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ABSTRACT Equine-origin H3N8 and avian-origin H3N2 canine influenza viruses
(CIVs) prevalent in dogs are thought to pose a public health threat arising from
intimate contact between dogs and humans. However, our understanding of CIV
virulence is still limited. Influenza A virus PA-X is a fusion protein encoded in
part by a �1 frameshifted open reading frame (X-ORF) in segment 3. The X-ORF
can be translated in full-length (61-amino-acid) or truncated (41-amino-acid)
form. Genetic analysis indicated that the X-ORFs of equine H3N8 and avian H3N2
influenza viruses encoded 61 amino acids but were truncated after introduction
into dogs. To determine the effect of PA-X truncation on the biological charac-
teristics of CIVs, we constructed four recombinant viruses on H3N8 and H3N2 CIV
backgrounds bearing truncated or full-length PA-Xs. We observed that truncation
of PA-X increased growth of both H3N8 and H3N2 CIVs in MDCK cells and sup-
pressed expression from cotransfected plasmids in MDCK cells. Furthermore,
truncation of PA-X enhanced viral pathogenicity in dogs, as shown by aggra-
vated clinical symptoms and histopathological changes, increased viral replica-
tion in the respiratory system, and prolonged virus shedding. Additionally, CIVs
with truncated PA-Xs were transmitted more efficiently in dogs. Global gene ex-
pression profiling of the lungs of infected dogs revealed that differentially ex-
pressed genes were mainly associated with inflammatory responses, which might
contribute to the pathogenicity of PA-X-truncated CIVs. Our findings revealed
that truncation of PA-X might be important for the adaptation of influenza vi-
ruses to dogs.

IMPORTANCE Epidemics of equine-origin H3N8 and avian-origin H3N2 influenza vi-
ruses in canine populations are examples of successful cross-species transmission of
influenza A viruses. Genetic analysis showed that the PA-X genes of equine H3N8 or
avian H3N2 influenza viruses were full-length, with X-ORFs encoding 61 amino acids;
however, those of equine-origin H3N8 or avian-origin H3N2 CIVs were truncated,
suggesting that PA-X truncation occurred after transmission to dogs. In this study,
we extended the PA-X genes of H3N8 and H3N2 CIVs and compared the biological
characteristics of CIVs bearing different lengths of PA-X. We demonstrated that for
both H3N8 and H3N2 viruses, truncation of PA-X increased virus yields in MDCK cells
and enhanced viral replication, pathogenicity, and transmission in dogs. These re-
sults might reflect enhanced suppression of host gene expression and upregulation
of genes related to inflammatory responses. Collectively, our data partially explain
the conservation of truncated PA-X in CIVs.
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Canine influenza can be caused by a variety of influenza A viruses. Influenza viruses
from avian (H3N2, H5N1, and H9N2), equine (H3N8), or human (H1N1/2009 and

H3N2) species can be transmitted to dogs by crossing host species barriers (1–5).
Furthermore, both avian-type �2,3- and human-type �2,6-sialic acid-linked receptors
were detected in the endothelial cells of the respiratory tracts and other organs of dogs
(6), indicating that dogs might represent “mixing vessels” for influenza viruses. Reas-
sortment between H3N2 canine influenza viruses (CIVs) and other influenza viruses,
including H1N1/2009 and H5N1 viruses, has been repeatedly reported (7–9). CIVs
usually cause mild respiratory symptoms, and thus, animal owners and veterinarians
often neglect treating these infections. This creates an opportunity for CIVs to circulate
and further adapt in dogs, increasing the risk for zoonotic infection.

Cross-species transmission of viruses from one host species to another is a crucial
feature of the ecology and epidemiology of influenza A viruses (10, 11). These host-
transferred viruses are usually inefficiently replicated or transmitted and disappear after
causing a small number of infections in the new host. In some cases, however, a novel
virus gains the ability to spread efficiently and consequently can cause major epidemics
or pandemics in immunologically naive populations. In 2004, an equine-origin H3N8
influenza virus caused an extensive epizootic of respiratory disease in dogs in Florida
(2). Subsequently, transmission of an H3N2 avian influenza virus (AIV) to dogs was
reported in South Korea in 2007 (4). Equine-origin H3N8 and avian-origin H3N2
influenza viruses are capable of adaptation to canine populations and have established
stable lineages in America, Europe, and Asia (4, 12–16). H3N8 CIVs have predominantly
circulated in the United States since 2004 (2, 17), and H3N2 CIVs are responsible for the
bulk of infections in China and South Korea (4, 18). Recently, it was determined that
gene segment 3 of influenza A viruses encodes not only the polymerase acidic (PA)
protein but also a novel protein, PA-X, that is translated as a �1 frameshifted open
reading frame (X-ORF) extension of the growing PA polypeptide (19, 20). Comprehen-
sive evolutionary analysis showed that the PA-X gene was conserved and that the
X-ORF could be divided into two types according to protein length that were associated
with particular host species (21). The PA-Xs of avian and equine influenza viruses were
both full-length, while those of H3N8 and H3N2 CIVs transmitted from avian and equine
populations were all truncated (21). This finding implied that the PA-Xs of these CIVs
were truncated after circulating in dogs. Therefore, we hypothesized that CIVs bearing
truncated PA-X proteins may have a selective advantage in dogs.

In the present study, we constructed H3N8 and H3N2 CIVs bearing full-length or
truncated PA-Xs. We found that elongation of PA-X decreased growth of H3N8 and
H3N2 CIVs in vitro and in vivo. More importantly, elongation of PA-X attenuated the
pathogenicity and transmission of CIVs in dogs. Using microarray analysis, we found
that CIVs expressing truncated PA-Xs enhanced host responses in the lungs, as shown
by high activation of numerous genes associated with inflammatory responses. Overall,
our findings reveal the important role of PA-X truncation in the adaptation of CIVs to
dogs.

RESULTS

To investigate the effect of PA-X length on the virulence of CIVs, a reverse genetics
system was used to generate H3N8 CIV A/canine/Colorado/6723-8/2008 (H3N8-41X)
and H3N2 CIV A/canine/Beijing/362/2009 (H3N2-41X), both expressing truncated PA-X
proteins of 41 amino acids in the X domain. We then introduced a G/A699C mutation
in the PA ORF to generate H3N8-61X or H3N2-61X viruses, bearing full-length PA-X
proteins of 61 amino acids in the X domain, without altering the PA ORF (Fig. 1A).

Truncated PA-X increased CIV replication and enhanced host shutoff in vitro.
To evaluate the effect of PA-X length on virus replication, H3N8 and H3N2 CIVs bearing
truncated or full-length PA-X were used to infect Madin-Darby canine kidney (MDCK)
cells at a multiplicity of infection (MOI) of 0.1. Viral titers in supernatants were
determined by 50% egg infectious dose (EID50) assay at different time points. As shown
in Fig. 2A and B, titers of H3N8-41X were significantly higher than those of H3N8-61X
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in MDCK cells at 24, 36, 48, 60, and 72 h postinfection (hpi) (mean titers, 1.41-, 1.17-,
1.42-, 1.41-, and 1.26-fold higher, respectively) (P � 0.05). Similarly, titers of H3N2-41X
were significantly higher than those of H3N2-61X at 24, 36, 48, 60, and 72 hpi (mean
titers, 0.83-, 1.42-, 0.67-, 0.75-, and 1.00-fold higher, respectively) (P � 0.05). Because
some mutations in the PA-X protein might influence viral growth in embryonated eggs
(22), we also assessed viral growth kinetics using real-time reverse transcription (RT)-
PCR analysis (Fig. 2C and D). The results also showed that PA-X truncation improved
growth of CIVs in vitro.

To identify factors contributing to the improved replication of CIVs with truncated
PA-X proteins, we evaluated the polymerase activity of ribonucleoproteins (RNPs) from
H3N8-41X, H3N8-61X, H3N2-41X, and H3N2-61X CIVs using a minigenome replication
assay. No significant differences in polymerase activity were observed among these
CIVs (Fig. 3).

The PA-X protein plays a major role in suppression of host protein synthesis in
infected cells (19, 23, 24). To study the impact of PA-X truncation on the suppression
of nonviral protein synthesis, MDCK cells were cotransfected with a green fluorescent
protein (GFP) expression plasmid, pcDNA-GFP, and pRK5-Flag-PA-X vectors encoding

FIG 1 Sequences of CIV PA-X genes and proteins. (A) Mutations (A¡C or G¡C at position 699 of the PA
ORF) were introduced into the PA genes of H3N8-41X or H3N2-41X to extend the X-ORF, respectively,
yielding H3N8-61X or H3N2-61X expressing full-length PA-Xs. (B) Amino acid sequence alignment of
truncated or full-length PA-X from H3N8 or H3N2 CIVs. Gray indicates the different amino acids between
H3N2 and H3N8 CIV PA-Xs, and the positions are marked. Asterisks represent stop codons.
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truncated or full-length PA-X from H3N8 or H3N2 CIVs. GFP expression was significantly
higher following cotransfection of cells with a vector encoding full-length PA-X than
with one encoding truncated PA-X, regardless of subtype (Fig. 4A). To further assess
host shutoff activity, MDCK cells were cotransfected with a pRL-SV40 plasmid express-
ing Renilla luciferase (Rluc) and pRK5-Flag-PA-X vectors encoding truncated or full-
length PA-X from H3N8 or H3N2 CIVs. Rluc expression was assessed using a dual-
luciferase reporter assay. Consistently, both full-length and truncated PA-X suppressed
pRL-SV40 expression, but Rluc expression was significantly higher in cells expressing
the full-length PAX-X than in those expressing truncated PA-X, regardless of CIV
subtype (P � 0.05) (Fig. 4B). All PA-X proteins were expressed at similar levels (Fig. 4C).
These results indicated that truncated PA-X enhanced suppression of synthesis proteins
from cotransfected expression vectors. Interestingly, the host shutoff activity of H3N8
CIV PA-X was stronger than that of the corresponding H3N2 PA-X. Amino acids
potentially contributing to differential inhibition of host gene expression by H3N8 and
H3N2 CIV PA-Xs were identified by sequence alignment (Fig. 1B, gray).

FIG 2 Growth curves of CIVs in MDCK cells. MDCK cells were infected with H3N8-41X and H3N8-61X
viruses (A and C) and H3N2-41X and H3N2-61X viruses (B and D) at an MOI of 0.1. Viral titers were
assessed by EID50 assay (A and B) or real-time RT-PCR (C and D) at the indicated time points. The results
are shown as the means � standard deviations (n � 3 biological replicates and n � 3 technical repli-
cates). *, P � 0.05.

FIG 3 RNP polymerase activity of CIVs bearing truncated or full-length PA-Xs. MDCK cells were trans-
fected with plasmids encoding PB2, PB1, NP, and PA from H3N8 (A) or H3N2 (B) CIVs, together with
pYHNS1-Luci and pRL-TK. RNP polymerase activity was determined using a minigenome replication
assay. Reference H3N8-41X or H3N2-41X CIVs were set as 100%. The results are shown as the means �
standard deviations (n � 3 biological replicates and n � 3 technical replicates).
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Truncated PA-X improved CIV virulence in dogs. To determine whether PA-X
truncation affected the pathogenicity of CIVs in dogs, beagles were inoculated intra-
nasally with 107 EID50s of H3N8-41X, H3N8-61X, H3N2-41X, or H3N2-61X. Dogs inocu-
lated with H3N8-41X CIV showed clinical symptoms starting from 2 days postinocula-
tion (dpi). The symptoms worsened and overall clinical scores peaked at 2.43 at 5 dpi.
Symptoms included moderately rough hair, persistent anorexia, and depression, as well
as copious mucus production and persistent cough. In contrast, dogs inoculated with
H3N8-61X had mild clinical symptoms, with mildly rough hair, anorexia, and copious
mucus production. The overall clinical scores of H3N8-61X-infected dogs were signifi-
cantly lower than those of H3N8-41X-infected dogs from 5 dpi to 8 dpi (P � 0.05) (Fig.
5A). The clinical symptoms of dogs inoculated with the H3N2-41X virus were more
serious and the clinical scores were significantly higher from 3 dpi to 8 dpi than for dogs
inoculated with H3N2-61X (P � 0.05) (Fig. 5C). Assessment of rectal body temperature
showed that dogs inoculated with H3N8-41X had fevers (�39°C) starting at 2 dpi that
lasted for 5 days. Dogs inoculated with H3N8-61X experienced fever starting at 3 dpi,
1 day later than for H3N8-41X (Fig. 5B). Similarly, dogs inoculated with H3N2-41X
experienced fever starting at 2 dpi and lasting for 6 days, 1 day earlier and 1 day longer
than for H3N2-61X (Fig. 5D).

To further examine the effects of PA-X truncation on viral pathology, histopatho-
logical examination of the lungs was performed at 3 and 5 dpi. Dogs inoculated with
H3N8-41X or H3N2-41X viruses showed severe pneumonia with extensive infiltration of
mesenchymal and inflammatory cells, including lymphocytes and plasma cells into the
lungs at 5 dpi. In contrast, mild interstitial pneumonia was observed in the lungs of
dogs inoculated with H3N8-61X or H3N2-61X virus (Fig. 6A to H and M). For both H3N8
and H3N2 CIVs, dogs infected by viruses with truncated PA-X proteins showed in-
creased CIV-positive signals in the lungs compared with those in dogs infected by
viruses with full-length PA-X (Fig. 6I to L). The immunohistochemistry (IHC) was
quantified by assessing integrated optical densities (IOD), and the average IOD in lungs
infected with H3N8-41X and H3N2-41X CIVs were significantly higher than those of the
corresponding 61X groups (P � 0.05) (Fig. 6N). Thus, truncation of PA-X aggravated the
pathogenicity of CIVs in dogs.

FIG 4 Host shutoff activity of PA-Xs with different X-ORF lengths. MDCK cells were transfected with
plasmids encoding either full-length or truncated Flag-tagged PA-X from H3N8 or H3N2 CIVs, together
with GFP (A) or Rluc (B) expression vectors. (A) At 24 h posttransfection, cells expressing GFP were
observed using an inverted fluorescence microscope under identical exposure conditions. The experi-
ments were repeated three times, with similar results. (B) Cells transfected with pRL-SV40 were lysed for
Rluc expression analysis using the dual-luciferase reporter assay system. Values represent means and
standard deviations (n � 3 biological replicates and n � 3 technical replicates) *, P � 0.05. (C) PA-X and
cellular �-actin protein expression levels were analyzed by Western blotting. Molecular mass markers are
indicated on the left. The experiments were repeated three times, with similar results.
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Truncated PA-X enhanced virus replication and transmissibility of CIVs in dogs.
To assess virus shedding and transmissibility of CIVs with different lengths of PA-X,
three inoculated dogs from each group were removed to a separate room containing
three naive dogs at 1 dpi. Virus shedding was assessed by daily collection and titration
of nasal washes. Titers of H3N8-41X in nasal swabs were significantly higher than titers
of H3N8-61X at 2 and 3 dpi (0.9-fold and 0.8-fold higher, respectively) (P � 0.05) (Fig. 7A
and B). Furthermore, dogs inoculated with H3N8-41X shed virus for 1 day longer than
dogs inoculated with H3N8-61X. At 7 dpi, H3N8-41X was still detectable in two of three
inoculated dogs, but no H3N8-61X was detectable in any animal. Consistently, viral
shedding was detectable in dogs cohoused with H3N8-41X-infected dogs starting at
4 dpi, while viral shedding was delayed in dogs in contact with H3N8-61X-infected
dogs. Similarly, in the background of H3N2 CIV, titers of H3N2-41X in nasal swabs were
significantly higher than titers of H3N2-61X at 3 and 4 dpi (1.2-fold and 1-fold higher,
respectively) (P � 0.05) (Fig. 7C and D). Viral shedding was detectable in all three dogs
in contact with H3N2-41X-infected dogs since 5 dpi, while shedding was not detected
in dogs cohoused with H3N2-61X-infected dogs. Overall, truncation of PA-X improved
virus shedding and transmissibility of both H3N8 and H3N2 CIVs.

To evaluate the replication of different subtypes of CIVs bearing truncated or
full-length PA-Xs in dogs, tissues, including nasal turbinates, tracheas, tonsils, and lungs
from the three dogs infected with each virus, were collected and titrated at 3 and 5 dpi.
Viral loads of H3N8-41X were significantly higher than those of H3N8-61X at 3 dpi in the
nasal turbinates, tonsils, tracheas, and lungs (4.15-, 1.45-, 2.45-, and 2.25-fold higher,
respectively) (P � 0.05) (Fig. 8A). Similarly, viral loads of H3N8-41X were significantly
higher than those of H3N8-61X at 5 dpi in the nasal turbinates, tracheas, and lungs (2.4-,
4.3-, and 1.4-fold higher, respectively), suggesting that truncated PA-X increased the
growth of H3N8 CIVs in dogs (P � 0.05) (Fig. 8B). In the background of H3N2 CIVs,
truncation of PA-X significantly improved virus replication in turbinates, tonsils, tra-
cheas, and lungs (1.25-, 0.75-, 0.75-, and 1.25-fold higher at 3 dpi and 1.05-, 0.75-, 0.85-,
and 0.75-fold higher at 5 dpi) (P � 0.05) (Fig. 8C and D). These results indicated that
truncation of PA-X improved virus replication in dogs regardless of CIV subtype.

PA-X truncation regulated expression of genes associated with inflammatory
responses. To understand the mechanism underlying the increased virulence of CIVs

FIG 5 Clinical scores and body temperatures of dogs infected with CIVs. Dogs were intranasally
inoculated with 107 EID50s of H3N8 or H3N2 CIVs bearing truncated or full-length PA-Xs. Clinical
symptoms (A and C) and body temperatures (B and D) were scored and recorded for dogs infected with
H3N8 (A and B) and H3N2 (C and D) CIVs. The results are shown as the means � standard deviations
(n � 3). *, P � 0.05.
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with truncated PA-Xs in dogs, we used microarray analysis to compare global tran-
scriptional responses in the lungs of dogs infected with H3N8-41X and H3N8-61X. Heat
map profiles of sequences showing �2-fold changes in expression showed that H3N8-
41X CIV induced a host transcriptional response different from that of H3N8-61X CIV,
particularly at earlier time points (Fig. 9A). Significantly differentially expressed (SDE)
genes at 3 dpi were subjected to integrity pathway analysis. The lungs of dogs infected
with H3N8-41X and H3N8-61X differed greatly in the induction of genes related to the
infectious disease, inflammatory response, cell death and survival, cell movement, and
hematological system development and function (Fig. 9B). Interestingly, infectious
disease, cell movement, and hematological system development and function are
direct consequences of the inflammatory response associated with antiviral activity.
Canonical-pathway analysis further demonstrated that SDE genes were involved in

FIG 6 Histopathological changes and IHC staining in the lungs of dogs infected with CIVs. Hematoxylin
and eosin staining of lung sections from dogs infected with H3N8-41X (A and E), H3N8-61X (B and F),
H3N2-41X (C and G), or H3N2-61X (D and H) at 3 dpi (A, B, C, and D) or 5 dpi (E, F, G, and H). Microscopic
lesions were counted (M). IHC staining of lungs of dogs infected with H3N8-41X (I), H3N8-61X (J),
H3N2-41X (K), or H3N2-61X (L) was performed using an anti-NP antibody, and the results are presented
as IOD values from five random fields (N). Values represent means and standard deviations. *, P � 0.05.
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interferon and interferon regulatory factor activation related to the inflammatory
response biofunction (Fig. 9C).

To confirm the results of microarray analysis, we determined mRNA levels of a set of
representative cytokine genes. The cellular transcript levels mirrored the genome
microarray findings (Fig. 9D). Expression of ISG15, MX1, OAS1, OASL, CCL8, and CXCL10
was upregulated to a greater extent by H3N8-41X than by H3N8-61X viruses.

Collectively, these results indicated that truncation of PA-X altered host gene
expression, especially of genes involved in inflammatory responses, which may con-
tribute to the increased virulence of CIVs in dogs.

FIG 7 Virus shedding in inoculated and contact dogs. Dogs were intranasally inoculated with 107 EID50s of the
indicated viruses. At 1 dpi, three contact dogs were introduced to assess transmission. Nasal swabs were collected
from inoculated and contact dogs exposed to H3N8-41X (A), H3N8-61X (B), H3N2-41X (C), or H3N2-61X (D) CIV
every day. Viruses were titrated by EID50 assay. Each color bar represents the viral titers from an individual animal.
The dashed black horizontal lines indicate the lower limits of detection.

FIG 8 Replication of CIVs in vivo. The nasal turbinates, tracheas, tonsils, and lungs were collected from
dogs infected with H3N8 (A and B) or H3N2 (C and D) CIVs at 3 dpi (A and C) or 5 dpi (B and D) and
processed for virus titration. Values represent means and standard deviations (n � 3). The dashed black
horizontal lines indicate the lower limits of detection. *, P � 0.05.
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FIG 9 Microarray analysis of lungs of dogs infected with H3N8-41X or H3N8-61X CIV. Lungs were collected from dogs infected with
H3N8-41X or H3N8-61X CIV at 3 and 5 dpi. (A) Expression profile heat maps showing genes with �2-fold expression differences

(Continued on next page)
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DISCUSSION

Influenza A viruses can cross species barriers through mutation or reassortment to
acquire virulence factors required for adaptation in the new host, and they are thus
major potential threats to public health (25–27). Unfortunately, current understanding
of how influenza viruses jump species barriers is limited. Epidemics of equine-origin
H3N8 and avian-origin H3N2 influenza viruses in canine populations are typical exam-
ples of successful cross-species transmission (2, 4). Genetic analysis revealed that
equine H3N8 and avian H3N2 influenza viruses possessed full-length PA-X, while their
PA-Xs all became truncated because of a stop codon at position 42 in the X-ORF after
introduction into dogs (21). To confirm whether truncation of PA-X contributed to the
adaptation of influenza viruses to dogs, we constructed H3N8 and H3N2 CIVs bearing
truncated or full-length PA-Xs. We found that H3N8 and H3N2 CIVs bearing truncated
PA-Xs showed increased replication in MDCK cells and enhanced pathogenicity, repli-
cation, and transmissibility in dogs compared with CIVs bearing full-length PA-Xs. The
host shutoff activity of truncated PA-X was higher than that of full-length PA-X, and
CIVs bearing truncated PA-Xs triggered significantly increased expression of genes
related to inflammatory responses.

PA-X is a virulence factor (19, 22, 23, 28–32), and previous studies showed that the
H1N1/2009, H5N1, and H9N2 influenza viruses bearing full-length PA-Xs showed higher
replication levels in A549 cells than those bearing truncated PA-Xs. Furthermore,
full-length PA-X enhanced viral replication and pathogenicity in mice (23, 32). In
contrast, truncation of PA-X increased the virulence and transmissibility of H1N2 swine
influenza virus (SIV) in pigs (33). Coincidentally, all human influenza viruses possess
full-length PA-X in nature, except for the 2009 H1N1 virus, whose PA gene is of swine
origin. SIVs possessed full-length PA-Xs prior to 1985, but since that time SIVs with
truncated PA-Xs have gradually increased in frequency and become dominant (21).
These data, along with the results of the present study, suggested a strong species-
specific association in the length of PA-X.

PA-X plays an important role in host shutoff (19, 28, 30, 34–38), which inhibits
cellular gene expression to hinder the induction of antiviral responses (39) and to divert
ribosomes toward translation of viral mRNAs (40). Feng et al. showed that the gene
suppression activity of truncated H3N8 PA-X was higher than of the elongated form in
human embryonic kidney 293T (HEK293T) cells (41). Similarly, we observed that trun-
cation of PA-X enhanced host shutoff activity along with increased viral replication for
both H3N8 and H3N2 CIVs in MDCK cells. Meanwhile, the clinical symptoms of dogs
infected by H3N8 and H3N2 CIVs bearing truncated PA-Xs were more obvious than
those of dogs infected with the corresponding full-length PA-X viruses. Symptoms
included moderately rough hair, persistent anorexia, and depression as well as copious
mucus production and persistent cough. Analysis of global gene expression in the
lungs of dogs infected with CIVs bearing truncated or full-length PA-Xs demonstrated
that SDE genes were associated with inflammatory responses. Thus, enhanced patho-
genicity may have been associated with heightened inflammation. Histopathological
examination showed that PA-X truncation enhanced virus pathogenicity in dogs, with
extensive infiltration of mesenchymal and inflammatory cells into the lungs of dogs
infected with H3N8 or H3N2 CIVs. Because the increased host shutoff activity was
expected to weaken host antiviral responses, the stronger inflammatory response
might result from improvements in viral replication.

Inhibition of host protein expression by PA-X and NS1 is determined by a strict

FIG 9 Legend (Continued)
between H3N8-41X and H3N8-61X infection at 3 and 5 dpi. Each column represents data from an individual experiment, while rows
represent unique sequences. (B and C) Biofunction and pathway analysis of genes whose expression levels differed significantly
(P � 0.05; �2-fold expression difference) between H3N8-41X- and H3N8-61X-infected lung tissues at 3 dpi. (B) Top biofunctions of
SDE genes. (C) Top canonical pathways of SDE genes. (D) Expression of genes of interest was confirmed by real-time RT-PCR. The
expression level of each cytokine was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are
presented as the fold change in expression in H3N8-61X-infected dogs compared with H3N8-61X-infected dogs. Values represent
means and standard deviations (n � 3). *, P � 0.05.
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balance between these two proteins that can affect viral pathogenesis and fitness
(42–44). Nogales et al. found that H3N8 CIV NS1 was unable to block gene expression
in cells, while H3N2 CIV NS1 possessed host shutoff activity (45). Interestingly, we found
that the host shutoff activity of H3N8 PA-X was stronger than that of the corresponding
H3N2 PA-X, which might partially compensate for loss of H3N8 NS1 inhibition of gene
expression.

Successful replication and transmission in a new host are among the key require-
ments for cross-species transmission of influenza viruses and have been demonstrated
to depend on multiple genetic variants (46). The receptor-binding specificity deter-
mined by the hemagglutinin (HA) protein is the first barrier that must be crossed.
Human influenza viruses preferentially bind to sialic acid linked to galactose through an
�2,6-linkage (SA�2,6Gal). This preference is matched by the SA�2,6Gal present on
epithelial cells in the human trachea. In contrast, AIVs preferentially recognize
SA�2,3Gal, matched by the SA�2,3Gal present on epithelial cells in the intestinal tracts
of waterfowl (the main replication site of AIVs) (47). Adaptation of the viral polymerase
to host factors plays an essential role in interspecies transmission. The available
evidence indicates that most adaptive mutations are in the PB2 subunit of the poly-
merase. Position 627 in PB2 is a particularly remarkable host-associated genetic signa-
ture. In different highly pathogenic AIVs, the presence of PB2-627K leads to high levels
of virulence in experimentally infected mice, guinea pigs, and ferrets (48–51) and has
led to fatal outcomes of several zoonotic infections in humans (52, 53). However, this
substitution is not present in H1N1/2009 influenza viruses or their mouse-adapted
strains (54). Introduction of PB2 E627K into a H1N1/2009 virus did not result in
enhanced virulence or transmission (55). Thus, the effect of this mutation appears to be
strain specific.

Both the molecular determinants associated with CIVs and their preference for
canine hosts are rare. Dogs possess both avian-type �2,3- and human-type �2,6-
sialic acid-linked receptors in the endothelial cells of the respiratory tract, indicating
that dogs might be “mixing vessels” for influenza viruses (6). Influenza viruses
circulating in human, avian, and equine species have all been detected in dogs
(1–3). As one of the most common companion animals, dogs are in close contact
with humans and may act as an intermediate host for transfer of animal influenza
viruses to humans. Thus, understanding the molecular mechanisms responsible for
canine specificity will help prevention of occurrence of novel influenza viruses,
which might emerge at the canine-human interface. Limited data have indicated
that the neuraminidase (NA), nucleoprotein (NP), and M genes of CIVs were critical
for the adaptation of avian H3N2 viruses in dogs by promoting viral growth (56). A
2-amino-acid insertion in the NA stalk acquired by an avian-origin H3N2 CIV
enhanced viral replication in MDCK cells (57). A W222L mutation in the hemagglu-
tinin receptor binding site could facilitate adaptation of equine influenza A (H3N8)
virus to dogs (58). Introducing the K186E substitution into the H3N8 CIV NS1 protein
restored its ability to inhibit host gene expression; H3N2 CIV harbored this substi-
tution, suggesting that it might be important for the adaptation of avian-origin
influenza viruses to mammals (45). In the present study, we found that a stop codon
(TAG) occurred at position 42 of the X-ORF, resulting in truncation of the PA-X
proteins of equine-origin H3N8 and avian-origin H3N2 CIVs compared with their
ancestors. The PA-X truncation enhanced the virulence and transmissibility of both
H3N8 and H3N2 CIVs in dogs. These results indicated that the effect of this
substitution is not dependent on the viral gene background but is related to canine
tropism.

MATERIALS AND METHODS
Ethics statement. All animal experiments were approved by the Beijing Association for Science and

Technology (approval identifier [ID] SYXK [Beijing] 2007-0023) and performed in compliance with the
Beijing Laboratory Animal Welfare and Ethics guidelines as issued by the Beijing Administration Com-
mittee of Laboratory Animals. Animal protocols were in accordance with the China Agricultural University
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(CAU) Institutional Animal Care and Use Committee guidelines (ID SKLAB-B-2012-005) approved by the
Animal Welfare Committee of CAU.

Cells. Human embryonic HEK293T and MDCK cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Rockville, MD) supplemented with 10% fetal bovine serum (Life Technolo-
gies), 100 units/ml of penicillin, and 100 �g/ml of streptomycin and incubated at 37°C under a humidified
atmosphere containing 5% CO2.

Generation of recombinant viruses by reverse genetics. The genome sequence of an H3N8
subtype CIV, A/canine/Colorado/6723-8/2008 (H3N8-41X) (accession no. CY067547 to CY064554), was
downloaded from the NCBI GenBank database and synthesized by Sangon Biotech Company (Shanghai,
China). The H3N2 subtype CIV A/canine/Beijing/362/2009 (H3N2-41X) (GenBank accession no. JX101382
to JX101389) was isolated and kept in our laboratory. All eight gene segments were amplified by RT-PCR
and cloned into the dual-promoter plasmid pHW2000. Reverse-genetics systems for H3N8-41X or
H3N2-41X were then established as previously described (59). The wild-type H3N8-41X and H3N2-41X
viruses expressed truncated-length PA-Xs encoding 41 amino acids in the X domain. We extended the
length of the X domain of PA-X to 61 amino acids by introducing an A¡C or G¡C substitution at
position 699 in the PA of H3N8-41X or H3N2-41X, respectively, using site-directed mutagenesis. The
H3N8-61X and H3N2-61X viruses expressing full-length PA-X were reconstructed by reverse genetics.
Viral RNA was extracted and analyzed by RT-PCR, and each viral segment was sequenced.

Host shutoff assay. The GFP expression plasmid pcDNA-GFP was constructed by inserting the GFP
ORF into the pcDNA3.1� plasmid between the NheI and XbaI sites. Truncated or full-length PA-Xs from
H3N8 or H3N2 CIVs were amplified by overlap PCR and inserted into pRK5-Flag (Addgene; catalog
number 42332) by In-Fusion cloning using the Seamless Assembly Cloning kit (CloneSmarter, China). The
resulting vectors encoded PA-X proteins bearing N-terminal Flag tags. MDCK cells (6-well plate format,
in triplicate) were transiently cotransfected with (i) 50 ng/well of pRK5-Flag plasmids encoding either
truncated or full-length PA-X proteins from H3N8 or H3N2 CIVs or empty plasmid as an internal control
and (ii) 1000 ng/well of pcDNA-GFP or pRL-SV40 (Rluc) using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA). After 24 h, cells were evaluated for GFP expression under a fluorescence
microscope and Rluc activity was determined using a dual-luciferase reporter assay system (Promega,
Madison, WI) and a GloMax 96 microplate luminometer (28). Three independent experiments were
performed.

Western blotting. Total cell lysates were extracted from MDCK cells with radioimmunoprecipitation
assay buffer. Total protein concentration was determined using a bicinchoninic acid protein assay kit
(Beyotime, China). Cell lysates were heated at 100°C for 10 min and separated using 12% SDS-PAGE.
Proteins were transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA) and subse-
quently incubated with anti-�-actin (Beyotime, China) or anti-Flag (Sigma-Aldrich, St. Louis, MO) primary
antibodies. The secondary antibodies were horseradish peroxidase-conjugated anti-mouse antibodies
(Beyotime, China). Blots were visualized using a Western Lightning chemiluminescence kit (Amersham
Pharmacia, Germany) following the manufacturer’s protocols.

Virus titration and replication kinetics. The EID50 was determined in 10-day-old embryonated
chicken eggs with 10-fold serially diluted virus by infection at 35°C for 48 h. EID50 values were calculated
using the method of Reed and Muench (60). Multistep replication kinetics were determined by inocu-
lating MDCK cells at an MOI of 0.1. Supernatants were sampled at 24, 36, 48, 60, and 72 hpi. Viral titers
were determined by EID50 assay. Three independent experiments were performed.

Polymerase activity assay. A dual-luciferase reporter assay system (Promega) was used to compare
the polymerase activities of viral RNP complexes. The PB2, PB1, NP, and PA genes (the lattermost
encoding truncated or full-length PA-X from H3N8 or H3N2 CIVs) were cloned into the pcDNA3.1�
expression plasmid. MDCK cells were transfected with PB2, PB1, PA, and NP expression plasmids (125 ng
of each plasmid) from each CIV, together with a pYHNS1-Luci plasmid expressing a firefly luciferase
reporter under the control of the canine RNA polymerase I promoter (10 ng) and an internal control
plasmid (pRL-TK) encoding Rluc (2.5 ng). Cell lysates were analyzed 24 h posttransfection to measure
firefly and Renilla luciferase activities using a GloMax 96 microplate luminometer. Three independent
experiments were performed.

Dog studies. Eight-week-old beagles (Vital River Laboratory, Beijing, China) were serologically
tested using a hemagglutination inhibition assay against 1% chicken red blood cells. The animals
were negative for H3N8 and H3N2 CIVs, human influenza viruses (H1N1, H3N2, and influenza virus
B), and avian viruses (H5N1 and H9N2). Dogs in each experimental group (n � 9) were anesthetized
with 80 mg/kg (of body weight) of tiletamine-zolazepam (Zoletil; Virbac, France) and inoculated
intranasally with 2 ml (107 EID50s) of virus diluted in phosphate-buffered saline. Three inoculated
dogs from each group were removed to a separate room containing another three naive dogs at
1 day postinoculation (dpi). The three inoculated dogs and contact dogs in each group were
monitored daily for clinical symptoms and body temperature at fixed times on each day throughout
the duration of the study (14 days). Scoring of clinical symptoms was based on activity and
respiratory signs as previously described (61). Dog body temperatures above 39°C were considered
fever. Nasal swabs were obtained from the three inoculated and contact dogs daily after inoculation.
At 3 and 5 dpi, three dogs from each inoculation group were anesthetized and their nasal turbinates,
tracheas, tonsils, and lungs were collected for virus titration (0.5 g per organ).

Microscopic pathological and IHC examinations of the lungs of each dog were performed as
previously described (62). Portions of lung collected at 3 and 5 dpi were preserved in 10% phosphate-
buffered formalin, then processed for paraffin embedding, and cut into 5-�m-thick sections. One section
from each tissue sample was stained with hematoxylin and eosin. Lung microscopic lesions were blindly
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evaluated from 0 to 4 in five random fields to account for the distribution and severity of interstitial
pneumonia. Another section was stained with a monoclonal antibody specific for NP protein (Abcam,
United Kingdom) at a 1:1,000 dilution for IHC examination of CIV antigen. Staining intensity was
quantified using integrated optical densities (IOD) in five random fields using Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD).

Microarray analysis. Gene expression analysis was performed using RNA isolated from the lungs of
inoculated dogs (n � 3) at 3 and 5 dpi. Total RNA was extracted using TRIzol-chloroform and then
purified using a NucleoSpin miRNA kit (catalog no. 740971.250; Macherey-Nagel). Target preparation for
microarray processing was carried out using the GeneChip 3= IVT PLUS reagent kit. A total of 500 ng of
RNA was used for two rounds of cDNA synthesis. After fragmentation of the second-cycle single-stranded
cDNA, samples were labeled with biotin using terminal deoxynucleotidyltransferase. Samples were
hybridized to the Affymetrix GeneChip Canine 2.0 array (catalog no. 900727) for 16 to 18 h at 45°C.
Following hybridization, the microarrays were washed and stained with phycoerythrin-conjugated
streptavidin on the Affymetrix Fluidics Station 450. Microarrays were scanned using Affymetrix GeneChip
Command Console installed on a GeneChip Scanner 3000 7G.

Data were analyzed with the robust multichip analysis algorithm using default analysis settings
and global scaling as the normalization method. Values presented represent log2 robust microarray
analysis signal intensity. Normalized data were further analyzed using moderated t tests to identify
differentially expressed genes. We defined genes with fold changes of more than 2 or less than �2
and P values of �0.05 as SDE genes. These were selected for further analysis. The Database for
Annotation, Visualization and Integrated Discovery (DAVID) was used to determine processes and
pathways of major biological significance and importance based on integrity pathway analysis (IPA)
and Gene Ontology (GO) annotation.

Real-time RT-PCR. RNA was extracted from allantoic fluid or lung tissue using the QIAamp viral RNA
minikit (Qiagen, Germany). An 8-�l aliquot of RNA was treated with RNase-free DNase I (New England
BioLabs, Ipswich, MA) in a total reaction volume of 10 �l according to the manufacturer’s instructions.
DNase-treated RNA (4 �l) was used as the template for amplification of target sequences using specific
primers (Table 1) with the SuperScript III Platinum One-Step quantitative RT-PCR (qRT-PCR) kit (Invitro-
gen, Carlsbad, CA). The RT-PCR consisted of 1 cycle of 50°C for 5 min and 95°C for 2 min and then 40
cycles of 95°C for 3 s and 60°C for 30 s. RT-PCR experiments were conducted using the LightCycler 96
system (Roche, Switzerland) and LightCycler 96 system software version 1.1. The threshold was set
automatically, and threshold cycle (CT) was determined. For CIV detection, RNA standards were prepared
from pGEMT-M plasmids encoding CIV Matrix 1 protein using the Riboprobe in vitro transcription system
(Promega). For all runs, samples (assayed in triplicate), RNA standards, and positive and negative
(no-template) controls were included.

Statistical analysis. All statistical analyses were performed using GraphPad Prism software version
6.01 (GraphPad Software Inc., San Diego, CA). The two treatments were compared using the two-tailed
Student t test, and multiple comparisons were carried out with two-way analysis of variance considering
time and virus as factors. P values of �0.05 were considered statistically significant.

Accession number(s). The sequences determined in this study for the H3N8-61X and H3N2-61X
viruses expressing full-length PA-X have been deposited in GenBank under accession numbers
MT378379 and MT378380.
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TABLE 1 Primers for amplification in real-time RT-PCR

Primer name Sequence (5=–3=)
CIV M-F TAAGGGGATTTTAGGGTTTGTGTTC
CIV M-R ATTTAACTGCCCTGTCCATGTTGTT
ISG15-F CTGGAGAGAGGAGCATTCCC
ISG15-R GCTTGCAGCTACTCTCCTGT
MX1-F TGTGTTGGAGGCTGCATTGA
MX1-R ATGCATGGGCGTACCTTCTC
OAS1-F AACCCAGGCCTGTGATTCTG
OAS1-R GCAGGTTTTACCAGCACGTC
OASL-F GCTGGAATGTGAAGAAGGCAC
OASL-R CGGCTTTGCCACATCTTCTC
CCL8-F TCAGCCAGATTCAGTTTCCATC
CCL8-R CTCCCTGGATGCTTTGGTCTT
CXCL10-F TTCCTGCAAGTCCATCGTGT
CXCL10-R AGATCTTCTAGACCTTTTCTTGCT
GAPDH-F CTGAACGGGAAGCTCACTGG
GAPDH-R TCCGATGCCTGCTTCACTAC
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