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Influenza A virus (IAV) commandeers numerous host cellular factors for successful replication. However, very few host factors have been
revealed to be involved in the fusion of viral envelope and late endosomal membranes. In this study, we identified cation-dependent
mannose-6-phosphate receptor (M6PR) as a crucial host factor for the replication of IAV. We found that siRNA knockdown of M6PR
expression significantly reduced the growth titers of different subtypes of IAV, and that the inhibitory effect of M6PR siRNA treatment on
IAV growth was overcome by the complement of exogenously expressed M6PR. When A549 cells were treated with siRNA targeting M6PR,
the nuclear accumulation of viral nucleoprotein (NP) was dramatically inhibited at early timepoints post-infection, indicating that M6PR
engages in the early stage of the IAV replication cycle. By investigating the role of M6PR in the individual entry and post-entry steps of IAV
replication, we found that the downregulation of M6PR expression had no effect on attachment, internalization, early endosome trafficking,
or late endosome acidification. However, we found that M6PR expression was critical for the fusion of viral envelope and late endosomal
membranes. Of note, M6PR interacted with the hemagglutinin (HA) protein of IAV, and further studies showed that the lumenal domain of
M6PR and the ectodomain of HA2 mediated the interaction and directly promoted the fusion of the viral and late endosomal membranes,
thereby facilitating IAV replication. Together, our findings highlight the importance of the M6PR–HA interaction in the fusion of viral and
late endosomal membranes during IAV replication.
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INTRODUCTION

Influenza A virus (IAV) is an enveloped, segmented, negative-
stranded RNA virus, belonging to Orthomyxoviridae family. The
eight viral RNA segments encode 10 essential proteins as well as
a few accessory proteins (Muramoto et al., 2013; Wise et al.,
2009; Wise et al., 2012; Yamayoshi et al., 2016). On the basis of
the antigenicity of the two surface glycoproteins, hemagglutinin
(HA) and neuraminidase (NA), IAV is further classified into
different subtypes. To date, 18 HA subtypes and 11 NA subtypes
of IAV have been identified (Tong et al., 2013). IAV causes
seasonal epidemics and occasional pandemics in humans. Since
the beginning of the last century, there have been four human
influenza pandemics: the 1918 H1N1 pandemic, 1957 H2N2
pandemic, 1968 H3N2 pandemic, and 2009 swine-origin H1N1
pandemic (Kasowski et al., 2011). In addition to these
pandemics, seasonal influenza epidemics occur annually and kill
an estimated 290,000–650,000 people each year (Iuliano et al.,
2018). Moreover, the avian and swine influenza viruses severely
threat the global animal husbandry and also occasionally infect
humans, causing mild-to-severe disease and even death (Cui et
al., 2022a; Cui et al., 2022b; Gao et al., 2013; Gu et al., 2022;
Lai et al., 2016; Lee et al., 2021; Li and Chen, 2021; Liu et al.,
2022; Meng et al., 2023; Shi et al., 2017; Shi et al., 2018).

IAV infection is initiated by HA binding to sialic acid (SA)

receptors on cell surface glycoproteins or glycolipids (Rogers et
al., 1983). After binding to these receptors, IAV is internalized by
receptor-mediated endocytosis, including clathrin-dependent or
clathrin-independent endocytosis or macropinocytosis (de Vries
et al., 2011; Rust et al., 2004; Sieczkarski and Whittaker, 2002).
Internalized viruses are transported from early endosomes to late
endosomes, where the low pH environment triggers large
conformational rearrangements in HA that expose the fusion
peptide of HA2 to facilitate the fusion of viral envelope and
endosomal membranes, thereby providing a pathway for the
viral ribonucleoprotein (vRNP) to enter the cytoplasm (Bullough
et al., 1994; Lakadamyali et al., 2003; Skehel and Wiley, 2000).
To date, several host cellular factors have been shown to be
involved in attachment or internalization during IAV entry
through association with HA. Among them, HSP90AA1 (heat
shock protein 90AA1) interacts with HA to increase IAV
attachment on the surface of infected cells (Wang et al.,
2020b). FFAR2 (free fatty acid receptor 2), IGDCC4 (transmem-
brane protein immunoglobulin superfamily DCC subclass mem-
ber 4), and nucleolin interact with HA and promote the
internalization of IAV into host cells (Chan et al., 2016; Song
et al., 2021; Wang et al., 2020a). Regarding the fusion process of
viral envelope and late endosomal membranes, it is a rate-
limiting step at the post-entry stage of virus replication cycle.
Therefore, a large number of studies have been carried out in this
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critical research area. However, a gap remains unresolved
regarding whether any host factor engages in the fusion of viral
envelope and late endosomal membranes through association
with HA—the central player in driving the membrane fusion of
IAV.

By using genome-wide siRNA library screening, our laboratory
identified a number of potential host cellular proteins involved in
the replication cycle of IAV, including FFAR2 and BinCARD1,
whose roles in the replication of IAV have been elucidated (Wang
et al., 2020a; Wang et al., 2022b). In this study, we focused on
cation-dependent mannose-6-phosphate receptor (CD-MPR, also
called M6PR), which was required for IAV replication in our
preliminary screen. M6PR is a 46-kD type I transmembrane
glycoprotein that is found in the trans-Golgi-network (TGN),
endosomes, and plasma membrane, but not lysosomes (Ghosh et
al., 2003; Klumperman et al., 1993). M6PR belongs to the P-type
lectin family, which consists of two members, M6PR and the
insulin-like growth factor II/cation-independent mannose 6-
phosphate receptor (IGF-II/CI-MPR). These two MPRs play an
important role in delivering newly synthesized lysosomal
enzymes bearing the M6P signal from the TGN to late endosomes.
After the cargo enzymes are unloaded in the late endosomes, the
MPRs are recycled back to the TGN to repeat this process
(Bonifacino and Rojas, 2006; Pfeffer, 2009). M6PR was
previously revealed to be important for the cell entry of
rotaviruses and enterovirus 71 (Díaz-Salinas et al., 2014; Ohka
et al., 2022), and for the transport of varicella-zoster virus (VZV)
along the egress pathway from the late endosomes to the plasma
membrane (Girsch et al., 2020). However, a role for M6PR in
IAV infection has never been reported.

In the present study, we demonstrate that M6PR is a novel host
factor with a positive regulatory effect on IAV replication. We
find that M6PR plays an important role in mediating the
membrane fusion process of IAV with late endosomes. Strikingly,
the lumenal domain of M6PR interacts with the ectodomain of
HA2, and this interaction directly promotes the fusion of the viral
and late endosomal membranes, thereby facilitating the replica-
tion of IAV. This finding shows that in addition to the acidic
environment of late endosomes, IAV also requires the participa-
tion of interacting host factors when membrane fusion occurs,
which may provide new targets for the development of antiviral
drugs.

RESULTS

M6PR is required for the replication of different subtypes
of IAV

M6PR was revealed as a potential host factor required for IAV
replication in a genome-wide siRNA screen by using a Venus-
expressing replication-competent H5N1 virus (Wang et al.,
2018). To verify this finding, the impact of siRNA-mediated
M6PR knockdown on the replication of multiple IAV strains was
determined. First, we analyzed the knockdown efficiency of
M6PR-specific siRNA (siM6PR) by using quantitative reverse-
transcription PCR (RT-qPCR) and Western blotting. We found
that M6PR expression was reduced at both the mRNA and
protein levels in siM6PR-treated A549 cells compared with
scrambled siRNA-treated cells (Figure 1A and B), and that M6PR
knockdown had no adverse effect on cell viability (Figure 1C).
Next, we infected siRNA-treated A549 cells with a range of IAV

strains: A/Anhui/2/2005 (AH05, H5N1), A/WSN/1933 (WSN,
H1N1), and A/chicken/Shanghai/SC197/2013 (SH13, H9N2)
(Figure 1D–F). The growth titers of all three viral strains in the
siM6PR-treated A549 cells were significantly decreased at 24
and 48 h post-infection (p.i.) compared with those of scrambled
siRNA-treated cells, demonstrating that M6PR is important for
the efficient growth of different subtypes of IAV. To exclude the
possibility of off-target siRNA effects, we repeated this experiment
using another two different siRNAs targeting M6PR (siM6PR-2
and siM6PR-3). Both siRNAs substantially reduced M6PR
expression (Figure 1G), and depletion of M6PR with either
siRNA greatly reduced the growth titers of WSN (H1N1) virus
compared with cells transfected with scrambled siRNA (Figure
1H). These results indicate that knockdown of cellular M6PR
expression has an inhibitory effect on the replication of IAV.

To validate and extend these findings, we complemented the
expression of M6PR in siM6PR-treated HEK293 cells by
transfecting a plasmid encoding M6PR, followed by assessment
of its effect on the growth property of IAV. As shown in Figure 1I,
the complement of M6PR expression restored the growth titers of
WSN (H1N1) virus at 24 and 48 h p.i., demonstrating that the
inhibitory effect of siRNA-mediated M6PR knockdown on IAV
replication is caused by the depletion of M6PR expression.

We also established an M6PR knockout (M6PR_KO) A549 cell
line by using the CRISPR/Cas9 gene-editing tool. By co-
electrotransfection of two pSpCas9(BB)-2A-GFP (pX458) con-
structs bearing single guide RNA (sgRNA) targeting M6PR into
A549 cells, the M6PR_KO A549 cell clone was successfully
generated, and confirmed by Western blotting with a rabbit anti-
M6PR antibody (Figure 1J). M6PR knockout had no detectable
effect on cell viability (Figure 1K). The titers of WSN (H1N1) virus
grown in M6PR_KO A549 cells were dramatically reduced
compared with those of the control cells at 24 and 48 h p.i.
(Figure 1L). These results confirm that M6PR is a proviral host
cellular factor for IAV replication.

M6PR is required for the early stage of the IAV replication
cycle

To investigate which stage of the IAV replication cycle is affected
by M6PR, A549 cells treated with siM6PR or scrambled siRNA
were infected with WSN (H1N1) virus at an MOI (multiplicity of
infection) of 5. At 6 and 9 h p.i., the level of viral nucleoprotein
(NP) was determined by Western blotting. We found that
knockdown of M6PR dramatically reduced the level of viral NP
protein (Figure 2A). We also measured the vRNA, mRNA, and
cRNA levels of the viral NP gene in WSN (H1N1)-infected A549
cells at 3 and 6 h p.i. by using RT-qPCR (Figure 2B). The levels of
each species of viral RNA in siM6PR-treated A549 cells were
significantly reduced compared with those in scrambled siRNA-
treated cells, which were initially observed at 3 h p.i., indicating
that M6PR most likely functions in the early stage of IAV
replication. To validate this finding, we determined the cellular
distribution of NP at early timepoints of infection in siRNA-
treated A549 cells. The siRNA-treated cells were infected with
WSN (H1N1) virus (MOI: 5), and at the indicated timepoints p.i.,
viral NP was stained with a mouse anti-NP mAb and visualized
by confocal microscopy. A clear NP signal was visualized in the
nuclei of scrambled siRNA-treated A549 control cells at 3 h p.i.,
whereas the cells treated with siM6PR or siRNA targeting a
subunit of the vacuolar ATPase (siVATPase) (serving as a
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positive control) showed a dramatic reduction in nuclear staining
of NP (Figure 2C). Viral NP accumulated in the nucleus of 47%

and 100% of scrambled siRNA-treated A549 cells at 2 and 3 h
p.i., respectively (Figure 2D). In contrast, viral NP was only

Figure 1. M6PR positively regulates IAV replication in A549 cells. A, The mRNA level of M6PR in siM6PR- or scrambled siRNA-transfected A549 cells was quantified by RT-
qPCR at 36 h post-transfection. ****, P<0.0001. B, The siRNA knockdown of M6PR expression was confirmed by Western blotting with a rabbit anti-M6PR monoclonal antibody
(mAb). C, Cell viability of siM6PR-transfected A549 cells was assessed by using a CellTiter-Glo assay. D–F, siM6PR- or scrambled siRNA-transfected A549 cells were infected with
AH05 (H5N1) (MOI: 0.01) (D), WSN (H1N1) (MOI: 0.01) (E), or SH13 (H9N2) virus (MOI: 0.1) (F). At the indicated timepoints p.i., supernatants were collected and titrated for
infectious viruses by plaque assays on MDCK cells. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. G, The mRNA level of M6PR in A549 cells transfected with additional
siRNAs targeting M6PR was quantified by RT-qPCR at 36 h post-transfection. ****, P<0.0001. H, A549 cells transfected with additional siRNAs targeting M6PR were infected
with WSN (H1N1) (MOI: 0.01). At the indicated timepoints p.i., supernatants were collected and titrated for infectious viruses by plaque assays on MDCK cells. ***, P<0.001; ****,
P<0.0001. I, Overexpression of M6PR restores the growth of WSN (H1N1) virus in siM6PR-treated HEK293 cells. siM6PR- or scrambled siRNA-treated HEK293 cells were
transfected with the indicated plasmids. At 24 h post-transfection, the cells were infected with WSN (H1N1) virus (MOI: 0.1). At the indicated timepoints p.i., supernatants were
collected and titrated for infectious viruses by plaque assays on MDCK cells. *, P<0.05; ****, P<0.0001; ns, not significant. J, The knockout of M6PR in M6PR_KO A549 cells was
confirmed by Western blotng with a rabbit anti-M6PR mAb. K, The viability of M6PR_KO A549 cells and A549 control cells were assessed by using the CellTiter-Glo assay. L,
M6PR_KO A549 cells or A549 control cells were infected with WSN (H1N1) (MOI: 0.01). At the indicated timepoints p.i., supernatants were collected and titrated for infectious
viruses by plaque assays on MDCK cells. **, P<0.01; ***, P<0.001. Data are representative of at least three independent experiments. Means±SD are shown in (A, C–I, K, L) (n=3).
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Figure 2. M6PR is required for the early stage of the IAV life cycle. A, siM6PR- or scrambled siRNA-treated A549 cells were infected with WSN (H1N1) virus (MOI: 5). Whole-
cell lysates were prepared at the indicated timepoints and Western blotted with a rabbit anti-NP pAb. B, The effect of M6PR downregulation on the levels of viral RNAs. siM6PR-
or scrambled siRNA-treated A549 cells were infected with WSN (H1N1) virus (MOI: 5). The levels of vRNA, mRNA, and cRNA of the NP gene were detected by RT-qPCR at 3 and
6 h p.i. **, P<0.01; ***, P<0.001. C, The effect of M6PR knockdown on the cellular distribution of NP in the early stage of the IAV replication cycle. WSN (H1N1) virus (MOI: 5)
was used to infected A549 cells that were treated with siM6PR, siVATPase or scrambled siRNA for 36 h. At 2 and 3 h p.i., the infected cells were fixed and stained with a rabbit
anti-M6PR mAb and a mouse anti-NP mAb, followed by incubation with Alexa Fluor 488 goat anti-rabbit IgG (H+L) (green) and Alexa Fluor 633 goat anti-mouse IgG (H+L)
(red). The nuclei were stained in blue with DAPI. Scale bars, 10 μm. D, Quantitative analysis of NP localization in siRNA-treated, WSN (H1N1)-infected A549 cells. Based on the
confocal microscopy images in (C), the localization of NP (indicative of vRNP) in the early stage of the virus replication cycle was categorized into three types: no nuclear
localization, weak nuclear localization, and strong nuclear localization. The results shown are calculated from 100 cells visualized under a 40X objective lens. E, Cell fractionation
experiment to analyze the effect of M6PR knockdown on the nuclear import of incoming vRNP complex. siM6PR- or scrambled siRNA-treated A549 cells were infected with WSN
(H1N1) virus (MOI: 5) in the presence of cycloheximide (100 μg mL−1). At 3 h p.i., the nuclear and cytoplasmic fractions of cells were separated and Western blotted with a rabbit
anti-NP pAb, a rabbit anti-Lamin B1 pAb, and a rabbit anti-GAPDH pAb. Densitometry measurement of the Western blots was carried out with ImageJ software. Data are
representative of at least two or three independent experiments. Means±SD are shown in (B) (n=3).
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observed in the nucleus of 4% and 9% of siM6PR-treated cells,
and 3% and 21% of siVATPase-treated cells at the same
timepoints (Figure 2D). These results demonstrate that M6PR
downregulation impairs the early stage of the IAV replication
cycle.

The inhibitory effect of M6PR downregulation on viral NP
localization was confirmed in a cell fractionation experiment. We
infected siM6PR- or scrambled siRNA-treated A549 cells with
WSN (H1N1) virus (MOI: 5). At 3 h p.i., the lysates of infected
cells were separated into cytoplasmic and nuclear fractions, and
subjected to Western blotting. As shown in Figure S1 in
Supporting Information, the marker proteins Lamin B1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were only
detected in the nucleus and cytoplasm, respectively. Of note, the
NP level was much lower in the nuclear extracts of the M6PR-
downregulated A549 cells than in the scrambled siRNA-treated
cells, indicating that M6PR knockdown disrupts the early stage of
the virus replication cycle. To further determine whether M6PR
plays a role in the nuclear import of the incoming vRNP complex,
we also repeated this experiment in the presence of cyclohex-
imide, a protein translation inhibitor, to block the synthesis of
new NP. We found that the level of NP in the nuclei of siM6PR-
treated cells was remarkably lower than that of scrambled
siRNA-treated cells (Figure 2E), indicating that the nuclear
import of the incoming vRNP complex is dramatically inhibited
due to M6PR downregulation. These results confirm that M6PR
is critical for the early stage of the virus replication cycle.

M6PR is not required for attachment, internalization, or
early endosomal trafficking of IAV

To further examine the role of M6PR in the early stage of the IAV
replication cycle, we assessed the impact of M6PR knockdown on
the entry and early post-entry steps. First, we tested the effect of
siM6PR treatment on viral attachment to the cell surface. A549
cells transfected with the siM6PR or scrambled siRNA were
infected with WSN (H1N1) virus (MOI: 5) at 4°C for 1 h and then
washed five times with ice-cold phosphate-buffered saline (PBS)
(pH=7.2) or acidic PBS (pH=1.3), with the latter treatment being
able to elute uninternalized virus particles on the cell surface
(Song et al., 2021; Wang et al., 2020a; Wang et al., 2022b). The
amount of virus attached on the cell surface was evaluated by
assessing the amount of viral NP protein by Western blotting. As
shown in Figure 3A, when washed with PBS (pH=7.2), the
amount of viral NP protein on the surface of siM6PR-treated
A549 cells was comparable to that of the scrambled siRNA-
treated cells; however, when washed with acidic PBS (pH=1.3),
the viral NP protein of cells treated with both siRNAs was nearly
undetectable. These results indicate that M6PR does not exert a
role in IAV attachment to the cell surface.

Next, we evaluated the effect of siM6PR treatment on IAV
internalization. A second set of A549 cells pretreated as above
was incubated at 37°C for 1 h after the infection at 4°C to enable
the virus to get internalized. After being washed with ice-cold
PBS (pH=7.2) or acidic PBS (pH=1.3), the cells were lysed and
the amount of total NP from both attached and internalized
viruses (PBS washed) or the amount of NP from internalized
viruses (acidic PBS washed) was detected by Western blotting.
We found that the amount of viral NP protein was comparable
between siM6PR- and scrambled siRNA-treated A549 cells for
both the PBS- and acidic PBS-washed cells (Figure 3B). We also

performed this experiment in A549 cells that were pre-treated
with dynasore, a specific endocytosis inhibitor. When washed
with acidic PBS, the dynasore-treated A549 cells transfected with
scrambled siRNA showed clearly lower level of NP compared
with those non-dynasore-treated cells transfected with scrambled
siRNA or siM6PR (Figure S2 in Supporting Information). These
results indicate that M6PR is not involved in the internalization
step of IAV.

After internalization, the IAV particles traffic through the
cytoplasm via the endosomal pathway, which is separated into
early endosomes and late endosomes that can be differentiated by
specific molecular markers, such as the early endosome marker
EEA1 (early endosomal antigen 1) (Christoforidis et al., 1999).
To examine whether M6PR plays a role in early endosomal
trafficking during IAV infection, A549 cells transfected with
siM6PR or scrambled siRNA were incubated with WSN (H1N1)
virus (MOI: 15) on ice for 1 h. After the unbound inoculum was
removed by washing with ice-cold PBS, the cells were incubated
at 37°C and then fixed at 30, 45 and 60 min post-temperature
shift (p.t.s.). The amount of virus in the early endosomes was
determined by confocal microscopy analysis to examine the
colocalization of HA and EEA1, and the percentage of HA
colocalizing with EEA1 was measured by using Imaris software.
The colocalization between HA and EEA1 was detected
throughout the visualization timepoints, and was observed
similarly between siM6PR- and scrambled siRNA-treated cells
(Figure 3C; Figure S3A in Supporting Information). This result
indicates that M6PR does not function during the early
endosomal trafficking of IAV.

M6PR is important for the membrane fusion step of IAV,
but is not required for acidification of late endosomes

After trafficking through early endosomes, viral particles are
transported to late endosomes, where the low pH condition
triggers membrane fusion. First, we performed confocal micro-
scopy to visualize the colocalization of HA and lysobispho-
sphatidic acid (LBPA), a late endosomal marker (Sun et al.,
2013), to determine whether M6PR is required for IAV
trafficking through late endosomes. A549 cells were transfected
with siM6PR or scrambled siRNA and then infected with WSN
(H1N1) virus (MOI: 15). After being incubated on ice for 1 h, the
cells were cultured at 37°C, fixed at different timepoints (90, 120
and 180 min) p.t.s., and stained for HA and LBPA for
visualization by confocal microscopy. The percentage of HA
colocalized with LBPA was also measured by using Imaris
software to quantify the amount of HA in late endosomes. As
shown in Figure 4A and Figure S3B in Supporting Information,
colocalization of HA and LBPA was detected up to 120 min p.t.s.
in siM6PR- and scrambled siRNA-treated cells, indicating that
M6PR is not required for virus trafficking from early to late
endosomes. Of note, at 180 min p.i., HA was no longer
colocalized with LBPA in scrambled siRNA-treated cells, but
rather was diffusely distributed in the cytoplasm. In contrast,
cells treated with siM6PR still displayed colocalization of HA and
LBPA, with most of the HA signals being present in LBPA-marked
late endosomes rather than in the cytoplasm at this timepoint.
This result indicates that M6PR is important for IAV to escape
from late endosomes.

Fusion of the viral and endosomal membranes is essential for
the escape of virus particles from late endosomes. To examine
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whether the depletion of M6PR inhibits membrane fusion of IAV,
we generated a dual-labeled virus, which enabled us to measure
membrane fusion in a quantitative manner as previously
described (Wang et al., 2021). Virions labeled with two different
dyes, 3,3′-dioctadecyl-5,5′-di(4-sulfophenyl) oxacarbocyanine
(SP-DiOC, green) and octadecyl rhodamine B chloride (R18,
red), only show red fluorescence from the R18 dye, because R18
quenches the green fluorescence from the SP-DiOC dye when
they are in close proximity within the viral envelope. Once
membrane fusion occurs, SP-DiOC and R18 spread into the
endosomal membrane, and the green SP-DiOC signal is enhanced
due to dequenching. We transfected A549 cells with siM6PR,
scrambled siRNA, or siRNA targeting VATPase (a known host
factor essential for endosomal acidification and viral fusion to
serve as a positive control), and infected these cells with labeled
viruses at 4°C for 30 min. Afterwards, the culture temperature
was shifted to 37°C to enable viral entry and fusion. At 0 min
p.t.s., only red fluorescence from R18 was visualized in all cells
(Figure 4B). At 180 min p.t.s., both SP-DiOC and R18 were
observed as speckles of green and red fluorescence in scrambled

siRNA-treated cells, indicating membrane fusion had occurred.
In contrast, both siM6PR- and siVATPase-treated cells displayed
only few fusion sites as shown in representative images (Figure
4B). When the number of fusion sites was quantified by using the
spot detection algorithm of Imaris software and normalized to the
number of cell nuclei, only a few fusion sites were observed in
siM6PR- and siVATPase-treated cells compared with scrambled
siRNA-treated cells (Figure S3C in Supporting Information).
These results demonstrate that knockdown of M6PR inhibits
viral and endosomal membrane fusion.

A likely reason for the inhibition of fusion between the viral
and endosomal membranes is a change in the pH of the
endosome, affecting acidification. We therefore assessed the
acidification of endosomes by using lysotracker (LY), a fluor-
escent dye that stains acidic compartments red. Before being
treated with LY, siRNA-transfected A549 cells were pretreated
either with dimethyl sulfoxide (DMSO) or with bafilomycin A1
(positive control), a known inhibitor of the VATPase required for
endosomal acidification and viral fusion. As expected, cells
treated with bafilomycin A1 displayed no lysotracker signal

Figure 3. M6PR is not required in regulating attachment, internalization, or early endosomal trafficking of IAV. A, Western blotting to detect the amount of NP protein of WSN
(H1N1) viruses attached on the surface of siM6PR- or scrambled siRNA-treated A549 cells. siM6PR- or scrambled siRNA- transfected A549 cells were incubated with WSN
(H1N1) virus (MOI: 5) at 4°C for 1 h. After being washed with cold PBS (pH=7.2) or acidic PBS (pH=1.3), the amount of NP protein of viruses attached on the cell surface was
detected by Western blotting with a rabbit anti-NP pAb. B, Western blotting to detect the amount of NP protein of WSN (H1N1) viruses internalized into siM6PR- or scrambled
siRNA-treated A549 cells. siM6PR- or scrambled siRNA-transfected A549 cells were incubated with WSN (H1N1) virus (MOI: 5) at 4°C for 1 h, and then shifted to 37°C for 1 h.
After being washed with cold PBS (pH=7.2) or acidic PBS (pH=1.3), the cells were lysed and the amount of total NP from both attached and internalized viruses (PBS washed) or
the amount of NP from internalized viruses (acidic PBS washed) was detected by Western blotting with a rabbit anti-NP pAb. C, Confocal microscopy to visualize the effect of
siM6PR treatment on the early endosomal trafficking of IAV. A549 cells were transfected with siM6PR or scrambled siRNA, and at 36 h post-transfection, WSN (H1N1) virus
(MOI: 15) was used to infect the cells on ice for 1 h. After the inoculum was washed off with cold PBS, the culture temperature was shifted to 37°C. At the indicated timepoints
post temperature shift (p.t.s.), the cells were fixed, permeabilized, and stained with a mouse anti-EEA1 mAb and a rabbit anti-HA pAb, followed by incubation with Alexa Fluor
488 goat anti-mouse IgG (H+L) (green) and Alexa Fluor 633 goat anti-rabbit IgG (H+L) (red). Scale bars, 5 μm. Data are representative of at least two or three independent
experiments.
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(Figure 4C, right panel). In contrast, after DMSO pretreatment,
siM6PR- and scrambled siRNA-transfected cells still displayed
strong lysotracker staining (Figure 4C, left panel), indicating that
knockdown of M6PR does not inhibit viral fusion by altering the
pH of endosomes.

Taken together, our findings indicate that M6PR is required for
the fusion of the viral and late endosomal membranes, through a

mechanism that does not involve the endosomal acidification
event.

M6PR interacts with the HA protein of IAV

The HA protein of IAV plays a central role in mediating the fusion
process of viral and late endosomal membranes. Given that

Figure 4. Knockdown of M6PR prevents fusion of viral and late endosomal membranes. A, A549 cells were transfected with siM6PR or scrambled siRNA. At 36 h post-
transfection, the cells were infected with WSN (H1N1) virus (MOI: 15) on ice for 1 h. After the inoculum was washed off with cold PBS, the culture temperature was shifted to
37°C. At the indicated timepoints p.t.s., the cells were fixed, permeabilized, and stained with a mouse anti-LBPA mAb and a rabbit anti-HA pAb, followed by incubation with
Alexa Fluor 488 goat anti-mouse IgG (H+L) (green) and Alexa Fluor 633 goat anti-rabbit IgG (H+L) (red). Images were acquired by confocal microscopy. Scale bars, 5 μm. B,
A549 cells were transfected with the indicated siRNA, and 36 h later, the cells were infected with a dual-labeled WSN (H1N1) virus (SP-DiOC, green; R18, red) at 4°C for 30 min.
The cells were then incubated at 37°C for 180 min to enable viral entry and fusion. Confocal microscopy images were acquired from cells after fixation and permeabilization. The
green spots in the DiOC panel of the scrambled siRNA-treated cells indicate fusion sites. Scale bars, 10 μm. C, M6PR is not required for late endosomal acidification. A549 cells
were transfected with siM6PR or scrambled siRNA. At 36 h post-transfection, the cells were treated with either DMSO or bafilomycin A1 (BafA1) for 2 h, and then labeled with
lysotracker DND-99 (red) at 37°C for 30 min. Confocal microscopy images were acquired from cells without fixation or permeabilization. DAPI staining of the nucleus was
achieved by adding the stain to the mounting medium. Scale bars, 10 μm. Data are representative of at least three independent experiments.
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M6PR is required for the fusion of IAV with late endosomal
membranes, we next explored whether M6PR interacts with HA.
To this end, we performed a co-immunoprecipitation (co-IP)
assay in HEK293T cells that were transfected individually or in
combination with plasmids expressing V5-tagged HA of WSN
(H1N1) virus and Myc-tagged M6PR. Cell lysates were immu-
noprecipitated with a mouse anti-V5 mAb, and then subjected to
Western blotting with a rabbit anti-V5 pAb to detect WSNHA
and a rabbit anti-Myc pAb to detect M6PR. We found that Myc-
tagged M6PR readily co-immunoprecipitated with V5-tagged
WSNHA when they were co-expressed (Figure 5A), demonstrat-
ing their interaction in mammalian cells. The specificity of the
M6PR-WSNHA interaction was validated by performing a
reverse co-IP experiment with a mouse anti-Myc mAb (Figure
5B). We also performed an additional co-IP experiment in
HEK293T cells that were transfected with Myc-tagged M6PR and
then infected with WSN (H1N1) virus (MOI: 5). At 12 h p.i., cell
lysates were immunoprecipitated with a mouse anti-Myc or anti-
IgG mAb, followed by Western blotting with a rabbit anti-Myc
pAb for the detection of M6PR and a rabbit anti-HA pAb for the
detection of HA (Figure 5C). The results showed that M6PR
interacts with WSNHA during IAV infection. The physical
interaction between M6PR and HA was also confirmed with
three other virus strains, AH05 (H5N1), SH13 (H9N2), and FZ09
(H1N1) (Figure 5D–F), indicating that the interaction between
M6PR and HA is most likely a property common to all IAV
strains.

The interaction of M6PR with HA was further examined by
using an immunofluorescence assay in A549 cells transfected
with plasmids expressing Flag-AH05 HA and M6PR-Myc
individually or in combination (Figure 5G). When expressed
alone in A549 cells, HA was predominantly distributed in the
plasma membrane as well as condensed areas of the cytoplasm,
and M6PR was widely distributed in the cytoplasm and the
plasma membrane. Notably, HA and M6PR clearly colocalized in
the cytoplasm when they were co-expressed. We then determined
whether HA and M6PR colocalize during IAV infection. A549
cells were infected with AH05 (H5N1) virus (MOI: 15), and at the
indicated timepoints p.i., the localization of HA and M6PR was
analyzed by confocal microscopy. Strikingly, we found that HA
and M6PR clearly colocalized in the cytoplasm at 60 min p.i.
(Figure 5H). Collectively, these findings indicate that M6PR
interacts with the HA protein of IAV, which is likely the driving
force to promote the membrane fusion process and overall
growth of IAV.

The lumenal domain of M6PR mediates its interaction with
HA and modulates the replication of IAV

Given the importance of M6PR in mediating the membrane
fusion process and overall growth of IAV, we determined whether
the interaction between M6PR and HA is critical for the role of
M6PR in the replication of IAV. To this end, we first performed a
co-IP assay to define the domain of M6PR that is important for its
interaction with the HA protein of IAV. M6PR is 277 amino acids
in length, containing a lumenal domain (amino acids 27–185), a
transmembrane domain (amino acids 186–210), and a cyto-
plasmic domain (amino acids 211–277) (Figure 6A) (https://
www.uniprot.org). According to the structure of M6PR, we
generated two plasmids expressing either the lumenal domain or
the cytoplasmic domain fused with glutathione S-transferase

(GST) at the N-terminus (Figure 6A). By performing a GST pull-
down assay in HEK293T cells transfected with the indicated
combinations of plasmids, we found that the lumenal domain of
M6PR is responsible for the interaction with V5-tagged WSNHA
(Figure 6B).

Based on this finding, we then asked whether the interaction
between M6PR and HA promotes the replication of IAV. HEK293
cells were transfected with siM6PR or scrambled siRNA. At 24 h
post-transfection, the cells were further transfected with plasmids
expressing GST or GST-tagged M6PR, M6PR lumenal domain, or
M6PR cytoplasmic domain, respectively. Twenty-four hours
later, the cells were infected with WSN (H1N1) or AH05
(H5N1) virus to assess the effect of complementing M6PR and
its individual structural domains on the replication of IAV. As
shown in Figure 6C and D, the complement of either M6PR or its
lumenal domain in siM6PR-treated cells restored the growth
titers of both WSN (H1N1) and AH05 (H5N1) virus to that of the
control cells that were consecutively transfected with scrambled
siRNA and GST-expressing plasmids. In contrast, the comple-
ment of the M6PR cytoplasmic domain in siM6PR-treated cells
was unable to restore the virus growth titers. These results
indicate that the lumenal domain of M6PR, through its
interaction with the viral HA protein, is responsible for
promoting the replication of IAV.

To further investigate whether the lumenal domain of M6PR
facilitates IAV replication by mediating the viral fusion process,
we performed the virus fusion assay. Briefly, A549 cells were first
transfected with siM6PR or scrambled siRNA. At 24 h post-
transfection, siRNA-treated cells were further transfected with an
empty pCAGGS vector or plasmids expressing GST-tagged M6PR,
M6PR lumenal domain, or M6PR cytoplasmic domain, respec-
tively. Twenty-four hours later, the cells were infected with
labeled viruses at 4°C for 30 min, and then the temperature was
shifted to 37°C. As shown in Figure 6E, at 180 min p.t.s., both
SP-DiOC and R18 were observed as speckles of green and red
fluorescence in the scrambled siRNA-treated cells. Notably, both
the SP-DiOC and R18 signals were also clearly visible in siM6PR-
treated cells that were subsequently complemented with either
M6PR or its lumenal domain, which was in clear contrast with
cells that were consecutively transfected with siM6PR and
pCAGGS vector. Furthermore, only few fusion sites were observed
in siM6PR-treated cells that were complemented with the M6PR
cytoplasmic domain (Figure 6E). Together, these results indicate
that the lumenal domain of M6PR is responsible for the
interaction with HA and for mediating the fusion of the viral
and late endosomal membranes, thereby facilitating the replica-
tion of IAV.

The residues 17 to 127 of HA2 mediate the interaction
with M6PR

To define the specific region in HA that binds to M6PR, we first
divided HA into its two subunits, HA1 and HA2, according to its
functions, and generated two constructs expressing Myc-tagged
HA1 and HA2 of WSN (H1N1) virus, respectively. We then
performed a GST pulldown experiment in HEK293T cells
transfected with plasmids expressing GST-tagged M6PR lumenal
domain, together with plasmids expressing Myc-tagged
WSNHA1 or WSNHA2. We found that the HA2 subunit
specifically interacted with M6PR, whereas no interaction was
observed between HA1 and M6PR (Figure 7A). These results are
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consistent with the HA2 subunit being responsible for driving the
membrane fusion process and the finding that M6PR plays a
crucial role in the membrane fusion process of IAV.

Next, we attempted to narrow down the region in HA2 that is
critical for interacting with M6PR. We generated six constructs
expressing GST-tagged full-length HA2 (GST-HA2), cytoplasmic
domain-deleted HA2 (GST-HA2delCy), cytoplasmic and trans-
membrane domain-deleted HA2 (GST-HA2delCy_TM), fusion
peptide-deleted HA2 (GST-HA2delFP), amino acids 17–127 of

HA2 (GST-HA217-127), and amino acids 128–185 of HA2 (GST-
HA2128-185) (Figure 7B), which were used for GST pull-down
assays to examine their interaction with Flag-M6PR Lumenal. As
shown in Figure 7C, the truncated mutants of HA2 lacking the
N-terminal fusion peptide or the C-terminal cytoplasmic and
transmembrane domains retained the ability to interact with
M6PR, indicating that the main body of the HA2 ectodomain,
spanning amino acids 17–185, is responsible for binding to
M6PR. After generating two more truncated mutants harboring

Figure 5. M6PR interacts with the HA protein of IAV. A and B, Co-IP assay to examine the interaction between M6PR and HA of WSN (H1N1) virus. HEK293T cells were
transfected individually or in combination with plasmids expressing M6PR-Myc and V5-WSNHA. At 36 h post-transfection, lysates of transfected cells were immunoprecipitated
with a mouse anti-V5 mAb (A) or a mouse anti-Myc mAb (B). The bound proteins were Western blotted with a rabbit anti-V5 pAb and a rabbit anti-Myc pAb to detect HA and
M6PR, respectively. C, Interaction between M6PR and HA in infected cells in a Co-IP assay. HEK293T cells transfected with plasmids expressing M6PR-Myc were infected with
WSN (H1N1) virus (MOI: 5) for 12 h. Lysates of infected cells were immunoprecipitated with a mouse anti-Myc mAb or anti-IgG mAb. The bound proteins were Western blotted
with a rabbit anti-Myc pAb and a rabbit anti-HA pAb to detect M6PR and HA, respectively. D–F, Co-IP assay to examine the interaction between M6PR and HA of AH05 (H5N1),
SH13 (H9N2), and FZ09 (H1N1) virus. HEK293T cells were transfected individually or in combination with plasmids expressing M6PR-Myc and Flag-tagged HA of AH05 (H5N1)
(D), SH13 (H9N2) (E), or FZ09 (H1N1) (F). At 36 h post-transfection, cell lysates were immunoprecipitated with a mouse anti-Myc mAb. The bound proteins were Western
blotted with a rabbit anti-Myc pAb and a rabbit anti-Flag pAb to detect M6PR and HA, respectively. G, Confocal microscopy analysis to visualize the colocalization of M6PR and
HA in transfected A549 cells. A549 cells were transfected individually or in combination with plasmids expressing M6PR-Myc and AH05HA. At 36 h post-transfection, the cells
were fixed, permeabilized, and incubated with a rabbit anti-Myc pAb and a chicken anti-HA pAb at 4°C overnight. After being stained with Alexa Fluor 633 goat anti-chicken IgG
(H+L) (red) and Alexa Fluor 488 goat anti-rabbit IgG (H+L) (green), the cells were visualized by confocal microscopy. The yellow signals in the merged image indicate the
colocalization of M6PR and HA. Scale bars, 5 μm. H, Confocal microscopy analysis to visualize the colocalization of M6PR and HA in virus-infected A549 cells. A549 cells were
infected with AH05 (H5N1) virus (MOI: 15). At the indicated timepoints, the cells were processed as in (G), and subjected to confocal microscopy. The 3D view of colocalization
was performed with Imaris software. The red, green, and yellow spots in the merged image indicate the HA, M6PR, and colocalization of M6PR and HA, respectively. Data are
representative of at least two or three independent experiments.
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amino acids 17–127 and 128–185 of HA2, we found that only
the region spanning residues 17–127 of HA2 interacted with
M6PR. These results show that the association of M6PR with the
HA2 ectodomain containing the α-helix, loop, and coiled coil
domains, is important for the viral fusion process.

DISCUSSION

Vaccines and antiviral drugs are the two main countermeasures
used to combat IAV infection. There are currently three main
classes of approved antiviral drugs against IAV: M2 ion channel

Figure 6. The lumenal domain of M6PR interacts with HA and mediates the virus fusion process. A, Schematic representation of GST-tagged M6PR and M6PR structural
domains. B, GST pull-down assay to determine the specific M6PR domain that mediates the interaction with HA. HEK293T cells were transfected with plasmids expressing V5-
WSNHA, together with GST, GST-M6PR, GST-M6PR Lumenal, or GST-M6PR Cytoplasmic. At 36 h post-transfection, the cell lysates were incubated with glutathione magnetic
beads. The bound proteins were detected by Western blotting with a mouse anti-GST mAb and a rabbit anti-V5 pAb. C and D, Complementation of the expression of the M6PR
lumenal domain in siM6PR-treated cells restores the replication of IAV. HEK293 cells were transfected with siM6PR or scrambled siRNA, and at 24 h post-transfection, the cells
were further transfected with plasmids expressing GST, GST-M6PR, GST-M6PR Lumenal, or GST-M6PR Cytoplasmic. Twenty-four hours later, the cells were infected with WSN
(H1N1) (C) or AH05 (H5N1) virus (D) (MOI: 0.1). At the indicated timepoints p.i., supernatants were collected and titrated for infectious viruses by plaque assays on MDCK cells.
*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, not significant. E, A549 cells were transfected with the indicated siRNA, and 24 h later, the cells were further transfected
with the indicated plasmids. Twenty-four hours after the second transfection, the cells were infected with a dual-labeled WSN (H1N1) virus (SP-DiOC, green; R18, red) at 4°C for
30 min. The cells were then incubated at 37°C for 180 min to enable viral entry and fusion. Confocal microscopy images were acquired from cells after fixation and
permeabilization. The green spots in the DiOC panel of the scrambled siRNA-treated cells indicate fusion sites. Scale bars, 5 μm. Data are representative of at least two or three
independent experiments. Means±SD are shown in (C, D) (n=3).
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inhibitors (amantadine and rimantadine), NA inhibitors (oselta-
mivir, zanamivir, and peramivir), and a PA endonuclease
inhibitor (baloxavir marboxil) (O’Hanlon and Shaw, 2019).
However, M2 blockers are no longer recommended for clinical
use because most epidemic influenza strains have developed
resistance to them, and some seasonal viruses have also
developed resistance to NA inhibitors (O’Hanlon and Shaw,
2019). Moreover, drug-resistant strains have been reported
following the clinical use of the PA inhibitor baloxavir marboxil
(Jones et al., 2020). Given these circumstances, it is essential that
we develop novel antiviral drugs that not only target viral
proteins but also drugs that target viral-host interactions.
Therefore, a deep understanding on the molecular mechanisms
of the key host cellular proteins affecting the life cycle of IAV is
essential to discover host targets for antiviral drug development.
To date, many techniques have been used to identify host factors
that act in the IAV life cycle, including yeast two-hybrid screens
(Luo et al., 2018; Shapira et al., 2009; Wang et al., 2022a; Zhu
et al., 2017), co-IP/mass spectrometry screens (Gorai et al.,
2012; Watanabe et al., 2014; York et al., 2014), genome-wide
siRNA screens (Brass et al., 2009; Hao et al., 2008; Karlas et al.,
2010; König et al., 2010), and the newly developed CRISPR/
Cas9 screens (Han et al., 2018; Song et al., 2021). The early
stage of the IAV life cycle can be divided into multiple steps:
attachment, internalization, early endosome trafficking, acidifi-
cation, membrane fusion, and uncoating (Su et al., 2013). Given
that the production of viral products has not been initiated in the
early stage of the IAV life cycle, it is highly desirable to develop

antiviral drugs that target the interaction between the viral and
host proteins at this stage.

In the present study, we revealed M6PR as a critical host factor
for the efficient replication of IAV. Knockdown or knockout of
M6PR expression decreased the growth titers of different
subtypes of IAV, and different siRNAs against M6PR produced
the same phenotype, thereby excluding off-target effects of the
siRNAs. Moreover, complement of M6PR expression in siM6PR-
treated HEK293 cells reversed the inhibitory effect of M6PR
knockdown on IAV replication. We further found that down-
regulation of M6PR expression significantly inhibited the nuclear
accumulation of NP (indicative of the nuclear import of incoming
vRNP complex) at early timepoints after IAV infection in A549
cells, demonstrating that M6PR is involved in the early stage of
IAV replication cycle. When dissecting the specific entry and
post-entry steps of the viral replication cycle, we found that
M6PR knockdown had no effect on virus attachment, inter-
nalization, or early endosomal trafficking in A549 cells.
However, we discovered that upon M6PR knockdown, IAV is
sequestered in late endosomes instead of escaping to the
cytoplasm, indicating that the fusion of the viral envelope and
late endosomal membrane was blocked.

Membrane fusion mediated by the HA protein of IAV is an
essential process used by the virus to release its vRNP complex
into the cytoplasm of infected cells. As a rate-limiting step in the
virus replication cycle, numerous studies have investigated the
membrane fusion process of IAV with late endosomes. In native
viral particles, each monomer of homotrimeric HA consists of

Figure 7. The residues 17 to 127 of HA2 ectodomain mediate the binding with M6PR. A, GST pull-down assay to examine the interaction of M6PR with the HA1 and HA2
subunits of IAV HA. HEK293T cells were transfected with plasmids expressing the GST-tagged M6PR lumenal domain, together with Myc-tagged HA1 or HA2 of WSN (H1N1)
virus. At 36 h post-transfection, the cell lysates were incubated with glutathione magnetic beads. The bound proteins were Western blotted with a mouse anti-GST mAb and a
rabbit anti-Myc pAb to detect M6PR and HA1 or HA2, respectively. B, Schematic representation of GST-tagged truncated mutants of HA2. C, GST pull-down assay to examine the
interaction of M6PR with truncated mutants of HA2. HEK293T cells were transfected with plasmids expressing the Flag-tagged M6PR lumenal domain, together with GST-tagged
truncated mutants of HA2 of WSN (H1N1) virus. At 36 h post-transfection, the cell lysates were incubated with glutathione magnetic beads. The bound proteins were Western
blotted with a rabbit anti-Flag pAb and a mouse anti-GST mAb to detect M6PR lumenal domain and truncated mutants of HA2, respectively. Data are representative of at least
two or three independent experiments.
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two disulfide-bonded subunits, HA1 and HA2, responsible for
receptor binding and membrane fusion (Skehel and Wiley,
2000). When IAV particles traffic to late endosomes along the
endosomal pathway, the low pH environment in the late
endosomes created from endosomal acidification triggers a
conformational change in HA from its metastable pre-fusion
conformation to a low-energy post-fusion hairpin structure (Carr
et al., 1997; Carr and Kim, 1993). During this process, the N-
terminal fusion peptide of HA2 that had been buried within the
HA molecule is released and inserts into the endosomal
membrane (Skehel et al., 1982; Stegmann et al., 1991), forming
an extended intermediate conformation of HA2 (Bullough et al.,
1994; Carr and Kim, 1993; Das et al., 2018). Collapse of this
extended intermediate structure in the transition to post-fusion
HA draws the viral and endosomal membranes together and
promotes fusion (Park et al., 2003). Given the importance of the
low pH environment to the fusion process of IAV, we asked
whether M6PR has a role in endosomal acidification and found
no detectable changes in endosomal pH when M6PR was
downregulated in siM6PR-treated cells, thereby excluding the
possibility that M6PR engages in the acidification of late
endosomes.

Due to the central role of viral HA protein in driving the
membrane fusion process of IAV, we then examined whether
M6PR interacts directly with HA and, if so, whether their
interaction plays a role in the membrane fusion process. By using
a co-IP assay and confocal microscopy, we demonstrated that
M6PR can interact with the viral HA of different subtypes of IAV.
According to the structure of M6PR, we generated two truncated
M6PR constructs that expressed the short C-terminal cytoplas-
mic domain and the N-terminal lumenal domain, respectively,
and examined their interaction with HA. The GST pull-down
assay revealed that only the lumenal domain of M6PR interacts
with HA. Of note, complementing the M6PR lumenal domain in
siM6PR-treated HEK293 cells could overcome the inhibitory
effect of M6PR knockdown on IAV replication. Importantly, we
found that exogenous expression of the M6PR lumenal domain in
siM6PR-treated cells restored the viral fusion process to its
normal state. Our findings therefore indicate that the role of
M6PR in promoting the replication of IAV can be directly
attributed to its ability to interact with HA and consequently
facilitate the membrane fusion process of IAV with late
endosomes. Although two other host proteins, Cathepsin W
and CD81, also play roles in the membrane fusion process of IAV,
there is no direct interplay between them and the viral HA
protein, the central player of the viral fusion process. The
proteolytic activity of Cathepsin W is required for the escape of
IAV from late endosomes (Edinger et al., 2015), and CD81-
positive endosomes are required for IAV particles to traffic to and
undergo viral fusion (He et al., 2013). In contrast, M6PR is the
only host cellular protein thus far known to facilitate the
membrane fusion process of IAV by interacting directly with HA.

Within the HA molecule, the HA2 subunit is responsible for
mediating the membrane fusion process. In our study, we
revealed that M6PR specifically interacts with the HA2 subunit of
HA, which is consistent with the role of M6PR in facilitating the
membrane fusion process of IAV. Based on the structural
characteristics of HA2 (Kim et al., 2011), we generated a set of
HA2 truncation mutants and examined their interactions with
M6PR. The deletion of the fusion peptide in the N-terminus of
HA2 had no adverse effect on the interaction between HA2 and

M6PR even though the fusion peptide is important for the
membrane fusion process. In addition, deletion of the cytoplasmic
and transmembrane domains in the C-terminus of HA2 did not
affect the interaction with M6PR. Notably, among the HA2
truncation mutants, only the HA2 ectodomain spanning amino
acids 17–127 interacted with M6PR. Previous studies have
shown that the HA2 (amino acids 1–127) mutant can induce
lipid mixing between liposomes and between cells, but the whole
ectodomain, HA2 (amino acids 1–185), drives fusion beyond
hemifusion to fusion pore opening, which means that the
addition of amino acids 128–185 allows the peptide to resemble
the whole HA protein more closely with regard to its ability to
form a fusion pore (Epand et al., 1999; Kim et al., 2011; Leikina
et al., 2001). Given that M6PR interacts with only amino acids
17–127 of HA2 ectodomain, we speculate that their interaction
may contribute to the hemifusion stage. In the future, structural
characterization of the M6PR-HA2 interaction during the
membrane fusion process would be beneficial for designing
desirable targeted antiviral drugs.

In summary, here we identified M6PR as a novel host factor for
the efficient replication of IAV and demonstrated its involvement
in the fusion of viral and late endosomal membranes (Figure 8).
Mechanistically, the lumenal domain of M6PR interacts with the
residues 17-127 of HA2 subunit of HA, which consequently
facilitates the virus fusion process. Our data thus offer an in-
depth insight into the post-entry stage of IAV replication cycle,
which may help in the development of antiviral drugs.

MATERIALS AND METHODS

Cells and viruses

Human lung carcinoma cells (A549), human embryonic kidney
cells (HEK293 and HEK293T), and Madin-Darby canine kidney
(MDCK) cells were cultured in F-12K medium (Life Technologies,
USA) containing 10% fetal bovine serum (FBS; Sigma-Aldrich,
USA), DMEM (Life Technologies) containing 10% FBS, and
DMEM containing 6% newborn calf serum (NCS; Sigma-Aldrich),
respectively, at 37°C in a 5% CO2 humidified incubator. All
media were supplemented with 100 U mL−1 penicillin and
100 μg mL−1 streptomycin (Life Technologies).

A/WSN/33 (WSN, H1N1), A/Anhui/2/2005 (AH05, H5N1),
and A/chicken/Shanghai/SC197/2013 (SH13, H9N2) viruses
were grown in MDCK cells or 10-day-old embryonated chicken
eggs as previously described (Wang et al., 2018).

All H5N1 virus experiments were carried out in the enhanced
animal biosafety level 3 (ABSL3) facility in the Harbin Veterinary
Research Institute (HVRI) of the Chinese Academy of Agricultur-
al Sciences (CAAS), which is approved for such use by the China
National Accreditation Service for Conformity Assessment and
the Ministry of Agriculture and Rural Affairs of China.

Plasmids

The M6PR gene was amplified from total mRNAs of A549 cells by
RT-PCR, and cloned into the mammalian expression vector
pCAGGS that contains a Myc tag at the C-terminus. The open
reading frames (ORFs) of the HA gene of AH05 (H5N1), WSN
(H1N1), SH13 (H9N2), and A/Fuzhou/1/2009 (FZ09, H1N1)
viruses were cloned into pCAGGS bearing a Flag tag at the N-
terminus. The ORF of the HA gene of AH05 (H5N1) virus was
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also cloned into the pCAGGS vector. The pCAGGS plasmids
bearing the ORFs of M6PR, M6PR-lumenal, and M6PR-
cytoplasmic domain with a GST tag at the N-terminus were
constructed by using a PCR approach. The coding region of
M6PR-lumenal domain was also inserted into pCAGGS bearing a
Flag tag at the N-terminus. The plasmids expressing full-length
HA2 (GST-HA2), cytoplasmic domain-deleted HA2 (GST-HA2-
delCy), cytoplasmic and transmembrane domain-deleted HA2
(GST-HA2delCy_TM), fusion peptide-deleted HA2 (GST-HA2-
delFP), amino acids 17–127 of HA2 (GST-HA217-127), and amino
acids 128–185 of HA2 (GST-HA2128-185) were generated with a
GST tag at the N-terminus by using a PCR approach. All plasmid
constructs were verified by sequencing. The primer sequences
used for the generation of all constructs are available upon
request.

Antibodies

The following primary antibodies used in this study were
obtained from commercial sources: mouse anti-Myc monoclonal
antibody (mAb) (GenScript, Nanjing, China), rabbit anti-Myc
polyclonal antibody (pAb) (Sigma-Aldrich), mouse anti-Flag
mAb (Sigma-Aldrich), rabbit anti-Flag pAb (Sigma-Aldrich),
mouse anti-GST mAb (GenScript), rabbit anti-GST pAb (Sigma-
Aldrich), mouse anti-V5 mAb (GenScript), rabbit anti-V5 pAb
(Sigma-Aldrich), rabbit anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) pAb (Proteintech, Wuhan, China), rabbit
anti-LaminB1 pAb (Proteintech), rabbit anti-HA pAb (Sino
Biological, Beijing, China), rabbit anti-M6PR mAb (Abcam,
USA), mouse anti-EEA1 mAb (BD Bioscience, USA), and mouse
anti-LBPA mAb (Z-PLBPA, Echelon Bioscience, USA). The mouse

anti-NP mAb, rabbit anti-NP pAb, and chicken anti-HA pAb
were generated and stored in our laboratory (Zhao et al., 2022).
The secondary antibodies used for confocal microscopy included
Alexa Fluor 488 goat anti-rabbit IgG (H+L), Alexa Fluor 488
goat anti-mouse IgG (H+L), Alexa Fluor 633 goat anti-rabbit IgG
(H+L), Alexa Fluor 633 goat anti-mouse IgG (H+L), and Alexa
Fluor 633 goat anti-chicken IgG (H+L) (Life Technologies).
DyLight 680 goat anti-mouse IgG (H+L), DyLight 800 goat anti-
mouse IgG (H+L), and DyLight 800 goat anti-rabbit IgG (H+L),
purchased from Immunoway (Plano, USA), were used as
secondary antibodies for Western blotting.

siRNA sequences

The sequences of the siRNAs (Genepharma, Shanghai, China)
used in this study are as follows: siM6PR (5′-GGUUCCAUCUUA-
CUUGUCA-3′), siM6PR-2 (5′-GCUGUGGCAGUGAGAGAAU-3′),
siM6PR-3 (5′-GGCUGAAACCACUGUUUAA-3′), siVATPase (5′-
CGGUUAAUGAAGUCUGCUA-3′), and scrambled siRNA (5′-
UUCUUCGAACGUGUCACGU-3′). All siRNAs were stored at
−20°C.

siRNA transfection and virus infection

A549 cells seeded in 12-well plates were transfected with the
indicated siRNA targeting M6PR or scrambled siRNA (30 nmol L−1)
by using the Lipofectamine RNAiMAX transfection reagent
(Invitrogen, USA). The knockdown efficiency was analyzed by
means of RT-qPCR and Western blotting at 36 h post-transfec-
tion. To examine the effect of M6PR knockdown on the growth of
IAV, A549 cells treated with siRNA for 36 h were infected with

Figure 8. Schematic model showing the role of M6PR in the membrane fusion step of IAV. M6PR interacts with the HA protein of IAV, and the lumenal domain of M6PR and
the ectodomain of HA2 mediate the interaction, which directly promotes the fusion of the viral and late endosomal membranes, thereby facilitating IAV replication.
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WSN (H1N1) or AH05 (H5N1) virus (MOI: 0.01), or SH13
(H9N2) virus (MOI: 0.1). At 24 and 48 h p.i., supernatants were
collected and titrated for infectious viruses by plaque assays on
MDCK cells.

In a separate experiment, HEK293 cells grown in 12-well
plates were transfected with siM6PR or scrambled siRNA
(30 nmol L−1) by using the Lipofectamine RNAiMAX transfec-
tion reagent, and at 24 h post-transfection, the cells were further
transfected with plasmids expressing GST, M6PR-GST, M6PR
Lumenal-GST, or M6PR Cytoplasmic-GST. Twenty-four hours
later, the cells were infected with WSN (H1N1) or AH05 (H5N1)
virus (MOI: 0.1). At 24 and 48 h p.i., supernatants were collected
and titrated for infectious viruses by plaque assays on MDCK
cells.

Generation of M6PR_KO A549 cells and virus infection

M6PR_KO A549 cells were established by using the CRISPR/
Cas9 gene-editing tool. Each of the two M6PR gene target
sequences (5 ′-GCTACTACTACTCCTGGCTG-3 ′ and 5 ′-
GAAAAAACTTGCGACTTGGT-3′) was inserted into the
pSpCas9(BB)-2A-GFP (pX458) vector (Ran et al., 2013). Five
micrograms of each pX458 construct bearing one of the M6PR
target sequences were co-electrotransfected into A549 cells by
using the Neon transfection system (Thermo Fisher Scientific,
USA). Forty-eight hours later, the cells were trypsinized and
sorted into single cells by using a MoFlo XDP cell sorter (Beckman
Coulter, USA), and single cells were seeded into 96-well plates for
colony formation. The success of generating M6PR_KO A549
cells was validated by sequencing and Western blotting. The
M6PR_KO A549 cells or control cells were infected with WSN
(H1N1) virus (MOI: 0.01). At 24 and 48 h p.i., supernatants
were collected and titrated for infectious viruses by plaque assays
on MDCK cells.

Cell viability assay

A CellTiter-Glo kit (Promega, USA) was used to assess cell
viability as described previously (Luo et al., 2018; Zhu et al.,
2017). In brief, cells grown in opaque-walled 96-well plates, i.e.
siRNA-treated A549 cells, M6PR_KO A549 cells, or A549
control cells, were treated as in the individual experiments. Then,
the cells in each well were incubated with 100 μL of CellTiter-Glo
reagent for 10 min on a shaker to induce cell lysis. A GloMax 96
Microplate Luminometer (Promega) was used to measure the
luminescence.

RT-qPCR

To quantify the M6PR mRNA level, an RNeasy Plus minikit
(Qiagen, USA) was used to extract total RNA from siRNA-treated
A549 cells at 36 h post-transfection. The synthesis of first-strand
cDNA was performed with oligo(dT) primer by using the
PrimeScript RT reagent kit containing gDNA Eraser (TaKaRa,
Dalian, China). SYBR Premix Ex Taq II (TaKaRa) was used to
conduct RT-qPCR assays with specific M6PR primers. Relative
RNA quantities were examined by using the comparative cycle
threshold method, in which the GAPDH gene served as the
endogenous reference and scrambled siRNA-treated A549 cells
served as the control.

The siRNA-treated A549 cells cultured in 12-well plates were

infected with WSN (H1N1) virus (MOI: 5), followed by total RNA
extraction by using the RNeasy kit at 3 and 6 h p.i. Relative
quantities of genomic RNA (vRNA), complementary RNA
(cRNA), and mRNA of viral NP gene were determined by RT-
qPCR as described previously (Kawakami et al., 2011), using
GAPDH as the endogenous reference.

Confocal microscopy

To assess the effect of M6PR knockdown on the cellular
distribution of NP at early timepoints of IAV infection, WSN
(H1N1) virus (MOI: 5) was used to infect A549 cells treated with
siM6PR (30 nmol L−1) in glass-bottom dishes. At the indicated
timepoints p.i., cells were fixed with 4% PFA (paraformaldehyde)
at room temperature for 30 min, treated with 0.5% Triton X-100
in PBS for 15 min, and blocked with 5% BSA in PBS for 1 h. The
cells were subsequently incubated with primary antibodies
(rabbit anti-M6PR mAb, 1:500; mouse anti-NP mAb, 1:500) at
4°C overnight, and then washed three times with PBS prior to
incubation with the secondary antibodies (Alexa Fluor 488 goat
anti-rabbit IgG (H+L), 1:500; Alexa Fluor 633 goat anti-mouse
IgG (H+L), 1:500) for 1 h. After the cells were washed three times
with PBS, DAPI (4′,6-diamidino-2-phenylindole; Thermo Fisher
Scientific) was added to stain the nuclei for 15 min. Images were
acquired with an LSM 800 confocal microscope with Airyscan
(Zeiss, Germany).

In a separate experiment to observe the co-localization of
M6PR and HA, A549 cells cultured in glass-bottom dishes were
transfected with the indicated plasmids by using Lipofectamine
LTX and Plus reagents, or were infected with AH05 (H5N1) virus
(MOI: 15). At 36 h post-transfection or the indicated timepoints
p.i., the cells were subjected to an immunofluorescence assay by
using the indicated primary antibodies (chicken anti-HA pAb,
1:300; rabbit anti-Myc pAb, 1:500; rabbit anti-M6PR mAb,
1:500) and the corresponding secondary antibodies (Alexa Fluor
488 goat anti-rabbit IgG (H+L), 1:500; Alexa Fluor 633 goat
anti-chicken IgG (H+L), 1:500), and visualized by use of confocal
microscopy.

Separation of nuclear and cytoplasmic fractions

siM6PR- or scrambled siRNA-treated A549 cells cultured in 6-
well plates were infected with WSN (H1N1) virus (MOI: 5). At 3 h
p.i., NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce, USA) were used to separate the cells into nuclear and
cytoplasmic fractions. Western blotting was performed to detect
the amount of NP, LaminB1, and GAPDH (nuclear and
cytoplasmic fraction markers) in each fraction by using a rabbit
anti-NP pAb, a rabbit anti-LaminB1 pAb, and a rabbit anti-
GAPDH pAb, respectively.

Virus attachment and internalization assay

To examine the effect of M6PR on IAV attachment to the cell
surface, we cultured A549 cells in 12-well plates and treated
them with siM6PR or scrambled siRNA (30 nmol L−1) for 36 h,
followed by infection with WSN (H1N1) virus (MOI: 5) at 4°C for
1 h. After being washed with ice-cold PBS (pH=7.2) or acidic PBS
(pH=1.3), the cells were lysed with 4× SDS-PAGE loading buffer
(with β-Mercaptoethanol) (Solarbio, Beijing, China) and Western
blotted with a rabbit anti-NP pAb. Acidic PBS (pH=1.3) is capable
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of eluting uninternalized virus particles on the cell surface (Song
et al., 2021; Wang et al., 2020a; Wang et al., 2022b).

To determine the effect of M6PR on IAV internalization, we
cultured A549 cells in 12-well plates and treated them with
siM6PR or scrambled siRNA (30 nmol L−1) for 36 h, followed by
infection with WSN (H1N1) virus (MOI: 5) at 4°C for 1 h, and at
37°C for 1 h. After being washed with ice-cold PBS (pH=7.2) or
acidic PBS (pH=1.3), the cells were collected and lysed for
Western blotting with a rabbit anti-NP pAb.

Early and late endosomal trafficking

A549 cells treated with siM6PR or scrambled siRNA (30 nmol L−1)
for 36 h were infected with WSN (H1N1) virus (MOI: 15) on ice
for 1 h. After washing off the inoculum with ice-cold PBS, the
culture temperature was shifted to 37°C. At the indicated
timepoints p.t.s., the cells were washed with PBS, fixed with
4% PFA, and treated with 0.5% Triton X-100 in PBS. The cells
were then subjected to an immunofluorescence assay by using
the indicated primary antibodies (mouse anti-EEA1 mAb or
mouse anti-LBPA mAb, 1:300; rabbit anti-HA pAb, 1:300) and
the corresponding secondary antibodies (Alexa Fluor 488 goat
anti-mouse IgG (H+L), 1:500; Alexa Fluor 633 goat anti-rabbit
IgG (H+L), 1:500), and visualized by use of confocal microscopy.

Virus fusion assay

Viral fusion was measured according to a protocol previously
described (Sakai et al., 2006). Briefly, two fluorescent dyes, R18
(octadecyl rhodamine B chloride, 23 μmol L−1) and SP-DiOC18
(3,3′-dioctadecyl-5,5′-di (4-sulfophenyl) oxacarbocyanine, 46
μmol L−1) (Life Technologies), were used to label WSN (H1N1)
virus. After intense vortexing at room temperature for 60 min,
the labeled virus was filtered through a 0.22-μm-pore-size filter.
The labeled virus was then bound to cells at 4°C for 30 min. After
being washed with PBS, the cells were shifted to 37°C for 0 or
180 min, fixed with 4% PFA, treated with 0.5% Triton X-100 in
PBS, and visualized by confocal microscopy.

Late endosomal acidification

A549 cells were transfected with siM6PR or scrambled siRNA
(30 nmol L−1). At 36 h post-transfection, the cells were treated
with either DMSO or bafilomycin A1 (BafA1) for 2 h. Lysotracker
red DND-99 (Life Technologies) was then diluted in F-12K
medium and added to the cells (25 nmol L−1). After an
incubation of 30 min, the cells were washed once with PBS,
and visualized by confocal microscopy without fixation or
permeabilization. DAPI staining of the nuclei was achieved by
adding the stain to the mounting medium.

Co-immunoprecipitation assay

The indicated plasmids were transfected into HEK293T cells
cultured in 6-well plates by using the Lipofectamine LTX and Plus
reagents (Invitrogen). Thirty-six hours later, the cells were lysed
or infected with WSN (H1N1) virus (MOI: 5) for 12 h before the
lysates were prepared. During lysate preparation, the cells were
washed once with ice-cold PBS and lysed with 250 μL of IP buffer
(Pierce) that contained a complete protease inhibitor cocktail
(Roche Diagnostics GmbH, Germany) and PMSF (Beyotime,

Shanghai, China) for 30 min on ice. After centrifugation at
13,000×g for 10 min at 4˚C, the supernatants were immuno-
precipitated with the indicated primary antibodies and rocked at
4°C overnight. Protein G-Agarose beads (Roche) were then
added, and the mixture was rocked at 4°C for 6–8 h. After being
washed three times with ice-cold PBS containing 1% PMSF, the
immunoprecipitated proteins were separated by SDS-PAGE and
detected by Western blotting.

GST pull-down assay

The indicated plasmids were transfected into HEK293T cells
cultured in 6-well plates by using the Lipofectamine LTX and Plus
reagents (Invitrogen). Thirty-six hours later, the cells were lysed
with 250 μL of IP buffer that contained complete protease
inhibitor cocktail and PMSF on ice for 30 min, and then
centrifuged at 13,000×g for 10 min at 4˚C. The supernatants
were pulled down with 8 μL of glutathione magnetic agarose
(Invitrogen) for 8 h, washed three times with ice-cold PBS
containing 1% PMSF. The bound proteins were separated by
SDS-PAGE and detected by Western blotting.

Western blotting

Protein samples separated by SDS-PAGE were transferred onto
nitrocellulose membranes (GE Healthcare, USA). The membranes
were blocked with 5% skim milk in PBS, and were incubated with
the primary antibody diluted in Primary Antibody Dilution Buffer
(Beyotime) at 4°C overnight. After incubation with DyLight 800
goat anti-mouse IgG (H+L) and DyLight 800 goat anti-rabbit IgG
(H+L), an Odyssey CLX infrared imaging system (Li-Cor
BioSciences, USA) was employed to visualize the blots.

Statistical analysis

Statistical analysis was performed by using the Student’s two-
tailed unpaired t-test or an analysis of variance (ANOVA) with
GraphPad Prism software (GraphPad Prism 8). P values of<0.05
were considered significant.
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