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SUMMARY
Avian influenza virus (AIV) outbreaks have not only caused enormous
economic losses in the poultry industry worldwide, but they also have a high
potential to cause infection and lethality in humans, which has aroused concerns
about the emergence and pandemic spread of high pathogenic avian influenza
virus (HPAI). Currently, vaccine-mediated prevention and therapy is the most
efficient way to control the influenza virus. However, vaccination strategies
against AIV have limited practical effectiveness, as vaccines must be
reformulated in response to each seasonal outbreak due to the high plasticity
and rapid evolution of AIV. Since viruses must utilize the host cellular
machinery during their lifecycle to produce progeny, targeting of the cellular
host factors required by the virus might serve as an alternative strategy to
vaccination for controlling AIV replication and growth. Recent technological
advances in genome editing afforded by the clustered regularly interspaced
short

palindromic

repeat

(CRISPR)/CRISPR-associated

protein
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(CRISPR/Cas9) system have enabled highly efficient and precise modification
and targeted disruption of genes of interest. The precise modification of host
factors used by AIV via genome editing technology is considered an innovative
solution for the development of AIV-resistant chickens.

The first study was performed to investigate the functional roles of
species-specific host restriction factor acidic nuclear phosphoprotein 32 family
member proteins (ANP32) in viral polymerase activity and replication of AIVs
through CRISPR/Cas9-mediated genome editing system in chicken. The
ANP32A, one of ANP32 protein members, has been identified as the host
restriction factor for the viral polymerase (vPol) activity of AIVs. Although
ANP32A belongs to the conserved ANP32 family, the functional roles of which
during viral replication remain unclear. In this study, targeted knockout of
chicken ANP32A was performed using CRISPR/Cas9-mediated genome
editing to examine the functional roles of ANP32A and other members of the
ANP32 family. First, the cANP32A-knockout DF-1 clones and the fifth exon
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of cANP32A modified DF-1 clones via homology-directed repair (HDR) were
established. Next, it was revealed that knockout or precise modification of
cANP32A resulted in a significant reduction in AIV replication. Furthermore,
via knockdown and enforced expression experiments, cANP32B and cANP32E
are not involved in AIV replication. Intriguingly, co-expression of all of the
human ANP32 family members in cANP32A-lacking DF-1 cells resulted in
reduced vPol activity that depended especially on the PB2-Glu627 (PB2-E627)
rather than on the PB2-Lys627 (PB2-K627). It was notable that chicken
ANP32A only, not ANP32B and ANP32E, plays a pivotal role in supporting
vPol activity of AIVs. Furthermore, the human ANP32C, ANP32D, and
ANP32E have suppressive eﬀects on vPol activity in contrast to human
ANP32A and ANP32B. These findings suggest that each chicken and human
ANP32 family member had different effects on vPol activity, implying that
species-specific vPol activity of AIVs could be caused by the differential
functions and overall competency of ANP32 family members.

Based on the differential role of ANP32 family members in supporting
of vPol activity, the functional role of the 27 residues (149-175 residues of
ANP32 proteins) in supporting of vPol activity was further investigated. It was
reported that ANP32A plays a pivotal role in host range restriction of the vPol
AIVs between birds and mammals since chicken ANP32A additionally
contains the 27 residues (182-208 residues) duplicated from 149-175 residues.
However, the molecular understanding and functional role of these 27 residues
in supporting of viral polymerase activity of AIVs have not been fully
elucidated yet. It was found that the deletion of 27 residues from hANP32A or
swapping of the 27 residues from hANP32C to hANP32A lost the competency
to support the vPol activity, whereas swapping of the 27 residues from ANP32A
to ANP32C confer the supporting competency in vPol activity. From the
pairwise comparison between ANP32A and ANP32C, it was demonstrated that
the both of Asp149 (D149) and Asp152 (D152) residues are critically involved
in supporting of vPol activity independent of PB2 627 residues. Furthermore,
it was found that the D149 and D152 residues are involved in hydrogen bond
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and electrostatic interaction with viral proteins for supporting of vPol activity,
respectively. In addition, via co-immunoprecipitation assay, it was revealed that
mutation of these residues resulted in a significant reduction of the protein
interaction between ANP32A and vPol. Finally, it was demonstrated that HDRmediated precise substitution of D149Y and D152H of chicken ANP32A
resulted in a significant reduction of viral replication. This study can contribute
to understand the molecular insight of ANP32A function and develop the AIVresistant chicken via precise modification of ANP32A with current genome
editing technology.

Next study was conducted to examine which of importin α family
members are involved in the transportation of viral proteins of avian influenza
virus in chicken DF-1 fibroblast cells. Influenza viruses inevitably utilize the
cellular transporters for initial transcription and replication of their viral
genome at nuclei of host cells upon host infection. The importin α family
members have been known to be involved in nuclear import of influenza viruses
in mammalian host. Furthermore, it was reported that interspecies restriction of
influenza viruses between birds and mammals could be caused by differential
utilization of the importin α family in different influenza virus strains,
especially avian or mammalian-adapted viruses. In human hosts, avian viruses
utilize importin α3 for nuclear import of PB2 and NP, whereas mammalian
viruses preferentially exploit the importin α7 instead of importin α3. In contrast
to human hosts, however, importin α specificities have not been yet identified
in chicken cells. Therefore, chicken importin α family members was targeted
by using the CRISPR/Cas9-mediated gene editing system to demonstrate the
functional role of importin α family members in viral transportation and
replication of AIVs in chicken host cells. It was found that importin α1 and
importin α4 are mainly involved in cellular transportation of viral PB2, but not
of NP proteins. These results provide a novel understanding of the functional
roles of importin α family members in cellular transportation of influenza virus
in chicken, and the implications for the development of antiviral drugs and
strategy for generation of AIV-resistant animals.
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Based on the researches, this studies demonstrated that CRISPR/Cas9mediated genome editing or precise modification of host factors such as
ANP32A and importin α family members could restrict the replication and
growth of AIVs in the chicken host cell. These findings suggest that our genome
editing system could be utilized for the development of AIV-resistant chicken
system, and could contribute to facilitate a profound understanding of virus
infection and pathogenesis in avian species, providing the chances to establish
a novel avian model for academic fields as well as an industrial area.
Based on the researches, it was demonstrated that CRISPR/Cas9mediated genome editing or precise modification of host factors such as
ANP32A and importin α family members could restrict the replication and
growth of AIVs in the chicken host cell. These studies suggest that the genome
editing system could be utilized for the development of AIV-resistant chicken
system, and could contribute to facilitate a profound understanding of virus
infection and pathogenesis in avian species, providing the chances to establish
a novel avian model for academic fields as well as an industrial area.
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CHAPTER 1

GENERAL INTRODUCTION
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Avian species has been regarded as the most suitable model animals in
the multi-disciplinary research fields due to their oviparity, which has been enabled
to monitor and manipulate the embryos from embryogenesis to hatch. Despite
their importance as an experimental model animal, until a few years ago, there
were many challenges and difficulties in transgenesis and gene editing in birds.
Recently developed programmable genome editing systems have facilitated a new
era in which the genotype, phenotype, and traits of birds can be easily modified.
Since the chicken genome sequencing project was completed in 2004,
(International Chicken Genome Sequencing, 2004), the bird 10K genome
sequencing project has been initiated in 2015. As the genomic information of
various avian species has been revealed, it will create infinite possibilities and
provide multiple opportunities to access invaluable genetic information from birds
(G. Zhang et al., 2015). Thus, the recent progress in genome editing technology in
birds has guided in an innovative era of avian genome manipulation for the
development of invaluable avian models, including specific-gene knockout avian
models, allergen-free poultry, human disease model, egg-based bioreactor and
avian disease resistance model. Furthermore, it is notable that it is possible to
control bird-specific diseases and develop avian disease-resistant birds through
gene editing of pathogenesis-related genes in birds, especially on high-risk
infectious viruses like influenza (Han and Park, 2018).
Avian influenza viruses (AIVs) have been seriously threatened to poultry
due to their high pathogenicity and interspecies transmission competency,
resulting in enormous economic loss worldwide over the past few decades. Since
the influenza viruses utilize the host-specific cellular machinery during their
lifecycle, avian-origin influenza viruses generally replicate well in avian cells but
2

not in human cells, indicating that there are different host-restriction factors
between birds and mammals. Thus, understanding of the host cellular factors that
support or limit the viral lifecycle is both important for the development of
antiviral drugs as an alternative strategy to vaccination and the prevention for
emerging viruses like avian-to-human-adapted influenza viruses. For efficient
replication and transcription of viral RNA in a host cell, the vPol depends on the
host cellular machinery, including nuclear import and export factors, transcriptionand translation-related factors, RNA processing factors, and factors involved in
other essential cellular functions (Te Velthuis and Fodor, 2016; Watanabe et al.,
2014). Recently, it was reported that species-specific differences in acidic nuclear
phosphoprotein 32 family member A (ANP32A) underlie the host range restriction
of the vPol activity of AIVs, especially via the 627 residue of the vPol PB2 domain.
ANP32 family members play important roles in embryonic development,
regulation of apoptosis, mRNA export, and chromatin remodeling (Huyton and
Wolberger, 2007; Matilla and Radrizzani, 2005; Reilly et al., 2014). ANP32B, the
second member of the ANP32 family, is involved in the synthesis of viral RNA
from a complementary RNA (cRNA) template of the AIV genome in human cells
(Long et al., 2016; Sugiyama et al., 2015). However, the critical functions or
engagement of the remainder of the ANP32 family members in viral replication
have not been elucidated.
Since the nucleus surrounded by a double membrane of the nuclear
envelope, to replicate the viral genome of influenza virus upon infection to host
cell, the viral RNPs actively are transported into the nucleus through recognition
by a cellular transporting protein known as importin subfamily. The nuclear import
viral RNP complexes is mediated by the NLS of NP, wherein the NLS of NP is
3

bound by importin-α which subsequently itself is bound by importin-β, allowing
the protein complex to dock at the nuclear pore complex (NPC) and to translocate
into the nucleus (Cros et al., 2005; O'Neill et al., 1995). It is notable that cellular
importin-a subfamily plays a pivotal role in host restriction of influenza virus
between mammalian and avian-adapted influenza virus. It was reported that the
avian signature influenza virus generally depends on importin-α3, but mammalian
signature viruses depend on importin-α7, indicating that avian influenza virus
should change importin specificity from importin-α3 to -α7 for mammalian
adaptation (Gabriel G. et al. (PloS Pathogen,2008, 2011 Nat Com). However, the
critical roles of the importin family members in import of vRNA in avian species
have not yet been elucidated.
To evaluate the feasibility of genome editing-mediated precise
modification of host factors for control of avian influenza viruses in the chicken
system, a series of experiments were conducted. In CHAPTER 2, we review the
current knowledge of influenza viruses and their host factors for control of virus
life-cycle. Furthermore, the recent progress in primordial germ cell-mediated
genome editing system in avian species and its future applications for development
of AIV-resistant chickens will be also discussed. In CHAPTER 3, we revealed that
each of the chicken and human ANP32 family members had different effects on
viral polymerase (vPol) activity, underlying that species-specific differential vPol
activity of AIVs could be caused by differential functions and the overall
competency of ANP32 family. In CHAPTER 4, we identified the functional
residue in human and chicken ANP32A, which involved in vPol activity and
replication of AIV. Furthermore, we demonstrated that the homologous-directed
repair (HDR)-mediated precise modification of the identified residue could
4

impede AIV replication and growth in chicken. Finally, in CHAPTER 5, the
CRISPR/Cas9-mediated targeted knockout of chicken importin subfamily
members is discussed for understanding of nuclear transport and subcellular
localization of influenza viruses in chicken
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CHAPTER 2

LITERATURE REVIEW
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1. influenza virus
1.1. classification and structure of influenza virus
Influenza viruses belong to the Orthomyxoviridae family, which are
defined as an enveloped virus with a single-stranded negative-sense RNA viruses
are known as the pathogen of flu. The influenza viruses comprise four strains,
including influenza A, B, C and D viruses. It has been reported that the influenza
A viruses infect various host species, including poultry, birds, bat, swine, horses
and human, whereas the influenza B, C and D viruses only infect a restricted host
species (Neumann and Kawaoka, 2015; Zhai et al., 2017). The influenza A viruses
(IAV) cause significant disease in humans, whereas influenza B and C viruses
relatively mild respiratory symptoms (Katagiri et al., 1987; Monto et al., 2000).
Since IAVs have a high potential to cause infection and lethality in humans from
other species, seasonal influenza vaccine program is mostly targeting for IAVs.
The eight RNA genome segments of IAVs encode up to 13 separate proteins,
including vRNA segment 1 (polymerase basic protein 2, PB2), segment 2 (PB1;
PB1-F2; N40), segment 3 (polymerase acidic protein, PA; PA-X), segment 4
(Haemagglutinin,

HA),

segment

5

(Nucleoprotein,

NP),

segment

6

(Neuraminidase, NA), segment 7 (Matrix protein, M1; M2) and segment 8 (Nonstructural protein 1, NS1; Non-structural protein 2/Nuclear export protein,
NS2/NEP). Furthermore, the IAVs are further divided into subtypes, based on the
surface glycoproteins HA and NA, underlying the two major viral antigens. In
addition, IAVs have a reservoir in birds and pigs, from which new viruses with
novel HA and NA subtype can emerge. The 18 HA (H1-H18) and 11 NA (N1-N11)
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subtypes in IAVs have been identified to date (Neumann and Kawaoka, 2015; Tong
et al., 2012).
IAVs are mostly spherical or elliptical in shape, ranging from
approximately 80–120 nm in diameter (Noda, 2011) and, are comprised of viral
ribonucleoprotein (vRNP) complexes with each eight-negative sense RNA
genome segments that are coated by NP and bound at the 5’ and 3’ ends by the
heterotrimeric RNA-dependent RNA polymerase (RdRP), which is composed of
PB1, PB2 and PA (Te Velthuis and Fodor, 2016). The virion is enveloped with a
lipid bilayer during budding from the membrane of host cell and also contains
nuclear export protein (NEP) and influenza NS1. The trimeric HA and tetrameric
NA membrane glycoproteins as well as the tetrameric M2 ion channel are
embedded in the viral envelope (Noda, 2011). The viral envelope protein HA is
essential for the viral binding to sialic acid-containing cellular receptors and
internalization through multiple endocytic pathways (Rust et al. 2004; de Vries et
al. 2011; Sieczkarki and Whittaker, 2002). Following viral infection, the vRNPs
are released into the cytoplasm and subsequently transported into nucleus for
replication of vRNA (Hutchinson and Fodor, 2013).
1.2. life cycle of influenza virus
The life cycle of influenza virus can be divided into the following process:
binding and entry into the host cell; endosomal release of vRNPs and import into
the nucleus; replication and transcription of viral genome; export of the vRNPs
from the nucleus; finally, assembly at plasma membrane and budding from the
host cell (Samji, 2009). Thus, the first step of influenza virus life cycle is initiated
when the HA of virion attaches to sialic acid-containing cell surface receptors. In
8

general, the human IAVs preferentially bind to sialic acid with an α2,6 linkage
whereas most avian IAVs preferentially bind to sialic acid with an α2,3 linkage
(Matrosovich et al., 1997). Upon HA binding to sialic acid receptors, the viruses
are internalized into the host cell via endocytosis. As the pH of endosome
decreases during endosome maturation, it causes the conformational change in the
viral HA protein for activation of fusion of viral membrane with endosomal
membrane, via cleavage of HA0 precursor into two subunits, HA1 and HA2
(Skehel et al., 1982). Following to fusion between the viral and endosomal
membrane, the vRNPs are released into cytoplasm and subsequently imported into
the cell nucleus by the importin-α/β subfamily members (Cros and Palese, 2003;
P. Wang et al., 1997). After translocation into host cell nucleus, the replication and
transcription of the viral genome are carried out by the viral RdRP complex in
vRNP. The viral RdRP replicates the negative sense vRNA genome segments by
copying them into positive sense complementary RNAs (cRNAs) in a primerindependent manner, and it also transcribes the vRNA segment into viral mRNAs,
which are translated and comprised of the newly synthesized virions (Te Velthuis
and Fodor, 2016). After viral genome replication and vRNP assembly in the host
cell nucleus, vRNPA complexes are exported into the cytoplasm by the CRM1mediated nuclear export indicating that interaction between host cellular factor and
NS2/NEP is important for vRNP nuclear export and virion formation (Neumann
et al., 2000). Once the vRNPs have reached the host plasma membrane, they are
packaged into virions with taking the host lipid membrane as the virus envelop,
and they consequently bud from the host membrane when the NA cleave the sialic
acid from glycoprotein and glycolipid. Newly formed virions start to find and
infect new host and recur the virus life cycle. The life cycle of influenza virus,
from the entry to the production of progeny is quite fast, it takes about 6 to 8 hour
9

for shedding of the new influenza virus (Gaush and Smith, 1968; Henle and Liu,
1951) .
1.3. Cellular host supporting factor of influenza virus
The influenza viruses during lifecycle obligately depend on the host
cellular factors, including nuclear transport, transcription- and translation-related
factors, and factors involved in other essential cellular functions, targeting of the
cellular host factors required by the virus might serve as an alternative strategy to
vaccination for controlling AIV replication and growth (Hoffarth et al., 2008). To
date, the high-throughput target screening system, including genomic,
transcriptomic and proteomic analysis, have been utilized to search for cellular
host factors that are involved in supporting the virus life cycles (Te Velthuis and
Fodor, 2016)(86-94). Although the hundreds of candidate host factors have been
identified, the detailed functional roles of a number of host factors have not yet
been elucidated. After infection to host, the viruses firstly co-opt host factors to
carry out uncoating, genome release and nuclear import of vRNPs. The importinα family members not only import the incoming vRNPs but also actively import
the newly synthesized viral protein for the assembly of vRNPs. It is notable that
host importin-α isoforms have been reported to function in import of influenza
virus by interacting with the NP and PB2 polymerase subunit in a host-dependent
manner (Gabriel et al., 2008; Resa-Infante et al., 2008). Although the loss of
specific importin-α isoforms undoubtedly inhibits the replication of mammalian
adapted viruses, as indicated by decreased replication in cells and in knockout
mice, the mechanism by which importin-α proteins support polymerase activity in
the nucleus is unknown (Long et al., 2018).
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Replication of the viral RNA genome is a two-stage primer-independent
process, which requires synthesis of a positive-sense complementary RNA (cRNA)
intermediary to synthesize copies of the negative-sense single-stranded RNA
genome (vRNA). The viral RNA synthesis is carried out in closed sites of host
gene transcription by cellular DNA-dependent RNA polymerase II, wherein
association with chromatin and nuclear matrix is mediated by nuclear matrix and
chromatin factors (Jackson et al., 1982; Takizawa et al., 2006). It was reported that
interaction between the vPol and the chromatin remodelers CHD1 and CHD6
could play a part in targeting vRNPs to nuclear compartments (Alfonso et al., 2011;
Marcos-Villar et al., 2016). Furthermore, it was reported that minichromosome
maintenance (MCM) complex known as cellular helicase interact with the PA
subunit of vPOl for stimulating vRNA replication and transition from de novo
initiation to elongation on the vRNA template (Kawaguchi and Nagata, 2007).
Transcription of viral genome initiated by snatching the nascent capped RNA
fragment from host mRNA by vPol, called “cap-snatching” as the vRNP
complexes bound to serine-5-phosphorylated form of the C-terminal domain (CTD)
of host Pol II (Engelhardt et al., 2005). The influenza viruses also hijack the host
cell’s splicing machinery to process spliced product from the transcript, but the
viruses prevent the host cell from using their splicing machinery for processing
the host mRNA (Samji, 2009). Cellular host factors that are involved in splicing,
including RED, SMU1, and SFPQ, have been identified as key factors for viral
splicing and viral mRNA processing (Fournier et al., 2014; Landeras-Bueno et al.,
2011). The host splicing factor SFPQ is known as stimulating factor for
polyadenylation of viral mRNA. It is notable that NS1 could inhibit the nuclear
export of host mRNAs by binding to host CPSF (cleavage and polyadenylation
specificity factor) and poly(A) binding protein II (PABPII) for preventing of
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polyadenylation process. The processed viral mRNA is exported to the cytoplasm
for protein translation by host translational machinery. It has been suggested that
viral mRNA exploit the normal pathways for translation used by host mRNAs
(Bier et al., 2011). Finally, newly translated viral protein by free ribosomes are reimported into nucleus by importin family members, involving in reconstitution of
the RNP complexes or assembly of new viruses (Deng et al., 2006; Gabriel et al.,
2008).
1.4. Cellular host restriction factor of influenza virus
Although IAVs depend on numerous host factors to support their life
cycle, conversely, restrictive host factors or host defense system can control or
restrict viral infection and replication. The avian-origin influenza viruses (AIVs)
generally do no replicate efficiently when infected to a mammalian host, indicating
that there are host restriction factors that limit or suppress viral replication in a
host-dependent manner. Although incompatibility with new hosts will restrict the
replication of viruses, virus can rapidly evolve and adapt to every new host due to
viral genome recombination by re-assortment also known as antigenic shift (Long
et al., 2018). It was reported that extensive re-assortment is identified between
swine and canine influenza viruses, implying that re-assortment is depended on
the compatibility between the gene segments of viruses carried by different host
species (Y. Chen et al., 2018; Long et al., 2018).
As the first line of host restriction, the terminal sialic acid (SA) moiety to
the sub-terminal galactose of glycan is considered to cause species-specific
restriction to IAV. The HAs from human-origin IAV preferentially bind to α2-6linked SA, whereas HAs from AIVs bind to α2-3-linked SA (Rogers and Paulson,
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1983). It was reported that the α2-6 SAs are prevalent in the respiratory tract of
humans, pigs, and ferrets, whereas non-human primates and mice show relative
higher expression of α2-3 SA. In birds, duck intestine and trachea exclusively
express α2-3 SA, whereas chickens express both α2-6 and α2-3 SAs in the
respiratory tract, indicating that there is variation in the type and distribution of
SA among species (Costa et al., 2012), implying that species-specific differences
in terminal SA residue underlie host restriction of HA binding.
After the viruses have bound to the host cell, the vRNPs are released into
cytoplasm after conformation change in HA. The incoming vRNA can be targeted
by host sensing factors such as Retinoic acid-inducible gene I protein (RIG-I also
known as DDX58), MDA5 and Toll-like receptor family members, eliciting the
interferon pathway-mediated host innate immune system (Rehwinkel et al., 2010;
Santhakumar et al., 2017). It was reported that interferon pathway sensor like RIGI and tripartite motif-containing protein 25 (TRIM25) directly bind to influenza
virus vRNPs, blocking their nuclear entry or RNA synthesis (Meyerson et al.,
2017). It is notable that chickens lack a functional RIG-I homologue, thus
incoming vRNPs are targeted by alternative sensing factors via MDA5 and
CARDIF Signaling Involving LGP2 (Liniger et al., 2012). In addition to
cytoplasmic pattern recognition receptors, numerous other restriction factors have
been identified as an initial restrict factor for incoming viruses. For instance, the
interferon-regulated resistance GTP-binding protein MxA could inhibit the nuclear
import of vRNPs, whereas the chicken Mx proteins do not restrict the AIVs
(Benfield et al., 2008; Haller et al., 2015). The interferon-induced transmembrane
protein 3 (IFITM3) could impede the fusion of the viral envelop to host endosome
and inhibit the release of vRNPs (Feeley et al., 2011). It has been reported that the
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DEAD box protein 21 (DDX21), Moloney leukaemia virus 10 protein (MOV10),
guanylate-binding protein 3 (GBP3) and HS1-associating protein X1 (HAX1) as
a host restriction factors could inhibit the viral polymerase via directly binding to
vRNP components (G. Chen et al., 2014; Hsu et al., 2013; Long et al., 2018;
Nordmann et al., 2012; J. Zhang et al., 2016).
Once vRNP complexes are released into the cytoplasm, they are actively
transported into the cell nucleus by the importin family members. Although the
vRNP contain at least one nuclear localization signal (NLS), however, nuclear
import of vRNP complexes is mediated by the NLS of NP due to its NLS is
exposed after dissociation of the interaction of M1 with vRNPs (Cros et al., 2005;
Martin & Helenius, 1991b; O'Neill et al., 1995). The NLS of NP is bound by
importin-α (either importin-α-1 or importin-α-5) which subsequently itself is
bound by importin-β, allowing the protein complex to dock at the nuclear pore
complex (NPC) and to translocate into the nucleus. Thus, the nuclear import of
vRNP complexes is considered to play a key role in host range restriction. The
avian viruses require to adapt to binding to human importin-α isoforms for
efficient import in mammalian nucleus (Gabriel et al., 2008; 2011; Hudjetz and
Gabriel, 2012; Resa-Infante et al., 2008; 2014). Since avian influenza A viruses
rely on the importin-α3, whereas mammalian-adapted influenza A viruses depend
on importin-α7 (Gabriel et al, 2011), AIVs should switch in importin-α
dependency for overcoming the host restriction when infected to new host. In
addition to nuclear transport, importin family members seem to have a role in
supporting viral replication within the nucleus if the NLS of the PB2 protein was
replaced, viral polymerase activity was dramatically reduced (Resa-Infante et al.,
2008). This suggests that importin-α may directly support vPol activity or recruit
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other host factors as associated with the viral polymerase within the nucleus
(Gabriel et al., 2008; Long et al., 2018). However, the detailed mechanism of hostspecific restriction of IAVs by host factor has not been fully understood yet.
1.5. Multiple role of ANP32 family members
The acidic (leucine-rich) nuclear phosphoprotein 32kDa (ANP32),
which of protein mostly range in size from 220 to 290 amino acid residues in
length, consist of evolutionarily conserved two domains, which is a N-terminal
leucine-rich repeat (LRR) domain and C-terminal low-complexity acidic region
(LCAR) (Kobe and Kajava, 2001; Matilla and Radrizzani, 2005). It was reported
that protein sequences resembling the ANP32 family have been annotated in the
animal and plant kingdoms as well as in protists, but not in yeast or other fungi
(Matilla and Radrizzani, 2005; Reilly et al., 2014). However, detailed functional
role of ANP32 family is unclear because, thus far, only animal ANP32 proteins
have been elucidated yet. The structure of the LRR domain and LCAR has been
characterized, indicating the LRR motifs forming canonical parallel beta-sheet and
the LCAR consisting of about 100 amino acids in length with 75% glutamic or
aspartic acid residues (Huyton and Wolberger, 2007). The lack of hydrophobic
residues in LCAR prevents formation of tertiary structures, allowing the LCAR to
remain flexible in solution and to interact with any positively charged surface and
to exist in a monomeric state without any homo-oligomerization (Pan et al., 2009).
The ANP32 family members have been reported that it has a multitude of different
functions in the host cell, including chromatin remodeling and modification,
apoptotic caspase modulation, protein phosphatase inhibition and regulation of
intracellular transport (Reilly et al., 2014).
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First, it has been reported that ANP32 family members have histone
binding and chaperone activity as a means of transcriptional repression. It is
notable that ANP32A could play an inhibitory role in histone acetyltransferase
(INHAT) complex and it also blocks histone modification by binding to histone
tails and sterically inhibiting acetylation via preferentially binds to unmodified
histone H3 tails (Seo et al., 2002). ANP32B has been found to bind TFs and
modulate their activity (Munemasa et al., 2008), and physical interaction between
ANP32B LRR region and core histones H3-H4 has been mapped (Tochio et al.,
2010). ANP32E has also been shown to have histone chaperone activity since
ANP32E could associate with the p400/Tip60 complex and specifically remove
histone H2A.Z from DNA, which is associated with transcriptional regulation
(Bargaje et al., 2012; Mao et al., 2014; Obri et al., 2014)
It has also reported that ANP32 family members are involved in the
activation of apoptosome, the initiator caspase complex containing procaspase 9,
APAF-1, and cytochrome c (Jiang et al., 2003). As the ANP32A, ANP32B and
ANP32E were isolated as an activator of the apoptosome, proteolytic cleavage of
ANP32A-sequestering proteins SET and HuR may stimulate a positive feedback
loop allowing more apoptosome activation (Mazroui et al., 2008). However,
ANP32B, as both an inhibitor and substrate of Caspase-3 may play a role in a
separate positive feedback mechanism on caspase activation (S. M. Shen et al.,
2010). Furthermore, it was known that ANP32 proteins, as adaptors between the
nuclear-export factor CRM1 and the mRNA-binding protein HuR, could expedite
transport of mRNAs containing adenosine-rich elements as a means of control of
both cellular and viral mRNAs, such as adenovirus, Foamy virus and henipavirus
virus (Bodem et al., 2011; Brennan et al., 2000; Fries et al., 2007; Higashino et
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al., 2005). It was suggested that differential affinities, expression patterns, or
controlled complex formation of ANP32 family members may allow dynamic
functions of the ANP32s across time, allowing them to change roles between
regulating gene expression, cell signaling, and cell death, depending on changes
in cell physiology (Reilly et al., 2014).
It has been examined the functional role of ANP32 family members in
development via animal loss-of-function studies. Interestingly, ANP32a-lacking
mice showed no apparent phenotype and ANP32E-lacking mice showed a subtle
neurological phenotype in the gene-trapped mutant. While, the ANP32B-targeted
mice showed a severe and albeit complex phenotype, resulting in growth defects,
premature aging, and a wide array of pathologies (Reilly et al., 2011; Reilly et al.,
2014). This find suggested that ANP32A has functional overlap with ANP32B, but
not with ANP32E. Despite the functional importance of ANP32 family have been
implicated, no human pathogenic mutations have not been identified yet. However,
it has been reported that ANP32 family members are involved in tumorigenesis
and cancer progression due to their cellular function, which includes cell death
control, regulation of protein phosphatase activity and epigenetic regulation.
ANP32A is generally regarded as a tumor suppressor that could inhibit cell
transformation, showing reduced expression during cancer progression (Kadkol et
al., 1999; Kadkol et al., 2001). Additionally, ANP32A was also shown to be a
positive prognostic marker in non-small cell lung cancer, and reducing its
expression increased ras-induced tumorigenicity of NIH3T3 cells (Bai et al., 2001;
Hoffarth et al., 2008). However, there have been reported the controverting data
that expression of ANP32A is increased in cancers including prostate (Kadkol et
al., 1998), colorectal (Shi et al., 2011), ovarian (Ouellet et al., 2006)and liver (Li
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et al., 2012), and also is known as a negative prognostic marker in hepatocellular
carcinoma (Reilly et al., 2014; Zhu et al., 2010). In case of ANP32B, it is known
as a tumor-promoting gene in breast cancer prognosis (Reilly et al., 2011), whereas
it is also showed the high ranks in a tumor-suppressor-rich genome-wide search
for recessive cancer genes (Volinia et al., 2008). While ANP32E shows enhanced
expression in gastric cancer (Tsukamoto et al., 2008), but it is a negative
prognostic marker in myeloma (Walker et al., 2010). While there is controversy
about whether the intron-less hANP32C and hANP32D genes are functionally
transcribed or inert pseudogenes (Reilly et al., 2014), some evidence has been
reported on oncogenic roles of hANP32C and hANP32D via effects on the tumorsuppressive function of hANP32A (Buddaseth et al., 2013; Cole et al., 2014;
Imamachi et al., 2014; Yuzefovych et al., 2015). Currently, there is no clear insight
for ANP32 expression in cancer, within a genetic context of defective apoptotic
pathways ANP32 family members may provide proliferative advantage by
selective gene regulation, whereas in cancer cells with intact apoptotic cell-death
pathways their overexpression would drive tumor reduction (Reilly et al., 2014).
1.6. Functional role of ANP32A in influenza virus
It has been reported that ANP32 proteins function in the life cycles of a
wide variety of viruses, including DNA virus adenovirus (Higashino et al., 2005)
and adeno-associated virus (Pegoraro et al., 2006) as well as retroviruses, Foamy
virus (Bodem et al., 2011), Nipah virus (Bauer et al., 2014), and HIV (Reilly et al.,
2014; Yan et al., 2009). A series of studies have revealed that ANP32A could
support the viral polymerase activity in a host-dependent manner, especially
depending on PB2 627 residue. Avian influenza virus RdRPs have long been
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known to be restricted in their activity in mammalian hosts and this host range
restriction was initially caused by the PB2 subunit of the viral polymerase
(Almond, 1977). However, a single mutation in PB2-E627K enabled avian
influenza virus to support vPol activity in mammalian host cells (Subbarao et al.,
1993). In 2016, Long et al, reported that avian RdRPs rely on the avian-specific
host factor ANP32A for efficient viral replication but not human ANP32A,
showing that only avian ANP32A was able to fully restore avian-signature PB2627E vPol activity in human cells (Long et al., 2016). Thus, chicken ANP32A
could support the polymerase activity and viral replication of the avian-signature
PB2 627E viruses in human cells to levels comparable to those of human-signature
PB2-627K, while human ANP32A lacking the avian-specific 33 amino acids
cannot support the replication of avian influenza viruses in human host. Prior to
this finding, Sugiyama et al., firstly demonstrated that ANP32A and ANP32B is a
supporting host factor for viral replication, indicating that ANP32A involved in
supporting of vPol for the viral RNA synthesis from cRNA template (Sugiyama et
al., 2015). The avian and mammalian homologues of ANP32A showed a highly
conserved sequence identity with the exception of a 33-amino acid insertion in
avian ANP32A, which is based on a 27 amino acid-long duplication of residues
149 to 175 and a unique 6 amino acid-long sequence (Baker et al., 2018; Long et
al., 2016). The additional 6 amino acid sequences were identified as a hydrophobic
SUMO interaction motif (SIM)-like sequence, which could play critical role for
support of vPol activity and pro-viral effect (Domingues and Hale, 2017).
Intriguingly, the 33 amino acids in the avian ANP32A result from a duplication
event during evolution of birds, but it lacks in ratites such as the ostrich, emu and
rhea, explaining why human-adapted PB2-627K viruses could replicate efficiently
in the ostrich (Long et al., 2016; Shinya et al., 2009). A splice variant of chicken
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ANP32A that lacks the SIM-like sequence can also support viral polymerase
activity, although with less potency than with all 33 amino acids (Baker et al., 2018;
Domingues and Hale, 2017). Both avian and mammalian ANP32B orthologues
lack the 33-amino-acid duplication, yet artificial insertion of this sequence
between the LRR and LCAR domains of human ANP32B enabled AIV
polymerase activity when co-expressed in human cells (Long et al., 2016). It has
been reported that the interaction between chicken ANP32A and the viral
polymerase increases upon binding to viral genomic RNA(Baker et al., 2018). As
the viral polymerase can adopt multiple conformations depending on the presence
or absence of specific RNAs, it is likely that ANP32A prefers binding to specific
conformations (Pflug et al., 2014; Thierry et al., 2016). ANP32A may function by
delivering the trans-acting or trans-activating polymerase to cRNPs, or it seems be
required for loading the viral polymerase complex onto nascent vRNPs (Long et
al., 2018). Importantly, cRNPs can be stabilized by an avian viral polymerase in
human cells, whereas vRNA cannot be synthesized by avian viral polymerase even
though the in vitro replication of RNA from a cRNA template is promoted by
human ANP32A and ANP32B (Sugiyama et al., 2015). Taken together, chicken
ANP32A enables the avian viral polymerase to synthesize vRNA from cRNPs in
human cells, however, the exact role of ANP32 proteins in the host restriction of
viral polymerase remains to be elucidated.
1.7. Transportation of influenza virus via Importin α family members
Since the nucleus surrounded by a double membrane of the nuclear
envelope, to translocate from the cytoplasm to the nucleus, the cargos usually
should be actively transported into the nucleus by a cellular transporting protein
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known as importin subfamily (or karyoproteins) (Kohler et al., 1999). The viral
nucleoprotein of IAV has similar NLS-like sequence, which enables the vRNP to
transport into the nucleus of the host. All importin-α subfamily possesses an Nterminal IMPβ1 binding domain (IBB) and a c-terminal NLS-binding domain. In
case of absence of NLSs and IMPβ1, two basic amino acid residues within IBB
occupy the NLS binding sites and prevent futile binding of cargoes in the absence
of IMPβ1's NPC translocation activity (Kobe, 1999). In 2008, Gabriel G. et al.
reported that avian virus with mutations at PB2 and NP proteins enhanced the viral
binding and transportation into the nucleus of mammalian cells via importin-α1
(Gabriel et al., 2008). Furthermore, in 2011, they also demonstrated that avian
influenza virus changes importin specificity from importin-α3 in avian species to
importin-α7 in mammalian for adaptation in the host (Gabriel et al., 2011),
implying that host restriction for nuclear import of IAV PB2 is caused by importin
α isoforms 3 and 7. It has also been known that cellular importin-α subfamily plays
a pivotal role in host restriction of influenza virus between mammalian and avianadapted influenza virus. The adaptive mutations in PB2 E627K and D701N or NP
N319K have been identified as a key residue for species-specific transportation of
influenza virus into host nucleus depending on differential binding affinity to
importin alpha protein in human host (Gabriel et al., 2008; Gabriel et al., 2011;
Pumroy et al., 2015; Resa-Infante et al., 2008). In chicken, however, when
individual importins were silenced in avian cells by small interfering RNA, there
is no significant difference in viral growth between avian signature and mammal
signature IAVs (Gabriel et al., 2011), implying that there may be redundancy of
chicken importins for inﬂuenza virus replication. Despite the high sequence
similarity between chicken and human importin-α family members, whose
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functional roles in differential viral transportation have not yet been elucidated in
chickens.

2. Transgenic and genome editing technology for genetic modification
2.1 Transgenic System
The advancement of transgenic and genome editing technologies has
created a new era in which the genotype, phenotype, and traits of animals can be
easily modified. Traditionally, animal breeders used selective breeding or artificial
breeding strategies to improve productivity, food quality, and other traits of
offspring through the selective mating of highly qualified parents (Andersson and
Georges, 2004). In terms of the genomic DNA sequence of the desired animal, this
selective breeding strategy is in line with the effect of current genetic modification
or genome editing. Thus, it has become possible to more efficiently improve and
precisely manipulate the genetic traits of animal via recent genetic modulation
technologies combined with conventional breeding strategy. Currently, the
introduction of genome modulation technology to a targeted animal inevitably
requires germline modification of that animal, enabling the transmission of
modified genetic traits to subsequent generations (H. J. Lee et al., 2015). In
mammalian species, the first transgenic mouse was produced by microinjection of
foreign DNA into the pronucleus of a fertilized oocyte (Gordon et al., 1980). The
first genetically modified livestock, including rabbits, sheep, and pigs, were
successfully produced in the same manner (Hammer et al., 1985). Even though the
efficiency of developing founder animals is quite low and foreign DNA is
22

randomly integrated into recipient genomes, this strategy is still a major
technological method used in animal transgenesis.
In addition to pronuclear injection, the viral vector system has been also
widely utilized to develop transgenic animals. Since virions transport their viral
genome into the host cells, exogenous DNA is easily transduced into host genome
of the infected cells by using modified viral vector system. In 1976, the viral
transduction of DNA was firstly reported that the hybrid virus containing SV40
and lambda phage DNA were transduced in cultured monkey cells (Goff and Berg,
1976). Consequently, after use of viral vector for transgene delivery, diverse viral
vectors were developed. Among them, viral vectors from retrovirus have been
broadly used in genetic modification technology. Since recombinant retrovirus
which includes the viral genome of retrovirus contains reverse transcriptase and
their RNA genome can convert to DNA, is efficiently integrated into the host
genome of the infected cells. As a subclass of retrovirus, Lentivirus has great
advantage for integration compared to other retroviruses. It was known that the
conventional retrovirus can only integrate their virus genome into genome of
actively dividing cells, but lentivirus can also integrate their virus genome into
genome of non-dividing cells as well dividing cells (Yamashita and Emerman,
2006). This distinguished ability of lentivirus enables us to use the viral system for
genome editing as well as gene therapy.
Despite high gene delivery efficiency, virus system has raised an issue
with safety issues for clinical usage and transgene silencing effect during germline
transmission (Kamihira et al., 2005; Mizuarai et al., 2001). To overcome the
limitations, the transposon-mediated transgenic technology were developed as an
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alternative strategy. Transposon is a mobile DNA element which can move within
genomes and they have important roles in genome function and evolution by
insertion of certain region of chromosome. Due to the characteristic of the mobile
DNA element, it has been enabled us to utilize them as a tool for DNA integration
to host genome as well as gene trap study (Bucher et al., 2012). As a wellestablished the transposon system, the piggyBac transposon isolated form the
cabbage looper moth (Trichoplusia ni) has been used for genetic modification in
living organisms (Cary et al., 1989). It recognizes TTAA sequences of the genome
and inserted into the site (Bauser et al., 1999), therefore, diverse integration of
transposon is possible. It was reported that transposon mediated transgenic system
is very efficient in mice, humans and chicken, suggesting that germline
transmission ability of the transposon is very high (S. Ding et al., 2005; T. S. Park
and Han, 2012; W. Wang et al., 2008).
2.2 Site-specific Homologous recombination system
Although transgenic technology provide us chances to develop useful
model organisms with highly efficient manner, the technology has fundamental
limitation due to their random integration pattern With enthusiastic demands for
precise genome editing technology, the first homologous recombination
technology adopted to mouse embryonic stem cells (ESCs) was reported (Thomas
and Capecchi, 1987b). Homologous recombination is the one of natural repair
phenomenon of living organisms with non-homologous end joining (NHEJ),
which occurs during meiosis resulting in genetic diversity between parents and
their offspring. To utilize the phenomenon to targeting technology, donor plasmid
should contain DNA homology arms of targeted locus with proper selective
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markers. DNA homology in the donor plasmid can induce targeted replacement
between host genome and donor plasmid, therefore, the length of DNA homology
arms are critical for recombination efficiency (Inbar et al., 2000). Although the
efficiency of homologous recombination technology was extremely low compared
to transgenic technology (0.001%), development of precise genome editing using
homologous recombination gave us tremendous benefits to study specific gene
functions in living organisms.
Most well know site-specific recombinase is Cre-loxP system. Cre is
derived from P1 Bacteriophage (Abremski and Hoess, 1984). Cre recognizes loxP
sequences and modify the sequences floxed by loxP sequences. When identical
loxP sequences lay same orientation in the genome, Cre cleaves the floxed
sequences (excision). When same loxP sequences were lay different orientation,
the floxed sequences were inverted (inversion). And two different loxP sequences
lay same orientation, the floxed sequences could be replaced by treating donor
plasmid containing same two different loxP sequences (Recombinase mediated
gene cassette exchange, RMCE) (Nagy, 2000). Flipase-Flipase recognition target
(Flp/FRT) is one of the site-specific recombination technologies. The system is
derived from yeast (Saccharomyces cerevisiae) and can lead to genetic
recombination (Schlake and Bode, 1994). The recombination depends on the FRT
orientation, and mechanisms is similar to Cre-loxP system. Two site-specific
recombination systems have been used in diverse organisms including mouse, cow
and chicken (Graham et al., 2009; H. J. Lee et al., 2016; Ohtsuka, 2014).
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2.3 Genome editing system
Since the last decade, it has been innovative progress in genome editing
technology using programmable nucleases, including zinc-finger nucleases (ZFNs;
1st generation), transcription activator-like effector nucleases (TALENs; 2nd
generation), and clustered regularly interspaced short palindromic repeat
(CRISPR)-CRISPR associated protein (CRISPR/Cas; 3rd generation). Compared
to conventional genetic modification technology based on homologous
recombination events, which have extremely low frequency in eukaryotic cells,
these programmable nucleases yield a much higher frequency of homologous
recombination events (Rouet et al., 1994) and also induce targeted mutagenesis
through error-prone non-homologous end-joining (NHEJ) (Bibikova et al., 2002).
As a third generation programmable nuclease system, a CRISR/Cas9 system is
based on the RNA-based immune system of prokaryotes against bacteriophages,
viruses, or foreign nucleic acids (Barrangou et al., 2007). In 2012, Jinek et al.
reported that a dual RNA, called a guide RNA (gRNA), consisting of a 20-bp
CRISPR RNA (crRNA) and universal trans-activating crRNA (tracrRNA),
together with Streptococcus pyogenes type II Cas9 protein (Cas9), induced
cleavage of specific target DNA sequences (Jinek et al., 2012). Thus, Cas9 coupled
with dual RNAs has become a powerful tool for gene editing due to its targetspecific cleavage capacity. In the CRISPR/Cas system, the target site selection
depends on the protospacer adjacent motif (PAM) sequence NGG, which has an
important role in the initiation of Cas9 nuclease activity (Anders et al., 2014; Jinek
et al., 2014). Compared to ZFN and TALEN system, CRISPR/Cas9 is simpler,
easier to use for constructing chimeric single-guide RNA (Cho et al., 2013), and
has lower cytotoxicity and higher targeting efficiency (Q. Ding et al., 2013). To
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enhance target specificity, avoid breakage of double-stranded DNA, reduce offtarget effects, and increase homology directed repair (HDR) events or base
conversion, various Cas9 variants such as Cas9n (B. Shen et al., 2014), Cas9dn
(Tyack et al., 2013), and Cas9 D10A (Komor et al., 2016) have been developed.
In addition to the Cas9 endonuclease, a class 2-type V CRIPSR effector
endonuclease called CRISPR from Prevotella and Francisella 1(Cpf1) was
recently identified (Zetsche et al., 2015) which lacks tracrRNA and utilizes a
thymidine-rich PAM recognition sequence, in contrast to the guanine-rich PAM
sequence of the class 2-type II effector nuclease Cas9. Although it is difficult to
directly compare the effectiveness of Cpf1 and Cas9 because of their different
PAM sequences, genome-wide analysis shows that Cpf1 has higher accuracy and
specificity and has relatively fewer off-target effects than Cas9 (D. Kim et al.,
2016; Kleinstiver et al., 2016). Collectively, researchers should choose and use
programmable nucleases appropriately for their own purposes, optimizing for
factors such as no dsDNA breaks, higher HDR, lower off-target effects, or precise
base conversion.

3. Primordial germ cell-mediated germline modification strategy in birds
3.1 Production of germline chimeras via primordial germ cells
Currently, the introduction of genome modulation technology to a
targeted animal inevitably requires germline modification of that animal, enabling
the transmission of modified genetic traits to subsequent generations (H. J. Lee et
al., 2015). Germline modification strategies differ among animal species.
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“Germline chimera” usually refers to the presence of mixed gametes from different
breeds or species in one individual. In mammals, germline chimeras that have a
mixture of germ cells originated from both endogenous and exogenous germ cells
can be produced via injection of genetically modified ESCs into recipient
blastocyst (Smithies et al., 1985; Thomas and Capecchi, 1987a). Through the
testcross analysis of germline chimera, genetically modified ESC-mediated
transgenic offspring can be generated. However, unlike mammals, birds have a
unique transgenesis and genetic modification system (Fig. 1b) due to their
oviparity and the physiological properties of the ovum (Han, 2009). Since avian
zygote shows discoidal meroblastic cleavage with a large amount of yolk and a
small germinal disc, it is difficult to introduce foreign DNA into zygote and
microinject avian ESCs into blastoderm (Bellairs et al., 1978; H. C. Lee et al.,
2013; Love et al., 1994a), much effort has focused on the utilization of primordial
germ cells (PGCs) as an alternative strategy comparable to mammalian germlinecompetent ESCs (Capecchi, 2005). In 1976, Reynaud observed the colonization
of germinal crescent-derived donor turkey PGCs in recipient chicken gonads after
intravascular injection and produced a germline chimera chicken that produced
functional gametes derived from turkey primordial germ cells (Reynaud, 1976).
PGCs isolated from quail germinal crescent were later successfully transferred to
recipient embryos to produce quail germline chimeras (Wentworth et al., 1989).
Subsequently, the first transgenic bird was produced using PGCs isolated from the
germinal crescent of HH stage 5 chicken embryos (Vick et al., 1993). The avian
germline chimeras and donor-derived progeny have been produced by transferring
PGCs isolated from the blood of HH stage 14−16 embryos (bPGCs) (Ono et al.,
1998; Tajima et al., 1993) and gonads of HH stage 26−28 embryos (gPGCs)
(Chang et al., 1997; M. A. Kim et al., 2005) in chicken and quail. Furthomre,
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density gradient centrifugation and immunomagnetic cell sorting methods were
developed to obtain purified PGCs and efficiently produce germline chimeras
(Ono and Machida, 1999; Yasuda et al., 1992). Since germline chimeras and
genetically modified chickens can be produced using in vitro long-term cultured
PGCs in chickens (van de Lavoir et al., 2006), the culture system of PGCs has
been optimized and the germline competency of in vitro cultured PGCs has
subsequently been revealed (Choi et al., 2010; Macdonald et al., 2010; Song et al.,
2014). On the other hand, there have been many effort to develop alternative
germline chimera systems without PGCs, using other germline competent cells
including blastodermal cells (Petitte et al., 1990), embryonic germ cells (T. S. Park
et al., 2003), germline stem cells, and spermatogonial stem cells (Jung et al., 2010).
However, their germline transmission efficiency is quite low compared to PGCmediated germline chimera system. In this regards, the PGC-mediated germline
transmission system is the most efficient way to produce transgenic and genomeedited birds at present.
3.2 Transgenesis in avain species
In avian species, the first transgenic chicken was produced by
microinjection of recombinant avian leukosis viruses into the subgerminal cavity
of EGK stage X embryos (Salter et al., 1986). Subsequently, Vick et al.,
successfully produced transgenic chicken using genetically modified PGCs via
retrovirus (Vick et al., 1993) In addition, Mizuarai et al., produced transgenic quail
using direct injection of a replication-defective retroviral vector into the
blastodermal stage embryos (Mizuarai et al., 2001). Because randomly integrated
transgene in genome of transgenic animal was frequently silenced (Bosselman et
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al., 1989; Challita and Kohn, 1994; Jahner et al., 1982; Mizuarai et al., 2001), the
lentiviral system was introduced to avian transgenesis as an efficient viral
transduction system. It successfully produced various transgenic chickens without
any gene silencing (Chapman et al., 2005; Lillico et al., 2007; McGrew et al., 2004;
Scott and Lois, 2005). Furthermore, Agate et al., produced first green fluorescent
protein (GFP)-expressing transgenic finch using microinjection of lentivirus into
blastodermal stage embryos (Agate et al., 2009). Meanwhile, Shin et al.,
successfully produced transgenic quails using gPGCs-mediated germline
transmission via lentiviral system (Shin et al., 2008). Although the efficiency of
gPGC-mediated transgenesis was similar to blastoderm-mediated transgenesis in
quail, it has been enabled to produce transgenic birds via viral transfection
combined with directly purified PGCs without cultivation.
On the other hand, there have been many efforts to develop non-viral transgenic
systems without PGCs, such as sperm-mediated gene transfection (Collares et al.,
2011; Nakanishi and Iritani, 1993) and direct microinjection of transgenes into the
fertilized eggs (Love et al., 1994b). However, these strategies showed low
germline transmission efficiency compared to PGC-mediated transgenesis. Due to
the establishment of long-term in vitro culture systems, PGC-mediated
transgenesis has become a more optimal method for developing genetically
modified birds than the aforementioned methods. Accordingly, a highly efficient
non-viral system for stable genomic integration of transgenes into the genome of
PGCs was developed using transposable elements, such as piggyBac and Tol2
(Macdonald et al., 2012; T. S. Park and Han, 2012). The introduction of transgenes
into the genomes of cultured PGCs using lipofectin or electroporation showed a
remarkably higher efficiency than the conventional methods for producing
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transgenic chickens. More recently, a piggyBac transposon system with Flipase
recombinase recognition sequences was developed for introducing site-specific
gene cassette exchange in transgenic chicken genomes via PGCs (H. J. Lee et al.,
2016). Meanwhile, there have been several efforts to develop alternative strategies
for transgenesis without the use of PGCs. Although the level of transgenic
efficiency is usually lower than PGC-mediated transgenesis, the transgenic birds
were produced via direct injection of transfection reagents into circulating PGCs
at HH stages 14-16 (Lambeth et al., 2016; Tyack et al., 2013; Z. Zhang et al., 2012).
This strategy can be applied to produce genetically modified birds, of which PGCs
are difficult to manipulate in vitro.
3.3 Genome editing in avian species
Despite the importance of avian species as an ideal animal model of early
embryogenesis and organogenesis in developmental biology (Stern, 2005), it had
been difficult to investigate loss or gain of function in specific genes in birds due
to the lack of precise gene targeting system. Unlike mammalian species, specific
gene-targeted birds could not be successfully produced until an in vitro culture
system for PGCs and efficient gene editing technologies were developed. In 2013,
the immunoglobulin gene knockout chicken was first produced via homologous
recombination in chicken PGCs (Schusser et al., 2013). Furthermore, with recent
advances in gene editing technology using programmable nucleases, the
ovalbumin gene-targeted chicken was generated with TALEN in 2014 (T. S. Park
et al., 2014). TALEN-mediated gene knockout showed higher germline
transmission efficiency in mutant progeny than the conventional homologous
recombination-mediated gene knockout system. Subsequently, the CRISPR/Cas9
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system-mediated ovomucoid (OVM) gene-targeted chicken was efficiently
produced by transplanting PGCs into endogenous PGC-ablated recipient embryos
(Oishi et al., 2016). Concurrently, Dimitrov et al. successfully produced
CRISPR/Cas9-mediated precise genome-edited chickens via HDR insertion of an
additional loxP site into the variable region segment segment (VH) of a loxP
previously inserted into the joining gene segment (JH) of chicken immunoglobulin
heavy chain (IgH) locus (Dimitrov et al., 2016; Schusser et al., 2013). In 2017,
Tayler et al. produced a CVH gene-targeted chicken via the TALEN-mediated
HDR system, which induced GFP transgene integration into the CVH locus on the
Z chromosome (Taylor et al., 2017). More recently, we have successfully produced
the chicken in ovo sexing model via CRISPR/Cas9-meidated GFP gene insertion
into Z-chromosome in chicken PGCs (H. J. Lee et al., 2019). From the TALEN
and CRISPR-mediated genome editing results, the germline transmission
efficiency of G0 founders vary among each genome edited PGC lines. In this
regards, it is important to optimize the conditions for stable PGC lines while
maintaining their germline competency even after genetic modification and gene
editing, because PGC lines seem to have different germline competencies for each
established cell line and lose their germline competency during long-term in vitro
cultivation and genetic modification (Naito et al., 2015; Song et al., 2014; van de
Lavoir et al., 2012).

3.4 Application of genome editing technology in birds
As the genomic information of various avian species has been revealed,
it will create infinite possibilities and provide multiple opportunities to access
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invaluable genetic information from birds (G. Zhang et al., 2015). Until recently,
there was no way to utilize this valuable avian genetic information in developing
genome-edited birds, because there was no efficient genome editing system that
could be practically used in birds. The recent progress in genome editing
technology in birds via PGCs has ushered in an innovative era of avian genome
manipulation for the development of invaluable avian models. First of all, in
chickens, we expect to be able to create an efficient bioreactor system for
producing valuable proteins by applying gene editing technology. It is well known
that as potential bioreactors chickens have the key benefits that egg white protein
is easy to purify and they produce a large amount of egg white protein daily (Han,
2009; Lillico et al., 2005). Although the strategy for developing chickens as
bioreactors has focused on the production of target proteins using the ovalbumin
promoter, which is the most powerful promoter of egg white proteins (Lillico et
al., 2007; T. S. Park et al., 2015), it is possible to directly integrate a target protein
sequence into the ovalbumin locus via HDR-mediated gene editing. This HDRmediated target protein insertion into the ovalbumin locus could ultimately be an
ideal bioreactor system producing more than one grams of target protein from a
single egg with low cost. Genome editing in chickens is also expected to remove
or enhance specific nutrients in the meat and eggs of chickens. For example,
allergen-free chicken meat and eggs can be developed by knocking out allergenrelated genes such as ovalbumin and ovomucoid (Oishi et al., 2016; T. S. Park et
al., 2014). In addition, it is possible to make double-muscled and muscle
hypertrophy chickens by editing muscle-related genes such as myostatin, as is
well-reported in other livestock (Crispo et al., 2015; Lv et al., 2016; K. Wang et
al., 2015). Since conventional genetically modified organism (GMO) has foreign
gene or uncontrolled random mutation, there has been public concern about the
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safety issue of food derived from GMO due to unknown allergen reaction or use
of antibiotic resistance genes. On the other hand, genome-edited chickens and
other livestock can be produced by controlled precise genome editing technology
similar to mutations in intrinsic genomic sequences, like natural mutations, rather
than foreign gene insertion as in conventional GMO. Thus, scientists and educators
should convince the public that genome edited animals are similar to natural
selected or conventional breeding programmed animal via natural mutation
(Tizard et al., 2016). Through the public discussion and social consensus, genome
edited animals are expected to be accepted by the consumers in the near future.
Furthermore, birds are more likely to develop ovarian cancer than other
animal model because they lay a large number of eggs for their lifecycle and have
a relatively short ovulation cycle, therefore birds are considered to be one of the
best animal model for studying human ovarian cancer (Johnson and Giles, 2013).
Thus, with precise gene editing in ovarian cancer-related genes, it may be possible
to create avian models similar to human ovarian cancer and to reveal the genetic
mechanisms of ovarian cancer pathogenesis through gene editing technology. In
addition, we expect that it will be possible to control bird-specific diseases and
develop avian disease-resistant birds through gene editing of pathogenesis-related
genes in birds. In particular, high-risk infectious poultry diseases such as avian
influenza and Marek’s disease cause serious problems in various countries and
adversely affect the poultry industry. Although it will be necessary to first
understand the disease mechanisms and host factors of avian viruses (Biggs and
Nair, 2012; Long et al., 2016), avian gene editing technology is expected to
develop avian disease-resistant birds by eliminating host factors or receptors of
avian viruses. Indeed, the genetically modified transgenic chickens expressing
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short hairpin RNA (shRNA), which could specifically target viral RNA
polymerase activity resulted in reduced AI viral transmission (Lyall et al., 2011).
This finding demonstrated that genetic modification of avian species could be an
alternative method for addressing control of viral disease. Taken together,
development of novel avian disease models using germline modification system
could contribute to our in-depth understanding of interaction between pathogens
and hosts for development of disease resistant-animals.
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CHAPTER 3

Host-specific restriction of avian influenza
virus caused by differential dynamics of ANP32
family members
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1. Introduction
Influenza viruses must utilize host-specific cellular machinery to
complete their lifecycle. In general, avian-origin influenza viruses infect and
replicate well in avian, but not human cells, indicating that there are different host
restriction factors between birds and mammals. Thus, understanding the host
cellular factors that support or limit the viral lifecycle is both important for
development of antiviral drugs (as an alternative strategy to vaccination) and for
preventing emergence of new viruses such as avian-to-human-adapted influenza
viruses (Krammer and Palese, 2015; Long et al., 2018; Watanabe et al., 2014).
The eight negative-sense viral RNA segments of AIV are replicated by
the viral polymerase (vPol) complex, which consists of the PA, PB1, and PB2
subunits, together with a nucleoprotein (NP) (Hoffarth et al.). For efficient
replication and transcription of viral RNA in a host cell, the vPol depends on the
host cellular machinery, including nuclear import and export factors, transcriptionand translation-related factors, RNA processing factors, and factors involved in
other essential cellular functions (Te Velthuis and Fodor, 2016; Watanabe et al.,
2014). Amino acid residue 627 of the AIV PB2 domain is generally regarded as a
key determinant of host adaption between birds (glutamic acid; PB2-627E
preference) and mammals (lysine; PB2-627K preference), indicating that the
avian-signature influenza virus (PB2-627E) replicates well in avian cells but not
in human cells (Gabriel et al., 2005; Steel et al., 2009; Subbarao et al., 1993). The
PB2-627 residue imparts host restriction between mammals and birds via speciesspecific differences in the acidic nuclear phosphoprotein 32 family member A
(ANP32A) protein; in particular, chicken ANP32A contains a unique 33 amino
acid sequence (residues 176–208) that supports avian-signature PB2-627E vPol
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activity in avian hosts (Long et al., 2016). Furthermore, a SUMO interaction motif
(SIM)-like sequence involved in enhancing vPol activity and imparting a pro-viral
effect was identified in the 33 amino acid sequence (Domingues and Hale, 2017).
Moreover, differential splicing of ANP32A in birds, which leads to loss or
retention of the SIM-like sequence or the 33 amino acid sequence mentioned above,
results in variations in AIV vPol activity depending on whether the sequence is
maintained in the protein or not; therefore, it appears that this amino acid sequence
has crucial effects on vPol activity, particularly in PB2-627E signature AIVs
(Baker et al., 2018).
ANP32A, a member of the conserved ANP32 family, consists of an Nterminal leucine-rich repeat domain (LRR) and a C-terminal low complexity
acidic region (LCAR). ANP32 family members play important roles in embryonic
development, regulation of apoptosis, mRNA export, and chromatin remodeling
(Huyton and Wolberger, 2007; Matilla and Radrizzani, 2005; Reilly et al., 2014).
ANP32B, the second member of the ANP32 family, is involved in the synthesis of
viral RNA from a complementary RNA (cRNA) template of the AIV genome in
human cells (Long et al., 2016; Sugiyama et al., 2015). However, the critical
functions or engagement of the remainder of the ANP32 family members in viral
replication have not been elucidated.
Here, we targeted chicken ANP32A (cANP32A) gene using the clustered
regularly interspaced short palindromic repeats/CRISPR associated protein 9
(CRISPR/Cas9)-mediated genome editing system to examine whether ANP32
family members could support AIV replication in cANP32A-lacking chicken cells
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and to compare the functional roles of cANP32 family members with those of the
human ANP32 (hANP32) family members.
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2. Materials and methods
Construction of CRISPR/Cas9 vectors and donor plasmids for homologydirected repair (HDR)
The CRISPR/Cas9 vector targeting cANP32A gene was constructed using
the PX459 vector as previously reported (H. J. Lee, Lee, Jung, et al., 2017). In
brief, the annealed oligonucleotides for each gRNA were ligated into the PX459
vector via the Golden Gate assembly method, and the constructed CRISPR/Cas9
vectors were validated via Sanger sequencing. The oligonucleotides for the PCR
analysis and the CRISPR/Cas9 vector construction are listed in Table 3-1. For the
HDR-mediated precise gene editing of cANP32A, the donor plasmid (Bionics,
Seoul, Korea) for double cut donor-mediated HDR were synthesized as reported
previously (J. P. Zhang et al., 2017). Briefly, the donor plasmids contained 400 bp
right and left homology arms (HAs) flanked by two gRNA-PAM sequences. The
gRNA sequence between the right and left HAs of the donor plasmid was modified
to prevent further cleavage following HDR without modifying any amino acids.
Cell culture, transfection, and clonal selection of DF-1 cells
The chicken DF-1 fibroblast cells (CRL-12203; ATCC, VA, USA) were
maintained in Dulbecco’s minimum essential medium (DMEM; Hyclone, UT,
USA), supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1×
antibiotic-antimycotic (ABAM; Thermo Fisher-Invitrogen, CA, USA). DF-1 cells
were cultured at 37 °C in an incubator with an atmosphere of 5% CO2 and 60–70%
relative humidity. For transfection of DF-1 cells, 2 µg of DNA was mixed with 2
µl of Lipofectamine 2000 reagent (Thermo Fisher-Invitrogen) in Opti-MEM
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(Thermo Fisher-Invitrogen), and this mixture was then applied to 2 × 105 DF-1
cells in 12-well culture plates. Approximately 24 hr after transfection, puromycin
(GIBCO Invitrogen, NY, USA) (1 µg/ml) was added to the culture medium to
select for transfected DF-1 cells. The complete selection period required 3 to 4
days. Single puromycin-selected DF-1 cells were seeded into individual wells of
a 96-well plate with culture medium. After clonal expansion of single DF-1 cells,
genomic DNA was extracted from the clones for sequencing analysis.
Genomic DNA sequencing analysis
To analyze the target efficiency of the constructed PX459 vectors in
chicken DF-1 cells, genomic DNA was extracted from the transfected DF-1 cells
following puromycin selection. Genomic regions encompassing the CRISPR/Cas9
target sites were amplified using specific primer sets (Table 4-1). PCR products
containing the target site were cloned into the pGEM-T Easy vector (Promega, WI,
USA) and sequenced using an ABI Prism 3730 XL DNA Analyzer (Thermo
Fisher-Applied Biosystems, CA, USA). The sequences were analyzed against
assembled chicken genomes using BLAST (http://blast.ncbi.nlm.nih.gov) and
Geneious R6 software (Biomatters Ltd., Auckland, New Zealand).
Small interfering RNA (siRNA)-mediated knockdown of cANP32B and
cANP32E
DF-1 cells were seeded into the wells of a 12-well plate (each of which
contained 1 ml of medium) at a density of 2 × 105 cells per well. Next, the cells
were transfected with siRNAs targeting cANP32B and cANP32E (20 pmol/L)
using RNAiMAX (Invitrogen). Two siRNAs targeting cANP32B and two siRNAs
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targeting cANP32E were designed and synthesized (Bioneer Corporation, Daejeon,
Korea). A negative control siRNA with no complementary sequence in the chicken
genome was used as a control. The sequences of each siRNA used in this study are
listed in Table 4-2. After 48 hr of siRNA transfection, total RNA was extracted
from each sample using an RNeasy mini kit (Qiagen), and the total RNA was then
reverse-transcribed using the Superscript IV First-strand Synthesis System
(Invitrogen) as described below. The knockdown efficiency of the selected genes
and their effects on the transcription and replication of viral genes were measured
by RT-qPCR using a StepOnePlus real-time PCR system (Applied Biosystems,
CA, USA). Each test sample was assayed in triplicate. Relative quantification of
target gene expression was performed using the following formula: 2–ΔΔCt, where
ΔΔCt = (Ct of the target gene – Ct of ACTB) group – (Ct of the target gene – Ct
of ACTB) control.
RNA isolation and RNA quantification using RT-qPCR
The total RNA of infected cell samples was extracted using an RNeasy
mini kit and reverse-transcribed using the Superscript IV First-strand Synthesis
System. The PCR reaction mixture contained 2 μl of PCR buffer, 1 μl of 20×
EvaGreen qPCR dye (Biotium, Hayward, CA, USA), 0.5 μl of 10 mM dNTP
mixture, 10 pmoles each of target gene-specific forward and reverse primers (S1
Table), 1 μl of complementary DNA (cDNA), and 1 U of Taq DNA polymerase in
a 20 μl final volume. The RT-qPCR was performed in triplicate. Relative
quantification of target gene expression was performed using the 2–ΔΔCt method.
Stable expression of human ANP32 family members in chicken cells
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To establish cell lines that stably expressed the human ANP32 family
members, piggyBac transposon-based over-expression vectors carrying chicken
codon-optimized sequences of the human ANP32 family members (PB-hANP32A,
PB-hANP32B, PB-hANP32C, PB-hANP32D, and PB-hANP32E) driven by the
ubiquitous cytomegalovirus (CMV) promoter were constructed by the In-fusion
HD cloning (Clontech, CA, USA) of synthesized Flag-tagged DNA fragments
(Bioneer, Daejeon, Korea) into a previously constructed piggyBac vector
(Addgene plasmid #92078) (H. J. Lee et al., 2016). All of the plasmid constructs
were validated by DNA sequencing. Subsequently, the constructed vectors were
co-transfected with CAGG-PBase (transposase, pCyL43B) into ANP32Aknockout DF-1 cells, puromycin was added to the culture medium for 4 days.
Stable expression of human ANP32 proteins by established cell lines was
confirmed by western blot analysis.
Viruses, recombinant avian influenza virus, and biosafety
The PR8-H5N8 PB2-627E and -627K viruses were generated via reverse
genetic systems from eight bidirectional PHW2000 plasmids encoding the PB1,
PB2, PA, HA, NA, NP, NS, and M genes (PR8-PB2-627K, H5N8). The PB2
(E627K) substitution and conversion of the multibasic cleavage site of the HA
gene into a monobasic cleavage site were performed using a Q5 Site-directed
Mutagenesis Kit (NEB). Viruses were rescued by co-transfection of the eight
bidirectional plasmids into co-cultured Madin-Darby canine kidney cells (MDCK;
ATCC, CCL-34) and human 293T embryonic kidney cells (HEK293T; ATCC,
CRL-11268). The generated viruses were grown in MDCK infection medium,
consisting of DMEM supplemented with 0.3% bovine serum albumin (BSA), 1×
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ABAM, and 1 µg/ml TPCK-treated trypsin (Sigma-Aldrich, MO, USA), and then
incubated at 37 °C for 48 hr. The virus stocks were further propagated in 10-dayold embryonated chicken eggs. The high pathogenic avian influenza virus (HPAI;
H5N6, A/mandarin duck/Korea/K16-187-3/2016) was isolated from a mandarin
duck that migrated to Korea in 2010. The virus stocks were propagated in 10-dayold embryonated chicken eggs. Aliquots of infectious virus were stored at −80 °C
for further experiments. All work with low pathogenicity viruses was conducted
in a biosafety level 2 facility approved by the Institutional Biosafety Committee,
Seoul National University, while all experiments with high pathogenicity viruses
were conducted in a biosafety level 3 facility approved by the Institutional
Biosafety Committee, Konkuk University.
Viral titration of infected cells
The viral titrations of infected cells were performed in MDCK cells to
determine the median tissue culture infectious dose (TCID50). In brief,
supernatants of infected cells were used to infect confluent layers of MDCK cells
in 96-well plates with serum-free DMEM medium supplemented with 0.3% BSA,
1% penicillin/streptomycin, and 1 μg/ml TPCK-trypsin. Serial dilutions of the
supernatant were added to five wells of a 96-well culture plate in triplicate. After
72 to 96 hr, the cytopathic effects (CPEs) were observed and quantified via crystal
violet (Sigma-Aldrich) staining. The TCID50 values per ml were calculated using
the Spearman-Karber formula (Gilles, 1974).
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Immunocytochemistry of infected cells
DF-1 cells on coverslips were infected with the PR8-H8N8 recombinant
virus at a MOI of 0.01 and then incubated in serum-free DMEM supplemented
with 1% penicillin/streptomycin for 12 hr. Next, the cells were washed twice with
1× PBS and fixed with 4% paraformaldehyde in PBS for 30 min, followed by
permeabilization with 0.1% Triton X-100 in PBS for 10 min. The cells were then
blocked with 0.5% BSA in phosphate-buffered saline with 0.1% Tween 20 (PBST)
for 1 hr and subsequently incubated with 1:500-diluted rabbit anti-NP primary
antibody (GeneTex, CA, USA) at 4 °C overnight. Following two washes with PBS,
the cells were incubated with 1:250-diluted goat anti-rabbit IgG conjugated to
Alexa Fluor 568 secondary antibody (Abcam, MA, USA) for 1 hr at room
temperature. The cells were finally mounted with ProLong Gold antifade reagent
containing 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher-Invitrogen) and
analyzed under a fluorescence microscope.
Western blot analysis

Total protein from cell lysates prepared in RIPA lysis buffer (Thermo
Fisher Scientific) was separated on 10% SDS-polyacrylamide gels. Resolved
proteins were transferred onto a PVDF membrane and blocked for 1 h. The
membrane was incubated with an appropriate primary antibody, followed by a
horseradish peroxidase-conjugated secondary antibody (Thermo Fisher Scientific).
The primary antibodies were: anti-ANP32A (sc-100767, Santa Cruz, TX, USA),
anti-ACTB (sc-47778, Santa Cruz), and anti-FLAG (F1804, Sigma-Aldrich).
Immunoreactive proteins were visualized using the ECL Western blot detection
system (GE Healthcare Bio-Sciences, Little Chalfont, UK).
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Multiple sequence alignment, pairwise comparison, and phylogenetic analysis
of ANP32 family members
The protein sequences of cANP32A (XP_413932), cANP32B
(NP_001026105),

cANP32E

(NP_001006564),

hANP32A

(NP_006296),

hANP32B (NP_006392), hANP32C (NP_036535), hANP32D (NP_036536), and
hANP32E (NP_112182) were retrieved from the National Center for
Biotechnology Information database and then subjected to multiple sequence
alignment and pairwise comparison using Geneious R6 software (Biomatters Ltd.).
The protein sequences were aligned using the Blosum62 scoring matrix, with the
gap open penalty set at 12 and the gap extension penalty set at 3.
Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad
Software, CA, USA). Significant differences between groups were determined by
one-way ANOVA with Bonferroni’s multiple comparison. A value of P < 0.05
indicated statistical significance.
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3. Results
CRISPR/Cas9-mediated knockout of chicken ANP32A and HDR-mediated
precise genome editing of chicken ANP32A
To knock out the cANP32A (AKO) gene in DF-1 cells, we constructed a
CRISPR/Cas9 vector (A#1) to target exon 1 (Figure 3-1A). After clonal expansion
of transfected DF-1 cells, nine of a total ten clones were identified as cANP32Aknockout clones by sequence analysis. The sequencing results showed that DF-1
clones AKO104, AKO105, AKO107, AKO108, AKO109, and AKO111 had frameshift
mutations at a biallelic locus within the first exon of cANP32A, resulting in
premature stop codons (Figure 3-1B).
To delete the entire 99 nucleotide (nt) fifth exon (A99) of cANP32A, which
plays a pivotal role in supporting AIV vPol activity (Domingues and Hale, 2017;
Long et al., 2016), we used a CRISPR/Cas9 vector (A#5) to target the fifth exon
along with donor plasmids for HDR (J. P. Zhang et al., 2017). Clonal expansion of
the transected cells and subsequent DNA sequencing revealed that two clones
(A99505 and A99507) from a total of eight were HDR-modified (Figure 3-1C). A
representative DF-1 clone carrying a 99 nt deletion of the fifth exon of the
cANP32A gene (A99505) was further validated by reverse-transcription PCR (RTPCR). Furthermore, we confirmed expression of ANP32A protein by genomeedited clones using western blot analysis, which confirmed precise deletion or
knockout of the ANP32A protein (Figure 3-1D).
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Effects of cANP32A modification on AIV replication and growth in DF-1 cells
To examine whether knockout or precise modification of cANP32A
affects PB2-627 residue-dependent replication of AIV, we selected AKO107 and
A99505 as representative cANP32A knockout (AKO) and fifth exon-deleted
cANP32A (A99) clones, respectively. First, we performed quantitative reversetranscription PCR (RT-qPCR) to examine transcription of the viral M gene in DF1 cells at 24 h post-infection with the PR8-H5N8 PB2-627E or PB2-627K
influenza virus strains (hereafter H5N8-627E or H5N8-627K) at a MOI of 0.1. RTqPCR analysis showed that expression of the viral M gene in A99 cells was
significantly higher than that in AKO cells, independent of the PB2-627 residue
(Figure 3-2A).
Next, we examined viral growth in AKO and A99 cells. Although
production of viral progeny in both the AKO and A99 cells was significantly lower
than that in wild-type DF-1 cells, the viral titer in A99 cells was higher than that in
AKO cells, independent of the PB2-627 residue (Figure 3-2B). Furthermore, we
examined growth of HPAI in A99 and AKO cells. The virus titer in wild-type DF-1
cells was significantly higher than that in A99 and AKO cells, and the virus titer in
A99 cells was significantly higher than that in the AKO cells (Figure 3-2C).
We also examined HPAI (H5N6; A/Mandarin_duck/Korea/K16-1873/2016) viral growth on the A99 and AKO cells. The virus titer in AKO cells was
significantly lower than that in wild-type DF-1 cells (about 35,000-fold decreased),
and the virus titer in A99 cells was about 400-fold lower than that in the wild-type
DF-1 cells (Figure 3-2D). Taken together, our results show that cANP32A
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knockout impaired AIV replication and growth, and that cells carrying a deletion
of the aforementioned 33 amino acid sequence in cANP32A supported reduced
AIV replication and growth relative to wild-type cells.
Functional analyses of chicken and human ANP32B and ANP32E during viral
gene transcription
To investigate whether the other members of the chicken ANP32 family,
such as cANP32B and cANP32E, are involved in AIV replication, we designed two
siRNAs targeting cANP32B and two siRNAs targeting cANP32E. After
transfection of DF-1 cells for 48 hr, ANP32B siRNA #2 and ANP32E siRNA #1
were identified as the most efficient candidate siRNAs for suppressing cANP32B
(91%) and cANP32E (87%) expression compared with the respective control
expression levels (Figure 3-3A).
After treatment of wild-type DF-1 cells with ANP32B siRNA #2 or
ANP32E siRNA #1 for 48 hr, we examined the effects of cANP32B and cANP32E
knockdown on viral M gene expression upon infection with H5N8-627E or H5N8627K. No significant differences in viral M gene expression were observed after
cANP32B or cANP32E knockdown in wild-type DF-1 cells compared with its
expression level in the control DF-1 cells (Figure 3-3B). Next, the cANP32B- or
cANP32E-targeting siRNAs were transfected into AKO cells for 48 hr, and the
expression levels of the viral M gene were examined in the transfected AKO cells
upon infection with H5N8-627E or H5N8-627K. Consistent with the results
observed in wild-type DF-1 cells, cANP32B or cANP32E knockdown in AKO cells
did not affect viral gene expression compared with its level in the control AKO cells
(Figure 3-3C).
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Furthermore, we constructed a piggyBac transposon-based overexpression vector to examine whether chicken or human ANP32B or ANP32E
could rescue the vPol activity in AKO cells. The over-expression vectors (cANP32B,
cANP32E, hANP32B, or hANP32E) were individually transfected into AKO cells,
and the cells were infected with H5N8-627E or H5N8-627K to examine the
expression level of the viral M gene. The results showed that cANP32B, cANP32E,
or hANP32E over-expression did not support viral M gene transcription, whereas
hANP32B expression rescued viral M gene transcription in AKO cells, independent
of the PB2-627 residue (Figure 3-3D).
Sequence similarities and multiple alignments of chicken and human ANP32
family members
Next, we investigated the sequence identity of ANP32 family proteins
from chickens and humans to explore the different effects of various ANP32
family members on AIV vPol activity. Sequence alignment revealed that
cANP32B and cANP32E were approximately 59.8% and 53.0% identical,
respectively, to cANP32A (Table 3-3). Pairwise alignment showed that chicken
and human ANP32A share 81.9% identity, chicken and human ANP32B share 66.3%
identity, and that chicken and human ANP32E share 76% identity (Table 3-3).
In humans, the sequence identity between hANP32A and hANP32B,
hANP32C, hANP32D, and hANP32E was approximately 68.3%, 86.1%, 89.3%,
and 56.6%, respectively (Table 3-4). Although hANP32D consists of 131 amino
acid residues and lacks a LCAR domain (Matilla and Radrizzani, 2005), it shared
the highest sequence identity (89.3%) with hANP32A among hANP32 family
members (Table 3-4).
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Furthermore, we analyzed the sequences of the LRR and LCAR domains
of hANP32A, and those of hANP32B, hANP32C, hANP32D, and hANP32E, via
pairwise alignments. These alignments showed that the identities between the
hANP32A LRR domain and that of the other family members varied from 71.6%
to 89.3%, whereas the sequence identity of the hANP32A LCAR domain with that
of the other family members varied from 43.7% to 84.4%; the exception was
hANP32D, which lacks a LCAR domain (Table 3-4).
Differential effects of ANP32 family members on vPol activity involving the
PB2-627 residue
Since chicken and human ANP32 family members share high sequence
identity, we examined whether the human ANP32 family members support vPol
activity in chicken cells. First, we investigated the functional role of hANP32A
during viral protein expression; to do this we performed enforced expression of
hANP32A in AKO cells. The intracellular localization of NP protein was examined
via immunocytochemistry at 12 h post-infection with H5N8-627E (Figure 3-4A).
Compared with that in wild-type cells, NP localization in AKO cells was restricted
to the nucleus; however, over-expression of hANP32A in AKO cells showed that
NP localized to the cytoplasm. Counting a mean of 150 NP-positive cells for each
of the three conditions revealed that the number of nuclear NP-positive cells was
highest in AKO cells (~99%). Upon hANP32A over-expression in AKO cells, the
number of cytoplasmic and nuclear NP-positive cells increased to levels similar to
that of wild-type cells (Figure 3-4A).
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Next, hANP32A, hANP32B, hANP32C, hANP32D, and hANP32E were
over-expressed individually or together in AKO cells and confirmed by western blot
analysis using anti-FLAG tag antibodies, followed by infection with H5N8-627E
or H5N8-627K. Over-expression of hANP32A or hANP32B in AKO cells
supported transcription of both the H5N8-627E and H5N8-627K viruses; however,
overexpression of hANP32C, hANP32D, or hANP32E in chicken cells did not
support viral transcription (Figure 3-4B). Moreover, simultaneous over-expression
of all hANP32 family members in AKO cells supported transcription of H5N8627K transcription; however, transcription of H5N8-627E was not affected
significantly (Figure 3-4B).
To identify co-factors among the hANP32 family members that suppress
vPol activity, we examined the effects of co-expressing hANP32A along with other
family members on replication of H5N8-627E and H5N8-627K in AKO cells. To
confirm stable co-expression of hANP32A with other family members, we
performed the western blot analysis using an anti-FLAG tag antibody (Figure 34C). We found that expression of the viral M gene in H5N8-627E-infected AKO
cells was suppressed upon co-expression of hANP32A with hANP32C, hANP32D,
or hANP32E. Furthermore, expression of the viral M gene in H5N8-627K-infected
AKO cells was suppressed upon co-expression of hANP32A with hANP32C or
hANP32D; however, the magnitude of this effect was relatively low compared
with that in H5N8-627E-infected cells (Figure 3-4C).
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Figure 3-1. Targeted disruption of the chicken ANP32A gene by CRISPR/Cas9 and
identification of genome-edited DF-1 clones. (A) Gene structure of chicken ANP32A and
the target locus of A#1 and A#5 gRNAs. (B) Sequence analysis of DF-1 clones following
clonal expansion of single cells transfected with the A#1 CRISPR/Cas9 vector. (C)
Establishment of 99 nucleotide fifth exon-deleted ANP32A (A99) DF-1 clones after
transfection of DF-1 cells with the A#5 CRISPR/Cas9 vector and a donor plasmid for
homology-directed repair (HDR). Purple letters with strikethrough lines indicate deleted
nucleotides, and letters without strikethrough lines indicate inserted nucleotides. Red
letters indicate gRNA-binding sites and the green letters indicate protospacer adjacent
motif (PAM) sequences. The ATG codon is indicated by blue letters. (D) RT-PCR analysis
of the A99505 DF-1 clone (left) and Western blot analysis ANP32A and ACTB protein
expression in wild-type cells and in clones A99505 and AKO107 (right).
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Figure 3-2. Effects of chicken ANP32A editing on viral gene transcription and
replication after infection with AIVs. (A) Wild-type, ANP32A-knockout (AKO), and 99
nucleotide fifth exon-deleted ANP32A (A99) DF-1 cells were infected with PR8-H5N8
PB2-627E or PB2-627K influenza virus (MOI of 0.1). Expression of the viral M gene in
infected cells relative to that in ANP32A-knockout DF-1 (AKO) cells was analyzed by RTqPCR; cACTB was used as a reference gene. (B) Viral titers in ANP32A-targeted cells were
determined using TCID50 assays at 24 h post-infection with PR8-H5N8 PB2-627E or PB2627K virus (MOI of 0.1), or (C) with high pathogenic avian influenza virus (HPAI, H5N6)
(MOI of 0.01). Wild-type DF-1 clones were used as a control. Data are expressed as the
mean ± standard deviation (n = 3). Significant differences among groups were determined
using one-way ANOVA with Bonferroni’s multiple comparison (with A KO or wild-type
cells) * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Figure 3-3. Functional assessment of ANP32B and ANP32E during viral gene
expression. (A) Knockdown efficiency of chicken ANP32B- and ANP32E-specific
siRNAs in chicken DF-1 cells. Control siRNA comprised sequences lacking
complementary sequences in the chicken genome; cACTB was used as a reference gene.
(B) Relative expression of the viral M gene after infection with PR8-H5N8 PB2-627E or
-627K influenza virus (MOI of 0.1) was analyzed in wild-type and siRNA-treated DF-1
cells, and (C) in cANP32A-knockout (AKO) cells. Control siRNA comprised sequences
lacking complementary sequences in the chicken genome. (D) The effects of forced
expression of cANP32B, hANP32B, cANP32E, or hANP32E on expression of the viral M
gene in AKO DF-1 cells were analyzed by RT-qPCR. Empty vector-transfected AKO cells
were used as a control. Data are expressed as the mean ± standard deviation (n = 3).
Significant differences among groups were determined using one-way ANOVA with
Bonferroni’s multiple comparison (with the control). *** P < 0.001. ns indicates no
significant differences among groups.
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Figure 3-4. Differential effects of human ANP32 family members on activity of AIV
polymerase in chicken DF-1 cells. (A) Detection and subcellular localization of NP in
AIV-infected cells. Wild-type DF-1 cells, AKO cells, and hANP32A-expressing AKO cells
(AKO + hANP32A) were infected with PR8-H5N8 PB2-627E (MOI of 0.1). The viral NP
protein was detected by immunostaining at 12 h post-infection. Scale bars = 20 µm. The
percentage of cells with various NP subcellular localizations was determined by counting
a mean 150 NP-positive cells per condition. (B) Expression of the viral M gene in A KO
cells expressing human ANP32 family members (hANP32A, hANP32B, hANP32C,
hANP32D, hANP32E, or all members) after infection with the PR8-H5N8 PB2-627E or
PB2-627K virus (MOI of 0.1) was analyzed by RT-qPCR. (C) Expression of the viral M
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gene in AKO cells expressing different combinations of human ANP32 family members
(hANP32A plus other members of the hANP32 family) after viral infection (MOI of 0.1)
was analyzed by RT-qPCR. Expression of human ANP32 family member proteins
harboring a FLAG tag was detected by western blot analysis. AKO or hANP32A-expressing
AKO (hANP32A) cells were used as controls. The results are expressed as the mean ±
standard deviation (n = 3). Significant differences (compared with AKO or hANP32A) were
determined using one-way ANOVA with Bonferroni’s multiple comparison. * P < 0.05, **
P < 0.01, and *** P < 0.001.
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Table 3-1. List of oligonucleotide sequences and gRNA target sequences used in this
study

ID

Sequence (5’→3’)

ANP32A exon1-F

CACCGGCGACGATGGACGGGACGAG

ANP32A exon1-R

AAACCTCGTCCCGTCCATCGTCGC C

ANP32A exon5-F

CTGTCTGTCCTGTAGAGGTTTA

ANP32A exon5-R

GTCTTCCTCCTTCCAGTCTCT

ANP32A CDS-F

GCGGCCATGGACATGAAGAA

ANP32A CDS-R

GTTTAGTCATCTTCATCTCCTTCG

ANP32B qRT-F

GCAACAAGAAGCCTGGAGAG

RT-qPCR

ANP32B qRT-R

GTTTGGGGAGATTGGAGATG

RT-qPCR

ANP32E qRT-F

TTACAGAGACAGCATTTTTGACC

RT-qPCR

ANP32E qRT-R

GAAAGACCAACTTCCTCCTCCT

RT-qPCR

ACTB qRT-F

AGGAGATCACAGCCCTGGCA

RT-qPCR

ACTB qRT-R

CAATGGAGG GTCCGG ATTCA

RT-qPCR

viral M qRT-F

AACCGAGGTCGAAACGTACG

RT-qPCR

viral M qRT-R

CGGTGAGCGTGA ACACAAAT

RT-qPCR

A#1 gRNA

AAAGGATCCACTTAGAGCTG

gRNA sequence

A#3 gRNA

GCACCGGACTCTGATGCAGA

gRNA sequence
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Usage
T7E1 assay and
sequencing
T7E1 assay and
sequencing
T7E1 assay and
sequencing
T7E1 assay and
sequencing
Cloning and
sequencing of
CDS
Cloning and
sequencing of
CDS

Table 3-2. List of siRNA sequences for knockdown experiments
Accession No.

Name

Direction Sequence ( 5' -> 3' )
Sense

Start position

GGAGGAAGAUGGUGAGGAU UU

NM_001030934 cANP32B #2 siRNA

842
Anti-sense AUCCUCACCAUCUUCCUCC UU
Sense

GGGAAUACGAAGAGGAAGA UU
762

NM_001006564 cANP32E #1 siRNA
Anti-sense UCUUCCUCUUCGUAUUCCC UU
Sense
N/A

CCUACGCCACCAAUUUCGU

Non-specific siRNA#

N/A
Anti-sense GGAUGCGGUGGUUAAAGCA

#

The non-specific siRNA has no complementary sequence in the chicken genome and was
used as a control for gene silencing.
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Table 3-3. Identity of chicken ANP32 proteins with other chicken and human ANP
family members

a

Percent identities of chicken ANP32 protein with other ANP32 family members in chicken

and human were calculated by pairwise alignment of the sequences using Geneious R6
software
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Table 3-4. Identity and domain similarity between ANP32A and other human ANP
family members

a

Percent identities of human ANP32A with other ANP32 family members

b
c

N-terminal Leucine Rich Repeat (LRR)

C-terminal Low Complexity Acidic Region (LCAR)
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4.Discussion
Host adaption via PB2-E627K of AIV allows efficient viral replication in
human cells, implying that human cells have host restriction factors that biasedly
suppress the replication of PB2-627E signature AIV or lack support factors
required for the replication of this AIV strain (Long et al., 2018). It was revealed
that species-specific differences in ANP32A between human and chicken,
especially a unique 33 amino acid sequence, cause differential AIV vPol activity
in host cells. Insertion of these 33 amino acids in human ANP32A or ANP32B
confers enhanced vPol activity and replication competency to avian-signature
PB2-627E virus in human cells (Domingues and Hale, 2017; Long et al., 2016).
In the present study, we showed that PB2-627 residue-dependent host
restriction of vPol activity is due, at least in part, to the differential effects of
ANP32 family members on influenza virus replication. First, we revealed that
AIVs replicated more efficiently in A99 cells than in AKO cells, independently of
the PB2-627 residue. Also, replication of HPAI in A99 cells was significantly
higher than that in AKO cells. These results indicate that A99 cells support PB2627E vPol activity, and imply that the presence of the unique 33 amino acid
sequence increases vPol activity independently of the PB2-627 residue by
increasing the function of ANP32A rather than by enhancing PB2 binding, as
previously reported (Baker et al., 2018; Domingues and Hale, 2017).
Studies show that ANP32B supports AIV vPol activity in human cells,
indicating that the influenza virus can utilize both ANP32A and ANP32B for
replication in a human host (Long et al., 2016; Sugiyama et al., 2015); in contrast
to that in humans, cANP32B knockdown had no effect on viral transcription.
63

Furthermore, stable expression of cANP32B, cANP32E, or hANP32E did not
rescue viral gene transcription in AKO cells, whereas hANP32B expression enabled
viral gene transcription in AKO cells, a finding consistent with previous reports
(Imamachi et al., 2014; Sugiyama et al., 2015). These observations suggest that
cANP32B may not be involved in AIV replication in chickens despite the high
sequence identity (approximately 66.3%) between human and chicken ANP32B.
In addition to cANP32B, knockdown or over-expression of cANP32E did not
affect viral gene transcription, indicating that among the ANP32 family members
in chickens, only cANP32A supports viral vPol activity. Recently, two different
research groups reported that amino acids 129I and 130N within cANP32B are
identified as avian-specific mutated residues, which lead to the loss of support of
vPol activity of avian ANP32B (Long et al., 2019; H. Zhang et al., 2019).
To examine the functional roles of hANP32 family members in
modulating vPol activity of AIV, we expressed the hANP32 family members in
AKO cells. Enforced expression of hANP32A or hANP32B in AKO cells enabled
viral transcription, independent of the PB2-627 residue. However, hANP32C,
hANP32D, and hANP32E did not rescue viral transcription in AKO cells.
Intriguingly, simultaneous expression of all of the hANP32 members impaired
viral transcription upon H5N8-627E infection compared with the effects of
expressing single hANP32A. Furthermore, co-expression of hANP32A along with
hANP32C or hANP32D reduced viral transcription independent of the PB2-627
residue, suggesting that hANP32C and hANP32D suppress viral vPol activity.
Meanwhile, there is evidence of an oncogenic role for hANP32C and hANP32D
via their effects on the tumor suppressive function of hANP32A (Buddaseth et al.,
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2013; Cole et al., 2014; Imamachi et al., 2014; Yuzefovych et al., 2015); this
implies that hANP32C and hANP32D exert opposing functions against hANP32A.
Despite the LCAR domains of hANP32C and hANP32A share 84.4%
sequence identity, hANP32C suppressed hANP32A-rescued vPol activity in AKO
cells, implying that hANP32C may compete with hANP32A for PB2 binding. In
addition, hANP32D, which lacks a LCAR domain, shares 89.3% sequence identity
with the LRR domain of hANP32A, suggesting that it may compete with the
hANP32A LRR domain for interaction with other cellular co-factors involved in
controlling vPol activity. It is notable that unlike hANP32C and hANP32D, coexpression of hANP32A with hANP32E reduced only PB2-627E vPol activity,
even though hANP32E has the lowest sequence identity with hANP32A among
hANP32 family members. In this regard, our results suggest that differential PB2627 residue-dependent vPol activity in humans could be due to activities of
hANP32 family members that differ from those of chicken family members. For
example, hANP32C, hANP32D, and hANP32E, in contrast to hANP32A and
hANP32B, have suppressive effects on influenza virus vPol activity, especially
that of PB2-627E vPol. The exact roles of ANP32 family members in AIV
replication remain to be explored in further studies.
Taken together, our findings imply that species-specific differential
influenza virus vPol activity may be caused by dynamic expression and overall
competency of ANP32 family members. A profound understanding of the
interactions between host factors and viruses could help to identify antiviral drug
targets and develop avian disease-resistant birds through precise modification of
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host receptors, pathogenesis-related genes, or other cellular host factors required
for the virus lifecycle.
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CHAPTER 4

Asp149 and Asp152 in chicken and human
ANP32A play an essential role in the interaction
with influenza viral polymerase

67

1. Introduction
In addition to inflicting enormous economic losses on the poultry industry,
avian influenza viruses (AIVs) have high potential to cause infection and fatal
illness in humans. To develop novel anti-viral drugs, research has focused on
targeting cellular host factors that are required by the viruses during their lifecycle
(Krammer and Palese, 2015; Long et al., 2018; Watanabe et al., 2014). During the
virus lifecycle, viruses and their viral polymerase (vPol) co-opt the host cell
machinery, including DNA-dependent RNA polymerase, splicing factors, and
other RNA processing factors to replicate and transcribe viral RNA efficiently (Te
Velthuis and Fodor, 2016; Watanabe et al., 2014).
Following infection, viral ribonucleoproteins are released into the host
cell cytoplasm and transported to the nucleus where the viral RNA is replicated
(Hutchinson and Fodor, 2013). In AIVs, vPol co-opts the cellular machinery such
that cellular DNA-dependent RNA polymerase II directs replication from a
positive-sense RNA that is complementary to the negative-sense single-stranded
viral RNA (Jackson et al., 1982; Takizawa et al., 2006). The human acidic nuclear
phosphoprotein 32 family members A (hANP32A) and hANP32B are host factors
that support viral replication by facilitating vPol activity (Staller et al., 2019;
Sugiyama et al., 2015). Furthermore, insertion of 33 chicken ANP32A (cANP32A)
residues (cANP32A176–208) between the N-terminal leucine-rich repeat (LRR)
domain and the C-terminal low complexity acidic region (LCAR) of cANP32A
specifically facilitates avian-signature (PB2-627E) vPol activity; native hANP32A
supports avian-signature vPol activity poorly because it lacks these residues (Long
et al., 2016). This suggests that species-specific host restriction between birds and
mammals is determined by the structure/function of ANP32A.
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The 33 residues are duplicated from 27 (149–175) amino acid residues of
cANP32A (cANP32A149–175), along with an additional six amino acid residues
known as a hydrophobic SUMO interaction motif (SIM)-like sequence; this
sequence could play a critical role in supporting vPol activity (Domingues and
Hale, 2017). Intriguingly, the 33 residues are not present in ratites such as the
ostrich, emu, and rhea, which may explain why human-adapted PB2-627K AIV
rather than avian-signature PB2-627E AIV replicates preferentially in the ostrich
(Long et al., 2016; Shinya et al., 2009). Moreover, a splice variant of cANP32A
(which lacks either the SIM-like sequence or all 33 residues) shows lower vPol
activity than the 33 residue-containing cANP32A (Baker et al., 2018; Domingues
and Hale, 2017). It is notable that artificial insertion of the 33 residues into both
hANP32A and hANP32B enables activity of AIV vPol in human hosts (Long et
al., 2016). Recent studies inserted randomly scrambled mutations within the 27
residues, which resulted in loss of ability to support vPol activity; this was
independent of residue PB2 627, suggesting that the 27 residues play an important
functional role in the vPol activity of influenza virus (Long et al., 2019).
Thus, the 27 residues, along with the duplicated 33 residues in cANP32A,
may play a key role in supporting vPol activity; however, the detailed molecular
mechanism(s) underlying the functional role of the 27 residues within ANP32A
during viral replication remain unclear.
Here, we examined the functional role of the 27 residues of chicken and
human ANP32 family members in vPol activity and revealed the molecular
understanding of the identified key residues for supporting vPol activity.
Furthermore, we demonstrated that homology-directed repair (HDR)-mediated
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precise genome editing of the identified residues in the chicken DF-1 fibroblast
cells could confer resistance to AIV in chicken.
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2. Materials and methods
Multiple sequence alignment and pairwise comparison of chicken and human
ANP32 family members
The protein sequences of cANP32A (XP_413932), cANP32B
(NP_001026105),

cANP32E

(NP_001006564),

hANP32A

(NP_006296),

hANP32B (NP_006392), hANP32C (NP_036535), hANP32D (NP_036536), and
hANP32E (NP_112182) were retrieved from the National Center for
Biotechnology Information (NCBI) database and then used for multiple sequence
alignment and pairwise comparison. The protein sequences were aligned using the
Geneious R6 software (Biomatters Ltd., Auckland, New Zealand) via Blosum62
scoring matrix with the gap open penalty set at 12 and the gap extension penalty
set at 3.
Construction of CRISPR/Cas9 vectors and donor plasmids for HDR
The CRISPR/Cas9 vector targeting cANP32A gene was constructed
using the pX459 vector as previously reported (Lee, et al., 2017). The
oligonucleotides used for PCR analysis and construction of the CRISPR/Cas9
vector are listed in Table 3-1. In brief, the annealed oligonucleotides for each
gRNA were ligated into the pX459 vector via the Golden Gate assembly method,
and the constructed CRISPR/Cas9 vectors were validated via Sanger sequencing.
For HDR-mediated precise gene-editing of cANP32A, the donor plasmid (Bionics,
Seoul, Korea) used for double-cut donor-mediated HDR was synthesized as
previously reported (Park et al., 2019). The HDR donor plasmids for substitution
of D149Y, D152H, D182Y and D185H residues included 400 bp right and left
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homology arms of target locus flanked by two gRNA-PAM sequences. The gRNA
sequence targeting exon 4 of cANP32A (A#4) between the right and left homology
arms of donor plasmid was modified to prevent further cleavage following HDR
without modifying any amino acids.
Cell culture, transfection, and clonal selection of DF-1 cells
The chicken fibroblast cell line, DF-1 (CRL-12203; ATCC, VA, USA)
was maintained in Dulbecco’s minimum essential medium (DMEM; Hyclone, UT,
USA) supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1×
antibiotic-antimycotic (ABAM, Thermo Fisher Scientific, MA, USA). DF-1 cells
were transfected with the CRISPR/Cas9 vectors using the Lipofectamine 2000
reagent (Thermo Fisher Scientific). After the transfection, puromycin (Thermo
Fisher Scientific) was added to the culture medium for 4 days to select transfected
cells. Single puromycin-selected DF-1 cells were seeded into individual wells of
a 96-well plate. After clonal expansion of single DF-1 cells, genomic DNA was
extracted from the clones and used for sequence analysis.
T7E1 assay and genomic DNA sequencing analysis
To evaluate the target efficiency of the transfected CRISPR/Cas9 vectors
in chicken DF-1 cells, genomic DNA was extracted from the transfected DF-1 cells
following puromycin selection. Genomic regions encompassing the CRISPR/Cas9
target sites were amplified using specific primer sets (Table 3-1). Following
denaturation, the amplicons were reannealed to form heteroduplex DNA.
Subsequently, the heteroduplex amplicons were treated with 5 units of T7
endonuclease I (T7E1; NEB) for 20 min at 37 °C and then analyzed via 1% agarose
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gel electrophoresis. For the sequencing analysis, PCR products containing the
target site were cloned into the pGEM-T Easy vector (Promega, WI, USA) and
sequenced using an ABI Prism 3730 XL DNA Analyzer (Thermo Fisher-Applied
Biosystems, CA, USA). The sequences were analyzed against assembled chicken
genomes using BLAST (http://blast.ncbi.nlm.nih.gov) and Geneious R6 software
(Biomatters Ltd.).
Construction of vectors harboring human ANP32 family members and sitedirected mutagenesis
To examine whether mutation of residues 149–175 in the ANP32 proteins
affects the vPol activity of AIVs, overexpression vectors carrying cANP32A or
chicken cordon-optimized sequences of hANP32A, hANP32C, or hANP32E,
driven by the ubiquitous cytomegalovirus (CMV) promoter, were constructed as
previously reported (Park et al., 2019). Modification of residues 149–175 within
the ANP32 proteins or swapping of these sequences between proteins were
performed using a Q5 Site-directed Mutagenesis Kit (New England Biolabs, MA,
USA). All plasmid constructs were validated by DNA sequencing. For transient
expression of modified ANP32 proteins, the constructed vectors were transfected
into DF-1 cells using Lipofectamine 2000 (Invitrogen). Transfected cells were
used in experiments 48 h later.
Recombinant avian influenza viruses, and biosafety

The PR8-H5N8 PB2-627E and -627K viruses were generated via reverse
genetic systems from eight bidirectional PHW2000 plasmids as previously
reported (Park et al., 2019). In brief, viruses were rescued by co-transfection of the
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eight bidirectional plasmids into co-cultured Madin-Darby canine kidney cells
(MDCK; ATCC, CCL-34) and human 293T embryonic kidney cells (HEK293T;
ATCC, CRL-11268). The generated viruses were grown in MDCK infection
medium, consisting of DMEM supplemented with 0.3% bovine serum albumin
(BSA), 1× ABAM, and 1 µg/ml TPCK-treated trypsin (Sigma-Aldrich, MO, USA),
and then incubated at 37 °C for 48 hr. The virus stocks were further propagated in
10-day-old embryonated chicken eggs. Aliquots of infectious viruses were stored
at −80 °C for further experiments. All work with low pathogenicity viruses was
conducted in a biosafety level 2 facility approved by the Institutional Biosafety
Committee, Seoul National University.
Viral titration of infected cells
The viral titrations of infected cells were performed in MDCK cells to
determine the median tissue culture infectious dose (TCID50). In brief,
supernatants of infected cells were used to infect confluent layers of MDCK cells
in 96-well plates with serum-free DMEM supplemented with 0.3% BSA, 1%
penicillin/streptomycin, and 1 μg/ml TPCK-trypsin. Serial dilutions of the
supernatant were added to five wells of a 96-well culture plate in triplicate. After
72 to 96 hr, the cytopathic effects were observed and quantified via crystal violet
(Sigma-Aldrich) staining. The TCID50 values per ml were calculated using the
Spearman-Karber formula (Gilles, 1974).
RNA isolation and RNA quantification using RT-qPCR
The total RNA was extracted using RNeasy mini kit (Qiagen), and was
then reverse-transcribed using the Superscript IV First-strand Synthesis System
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(Thermo Fisher Scientific). The EvaGreen qPCR dye (Biotium, CA, USA) based
RT-qPCR) was performed in triplicate using a StepOnePlus real-time PCR system
(Thermo Fisher Scientific). The target gene-specific forward and reverse primers
are listed in Table 3-1. Relative quantification of target gene expression was
performed using the following formula: 2–ΔΔCt, where ΔΔCt = (Ct of the target
gene – Ct of ACTB) group – (Ct of the target gene – Ct of ACTB) control.
Co-immunoprecipitation
Total proteins were extracted from lysates prepared from transfected cells
using immunoprecipitation lysis buffer (Thermo Fisher Scientific). For
immunoprecipitation, target antibody-conjugated magnetic beads were prepared
using the Dynabeads Protein G kit (Thermo Fisher Scientific). In brief, lysates
were pre-cleared to remove non-specific proteins by incubation with unconjugated
magnetic beads under gentle rotation at 4℃ for 30 min. Subsequently, the precleared cell lysate was incubated overnight at 4℃ with target antibody-conjugated
magnetic beads under gentle rotation. The magnetic beads were collected using a
magnet and then washed four times with wash buffer to remove unbound proteins.
The immunoprecipitated proteins were eluted for 5 min at room temperature using
elution buffer and were further denatured at 95℃ for 5 min in 2× Laemmli sample
buffer (BioRad). The magnetic beads were collected using a magnet, and the
supernatants were used for further experiments.
Western blot analysis
Total proteins (input) or immunoprecipitated proteins were separated on
10% sodium dodecyl sulphate (SDS)-polyacrylamide gels. Resolved proteins were
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transferred onto a polyvinylidene fluoride (PVDF) membrane and blocked for 1 h.
The membrane was incubated with an appropriate primary antibody, followed by
an appropriate horseradish peroxidase-conjugated secondary antibody (Thermo
Fisher Scientific). The antibodies used in this study were as follows: anti-ACTB
(sc-47778, Santa Cruz, TX, USA), anti-ANP32A (sc-100767, Santa Cruz), antiFLAG (F1804, Sigma-Aldrich), anti-PA (GTX125932, GeneTex, CA, USA), antiPB1 (GTX125923, GeneTex), anti-PB2 (GTX125926, GeneTex), and anti-NP
(GTX125989, GeneTex). Immunoreactive proteins were visualized using the ECL
Select Western Blotting Detection Reagent (GE Healthcare Bio-Sciences, NJ,
USA). Signals were detected using a BioRad ChemiDoc XRS Imaging system
(BioRad, CA, USA).
Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad
Software, CA, USA). Significant differences between groups were determined by
one-way ANOVA with Bonferroni’s multiple comparisons. A value of P < 0.05
indicated statistical significance
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3. Results
Multiple alignment and sequence identity of human ANP32 family members
First, we examined the sequence identity of residues 149–175 in hANP32
family members via pairwise alignment; the aim was to investigate the differential
function of ANP32 proteins on replication of AIV. The sequence in hANP32A was
68.3%, 86.1%, 89.3%, and 56.6%, identical to that in hANP32B, hANP32C,
hANP32D, and hANP32E, respectively (Figure 4-1). Next, we examined sequence
identity of the LRR and LCAR domains within hANP32A hANP32B, hANP32C,
hANP32D, and hANP32E. Pairwise alignment revealed that the hANP32A LRR
domain was 81.1%, 87.2%, 89.3%, and 71.6%, identical to that in hANP32B,
hANP32C, hANP32D, and hANP32E, respectively (Supplementary Figure 1).
The hANP32A LCAR domain was 54.7%, 84.4%, and 43.7%, identical to that in
hANP32B, hANP32C, and hANP32E, respectively (hANP32D lacks an LCAR
domain) (Figure 4-1).
Functional effect of human ANP32 family members, and modification of
residues 149–175, on vPol activity in chicken cells lacking ANP32A
To examine whether hANP32 family members support replication of
AIVs in cANP32A-knockout DF-1 cells (A_KO), we constructed a CRISPR/Cas9
vector targeting the first exon of cANP32A (A#1 vector) (Figure 4-2A). The A#1
vector was transfected into DF-1 cells, and genomic DNA was isolated and
subjected to mutational analysis. The results of T7E1 assays showed that DF-1
cells transfected with the A#1 vector harbored in-del mutations in the first exon of
cANP32A (Figure 4-2B). To analyze the mutation rate and pattern, we sequenced
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genomic DNA isolated from clones of transfected DF-1 cells. The results showed
that the mutation rate was 81.8% (9/11), with a diverse pattern of insertions and
deletions (Figure 4-2C). After culture of individual DF-1 cells derived from the
mixed population of genome-edited cells, the A_KO112 DF-1 clone (2 nt deleted
from the first exon of cANP32A) was chosen as a representative A_KO cell
(Figure 4-2D).
To express hANP32 family members hANP32A, hANP32B, hANP32C,
hANP32D, and hANP32E in A_KO cells, we constructed overexpression vectors
harboring a FLAG tag; expression was driven by a ubiquitous CMV promoter.
Expression of hANP32 protein in A_KO cells at 48 h post-transfection was
validated by western blotting (Figure 4-3A). Subsequently, transfected cells were
infected for 24 h with H5N8-627E or H5N8-627K (at 0.1 MOI) to examine viral
replication and growth. The results showed that overexpressed hANP32C,
hANP32D, or hANP32E did not support viral replication in A_KO cells, whereas
hANP32A and hANP32B did; this was independent of residue PB2-627 (Figure
4-3B). Taken together, these results show that hANP32C shares higher sequence
identity with hANP32A than ANP32B, although unlike hANP32A and hANP32B,
hANP32C could not support efficient replication of AIVs; this is consistent with
previous results (Park et al., 2019).
To explore the effect of the 27 residues on vPol activity, we aligned amino
acids 149–175 of chicken and human ANP32 family members to examine
sequence similarity. The results showed that the sequence identity varied from 48.1%
to 100% between chicken and human ANP32 family members. For example,
cANP32A was 100%, 51.9%, 70.4%, 66.7%, 48.1% and 48.1%, identical to
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hANP32A, cANP32B, hANP32B, hANP32C, cANP32E, and hANP32E,
respectively (Figure 4-3C).
Next, we asked whether differences in a single residue between
hANP32A and hANP32C could alter their ability to support vPol activity and viral
replication. First, we constructed a vector containing hANP32A lacking the 27
residues (hANP23A27del), a vector in which the 27 residues of hANP32C were
swapped into hANP32A (hAANP32A27C), a vector in which the 27 residues of
hANP32A were swapped into hANP32C (hANP32C27A), and a vector in which
the 27 residues of hANP32A were swapped into hANP32E (hANP32E27A). The
constructed vectors were transfected into A_KO cells, which were subsequently
infected with influenza virus H5N8-627E to examine expression of viral genes by
RT-qPCR. The results showed that overexpression of hANP32A27del,
hANP32A27C, hANP32C, hANP32E, or hANP32E27A did not support
transcription of viral genes in A_KO cells, whereas overexpression of control
hANP32A or hANP32C27A did support transcription of viral genes. It is notable
that swapping the 27 residues from hANP32A into hANP32C (hANP32C27A)
supported vPol activity, whereas hANP32E27A did not; this implies that not only
the 27 residues, but also the conserved LRR and LCAR domains, are critical for
vPol activity (Figure 4-3D).
Identification of key residues within ANP32A that support vPol activity
To identify functional residues within the 27 residue sequence that are
required for AIV vPol activity and replication, we first generated a construct
harboring hANP32A containing amino acids 149–161 or 162–175 from hANP32C
(constructs 149–161C and 162–175C, respectively) (Figure 4-4A). Compared with
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hANP32A, 149–161C resulted in a significant reduction in AIV titer in A_KO cells,
whereas 162–175C had no significant effect (Figure 4-4B). Furthermore, we
examined whether substitution of a single residue (D149Y, R150A, D152H,
D156Y, or A161I) suppressed replication of AIVs. The results showed that D149Y
and D152H in hANP32A caused a significant reduction in transcription of viral M
genes, indicating that these residues are critical for supporting vPol activity and
viral replication (Figure 4-4C).
To demonstrate whether the functional roles of D149 and D152 are
conserved in hANP32A and hANP32B, we performed pairwise alignment of
residues 149–161. The results showed that D149 and D152 are conserved in both
hANP32A and hANP32B (Figure 4-4D). Finally, we overexpressed the
hANP32B-modified protein in A_KO cells, and found that substitution of D149Y
and D152H (hANP32BY149H152) resulted in a significant reduction in AIV titer
when compared with wild-type hANP32B (Figure 4-4E).

Role of identified residues in molecular interactions that support vPol activity
Since amino acid residues 149 and 152 in hANP32A and hANP32C show
marked differences in polarity, we conducted polarity mapping using the Geneious
Program to identify the molecular interactions in which these residues are involved
(Figure 4-5A). We substituted amino acids 149 and 152 with a representative nonpolar (A; Alanine), a polar acidic (E, Glutamate), or a polar uncharged (N,
Asparagine) residue. Overexpression of the modified hANP32 proteins in A_KO
cells revealed that D149Y, D149A, and D149E caused a significant reduction in
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viral titer compared with wild-type hANP32A, whereas D149N had no significant
effect. Furthermore, we found that D152H, D152A, and D152N caused a
significant reduction in viral titer, whereas D152E had no significant effect,
indicating that residues D149 and D152 are involved in hydrogen bonding and
electrostatic interactions, respectively, which support vPol activity (Figure 4-5B).
Next, we performed co-immunoprecipitation assays to explore whether
mutation of the identified residues affects the interaction between theANP32A and
viral polymerase proteins. We examined the interactions between wild-type or
mutant hANP32A with vPol proteins in the A_KO DF-1 clone. Consistent with
previous reports (Baker et al., 2018; Sugiyama et al., 2015), we found that the viral
PA and PB2 proteins co-immunoprecipitated with wild-type hANP32A
(hANP32Awt). In contrast to hANP32Awt, the interaction between the
hANP32AD149Y/D152H mutant and viral proteins was weaker after coimmunoprecipitation with an anti-FLAG antibody; this result was independent of
residue PB2-627. This suggests that D149 and D152 in hANP32A are involved in
the interaction between ANP32A and vPol proteins (Figure 4-5C).
Homology-directed repair-mediated precise genome editing of chicken ANP32A
Next, we transfected DF-1 cells with CRISPR/Cas9 vectors containing
the A#4 gRNA sequence targeting the fourth exon of the cANP32A gene. After
transfection, target efficiency was confirmed in a T7E1 assay and by sequencing
of genomic DNA from transfected DF-1 cells (Figure 4-6). Since cANP32A
harbors the duplicated D182 and D185 residues, we constructed donor plasmids
containing D149Y, D152H, D182Y, and D185H (AYHYH) mutations in the
cANP32A gene; this was achieved using a double cut-mediated HDR system as
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reported previously (Park et al., 2019; J. P. Zhang et al., 2017) (Figure 4-7A). After
co-transfection of the A#4 CRISPR/Cas9 vectors and donor plasmids into DF-1
cells, we found a HDR efficiency of about 11% (1/9), which was verified by
sequence analysis using the TA cloning method (Figure 4-8).
Next, we established DF-1 clones via singe cell clonal expansion of
transfected cells. From the protein sequence results of established clones (inferred
from cDNA sequence analysis), we identified the HDR-mediated precisely edited
clone as AYHYH106 (Figure 4B). Furthermore, we found that clones AYHYH101,
AYHYH102, AYHYH104, AYHYH105, and AYHYH107 harbored a premature
stop codon at the fourth exon of cANP32A (Figure 4-7B).
To evaluate the effect of precise modification of cANP32A residues in
DF-1, we infected clones AYHYH101 (premature stop codon), AYHYH103 (wild
type), and AYHYH106 (HDR) with PR8-H5N8 PB2-627E or PB2-627K at a MOI
of 0.1. The results showed that the viral titer in both AYHYH101 and AYHYH106
was significantly lower than that in AYHYH103, independent of residue PB2-627
(Figure 4-7C). Taken together, these results show that precise substitutions D149Y,
D152H, D182Y, and D185H in cANP32A lead to significant inhibition of AIV
replication in chicken cells.
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Figure 4-1. Protein sequence alignments and percent identity of human ANP32 family
members. (A) Multiple alignment of human ANP32 family members. The LRR and
LCAR domain were indicated by green and blue letters, respectively. All of the protein
sequences were aligned in the Geneious R6 software with the Blosum62 scoring matrix.
Gaps were shown as hyphens. (B) The percentage identity between whole proteins, LRR
domains, and LCAR domains of human ANP32A and the other hANP32 family members.
All protein sequences were aligned using the Blosum62 scoring matrix in the Geneious
software.
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Figure 4-2. Establishment of chicken ANP32A knockout DF-1 clones through
CRIPSR/Cas9-mediated genome editing. (A) T7 endonuclease I (T7E1) assays were
performed in DF-1 cells transfected with A#1 guide RNA (gRNA) containing the
CRISPR/Cas9 vector, which targets the first exon of chicken ANP32A (cANP32A). Wildtype DF-1 cells were used as the control. (B) Mutation analysis of transfected DF-1 cells
by Sanger sequencing. Insertion-deletion (in-del) mutations are shown (the frequency is
indicated in parentheses). The purple letters with strikethrough lines indicate deleted
nucleotides, and letters without strikethrough lines indicate inserted nucleotides. The red
letters indicate gRNA-binding sites, and the green letters indicate protospacer adjacent
motif (PAM) sequences. The ATG codon is indicated by blue letters. (C) Sequencing results
and chromatography of the cANP32A-knockout clone (A112).
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Figure 4-3. Effects of amino acid residues 149–175 of human ANP32 family members
on viral replication and polymerase activity. (A) Overexpression of human ANP32
(hANP32) family members hANP32A, hANP32B, hANP32C, hANP32D, and hANP32E
in ANP32A-lacking (A_KO) chicken DF-1 cells was detected by western blot analysis
with an anti-FLAG antibody. (B) hANP32 protein-expressing A_KO cells were infected
with influenza virus PR8-H5N8 PB2-627E or PB2-627K (MOI = 0.1). Viral titers were
measured in TCID50 assays at 24 h post-infection. (C) Multiple sequence alignment of
amino acids 149–175 of hANP32 and chicken ANP32 (cANP32) family members.
Percentage identity with cANP32A149-175 is shown. All protein sequences were aligned
using the Blosum62 scoring matrix in the Geneious software (black, 100%; dark grey, 80–
100%; light grey, 60–80%, white, <60%). (D) Effect of enforced expression of hANP32A,
hANP32A_27del,

hANP32A_27C,

hANP32C,

hANP32C_27A,

hANP32E,

or

hANP32E_27A on expression of viral genes in A_KO cells after infection with PR8-H5N8
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PB2-627E, as analyzed by RT-qPCR. Empty vector-transfected A_KO cells (empty) were
used as a control. Data are expressed as the mean ± standard deviation (n = 3). Significant
differences (compared with the empty vector) were determined by one-way ANOVA with
Bonferroni’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P
< 0.0001. ns = non-significant.
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Figure 4-4. Identification of the key residues within amino acids 149–175 of ANP32A
that are involved in replication of influenza virus. (A) (A) Pairwise alignment of amino
acid residues 149–175 from human ANP32A (hANP32A) and hANP32C. Residues 149–
161 and 162–175 are indicated. (B) Swapping of residues 149–161 or 162–175 residues of
hANP32C with the corresponding residues of hANP32A (149–161C and 162–175C,
respectively). (C) hANP32A harboring D149Y, R150W, D152H, D157Y, and A160I
mutations. hANP32C modified as in (B) and (C) was overexpressed in ANP32A-lacking
(A_KO) chicken DF-1 cells. The cells were infected with PR8-H5N8 PB2-627E (MOI =
0.1). and viral titers were measured in TCID50 assays 24 h later. (D) Pairwise alignment
of residues 149–161 from hANP32A and hANP32B. hANP32B or D149Y- and D152Hmutated hANP32B (hANP32BY149H152) were overexpressed in A_KO DF-1 cells at 24
h post-infection with PR8-H5N8 (PB2-627E) virus. Virus titers were measured in TCID50
assays. Data are expressed as the mean ± standard deviation (n = 3). Significant differences
among groups were determined by one-way ANOVA with Bonferroni’s multiple
comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. ns = nonsignificant.
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Figure 4-5. Functional role of residues D149 and D152 during interaction between
ANP32A and influenza virus PB2. (A) Schematic representation showing polarity
mapping of the D149Y and D152H substitutions in human ANP32A (hANP32A). Polarity
is indicated by color (Yellow, non-polar; Blue, polar basic; Red, polar acidic; Green, polar
uncharged). (B) hANP32A harboring single amino acid mutations D149Y, D149A, D149E,
D149N, D152H, D152A, D152E, or D152N were overexpressed in ANP32A-lacking
(A_KO) chicken DF-1 cells. The cells were then infected with PR8-H5N8 (PB2-627E)
influenza virus (MOI = 0.1). The viral titer in the cells was measured in TCID50 assays at
24 h post-infection. Data are expressed as the mean ± standard deviation (n = 3).
Significant differences among the groups were determined by one-way ANOVA with
Bonferroni’s multiple comparison test. * P < 0.05 (C) hANP32A wild type or
hANP32A_D149Y/D152H harboring a FLAG tag was co-transfected along with viral
polymerase (PA, PB1, and PB2-627E or 627K) into A_KO cells. After 24 h, a coimmunoprecipitation assay was performed using a FLAG antibody. Each of the input cell
lysates and FLAG-immunoprecipitated proteins (FLAG-IP) was analyzed by western
blotting with the indicated antibodies.
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Figure 4-6. Targeted genome editing of the fourth exon of chicken ANP32A by
CRISPR/Cas9. (A) Gene structure of chicken ANP32A (cANP32A) and the target locus
(fourth exon) of the A#4 guide RNA (gRNA). (B) T7 endonuclease I (T7E1) assays were
performed in DF-1 cells transfected with the A#4 CRISPR/Cas9 vector. Wild-type DF-1
cells were used as the control. (C) Mutation analysis of transfected DF-1 cells by Sanger
sequencing. Insertion-deletion (in-del) mutations are shown (with the frequencies
indicated in parentheses). The purple letters with strikethrough lines indicate deleted
nucleotides, and letters without strikethrough lines indicate inserted nucleotides. The red
letters indicate gRNA-binding sites, and the green letters indicate protospacer adjacent
motif (PAM) sequences.
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Figure 4-7. DF-1 chicken cells acquire resistance to influenza virus through precise
modification of chicken ANP32A. (A) Schematic representation of homology-directed
repair (HDR)-mediated precise modification of the fourth and fifth exons of chicken
ANP32A (cANP32A). The donor plasmids contain D149Y-, D52H-, D182Y-, and D185Hmodified cANP32A sequences flanked by left and right homology arms. (B) The protein
sequences of the cANP32A-modified DF-1 clones inferred from cDNA sequencing of
cANP32A from the fourth exon to the fifth exon. (C) Representative premature stop codon
(AYHYH101), wild-type (AYHYH103), and HDR (AYHYH106) DF-1 clones were
infected with PR8-H5N8 PB2-627E or PB2-627K (MOI = 0.1). Viral titers were measured
in TCID50 assays at 24 h post-infection. Data are expressed as the mean ± standard
deviation (n = 3). Significant differences among groups were determined by one-way
ANOVA with Bonferroni’s multiple comparison test. * P < 0.05, ** P < 0.01, *** P <
0.001, and **** P < 0.0001. ns = non-significant.
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Figure 4-8. HDR-mediated precise residue substitution of chicken ANP32A in DF-1
cells. DNA sequencing and chromatography results for the fourth and fifth exon of chicken
ANP32A (cANP32A) from transfected DF-cells are shown. “cANP32A” indicates the
wild-type sequence, and “homology-directed repair (HDR) donor” indicates the sequence
of the HDR donor plasmid. Non-homologous end joining events are shown, with insertiondeletion or HDR events indicated in parentheses.
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Table 4-1. List of oligonucleotide sequences and gRNA target sequences used
in this study
Usage

ID

Sequence (5’→3’)

ANP32A ex1-F

CACCGGCGACGATGGACGGGACGAG

Sequencing

ANP32A ex1-R

AAACCTCGTCCCGTCCATCGTCGC C

Sequencing

ANP32A ex4/5-F

CTGTCTGTCCTGTAGAGGTTTA

sequencing

ANP32A ex4/5R

GTCTTCCTCCTTCCAGTCTCT

sequencing

ACTB qRT-F

AGGAGATCACAGCCCTGGCA

RT-qPCR

ACTB qRT-R

CAATGGAGG GTCCGG ATTCA

RT-qPCR

viral M qRT-F

AACCGAGGTCGAAACGTACG

RT-qPCR

viral M qRT-R

CGGTGAGCGTGA ACACAAAT

RT-qPCR

A#1 gRNA

AAAGGATCCACTTAGAGCTG

gRNA sequence

A#4 gRNA

CCACAACTCACATACCTCGA

gRNA sequence
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4.Discussion
ANP32A is a candidate cellular host factor that plays a critical role in
supporting the vPol activity of influenza viruses (Sugiyama et al., 2015). Most
reports focusing on the species-specific differential vPol activity of ANP32A show
that it depends on the PB2-627 residue and structural differences between chicken
and human ANP32A, in particular, 33 amino acids (176–208) within cANP32A.
It is suggested that duplication of the 27 residues and insertion of a SIM-sequence
into cANP32A can increase vPol activity in human cells by strengthening the
interaction between cANP32A and vPol; this may be particularly relevant to aviansignature PB2-627E (Domingues et al., 2019; Domingues and Hale, 2017).
Furthermore, it is notable that randomly scrambled mutation of the 27 residues
within cANP32A prevent this segment from supporting vPol activity, independent
of the PB2-627 residue, whereas scrambled mutation of the 33 residues resulted in
loss of support for PB2-627E vPol activity but not PB2-627K activity (Long et al.,
2019). This suggests that the 27 residues play a pivotal role in supporting the
function of vPol, but that 33 residues are required to support avian-signature PB2627E vPol. However, more detailed molecular understanding of PB2 627 residuespecific interactions between ANP32A and vPol is required.
Recently, we reported that hANP32A supports vPol activity in A_KO
chicken cells, independent of PB2-627. Also, host restriction of PB2-627E vPol
activity could be caused by other ANP32 family members such as ANP32C,
ANP32D, and ANP32E, suggesting that cANP32A could overcome the
suppressive effects of ANP32C, ANP32D, and ANP32E in a human host (Park et
al., 2019). Here, we demonstrated that the 27 residues in both chicken and human
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ANP32A are critical for supporting vPol activity. Consistent with our previous
report (Park et al., 2019), we found that enforced expression of hANP32A or
hANP32B in A_KO DF-1 cells supported viral transcription and growth
independently of residue PB2-627, whereas hANP32C, hANP32D, and hANP32E
did not support viral transcription and/or replication. Despite the finding that
hANP32C shares higher sequence identity (84.4%) with hANP32A than
hANP32B, it is surprising that hANP32C could not support the vPol activity of
AIVs in A_KO DF-1 cells. To identify functional differences among ANP32A,
ANP32B, and ANP32C with respect to supporting vPol activity, we focused on
the 27 residues in human and chicken ANP32 family members and found that they
are critically involved in supporting the vPol activity of AIV; this was based on
functional assessment of the 27 residues using hANP32A149-175. Furthermore,
single amino acid substations within the 27 residues of hANP32A revealed that
D149 and D152 are involved in hydrogen bonding and electrostatic interactions,
respectively, which support vPol activity and viral replication. In addition, we
demonstrated that mutations D149Y and D152H within hANP32A decreased the
interaction with vPol proteins, indicating that D149 and D152 are involved in the
interaction with vPol. Furthermore, we demonstrated that D149 and D152 in both
hANP32A and hANP32B play a critical role in supporting vPol activity and
replication of AIVs, indicating that there is conserved interaction between ANP32
proteins and vPol via residues D149 and D152. Since hANP32E27A could not
support vPol activity, our findings imply that not only the 27 residues, but also the
conserved LRR and LCAR domains, are important for supporting vPol activity, as
reported previously (Domingues and Hale, 2017; Long et al., 2019; Wei et al.,
2019; H. Zhang et al., 2019).
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Since cANP32A harbors the duplicated D182 and D185 residues, we
inserted precise mutations D149Y, D152H, D182Y, and D185H (AYHYH) into
cANP32A. Finally, we demonstrated that precise substitution of these residues
rendered chicken cells resistant to AIV. The effect of this precise modification at
target residues on viral replication was similar to that of knocking out ANP32A,
indicating that residues D149, D152, D182, and D185 play a dispensable role in
supporting vPol activity and viral replication.
To summarize, recent advances in avian genome editing technology
enable generation of viral disease-resistant birds via editing of pathogenesisrelated genes, particularly those that support replication of an infectious virus (Han
and Park, 2018; Sid and Schusser, 2018). Profound understanding of the
interaction between virus and host factors, viral receptors, and other cellular host
factors is a prerequisite for development of viral-resistant animals (Han and Park,
2018; Lee et al., 2017; Sid and Schusser, 2018). Since ANP32A plays various
biological roles (Matilla and Radrizzani, 2005; Reilly et al., 2014), the ideal way
to develop AIV-resistant animals is to modify residues within ANP32A as little as
possible. Our findings may facilitate development of AIV-resistant chickens via
HDR-mediated precise genome editing of only a few amino acid residues within
cANP32A. Collectively, the targeted and precise modification of host factors used
by viruses will be an innovative strategy for developing specific virus- or
pathogen-resistant animals.
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CHAPTER 5

Inhibition of cellular transportation of avian
influenza viruses through CRISPR/Cas9-mediated
targeted disruption of importin alpha 1 and
importin alpha 3 in chicken
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1. Introduction
Avian influenza virus (AIV) outbreaks have not only caused enormous
economic losses in the poultry industry worldwide, but they also have a high
potential to cause infection and lethality in humans, which has aroused concerns
about the emergence and pandemic spread of high pathogenic avian influenza
virus (HPAI) (de Jong et al., 1997). Currently, vaccine-mediated prevention and
therapy is the most efficient way to control the influenza virus. However,
vaccination strategies against AIV have limited practical effectiveness, as vaccines
must be reformulated in response to each seasonal outbreak due to the high
plasticity and rapid evolution of AIV (Krammer and Palese, 2015). Since viruses
obligately utilize the host cellular machinery during their lifecycle to produce
progeny, targeting of the cellular host factors required by the virus might serve as
an alternative strategy to vaccination for controlling AIV replication and growth
(Hoffarth et al., 2008).
For replication of influenza viruses, the viral ribonucleoprotein (vRNP)
complexes, which consist of negative sense RNA genome segments coated by
nucleoprotein and bounded by RNA-dependent RNA polymerase (RdRP),
inevitably translocated into the nucleus by a cellular transporting protein known
as importins (or karyoproteins) members that binds to cargos via nuclear
localization signal (NLS) (Kobe, 1999; Kohler et al., 1999). The seven members
of importin family (α1, α3, α4, α5, α6, α7 and α8) are currently annotated as an
adaptor protein between cargo protein and importin subunit beta1 (importin β1)
for classical importin α/β-mediated nuclear import. The monomeric NP and PB2
are imported by importin α/β -mediated classical import pathway, whereas the PB1
and PA are transported via the RanBP5-mediated non-classical import pathway
without support of importin family (Hutchinson and Fodor, 2012).
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It is notable that the vRNP complexes of avian influenza virus (AIV)
obligately adapt to the nuclear import system of mammalian host for efficient
nuclear localization and replication, especially depending on differential
utilization of importin-α subfamily between avian and mammalian species (ResaInfante et al., 2008). AIVs have evolved distinct mechanisms to utilize cellular
importin family to support nuclear import and viral replication in a host-dependent
manner. It was revealed that the AIVs (PB2 627E and 701D) generally depend on
importin α1 and importin α3, while the mammalian-adapted AIV (627K and 701N)
depend on importin α1 and importin α7, indicating that AIV should shift the
importin specificity from α3 to α7 in human cells (Gabriel et al., 2011).
Furthermore, it was demonstrated that importin α7-knockout mice were generally
less susceptible to mammalian-signature influenza virus compared to wild-type,
importin α5-knockout mice or importin α4-knockout mice, suggesting that
importin α7 specificity of influenza viruses in mammalian host.
The adaptive mutations D701N in PB2 or N319K in NP have been
identified as a key host adaption from avian to mammalian host underlain by
species-specific differential binding affinity to importin-α subfamily. From the
cellular co-immunoprecipitation and localization experiments, those host adaptive
mutations resulted in increased protein interaction and binding with human but not
avian importin family members (Gabriel et al., 2008; Gabriel et al., 2011).
Although importin interaction with monomeric PB2 was not affected by host
adaptive mutation on PB2 E627K, the human importin α1, importin α5 and
importin α7 more efficiently interact with PB2 627K-containing vRNP complexes
than avian signature PB2 627E-vRNPs (Boivin and Hart, 2011; Hudjetz and
Gabriel, 2012). Thus, it is interesting that divergence between chicken and human
homologues of importin family members are sufficient to potentially limit the viral
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replication in a host-specific manner (Gabriel et al., 2011). Since importin α3
between chicken and human shares highly conserved sequences (99% identity),
importin α3 has been regarded as an initial mediator for inter-species transmission
of AIVs prior to host adaptation (Resa-Infante and Gabriel, 2013). In contrast to
human host, however, importin specificities have not been identified in chicken
cells, implying redundancy in the avian host (Gabriel et al., 2008; Gabriel et al.,
2011).
Here, we examined which of importin family members are involved in
the transportation of viral proteins of avian influenza virus in chicken DF-1
fibroblast cells through gene silencing experiment. Furthermore, we targeted
chicken importin family members using the CRISPR/Cas9-mediated gene editing
system to demonstrate the functional role of importin family members in viral
transportation and replication of AIVs in chicken host cells. Finally, we examined
whether knockout of importin family members could efficiently suppress AIV
replication in chicken cells.
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2. Materials and methods
Multiple sequence alignment and pairwise comparison chicken importin family
members
The chicken (Gallus gallus) protein sequences of importin α1
(NP_001006209), importin α3 (NP_001007964), importin α4 (NP_001180504),
importin αm (NP_001025945), importin α6 (XP_419770), and importin α7
(NP_001012859) were retrieved from the National Center for Biotechnology
Information (NCBI) database and then used for multiple sequence alignment,
pairwise comparison, and phylogenetic tree computation via the Geneious R6
software (Biomatters Ltd.). The protein sequences were aligned using the
Blosum62 scoring matrix with the gap open penalty set at 12 and the gap extension
penalty set at 3. The phylogenetic tree was reconstructed without an outgroup
using the neighbor-joining method with 500 bootstrap replications.

RNA isolation and RNA quantification using RT-qPCR
The total RNA of infected cell samples was extracted using an RNeasy
mini kit and reverse-transcribed using the Superscript IV First-strand Synthesis
System (Invitrogen). The PCR reaction mixture contained 2 μl of PCR buffer, 1 μl
of 20× EvaGreen qPCR dye (Biotium, Hayward, CA, USA), 0.5 μl of 10 mM
dNTP mixture, 10 pmoles each of target gene-specific forward and reverse primers
(S1 Table), 1 μl of complementary DNA (cDNA), and 1 U of Taq DNA polymerase
in a 20 μl final volume. The RT-qPCR was performed using a StepOnePlus realtime PCR system (Applied Biosystems, CA, USA). Each test sample was assayed
in triplicate. Relative quantification of target gene expression in the cells was
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performed using the following formula: 2–ΔCt , where ΔCt = (Ct of the target gene
– Ct of ACTB), or 2–ΔΔCt, where ΔΔCt = (Ct of the target gene – Ct of ACTB) group
– (Ct of the target gene – Ct of ACTB) control.
Small interfering RNA (siRNA)-mediated knockdown of importin family
members
We designed and synthesized siRNAs targeting chicken importin α1, α3,
α4, α5, α6 and α7 (Bioneer Corporation, Daejeon, Korea). A negative control
siRNA with no complementary sequence in the chicken genome was used as a
control. The sequences of each siRNA used in this study are listed in Table 2. For
gene-specific silencing in DF-1 cells, the cells were seeded into the wells of a 12well plate (each of which contained 1 ml of medium) at a density of 2 × 105 cells
per well. Next, the cells were transfected with siRNAs targeting importin α1, α3,
α4, α5, α6 and α7 (20 pmol/L) using RNAiMAX (Invitrogen). After 48 hr of
siRNA transfection, total RNA was extracted from each sample using an RNeasy
mini kit (Qiagen), and the total RNA was then reverse-transcribed using the
Superscript IV First-strand Synthesis System (Invitrogen) according to the
manufacturer’s protocol. The knockdown efficiency of the selected genes and their
effects on the transcription and replication of viral genes were measured by RTqPCR using a StepOnePlus real-time PCR system (Applied Biosystems, CA,
USA).
Recombinant avian influenza viruses, and biosafety
The PR8-H5N8 PB2-627E viruses were generated via reverse genetic
systems from eight bidirectional pHW2000 plasmids encoding the PB1, PB2, PA,
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HA, NA, NP, NS, and M genes (PR8-PB2-627E, H5N8) as previously reported (Y.
H. Park et al., 2019). In brief, viruses were rescued by co-transfection of the eight
bidirectional plasmids into co-cultured Madin-Darby canine kidney cells (MDCK;
ATCC, CCL-34) and human 293T embryonic kidney cells (HEK293T; ATCC,
CRL-11268). The generated viruses were grown in MDCK infection medium,
consisting of DMEM supplemented with 0.3% bovine serum albumin (BSA), 1×
ABAM, and 1 µg/ml TPCK-treated trypsin (Sigma-Aldrich, MO, USA), and then
incubated at 37 °C for 48 hr. The virus stocks were further propagated in 10-dayold embryonated chicken eggs. Aliquots of infectious viruses were stored at
−80 °C for further experiments. All work with low pathogenicity viruses was
conducted in a biosafety level 2 facility approved by the Institutional Biosafety
Committee, Seoul National University.
Viral titration of infected cells
The viral titrations of infected cells were performed in MDCK cells to
determine the median tissue culture infectious dose (TCID50). In brief,
supernatants of infected cells were used to infect confluent layers of MDCK cells
in 96-well plates with serum-free DMEM medium supplemented with 0.3% BSA,
1% penicillin/streptomycin, and 1 μg/ml TPCK-trypsin. Serial dilutions of the
supernatant were added to five wells of a 96-well culture plate in triplicate. After
72 to 96 hr, the cytopathic effects (CPEs) were observed and quantified via crystal
violet (Sigma-Aldrich) staining. The TCID50 values per ml were calculated using
the Spearman-Karber formula (Gilles, 1974).
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Construction of CRISPR/Cas9 vectors
The CRISPR/Cas9 vector targeting importin gene was constructed using
the pX459 vector as previously reported (H. J. Lee, Lee, Jung, et al., 2017). In
brief, the annealed oligonucleotides for each gRNA were ligated into the pX459
vector via the Golden Gate assembly method, and the constructed CRISPR/Cas9
vectors were validated via Sanger sequencing. The oligonucleotides for the PCR
analysis and the CRISPR/Cas9 vector construction are listed in Table 1.
Cell culture, transfection, and clonal selection of DF-1 cells
The chicken DF-1 fibroblast cells (CRL-12203; ATCC, VA, USA) were
maintained in Dulbecco’s minimum essential medium (DMEM; Hyclone, UT,
USA), supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1×
antibiotic-antimycotic (ABAM; Thermo Fisher-Invitrogen, CA, USA). DF-1 cells
were cultured at 37 °C in an incubator with an atmosphere of 5% CO2 and 60–70%
relative humidity. For transfection of DF-1 cells, 2 µg of DNA was mixed with 2
µl of Lipofectamine 2000 reagent (Thermo Fisher-Invitrogen) in Opti-MEM
(Thermo Fisher-Invitrogen), and this mixture was then applied to 2 × 105 DF-1
cells in 12-well culture plates. Approximately 24 hr after transfection, puromycin
(GIBCO Invitrogen, NY, USA) (1 µg/ml) was added to the culture medium to
select for transfected DF-1 cells. The complete selection period required 3 to 4
days. Single puromycin-selected DF-1 cells were seeded into individual wells of
a 96-well plate with culture medium. After clonal expansion of single DF-1 cells,
genomic DNA was extracted from the clones for sequencing analysis.
Genomic DNA sequencing analysis
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To evaluate the target efficiency of the constructed pX459 vectors in
chicken DF-1 cells, genomic DNA was extracted from the transfected DF-1 cells
following puromycin selection. Genomic regions encompassing the CRISPR/Cas9
target sites were amplified using specific primer sets (Table 1). Subsequently, PCR
products containing the target site were cloned into the pGEM-T Easy vector
(Promega, WI, USA) and sequenced using an ABI Prism 3730 XL DNA Analyzer
(Thermo Fisher-Applied Biosystems, CA, USA). The sequences were analyzed
against assembled chicken genomes using BLAST (http://blast.ncbi.nlm.nih.gov)
and Geneious R6 software (Biomatters Ltd., Auckland, New Zealand).
WST-1 assays of infected cells
To evaluate cell survival upon AIV infection, in vitro cell proliferation
and survival assays were conducted. The proliferation and survival of infected DF1 cells were quantified using the water-soluble tetrazolium-1 (WST-1) cell
proliferation reagent (Takara Bio, Kusatsu, Japan) according to the manufacturer’s
instructions. Cells were seeded in a 96-well plate in which each well contained 0.1
ml of culture medium at a density of 1 × 104 cells per well. One day after seeding,
the confluent DF-1 cells were infected with PR8-H5N8 PB2-627E at a MOI of 0.1.
The percentage of survival rates was calculated as the ratio of the respective
differential optical absorbance between the wavelengths of 450 and 690 nm
(A450–A690) of the infected DF-1 cells to their non-infected control DF-1 cells
for each experiment. All of the experiments were performed in triplicate with three
independent samples.
Immunocytochemistry of infected cells
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DF-1 cells on coverslips were infected with the PR8-H8N8 recombinant
virus at a MOI of 0.01 and then incubated in serum-free DMEM supplemented
with 1% penicillin/streptomycin for 12 hr. Next, the cells were washed twice with
1× PBS and fixed with 4% paraformaldehyde in PBS for 30 min, followed by
permeabilization with 0.1% Triton X-100 in PBS for 10 min. The cells were then
blocked with 0.5% BSA in phosphate-buffered saline with 0.1% Tween 20 (PBST)
for 1 hr and subsequently incubated with 1:500-diluted rabbit anti-NP (GeneTex,
CA, USA) or rabbit anti-PB2 (GeneTex) primary antibody at 4 °C overnight.
Following two washes with PBS, the cells were incubated with 1:250-diluted goat
anti-rabbit IgG conjugated to Alexa Fluor 488 or Alexa Fluor 568 secondary
antibody (Abcam, MA, USA) for 1 hr at room temperature. The cells were finally
mounted with ProLong Gold antifade reagent containing 4′,6-diamidino-2phenylindole (DAPI; Thermo Fisher-Invitrogen) and analyzed under a
fluorescence microscope.
Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad
Software, CA, USA). Significant differences between groups were determined by
one-way ANOVA with Bonferroni’s multiple comparison. A value of P < 0.05
indicated statistical significance.

105

3. Results
Sequence alignment and phylogenetic tree of chicken importin family members
To explore the functional role of the various importin family members on
transport of AIV, we initially investigate the sequence identities and phylogenetic
tree of importin family proteins from chicken. The sequence alignment revealed
that the sequence identities between importin α1 and importin α3, importin α4,
importin α5, importin α6, and importin α7 were approximately 50.6%, 49.5%,
44.4%, 45.5% and 45.3%, respectively. The importin α3 and importin α4 shared
the highest sequence identity (85.6%), whereas importin α1 and importin α5
shared the least sequence identity (44.4%) among the chicken importin family
members (Figure 5-1A). According to the phylogenetic tree, which was
constructed via the neighbor-joining method with 500 bootstrap replications,
importin α3 and importin α6 were found to be closely related to importin α4 and
importin α7, respectively. Furthermore, importin α5 was closely related to
importin α6 and importin α7 (Figure 5-1B).
Expression profiling of importin family members in chicken DF-1 fibroblast
cells
To examine which of the importin family members play a pivotal role in
cellular transport of chicken host, we performed the RT-PCR and qRT-PCR
analysis for expression profiling of importin family members in chicken DF-1
fibroblast cells. As shown in Figure 5-1C, the RT-PCR result showed that importin
α1 and importin α3, importin α4, importin α5, and importin α7 were expressed in
DF-1 cells but importin α6 was not detected (Figure 5-1C). Furthermore, to
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compare relative expression level of importin family members, we performed the
RT-qPCR using 2–ΔCt method (normalization to ACTB). The result of RT-qPCR
showed that the relative mRNA expression level of importin α1 and α3 highly
expressed compared to the expression level of importin α4, importin α5, and
importin α7 (Figure 5-1D). Taken together, these results suggest that importin α1
and importin α3 seem to be strongly involved in cellular transportation in chicken
DF-1 cells.
Functional role of chicken importin family members in viral replication of AIVs
To investigate which of chicken importin family members are involved
in transportation and replication of AIVs, we performed the knockdown study of
importin family members in DF-1 cells through gene-specific siRNAs treatment.
After transfection of DF-1 cells with each siRNAs for 48 hr, we examined the
relative expression level of each mRNA using qRT-PCR. The designed siRNA for
each importin family members significantly suppressed the mRNA expression
level of importin α1 (~89%), α3 (~87%), α4 (~72%), α5 (~79%), α6 (~68%), and
α7 (~76%) compared with the respective control expression level (Figure 5-2A).
After treatment of each siRNA or all siRNAs together in DF-1 cells for 48 hr, we
performed TCID assay to measure the viral growth in importin family silenced
DF-1 cells through infection with the PR8-H5N8 PB2-627E low pathogenic avian
influenza virus (hereafter H5N8-LPAI) at a multiplicity of infection (MOI) of 0.1.
The viral titer after 24 hr of infection was significantly decreased in importin α3suppressed DF-1 cells compared with that in the silencing of other importin family
members. Intriguingly, the simultaneous knockdown of all of the importin family
members showed the lowest viral titer compared with the effects of silencing
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single importin family members (Figure 5-2B). Next, we further investigate the
double knockdown effect of importin family members on viral titer after H5N8LPAI infection in DF-1 cells. The results showed that the viral titer was
significantly decreased in co-suppressing of importin α1 and importin α3 in DF-1
cells compared with that in other co- suppressing effects (Figure 5-2C). Our results
suggested that importin α1 and importin α3 are involved in viral replication and
growth in chicken DF-1 cells.
Establishment of chicken importin α1 and importin α3 knockout DF-1 clones
through CRISPR/Cas9-mediated genome editing
To knock out importin α1 in chicken DF-1 fibroblast cells, we constructed
a CRISPR/Cas9 vector containing the IA1_#1 gRNA sequence, which can induce
NHEJ-mediated in-del mutations in the third exon of importin α1 (Figure 5-3A).
The CRISPR/Cas9 vector was transfected into DF-1 cells, and after drug selection,
genomic DNA was isolated from the transfected cells and subjected to mutational
analysis. To analyze the mutation rate and pattern, genomic DNA from clones of
transfected DF-1 cells was sequenced. The results showed that the mutation rate
of IA1_#1 CRISPR/Cas9 vector-transfected DF-1 cells was 80 % (8/10) with a
diverse pattern of insertions and deletions (Figure 5-3B).
Furthermore, we constructed a CRISPR/Cas9 vector containing IA3_#1
gRNA sequence to disrupt importin α3 in DF-1 cells through NHEJ-mediated indel mutations in the second exon of importin α3 (Figure 5-3C). After transfection
of constructed vectors into DF-1 cells, the transfected cells subjected to puromycin
drug selection. Subsequently, the genomic DNA from the cells was sequenced to
explore the mutation rate and pattern. The results showed that the mutation rate of
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IA3_#1 CRISPR/Cas9 vector transfected cells was 90% (9/10) with a diverse
pattern of insertions and deletions (Figure 5-3D).
Next, we established DF-1 clones from among the mixed population of
importin α1 and importin α3-edited cells. After clonal expansion of single cell, 5
of a total 7 clones were identified as importin α1-knockout DF-1 clones via
sequencing analysis. The sequencing results showed that the three importin α1knockout DF-1 clones IA102, IA104, IA105 had frameshift mutations at a biallelic
locus in the third exon of importin α1 that resulted in premature stop codons (Table
5-3). Furthermore, we identified three clones of importin α3-knockout DF-1 via
sequencing analysis. The DF-1 clones IA303, IA304 and IA305 had frameshift
mutations at a biallelic locus in the second exon of importin α3 that resulted in
premature stop codons (Table 5-3).
Finally, we established the importin α1 and importin α3 double knockout
clones through single cell clonal expansion of IA1 #1 CRISPR/Cas9 vector
transfected IA303 clone. The sequencing result of established IA1304 clones
showed that there was a premature stop codon in both of importin α1 and importin
α3, which was verified by Sequencing analysis (Table 5-3). To determine whether
knockout of the importin α1 or importin α3 could affect the life-cycle of AIV, we
selected the IA102, IA303, and IA1304 DF-1 clones as representatives of importin
α1 knockout (IA1_KO), importin α3 knockout (IA3_KO), and double knockout of
importin α1/ α3 (IA13_KO), respectively (Table 5-3).
Effects of importin α1 and importin α3 knockout on viral replication and cell
survival after infection with AIVs
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To determine whether knockout of importin α1 or importin α3 could
affect AIV growth and replication, we examined viral growth on IA102, IA303
and IA1304 clones via TCID assays after 24 hr of infection with the H5N8-LPAI
at a MOI of 0.1. Although the viral titer was significantly decreased in both of
compared with that in wild-type DF-1 cells, the IA1304 clone showed the lowest
viral titer among the tested groups. The results showed that the production of viral
progeny was significantly decreased in IA102 (about 15-fold), IA303 (about 25fold) and IA1304 clone (about 80-fold) compared with that in wild-type DF-1 cells
after 24 hr of infection with H5N8-LPAI at a MOI of 0.1. The IA1304 clone had
the significantly lowest viral titer among the tested groups (Figure 5-4A).
Next, we examined the proliferation of IA1304 clone and wild-type DF1 cells to investigate host cell viability after infection with H5N8-LPAI a MOI of
0.01. To evaluate cell survival upon AIV infection, in vitro cell proliferation and
survival assays were conducted by using the water-soluble tetrazolium-1 (WST-1)
cell proliferation reagent. The percentage of survival rates was calculated as the
relative ratio of the infected DF-1 cells to their non-infected control DF-1 cells for
each experiment. As a result, the survival rate of the IA1304 clone was
significantly higher than that of wild-type cells from 24 to 72 hr post-infection
(Figure 5-4B).
Functional role of importin α1 and importin α3 on cellular transportation of
viral protein
Since the importin family members have been known to transport of viral
proteins such as NP and PB2, we investigated the cellular localization of viral
proteins in IA1304 clone after 6 hr of infection with H5N8-LPAI at MOI of 0.5.
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The intracellular localization of NP and PB2 protein in the IA1304 clone was
examined via immunocytochemistry. The results of NP localization in IA1304
clone showed similar expression levels to wild-type cells, whereas PB2
localization in IA1304 clone restricted to the nucleus in the cells compared with
that in the wild-type DF-1 cells. Counting a mean of 150 NP or PB2-positive cells
for each of the three conditions revealed that there was no significant difference in
localization of NP proteins between wild-type and IA1304 clone (Figure 5-5A).
However, the number of nuclear PB2-positive cells was higher in the IA1304 clone
compared with that in wild-type DF-1 cells, indicating that cellular transportation
of PB2 viral protein was impaired due to double knockout of importin α1 and
importin α3 in chicken cells (Figure 5-5B).
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Figure 5-1. Sequence identity, phylogenetic tree analysis, and expression profiling of
chicken importin α family members. (A) Percent identities among six chicken importin
α family members (α1, α3, α4, α5, α6, α7). (B) A phylogenetic tree of the chicken importin
family members was constructed without an outgroup via the neighbor-joining method
with 500 bootstrap replications. All of the protein sequences were aligned in the Geneious
R6 software with the Blosum62 scoring matrix (black letters, 100% identity; gray letters,
 80% identity). (C) RT-PCR was conducted to examine expression profiling of importin
family members in chicken DF-1 fibroblast cells. ACTB was used as a reference gene. (D)
The relative gene expression of importin family members in chicken DF-1 cell was
analyzed using qRT-PCR using 2–ΔCt method (normalization by ACTB). Results are shown
as mean ± standard deviation of mean (n = 3).
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Figure 5-2. Silencing effect of importin α family members on viral replication of avian
influenza virus in chicken DF-1 fibroblast cells. (A) Knockdown efficiencies of chicken
importin α1, α3, α4, α5, α6, α7-specific siRNAs in chicken DF-1 cells. Sequences lacking
complementary sequences in the chicken genome were used as a control siRNA (NCsiRNA). ACTB was used as a reference gene. The viral titers in (B) single or (C) double of
importin gene-silenced cells were determined using TCID50 assays after 24 hr of infection
with PR8-H5N8 LPAI virus (MOI of 0.1). NC-siRNA treatment was used as a control. All
group indicates the co-transfection of all siRNA for importin family members. The data
are shown as mean ± standard deviation (n = 3). Significant differences compared to NC
siRNA-treated group were determined by one-way ANOVA with Bonferroni’s multiple
comparison and are represented as * P < 0.05 and ** P < 0.01
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Figure 5-3. CRISPR/Cas9-mediated targeted disruption of the chicken importin α1
and importin α3 gene in chicken DF-1 cells. (A) The target locus of the IA1-#1 gRNA
was shown in gene structure of chicken importin α1. (B) Mutation analysis of the IA1-#1
CRISPR/Cas9 vector transfected DF-1 cells via Sanger sequencing. (C) The target locus
of the IA3-#1 gRNA was shown in gene structure of chicken importin α3. (D) Mutation
analysis of the IA3-#1 CRISPR/Cas9 vector transfected DF-1 cells via Sanger sequencing.
The insertion-deletion mutations with their frequencies indicated in parentheses. The
purple letters with strikethrough lines indicate deleted nucleotides, and letters without
strikethrough lines indicate inserted nucleotides. The red letters indicate guide RNAbinding sites, and the green letters indicate protospacer adjacent motif (PAM) sequences.
The ATG codon is indicated in blue letters. Frameshift mutations are indicated in
parentheses.
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Figure 5-4. Effects of chicken importin α1 or importin α3 knockout on viral
replication and cell survival after infection with AIVs. (A) Wild-type, importin α1
knockout (IA102), importin α3 knockout (IA303), and importin α1 and α3 double
knockout (IA1304) DF-1 cells were infected with PR8-H5N8 avian influenza virus (MOI
of 0.1). The viral titers in the cells were determined using TCID50 assays after 24 hr of
infection (B) Cell survival rates were determined using WST-1 assays after infection with
PR8-H5N8 influenza virus (MOI of 0.01). Wild-type DF-1 cells were used as a control.
The data are shown as mean ± standard deviation (n = 3). Significant differences among
the groups or compared with wild-type cells were determined by one-way ANOVA with
Bonferroni’s multiple comparisons and are represented as * P < 0.05, ** P < 0.01, and ***
P < 0.001.
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Figure 5-5. Detection and subcellular localization of NP and PB2 proteins in AIVinfected chicken cells. Wild-type and importin α1 and α3 double knockout (IA1304) DF1 cells were infected with PR8-H5N8 PB2-627E (MOI of 0.1). (A) The viral NP
(secondary antibody Alexa Fluor-568) or (B) PB2 (secondary antibody Alexa Fluor-488)
were detected using immunostaining 6 hr post-infection. The nuclei of cells were
counterstained with DAPI. The expression profiling of viral protein in both the cytoplasm
and nucleus in the cells was indicated by the arrow, whereas a biased expression in nuclei
was indicated by the arrowhead. The percentages of cells with NP or PB2 subcellular
localization were determined by counting of a mean 150 NP or PB2-positive cells per
condition. Scale bars = 50 µm.
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Table 5-1. List of oligonucleotide sequences and gRNA target sequences used
in this study

ID#

Sequence (5’→3’)

IA1-seq F

TGCTTTTGGCTCTGATGGGG

IA1-seq R

CCACTGAAGCGTGCTTGTTC

IA3-seq F

TTTGGCTTCGTGTACTCTGG

Usage
T7E1 assay
and
sequencing

IA3-seq R

CAAGACCAGGCCATTTCATC

IA5 qRT-F

GCAGCTTGGGCAATCACAAA

IA5 qRT-R

GATTAATGCCAGCGCCACTG

IA1 qRT-F

CGCAATGTTACCTGGACCCT

IA1 qRT-R

AGATAGGAGAGTGCCCAGCA

IA4 qRT-F

GTTTGTGAGCAGGCTGTGTG

IA4 qRT-R

GACAAAGCCCAAACGGTGTC

IA3 qRT-F

GCTGCATGGGCTTTGACAAA

RT-PCR
and
RT-qPCR
IA3 qRT-R

GGAGGATCTTTGTGACGGCA

IA6 qRT-F

GCAGTGTGGGCTCTTGGTAA

IA6 qRT-R

GAGAGTGCCCAGACTGCATT

IA7 qRT-F

ACACGAAATGCTGTTTGGGC

IA7 qRT-R

CTGGGGAGGCCACTTTGTAG

IA1 #1 gRNA

TTGAAGTCAATGTAGAGTTG

importin α1
gRNA sequence
importin α3
IA3 #1 gRNA

ACAAAGGAATGAAGTTGTCG
gRNA sequence

#

IA1, IA3, IA4, IA5, IA6, IA7 indicate the importin α1, α3, α4, α5, α6 and α7, respectively.
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Table 5-2. List of siRNA sequences used for the knockdown experiments of
chicken importin family members

a

Accession No.

Namea

NM_001006209

cIA1-siRNA

NM_001007963

cIA3-siRNA

NM_001193575

cIA4-siRNA

NM_001030774

cIA5-siRNA

XM_419770

cIA6-siRNA

NM_001012841

cIA7-siRNA

N/A

NC-siRNAb

Direction

Sequence ( 5' -> 3' )

Sense

GAUAGAAGUUGUUGUGAAA UU

Antisense

UUUCACAACAACUUCUAUC UU

Sense

CGUUAUUAGUCUUGGAGUA UU

Antisense

UACUCCAAGACUAAUAACG UU

Sense

AGAAGAGUGUGGAGGGUUA UU

Antisense

UAACCCUCCACACUCUUCU UU

Sense

GCAGAAGACUUGUGGAAUU UU

Antisense

AAUUCCACAAGUCUUCUGC UU

Sense

GAACAAGAGUCUAAGCAAA UU

Antisense

UUUGCUUAGACUCUUGUUC UU

Sense

CAAUAGACGAAGUGAUAAA UU

Antisense

UUUAUCACUUCGUCUAUUG UU

Sense

CCUACGCCACCAAUUUCGU

Antisense

GGAUGCGGUGGUUAAAGCA

Start position
967

858

1470

996

1770

421

N/A

IA1, IA3, IA4, IA5, IA6, IA7 indicate the importin α1, α3, α4, α5, α6 and α7, respectively.

b

The NC-siRNA has no complementary sequence in the chicken genome and was used as

a control for gene silencing.
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Table 5-3. Sequences of importin α1 or importin α3-modified DF-1 clones

a

α1 and α3 indicate the importin α1 and importin α3, respectively.

b

Underlines indicate guide RNA recognition site and protospacer-adjacent motif sequences.

Strikethrough lines indicate deleted nucleotides and bold letters indicate inserted
nucleotides.
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4. Discussion
The cellular transportation of viral ribonucleotide protein complexes
(vRNP) of influenza virus is an essential process for initial virus RNA transcription
and replication during their life-cycle. The evolutionary conserved importin family
members have been known to be involved in nuclear import of various cargos,
including DNA, RNA and proteins (Pemberton et al., 1998; J. Shen et al., 1997).
It is notable that viruses have learned how to utilize the species-specific host
cellular transport machinery through modulation on specificity of nuclear
localization signal (NLS) for importin family members (Pumroy et al., 2015; ResaInfante and Gabriel, 2013). Thus, we studied which of importin family members
are mainly involved in cellular transportation of AIV in chicken.
It was reported that the host specificity and pathogenicity of avian and
mammalian signature influenza virus could be determined by differential
utilization of the importin-α isoforms in a host-specific manner, suggesting that
the PB2 and NP of avian signature influenza virus required importin α3, whereas
those of mammalian signature influenza virus differentially depended on importin
α7 (Gabriel et al., 2011). In mammals, via silencing and knockout study of
importin family members, it was demonstrated that avian viruses depend on
importin α3, whereas mammalian viruses depend on importin α7 (Hudjetz and
Gabriel, 2012; Resa-Infante and Gabriel, 2013). However, Gabriel et al. reported
that chicken importin family had functional redundancy for the transport of the
influenza virus since there was no significant effect of the silencing of the importin
family on viral titer in chicken cells (Gabriel et al., 2011).
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To examine the functional redundancy of chicken importin family
members, in the present study, we showed that importin α3 and importin α6 were
found to be closely related to importin α4 and importin α7 according to the
phylogenetic tree analysis, respectively, while importin α5 was closely related to
importin α6 and importin α7. From the quantitative analysis of mRNA expression
of importin family, we found that importin α1 and importin α3 were relatively
highly expressed in chicken DF-1 cells. To examine which of importin family
members are critically involved in replication of AIVs, we down-regulated the
importin family members in chicken DF-1 cells. In the case of a single knockdown
of importin family members, we showed that the viral titer was significantly
reduced in importin α3-suppressed DF-1 compared to control siRNA treated cells
even though the viral titer of importin α3-suppressed DF-1 was significantly
higher than that of all importin family-suppressed DF-1 cells. Furthermore, we
found that importin α1 and importin α3 are mainly involved in viral transportation
and replication of AIVs in chicken DF-1 cells through the double knockdown
study of importin family members.
To further examine the functional role of importin α1 and importin α3 in
viral replication of AIVs, we established importin α1 or importin α3-knockout DF1 clones through CRISPR/Cas9-mediated gene editing. As consistent with
knockdown study, the viral titer after 24 hr of infection with H5N8-LPAI was
significantly reduced in importin α1 or importin α3-disrupted DF-1 clones
compared to wild-type DF-1 cells. Compared to wild-type DF-1 cells, the viral
titer was about 80-fold decreased in the IA1304 clone. Our findings suggested that
both importin α1 or importin α3 are both involved in replication of AIVs.
Furthermore, we found that significant increased cell viability and survival were
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detected in IA1304 clone compared to wild-type DF-1 cells after infection with
H5N8-LPAI.
To explore whether double-knockout of importin α1 and importin α3
could affect the cellular transportation of viral proteins of AIVs, we examined the
cellular expression pattern of viral protein NP and PB2. It was reported that the
nuclear import of vRNPs is a heterodimer complex of importin α/β upon
recognition the NLS of cargos via NLS-binding domain of importin α

family

(Gorlich et al., 1994; O'Neill et al., 1995). The N-terminal NLS at NP proteins,
termed non-classical NLS, not only have been known to function as the major
signal for the cellular transport of vRNPs, but it is also important for cellular
transport of newly synthesized free NP proteins for assembly of progeny vRNPs
in mammalian hosts (Neumann et al., 1997; Ye et al., 2006). However, we
observed that double-knockout of importin α1 and importin α3 did not affect
cellular localization of NP proteins in chicken host cells, implying that there is
redundancy of other importin family members or potential other host factors for
transportation of NP. Although human importin α1 and importin α5 were initially
identified as a nuclear importing adaptor for NP (O'Neill and Palese, 1995; P. Wang
et al., 1997), the human importin 5, also known as KPNB3 was known to interact
the NLS of NP for nuclear import (Melen et al., 2003).
In contrast to NP, PB2 localization was remarkably restricted to the
nucleus in IA1304 clone compared to wild-type cells, after 6 hr of infection with
H5N8-LPAI. Although much research has been focused on switching from
importin α3 to importin α7 role of PB2 transportation during host adaptation, the
PB2 protein binds all importin family members with comparably high affinity
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(Boivin and Hart, 2011; Pumroy et al., 2015). Based on conformational dynamics
and structural analysis, it was reported that association of PB2 with importin α3
and importin α7 is favored by reduced auto-inhibition of these isoforms, while the
importin α3 has been regarded as the generic adaptor between PB2-NLS and
importin β (Gabriel et al., 2008; Kohler et al., 1999; Zhong et al., 2012). Our
findings suggest that both importin α1 and importin α3 are relatively highly
expressed compared to other importin members in chicken DF-1 cells and they
play a role in part to cellular transportation of PB2, but not in NP. Taken together,
the double knockout of importin α1 and importin α3 affected the cellular
transportation of viral protein, especially on PB2 protein.
With recent technological advances in genome editing afforded by the
CRISPR/Cas9 system, it has enabled highly efficient and precise modification and
targeted disruption of genes of interest (Auer et al., 2014; Jinek et al., 2012; Komor
et al., 2016). The targeted disruption or control of importin family members or
other host factors used by AIV could be considered an innovative solution for the
development of AIV-resistant chickens via genome editing technology (Han and
Park, 2018). Therefore, further study should be required for development of AIVresistant chicken through targeted double knockout or precise modification at NLS
of importin α1 and importin α3.
Collectively, our findings imply that importin α1 and importin α3 are
involved in cellular transportation of AIV, especially on PB2 but the nuclear
localization of PB2 was not totally restricted due to potential involvement of other
host factors for cellular transportation. An in-depth understanding of the
interactions between cellular transporters and viruses could help to identify
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antiviral drug targets in viruses and to develop avian AIV-resistant chickens
through precise modification of potential host cellular transporters for AIV in the
near future.
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CHAPTER 6

GENERAL DISCUSSION
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Recent advances in the avian genome editing technology enable the
development of various valuable avian models that were unavailable before, also
it will be possible to control bird-specific diseases and develop avian diseaseresistant birds through gene editing of pathogenesis-related genes in birds,
especially on high-risk infectious avian influenza virus. It will be necessary to first
understand the pathogenesis and life-cycles of avian viruses to develop avian
disease-resistant birds by eliminating or modifying host factors or receptors of
avian viruses
In the first study, we found that not only the differences in ANP32A
between chicken and human but also differential effects of the ANP32 family
members on influenza virus replication could result in the PB2-627 residuedependent host restriction of vPol. We revealed that each of the chicken and human
ANP32 family members had different effects on vPol activity, underlying that
species-specific differential vPol activity of AIVs may be caused by differential
functions and the overall competency of ANP32 family members. Furthermore,
we demonstrated the feasibility of CRISPR/Cas9-mediated genome modification
for engineering resistance to Avian influenza viruses. Our findings provide a novel
understanding of the functional roles of ANP32A family members in the vPol
activity, and the implications for the development of antiviral drugs and strategy
for generation of AIV-resistant animals.
In the second study, we revealed the functional role of the 27 residues
(ANP32A149-175) of chicken and human ANP32A in supporting of vPol activity
based on functional comparison with other ANP32 family members. Up to date, it
has been highlighted that the functional role of the 33 residues (cANP32A182126

208), which duplicated from the 27 residues in chicken ANP32A could play a
pivotal role in host-specific restriction between birds and mammals, especially
depending on PB2 627 residue. However, from the functional assessment of the
149-175 residues via diverse modification in hANP32A, we demonstrated that the
27 residues are critically involved in supporting the vPol activity of AIV.
Furthermore, via single amino acid substitution at hANP32A to identify the
functional key residue, we demonstrated that HDR-mediated precise substitution
of D149Y and D152H of chicken ANP32A resulted in a significant reduction of
viral replication. This study can contribute to understand the molecular insight of
ANP32A function and develop the AIV-resistant chicken via precise modification
of ANP32A with current genome editing technology.
In the third study, we performed siRNA-mediated silencing study and
CRISPR/Cas9-mediated gene knockout of chicken Importin α family members to
explore the functional role of Importin α family members in viral transportation
and replication of AIVs in chicken host cells. We showed that Importin α1 and
Importin α3 are involved in part to cellular transportation of viral PB2, but not of
NP proteins. Although a decreased viral growth and increased cell survival were
observed in the Importin α1 and Importin α3-double knockout chicken cells upon
AIV infection, nuclear localization of PB2 in the cells was not totally restricted
unlike previously reported in mammalian host cells. This may imply that potential
other host factors are involved in cellular transportation of viral proteins.
Collectively, our findings provide an in-depth understanding of the
functional roles of chicken cellular host factors including chicken ANP32 family
and Importin α family, which are involved in viral replication and cellular
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transportation of the influenza virus, respectively. A profound understanding of the
interactions between host factors and viruses could help to identify antiviral drug
targets in viruses and to develop avian disease-resistant birds through precise
modification of host receptors, pathogenesis-related genes, or other cellular host
factors required for the virus lifecycle in the near future.
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SUMMARY IN KOREAN
조류 인플루엔자 바이러스(AIV)는 지난 수 십년 간 전세계 가금 산업에서
막대한 경제적 손실을 초래했고, 최근에는 인간에게 감염을 일으켜서 사망을
초래할 수 있는 고병원성 인플루엔자 바이러스 (HPAI) 출현에 대한 우려로 사회적
문제로 대두되고 있다. 그동안 백신 매개 예방 및 치료는 인플루엔자 바이러스를
제어하는 가장 효율적인 방법으로 인식되어 왔지만, 조류 인플루엔자 바이러스가
백신에 빠르게 적응하고 진화하게 됨에 따라 계절별 발병에 대응하여 백신을 새롭게
개발해야 하기 때문에, 가금류에서 백신 매개 조류 인플루엔자의 예방 및 치료에
대한 실질적 효과가 제한적인 상황이다. 한편, 바이러스는 생활 주기 동안 바이러스
RNA 의 복제 및 전사 그리고 단백질 번역을 위해서 숙주 세포 내에 있는 관련 숙주
인자들을 반드시 이용해야 하기 때문에, 바이러스가 필요로 하는 세포 숙주 인자의
표적화 및 제어는 조류 인플루엔자 바이러스의 복제 및 증식을 제한 할 수 있는
혁신적 전략으로 백신 매개 치료법에 대한 대안으로 대두 되고 있다. 최근
CRISPR/Cas9 매개 유전자 편집 시스템의 기술적 진보로 인해 목표 유전자에 대한
매우 효율적인 유전자 knockout 뿐만 아니라 원하는 서열로 정확한 변형이 가능하게
되었다. 유전자 편집 기술을 통해 조류 인플루엔자 바이러스가 이용하는 숙주
인자의 정확한 교정은 조류 인플루엔자 바이러스 저항성 닭의 개발을 위한 혁신적인
해결책으로 주목 받고 있다.

본 연구에서의 첫 번째 주제는 CRISPR/Cas9 시스템을 매개로 닭에서
유전자 편집을 통해서 조류 인플루엔자 바이러스의 전사 활성 및 복제에 관여하는
ANP32 단백질 구성원들에 대한 기능적 조사를 하는 것이다. ANP32 단백질 구성원
중 하나 인 ANP32A 는 최근 조류 인플루엔자 바이러스의 바이러스 전사 활성에 대한
숙주-특이적 제한 인자로 밝혀 졌다. ANP32A 는 보존 된 ANP32 가족 구성원에
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속하지만, 바이러스 복제 동안 기능적 역할은 아직까지 불명확하다. 본 연구에서
ANP32A 및 ANP32 단백질의 다른 구성원들의 기능적 역할을 조사하기 위해
CRISPR/Cas9 매개 유전자 편집 시스템을 사용하여 하여 닭 ANP32A 를 표적화
(targeting) 하였다. 먼저, cANP32A 유전자가 knockout 된 DF-1 클론과 HDR-mediated
정밀 유전자 교정을 통해 닭 ANP32A 의 다섯 번째 exon 이 결여된 클론을 확립하였다.
다음으로, cANP32A 의 knockout 또는 정밀 교정으로 인해 바이러스의 전사 활성 및
복제가 현저하게 감소되었다는 것을 입증하였다. 또한, 닭 AN32 구성원의 유전자
knockdown 및 과발현 실험을 통해서 cANP32B 및 cANP32E 가 조류 인플루엔자의
전사 활성 및 복제에 관여하지 않는 것을 밝혔다. 닭에서는 ANP32B 및 ANP32E 가
아니라, ANP32A 만이 조류 인플루엔자의 바이러스 전사 활성을 지지하는 데 중요한
역할을한다는 것을 보여 주었다. 흥미롭게도, ANP32A 가 결핍된 닭 세포에서 인간
ANP32 가족 모든 구성원의 공동 발현은 조류 특이적 PB2-672E 에 대해 감소 된
바이러스 전사 활성을 초래 하였다. 이는 인간 ANP32C, ANP32D 및 ANP32E 가 인간
ANP32A 및 ANP32B 와 대조적으로 바이러스 전사 활성에 대한 억제 효과를 갖기
때문인 것으로 밝혀졌다. 본 연구 결과를 종합해 볼 때, 닭과 인간의 각기 다른
ANP32 가족 구성원으로 인해 조류 인플루엔자 바이러스의 전사 활성 및 복제에
대해 서로 다른 영향을 미친다는 것을 밝혔다. 이는 조류 인플루엔자의 종에 따른
차별적인 활성 양상이 ANP32 가족 구성원의 차별적인 기능 및 전반적인 능력에
의해서 좌우 될 수 있음을 시사 한다.

이어서, 바이러스의 전사 활성 및 복제에 대한 ANP32 가족 구성원의
차별적인 역할에 대한 연구를 기반으로, 바이러스의 전사 활성 지원에 대한 27 개
아미노산 잔기 (ANP32 단백질의 149-175 번째 서열)의 기능적 역할을 조사했다.
최근에 발표된 연구 결과에 따르면, 닭 ANP32A 는 149-175 잔기에서 복제된 조류
특이적 33 개의 아미노산 잔기(176-208 번째 서열)를 추가로 가지고 있기 때문에,
포유 동물과 달리 닭을 포함한 다수의 조류 종은 PB2-627 잔기 특이적 전사 활성
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제한을 극복할 수 있는 것으로 밝혀 졌다. 다시 말해, ANP32A 유전자에 추가적인
33 개 잔기가 있는 닭과 같은 조류 종에서는 조류 인플루엔자 바이러스가 증식을
잘할 수 있지만 그렇지 않은 포유류 종에서는 조류 인플루엔자 바이러스가 포유류
특이적인 적응적 돌연변이가 일어나기 전까진 증식을 잘 하지 못한다. 이처럼
ANP32A 단백질에서 추가적인 33 개 잔기의 역할이 중요하다는 것이 알려졌지만,
조류 인플루엔자 바이러스의 전사 활성 및 복제에 있어, 닭과 인간에서 공통적으로
존재하는 ANP32A 및 다른 ANP32 구성원들의 27 개 잔기의 분자 이해 및 기능적
역할은 아직 완전히 밝혀지지 않았다. 본 연구에서, hANP32A 에서 27 개 잔기의 결실
또는 hANP32C 에서 hANP32A 로의 27 개 잔기의 교환은 vPol 활성을지지하는
능력을 상실하는 반면, ANP32A 에서 ANP32C 로 27 개 잔기의 교환은 바이러스 전사
활성의 지지 능력을 부여한다는 것을 발견 하였다. ANP32A 와 ANP32C 사이의
단백질 서열 비교를 통해서, 149D 및 152D 잔기가 바이러스 전사 활성 지지에
결정적으로 관여 함을 확인 하였고, 149D 및 152D 잔기가 vPol 활동을 지원하기 위해
각각 수소 결합 및 정전기 상호 작용으로 관여하는 것을 밝혀냈다. 마지막으로,
유전자 편집 기술 매개 정밀 교정을 통해 닭 ANP32A 의 D149Y 및 D152 로의 정교한
치환 돌연변이가 바이러스 복제의 유의미한 감소를 초래한다는 것을 입증 하였다.
본 연구는 ANP32A 및 ANP32 구성원들의 조류 인플루엔자 전사 활성 및 복제에 대한
분자적 역할에 대한 심도 있는 이해를 바탕으로, 유전자 편집 기술을 활용하여 닭
ANP32A 를 정밀하게 교정함으로써 조류 인플루엔자 저항성 닭을 개발하는 데 활용
될 수 있을 것으로 판단 된다.

마지막으로, 닭 세포에서 조류 인플루엔자 바이러스의 바이러스 성
단백질의 수송에 어떤 importin α 가족 구성원이 관여 하는지를 조사 하였다.
인플루엔자 바이러스는 숙주 감염 시, 핵에서 바이러스 유전체의 초기 전사 및
복제를 위해 필연적으로 숙주 세포의 세포 수송 체를 이용한다. Importin α 구성원은
포유 동물에서 인플루엔자 바이러스의 핵으로 이동에 관여하는 것으로 알려져
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왔는데, 조류와 포유류 사이의 인플루엔자 바이러스의 종간 제한은 인플루엔자
바이러스의 importin α 가족 구성원의 차별적 이용에 의해 야기 될 수 있다고
보고되었다. 인간에서, 조류-특이적 인플루엔자 바이러스는 PB2 및 NP 의 핵으로의
이동을 위해 importin α3 를 사용하는 반면에, 포유류-특이적 인플루엔자 바이러스는
importin α3 대신 importin α7 을 우선적으로 이용한다. 그러나 인간 숙주와는 달리,
닭 세포에서 importin α 특이적 친화성은 여전히 밝혀지지 않았다. 따라서,
CRISPR/Cas9 매개 유전자 편집 시스템을 사용하여 닭 importin α 가족 구성원을
표적화함으로써, 닭 숙주 세포에서 바이러스 수송에서 importin α 가족 구성원의
기능적 역할을 구명하였다. 결과적으로, importin α1 및 importin α4 가 NP 단백질의
수송에는 관여하지 않는 것으로 보이나 PB2 단백질의 세포 수송에는 어느 정도
관여한다는 것을 발견 하였다. 따라서, 본 연구 결과는 닭에서 인플루엔자
바이러스의 세포 수송에 importin α 가족 구성원의 기능적 역할에 대한 깊은 이해를
통해, 항 바이러스 약물 개발 및 조류 인플루엔자 저항성 모델 동물 개발에 활용 될
수 있음을 시사한다.

본 연구 결과들을 바탕으로, CRISPR/Cas9 시스템을 통해 ANP32A 및
importin α 가족 구성원과 같은 숙주 인자의 유전자 편집 또는 정밀 교정에
성공하였으며, 이를 통해서 닭 숙주 세포에서 조류 인플루엔자 바이러스의 복제 및
성장이 제한 될 수 있음을 검증하였다. 본 연구 결과들은 조류 종에서 바이러스의
감염 및 발병 메커니즘에 대한 깊은 이해를 향상 시킬 뿐만 아니라, 확립된 유전자
편집 시스템을 활용하여 산업계 및 학계에서 활용 가능한 조류 인플루엔자 저항성
조류 모델을 개발하는데 기여 할 수 있을 것으로 판단 된다.
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