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Alternative splicing is a pervasive gene regulatory mechanism utilized by both mammalian cells and viruses to expand their
genomic coding capacity. The process of splicing and the RNA sequences that guide this process are the same in mammalian
and viral transcripts; however, viruses lack the splicing machinery and therefore must usurp both the host spliceosome andmany
of the associated regulatory proteins in order to correctly process their genes. Here, we use the example of the influenza Avirus
to both describe how viruses utilize host splicing factors to regulate their own splicing and provide examples of how viral
infection can, in turn, alter host splicing. Importantly, we show that at least some of the viral-induced changes in host splicing
occur in genes that alter the efficiency of influenza replication. We emphasize the importance of increased understanding of the
mechanistic interplay between host and viral splicing, and its functional consequences, in uncovering potential antiviral
vulnerabilities.

Influenza A virus (IAV) is a ubiquitous and significant
health threat, resulting in 290,000–650,000 deaths per
year worldwide (World Health Organization 2019). In
the United States alone, IAV is estimated to result
12,000–56,000 deaths annually (Centers for Disease Con-
trol 2019), burdening the economy with an estimated
$11.2 billion cost (Putri et al. 2018). Although efforts
are ongoing to treat the virus, there still is no universal
cure or preventative vaccine. This lack of treatment is due,
in part, to the virus’s ability to rapidly mutate and develop
resistance (Hussain et al. 2017). Therefore, it is important
to further understand how IAVand host cells interact dur-
ing infection in order to develop new avenues for antiviral
therapies.
The IAV genome is comprised of eight single-stranded,

negative-sense RNA segments that are transcribed and
replicated in the nucleus. Like many other nuclear-
expressed viruses, several of the transcripts expressed by
IAV undergo alternative splicing to generate distinct pro-
tein-coding open reading frames. Specifically, at least
three of the eight RNA segments (M, NS, and PB2)
have been reported to express at least two proteins through
regulated splicing (Fig. 1; Palese and Shaw 2013;
Yamayoshi et al. 2015; Fabozzi et al. 2018).
In the case of both mammalian and influenza genes,

splicing occurs through recognition and joining of se-
quences in the RNA by the spliceosome—a multicompo-
nent enzymatic complex (Fig. 2). Although the sequences
specifically bound by the spliceosome are known as the
“splice sites,” sequences outside of these splice site re-
gions bind regulatory factors to control the efficiency of
spliceosomal binding and function (Fig. 2). Hundreds of
RNA-binding proteins (RBPs) exist in mammalian cells

that have been shown to be able to function as splicing
regulatory factors (Fu and Ares 2014). Ultimately it is the
activity of such regulatory factors that determine where
and when splicing of any given transcript occurs. Such
alternative splicing of mammalian genes often takes the
form of skipping or inclusion of specific exons in a tran-
script. In contrast, the alternative splicing most observed
among the IAV genes involves the retention or removal of
a single intron (Fig. 1).
The IAV NS segment encodes the NS1 protein when the

single intron in its transcript is retained, whereas the NS2
protein is encoded upon removal of the intron (Fig. 1).
Both the NS1 and NS2 proteins are required for successful
viral replication. NS1 has multiple functions in countering
the antiviral response of host and promoting IAV gene
expression, whereas NS2 promotes vRNA export and
packaging and forms part of the viral particle (Palese
and Shaw 2013). The first 56 nt of the NS1 and NS2
transcripts are identical, resulting in 13 shared amino-
terminal amino acids. However, upon removal of the in-
tron, the reading frame is altered and the downstream
amino acids are divergent between NS1 and NS2. Simi-
larly, recent work by Yamayoshi et al. show that the PB2
segment contains a putative intronic sequence from nucle-
otides 1513 to 1894 of the 2341-nt transcript (Fig. 1;
Yamayoshi et al. 2015) that, when removed, encodes a
protein termed PB2-S1. Interestingly, not all IAV strains
express this splicing pattern and resultant protein, and
PB2-S1 null viruses do not show altered viral replication
rates. Therefore, the significance of PB2 segment splicing
remains to be determined.
M segment splicing is perhaps the best characterized of

all IAV segments at both the functional and mechanistic
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level. Like the other IAV segments described above, M
segment splicing involves removal or retention of an in-
tron. To date, the M segment has been shown to produce
four alternate RNA isoforms: M1, M2, mRNA3, and M4
(Fig. 1). The M2, mRNA3, and M4 isoforms all share a
common 3′ splice site (3′ SS) joined to different 5′ SSs,
whereas the M1 isoform is the unspliced form. The M1
and M2 isoforms are the most abundant of the M segment

RNAs and are both translated into proteins that are neces-
sary for the viral life cycle (Palese and Shaw 2013). In
contrast, the function of mRNA3 and M4 splice isoforms
is not understood. Jackson and Lamb showed that deletion
of the mRNA3 splicing isoform does not influence IAV
replication in cell culture (Jackson and Lamb 2008),
whereas the M4 isoform exists in only trace amounts and
has not been explored functionally.

Figure 1. Diagram of influenza virus A showing the eight genome segments and the splicing patterns of the three segments best
documented to undergo alternative splicing.

A

B

Figure 2. Diagram of the regulation of exon inclusion via RNA-binding proteins (RBPs). Boxes are exons; lines are introns. Conserved
sequences at the splice sites are shown. Blue/purple circles labeled “U” are core spliceosome components that assemble in a step-wise
fashion on the substrate. Green (A) and red (B) circles represent RBPs functioning to recruit the spliceosome to enhance exon inclusion
(A) or repress spliceosome recognition of splice sites to induce exon skipping (B).
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At least for the NS1/NS2 and M1/M2 proteins, the bal-
ance of expression is critical for viral replication. There-
fore, the splicing of the NS and M segment RNAs must be
carefully regulated. The control of NS1 to NS2 splicing
has yet to be fully understood. What is known is that NS1
to NS2 splicing is regulated by a weak 5′ splice site (5′SS)
that diverges from the canonical sequence (Dubois et al.
2014). This deviation from the canonical motif results in
altered base-pairing of the U1 snRNP to the 5′ SS leading
to inefficient splicing. Interestingly, Chua et al. propose
that the NS1 5′SS is weak by design (Chua et al. 2013). In
their model, they show that inefficient splicing causes NS2
levels to slowly accumulate throughout IAV infection at a
rate that is advantageous to the virus. In contrast to NS,
regulation of the M segment splicing has been studied
more thoroughly and occurs through regulation of both
the 5′ and 3′ splice sites by the activity of host RBPs.
Here we describe work by ourselves and others in defining
the mechanism by which M segment splicing is regulated
by host proteins, what this may mean for the splicing of
host genes, and how the regulation of host and viral splic-
ing regulation together impact viral replication.

REGULATION OF IAVM SEGMENT SPLICING

As mentioned above, all of the spliced forms of the M
segment utilize a common 3′SS (Fig. 1). Previous work
has shown that host protein SRSF1 can repress this 3′SS,
thus promoting the production of the M1 isoform over the
spliced variants (Shih and Krug 1996). In addition, struc-
tural analysis of the 3′SS has shown that 3′SS availability,
and thus spliceosomal recognition of the intron–exon
boundary, may be regulated via the confirmation of the
3′SS (Moss et al. 2012). These 3′SS studies provide an
understanding of how high levels of the M1 isoform are
produced; however, they do not address why M2 is the
predominant spliced form. A previous model for M seg-
ment 5′SS selection suggested that mRNA3 splicing was
repressed by the binding of viral polymerase components
over the mRNA3 5′SS to promote M1 and M2 splice
products (Shih et al. 1995). However, a later study refuted
this claim by showing that a IAV protein with RNA-bind-
ing activity, NS1, is sufficient to repress mRNA3 produc-
tion and is likely a key contributor in the production of M1
and M2 splice products over mRNA3 (Robb and Fodor
2012). The mechanism by which NS1 controls M1 to M2
splicing was initially unclear. However, NS1 has a large
interactome that includes many host RBPs (Thulasi Ra-
man and Zhou 2016; Kuo et al. 2018), suggesting that host
proteins might likewise contribute significantly to the reg-
ulation of M1 versus M2 expression.
One of the earliest characterized binding partners of the

IAV NS1 protein is the aptly named NS1 binding protein
(NS1-BP) (Wolff et al. 1998). NS1-BP localizes to nuclear
speckles, a subnuclear compartment that harbors a high
concentration of splicing-related proteins (Wolff et al.
1998). An important breakthrough in understanding the
regulation of M2 splicing came with the demonstration
that knockdown of NS1-BP results in decreased levels of

M2 and increased levels of M1, suggesting it had a direct
role in M segment splicing regulation (Tsai et al. 2013).
Additionally, the same study showed that knockdown of
hnRNP K, a known host splicing regulator and binding
partner of NS1-BP, also resulted in inhibition of M2 splic-
ing (Tsai et al. 2013). Interestingly, NS1 has been proposed
to cause relocalization of NS1-BP and other splicing fac-
tors away from nuclear speckles (Wolff et al. 1998; Fortes
et al. 1995). To determine if subnuclear localization of
proteins or RNA is important to the splicing of the M seg-
ment, a series of microscopy experiments were done to
follow the localization of M1 and M2 splice isoforms in
the context of NS1, NS1-BP, and hnRNPKdepletion (Mor
et al. 2016). Several key observations were made in this
study. First, the authors show that M segment RNA local-
izes to nuclear speckles and that this localization is depen-
dent on NS1 and NS1-BP. Second, M2 RNA is enriched
specifically at speckles, suggesting that M1 toM2 splicing
takes place within or in close proximity to nuclear speck-
les. Finally, although hnRNP K is not required for locali-
zation ofM1RNA to speckles, it is required to promoteM2
splicing. Putting these observations together, the authors
propose a model in which NS1, NS1-BP, and hnRNP K
control M1 to M2 splicing through a nuclear speckle–de-
pendent pathway (Fig. 3; Mor et al. 2016).
To dig more deeply into the mechanisms bywhich NS1-

BP and hnRNP K regulate M2 splicing, we recently car-
ried out a biochemical study to localize the binding sites of
NS1-BP and hnRNP K on the M1 transcript (Thompson
et al. 2018). To identify the site(s) of hnRNP K and NS1-
BP binding to theM1 transcript we first carried out in vitro
UV cross-linking assays with mammalian nuclear extract
and a series of truncations of the M1 mRNA (Fig. 4A).
These experiments showed that hnRNP K binds predom-
inantly to a sequence within 30 nt downstream from the
M2 5′SS (Thompson et al. 2018). Previous work has
shown that hnRNP K binds preferentially to polycytosine
(pC) tracts (Thisted et al. 2001). Notably, mutation of two
pC tracts at nt 69–71 and 78–84, respectively, abrogates
hnRNP K cross-linking to the 1–106 fragment (Fig. 4A).
The binding of hnRNP K close to the M2 5′SS, and the

Figure 3. Diagram of the role of NS1, NS1-BP, and hnRNP K in
promoting M2 splicing. NS1 and NS1-BP traffic the unspliced
message to nuclear speckles. Within speckles hnRNP K pro-
motes M1 to M2 splicing. Whether or not the message is spliced,
trafficking to the speckles enhances export to the cytoplasm.
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fact that this protein directly promotes M2 splicing, led us
to ask if hnRNP K promotes the recruitment of the spli-
ceosome to the 5′SS. Specifically, we investigated the
impact of hnRNP K binding on the recruitment of the
U1 snRNP—a complex of RNA (the U1 snRNA) and
proteins that initially recognizes and binds 5′SS. By
both RNA affinity and psoralen cross-linking assays, we
indeed find that binding of the U1 snRNA and its associ-
ated proteins to the M2 5′SS is promoted in an hnRNP K–
dependent manner. Together these data provide a clear
model for how hnRNP K enhances the production of the
M2 RNA in the speckles through facilitating the recruit-
ment of the U1 snRNP (Fig. 4B).

Interestingly, a cross-linking signal was also observed
for NS1-BP upon either mutation or deletion of the pC
tracts (Fig. 4A). Further truncations of the M1 transcript
revealed this apparent NS1-BP binding to be immediately
overlapping the M2 5′SS sequence. However, as NS1-BP
does not contain any canonical RNA-binding domains
(Adams et al. 2000), we consider this interaction to be
dependent on protein–protein interactions. Consistent
with this conclusion, the presence of NS1, either in vitro
or in infected cells, results in a different association of
NS1-BP with the M transcript, in which the association
of NS1-BP with RNA is dependent on the proximal bind-
ing of hnRNP K but not sequences within the 5′SS

A

B

hnRNP K

Figure 4. Sequences around the M2 5′SS are essential for recruitment of hnRNP K and NS1-BP. (A) Schematics indicate substrates used
in UV cross-linking assays. The presence or absence of association of hnRNP K and NS1-BP with each indicated substrate is indicated
by + and −, respectively. (ND) Not determined. (B) Detailed model for the association of hnRNP K and NS1-BP with the M substrate to
control splicing to M2. Mutant sequences are in gray; wild-type sequences are in maroon, blue, and black.
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(Thompson et al. 2018). Because NS1-BP can interact in a
trimeric complex with NS1 and hnRNP K, these data
suggest that NS1 and hnRNP K effectively “hold” NS1-
BP over the 5′SS through protein–protein interactions.
This model suggests that this trimeric complex thus hin-
ders splicing until the M RNA is trafficked to the nuclear
speckles, where we propose that the high level of splicing
factors and the activity of hnRNP K favor recruitment
of the U1 snRNP and the productive use of the M2 5′SS
(Fig. 4B).

REGULATION OF HOST SPLICING BY
INFLUENZA INFECTION

Although NS1-BP has been studied with respect to IAV
and the viral NS1 protein, its role in uninfected cells has
not been well-characterized. The observation that NS1-BP
associates with RNA in the absence of virus led to the
question of whether NS1-BP might have activity as a
regulator of splicing of human genes. We therefore carried
out a quantitative analysis of splicing of approximately
5500 known alternative exons in A549 cells in the absence
or presence of knockdown of NS1-BP or hnRNP K using
the previously described RASL platform (Martinez et al.
2015; Li et al. 2012). Consistent with the previously de-
scribed role of hnRNP K as a splicing regulator, we
observed that splicing of approximately 200 out of the
approximately 5500 exons surveyed is dependent on
hnRNP K (Fig. 5A). Strikingly, more than one-half of
these hnRNP K–dependent exons were also regulated in
an NS1-BP-dependent manner, whereas only a handful of
exons were identified as potentially NS1-BP-dependent,
but not dependent on hnRNP K (Fig. 5A). Moreover,
although NS1-BP and hnRNP K both showed enhancer
and silencer activities (i.e., increased or decreased exon
inclusion), almost all of the NS1-BP and hnRNP K–de-
pendent exons were regulated in the same direction by
both of these proteins (Fig. 5B), consistent with a model
in which these proteins are working in concert. The lim-

ited scope of splicing events interrogated by RASL makes
it unfeasible to assess sequence enrichment within the
hnRNP K and NS1-BP coregulated genes. However, sev-
eral of the NS1-BP/hnRNP K–regulated host genes show
obvious proximal pY and pC tracts downstream from the
enhanced 5′SS, similar to the M2 5′SS (Thompson et al.
2018). Taken together, these data reveal a previously un-
appreciated function for NS1-BP in host gene regulation
and suggest that hnRNP K and NS1-BP form a complex
that specifically regulates a subset of host splicing events.
The fact that hnRNP K and NS1-BP coordinately reg-

ulate host splicing events also indicates that IAV hijacks a
preexisting widespread cellular splicing regulatory rela-
tionship between hnRNP K and NS1-BP to carry out its
own M1 to M2 splicing. Such a model immediately raises
the question of whether IAV hijacking of hnRNP K and
NS1-BP also perturbs host splicing through either seques-
tering these proteins away from host targets or redirecting
their activity to other genes beyond the M segment. In-
deed, changes in the splicing patterns of human genes
upon IAV infection was recently reported by Fabozzi
et al. (2018). Using seasonal and laboratory strains of
IAV H3N2, these authors showed IAV-induced alternative
splicing changes in at least 775 genes (Fabozzi et al.
2018), although this reported impact of IAV on splicing
is likely an underestimate given the relatively low se-
quencing depth in the study.
To specifically ask if hnRNP K and NS1-BP coregu-

lated host splicing events are altered in the context of IAV
infection, we first directly assessed the splicing of several
of the genes from the RASL study for changes upon in-
fection with the WSN strain of IAV. Notably, we observe
IAV-induced changes in >60% of the genes tested
(Thompson et al. 2018). Moreover, the impact of IAV
infection on splicing implies two distinct mechanisms.
For example, in the case of the genes CASP8 and INF2,
the impact of IAV infection was the opposite of that
observed upon hnRNP K and NS1-BP knockdown, sug-
gesting that IAV enhances the activity of hnRNP K and
NS1-BP on some host target genes (Fig. 6). In contrast,

A B

Figure 5. (A) Number of total surveyed exons that are differentially spliced upon depletion of hnRNP K (red), NS1-BP (blue), with
overlap shown in purple. (B) Correlation of the impact on exon inclusion of depletion of hnRNP K or NS1-BP. Purple are events from
overlap in A. Yellow and gray represent those events validated or not, respectively, by reverse transcription polymerase chain reaction
(RT-PCR). Plotted is the difference in percent spliced isoform (ΔPSI) between wild type and NS1-BP (y-axis) or hnRNP K (x-axis)
depletion.
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splicing of M-RIP and IL-15 in IAV-infected cells phe-
nocopied hnRNP K or NS1-BP depletion (Fig. 6), sug-
gesting that for a different set of target genes IAV infection
inhibits hnRNP K/NS1-BP association and/or function.
To expand this analysis, we have recently carried out a

high-depth RNA-seq experiment comparing IAV-infected
versus uninfected A549 cells. Specifically, we sequenced
poly(A) RNA from cells 6 and 12 h after infection with
the WSN strain of IAV and compared the splicing to that
of poly(A) RNA from uninfected cells using the MAJIQ
algorithm (Vaquero-Garcia et al. 2016). The robustness
of infection was confirmed by both the presence of
reads from IAV RNA as well as up-regulation of several
interferon-inducible genes. Strikingly, we observe approx-
imately 900 significant splicing changes in host transcripts
at both time points of IAV infection, impacting approxi-
mately 600 genes. The vast majority (∼90%) of these
genes do not show any changes in expression levels in
response to IAV, indicating that regulation of these tran-
scripts is solely at the level of splicing. Over the time
course of the infection, these splicing events tend to in-
crease their difference relative to wild type, consistent
with what would be expected for IAV-induced splicing
regulation.
Importantly, several of the IAV-induced splicing chang-

es occur in genes that have previously been described to
regulate IAV infection (Fig. 7). For example, CLK1 is
known to be an upstream regulator of splicing of host

and viral transcripts through interactions with other host
splicing factors and is particularly important for the pro-
duction of IAVM2 (Duncan et al. 1997; Aubol et al. 2016;
Dominguez et al. 2016). IAV-induced splicing of CLK1
is predicted to increase the production of the full-length
protein by promoting inclusion of all exons (Fig. 7).
Therefore IAV-regulation of CLK1 via splicing is likely
to promote viral replication through promoting a correct
balance of M1 to M2 expression. Similarly, RAB11FIP3
and PPIP5K2, two additional genes harboring IAV-
induced splicing events, have been shown to regulate
IAV replication (Fig. 7). RAB11FIP3 competes with IAV
vRNPs for RAB11 on endosomes in the particle assembly
pathway, thus regulating viral egress (Vale-Costa et al.
2016), whereas PPIP5K2 is required for efficient IFN-β
production (Pulloor et al. 2014), thus inhibiting viral rep-
lication via the innate immune response. The IAV-induced
splicing changes in both of these genes results in the
insertion of additional peptide sequences within the ca-
nonical encoded protein. The functional impact of these
altered reading frames remains to be explored and will be
an interesting area of future study (see Conclusion).

CONCLUSION

The work described above highlights how IAVuses host
machinery to expand the coding potential of its genome

Figure 6. Examples of genes that are differentially spliced upon depletion of hnRNP K and NS1-BP and are also regulated upon IAV
infection. The percent of transcripts including the variable exon are plotted for each condition. (KD) The protein has been targeted for
knockdown.
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through alternative splicing. In particular the splicing
event we focus on, that of M1 to M2 splicing, is essential
for viral replication. A major hurdle for the development
of antiviral therapies is the ability of the virus to mutate
and evolve rapidly. However, virus cannot confer the same
adaptive response on host proteins. Therefore, identifying
essential interactions between the host splicing regulatory
machinery and IAV RNAs and proteins opens the door to
therapeutic approaches that target host proteins to prevent
viral replication.
Beyond the potential for novel therapeutics, the study of

viral splicing provides important insights to general mech-
anisms of splicing regulation. For example, the require-

ment for M1 RNA to be trafficked to nuclear speckles for
subsequent export or splicing is unusual. Typically host
genes are thought to be spliced in a cotranscriptional man-
ner, with the splicing machinery being recruited from the
speckles to the sites of transcription (Merkhofer et al.
2014). The fact that hnRNP K and NS1-BP regulate splic-
ing of many host genes in addition to the M transcript
suggests that a subset of host RNA may also be spliced
in a speckle-dependent manner at least in the context of
IAV infection. Indeed, the involvement of NS1 in traffick-
ing and splicing the M segment RNAwith hnRNP K and
NS1-BP raises the possibility that NS1 could be directing
a specific subset of hnRNP K/NS1-BP–regulated RNAs

Figure 7. Model of the putative role of CLK1, RAB11FIP3, and PPIP5K2 in IAV replication and the possible impact of alternative
splicing of the genes encoding these proteins in promoting or limiting IAV infection. Gray arrows indicate normal viral life cycle; red
arrows indicate viral-induced splicing patterns of the three genes and resulting predicted protein and functional impact.
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through nuclear speckles, which would otherwise be
spliced cotranscriptionally. Recent experiments from the
Fontoura laboratory do show that NS1 binds a population
of host transcripts during IAV infection (Zhang et al.
2018). Therefore, determining if hnRNP K– and NS1-
BP-regulated splicing events are bound by NS1 could
reveal host RNAs that might be subject to M segment-
like splicing mechanisms. Importantly, if it is determined
that nuclear speckle–dependent splicing pathways are ex-
clusively an IAV-driven phenomena, then targeting this
pathway therapeutically may prove to be an additional
viable antiviral strategy.
More broadly, a major open question is to define the

mechanism(s) by which IAV infection alters host splicing.
As described above, one potential mechanism is via IAV-
induced changes in hnRNP K/NS1-BP activity. For exam-
ple, the presence of NS1 could draw hnRNP K/NS1-BP to
speckles, as discussed in the preceding paragraph, or
could alter the recruitment of these host proteins to
specific RNAs through a combination of protein–protein
and protein–RNA interactions. Alternatively, the abun-
dance of IAV M RNA could function as a molecular
sponge to sequester hnRNP K/NS1-BP away from host
transcripts, as has been shown to occur for other viral
RNAs and host proteins (Barnhart et al. 2013; Michalski
et al. 2019) Consistent with this model, our and other
RNA-seq experiments have shown that during infection
IAV RNA accounts for >30% of polyadenylated tran-
scripts in the cell.
Finally, the fact that IAV infection induces so many

alterations in host splicing begs the question of whether
these are advantageous for the virus, part of the host
defense, or both. The fact that several genes that harbor
IAV-regulated splicing events are known to have pro or
antiviral activities strongly suggests that changes in host
splicing induced upon viral infection impact viral repli-
cation. We predict that splicing changes induced specifi-
cally by the virus (e.g., via NS1 or viral RNA load) are
likely to be proviral, as the virus would avoid causing
such changes if they hinder viral replication. In contrast,
it is possible that a subset of the observed splicing chang-
es induced upon infection are actually part of the host-
driven innate immune response. Such innate immune trig-
gered splicing has been observed in other systems (Car-
penter et al. 2014) and would be expected to be antiviral.
Future studies are needed to tease apart viral- versus
host-driven splicing regulation and to specifically test
the influence of alternative splicing on viral growth by
specifically modulating splicing by antisense or CRISPR
approaches.
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