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ABSTRACT The influenza A endoribonuclease PA-X regulates virulence and trans-
mission of the virus by reducing host gene expression and thus regulating immune
responses to influenza A virus. Despite this key function in viral biology, the levels of
the PA-X protein remain markedly low during infection. Previous results suggest that
these low levels are not solely the result of regulation of the level of translation and
RNA stability. How PA-X is regulated posttranslationally remains unknown. We now
report that the PA-X protein is rapidly turned over. PA-Xs from multiple viral strains
are short-lived, although the half-life of PA-X ranges from ;30 minutes to ;3.5
hours depending on the strain. Moreover, sequences in the variable PA-X C-terminal
domain are primarily responsible for regulating PA-X half-life, although the N-termi-
nal domain also accounts for some differences among strains. Interestingly, we find
that the PA-X from the 2009 pandemic H1N1 strain has a longer half-life than the
other variants we tested. This PA-X isoform has been reported to have a higher host
shutoff activity, suggesting a role for protein turnover in regulating PA-X activity.
Collectively, results of this study reveals a novel regulatory mechanism of PA-X
protein levels that may impact host shutoff activity during influenza A virus
infection.

IMPORTANCE The PA-X protein from influenza A virus reduces host immune
responses to infection through suppressing host gene expression, including genes
encoding the antiviral response. Thus, it plays a central role in influenza A virus biol-
ogy. Despite its key function, PA-X was only discovered in 2012 and much remains
to be learned, including how PA-X activity is regulated to promote optimal levels of
viral infection. In this study, we reveal that PA-X protein levels are very low likely
because of rapid turnover. We show that instability is a conserved property among
PA-X variants from different strains of influenza A virus but that the half-lives of PA-
X variants differ. Moreover, the longer half-life of PA-X from the 2009 pandemic
H1N1 strain correlates with its reported higher activity. Therefore, PA-X stability may
be a way to regulate its activity and may contribute to the differential virulence of
influenza A virus strains.
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Viruses employ multiple strategies to block host antiviral defenses. In many viruses,
this inhibition is partly achieved through a blockade of host gene expression, a

process termed “host shutoff.” One of the ways influenza A virus induces host shutoff
is through the activity of a viral endoribonuclease (RNase), PA-X (1–3). The RNase activ-
ity of PA-X results in global changes in the cellular transcriptome (3, 4), while viral
mRNAs and genomic RNAs escape PA-X degradation (5). Influenza A viruses engi-
neered to lack PA-X trigger a more potent innate immune and inflammatory response
in mice, chickens, and pigs, presumably because of decreased host shutoff (1, 6–10).
These results indicate that PA-X controls immune responses in vivo. More recently, a
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role for PA-X in transmission has also been established (11, 12). Despite its clear in vivo
role, much remains to be determined about PA-X biology during infection. PA-X was
discovered in 2012, and studies to date have primarily focused on dissecting its mecha-
nism of action, including how subsets of RNAs, including viral RNAs, escape PA-X deg-
radation. Whether and how PA-X activity itself is regulated have not been explored in
detail. One study found that cotranslational N-terminal acetylation is required for PA-X
host shutoff activity (13), but whether there are other co- and posttranslational regula-
tory mechanisms remains unknown. Interestingly, prolonged PA-X expression may be
cytotoxic, as shown in yeast (13, 14). While this is not surprising given its widespread
downregulation of RNAs, this observation underscores the idea that PA-X activity may
need to be regulated during infection to prevent premature death of the infected cells.

One way to regulate or limit PA-X activity could be to keep pools of active PA-X pro-
tein low in the infected cell. Indeed, PA-X protein levels are remarkably low during
infection. Metabolic labeling of nascent proteins in influenza A virus-infected cells
showed that the levels of PA-X are barely above the limit of detection and are lower
than other influenza proteins, including the well-known host shutoff factor NS1 (1).
These low levels are in part due to how PA-X is produced. PA-X production requires a
programmed 11 ribosomal frameshift during translation of segment 3, which encodes
the polymerase acidic (PA) subunit of the viral RNA-dependent RNA polymerase (RdRp)
(1, 15). Only a small percentage of translational runs result in frameshifting and pro-
duce PA-X, which has the same N-terminal RNase domain as PA (PA-X amino acids [aa]
1 to 191) and a unique C-terminal domain known as the “X-ORF” (PA-X aa 192 to 232
or 192 to 252 depending on the strain) (1, 16). Of note, despite this noncanonical pro-
duction mechanism, PA-X is present in all influenza A virus isolates (16), which under-
scores its importance in influenza A virus biology. However, the mechanism of PA-X
production does not entirely explain the low levels of PA-X. Indeed, PA-X levels are
also low or undetectable when PA-X is expressed ectopically (17). In these experiments,
a single nucleotide has been deleted in the expression construct to mimic the frame-
shift and all translational runs produce PA-X (17). The low levels are also not because
PA-X degrades its own mRNA, as mutating the PA-X catalytic residues D108 or K134 in
this ectopic expression system does not increase PA-X levels dramatically (3, 17). This
information suggests that PA-X levels may be regulated at the level of protein stability.

Regulation of stability is a well-established posttranslational mechanism of protein
regulation. For example, Kosik et al. showed that protein turnover regulates the immu-
nomodulatory activity of PB1-F2, another influenza A virus virulence factor (18). PB1-F2
inhibits induction of the antiviral cytokine interferon beta (IFN-b) and increases the ac-
tivity of the viral RdRp (19–21). Mutating the residues required for PB1-F2 ubiquitina-
tion and rapid turnover increases PB1-F2 protein levels, which results in a stronger inhi-
bition of IFN-b induction (18). Similarly, regulation of PA-X at the level of protein
stability could modulate the host shutoff activity of influenza A virus.

Previous observations suggest that the X-ORF may regulate the levels of the PA-X
protein, as ectopic expression of the N-terminal domain of PA-X results in much higher
protein levels than ectopic expression of either wild-type (wt) or catalytically inactive
PA-X (17). This is not due to changes in frameshifting, as this ectopic expression con-
struct has a nucleotide deletion to mimic the frameshift and encodes only PA-X. A role
for the X-ORF in posttranslational control of PA-X levels and activity would explain why
almost all influenza A strains encode a PA-X protein that has a 61- or 41-aa X-ORF (16)
even though only the first 15 aa of the X-ORF are required for PA-X shutoff activity in
cells (3, 17, 22). Moreover, most of the sequence variation among PA-X from different
strains occurs after the 15th amino acid of the X-ORF, and the strength of PA-X activity
has been reported to vary among strains (17, 23, 24).

Here, we report the first investigation of posttranslational regulation of PA-X protein
levels. We find that PA-X is markedly unstable and identify a region of the A/Puerto
Rico/8/1934 H1N1 (PR8) X-ORF that regulates PA-X turnover. Additionally, we find that
the half-life of PA-X differs among strains, even though all the PA-X variants tested
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have generally short half-lives. Interestingly, of the variants we tested, PA-X from the
2009 pandemic H1N1 strain had the longest half-life, which may explain its reported
higher host shutoff activity (17, 23, 24). Thus, modulation of PA-X stability may be a
mechanism used to regulate PA-X host shutoff activity in different strains and may con-
tribute to influenza A pathogenesis.

RESULTS
PA-X is unstable. Several observations suggested to us that PA-X may be unstable.

PA-X is expressed at low levels not only during infection (1) but also during ectopic
overexpression from a high-expression cytomegalovirus (CMV) promoter (17; our
unpublished observations). Furthermore, ectopic overexpression of the N-terminal
RNase domain from the same high-expression CMV promoter results in much higher
protein levels (17). While the RNase domain in isolation is inactive in cells (3, 5, 17, 22),
the differences in protein levels are not due to the loss of activity because expressing a
catalytically inactive version of PA-X still results in markedly low PA-X expression levels
(3, 17). Thus, we sought to directly test if PA-X is rapidly turned over. To determine the
half-life of the PA-X protein, we performed a cycloheximide chase in human embryonic
kidney 293T (HEK293T) cells transfected with a C-terminal myc-tagged PA-X from the
influenza A virus strain A/Puerto Rico/8/1934 H1N1 (PR8) containing the D108A muta-
tion in the RNase active site. This mutation abolishes PA-X catalytic activity and host
shutoff function (3, 5). We used catalytically inactive PA-X for this experiment and
throughout this study to eliminate any confounders from changes in host gene expres-
sion or PA-X mRNA levels as a result of PA-X activity. Additionally, to make sure any dif-
ferences in PA-X protein levels were due to changes in turnover and not frameshifting,
in this experiment and throughout this study, we used PA-X expression constructs
where all translational runs produce PA-X, as a single nucleotide was deleted to mimic
the frameshift. After treating PA-X-expressing cells with cycloheximide to inhibit trans-
lation, we analyzed PA-X protein levels at 0, 15, 30, 60, and 120 minutes after cyclohexi-
mide addition by Western blotting. Strikingly, PA-X protein levels decreased dramati-
cally 1 hour after the addition of cycloheximide (Fig. 1A and B), suggesting that PA-X is
markedly unstable. In contrast, levels of PA-X mRNA did not decrease throughout the
cycloheximide time course (Fig. 1C), confirming that the decrease in PA-X protein lev-
els is not due to changes in transcript levels. Based on regression analysis, we calcu-
lated a half-life of 86 minutes for PR8 PA-X (Fig. 1B, Table 1). This value is short com-
pared with the half-life of other influenza proteins. For example, the immune evasion
factor NS1 from PR8 has a half-life of over 24 hours (25), and PR8 PB1-F2 has a half-life
of 6.5 hours (26). In addition, human proteins have a median half-life of 8.7 hours (27).
Together, these data show that PA-X is rapidly turned over compared with other viral
and host proteins.

PA-X host shutoff activity in infected cells is reduced upon translational
inhibition. To confirm that PA-X is unstable in the context of influenza A virus infec-
tion, we first attempted to measure its half-life in PR8-infected cells using an antibody
against PR8 PA that has been previously used to detect PR8 PA-X (28). However, like
Rigby et al. (28), we observed multiple bands in the section of the blot corresponding
to the predicted molecular weight of PA-X and were unable to reliably and reproduci-
bly identify the band corresponding to PA-X. Unfortunately, we cannot tag PA-X in the
context of the virus. The C terminus cannot be tagged because it overlaps with the
coding sequence for the C terminus of PA (1, 15). N-terminal tags reduce PA activity
and viral replication (29, 30) and are also expected to reduce the activity of PA-X
because of the importance of its N-terminal acetylation (13). Therefore, we sought
another way to look for evidence of PA-X instability during infection and used PA-X ac-
tivity in the presence of cycloheximide as a proxy for rapid changes in PA-X protein lev-
els. We reasoned that if levels of PA-X are quickly depleted after halting translation
with cycloheximide, there will be less PA-X host shutoff activity in cells. To confirm this
hypothesis, we first tested PA-X host shutoff activity in the presence of cycloheximide
in A549 cells that inducibly express either wt PR8 PA-X or the catalytically inactive PR8
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PA-X D108A mutant. These cells allow us to reliably measure PA-X-dependent changes
in the RNA levels of endogenous genes (3, 5). Following overnight induction of PA-X
expression and a subsequent 2-hour cycloheximide treatment, we analyzed levels of
G6PD and TAF7 mRNA, which are representative PA-X target and resistant RNAs,
respectively (3). Levels of G6PD significantly decreased upon PA-X expression in vehi-
cle-treated cells (Fig. 2A). In contrast, there was no statistically significant decrease in
G6PD levels in PA-X-expressing cells treated with cycloheximide (Fig. 2A). We note that
there was substantial experimental variability in cycloheximide-treated cells, perhaps
due to different levels of PA-X mRNA or of residual PA-X protein after treatment (Fig.
2A). Nonetheless, cycloheximide had no effect on the levels of G6PD in cells expressing
catalytically inactive PA-X or levels of the PA-X-resistant RNA TAF7 (Fig. 2A), confirming
that the effect of cycloheximide on RNA levels was at least partially linked to PA-X ac-
tivity. Furthermore, PA-X mRNA levels did not decrease with cycloheximide (Fig. 2A),
confirming that any decrease in PA-X host shutoff activity is not the result of a
decrease in PA-X transcript levels.

We then performed the same experiment in A549 cells infected with either wt PR8
or PA-X-deficient PR8 virus (DX). PR8 DX carries mutations in the frameshifting site in
segment 3 that reduce PA-X production, as well as a nonsense mutation at PA-X aa
201, which abolishes activity of any residual PA-X (3). At 24 hours postinfection, we an-
alyzed levels of G6PD and TAF7 mRNA after a 2-hour cycloheximide treatment. As
expected, G6PD levels were significantly lower in wt PR8-infected cells than in PR8 DX-

TABLE 1 Half-lives of PA-X from PR8, pH1N1, Udorn, HK06, and Pertha

PA-X Slope of linear regression Half-life (min) 95% confidence interval on slope
A/Puerto Rico/8/1934 20.70 86 20.90 to20.50
A/California/7/2009pdm pH1N1 20.29 207 20.36 to20.22
A/Udorn/307/1973 H3N2 21.77 34 22.41 to21.14
A/Perth/16/2009 H3N2 20.39 156 20.48 to20.29
A/Hong Kong/218847/2006 H1N1 20.73 83 21.07 to20.38
aLinear regression was carried out on the quantification plots in Fig. 3, and the slope of the linear regression line and the calculated half-life are reported here. Half-life was
calculated as the negative of the inverse of the slope in minutes. The slope and half-life for PR8 PA-X were calculated based on regression analysis from Fig. 1B.

FIG 1 PA-X is unstable. (A to C) Protein and RNA samples were collected from HEK293T cells
expressing catalytically inactive PR8 PA-X D108A at the indicated time points after treatment with
200mg/ml of cycloheximide (CHX) to inhibit translation. (2) indicates vehicle-treated cells collected at
120 minutes. (A) Representative Western blot using anti-myc antibodies to detect myc-tagged PA-X
and tubulin as a loading control. (B) Plot of the relative levels of PA-X after cycloheximide treatment.
For each replicate, PA-X protein levels were normalized to tubulin protein levels and reported as the
log2-transformed ratio relative to time zero. The line represents the linear regression, and the shaded
region its 95% confidence interval. n= 7. (C) Levels of PA-X mRNA were measured by reverse
transcriptase quantitative PCR (RT-qPCR). After normalization to 18S rRNA, levels were plotted as
amounts relative to time zero. n= 3.
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infected cells due to PA-X mediated host shutoff, while the levels of the PA-X-resistant
RNA TAF7 were similar (Fig. 2B). However, there was no significant difference in G6PD
levels in wt PR8 versus PR8 DX-infected cells after treatment with cycloheximide (Fig.
2B). This result suggests that cycloheximide treatment prevents PA-X-mediated host
shutoff, presumably due to a rapid decrease in PA-X protein levels. As expected, PA-X
also had no effect on TAF7 levels upon cycloheximide treatment (Fig. 2B). There were
no significant changes in the RNA levels of the viral gene HA during cycloheximide
treatment (Fig. 2B), confirming that the decrease in PA-X activity is not the result of
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FIG 2 PA-X is unstable during infection. (A) Levels of the indicated endogenous RNAs were measured by RT-qPCR in
A549 “iPA-X” cells, which express wild-type (wt) PR8 PA-X or a PR8 PA-X catalytic mutant (D108A) under a
doxycycline-inducible promoter. RNA samples were collected after 14 hours of PA-X induction with doxycycline
followed by a 2-hour treatment with 200mg/ml of cycloheximide (CHX) or vehicle control. After normalization to 18S
rRNA, mRNA levels were plotted relative to uninduced cells for each condition and cell line (G6PD, TAF7) or relative
to induced wt iPA-X cells (PA-X). n$ 4. (B) Levels of the endogenous human mRNAs (G6PD and TAF7) and viral RNAs
(HA) were measured by RT-qPCR in cells infected with wt PR8 or the PA-X-defective PR8 DX strain at an MOI of 5 for
24 hours prior to a 2-hour treatment with 200mg/ml of cycloheximide (CHX) to inhibit translation or vehicle control.
After normalization to 18S rRNA, RNA levels were plotted relative to PR8 DX-infected cells for each condition (G6PD
and TAF7) or as amounts normalized to cellular 18S rRNA (HA). n= 4. (C to E) Expression of PA-X-myc was induced in
HEK293T-iPA-X_PR8_D108A with 2.0 mg/ml of doxycycline (dox) for 6 hours, followed by either mock or wt PR8
infection at an MOI of 1 for 18 hours. Protein samples were collected after a subsequent 2-hour treatment with
200mg/ml of cycloheximide (CHX) to inhibit translation (1) or with vehicle control (2). (C) Representative Western
blot using anti-myc antibodies to detect myc-tagged PA-X with tubulin as a loading control and anti-influenza A virus
(IAV) antibodies to detect M1 with GAPDH as a loading control. (D) For each replicate, levels of myc-tagged PA-X
were normalized to tubulin protein levels and reported as the amount relative to induced, mock-infected, vehicle-
treated cells. n=4. (E) For each replicate, levels of M1 were normalized to GAPDH protein levels and reported as the
amount relative to wt infected, vehicle-treated cells. n= 4. **, P, 0.01; ****, P, 0.0001; ns, P. 0.05. Significance was
calculated using 3-way ANOVA followed by Tukey’s multiple-comparison test (A), 2-way ANOVA followed by Sidak’s
multiple-comparison test (B, D), or Student’s t test (E).
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changes in viral replication. Thus, while we cannot examine changes in PA-X protein
levels in infected cells and cannot test its protein stability, we do observe markedly
reduced PA-X activity after translation is inhibited. Taken together with the short half-
life of PR8 PA-X (Fig. 1) and the decrease in its activity after translational block during
ectopic expression (Fig. 2A), our results indicate that the reduced PA-X activity after
translational block during infection is likely the result of decreased PA-X protein levels.
Therefore, it is likely that PA-X is rapidly turned over during infection.

PA-X-myc is unstable in influenza A virus-infected cells. Because we were unable
to reliably detect PA-X during infection and there was some variability in measuring
PA-X activity as a proxy for rapid changes in PA-X protein levels (Fig. 2A), we sought an
additional way to look for evidence of PA-X instability during infection. Thus, we meas-
ured the stability of ectopically expressed PA-X in mock- or wt PR8-infected cells. For
this experiment, we used HEK293T cells that inducibly express C-terminal myc tagged
catalytically inactive PR8 PA-X (HEK293T-iPA-X_PR8_D108A), infected them for 18
hours, and then treated them with cycloheximide to inhibit translation. As expected
based on our previous results, PA-X-myc protein levels significantly decreased in both
mock- and wt PR8-infected cells following a 2-hour cycloheximide treatment (Fig. 2C
and D). In contrast, there were no significant changes in the levels of the virus-encoded
M1 protein between vehicle- and cycloheximide-treated wt PR8-infected cells (Fig. 2C
and E), indicating that changes in PA-X-myc protein levels were not due to changes in
viral replication. Thus, ectopically expressed PA-X-myc is rapidly turned over in infected
cells, which is consistent with the idea that virus-encoded PA-X is also unstable under
these conditions.

The half-life of PA-X varies among influenza A virus strains. Although all influ-
enza A virus strains are predicted to encode PA-X, the sequence of PA-X varies across
strains (16). Thus, we sought to determine whether the instability we observed in PR8
PA-X was conserved in PA-X from other strains of influenza A virus. We created catalyti-
cally inactive D108A mutants of the PA-X from the 2009 pandemic H1N1 strain A/
California/7/2009pdm (pH1N1), the lab-adapted H3N2 strain A/Udorn/307/1972
(Udorn), the seasonal H3N2 strain A/Perth/16/2009 (Perth), and the prepandemic sea-
sonal H1N1 strain A/Hong Kong/218847/2006 (HK06), all with a C-terminal myc tag.
Fusing all variants to the same tag allowed us to better compare protein levels among
strains since many antibodies against influenza proteins recognize only a particular
strain or serotype. Udorn and HK06 PA-X were as or more unstable than PR8 PA-X, with
half-lives of 34 and 83 minutes, respectively (Fig. 3A, B, D, and E; Table 1). In contrast,
Perth PA-X was more stable than PR8 PA-X, with a half-life of 156 minutes (Fig. 3G and
H; Table 1). pH1N1 PA-X was also significantly more stable than its PR8 counterpart,
with a half-life of 207 minutes (Fig. 3J and K; Table 1). Importantly, the longer-lived PA-
X variants (Perth and pH1N1 PA-X) still have a shorter half-life than the average human
protein (;9 h) (27), suggesting they are still relatively unstable. Also, there were no sig-
nificant decreases in mRNA levels of PA-X from any of the strains during the cyclohexi-
mide time courses (Fig. 3C, F, I, and L), confirming that the decrease in PA-X protein
levels is not due to changes in transcript levels. Together, these data show that insta-
bility is a conserved property among PA-X variants but that there are differences in PA-
X half-life among strains. Moreover, the pH1N1 PA-X is substantially longer lived than
other variants.

Amino acids 17 to 41 of the X-ORF contribute to regulation of PA-X instability.
Because ectopic overexpression of the N-terminal domain of PA-X results in higher pro-
tein levels than overexpression of full-length PA-X (17), we tested whether the X-ORF
regulates PA-X stability. We took two complementary approaches, as follows: we fused
the PR8 X-ORF to the stable reporter protein dsRed (“dsRed-XORF”) to test whether the
X-ORF reduces dsRed stability, and we truncated the X-ORF in PR8 PA-X to test whether
this increases PA-X stability. We observed that levels of dsRed-XORF significantly
decreased after 6 hours of cycloheximide treatment, whereas levels of dsRed remained
constant (Fig. 4A and B). There was no decrease in mRNA levels of dsRed or dsRed-
XORF upon cycloheximide treatment (Fig. 4C), confirming that decreases in dsRed
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protein levels are not due to changes in transcript levels. This finding indicates that
addition of the X-ORF can reduce the stability of an unrelated protein. To test the effect
of X-ORF truncations, we chose to test a truncated version that ended after aa 16 of
the X-ORF in PR8 PA-X (“PA-X16”) (Fig. 4D) because truncation of the entire X-ORF
results in loss of nuclear localization of PA-X and host shutoff activity in cells (5, 17). In
contrast, PA-X mutants retaining at least 15 aa of the X-ORF are primarily localized to
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FIG 3 The half-life of PA-X varies among influenza A virus strains. Protein and RNA samples were collected from
HEK293T cells expressing catalytically inactive (D108A mutant) C-terminal myc-tagged PA-X from the indicated strains
at the indicated time points after treatment with 200mg/ml of cycloheximide (CHX) to inhibit translation. (2) denotes
vehicle-treated cells collected at 120 minutes (A to F) or 6 hours (G to L). (A, D, G, J) Representative Western blots
using anti-myc antibodies to detect myc-tagged PA-X and tubulin as a loading control. (B, E, H, K) Plots of the
relative levels of PA-X after cycloheximide treatment. For each replicate, PA-X protein levels were normalized to
tubulin protein levels and reported as the log2-transformed ratio from time zero. The line represents the linear
regression, and the shaded region its 95% confidence interval. n$ 3 for each variant. The half-life (t1/2) is calculated
as the negative inverse of the slope and reported in minutes in the figure and/or in Table 1. For (K), the P value is
calculated relative to PR8 PA-X (PR8 PA-X: slope = 20.64, confidence interval = 20.75 to 20.53; pH1N1 PA-X: slope =
20.29, confidence interval = 20.36 to 20.22). (C, F, I, L) Levels of PA-X mRNA were measured by RT-qPCR. After
normalization to 18S rRNA, levels were plotted as amounts relative to time zero. n$ 3.
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the nucleus, like full-length PA-X (17), and have wild-type host shutoff activity (3, 17,
22). Thus, using the PA-X16 truncation should exclude potential confounding factors,
such as changes in subcellular localization or in protein-protein interactions needed
for activity. In contrast to the rapid decrease in the levels of full-length PA-X (PA-X61)
after cycloheximide addition, the protein levels of PA-X16 remained constant through-
out the 2-hour time course (Fig. 4E and F). There were also no significant changes in
the mRNA levels of PA-X16 throughout the time course (Fig. 4G). Thus, the truncated
PA-X16 is more stable than the full-length protein. Together, these data show that the
X-ORF, in particular after the 16th residue, contains sequences that reduce protein

FIG 4 Amino acids 17 to 41 of the X-ORF contribute to regulation of PA-X turnover. (A to C) Protein and RNA samples were collected from HEK293T cells
expressing the indicated dsRed variant 6 hours after treatment with 200mg/ml of cycloheximide (CHX) to inhibit translation (1) or vehicle control (2). (A)
Representative Western blot using anti-dsRed antibodies to detect dsRed and tubulin as a loading control. (B) For each replicate, dsRed protein levels
were normalized to tubulin protein levels and reported as the amount normalized to vehicle control for each dsRed variant. **, P, 0.01; ns, P. 0.05; 2-
way ANOVA followed by Sidak’s multiple-comparison test. n= 3. (C) Levels of dsRed mRNA were measured by RT-qPCR. After normalization to 18S rRNA,
levels were plotted as amounts relative to dsRed vehicle control. n= 3. (D, H) Schematic diagram of PA-X domains and PR8 PA-X16 (D) or PR8 PA-X41 (H)
truncations used. (E to G, I to K) Protein and RNA samples were collected from HEK293T cells expressing the catalytically inactive full-length or the
indicated truncated C-terminal myc-tagged PA-X at the indicated time points after treatment with 200mg/ml of cycloheximide (CHX) to inhibit translation.
(2) indicates vehicle-treated cells collected at 120 minutes. (E, I) Representative Western blots using anti-myc antibodies to detect myc-tagged PA-X and
tubulin as a loading control. (F, J) Plots of the relative levels of PA-X after cycloheximide treatment. For each replicate, PA-X protein levels were
normalized to tubulin protein levels and reported as the log2-transformed ratio from time zero. A linear regression was performed for each data set and
the P value calculated relative to PR8 PA-X61 (full-length PA-X). The lines represent the linear regression, and the shaded regions indicate the 95%
confidence interval (F: PA-X61: slope = 20.72, confidence interval = 21.05 to 20.39; PA-X16: slope = 0.33, confidence interval = 0.03 to 0.63; J: PA-X61:
slope = 20.58, confidence interval: 20.87 to 20.28; PA-X41: slope = 20.61, confidence interval = 20.84 to 20.38). The half-lives (t1/2) were calculated as
the negative inverse of the slope and are reported in minutes. As the slope for PA-X16 is positive, the half-life of this protein cannot be calculated and is
therefore reported as longer than the time course of the experiment. n$ 3. (G, K) Levels of the mRNAs for the indicated truncated PA-X were measured
by RT-qPCR. After normalization to 18S rRNA, levels were plotted as amounts relative to time zero. n. 3.
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stability and contribute to the instability of PA-X. Since the first 15 amino acids of the
X-ORF are necessary and sufficient for host shutoff activity (3, 17, 22), these data also
suggest that the portions of the X-ORF involved in mediating host shutoff activity and
stability are different.

While the first 15 aa of the X-ORF are generally conserved among strains, the
sequences after the 16th aa vary. In particular, there are two main variants of PA-X in
influenza A strains, which are distinguishable by their protein lengths, as follows: one
is 252 aa long, with an X-ORF of 61 aa; and the other is 232 aa long, with an X-ORF of
41 aa (16). The PA-X variants in PR8, Perth, Udorn, and HK06 all have a 61-aa X-ORF,
like most human strains, while pH1N1 PA-X has a 41-aa X-ORF, which is otherwise
found in a subset of swine and canine strains (16). Although some studies have sug-
gested that the length of the X-ORF may regulate activity (12, 31–33), the exact func-
tion of the additional 20 aa is still unclear. Since pH1N1 PA-X has a much longer half-
life than most of the other PA-X isoforms we tested (Fig. 3K, Table 1), we wondered if
the shorter X-ORF accounted for the difference in stability. We thus measured the half-
life of a truncated version of catalytically inactive PR8 PA-X that ended after the 41st
amino acid with a C-terminal myc tag, which we termed “PA-X41” (Fig. 4H). Despite the
truncation, PR8 PA-X41 protein levels rapidly decreased after translation inhibition (Fig.
4I and J), with a half-life of 99 minutes. This value is not significantly different from that
of full-length PR8 PA-X (PA-X61) (P=0.8118) (Fig. 4J). We note that we consistently
detected a double band in cells expressing PR8 PA-X41. While the reason for this dou-
blet is currently unknown, a similar doublet was also apparent in the staining for
pH1N1 PA-X in Hayashi et al. (17). There were no significant decreases in the mRNA lev-
els of PR8 PA-X41 (Fig. 4K), confirming that the decrease in PR8 PA-X41 protein levels is
not due to changes in transcript levels. Thus, the distal 20 residues of PR8 PA-X likely
do not play a role in PR8 PA-X’s rapid turnover, and other sequence differences
between PR8 and pH1N1 PA-X are responsible for their different turnover rates.
Together, these data show that the region contributing PA-X instability is located
between the 17th and 41st aa.

PA-X amino acid 220 plays a role in protein turnover. Since sequences between
PA-X aa 208 and aa 232 (X-ORF aa 17 to 41) appeared to control PA-X stability, we per-
formed an alignment of the X-ORF of PA-X from the strains we tested. Although there
were several amino acids that varied between the sequences, only one amino acid
changed in a way that was consistent with the protein half-life, namely, aa 220. In the
longer-lived PA-X variants (Perth and pH1N1), this residue is a histidine, whereas in the
shorter-lived PA-X variants (PR8, Udorn, and HK06), this residue is an arginine (Fig. 5A).
Interestingly, this is one of only eight amino acid differences between the Udorn and
Perth PA-X, which come from H3N2 strains collected almost 40 years apart and have
very different half-lives in our assays (Fig. 3). To determine if aa 220 plays a role in PA-X
turnover, we introduced an R220H mutation in PR8 PA-X and a H220R mutation in
pH1N1 PA-X. Upon a 2-hour treatment with cycloheximide, the protein levels of wt
PR8 PA-X significantly decreased, but levels of PR8 PA-X R220H remained stable (Fig.
5B and C). Conversely, levels of wt pH1N1 PA-X remained stable, but the levels of
pH1N1 PA-X H220R decreased, although the change did not reach statistical signifi-
cance (Fig. 5E and F). As expected, there was no significant decrease in the mRNA lev-
els of any of the PA-X variants in cells treated with cycloheximide (Fig. 5D and G).
Together, these data point to a role for aa 220 in controlling PA-X turnover.

The N-terminal domain of PA-X also has a role in PA-X stability. To further exam-
ine how the different X-ORF variants of PR8 and pH1N1 affect PA-X stability, we created
three different PR8 PA-X/pH1N1 PA-X chimeras and tested their stabilities. We
extended the X-ORF of pH1N1 PA-X to 61 aa with the 20 distal residues of the PR8 X-
ORF (pH1N1-X61), and we also swapped the X-ORFs of PR8 PA-X and pH1N1 PA-X (Fig.
6A). Addition of the 20 distal residues of PR8 did not reduce pH1N1 stability, as
pH1N1-X61 protein levels remained stable after 2 hours of cycloheximide treatment
(Fig. 6B and C), confirming that the 20 distal residues do not drive rapid turnover of
PR8 PA-X. However, addition of the entire PR8 X-ORF to the pH1N1 RNase domain
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(pH1N1-PR8) also did not reduce the stability of the protein to the levels of PR8 PA-X
after 2 hours of cycloheximide treatment (Fig. 6E and F). In both cases, we saw a similar
pattern of stability using a 4-hour cycloheximide treatment (data not shown).
Furthermore, addition of the pH1N1 X-ORF to the PR8 RNase domain (PR8-pH1N1) did
not increase its stability, as its protein levels still significantly decreased after 2 hours of
cycloheximide (Fig. 6E and F). In all cases, there were no significant decreases in PA-X
mRNA between vehicle- and cycloheximide-treated cells, confirming that any decrease
in protein levels is not due to changes at the transcript level (Fig. 6D and G). While
these data are consistent with the idea that the 20-aa truncation is not responsible for
the higher stability of pH1N1 PA-X, they also suggest that X-ORF sequences alone do
not explain all the differences in turnover between PR8 and pH1N1 PA-X. We conclude
that both the X-ORF and the N-terminal RNase domain have a role in controlling PA-X
turnover rates.

DISCUSSION

The PA-X protein is present at low levels in influenza A virus-infected cells, which
has been generally assumed to be due to its production mechanism based on ribo-
somal frameshifting. However, here, we report that PA-X protein levels are also regu-
lated at the posttranslational level and that PA-X is rapidly turned over (Fig. 1 and 3).
Results for host shutoff activity in PR8-infected cells suggest that PR8 PA-X is also
unstable during infection and that the short half-life is not an artifact of ectopic
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expression (Fig. 2). Moreover, protein instability is a conserved property of PA-X
because all of the PA-X variants we tested from different influenza A viruses have short
half-lives, ranging from ;30 minutes (Udorn PA-X) to ;3.5 hours (pH1N1 PA-X) (Fig. 3).
At least some of the determinants of protein stability are located in the X-ORF of the
protein because truncation of the X-ORF to 16 aa significantly increases stability and
fusion to the X-ORF is sufficient to induce turnover of an unrelated protein (Fig. 4).
Moreover, sequences between PA-X aa 208 to 232 (aa 17 to 41 of the X-ORF) and aa
220 (aa 29 of the X-ORF) in particular appear to be crucial for PA-X turnover.
Truncating PA-X at aa 232 does not change its half-life (Fig. 4J), while truncating it at
aa 207 significantly increases it (Fig. 4F), and switching aa 220 between a histidine and
an arginine changes PA-X stability (Fig. 5). However, the N-terminal RNase domain also
has a role in PA-X turnover, as swapping the X-ORFs of PR8/pH1N1 is not sufficient to
alter their stability (Fig. 6). We propose that the purpose of this posttranslational regu-
lation of PA-X is to maintain low steady-state levels of the protein in infected cells,
which in turn may limit the active pool of PA-X. Given that PA-X is already made at low
levels during infection, the instability of this protein suggests that limiting PA-X activity
is of paramount importance for viral replication.

It is attractive to think that the rapid turnover of active PA-X in the cell could serve
as a mechanism to control PA-X host shutoff activity. Prolonged PA-X activity could in
theory have catastrophic consequences not only for the cell but also for successful viral
infection. We have observed that prolonged PA-X expression kills human cells (data
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not shown), as reported in yeast (13, 14). This cytopathic effect could be due to the
activation of cellular stress response pathways as a response to prolonged widespread
RNA degradation or to a direct effect of the RNA degradation on the levels of unstable
proteins that keep the cell alive, like the Bcl-2 family member MCL-1 (34). During infec-
tion, this toxicity could prematurely kill the infected cell before progeny virions are
made, which would curtail viral replication. In support of the idea that rapid turnover
limits PA-X host shutoff activity, the Takimoto group showed that truncation of the
pH1N1 PA-X X-ORF to 15 residues in the virus through a premature stop codon
increased host shutoff during infection (17). Based on our results, this truncation will
also make PA-X more stable. Thus, the link between PA-X stability, host shutoff activity,
and virulence should be further studied and rigorously tested during infection.

Several lines of evidence suggest that PA-X protein turnover is primarily regulated
by the X-ORF, including changes in PA-X stability upon X-ORF truncation and aa 220
mutations, as well as destabilization of dsRed by fusion to the X-ORF (Fig. 4 and 5).
However, the experiments with chimeric pH1N1 PA-X/PR8 PA-X also suggests a role for
the N-terminal RNase domain in regulating PA-X turnover rates (Fig. 6). In order to
identify the specific contributions of each domain to PA-X turnover rates, a more thor-
ough understanding of the mechanism of PA-X turnover is needed. In a proteomic
screen, we identified three components of the proteasome, namely, PSME3, PSMD3,
and PSMC5, and the ubiquitin E3 ligase HUWE1 as high-confidence PA-X-interacting
partners (3). These observations suggest a potential role for proteasomal degradation
in PA-X turnover. Determining the mechanism of PA-X turnover in the infected cells
and the potential role of the ubiquitin-proteasome system in this process is a current
avenue of investigation.

Since the first 15 amino acids of the X-ORF are sufficient for host shutoff activity (3,
17, 22), why the rest of the X-ORF is retained through evolution has remained unclear.
With the exception of a few equine H7N7 and bat influenza strains, all influenza A
strains have PA-X with X-ORFs of 41 or 61 amino acids, even though there are earlier
positions in the X-ORF where a stop codon could have evolved without changing the
PA reading frame (16). Our study suggests that the rest of the X-ORF may be needed
to regulate PA-X and in particular to ensure that PA-X is rapidly turned over. A post-
translational mechanism to control PA-X protein levels may be important to limit activ-
ity because in the context of infection, PA-X does not cleave its own transcript and
thus does not autoregulate its expression (5). This is in contrast to other viral host shut-
off RNases like the alphaherpesvirus protein vhs, which is thought to be able to target
its own transcript (35). If hyperactive PA-X is detrimental to viral fitness, there may be
selective pressure to maintain the instability of PA-X and thus retain the distal portion
of the X-ORF even though it is not required for host shutoff activity.

It was surprising that the turnover rate of pH1N1 PA-X was dramatically different
from that of most other strains (Fig. 3). While the biggest difference between pH1N1
and the other tested strains is the absence of the 20 distal amino acids, we find that
this truncation is not responsible for the reduced degradation (Fig. 4J and 6B–C). PA-X
from strains with avian origin PA segments, like that of pH1N1 (36), have been reported
to have higher host shutoff activity than PA-X from strains with human-adapted PA
segments (23). This finding has raised the possibility that PA-X host shutoff activity is
linked to virulence and pathogenicity (37). Given that pH1N1 PA-X accumulates to
higher levels in the cell than in its counterparts from PR8, Udorn, and HK06 (Fig. 1 and
3), which are human adapted, it is possible that strain-specific differences in PA-X activ-
ity may be the result of strain-specific differences in stability. Interestingly, four amino
acid changes have arisen in pH1N1 PA-X since the 2009 pH1N1 strain was introduced
into humans (24). These changes appear to reduce PA-X host shutoff activity (24). It
would be interesting to investigate whether they also affect PA-X stability. In general,
it will be important to assess the functional consequences of PA-X stability in terms of
PA-X host shutoff activity and viral pathogenesis.

Collectively, our results reveal for the first time that PA-X is markedly unstable.
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The stability of different PA-X variants may control host shutoff activity, which
could have consequences for virulence and pathogenesis. Interestingly, we found
that aa 17 to 41 of the X-ORF contribute to regulation of PA-X stability. Previous
sequence analyses have shown that this region is maintained through evolution
despite not being required for host shutoff activity. Thus, having an unstable PA-X
may be advantageous for the virus and be selected for during evolution. Further
elucidation of the mechanism of PA-X turnover in the infected cell and its func-
tional consequences will uncover important aspects of PA-X biology and regula-
tion of host shutoff, allowing us to further link PA-X activity with influenza A virus
virulence and pathogenesis.

MATERIALS ANDMETHODS
Plasmids. pCR3.1-PR8-PA-X-D108A-myc was previously described (5, 38). pCR3.1-PA-X D108A-myc

constructs for A/California/7/2009pdm, A/Udorn/307/1972, and A/Hong Kong/218847/2006 were gener-
ated from the corresponding previously described wild-type plasmids (3, 5) by site-directed mutagene-
sis. The indicated PA-X coding regions were PCR amplified using primers in Table 2 and inserted into the
SalI and XhoI sites of a pCR3.1-C-terminal-myc backbone. pCR3.1-PA-X-D108A-myc constructs for A/
Perth/16/2009 (Perth) were generated by subcloning the PA-X coding region from the plasmid con-
taining the sequence for segment 3 of this strain (a kind gift from Seema Lakdawala). The Perth PA-X
coding region was PCR amplified using primers in Table 2 to delete a base (which mimics the frame-
shift) and insert the D108A mutation. It was then inserted into the SalI and MluI sites of a pCR3.1 -C-
terminal myc backbone. pCR3.1-PR8-PA-X16-D108A-myc and pCR3.1-PR8-PA-X41-D108A-myc were
generated by PCR amplifying the truncated coding region from pCR3.1-PA-X-PR8-D108A-myc using
primers in Table 2. The truncated regions were then inserted into the SalI and MluI sites of a pCR3.1
C-terminal myc backbone. pCR3.1-PR8-PA-X-D108A-R220H-myc and pCR3.1-pH1N1-PA-X-D108A-
H220R-myc were generated from the corresponding D108A plasmids by site-directed mutagenesis.
The indicated PA-X coding regions were PCR amplified using primers in Table 2 and inserted into
the SalI and XhoI sites of pCR3.1 C-terminal myc backbone. pCR3.1-pH1N1-X61-PA-X-D108A-myc,
pCR3.1-pH1N1-PR8-PA-X-D108A-myc, and pCR3.1-PR8-pH1N1-PA-X-D108A-myc were generated by
amplifying the coding regions from the corresponding D108A plasmids using primers in Table 2
and then inserting the coding sequences into the SalI and XhoI sites of a pCR3.1 C-terminal myc
backbone. pCDNA3.1-dsRed-XORF and pCDNA3.1-dsRed were generated by amplifying the coding
regions from the corresponding regions from pCR3.1-PR8-PA-X and pcDNA3.1-dsRed-DR (a kind
gift from Chris Sullivan). The regions were then inserted into the AgeI and XhoI site of pCDNA3.1.
pTRIPZ-PR8-PA-X-myc-D108A was previously described in references 3 and 5. Gibson cloning using
a HiFi assembly mix (New England BioLabs) was used to make all constructs.

Cell lines, transfections, and drug treatments. Human embryonic kidney (HEK293T) cells (ATCC)
and derivatives, Madin-Darby canine kidney (MDCK) cells (ATCC), and A549 (ATCC) cells and derivatives
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies) supplemented with
10% fetal bovine serum (HyClone) and maintained at 37°C in 5% CO2 atmosphere. A549 cell lines
expressing PA-X under a doxycycline-inducible promoter (A549-iPA-X_PR8_wt#1 and A549-iPA-
X_PR8_D108A#8) were previously described (5). HEK293T-iPA-X_PR8_D108A was generated by lentiviral
transduction using pTRIPZ-PR8-PA-X-myc-D108A. For all half-life experiments, HEK293T cells were plated
onto 10-cm dishes and transfected with 12 mg of DNA (including 6mg of PA-X construct) using JetPrime
(Polyplus transfection). Six hours posttransfection, cells were transferred to 6-well plates, and one well
was set up per indicated time point. For the indicated 2-, 4-, and 6-hour cycloheximide experiments,
HEK293T cells were plated onto 2 6-well plates for each indicated strain/construct and transfected with
2mg of DNA (including 1mg of PA-X/dsRed construct) per well using JetPrime (Polyplus transfection).
Six hours posttransfection, the 2 wells for each construct were trypsinized, mixed together, and replated
onto 2 wells. Twenty-four hours posttransfection, cells were treated with 200mg/ml of cycloheximide
(Sigma-Aldrich) or dH2O as a vehicle control and then collected for RNA and protein isolation at the indi-
cated time points. For experiments using A549 iPA-X cells, cells were treated with 0.5 mg/ml of doxycy-
cline (Thermo Fisher) for 14 hours to induce PA-X expression and then 200mg/ml of cycloheximide (or
vehicle control, dH2O) for 2 hours prior to RNA collection. For experiments using HEK293T iPA-X cells,
cells were treated with 2.0 mg/ml of doxycycline (Thermo Fisher) for 6 hours to induce PA-X expression
prior to infection and then 200mg/ml of cycloheximide (or vehicle control, dH2O) for 2 hours prior to
protein collection.

Viruses and infections. Wild-type influenza A virus A/Puerto Rico/8/1934 H1N1 (PR8) and the mu-
tant PR8 DX were generated as previously described in reference 3 using the 8-plasmid reverse genetic
system (39). Viral stocks were produced in MDCK cells, and infectious titers were determined by plaque
assay in MDCKs using a 1.2% Avicel overlay described in Matrosovich et al. (40). Cell monolayers were
mock infected or infected with the wild-type or PA-X mutant viruses for 1 hour at 37°C. Monolayers were
then washed with phosphate-buffered saline (PBS), fresh infection medium (0.5% bovine serum albumin
[BSA]; Sigma-Aldrich) in DMEM was added, and cells were incubated at 37°C in 5% CO2 atmosphere. For
experiments with A549 cells, infection medium was supplemented with 0.5mg/ml of L-(tosylamido-2-
phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich). For A549 infections, a multi-
plicity of infection (MOI) of 5 was used, and cycloheximide was added to block translation 24 hours after
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infection. For HEK293T-iPA-X_PR8_D108A infections, an MOI of 1 was used and cycloheximide was
added 18 hours after infection.

RNA purification, cDNA preparation, and reverse transcriptase quantitative PCR. RNA was
extracted from cells and purified using the Quick-RNA Miniprep kit (Zymo Research), following the man-
ufacturer’s protocol. In all cases, the RNA was treated with Turbo DNase (Life Technologies) and then
reverse transcribed using iScript supermix (Bio-Rad) per the manufacturer’s protocol. Quantitative PCR

TABLE 2 Primers used in this study

Purpose Sequence (59239)
18S qPCR forward GTAACCCGTTGAACCCCATT
18S qPCR reverse CCATCCAATCGGTAGTAGCG
PA-X qPCR forward; amplifies BGH 39 UTRa region on the vector (Fig. 1, 3, and 4) GAGTCTAGAGGGCCCGTTTA
PA-X qPCR reverse; amplifies BGH 39 UTR region on the vector (Fig. 1, 3, and 4) GAGGGGCAAACAACAGATGG
PR8 PA-X qPCR forward; Fig. 2, 5, and 6; PR8, PR8-pH1N1 GCGACAATGCTTCAATCCGA
PR8 PA-X qPCR reverse; Fig. 2, 5, and 6; PR8, PR8-pH1N1 TTGACTCGCCTTGCTCATTG
pH1N1 PA-X qPCR forward; Fig. 5 and 6; pH1N1, pH1N1-X61, pH1N1-PR8 GTCAGTCCGAAAGAGGCGAA
pH1N1 PA-X qPCR reverse; Fig. 5 and 6; pH1N1, pH1N1-X61, pH1N1-PR8 AAGGCTGGAGAAGTTCGGTG
HA qPCR forward CTGGACCTTGCTAAAACCCG
HA qPCR reverse TCTGGAAAGGGAGACTGCTG
G6PD qPCR forward TGAGCCAGATAGGCTGGAA
G6PD qPCR reverse TAACGCAGGCGATGTTGTC
TAF7 qPCR forward TAGCACTGATCCTAAAGCAAGC
TAF7 qPCR reverse GGCAGAGTAATTCCGTGGTTC
dsRed qPCR forward GATCCACAAGGCCCTGAAGC
dsRed qPCR reverse GCTCCACGATGGTGTAGTCC
Clone PA-X variants; amplifies CDSb starting from 59 end vector sequences to clone into
pCR3.1 SalI site

CTTAAGCTTGGTACCGGAGTACTGG

Clone PA-X variants; amplifies CDS at BGH 39 UTR to clone into pCR3.1 XhoI site GTTTAAACGGGCCCTCTAGACTCGA
Make D108A A/HongKong/218847/2006; mutates active site (forward) CAGAGCTGGCAGAAACTTTGGTTTCTCAGCT
Make D108A A/HongKong/218847/2006; mutates active site (reverse) GCCAGCTCTGTATGATTACAAAGAGAATAGA
Make D108A A/California/7/2009pdm; mutates active site (forward) GTCATACAAAGCAGGAAGAAATTTAGGCTTC
Make D108A A/California/7/2009pdm; mutates active site (reverse) TTTCTTCCTGCTTTGTATGACTACAAAGAG
Make D108A A/Udorn/307/1972; mutates active site (forward) ATCATACAAAGCTGGCAGAAACTTCGG
Make D108A A/Udorn/307/1972; mutates active site (reverse) GTTTCTGCCAGCTTTGTATGATTACAAGG
Clone A/Perth/16/2009 PA-X (wt and D108A); amplifies from 59 UTR to clone into pCR3.1
SalI site

TAAACTTAAGCTTGGTACCGGAGTACTGGTCGACCCTCCG

Make D108A A/Perth/16/2009 - mutates active site (reverse) AATCATACAAAGCTGGTAGAAACTTCGG
Make D108A A/Perth/16/2009; mutates active site (forward) TTTCTACCAGCTTTGTATGATTACAAGGAG
Clone A/Perth/16/2009 PA-X (wt and D108A); inserts deletion for frameshifting (reverse) GGACTGACGAAGGAATCCCATAGG
Clone A/Perth/16/2009 PA-X (wt and D108A); inserts deletion for frameshifting (forward) CCTATGGGATTCCTTCGTCAGTCC
Clone Make D108A A/Perth/16/2009 PA-X (wt and D108A); amplifies at end of CDS to
clone into pCR3.1 MluI site

CTGAGATCAGCTTCTGCTCCACGCGTGACTTCTTTGGACA
TTTGAGAAAGCTTGC

Make PR8 PA-X15; amplifies at 39 end of truncated CDS to clone into pCR3.1 MluI site ATCAGCTTCTGCTCCACGCGTGATTTCAAACCTTTCTTC
AATTG

Make PR8 PA-X41; amplifies at 39 end of truncated CDS to clone into pCR3.1 MluI site ATCAGCTTCTGCTCCACGCGTGACATAGGCTCTAAAAT
TTTCAA

Make pcDNA3.1-dsRed and pcDNA3.1-dsRed-XORF; amplifies 59 of dsRed to clone into
pcDNA3.1 AgeI site

AGCTCGGATCCACCGGTCGCCACCATGGCCTCCTCCGA
GGACGTCA

Make pcDNA3.1-dsRed; amplifies 39 of dsRed to clone into pcDNA3.1 XhoI site AACGGGCCCTCTAGACTCGAGTCACAGGAACAGGTGG
TGGCGGCC

Make pcDNA3.1-dsRed-XORF; amplifies 39 of dsRed CTCGGACTGACGCCTCCACCCAGGAACAGGT
Make pcDNA3.1-dsRed-XORF; amplifies 59 of PR8 X-ORF GGTGGAGGCGTCAGTCCGAGAGAGGAGAAGAGA
Make pcDNA3.1-dsRed-XORF; amplifies 39 of PR8 X-ORF to clone into pcDNA3.1 XhoI site GGCCCTCTAGACTCGAGTCACTTCTTTGGACATTTGAGACA
Make pCR3.1-pH1N1-PA-X-D108A-H220R; mutates 220th residue TCGGCGGGAGACTTTGGTCGGCAAGCTTGCG
Make pCR3.1-pH1N1-PA-X-D108A-H220R; mutates 220th residue TCTCCCGCCGAACTTCTCCAGCCTTGAAAAC
Make pCR3.1-PR8-PA-X-D108A-R220H; mutates 220th residue CGGTGGGAGACTTTGGTCGGCAAGCTTACGC
Make pCR3.1-PR8-PA-X-D108A-R220H; mutates 220th residue TCTCCCACCGAACTTCTCCAGCCTTGAAAAT
Make pCR3.1-pH1N1-X61-PA-X-D108A; amplifies 39 of pH1N1 PA-X AATCCATCCACATAGGCTCTAAAGTTTTCAA
Make pCR3.1-pH1N1-X61-PA-X-D108A; amplifies 59 of PR8 20 C-terminal residues AGAGCCTATGTGGATGGATTCGAACCGAACGG
Make pCR3.1-pH1N1-PR8-PA-X-D108A; amplifies 39 of pH1N1 PA-X N terminus TCGGACTGACGAAGGAATCCCATAGACTCCT
Make pCR3.1-pH1N1-PR8-PA-X-D108A; amplifies 59 of PR8 PA-X X-ORF GGATTCCTTCGTCAGTCCGAGAGAGGAGAAGAGAC
Make pCR3.1-PR8-pH1N1-PA-X-D108A; amplifies 39 of PR8 PA-X N terminus TCGGACTGACGAAGGAATCCCAGAGGCCTCT
Make pCR3.1-PR8-pH1N1-PA-X-D108A; amplifies 59 of pH1N1 PA-X X-ORF GGATTCCTTCGTCAGTCCGAAAGAGGCGAAGAG
aUTR, untranslated region.
bCDS, coding DNA sequence.
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(qPCR) was performed using iTaq Universal SYBR green supermix (Bio-Rad) on the Bio-Rad CFX connect
real-time qPCR system and analyzed with the Bio-Rad CFX manager 3.1 program. The primers used are
listed in Table 2.

Protein extraction, Western blotting, and antibodies. Total cellular protein was collected in pro-
tein lysis buffer (50mM Tris-HCl [pH 7.4], 150mM NaCl, 2mM EDTA, 0.5% sodium deoxycholate, 0.5%
SDS, and 1% NP-40) supplemented with cOmplete EDTA-free protease inhibitor cocktail (Roche) and 1
U/ml benzonase nuclease (Sigma-Aldrich). The benzonase is included to degrade DNA and promote
release of PA-X from the nucleus. Proteins were separated on 12% SDS-PAGE gels and transferred onto
0.22-mm polyvinylidene difluoride (PVDF) membranes (Millipore). Western Blots were performed in PBS
with Tween (PBST) with 0.5% milk using antibodies against the Myc tag (1:1,000; 2276; Cell Signaling
Technologies), influenza A virus (1:2,000; ab20841; Abcam), dsRed (1:200; sc-101526; Santa Cruz
Biotechnology), human GAPDH (1:1,000; 5174; Cell Signaling Technologies), and human b-tubulin
(1:1,000; 2128; Cell Signaling Technologies). Secondary antibodies conjugated to horseradish peroxidase
(HRP) were purchased from Southern Biotechnologies (rabbit, OB4030-05; mouse, OB1031-05; goat,
OB6106-05) and used at a 1:5,000 dilution. Membranes were developed using Pierce ECL Western blot-
ting substrate (Thermo Fisher) and imaged with a Syngene G:Box Chemi XT4 gel doc system. Images
were quantified using GeneTools version 4.3.8.0.

Statistical analysis. All statistical analysis was performed using Prism version 8.0 for Mac OS X
(GraphPad Software, San Diego, CA, USA). For half-life experiments, statistical significance was deter-
mined by performing linear regression and comparing slopes and intercepts. For other experiments, sta-
tistical significance was determined by Student’s t test or analysis of variance (ANOVA) followed by a
post hoc multiple-comparison test (Sidak’s or Tukey’s) as indicated. All bar graphs are mean 6 standard
deviation. A minimum of three biological replicates were conducted for all experiments.
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