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Human ANP32A/B are SUMOylated and
utilized by avian influenza virus NS2 protein
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Human ANP32A/B (huANP32A/B) poorly support the polymerase activity of
avian influenza viruses (AlVs), thereby limiting interspecies transmission of
AlVs from birds to humans. The SUMO-interacting motif (SIM) within NS2
promotes the adaptation of AIV polymerase to huANP32A/B via a yet undi-
sclosed mechanism. Here we show that huANP32A/B are SUMOylated by the E3
SUMO ligase PIAS2a, and deSUMOylated by SENP1. SUMO modification of
huANP32A/B results in the recruitment of NS2, thereby facilitating huANP32A/
B-supported AlV polymerase activity. Such a SUMO-dependent recruitment of
NS2 is mediated by its association with huANP32A/B via the SIM-SUMO inter-
action module, where K68/K153-SUMO in huANP32A or K68/K116-SUMO in
huANP32B interacts with the NS2-SIM. The SIM-SUMO-mediated interactions
between NS2 and huANP32A/B function to promote AlV polymerase activity by

positively regulating AIV vRNP-huANP32A/B interactions and AIV vVRNP
assembly. Our study offers insights into the mechanism of NS2-SIM in facil-
itating AIVs adaptation to mammals.

Influenza A viruses (IAVs) represent a significant cause of respiratory
illness in both animals and humans, and pose a serious threat to human
health'. While most influenza strains primarily circulate within avian
hosts, certain highly pathogenic AIV strains (e.g., HSN1, H5NS8, and
H7N9) have the capacity to infect humans with potentially fatal con-
sequences. Once these strains acquire the ability for human-to-human
transmission through mutation, they may even cause influenza pan-
demics, presenting a substantial risk to public health. Nonetheless, the
cross-species transmission of AlVs from avian hosts to mammals is
limited by robust host barriers across different species' . The viral
polymerase (vPol) plays a pivotal role in directing the transcription and
replication of the viral genome, serving as a major determinant of the
host range of 1AVs®®. In general, the vPol activity of AIV is severely
restricted in mammalian cells, thus hindering efficient initiation of the
replication process’'®. Recent research has elucidated that the host
factors ANP32A/B, which are members of the acidic nuclear phos-
phoprotein 32 kDa (ANP32) family, serve as essential cofactors for the

IAV polymerase. Species-specific differences in this host factor
underlie the severe restriction of AIV vPol within mammalian cells.
Chicken ANP32A (chANP32A) efficiently supports AIV vPol activity
owing to a specific 33 amino-acid insertion, whereas mammalian
ANP32A and ANP32B lack such an insertion and are unable to effec-
tively support AIV vPol function'. Only AIV vPol variants that have
acquired adaptive mutations (e.g., PB2-E627K, and others) can profi-
ciently utilize mammalian ANP32A/B" ™",

SUMOylation is a ubiquitous post-translational modification in
eukaryotes that involves the covalent attachment of small ubiquitin-
like modifiers (SUMO) to lysine residues on target proteins'¢. The
mammalian SUMO family comprises four members: SUMO1, SUMO2,
SUMO3 and SUMO4, with only the first three primarily participating in
SUMOylation. Notably, SUMO2 shares a substantial 97% amino acid
sequence similarity with SUMO3, while its similarity with SUMOLI is
only 47%''¢, SUMO modification predominantly occurs in the nucleus
and is characterized by a dynamic and reversible process. The
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SUMOylation mechanism encompasses SUMO activating enzymes
(E1), SUMO binding enzymes (E2), and SUMO ligases (E3)*. Once
covalently conjugated to a target, SUMO not only exerts direct effects
on target proteins but also recruits downstream effectors through the
SIM-SUMO interaction pattern. This pattern involves a non-covalent
interaction between SUMO and a SUMO-interacting motif (SIM) in
downstream effectors”'®. SIMs typically feature hydrophobic cores
preceded or followed by negatively charged residues. In recent years,
emerging studies have unveiled the pivotal roles of SIM-SUMO inter-
actions in various crucial cellular processes, including liquid-liquid
phase separation, histone function, DNA transcription, DNA repair, the
cell cycle, and diverse host-pathogen interactions™2°.

Previous studies have shown that HSN1 NS2 exhibits avian vPol-
enhancing properties”. We have recently demonstrated that NS2—
regardless of its origin—depends on its SIM to specifically enhance the
function of the avian vPol in mammalian cells, but not in avian cells, by
facilitating the utilization of mammalian ANP32A/B by the avian vPol*.
However, the precise mechanism by which the SIM in NS2 enhances
mammalian ANP32A/B-supported avian vPol activity remains unclear.
Our earlier discovery®, revealing that the SIM in NS2 exhibits a pre-
ference for interacting with SUMO-conjugated proteins rather than
with SUMO itself, led us to speculate whether NS2 relies on the SIM-
SUMO interaction pattern to associate with either SUMOylated viral
proteins or host factors, and thereby exerting its function in promot-
ing mammalian ANP32A/B-supported AlV vPol activity. Here, we show
that huANP32A/B are SUMOylated and thus are able to interact with
NS2 via its SIM. SUMOylation of huANP32A/B is specifically fine-tuned
by the E3 SUMO ligase PIAS2a and the deSUMOylation enzyme SENP1.
NS2 uses its SIM to bind with SUMOylated huANP32A/B in the nucleus
via a SIM-SUMO interaction pattern. This then increases huANP32A/B-
supported avian vPol activity by facilitating VRNP-huANP32A/B inter-
actions and avian VRNP assembly. We also identified that SUMOylation
of huANP32A at K68/K153 or huANP32B at K68/K116 appears to be
required for their association with NS2. Impairment of the SIM-SUMO
mediated interactions between NS2 and huANP32A/B results in
reduction of avian vPol activity and AlV replication. Thus, SIM-SUMO-
mediated interactions between viral proteins and host factors repre-
sent a new regulatory mechanism for the function of avian vPol in
human cells and, therefore, also for the adaptation of AlVs.

Results

NS2 relies on its SIM to interact with huANP32A/B

To identify SUMOylated factors that interact with NS2 via SIM-SUMO
interaction pattern, as proposed in our previous study®, Flag-tagged
H9N2-NS2 or an empty vector were transfected into HEK293T cells.
After transfection for 24 hours, the cells were infected with avian HON2
virus for an additional 24 hours followed by immunoprecipitation (IP)
using anti-Flag beads (Fig. 1a). The purified protein complexes were
analyzed using immunoblotting assays or liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Notably, huANP32A/B were
exclusively identified in Flag-HON2-NS2-derived samples and not in
control samples (Fig. 1b). Interestingly, several previous large-scale
proteomic analyses of SUMOylated proteins have identified
huANP32A/B as potential SUMOylation substrates® 2, Consequently,
we hypothesized that the host factors ANP32A/B are promising
candidates.

We next examined whether HON2-NS2 could directly bind to
huANP32A or huANP32B. Co-immunoprecipitation (Co-IP) and immu-
noblotting assays demonstrated that both endogenous huANP32A and
huANP32B were co-immunoprecipitated with Flag-HON2-NS2 in
HEK293T cells (Fig. 1c). Furthermore, a reciprocal Co-IP experiment
indicated that both huANP32A-Flag and huANP32B-Flag could co-
precipitate with GST-tagged H9N2-NS2, but not with GST alone
(Fig. 1d). Additionally, direct interactions between H9N2-NS2 and
huANP32A/B were confirmed in a Proximity Ligation Assay (PLA) under

avian HON2 virus infection conditions in HEK293T cells (Fig. 1e). The
interaction between H9N2-NS2 and huANP32A/B was further validated
using bimolecular fluorescence complementation (BiFC) assays, where
NS2 and huANP32A/B were expressed as fusion proteins with the N-
and C-terminal halves of the Venus protein, respectively (Fig. 1f). When
VN-NS2 and huANP32A/B-VC were expressed individually in
HEK293T cells, no fluorescence signals were detected via confocal
microscopy. However, strong reconstituted fluorescence signals, pri-
marily in the nucleus, were observed when VN-NS2 was paired with
huANP32A-VC or huANP32B-VC (Fig. 1g). Based on these results, HON2-
NS2 may interact directly with host factors huANP32A/B in the nucleus.

To further investigate whether the SIM of NS2 is necessary for its
interaction with huANP32A/B, we utilized a SIM-defective mutant of
NS2. This mutant (NS2-VE/GG) contains two glycine substitutions
(V109G and E110G, VE/GG) in the core region of NS2-SIM, as described
in a previous report”. The mutant was analyzed for its binding with
huANP32A/B in a Co-IP assay. Interestingly, compared to wild-type NS2
(NS2-WT), NS2-VE/GG exhibited reduced interactions with both
huANP32A and huANP32B (Fig. 1h). The diminished interaction
between NS2-VE/GG and huANP32A/B was further confirmed using
BiFC assays. The VN-NS2-VE/GG construct was co-expressed with
huANP32A-VC or huANP32B-VC in HEK293T cells. As shown in Fig. 1i-k,
notably faint BiFC signals were detected from the VN-NS2-VE/GG and
huANP32A-VC pairs and from the VN-NS2-VE/GG and huANP32B-VC
pairs. Additionally, we obtained similar results when using another
previously described SIM-defective mutant of NS2*?, which contains
only one glycine substitution (E110G) in the core region of SIM (Sup-
plementary Fig. 1). These results further confirm that NS2 relies on its
SIM to efficiently interact with huANP32A/B.

These results collectively demonstrate that the SIM of NS2 plays a
crucial role in mediating its interaction with huANP32A/B within the
nucleus.

Human ANP32A and ANP32B are SUMOylated by SUMO1,
SUMO2 and SUMO3

To determine whether huANP32A/B are SUMOylated and whether this
SUMOylation is influenced by AlV infection, we initially investigated
whether huANP32A and huANP32B serve as authentic SUMOylation
substrates. To this end, we conducted SUMOylation assays by trans-
fecting HEK293T cells with huANP32A-HA, Myc-Ubc9, and either His-
SUMO1/2/3 or their non-conjugatable forms (His-SUMO1m/2 m/3 m)
carrying G-A mutations at the two C-terminal glycine residues crucial
for conjugation. Following enrichment of SUMOylated proteins via
histidine affinity under denaturing conditions, immunoblot analysis
using an anti-HA antibody revealed three clear bands above 40 kDa for
huANP32A upon overexpression of His-SUMO1/2/3, but not with His-
SUMO1m/2 m/3 m (Fig. 2a, left). Given that the molecular weights of
HA-tagged huANP32A and SUMO1/2/3 are ~33kDa and -15-20 kDa,
respectively, we speculated that huANP32A underwent modification
by at least two SUMO moieties. Subsequently, we conducted
SUMOylation assays with an huANP32B-HA construct, revealing that
huANP32B could indeed undergo SUMOylation. The pattern of
SUMOylated species was the same as that of huANP32A, suggesting
that at least two sites in huANP32B were modified by SUMOylation
(Fig. 2a, right). To further substantiate these findings, we demon-
strated that endogenous huANP32A/B were also SUMOylated. As
shown in Fig. 2b, SUMOylated species of endogenous huANP32A and
huANP32B were readily detected in HEK293T cells. No band corre-
sponding to SUMOylated huANP32A/B was observed in HEK293T-TKO
cells, where the huANP32A, huANP32B and huANP32E genes were
knocked out using CRISPR/Cas9 technology, as described in our pre-
vious studies?, further verifying the specificity of the antibodies used
against endogenous ANP32A and ANP32B. These results suggest that
all three SUMO isoforms are covalently conjugated to huANP32A and
huANP32B in HEK293T cells.
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Previous studies have demonstrated that mammalian-adapted IAV
infection not only contributes to a global increase in the level of
SUMOylation in host cells*****, but also specifically increases
huANP32A/B SUMOylation levels***. To examine whether this also
occurs during AIV infection, HEK293T cells were first infected with
different doses of avian HON2 virus for 24 hours, after which the cells
were collected for immunoblotting assays. As shown in Fig. 2c, HIN2

acTe[mm e ===

infection also results in a global increase in SUMOylation levels in host
cells. To further investigate where H9N2 infection specifically enhan-
ces the SUMOylation levels of huANP32A and huANP32B,
HEK293T cells were transfected with HA-tagged huANP32A or
huANP32B along with His-SUMOI1 or its non-conjugatable form (His-
SUMOI1m). Following a 24-hour transfection period, the cells were
subsequently infected with or without avian H9N2 virus for an
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Fig. 1| NS2 relies on its SIM to interact with huANP32A/B. a Schematic repre-
sentation of the experimental design for analyzing H9N2-NS2 interacting proteins
via LC-MS/MS proteomics. b HEK293T cells were transfected with Flag-HIN2-NS2
or an empty vector (Vec) control. After 24 hours, the cells were infected with HON2
virus at a multiplicity of infection (MOI) of 0.01. Twenty-four hours post-infection,
cells were harvested for immunoprecipitation (IP) using anti-Flag beads. Protein
complexes were eluted with 3x Flag peptides and analyzed by western blotting
(WB) (left) or LC-MS/MS (right), with n =3 independent biological replicates. ¢ Co-
IP experiments showing the interaction of Flag-H9N2-NS2 with endogenous
huANP32A/B in HEK293T cells. d Co-IP experiments showing the interaction of
HIN2-NS2 with exogenous huANP32A/B in HEK293T-TKO cells stably expressing
huANP32A-Flag or huANP32B-Flag. e Direct interaction between NS2 from HIN2
infection and huANP32A/B was measured using a proximity ligation assay (PLA) in
HEK293T cells, with controls using one antibody. The PLA was performed 24 hours
post-infection. f Schematic representation of the BiFC fusion proteins. g Confocal

experiments using a BiFC assay showing the interaction of NS2 with huANP32A/B in
HEK293T cells. h Co-IP experiments showing that mutations (V109G and E110G, VE/
GG) in NS2-SIM suppressed its interaction with huANP32A/B in HEK293T-TKO cells
that stably express huANP32A-Flag or huANP32B-Flag. i Confocal experiments
using a BiFC assay showing that VE/GG mutations in NS2-SIM suppress its inter-
action with huANP32A or huANP32B. j, k Flow cytometry analysis using a BiFC assay
showing that NS2 interacts with huANP32A (j) or huANP32B (k) depending on its
SIM. Plasmids were transfected individually or in pairs into HEK293T cells. After
24 hours, the mean fluorescence intensity (MFI) of BiFC signals was measured by
flow cytometry and are presented as relative values to the signal from untrans-
fected cells. Western blots showing the protein expression of the indicated plas-
mids in HEK293T cells. Error bars represent means + SD from n =3 independent
biological replicates; Statistical significance was determined by two-tailed unpaired
t-test. Experiments in (c), (d), and (h) were repeated three times with consistent
results. Source data are provided as a Source Data file.

additional 24 hours. The SUMOylation of huANP32A/B was then
assessed through SUMOylation assays. As shown in Fig. 2d, the
SUMOylation of both huANP32A and huANP32B exhibited an increase
upon avian H9N2 virus infection.

Collectively, these findings conclusively establish that both
huANP32A and huANP32B act as targets for SUMOylation, and that
their SUMOylation modifications are positively regulated by AIV
infection.

SUMOylation of huANP32A/B was controlled by the deSUMOy-
lating enzyme SENP1 and the E3 SUMO ligase PIAS2a
SUMOylation represents a dynamic and reversible cellular process
governed by deSUMOylating enzymes, and sentrin-specific proteases
(SENPs) are the major deSUMOylating enzymes in mammalian cells®.
To pinpoint the specific SUMO proteases responsible for the deSU-
MOylation of huANP32A/B, we co-transfected all known human
nuclear SUMO-specific proteases (SENP1-3, SENP5-7, and USPL1) with
huANP32A-HA or huANP32B-HA, along with Myc-Ubc9 and His-
SUMO], into HEK293T cells. Levels of huANP32A/B SUMOylation were
then assessed through SUMOylation assays. We observed that co-
expression of SENP1 and SENP2 notably decreased huANP32A/B
SUMOylation (Fig. 3a, b). Immunofluorescence staining revealed that
SENP1, but not SENP2, co-localized with huANP32A or huANP32B in the
nucleus (Fig. 3¢). Consequently, we focused on addressing the role of
SENP1 in huANP32A/B deSUMOylation. To substantiate this role, we
investigated the interaction between SENP1 and huANP32A or
huANP32B in HEK293T cells. As shown in Fig. 3d, e, Flag-SENP1 speci-
fically interacts with both the exogenous huANP32A/B (Fig. 3d) and the
endogenous huANP32A/B (Fig. 3e). Additionally, direct interactions
between endogenous SENP1 and endogenous huANP32A/B were con-
firmed using a Proximity Ligation Assays (PLA) in HEK293T cells
(Fig. 3f). Most importantly, depletion of endogenous SENP1 led to a
considerable enhancement of huANP32A/B SUMOylation (Fig. 3g).
These findings indicate that SENP1 targets huANP32A/B for
deSUMOylation.

The primary SUMO E3 ligases in mammalian cells belong to the
PIAS family proteins®®. The human PIAS gene family is known to
comprise four members: PIAS1, PIASx (also known as PIAS2), PIAS3 and
PIASy (also known as PIAS4), with PIAS2 existing in two isoforms
(PIAS2a and PIAS2(). To determine the putative E3 SUMO ligase for
huANP32A/B SUMOylation, His-SUMOL1 and each of the five PIAS family
members were co-transfected with huANP32A-HA or huANP32B-HA
into HEK293T cells, and huANP32A/B SUMOylation was assessed by
performing SUMOylation assays. Of the tested isoforms, PIAS2a pro-
minently enhanced huANP32A/B SUMOylation, while the other PIAS
variants did not exhibit any such effects (Fig. 3h, i). Additionally,
PIAS2a specifically colocalized with huANP32A/B in the nucleus
(Fig. 3j). We further confirmed the specific interaction between Flag-
PIAS2a and both exogenous huANP32A/B (Fig. 3k) and endogenous

huANP32A/B (Fig. 31). Moreover, the PIAS2-huANP32A/B interactions
at the endogenous level in HEK293T cells were validated using a
Proximity Ligation Assay (PLA) (Fig. 3m). Depletion of endogenous
PIAS2 resulted in defects in huANP32A/B SUMOylation (Fig. 3n; Sup-
plementary Fig. 2). These results clearly indicate that PIAS2a plays a
crucial role in directing huANP32A/B for SUMOylation.

These findings collectively establish that both huANP32A and
huANP32B undergo SUMOylation catalyzed by the SUMO E3 ligase
PIAS2a and subsequent deSUMOylation mediated by SENP1.

NS2 engages with huANP32A/B via a SIM-SUMO

dependent manner

To explore the impact of huANP32A/B SUMOylation on their interac-
tions with NS2, we investigated whether the huANP32A/B-NS2 inter-
actions were affected by the alterations in huANP32A/B SUMOylation
levels. This was achieved by overexpressing the single SUMO E2 con-
jugating enzyme (Ubc9), employing the targeted deSUMOylation
enzyme SENP1 for huANP32A/B SUMOylation, or by administering a
selective inhibitor of the SUMOylation enzymatic cascade (TAK-981).
As shown in Fig. 4a, co-expression of Ubc9 led to a substantial increase
in huANP32A/B SUMOylation. Consequently, Ubc9 heightened the
huANP32A/B-NS2 interactions (Fig. 4b, c). Conversely, co-expression
of SENP1 diminished huANP32A/B SUMOylation (Fig. 4d), thereby
inhibiting the interaction of huANP32A/B with NS2 (Fig. 4e). Moreover,
TAK-981 treatment not only impeded huANP32A SUMOylation but also
disrupted the huANP32A-NS2 interaction (Fig. 4f, g). These findings
unequivocally underscore the crucial role of huANP32A/B SUMOyla-
tion in facilitating their association with NS2.

Collectively, the above results demonstrate that the interactions
between huANP32A/B and NS2 rely on the canonical SIM-SUMO
interaction module, where SUMO attached to huANP32A/B interacts
with the SIM on NS2 (Fig. 4h).

SIM-SUMO interactions between NS2 and huANP32A/B are
required for the avian vPol-enhancing function of NS2

We next intended to assess the necessity of SIM-SUMO-mediated
NS2-huANP32A/B interactions for the avian vPol-enhancing function
of NS2. To this end, we proceeded to directly assess whether dis-
ruption of these interactions, achieved through either the destabili-
zation of NS2-SIM integrity or inhibition of huANP32A/B
SUMOylation, would affect the ability of NS2 in promoting
huANP32A/B-supported avian vPol activity (Fig. 5a). As shown in
Fig. 5b, c, disruption of NS2-SIM integrity caused NS2 to lose its avian
vPol-enhancing properties in HEK293T-TKO cells reconstituted with
either huANP32A or huANP32B, which is consistent with our previous
study®. These results support the hypothesis that the SIM-SUMO-
mediated interactions between NS2 and huANP32A/B are indis-
pensable for the ability of NS2 to enhance huANP32A/B-supported
avian vPol activity.
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Fig. 2 | SUMOylation of huANP32A/B is regulated by H9N2 infection. a Ni?*-NTA
bead affinity pull-down assay results showing the modification of exogenous
huANP32A (left) and huANP32B (right) with SUMO1, SUMO2, and SUMO3 in
HEK293T cells. b Ni**-NTA bead affinity pull-down assay results showing the mod-
ification of endogenous huANP32A and huANP32B with SUMOL in HEK293T cells.
*indicates non-specific protein band. ¢ Western blot analysis showing that HIN2
virus infection upregulates the global SUMOylation level in HEK293T cells. d Ni**-

NTA bead affinity pull-down assay results showing that the SUMOylation of
huANP32A (left) or huANP32B (right) in HEK293T cells was notably enhanced by
HI9N2 AIV infection. HEK293T cells were transfected with the indicated plasmids for
24 hours followed by HIN2 AlV infection (MOI = 0.01) for another 24 hours. Cells
were then harvested for SUMOylation assays and immunoblotting analysis. In (a to
d), experiments were independently repeated three times with consistent results.
Source data are provided as a Source Data file.

We then proceeded to investigate the impact of inhibiting SIM-
SUMO interactions on the ability of NS2 to enhance the activity of
huANP32A/B-supported avian vPol by reducing huANP32A/B SUMOy-
lation levels. To achieve this, we engineered a SUMOylation-deficient
mutant of huANP32A, denoted as huANP32A-KO, with lysine-to-
arginine substitutions at all sixteen lysine residues of the protein.
Similarly, a counterpart mutant of huANP32B, termed huANP32B-KO,
was generated with lysine-to-arginine substitutions at all seventeen
lysine residues (Fig. 5d). Theoretically, huANP32A/B-KO should lose its
capability to be SUMOylated and would therefore be unable to engage

in the SIM-SUMO interaction mode crucial for interacting with NS2. As
we expected, the SUMOylation assays we conducted in HEK293T cells
confirmed that neither huANP32A-KO nor huANP32B-KO were able to
undergo SUMOylation (Fig. 5e). Subsequent polymerase activity assays
performed in HEK293T-TKO cells revealed a significant reduction in
the ability of NS2 to enhance HIN2 and H7N9 (PB2-627E) vPol activity
when supported by huANP32A/B-KO compared to wild-type
huANP32A/B (Fig. 5f, g).

To evaluate whether the observed changes in polymerase
activity correlate with viral replication, we firstly established MDCK-
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TKO cells by knocking out the triple canine ANP32A, ANP32B, and
ANP32E genes using CRISPR-Cas 9 technology (Supplementary
Fig. 3). Multi-cycle replication assays of avian HON2 virus were then
subsequently conducted in MDCK-TKO cells reconstituted with
empty vector, huANP32A-WT or huANP32A-KO, respectively. Nota-
bly, virus growth kinetics revealed that huANP32A-KO has lost its
ability to support the replication of avian HIN2 viruses (Fig. Sh).

Western blot analysis confirmed the equal expression of huANP32A
proteins in these transfected cells (Fig. 5i). We performed similar
experiments for huANP32B and huANP32B-KO and obtained similar
observations that huANP32B-KO failed to support the replication of
avian HIN2 viruses (Fig. 5j, k).

To further confirm that the reduced ability of NS2 to enhance the
vPol activity of HON2 and H7N9 (PB2-627E) when supported by
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Fig. 3 | SUMOylation of huANP32A/B is regulated by the deSUMOylase SENP1
and the SUMO E3 ligase PIAS2a. a, b Ni*-NTA bead affinity pull-down assay results
showing that the SUMOylation of huANP32A (a) or huANP32B (b) in HEK293T cells
was notably reduced by overexpression of SENP1 or SENP2. ¢ Immunofluorescent
staining showing that Flag-SENP1 was co-localized with huANP32A/B-V5 in the
nucleus, whereas Flag-SENP2 was not. d, e Co-IP experiments showing the inter-
action of Flag-SENP1 with exogenous huANP32A/B (d) and the endogenous
huANP32A/B (e). f The interactions between SENP1 and huANP32A/B at the endo-
genous level were confirmed using a proximity ligation assay (PLA) in

HEK293T cells. g Ni**-NTA bead affinity pull-down assay results showing that
knockdown of endogenous SENP1 enhanced the huANP32A/B SUMOylation level in

HEK293T cells. h, i Ni**-NTA bead affinity pull-down assay results showing that the
SUMOylation of huANP32A (h) or huANP32B (i) in HEK293T cells was notably
enhanced by overexpression of PIAS2a. j Co-localization of huANP32A/B-V5 with
Flag-PIAS2a was analyzed using immunofluorescence staining. k, 1 Co-IP experi-
ments showing the interaction of Flag-PIAS2a with exogenous huANP32A/B (k) and
the endogenous huANP32A/B (I). m The PIAS2-huANP32A/B interactions at the
endogenous level were confirmed using a proximity ligation assay (PLA) in
HEK293T cells. n Ni**-NTA bead affinity pull-down assay results showing that
knockdown of endogenous PIAS2 reduced the SUMOylation of huANP32A/B in
HEK293T cells. All Western blot experiments were independently repeated at least
twice with consistent results. Source data are provided as a Source Data file.
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Fig. 4 | SUMOylation of huANP32A and huANP32B determine their association
with NS2. a Ni*-NTA bead affinity pull-down assay results showing that SUMOy-
lation of huANP32A or huANP32B in HEK293T cells was enhanced by over-
expression of Ubc9. b, ¢ Co-IP experiments showing that overexpression of Ubc9
promoted the interaction between H9N2-NS2 and huANP32A (b) or huANP32B (c).
d Ni**-NTA bead affinity pull-down assay results showing that SUMOylation of
huANP32A or huANP32B in HEK293T cells was reduced by overexpression of SENP1.
e Co-IP experiments showing overexpression of SENP1 suppressed the interaction

between HON2-NS2 and huANP32A or huANP32B. fNi**-NTA bead affinity pull-down
assay results showing the SUMOylation of huANP32A in HEK293T cells was reduced
by treatment with TAK-981. g Co-IP experiments showing that treatment with TAK-
981 suppressed NS2-huANP32A interaction. h Illustration of the interaction model
between NS2 and huANP32A/B mediated by the SIM-SUMO working pattern. All
Western blot experiments were independently repeated at least twice with con-
sistent results. Source data are provided as a Source Data file.

huANP32A/B-KO is not a direct result of huANP32A/B-KO losing its
function due to the loss of its natural fold, we next compared its
capacity to support the polymerase activity of influenza B virus (IBV)
with that of the wild type. We chose the IBV polymerase for these
experiments for two reasons. First, like the IAV polymerase, the func-
tion of the IBV polymerase also relies on the host factors ANP32A/B?.

Second, the SIM present in IAV NS2 is not conserved in IBV NS2%,
therefore, we assume that there is no SIM-SUMO-mediated interaction
between IBV NS2 and huANP32A/B, as observed for IAV NS2 and
huANP32A/B. As shown in Supplementary Fig. 4, huANP32A/B-KO
retains a similar ability to that of the wild type in supporting IBV
polymerase activity, indicating that huANP32A/B-KO still maintains its
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Fig. 5 | The function of NS2-SIM in enhancing huANP32A/B-supported avian
vPol activity depends on its interaction with huANP32A/B via the SIM-SUMO
working pattern. a Schematic illustrating two strategies employed for the inves-
tigation of whether the SIM-SUMO-mediated interactions between NS2 and
huANP32A/B are required for NS2-SIM to promote huANP32A/B-supported AIV
vPol activity. b, ¢ Minigenome assays in HEK293T-TKO cells showing that disruption
of the HIN2 or H7N9 NS2-SIM integrity impairs the ability of NS2 to enhance
huANP32A/B-supported HON2 (b) or H7N9 (PB2-627E) (c) vPol activity, respec-
tively. d Schematic model of the generation of lysine-free mutant of huANP32A/B
(huANP32A/B-KO0). e Ni*"-NTA bead affinity pull-down assay results showing that
huANP32A/B-KO could not be SUMOylated in HEK293T cells. f, g Minigenome
assays in HEK293T-TKO cells showing that the ability of NS2 to promote huANP32A-
KO (f) or huANP32B-KO (g)-supported HON2 or H7N9 (PB2-627E) vPol activity was
greatly reduced. The accompanying western blots show the expression of ANP32A-

Flag/ANP32B-HA constructs and VRNP components (PA/NP). h Replication kinetics
of avian HON2 virus. MDCK-TKO cells or those tranfected with huANP32A-HA or
huANP32A-KO0-HA were infected (MOl =0.01), and viral titers were determined at
the indicated time points. i Western blots showing equal expression of HA-tagged
ANP32A in transfected MDCK-TKO cells. j The replication kinetics of avian HON2
virus were assessed in MDCK-TKO cells transfected with either empty vector,
huANP32B-HA or huANP32B-K0O-HA (MOI = 0.01). Viral titers were determined at
the indicated time points. k Western blots showing equal expression of HA-tagged
ANP32B in transfected MDCK-TKO cells. In (b), (c), (f to h) and (j), error bars
represent mean = SD from n =3 independent biological replicates; Statistical sig-
nificance was determined by two-way ANOVA (b and c) or two-tailed unpaired ¢-test
(f and g). Experiments in (e) were independently repeated three times with con-
sistent results. Source data are provided as a Source Data file.
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natural fold and retains certain biological functions necessary for
influenza viral polymerase activity.

Taken together, these results demonstrate that disruption of
either huANP32A/B SUMO or NS2 SIM sites attenuates their interaction
and impairs huANP32A/B-supported AIV polymerase activity. This
highlights the crucial role of SIM-SUMO-mediated interactions
between NS2 and huANP32A/B in facilitating NS2 function in pro-
moting AIV polymerase activity, especially when supported by
huANP32A/B.

SUMOylation of huANP32A at K68/K153 sites determines its
association with NS2

Human ANP32A comprises sixteen lysine residues. Our objective was
to pinpoint the primary site for huANP32A SUMOylation crucial for its
association with NS2. Given that the SIM-SUMO-mediated interactions
between NS2 and huANP32A/B are required for NS2 to promote
huANP32A/B-supported avian vPol activity, it is reasonable to expect
that reintroducing into huANP32A-KO the major SUMOylation site
present in wild-type huANP32A, which determines its association with
NS2, will enhance the support of avian vPol activity by huANP32A-KO in
the presence of NS2. To explore this, a series of huANP32A-KO mutants
were generated, in which each of the sixteen lysines present in wild-
type huANP32A was individually mutated back (R-to-K) into the
huANP32A-KO construct. Western blot analysis confirmed comparable
expression levels of all indicated constructs (Supplementary Fig. 5).
Subsequently, these huANP32A-KO constructs were assessed for their
ability to support avian vPol activity by performing polymerase activity
assays in HEK293T-TKO cells. The results revealed that in the presence
of NS2, four mutants, huANP32A-KO-R68K, huANP32A-KO-R116K,
huANP32A-KO0-R153K and huANP32A-K0-R236K, supported HON2 vPol
activity to a greater extent than huANP32A-KO, indicating that
SUMOylation at sites K68, K153, K116 and K236 in huANP32A is crucial
for its interaction with NS2-SIM (Fig. 6a). In comparison to the other
three mutations, the R236K mutation exhibited the weakest impact on
polymerase activity, resulting in less than a 1-fold effect. Consequently,
the R236K mutation was excluded from subsequent experiments.
Double, and triple R-to-K mutations at these sites were then further
introduced into huANP32A-KO constructs (Fig. 6b), and these modified
constructs were individually reconstituted into HEK293T-TKO cells for
polymerase activity assays. As shown in Fig. 6¢, d, double (R68K/
R153K) and triple (R68K/R116K/R153K) point mutants supported sig-
nificantly higher levels of HIN2 and H7N9 vPol activity compared to
single point mutants, including R68K and R153K. However, the intro-
duction of the R116K mutation into double mutants (R68K/R153K) did
not further enhance its ability to support avian vPol activity, suggest-
ing that K68 and K153 are the two major sites for SUMOylation in
huANP32A that determine its association with NS2. Additionally, by
establishing two different MDCK-TKO cell lines stably expressing
either Flag-tagged huANP32A-KO or huANP32A-K0-R68K/R153K, we
observed that avian HON2 viruses failed to establish a productive
infection in either control MDCK-TKO cells or MDCK-TKO cells
expressing Flag-tagged huANP32A-KO. However, MDCK-TKO cells
expressing Flag-tagged huANP32A-KO-R68K/R153K efficiently sup-
ported the replication of avian HON2 viruses (Fig. 6e, f).

The above functional experiments suggest that the K68/K153
SUMO modification in huANP32A is responsible for its association with
NS2 and that this interaction is critical for the avian vPol-enhancing
function of NS2. We next aim to provide further evidence to support
this hypothesis.

First, we assessed whether the K68 and K153 sites in huANP32A act
as authentic SUMOylation sites through SUMOylation assays. For this
purpose, HEK293T-SENP1-KO cells were co-transfected with His-
SUMOI1, Myc-Ubc9, huANP32A-K0-HA, and its various mutants. Forty-
eight hours post-transfection, cell lysates were prepared for SUMOy-
lation assays. As shown in Fig. 6g, a signal band near 50 kDa was

observed for huANP32A-K0-R68K and huANP32A-KO-R153K, but not
for huANP32A-KO, indicating that K68 and K153 are SUMOylation sites
for huANP32A. Additionally, we included a non-SUMOylated lysine
(K86) and a highly SUMOylated lysine (K137) in these experiments to
further validate the specificity of the detected SUMOylation band.
However, the reason for the slower migration of huANP32A-K0-R153K-
SUMO and huANP32A-K0-R137K-SUMO compared to huANP32A-KO-
R68K-SUMO remains unclear and warrants further investigation.

Second, Co-IP assays demonstrated that the K68R/K153R muta-
tions in huANP32A impaired its interaction with NS2 (Fig. 6h). Third,
subsequent polymerase activity assays performed in HEK293T-TKO
cells revealed that the ability of huANP32A-K68R/K153R to support
avian vPol activity is significantly lower than that of wild-type
huANP32A in the presence of NS2 (Fig. 6i, j). Multi-cycle replication
assays of avian H9N2 virus conducted in MDCK-TKO cells further
confirmed the observed changes in polymerase activity correlate with
viral replication (Fig. 6k, I). Notably, the K86R and K137R mutations in
huANP32A did not affect its interaction with NS2 (Fig. 6h), nor did they
hinder NS2’s ability to enhance huANP32A-supported AlV vPol activity
(Fig. 6i, j). Given that K137 in huANP32A serves as a SUMOylation site
(Fig. 6g), we conclude that only site-specific SUMOylation in
huANP32A can be recognized by the NS2-SIM.

Interestingly, the K68R/K153R mutations did not affect the overall
level of huANP32A SUMOylation (Supplementary Fig. 6a). This phe-
nomenon implies compensatory effects in huANP32A SUMOylation
upon introducing the K68R/K153R mutations, further supporting our
hypothesis that only site-specific SUMOylation in huANP32A can be
recognized by the SIM in NS2. Importantly, sequence alignments
revealed that the K68 and K153 sites are well-conserved among
ANP32A proteins from other mammalian species (Supplementary
Fig. 7). Immunofluorescence staining showed that both huANP32A-WT
and the huANP32A-K68R/K153R mutant were predominantly localized
in the nucleus (Supplementary Fig. 8a).

Taken together, these findings strongly suggest that SUMOylation
at K68/K153 sites of huANP32A mediates its interaction with the SIM in
NS2, which is essential for NS2 to promote avian vPol activity when
supported by huANP32A.

SUMOylation of huANP32B at K68/K116 sites determines its
association with NS2

To pinpoint the essential sites of SUMOylation in huANP32B crucial for
its association with NS2, we employed the same experimental
approach as for huANP32A. As shown in Fig. 7a and Supplementary
Fig. 9, both the R68K and R116K mutations markedly enhanced the
ability of huANP32B-KO to support HON2 vPol activity in the presence
of HIN2-NS2. Subsequently, we found that the double point mutant
(R68K/R116K) supported HIN2 and H7N9 (PB2-627E) vPol activity to a
significant extent when compared to single point mutants, including
R68K and R116K (Fig. 7b-d), Additionally, these alterations in poly-
merase activity were mirrored in viral replication, as the introduction
of the R68K/R116K mutation into huANP32B-KO reinstated its ability to
support the replication of avian HON2 viruses (Fig. 7e, f). These func-
tional experiments indicate that the K68/K116-SUMO modification in
huANP32B is responsible for its interaction with NS2. This interaction is
essential for the role of NS2 in enhancing huANP32B-supported avian
vPol activity. We now intend to further validate this hypothesis using
the same experimental approach as employed for huANP32A.

First, SUMOylation assays conducted in HEK293T-SENP1-KO cells
confirmed that K68 and K116 serve as the sites for SUMOylation in
huANP32B (Fig. 7g). In these experiments, a non-SUMOylated lysine
(K67) and a highly SUMOylated lysine (K137) were included to further
validate the specificity of the detected SUMOylation band. Second, Co-
IP assays demonstrated that the K68R/K116R mutations in huANP32B
impaired its interaction with NS2 (Fig. 7h). Third, polymerase activity
assays performed in HEK293T-TKO cells, along with multi-cycle
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replication assays of the avian HON2 virus conducted in MDCK-TKO
cells, showed that the ability of NS2 to promote huANP32B-K68R/
K116R-supported avian vPol activity and viral replication is significantly
reduced compared to wild-type huANP32B (Fig. 7i-l). Notably, the
introduction of the K-R mutation into either the non-SUMOylated
lysine (K67) or the highly SUMOylated lysine (K137) in huANP32B had a

limited impact on its interaction with NS2 (Fig. 7h), as wel

| as on the

MDCK-TKO

ability of NS2 to enhance huANP32B-supported AIV vPol activity
(Fig. 7i, j). This suggests that only site-specific SUMOylation in
huANP32B can be recognized by the NS2-SIM.

Intriguingly, the K68R/K116R mutations also did not affect the
overall SUMOylation level of huANP32B (Supplementary Fig. 6b).
These findings suggest that there are compensatory effects on
huANP32B SUMOylation upon the introduction of K68R/K116R
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Fig. 6 | The SIM of NS2 binds to the SUMO at the K68/K153 sites of huANP32A.
a Minigenome assays in HEK293T-TKO cells comparing the effect of the indicated
constructs on HIN2 vPol activity. Values above KO were statistically analyzed using
one-way ANOVA followed by a Dunnett’s multiple comparisons test against
huANP32A-KO (error bars represent the mean + SD of n =4 independent biological
replicates). b Schematic representation of the huANP32A-KO mutants generated.
Western blots demonstrate comparable expression levels for all indicated con-
structs. ¢, d Minigenome assays in HEK293T-TKO cells comparing the effect of the
indicated huANP32A-KO constructs on the HON2 (c) and H7N9 (PB2-627E) (d) vPol
activity in the presence of NS2. e The replication kinetics of the avian HON2 virus
were evaluated in control MDCK-TKO cells or those stably expressing huANP32A-
KO-Flag or its mutant (MOI = 0.01), with viral titers determined at the indicated time
points. f Western blot analysis of MDCK-TKO cells stably reconstituted with the
indicated huANP32A-KO-Flag constructs or empty vector. g Ni**“NTA bead affinity
pull-down assay showing that the K68 and K153 sites of huANP32A can be modified

by SUMOL. h Co-IP experiments showing that the K68R/K153R mutations in
huANP32A suppress its interaction with HON2-NS2. i, j Minigenome assays in
HEK293T-TKO cells comparing the effect of the indicated huANP32A constructs on
the HON2 (i) and H7N9 (PB2-627E) (j) vPol activity. Statistical analyses were per-
formed relative to huANP32A. k The replication kinetics of the avian HON2 virus
were evaluated in control MDCK-TKO cells or those stably expressing huANP32A-
Flag or huANP32A-K68R/K153R-Flag (MOI = 0.01), with viral titers determined at the
indicated time points. | Western blot analysis of control MDCK-TKO cells or those
stably expressing indicated huANP32A-Flag constructs. In (c to e) and (i to k), error
bars represent the mean + SD of n =3 independent biological replicates; NS, not
significant; Statistical significance was determined by two-tailed unpaired t-test
(c, d, i and j) or two-way ANOVA (k). In (g, h), experiments were independently
repeated three times with consistent results. Source data are provided as a Source
Data file.

mutations, further supporting the notion that site-specific SUMOyla-
tion of huANP32B mediates its interaction with the SIM in NS2. Inter-
estingly, the K68 and K116 sites are well-conserved among ANP32B
proteins from other mammalian species (Supplementary Fig. 7).
Immunofluorescence staining indicated that both huANP32B-WT and
huANP32B-K68R/K116R mutant predominantly localized in the nucleus
(Supplementary Fig. 8b).

Taken together, these data suggest that SUMOylation at K68/K116
of huANP32B mediates its interaction with the SIM in NS2, and this
interaction is required for NS2 to promote huANP32B-supported avian
vPol activity.

SIM-SUMO-mediated interactions between NS2 and huANP32A/
B function to promote avian vPol activity by positively regulat-
ing AIV vRNP-huANP32A/B interactions and AIV vRNP assembly
Based on the aforementioned findings, it is evident that the SIM-
SUMO-mediated interactions between NS2 and huANP32A/B are
indispensable for NS2 to effectively enhance avian vPol activity in
human cells. Our previous work has demonstrated that NS2-SIM
functions in promoting avian vPol activity by positively regulating
VRNP-huANP32A/B interactions and avian VRNP assembly?. Building
on this, we aimed to further investigate this phenomenon by disrupt-
ing the SUMOylation of huANP32A/B, which is crucial for their asso-
ciation with NS2.

We first assessed the impact of huANP32A SUMOylation on HON2
VRNP-huANP32A interaction in HEK293T-TKO cells reconstituted with
the indicated huANP32A-Flag constructs and plasmids encoding HON2
VRNP. As shown in Fig. 8a, NS2 enhanced the HON2 vRNP-huANP32A
interaction, but failed to enhance H9N2 vVRNP-huANP32A-KO interac-
tion (Fig. 8a, b). However, NS2 effectively promoted the interaction
between huANP32A-K0-R68K/R153K and H9N2 vRNP (Fig. 8b). Fur-
thermore, we observed that K68R/K153R mutations impaired the HON2
VRNP-huANP32A interaction (Fig. 8c). For huANP32B, we performed
similar experiments with the HON2 vRNP and the indicated huANP32B
constructs and obtained similar results (Fig. 8d-f).

We proceeded to investigate the impact of huANP32A
SUMOylation on the assembly of HIN2 vRNP in HEK293T-TKO
cells when reconstituted with the indicated constructs. As shown
in Fig. 8g, NS2 enhanced the H9N2 vRNP assembly in HEK293T-
TKO cells when reconstituted with wild-type huANP32A, con-
sistent with previous reports®. In contrast, NS2 failed to enhance
the H9N2 vRNP formation in HEK293T-TKO cells reconstituted
with huANP32A-KO (Fig. 8g, h). However, when HEK293T-TKO
cells were reconstituted with huANP32A-KO-R68K/R153K, we
observed the enhancement of HON2 vRNP assembly by the pre-
sence of NS2 (Fig. 8h). Furthermore, in the presence of NS2, the
level of HON2 vRNP assembly was reduced when HEK293T-TKO
cells were reconstituted with huANP32A-K68R/K153R, as com-
pared to its wild type (Fig. 8i). For huANP32B, we performed

similar experiments with the H9N2 vRNP and the indicated
huANP32B constructs and obtained similar results (Fig. 8j-1).

Taken together, these data suggest that NS2 employs its SIM to
interact with the SUMO of SUMOylated huANP32A/B, and these SIM-
SUMO-mediated interactions promote huANP32A/B-supported AIV
vPol activity and AIV replication by positively regulating AIV vVRNP-
huANP32A/B interactions as well as AIV vRNP assembly.

Discussion

As critical cofactors for 1AV vPol function, huANP32A/B efficiently
support mammalian-adapted IAV vPol activity>****, Nonetheless,
huANP32A/B poorly support AIV vPol activity due to the lack of the
specific 33 amino-acid insertion found in chANP32A, which serves as
the molecular basis for the restriction of avian vPol activity in human
cells" 323333536 " AlVs have evolved various strategies to enable their
polymerase to adapt to mammalian ANP32A/B. The predominant
strategy used by most AlV strains is the acquisition of adaptive muta-
tions. However, in recent work, we unveiled two previously uni-
dentified strategies*>”. The first is that AlVs from avian hosts are able
to package avian ANP32A to prime the early stage of viral replication in
mammalian cells®. The second is that adaptation of the AIV poly-
merase to huANP32A/B is to some extent promoted with the help of
the SIM in NS2*. However, the precise mechanism by which the SIM in
NS2 promotes mammalian ANP32A/B-supported avian vPol activity
remains elusive.

In this study, we continue to elucidate in more detail how NS2
employs its SIM to exert its AIV polymerase-enhancing function. Our
findings reveal that NS2 uses its SIM to specifically interact with the
SUMO in huANP32A/B. These SIM-SUMO-mediated interactions
between NS2 and huANP32A/B are crucial for NS2 to promote avian
vPol activity in human cells. We demonstrate that presence of SUMO at
K68/K153 sites in huANP32A or K68/K116 sites in huANP32B dictates
their binding affinity with NS2-SIM. Furthermore, disrupting the SIM-
SUMO interactions between huANP32A/B and NS2, either by interfer-
ing with the huANP32A/B SUMOylation or disrupting the integrity of
the SIM in NS2, compromises the ability of NS2 to enhance avian vPol
activity and AlV replication in human cells. This impairment stems
from diminished interactions between AIV vRNP and huANP32A/B and
reduced avian VRNP assembly.

SUMO maodification is a highly conserved and important post-
translational modification™**¢, and plays a pivotal role in regulating
diverse viral replication processes®*’. In the case of influenza viruses,
several studies have shown that SUMOylation regulates viral replica-
tion levels and even the ability to spread at different stages of the viral
replication cycle****. However, these investigations have pre-
dominantly centered on viral proteins themselves, and knowledge of
the influence of SUMO modification of host factors on influenza virus
replication remains relatively limited. As indispensable host factors for
the function of influenza virus polymerase, huANP32A and huANP32B
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have been identified as potential SUMOylation substrates by large-
scale proteomic analysis** . Here, we provide more evidence that
huANP32A and huANP32B undergo SUMOylation, with neither show-
ing a preference for SUMO1, SUMO2 or SUMO3. The SUMOylation
process for huANP32A/B is orchestrated by the E3 SUMO ligase PIAS2a
and the deSUMOylase SENP1. Consistent with previous findings that
huANP32A/B SUMOylation levels increase upon human-adapted 1AV

infection**?, we also observed that huANP32A/B SUMOylation levels
were upregulated by HON2 AIV infection. This suggests that the
increase in huANP32A/B SUMOylation following IAV infection is not
specific to avian influenza adaptation. However, our findings further
indicate that the SIM of NS2 recognizes and binds to SUMO in
huANP32A/B. The expression of a NS2 mutant lacking a functional SIM,
or huANP32A devoid of the SUMO acceptor K68/K153, or huANP32B
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Fig. 7 | The SIM of NS2 binds to the SUMO at the K68/K116 sites of huANP32B.
a Minigenome assays in HEK293T-TKO cells comparing the effect of indicated
huANP32B-KO constructs on the H9N2 vPol activity. Values higher than KO were
analyzed via one-way ANOVA followed by a Dunnett’s multiple comparisons test
against huANP32B-KO (error bars represent the mean + SD of n =3 independent
biological replicates). b Schematic representation of the huANP32B-KO mutants
generated. Western blots confirmed comparable expression levels of all constructs.
¢, d Minigenome assays in HEK293T-TKO cells comparing the effect of the indicated
huANP32B-KO constructs on the HON2 (c) and H7N9 (PB2-627E) (d) vPol activity in
the presence of NS2. e The replication kinetics of the avian HIN2 virus were eval-
uated in control MDCK-TKO cells or those stably expressing huANP32B-KO-Flag or
its mutant (MOI = 0.01), with viral titers determined at the indicated time points.
f Western blot analysis of control MDCK-TKO cells or those stably expressing
indicated huANP32B-KO-Flag constructs. g Ni*-NTA bead affinity pull-down assay

showing that the K68 and K116 sites of huANP32B can be modified by SUMOL. h Co-
IP experiments showing that the K68R/K116R mutations in huANP32B suppress its
interaction with H9N2-NS2. i, j Minigenome assays in HEK293T-TKO cells com-
paring the effect of the indicated huANP32B constructs on the HIN2 (i) and H7N9
(PB2-627E) (j) vPol activity. Statistical analyses were performed relative to
huANP32B. k The replication kinetics of the avian HIN2 virus were evaluated in
control MDCK-TKO cells or those stably expressing huANP32B-Flag or its mutant
(MOI=0.01), with viral titers determined at the indicated time points. | Western
blot analysis of control MDCK-TKO cells or those stably expressing indicated
huANP32B-Flag constructs. In (c to e) and (i to k), error bars represent the

mean + SD of n =3 independent biological replicates; NS, not significant; Statistical
significance was determined by two-tailed unpaired ¢-test (c, d, i and j) or two-way
ANOVA (k). Experiments in (g and h) were independently repeated three times with
consistent results. Source data are provided as a Source Data file.

lacking the SUMO acceptor K68/K116 all result in an impaired inter-
action between NS2 and huANP32A/B. Consequently, this reduction
compromises the ability of NS2 to enhance huANP32A/B-supported
AIV vPol activity. Given that the SIM in NS2 is conserved between avian
and human-adapted IAV NS2 proteins, and that human-adapted 1AV
infection results in increased levels of huANP32A/B SUMOylation, we
hypothesised that a potential interaction between human-adapted IAV
NS2 and SUMOylated huANP32A/B also exists during the viral repli-
cation process. However, we have previously shown that in mamma-
lian cells”, NS2-regardless of its origin-enhances the function of the
avian-signature polymerase, while having a limited effect on the
activity of the mammalian-adapted IAV polymerase. This suggests that
the role of the SIM-SUMO-mediated interaction between human IAV
NS2 and huANP32A/B may be redundant for human IAV polymerase
function and requires further investigation.

Previous studies have demonstrated that huANP32A and
huANP32B exhibit similar supportive roles in mammalian-adapted IAV
vPol activity, and both show limited support for AIV vPol activity''>*,
Despite our discovery in this study of the interaction between NS2 and
huANP32A and huANP32B via a similar SIM-SUMO interaction pattern,
there are distinctions between the two proteins. Specifically,
huANP32A relies on SUMO at K68/K153 for its interaction with NS2-
SIM, whereas huANP32B relies on SUMO at K68/K116. Intriguingly,
sequence alignment analysis shows the conservation of K68/K116
across mammalian ANP32A/B, whereas K153 conservation is exclusive
to mammalian ANP32A. Interestingly, the K68 site, which is conserved
in huANP32A, has previously been confirmed as a SUMOylation site in
huANP32B through mass spectrometry analysis®®. While SUMOylation
at the K116 site of huANP32A may also influence its interaction with
NS2, our findings suggest that its significance is comparatively lower
than that at the K68 and K153 sites. In addition, considering the sub-
stantial promotion of avian vPol activity by NS2 when supported by
other mammalian ANP32A/B, we postulate that the functionality of
these sites remains conserved across ANP32A/B from diverse mam-
malian species. Moreover, given the evolutionary conservation of
these SUMOylation residues, we speculate that SUMOylation at these
sites in huANP32A/B may also impact their function in supporting
mammalian-adapted IAV vPol activity. Further research is necessary to
validate this.

While we presented evidence highlighting the crucial role of the
SIM-SUMO module in mediating the interaction between NS2 and
huANP32A/B, we did not observe a complete disruption of this inter-
action upon mutation of the SUMO sites in huANP32A/B or the SIM site
in NS2. This may be because, as other reports have shown*, rather than
simply facilitating physical contact, SUMOylation may play a funda-
mental role in structurally orienting the two proteins for closer inter-
action. This hypothesis is further supported by the observation that
both huANP32A-K68R/K153R and huANP32B-K68R/K116R retain com-
parable SUMOylation levels with their wild-type counterparts, yet still
exhibit impaired interaction with NS2-SIM.

The molecular mechanisms underlying the maladaptation of AIV
polymerase to huANP32A/B remain largely unknown. Studies using
mammalian-adapted influenza virus polymerase subunits have shown
that huANP32A/B functions in a manner dependent on its interaction
with the trimeric polymerase complex'>’. However, some literature
suggests that the interaction of huANP32A/B with the trimeric poly-
merase complex may not be species-specific’. The trimeric poly-
merase complex must associate with viral RNA and NP to form vRNPs,
which then control transcription and replication of the viral genome®*¢.
A substantial body of research suggests that impaired assembly of
avian VRNP is associated with the restriction of avian vPol activity in
human cells®*’*%, Previously, we reported that the enhancement of
avian vPol activity by NS2 in human cells occurs through promotion of
the assembly of avian VRNP and facilitation of the interaction of vVRNP
with huANP32A/B?. In this study, we provide additional evidence
linking the limitation of AIV vPol activity in human cells to compro-
mised AIV VRNP assembly and attenuated interactions with huANP32A/
B. We demonstrate that NS2 relies on SIM-SUMO interactions with
huANP32A/B to surmount this restriction by fostering interactions
between AIV VRNP and huANP32A/B and enhancing AIV vVRNP assem-
bly. However, the specific molecular mechanisms governing the role of
ANP32A/B in supporting IAV vPol activity remain elusive. Notably,
whether the enhanced assembly of avian VRNP precedes increased
binding to ANP32A/B or vice versa remains uncertain. Nonetheless,
studies have shown that ANP32A/B mediates the assembly of the
influenza virus replicase by joining two polymerase molecules to form
an asymmetric dimer, thus serving as an essential component of the
influenza virus replicase*’~*". This observation suggests the possibility
that increased binding of the AIV VRNP to ANP32A/B may drive
enhanced AIV VRNP assembly. Further investigation is required to
confirm this.

The SIM typically comprises a central cluster of hydrophobic
amino acids, often flanked by acidic or polar residues'®". SIM motifs
facilitate non-covalent interactions with mono- or poly-SUMOylated
proteins. These SIM-SUMO-mediated interactions exhibit high
instability, readily induced or suppressed by altering the SUMOylation
status of the involved proteins. Such flexibility confers a survival
advantage to cells, enabling swift assembly of protein complexes in
response to changing stress conditions, as evidenced by numerous
studies?>****, In this study, we offer additional evidence that, beyond
cellular processes, invading viruses such as AlVs use the SIM-SUMO
interaction paradigm to engage in host-virus interactions and finely
regulate the assembly of protein complexes crucial for viral
replication.

Based on our data, we propose a model elucidating the role of NS2
in promoting AIV vPol activity in human cells (Fig. 9). AIV infection
induces an elevation in huANP32A/B SUMOylation, subsequently
recruiting NS2 through the SIM-SUMO interaction pattern to the
nuclear replication platform, where viral genome replication takes
place with the assistance of huANP32A/B. The recruited NS2 further
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enhances the functionality of huANP32A/B in supporting AIV vPol
activity by facilitating the interaction of VRNP with huANP32A/B,
thereby augmenting avian VRNP assembly. Given the dynamic and
reversible nature of the SUMOylation process, the role of NS2 in pro-
moting huANP32A/B-supported AIV vPol activity can be fine-tuned
using this previously unidentified SIM-SUMO operating pattern. Our
research contributes to comprehending the intricate interplay among
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NS2, huANP32A/B, and avian polymerase, shedding light on the
molecular mechanism underlying the enhanced adaptation of avian
vPol to huANP32A/B conferred by the SIM of NS2. Furthermore, our
study delineates a SIM-SUMO dependent mechanism through which
the interaction between NS2 and huANP32A/B can be finely modulated
by AlVs, allowing them to more effectively adapt to their new mam-
malian hosts.
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Fig. 8 | NS2-SIM enhances avian vPol activity by regulating AIV vRNP-
huANP32A/B interactions and AIV vVRNP assembly. a NS2 failed to promote the
binding of huANP32A-KO to H9N2 vRNP. HEK293T-TKO cells were transfected with
expression vectors for the indicated huANP32A-Flag constructs (0.4 pg), together
with H9N2-PB1 (0.4 pg), HON2-PB2 (0.4 pg), HON2-PA (0.2 pg), HON2-NP (0.8 ug),
and VRNA luciferase reporter (0.4 pg) and either with or without HO9N2-NS2 (50 ng).
The transfected cells were collected for IP and western blot analysis 24 hours post-
transfection. b NS2 promotes huANP32A-K0-R68K/R153K binding to HON2 vRNP.
¢ Effect of K68R, K153R or K68R/K153R mutations in huANP32A on its interaction
with HON2 vRNP in the presence of NS2. d NS2 did not enhance huANP32B-KO
binding to H9N2 VRNP. e NS2 promotes huANP32B-K0-R68K/R116K binding to
H9N2 vRNP. f Effect of K68R, K116R or K68R/K116R mutations in huANP32B on its
interaction with HIN2 vRNP in the presence of NS2. Experiments in (b to f) were
performed as in Fig. 8a. g Effect of NS2 on the HON2 vRNP assembly in HEK293T-
TKO cells reconstituted with either huANP32A or huANP32A-KO. HEK293T-TKO

cells were transfected with different ANP32A-V5 (0.4 pg), HON2-NP-Flag (0.8 pg)
and polymerase plasmids from HON2 (0.2 pg PA, 0.4 ug PB1, and 0.4 pg PB2)
together with VRNA luciferase reporter (0.4 pg) and HIN2-NS2 (50 ng). After anti-
Flag immunoprecipitation at 24 hours post-transfection, the indicated proteins
were analyzed with western blotting. h Effect of NS2 on the HON2 vRNP assembly in
HEK293T-TKO cells reconstituted with either huANP32A-KO or huANP32A-KO-
R68K/R153K. i Measurement of HON2 vVRNP assembly in HEK293T-TKO cells
reconstituted with huANP32A or the indicated mutants. j Effect of NS2 on HON2
VRNP assembly in HEK293T-TKO cells reconstituted with either huANP32B or
huANP32B-KO. k Effect of NS2 on H9N2 vRNP assembly in HEK293T-TKO cells
reconstituted with either huANP32B-KO or huANP32B-K0-R68K/R116K.

1 Measurement of H9N2 vRNP assembly in HEK293T-TKO cells reconstituted with
huANP32B or the mutants indicated. Experiments in (h to I) were performed as in
Fig. 8g. Experiments in (a to I) were independently repeated three times with
consistent results. Source data are provided as a Source Data file.
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NS2 protein is recruited to the replication platform by SUMOylated huANP32A/B
via the SIM-SUMO interaction pattern. The recruited NS2 uses its SIM to mediate an
intimate association with K68/K153-SUMO in huANP32A or K68/K116-SUMO in
huANP32B, which promotes huANP32A/B-supported AlV vPol activity by over-
coming the defects in AIV VRNP-huANP32A/B interactions and AIV VRNP assembly.
This figure was created with BioRender (https://www.biorender.com).

Methods

Cells, chemical reagents and plasmids

HEK293T cells, the previously described ANP324/ANP32B/ANP32E tri-
ple knockout HEK293T cells (HEK293T-TKO)”, the described SENPI
knockout HEK293T cells (HEK293T-SENP1-KO), MDCK cells and the
described ANP32A/ANP32B/ANP32E triple knockout MDCK cells
(MDCK-TKO) were cultured in DMEM supplemented with 10% fetal
bovine serum (Alphabio, Tianjin Alpha Biotechnology Co., Ltd) and
penicillin/streptomycin (100 U/mL). Cells were grown in a 5% CO, cell
culture incubator at 37 °C.

Puromycin (A1113803) was purchased from Thermo Fisher Sci-
entific. The SUMOylation enzymatic cascade inhibitor subasumstat
(TAK-981) was purchased from MedChemExpress (HY-111789).

The reverse genetic system for A/chicken/Zhejiang/B2013/2012
(H9N2) and plasmids pCAGGS-PBI1, pCAGGS-PB2, pCAGGS-PA, pCAGGS-
NP expressing the RNP components of HON2 and H7N9 (PB2-627E) have
been described previously>**, The His-SUMO1/2/3 sequences and their
non-conjugatable forms (His-SUMO1m/2 m/3 m) were subcloned sepa-
rately into a pCEF vector. EGFP-tagged human SUMOI and its non-

conjugatable form, which contains GG-to-AA mutations at the C termi-
nus (EGFP-SUMOIm), were subcloned into a pCAGGS vector. Myc-
tagged Ubc9 and V5/Flag-tagged ANP32A/B were subcloned into a
pCAGGS vector. VN-Myc-NS2, huANP32A/B-Flag-VC and GST-HIN2-NS2
were also subcloned into a pCAGGS vector. Flag-tagged SENP1, SENP2,
SENP3, SENPS, SENP6, SENP7, USPL1, and Flag-tagged PIAS family
members, including PIASI, PIAS2«, PIAS2[3, PIAS3 and PIAS4 were sub-
cloned separately into a VR1012 vector. Gene sequences for the lysine-
free mutant of huANP32A and huANP32B were generated by gene
synthesis and inserted into the pCAGGS vector or VR1012 vector. The
indicated additional mutations were introduced using a PCR method
and were confirmed by DNA sequencing. For production of lentiviral
particles, huANP32A/B and their different mutants were cloned into the
lentiviral vector pLVSIN-CMV-PGK-Puro for lentivirus production. All the
constructs were subsequently verified by sequencing.

Establishment of MDCK-TKO cells and stable cell lines
The canine ANP32A, ANP32B and ANP32E genes in MDCK cells were
knocked out using the CRISPR-Cas9 system. Briefly, MDCK cells in 6-well
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plates were transfected with 1pg of pMJ920 (Cas9-eGFP) plasmids and
1 g of gRNA expression plasmids using Polyethylenimine (PEI) reagent.
Single green fluorescent protein (GFP)-positive cells were harvested by
using fluorescence-activated cell sorting (FACS) after transfection for
36 hours, and were further expanded for screening of monoclonal
knockout cell lines with either western blotting or DNA sequencing.
Single canine ANP32A knockout (AKO) and canine ANP32B knockout
(BKO) cells were initially generated using two guides targeting the canine
ANP32A locus and the canine ANP32B locus, respectively. Double canine
ANP32A and ANP32B knockout (DKO) cells were then generated using
either AKO cells with two guides against canine ANP32B locus or BKO
cells with two guides against canine ANP32A locus. The final triple canine
ANP32A, ANP32B and ANP32E knockout MDCK (MDCK-TKO) cells were
generated using DKO cells with two guides against canine ANP32E locus.
AKO cells, BKO cells and DKO cells were validated with western blotting.
TKO cells were validated with DNA sequencing. The guide RNAs used in
this study are as follows: canine ANP32A (TAAGCGATAACAGAATCTCA
and CACTTAAATTTAGATGCGTG), canine ANP32B (ATAGGTTCGA
GAACTTGTCC and AGCCTACATTTATTAAACTG), canine ANP32E (TGA
CACACAGGCAATTATCA and TAATGTGGAACTAAGTTCAC).

For generation of MDCK-TKO cells stably reconstituted with the
different Flag-tagged ANP32A/B constructs, different Flag-tagged
ANP32A/B genes were first cloned into a pLVSIN-CMV-PGK-puro vec-
tor for producing lentiviral particles in HEK293T cells. MDCK-TKO cells
were then infected with the generated lentiviral particles. Puromycin
(1 pg/mL) was added 48 hours post-infection to obtain stable cell lines.

Establishment of SENP1 knockout cell lines

The human SENPI gene in HEK293T cells was knocked out (designated
HEK293T-SENP1-KO) using the CRISPR-Cas9 system. Briefly,
HEK293T cells in 6-well plates were transfected with 1 pg of the pMJ920
(Cas9-eGFP) plasmid and 1pg of gRNA expression plasmids using
Polyethylenimine (PEI) reagent. Single green fluorescent protein (GFP)-
positive cells were isolated using fluorescence-activated cell sorting
(FACS) 36 hours post-transfection and subsequently expanded for the
screening of monoclonal knockout cell lines via western blotting
(Supplementary Fig.10). The three guide RNAs utilized in this study are
as follows: CCCACCCATGGAGTCGTAAT; ACCATCCGCTTCCG-
GAAGTA; GTAAAGATGAGCTTGACGAT.

Virus stock production, and infection assays

Avian HIN2 viruses were rescued in HEK293T cells by using the reverse
genetic system of HON2 and were further inoculated into SPF chicken
embryos for propagation, as previously described®®. The resulting viral
stocks were then titrated in MDCK-chANP32A cells. For infection
assays, plated cells were infected with HON2 virus in Opti-MEM sup-
plemented with 1pug/mL L-1-Tosylamide-2-phenylethyl chloromethyl
ketone (TPCK) -trypsin. Cell supernatants were collected at the indi-
cated time points, and virus titers were determined in MDCK-
chANP32A cells using 50% tissue culture infective dose (TCIDs() assay.

Minigenome assays

HEK293T-TKO cells were plated in 24-well plates and co-transfected
with the following plasmids: pPoll-luc (40 ng), pRL-TK encoding
Renilla luciferase (5ng), pCAGGS-PB1 (20 ng), pCAGGS-PB2 (20 ng),
pCAGGS-PA (10 ng), pCAGGS-NP (40 ng), and plasmids encoding the
indicated ANP32 proteins (20 ng), along with or without the plasmid
encoding NS2, using Polyethylenimine (PEI) transfection reagent.
Twenty-four hours post-transfection, the cells were lysed, and relative
luciferase activity was measured using the Dual-luciferase system
(Promega) with a Berthold Centro LB 960 microplate luminometer.

Immunoprecipitation assays
Cells were lysed with lysis buffer (50 mM Hepes-NaOH [pH 7.9],
100 mM NacCl, 50 mM KCl, 0.25% NP-40, and 1 mM DTT) plus complete

inhibitor cocktail (APEXBIO, Houston, USA, K1007). The lysates were
centrifuged (13000 g, 10 min). The supernatants were incubated with
anti-Flag M2 magnetic beads (Sigma-Aldrich, M8823) at 4 °C overnight.
The beads were washed five times with PBS and eluted with 3x Flag
peptide (APEXBIO, Houston, USA; A6001) and the immunoprecipitated
proteins were then analyzed using western blotting.

Mass spectrometry analysis

Proteomic analysis was performed by Genechem Biotechnology Co.,
Ltd. (Shanghai, China) on three independent samples from the Flag-
HON2-NS2 group (Flagl, Flag2, Flag3) and three independent samples
from the control vector group (V1, V2, V3). The analysis utilized a
nanoElute (Bruker, Bremen, Germany) coupled with a timsTOF Pro
mass spectrometer (Bruker, Bremen, Germany) equipped with a Cap-
tiveSpray source. Peptides were separated on a 25 cmx75 pm analytical
column, 1.6 pm CI8 beads with a packed emitter tip (lonOpticks,
Australia). The column temperature was maintained at 50 °C using an
integrated column oven (Sonation GmbH, Germany). The column was
equilibrated with 4 column volumes before loading the sample in 100%
buffer A (99.9% MilliQ water, 0.1% FA) (both steps performed at
800 bar). Samples were separated at 300 nl/min using a linear gradient
as follows 1.5 hour gradient: 2-22% buffer B for 75 min, 22-37% buffer B
for 5 min, 37-80% buffer B for 5 min, held in 80% buffer B for 5 min.The
timsTOF Pro (Bruker, Bremen, Germany) was operated in PASEF mode.
Mass range 100 to 1700 m/z, 1/KO start 0.75 V-s/cm2 end 1.4 V-s/cm2,
ramp time 100 ms, lock duty cycle 100%, capillary voltage 1500V, dry
gas 3 1/min, dry temp 180 °C, PASEF settings: 10 MS/MS scans (total
cycle time 1.16 sec), loading range 0-5, active exclusion for 0.5 min,
scheduling Target intensity 10000, intensity threshold 2500, CID
collision energy 20-59 eV. MS data were analyzed using MaxQuant
software version 1.6.17.0. MS data were searched against the human
protein database (uniprot_homo_20240515_20435_9606_swiss_prot).
An initial search was performed with a precursor mass window of 10
ppm. The search followed an enzymatic cleavage rule of trypsin/P,
allowing a maximum of three missed cleavage sites and a mass toler-
ance of 40 ppm for fragment ions. Carbamidomethylation of cysteines
was defined as a fixed modification, while protein N-terminal acetyla-
tion and methionine oxidation were defined as variable modifications
for database searching. In addition, the MS data were also searched
against the viral proteins of A/chicken/Zhejiang/B2013/2012(H9N2).
The global false discovery rate (FDR) cut-off for peptide and protein
identification was set at 0.01.

In vitro SUMOylation assays

HEK293T cells grown in 75 cm? cell culture flasks were transfected with
the indicated plasmids. Transfected cells were lysed in 2 mL RIPA lysis
buffer supplemented with 1% SDS, 10 mM N-Ethylmaleimide (NEM)
(Sigma-Aldrich, E3876) and complete inhibitor cocktail (APEXBIO,
Houston, USA, K1007). The lysates were sonicated until they became
fluid and then centrifuged (13000 g, 10 min). The supernatants were
incubated with Ni*-NTA beads (Sangon Biotech, C650033) at 4 °C
overnight. The beads were then washed sequentially with buffer A
(50 mM Tris-HCI, 0.5M NaCl, 6 M guanidine-HCI), buffer B (50 mM
Tris-HCI, 0.5M NaCl, 8 M urea), and PBS. The bound proteins were
then eluted with elution buffer containing 200 mM imidazole, and
analyzed with western blotting. SUMOylation assays, shown in Figs. 6g
and 7g, were conducted in HEK293T-SENP1-KO cells.

siRNA treatment

siRNA transfection was performed using Lipofectamine™ 2000 trans-
fection reagent according to the manufacturer’s protocol on the same
day as HEK293T cells were seeded. 24 hours after siRNA transfection,
the cells were further transfected with plasmids as indicated using
Polyethylenimine (PEI) transfection reagent. Cells were harvested for
analysis 24 hours after the second transfection step. siRNA
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oligonucleotides against SENP1 (siRNA1: 5-GCGCCAGAUUGAAGAA-
CAGAA-3’; siRNA2: 5-UGACCAUUACACGCAAAGAUA-3’), PIAS2(siRN
Al:5-GCCAUGUUAUUACAGAGAUUA-3’;siRNA2:5-GCUGCUAUUCCGC
CUUCAUUA-3) and non-targeting control (5-UUCUCCGAACGUGU
CACGU-3’) were purchased from Seven Innovation (China, Beijing)
Biotechnology.

Western blot analysis

Western blot analysis was conducted following established protocols
using the following antibodies: rabbit anti-Flag (Sigma, F7425), mouse
anti-Flag (Sigma, F1804), rabbit anti-HA (Sigma, H6908), rabbit anti-
ACTB (Abclonal, AC026), mouse anti-ACTB (Abclonal, AC0O04), rabbit
anti-Myc (Abclonal, AEO70), rabbit anti-SUMO1 (Abclonal, A19121),
rabbit anti-SUMO2/3 (Abclonal, A5066), rabbit anti-SENP1(Abcam,
ab108981), mouse anti-His (Proteintech, 66005-1-Ig), rabbit anti-V5
(Proteintech, 14440-1-AP), rabbit anti-SENP1 (Proteintech, 25349-1-AP),
rabbit anti-PIAS2 (Proteintech, 16074-1-AP), rabbit anti-GST (Pro-
teintech, 10000-0-AP), rabbit anti-ANP32A (Proteintech,15810-1-AP),
rabbit anti-ANP32B (Proteintech, 10843-1-AP), mouse anti-ANP32A
(Proteintech, 67687-1-1g), mouse anti-ANP32B (Proteintech, 66160-1-
Ig), rabbit anti-influenza A virus NS2 (GeneTex, GTX125953), rabbit
anti-influenza B virus NP (GeneTex, GTX128538), rabbit anti-influenza
A virus PB2 (GeneTex, GTX125926), rabbit anti-influenza A virus PA
(GeneTex, GTX118991), mouse anti-influenza A virus PA (prepared in
our laboratory, 1:5000 for WB), mouse anti-influenza A virus NP (pre-
pared in our laboratory, 1:5000 for WB), Biotin-conjugated Affinipure
Goat Anti-Rabbit IgG(H + L) (Proteintech, SAO0004-2), DyLight 800-
labeled Anti-Mouse IgG (H+L) Antibody (KPL, 5230-0415), DyLight
680-labeled Anti-Rabbit IgG (H+L) Antibody (KPL, 5230-0402) and
DyLight™ 680-labeled streptavidin (KPL, 5270-0025).

To detect NS2-huANP32A/B interactions, the GST-NS2 signal
within purified protein complexes was enhanced using the biotin-
streptavidin system. Specifically, the membrane underwent sequential
incubation with anti-GST (rabbit) antibody, Biotin-conjugated Affini-
pure goat anti-Rabbit IgG (H + L), and DyLight™ 680-labelled strepta-
vidin. Subsequently, bands were analyzed by scanning blots with the
Odyssey Imaging System (Li-Cor, Lincoln, NE, USA).

12

Generation of stable cell lines

HIV-1-based lentiviral particles were produced by transfecting
HEK293T cells with plasmids pspAX2, pMD2.0 G and vector plasmids
(pLVSIN-CMV-PGK-puro). Supernatants were collected 48h post-
transfection. Then HEK293T-TKO cells were then infected with these
generated lentiviruses. Stable cell lines were subjected to puromycin
selection (1 pg/mL).

Immunofluorescence staining

Immunofluorescence analysis was performed as previously
described™. Briefly, the indicated cells were fixed in 4% paraf-
ormaldehyde for 20 min, followed by permeabilization in PBS con-
taining 0.05% Triton X-100 for 10 min. The cells were then blocked in
PBS with 5% milk powder in PBS for 30 min before incubation with
primary antibodies at 4 °C overnight. The cells were then washed three
times with PBS before incubation with Alexa Fluor 488 (Invitrogen,
Al11029)-, 405 (Invitrogen, A31553)-, or 647 (Invitrogen, A32733)-con-
jugated secondary antibodies, with or without DAPI, for 1 hour at room
temperature. Images were acquired using a confocal microscope (Carl
Zeiss LSM 800 Confocal Microscope and ZEN 2.3 LITE software).

Proximity-ligation assay (PLA)

PLA experiments were conducted using the Duolink In Situ Red Starter
Kit (mouse/rabbit, Sigma-Aldrich, cat. no. DU092101) to identify direct
interactions between two proteins. Briefly, HEK293T cells were seeded
in Nunc glass-bottom dishes. After treatment (with or without HON2
infection), the cells were fixed in 4% paraformaldehyde and

permeabilized with 0.1% Triton X-100, followed by blocking with
Duolink® PLA Blocking Buffer. A pair of primary antibodies derived
from mouse and rabbit was incubated overnight at 4 °C, then washed
twice with 1x Duolink In Situ Wash Buffer A for 5 minutes each, fol-
lowed by incubation with Duolink® anti-rabbit PLUS and anti-mouse
MINUS PLA probes for 1hour. After washing twice with 1x Duolink In
Situ Wash Buffer A for 5 minutes each, a ligation-ligase solution was
added and incubated at 37 °C for 30 minutes. The samples were then
washed twice for 5 minutes, followed by amplification with polymerase
solution at 37 °C for 100 minutes, and finally washed twice with 1x
Duolink In Situ Wash Buffer B for 10 minutes each. The samples were
mounted with Duolink In Situ Mounting Medium containing DAPI and
imaged using a confocal microscope. Control experiments were con-
ducted with each primary antibody incubated separately to validate
the specificity of the assay. Protein-protein interactions appeared as
red dots.

Bimolecular fluorescence complementation (BiFC) Assay

For BiFC visualization, HEK293T cells were cultured on glass-bottom
cell culture dishes and transiently transfected with VN and VC
expression vectors. After 24 hours, the cells were fixed with 4% paraf-
ormaldehyde, permeabilized with 0.1% Triton X-100, and blocked with
5% bovine serum albumin (BSA). They were then incubated with the
corresponding primary antibodies at 4 °C overnight, followed by Alexa
Fluor 405- or 647-conjugated secondary antibodies for 1 hour at room
temperature in the dark. Finally, the cells were washed with PBS five
times and either treated with DAPI reagent or left untreated. Samples
were assessed using confocal microscopy (Carl Zeiss LSM 800 Con-
focal Microscope and ZEN 2.3 LITE software).

For BiFC analysis using flow cytometry, HEK293T cells were see-
ded in 24-well plates and transfected with VN and/or VC expression
vectors. After 24 hours, the cells were gently trypsinized and collected
into 15 ml Falcon tubes. The cells were then pelleted by centrifugation,
washed twice with ice-cold phosphate-buffered saline (PBS), and
resuspended in 100 ul of PBS. Fluorescence-activated cell sorting
(FACS) analysis was conducted with an excitation wavelength of
488 nm, following the gating strategy outlined in Supplementary
Fig. 11. Suspensions containing 1x10~4 cells were analyzed for the mean
fluorescence intensity (MFI) of the BiFC fluorescence signals from the
transfected cells.

RNA isolation and real-time quantitative PCR

Total RNA was isolated from cells using a RNeasy mini kit (Qiagen,
74106) according to the manufacturer’s instructions. Complementary
DNA was synthesized using the PrimeScript RT reagent kit with a gDNA
Eraser (Takara, RRO47B) according to the manufacturer’s instructions.
The mRNA level of PIAS2 in HEK293T cells was quantified using SYBR-
Green (Takara, RR430A)-based real-time quantitative PCR analysis.
Real-time PCR was performed using the human PIAS2 mRNA primers:
PIAS2-qPCR-F: 5-GTTCTTGGTGTCCAATGAGACCG-3’; PIAS2-gPCR-R:
5-TGCTTGCCTCACTGGCTACAGT-3. ACTB was used as a house-
keeping control to normalize the number of living cells. The ACTB
primers were ACTB-forward (5~ACGGCATCGTCACCAACTG-3) and
ACTB-reverse (5-CAAACATGATCTGGGTCATCTTCTC-3).

Statistics and reproducibility

All statistical analyses were performed with GraphPad Prism software.
Quantitative data are presented as mean+SD and statistical sig-
nificance was analysed using two-tailed unpaired t-test, two-way
ANOVA or one-way ANOVA followed by Dunnett’s multiple compar-
isons tests, where appropriate, as indicated in the figure legends. A p-
value of 0.05 or less was considered statistically significant. For all bar
graphs, data are presented as mean + SD from at least three indepen-
dent biological replicates (n > 3). Fluorescence images in Figs. le, 1g, 1i;
3¢, 3f, 3j, 3m are representative of two independent experiments with
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similar results. Western blot images in Fig. 5i and k were carried out
once to validate the comparable expression levels of indicated con-
structs in transfected MDCK-TKO cells, which were used for the
experiments shown in Fig. 5Sh and j, respectively. Western blot images
in Figs. 6f, 61; and 7f, 7l were carried out once to validate the com-
parable expression levels of overexpressed proteins in MDCK-TKO
stable cell lines, which were then used for the experiments shown in
Figs. 6e, 6k; and 7e, 7k, respectively. Western blot images in Figs. 6b
and 7b were carried out once to validate the comparable expression
levels of the indicated constructs, which were then used for the
experiments shown in Figs. 6c, 6d; 7c, 7d, respectively. All other
Western blots were independently repeated at least twice with con-
sistent results; the exact number of repetitions is provided in the figure
legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (https://proteomecentral.proteom
exchange.org) via the iProX partner repository’**” with the dataset
identifier PXD056322. All data supporting the findings of this study are
available within the paper and its source data files. Source data are
provided with this paper.
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