum, NS1-BP functions target a subset of
viral and cellular mRNAs that encode critical mediators and
regulators of viral infection, cell growth, and immunity.

Materials and Methods

Reagents and Plasmids. See S/ Appendix for detailed information.

Crystallization and Structure Determination. Crystals were grown in 96-well
plates by using sitting-drop vapor diffusion at 20 °C (0.4 pL protein +
0.4 pL reservoir solution). The reservoir solution for the BTB domain was
0.2 M ammonium sulfate, 0.1 M Tris (pH 8.5), and 25% (wt/vol) polyethylene
glycol 3350 and for the Kelch domain was 0.1 M Tris (pH 8.5) and 3.0 M NacCl.
Crystals were cryoprotected by the addition of ~20% (volivol) ethylene
glycol and were flash-cooled by immersion in liquid nitrogen. The datasets
were collected at the Advance Photon Source (APS)19 ID beamline in the
Structural Biology Center at Argonne National Laboratory. The BTB domain
crystal was diffracted to 2.8-A resolution, and the Kelch domain crystal was
diffracted to 2.6-A resolution. Data were indexed, integrated, and scaled
using HKL3000 (43). The structures were solved by molecular replacement
using PHASER in the Phenix software package (44, 45). The structure of the
BTB-BACK domains of human KLHL11 (PDB ID code: 3I3N) and the Kelch
domain of human KLHL2 (PDB ID code: 2XN4) were used as the search models
for the BTB domain and Kelch domain of NS1-BP, respectively. Subsequent
iterative model building and refinement were performed with Phenix and
Coot (44, 46). lllustrations were prepared with PyMOL (Schrodinger: https:/
www.schrodinger.com/pymol).

GST Pull-Down Assays. GST or GST fused with NS1-BP was incubated with
A549 total cell lysate in lysis buffer [50 mM Tris, 150 mM NaCl, 1 mM EDTA,
1 mM DTT, 1% IGEPAL CA-630 (Sigma Aldrich), 0.1 mM NasVO, 1 mM NaF,
1 mM PMSF, 1x cOmplete protease inhibitor mixture (Sigma Aldrich), and 10%
glycerol, pH 7.5] at 4 °C for 4 h. GST or GST fused with NS1-BP or with its
mutants NS1-BPAKelch, NS1-BP-BTB-BACK1 (amino acids 1-234), or NS1-BP-
Kelch (amino acids 351-642) was bound to glutathione beads and incubated
with His-hnRNP K, His-PTBP1, His-ALYREF, His-U1A, His-NS1, or MBP-NS1 in the
pull-down buffer (20 mM Tris, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.5)
at 4 °C for 2 h. GST or GST fused with NS1 was incubated with His-hnRNP K in
the absence or presence of His-NS1-BP in the pull-down buffer at 4 °C for 2 h.
One micromolar of each protein was loaded into the pull-down assay. Beads
were pelleted by centrifuging at 2,300 x g for 5 min and were washed five
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times with 1 mL of pull-down buffer. Proteins remaining on the resin were
extracted by sample buffer, resolved in SDS/PAGE, and then detected by
Western blot.

Virus. Influenza A virus A/WSN/1933 (WSN) was propagated in MDCK cells and
was titered as previously described (9). All virus work was performed in strict
accordance with CDC guidelines for biosafety level 2.

Stable Cell Lines. Full-length NS1-BP and its mutants NS1-BP BTB (amino acids
1-131), NS1-BPA1-12, NS1-BP-BTB/GCN4-coiled-coil, NS1-BP BTB-BACK (amino
acids 1-350), NS1-BP BTB-BACK1 (amino acids 1-234), NS1-BP-Kelch/hKLHL2-
Kelch, NS1-BP Kelch (amino acids 351-642), and NS1-BP ABTB (amino acids
132-642) were cloned into pCDH-CMV-MCS-EF1-puro with the 3xFlag tag at
the N terminus. One thousand nanograms of each plasmid, together with 250 ng
pVSV-G plasmid and 750 ng pCMVAR9 plasmid were reverse-transfected into
293T cells using the TransIT-X2 Dynamic Delivery System (Mirus Bio) to generate
lentiviruses carrying the inserted gene. Vector expressing the 3xFlag tag was
used as control. At 60 h posttransfection, all supernatants containing viruses
were collected and were used to infect A549 cells in a 12-well plate to stably
express the inserted genes. At 24 h postinfection, cells were transferred to a 15-
cm dish and were cultured in the presence of 1 pg/mL puromycin. Puromycin-
resistant single clones were collected and transferred to six-well plates in the
presence of 1 pg/mL puromycin. Expression of inserted genes was tested by
Western blot using mouse anti-Flag antibody.

Cell Fractionation. Cells were harvested by trypsinization and collected in
15-mL conical tubes on ice, washed three times with cold PBS, and transferred
to microfuge tubes. Cell fractionation was performed using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Controls for fractionation are
shown in SI Appendix, Fig. S9D.
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Fig. 5. The BACK domain of NS1-BP mediates viral

M mRNA nuclear export. A549 cells stably expressing

the depicted proteins were infected with influenza

virus (WSN) at an MOI 2 for 4 h (A) or 8 h (B) and
e were then subjected to smRNA-FISH to detect the
intracellular distribution of viral M mRNA. Immuno-
fluorescence was performed simultaneously to de-
tect nuclear speckles, which are labeled with SON
antibody. DNA was stained with Hoechst. Histo-
grams depict the M mRNA nuclear-to-cytoplasmic (N/
C) ratios determined by quantification of fluores-
cence intensity in both compartments. Values shown
are means + SD measured in 50 cells. ***P < 0.001
and **P < 0.01. (Scale bar: 10 uM.) Intracellular lo-
calization of Flag-NS1-BP wild-type and mutant
proteins is presented in S/ Appendix, Fig. S4 and
shows distribution in the nucleus and cytoplasm
similar to that of endogenous NS1-BP.

Immunoprecipitation and Mass Spectrometry. A549 cells stably expressing
3xFlag vector control, 3xFlag-NS1-BP, and 3xFlag-NS1-BP BTB-BACK were
cultured in 10-cm plates and fractionated as described above. The nuclear
fraction was lysed in 50 mM Tris (pH 7.5), 150 mM Nacl, 1% IGEPAL CA-630,
0.1 mM Na3zVO, 1 mM NaF, 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 1x
cOmplete protease inhibitor mixture, and 10% glycerol, for 30 min on ice,
homogenizing with vortex. Cell lysates were centrifuged at 13,000 x g for
10 min to remove cellular debris. The supernatant was applied to Anti-FLAG
M2 magnetic beads (Sigma Aldrich) in the presence of 1 pg/mL RNase A and
1 pg/mL DNase for binding overnight at 4 °C. Beads were washed five times
with lysis buffer at 4 °C. Then proteins were eluted using 3xFlag peptide.
The eluted fractions were mixed with sample buffer and subjected to 10%
SDS/PAGE. Gel was then stained with Colloidal Blue (Thermo Fisher Scien-
tific). Each lane was excised into three fragments containing proteins above
17 kDa. Gel slices were subjected to in-gel trypsin digestion followed by
LC/MS/MS analysis. Data were analyzed against the National Center for
Biotechnology Information nonredundant (NCBI-nr) protein database with
Mascot software (Matrix Science). To confirm the binding of identified pro-
teins to NS1-BP, cell lysates from A549 cells stably expressing 3xFlag vector
(control) or 3xFlag-NS1-BP were loaded to Anti-FLAGM2 magnetic beads in
the presence of 1 pg/mL RNase A and 1 pg/mL DNase at 4 °C for 6 h. Beads
were washed five times with lysis buffer. The bound proteins were eluted with
3xFlag peptide. Samples were mixed with 5x sample buffer, boiled, and
subjected to Western blot.

Size-Exclusion Chromatography. A549 cells were grown to 90-100% con-
fluency and were fractioned as above. The nuclear fraction was lysed in 50 mM
Tris (pH 7.5), 150 mM NaCl, 1% IGEPAL CA-630, 0.1 mM Na3VO, 1 mM NaF,
1 mM DTT, 1 mM EDTA, 1 mM PMSF, 1x cOmplete protease inhibitor mixture,
and 15% glycerol and then was loaded onto a Superdex 200 Increase 10/300
GL column (GE Healthcare) in a buffer containing 20 mM Tris, 150 mM Nadl,
1 mM EDTA, 1 mM DTT, 1x cOmplete protease inhibitor mixture, and 5%
glycerol. Half-milliliter fractions were collected from the elution volume of
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Enriched Pathways of mRNAs Downregulated upon NS1-BP Knock Down

# Genes |# Genes
in Overla HIS FDR g-
BSEA P ae Pathway |with Hi; Ratio | P-value valug

(S) (H)
REACTOME_PLATELET_ACTIVATION_SIGNALING_AND_AGGREGATION 208 17 0.0817 |2.74E-12|3.64E-09
REACTOME_HEMOSTASIS 466 20 0.0429 |3.45E-09(2.14E-06
REACTOME_METABOLISM_OF LIPIDS_AND_LIPOPROTEINS 478 20 0.0418 | 5.30E-09| 2.14E-06
PID_VEGFR1 2 PATHWAY 69 9 0.1304 |6.44E-09(2.14E-06
REACTOME_IMMUNE_SYSTEM 933 27 0.0289 |3.01E-08|8.01E-06

Enriched Pathways of mRNAs Upregulated upon NS1-BP Knock Down

# Genes |# Genes

in Overlap | HIS FDR g-
(IR AFEE Pathway |with Hits| Ratio Falltd | e
(S) (H)
NABA_MATRISOME 1028 19 0.0185 |2.54E-07|3.38E-04
PID_P53_DOWNSTREAM_PATHWAY 137 7 0.0511 |3.19E-06| 2.12E-03
KEGG_PATHWAYS IN_CANCER 328 9 0.0274 |2.02E-05|7.59E-03
PID_AVB3_INTEGRIN_PATHWAY 75 5 0.0667 |2.36E-05|7.59E-03
REACTOME_SIGNALING BY SCF KIT 78 5 0.0641 [2.86E-05|7.59E-03
6 | | Control

I NS1-BP siRNA

Relative mRNA Level

Control
. I NS1-BP siRNA

A
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7.5-20 mL, and 450 pL of each fraction was precipitated with 2% trichloro-
acetic acid with eight volumes of cold acetone, as previously described (9).
Pellets were resuspended in sample buffer and subjected to Western blot.

Analytical Ultracentrifugation. The sedimentation properties of NS1-BP and
NS1-BPA1-12 were compared in sedimentation velocity experiments per-
formed in a Beckman-Coulter Optima XL-l Analytical Ultracentrifuge. NS1-BP
and NS1-BPA1-12 were analyzed at three different concentrations (1 uM,
3 uM, and 9 pM) in analytical ultracentrifugation (AUC) buffer containing
20 mM Tris (pH 8.0), 150 mM NacCl, 1 mM EDTA, and 1 mM TCEP. Protein
samples (400 pL) and AUC buffer (400 pL) were loaded into a double-sector
centerpiece and centrifuged in an eight-cell An-50Ti rotor to 50,000 rpm at
20 °C. The double sectors were monitored for absorbance at 280 nm (A,go). A
total of 140 scans was collected, and the first 40 scans were analyzed. Buffer
density, viscosity of the buffer, and partial specific volume of the protein
were estimated using SEDNTERP (rasmb.org/sednterp/). Sedimentation co-
efficient [c(S)] distribution values (normalized for absorption differences)
were calculated by least-squares boundary modeling of sedimentation ve-
locity data using the SEDFIT program (47). Sedimentation coefficients (Sw)
[weight-average obtained from the integration of ¢(S) distribution], molec-
ular weights (Mw) (estimated from the best-fit frictional ratio), and frictional
ratios (f/f0) were obtained by refining the fit data in SEDFIT (48). Sedimentation
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Fig. 6. NS1-BP alters the levels of a subset of mMRNAs
that encode proteins involved in cancer metastasis
and immunity. (A and B) RNA from A549 cells
transfected with control siRNAs or with siRNAs to
knock down NS1-BP was subjected to RNA-seq fol-
lowed by GSEA. The top five pathways are shown
with the percentage overlap between total genes (S)
in the pathway versus overlapping genes (H). P val-
ues for statistical significance and q values for FDR
are shown. (C) Selected top mRNA hits from the
RNA-seq analysis in A were validated by gPCR. n = 3;
***P < 0.001. (D) RNA was purified from nuclear and
cytoplasmic fractions from the cells in A, and the
selected mRNA hits from C were quantified by qPCR
followed by determination of nuclear-to-cytoplasmic
ratios. n = 3; ***P < 0.001 and **P < 0.01.

coefficient distributions were converted to molar mass distributions based on the
/f0 ratio in SEDFIT (48) wherever possible. For error reporting, F-statistics and
Monte-Carlo were used for integrated weight-average s values. Data were
plotted using GUSSI (48).

RNAi and Transfection. A549 cells stably expressing 3xFlag vector control or
3%xFlag-NS1-BP or NS1-BP mutants [3xFlag-NS1-BPA1-12, 3xFlag-NS1-BP
BTB/coiled-coil, 3xFlag-NS1-BP BTB, 3xFlag-NS1-BP BTB-BACK, 3xFlag-NS1-
BP BTB-BACK1, and 3xFlag-NS1-BP (Kelch/hKLHL2-Kelch)] were reverse trans-
fected with 50 nM nontargeting siRNA or 50 nM siRNA oligos, which target
the 3’ UTR of IVNS1ABP, using RNAIMAX (Thermo Fisher Scientific) for 48 h.
According to the manufacturer’s instructions, 3 pL of RNAiMax was used for
50 pmol siRNA. Cells were seeded into 12-well plates at a density of 3 x 10° per
well. Knockdown efficiency was determined by Western blot.

RNA Purification and qPCR. Total RNA from A549 cells stably expressing 3xFlag
vector, 3xFlag NS1-BP, and NS1-BP mutants treated with siRNA targeting the NS1-
BP 3’ UTR were isolated using the RNeasy Plus Mini Kit (Qiagen). One microgram
of total RNA was used to generate cDNA by reverse transcription using SuperScript
Il Reverse Transcriptase (Thermo Fisher Scientific). cONA was diluted at a ratio of
1:5. cDNA samples were mixed with specific primers and Roche 480 SYBR Green |
Master real-time PCR reagents and were subjected to qPCR using the Roche
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LightCycler 480 system. The program used for gPCR was previously reported (49).
Primer sequences used for p-actin, M1, and M2 have been previously reported (9).

RNA-Seq. A549 cells were reverse transfected with 50 nM nontargeting siRNA or
50 nM siRNA oligos (SMARTpool) to target NS1-BP using RNAIMAX for 48 h. Total
RNA was isolated by the RNeasy Plus Mini Kit and was subjected to RNA-seq. The
RNA-seq data were tested for quality using FastQC (50). The sequence data
were aligned to the human genome using TopHat (cole-trapnell-lab.github.io/
projects/tophat/) and CuffLinks (cole-trapnell-lab.github.io/projects/cufflinks/),
and expression data are presented as reads per kilobase of transcript per
million reads mapped (RPKM). The RPKM values were normalized by adding
1 to all samples to calculate ratios even when RPKM = 0. The normalized RPKM
readings of the experiment compared with control samples were used to
calculate the positive and negative fold changes from their ratios. The dif-
ferentially expressed mRNAs with a fold change of +1.5 or —1.5 were subjected
to GSEA to identify the enriched pathways. Selected mRNAs in Fig. 6 were
validated by qPCR. All primers were purchased from Qiagen.

GSEA. GSEA was performed using the CP: Canonical pathways of Molecular
Signatures Database (MSigDB) of the Broad Institute (51). Enriched gene sets
(pathways) were sorted based on the false discovery rate (FDR) values.
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IFN-Regulated Genes and Immune-Related Genes. The databases of IFN-
reqgulated genes and immune-related genes were obtained from www.
interferome.org/interferome/home.jspx (52) and the ImmPort database,
www.immport.org/immport-open/publicchome/home, respectively.

RNA-FISH and Immunofluorescence Microscopy. RNA-FISH and immunofluo-
rescence microscopy were performed as previously described (7).

Statistical Analysis. Statistical analyses were performed using two-sample, two-
tailed t tests assuming equal variance. For statistical analysis of the M mRNA
imaging study, a minimum of 50 cells was used for analysis in each condition.
For all imaging studies, a one-sample Kolmogorov-Smirnov test was con-
ducted. A normal distribution can be assumed for all populations (P > 0.05).
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