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M2BP inhibits HIV-1 virion
production in a vimentin filaments-
dependent manner
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Published: 08 September 2016 - M2BP (also called 90K) is an |nterferon-st|mulat_ed gene product that is up.vrt.eg_ulated in HIV-:I: infection.
. Arecent study revealed that M2BP reduces the infectivity of HIV-1 by inhibiting the processing of the
. viral envelope protein. Here we report that in addition to reducing viral infectivity, M2BP inhibits HIV-1
© virion production. We provide evidence showing that M2BP inhibits HIV-1 Gag trafficking to the plasma
. membrane in a vimentin-dependent manner. When vimentin filaments were collapsed by treating cells
. with acrylamide or by overexpression of a dominant-negative mutant of vimentin, M2BP inhibition of
© HIV-1virion production was significantly relieved. We further show that M2BP interacts with both HIV-1
. Gag and vimentin and thereby mediates their interactions. We propose that M2BP traps HIV-1 Gag to
© vimentin filaments to inhibit the transportation of HIV-1 Gag to the plasma membrane. These findings

uncover a novel mechanism by which a host antiviral factor inhibits HIV-1 virion production.

The virion particles of HIV-1 encapsidate the RNA genome in a core particle formed from the Gag protein,
surrounded by a membrane bilayer containing the viral envelope (Env) protein'. Gag alone is able to assemble
into virion-like particles that bud out from the producer cells, although efficient production of infectious virus
requires other viral proteins®. Co-translationally myristylated Gag assembles in the cytoplasm to form a series of
intermediate complexes that are transported onto the plasma membrane, associating with the HIV-1 genomic
 RNA and several cellular factors®. On the plasma membrane, Gag further assembles and forms spherical imma-
: ture capsids that undergo budding®.
Type I interferons (IFNs) inhibit HIV-1 replication largely through inducing the expression of a repertoire of
. host restriction factors*®. Restriction factors inhibit the replication of HIV-1 at various steps of the viral life cycle
using different mechanisms. A few such antiviral factors have been reported to inhibit the assembly and budding
: of HIV-1. TRIM22 inhibits HIV-1 virion production through interfering with Gag transportation to the mem-
© brane’. The phosphodiesterase enzyme CNP inhibits HIV-1 assembly on the plasma membrane’. Budding of the
© virion particles can be inhibited by ISG15® and BST-2, the latter of which is antagonized by the virus encoded
. Vpu®'°. Viperin inhibits HIV-1 virion production without affecting the intracellular Gag protein levels, but the
. underlying mechanism is not yet clear!.

Mac-2 binding protein (M2BP, also named 90K, LGALS3BP and BTBD17B), an IFN stimulated gene product,
© isaglycosylated secreted protein and is detected in the extracellular matrix of several tissues and in the extracel-
. lular fluids such as serum and breast milk!>-'%, M2BP was first identified as a tumor-associated antigen'>!* and
: reported to be upregulated by both type I and type IT IFNs". Intracellular M2BP regulates centriole biogenesis
© and its overexpression leads to dispersion of pericentriolar material'®. Elevated serum or tissue levels of M2BP
* have been observed in some tumors and viral infections including HIV-1 infection!’-?%. A recent study showed
. that overexpression of intracellular M2BP reduces the infectivity of HIV-1 virion particles by decreasing the level
: of mature HIV-1 Env?.

Vimentin (VIM) is a type III intermediate filament protein expressed in undifferentiated and proliferative cells
of mesenchymal origin, including leukocytes?®””. VIM has been reported to regulate cell attachment, migration,
signaling, neurite extension and vascularization?>?”. Vimentin filaments can be collapsed by treating cells with

: acrylamide® or by overexpression of a dominant negative mutant that bears a point mutation in the consensus
: motif in coil 1A (R113C)¥. In some viral infections, VIM forms cages surrounding viral protein aggregates and
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Figure 1. IFN-induced M2BP expression is required for optimal IFN inhibition of HIV-1 replication. A
control shRNA (Ctrli) or an shRNA targeting M2BP (M2BPi) was stably expressed in MT4 cells. (A) Cells were
treated with IFNa-2b and harvested at the time points indicated. Protein levels were measured by Western
blotting. d.p.s.: days post stimulation. (B) Cells were infected with HIV-1y;, ; virus for 3 h. The virus was
removed and IFNa-2b was added to the medium. At the time points indicated, culture supernatants were
collected and p24CA levels were measured to monitor viral replication. Data presented are means & SD of two
independent measurements and representative of three independent experiments. d.p.i.: days post infection.

the cages are sequestered in aggresomes located at the microtubule organizing center®*>!. VIM has been reported
to be required for the trafficking of blue tongue virus to the cell surface®?. The involvement of vimentin in HIV-1
virion production has not been documented.

Here, we show that in addition to inhibiting HIV-1 Env processing, M2BP inhibits virion production in a
vimentin filaments-dependent manner. We provide evidence implicating that M2BP bridges HIV-1 Gag and
vimentin filament interactions and thereby interferes with HIV-1 Gag trafficking to the plasma membrane.

Results

IFN-induced M2BP expression is required for optimal IFN inhibition of HIV-1 replication in MT4
cells. To assess the role of M2BP in IFN inhibition of HIV-1, an shRNA targeting M2BP (M2BPi) was stably
expressed in MT4 cells, a cell line derived from CD4+ T cells that support robust HIV-1 replication®. The cells were
treated with IFN«-2b and M2BP expression levels were analyzed by Western blotting. In the MT4 cells express-
ing a control shRNA, M2BP expression level was relatively low and was significantly upregulated by IFNa-2b
treatment (Fig. 1A). In contrast, in the MT4-M2BPi cells, IFN«-2b treatment barely induced the expression
of M2BP (Fig. 1A). These results confirmed that M2BP expression is induced by IFN«-2b and that the shRNA
targeting M2BP is effective. The cells were infected with HIV-1y;,.; followed by treatment with IFN«-2b. Viral
replication was monitored by measuring the CA (p24) levels in the culture supernatants. IFN«-2b treatment
dramatically inhibited HIV-1 replication in the control MT4 cells (Fig. 1B),consistent with the results previously
reported®*. In comparison, in the MT4-M2BPi cells, IFN inhibition of viral replication was significantly reduced
(Fig. 1B). These results indicate that IFN«-2b-induced M2BP expression is required for optimal IFN«-2b inhibi-
tion of HIV-1 replication in MT4 cells.

M2BP inhibits both HIV-1 Env processing and virion production. To understand how M2BP
is involved in IFN inhibition of HIV-1 replication, we analyzed the effect of M2BP overexpression on HIV-1
production. Myc-tagged M2BP was transiently expressed in HEK293T cells with the HIV-1 producing plasmid
pHIV-1y4.5-luc, a replication-competent HIV-1 proviral vector carrying a luciferase reporter®. The produced
virus was used to infect recipient HeLa-CD4-CCRS5 cells. Overexpression of M2BP reduced the CA levels in the
culture supernatants (Fig. 2A, upper panel and Fig. 2C) as well as in the virion pellets (Fig. 2C). However, M2BP
had little effect on p55Gag expression in the producer cells (Fig. 2C). When equal volumes of the culture superna-
tants were used to infect HeLa-CD4-CCR5 cells, the luciferase activity was dramatically reduced in the recipient
cells that were infected with the virus produced from the cells overexpressing M2BP (Fig. 2A, middle panel). To
evaluate the specific infectivity of the produced virion particles, equal amounts of CA-containing virion particles
were used to infect the recipient cells. M2BP overexpression also reduced the relative specific infectivity of the
virion particles, which was defined as the luciferase activity expressed in the recipient cells divided by the amount
of the virion particles used to infect the cells (Fig. 2A, lower panel). The reduction in the specific infectivity is
presumably a result of the reduction in the mature HIV-1 Env protein levels (Fig. 2C), as previously reported®.
Collectively, these results indicate that overexpression of M2BP inhibits both HIV-1 Env processing and virion
production.

The above inhibitory effects of M2BP on HIV-1 virion production and Env processing were analyzed using
the replication-competent virus HIV-1y;, ;-luc. To further confirm that M2BP overexpression inhibits the pro-
duction of HIV-1 virion particles, we analyzed the effect of M2BP on the production of vesicular stomatitis virus
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Figure 2. M2BP inhibits both HIV-1 Env processing and virion production. (A-D) An empty vector

(—) or increasing amounts of a plasmid expressing M2BP-myc was transfected into HEK293T cells together
with the HIV-1-producing plasmids indicated. A plasmid expressing GFP was included to serve as a control

for transfection efficiency and sample handling. (A,B) At 48 h posttransfection, p24CA levels in the culture
supernatants were measured by ELISA (upper panel). Equal volumes (middle panel) or equal amounts of CA-
containing culture supernatants (lower panel) were used to infect HeLa-CD4-CCR5 cells. At 48 h postinfection,
luciferase activity was measured in the recipient cells. Relative specific infectivity was defined as the luciferase
activity in the recipient cells divided by the amount of the CA-containing virus used to infect the cells. The
relative CA protein level, luciferase activity and specific infectivity in the absence of M2BP were set as 100.

Data presented are means =+ SD of three independent experiments. (C,D) The virions in culture supernatants
were pelleted by ultracentrifugation. Protein expressions in the producer cells, culture supernatants and virion
pellets were analyzed by Western blotting. Mock: mock transfected cells. (E) The plasmids indicated were
transfected into HEK293T cells with (4) or without (—) a plasmid expressing M2BP. A plasmid expressing GFP
was included to serve as a control. At 48 h posttransfection, cells and culture supernatants were harvested for
Western blotting analyses.

G (VSV-G)-pseudotyped HIV-1 vector, HIV-1y 4 3AEnv-luc, in which an engineered stop codon abolishes Env
expression®®. Indeed, overexpression of M2BP also reduced the CA levels in the culture supernatants with little
effect on p55Gag expression in the producer cells (Fig. 2B, upper panel and Fig. 2D). M2BP had little effect on the
expression of VSV-G in the producer cells (Fig. 2D). Consistently, the specific infectivity of the VSV-G pseudo-
typed virion particles was little affected (Fig. 2B, middle panel). Notably, M2BP reduced the VSV-G levels in the
culture supernatants as well as in the virion pellets (Fig. 2D). A plausible explanation is that VSV-G was carried
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Figure 3. M2BP inhibits the production of MLV and VSV-G pseudotyped lentiviral vectors. (A) A plasmid
expressing M2BP was transfected into HEK293T cells with plasmids producing the VSV-G pseudotyped
lentiviral vectors indicated. At 48 h posttransfection, equal volumes of the culture supernatants were used to
infect HeLa-CD4-CCR5 cells. At 48 h postinfection, cells were harvested and analyzed by FACS. The relative
number of GFP positive cells in the absence of M2BP was set as 100. Data presented are means & SD of three
independent experiments. (B) A plasmid expressing M2BP was transfected into HEK293T cells with an
infectious clone of MLV. A plasmid expressing GFP was included to serve as a control for transfection efficiency
and sample handling. At 48 h posttransfection, the producer cells and culture supernatants were harvested for
Western blotting analyses. Mock: mock transfected cells. (C) An empty vector (EV), or a plasmid expressing
M2BP or RIG-I was transfected into HEK293T cells. At 36 h posttransfection, cells were infected with SINV-
nanoLuc. At 24 h postinfection, the virus-containing culture supernatants were collected and used to infect
HeLa-CD4-CCRS5 cells for 10h, followed by luciferase activity measurement. The relative luciferase activity in
the absence of M2BP was set as 100. Data presented are means 4 SD of three independent experiments.

to the culture supernatant by the virion particles and reduced virion production led to reduced VSV-G levels in
the culture supernatants.

In consideration of the fact that HIV-1 Gag protein alone is able to assemble into virion-like particles that
undergo budding and release?, we analyzed the inhibitory effect of M2BP on the production of the virion-like par-
ticles formed by Gag alone. The coding sequence of Gag and the 5" untranslated region (UTR) were cloned into a
mammalian expression vector under the transcriptional control of the CMV promoter. The resulting construct,
referred to as pGag, expressed Gag poorly but at a detectable level. Data showed that overexpression of M2BP
reduced the Gag levels in the culture supernatants, with little effect on the Gag expression levels in the producer
cells (Fig. 2E). These results indicate that HIV-1 Gag alone is responsive to M2BP inhibition of virion production.

To determine whether overexpressed M2BP functions at a level achievable under physiological condi-
tions, increasing amounts of a plasmid expressing M2BP-myc were expressed in HeLa cells. M2BP displayed
dose-dependent antiviral activity (Supplementary Fig. 1A). When 20 ng of the plasmid was used, M2BP displayed
significant antiviral activity (Supplementary Fig. 1A). M2BP protein levels in HeLa cells and human primary
macrophages stimulated with IFN«-2b were analyzed by Western blotting. Downregulation of M2BP with an
shRNA reduced the intensity of the band detected by the anti-M2BP antibody, which confirmed the endogenous
M2BP band (Supplementary Fig. 1B). The M2BP-myc level expressed from 20ng of the transfected plasmid was
below the endogenous M2BP level in HeLa cells and comparable to that in macrophages (Supplementary Fig. 1B).
These results indicate exogenous M2BP functions at a level achievable under physiological conditions.

Overexpression of M2BP also inhibited the production of VSV-G pseudotyped HIV-2;qp, SIVyacr STVaguTan
and STV,cSab lentivectors®” and replication-competent MLV g0,y Virus (Fig. 3A,B). In contrast, M2BP overex-
pression did not inhibit the replication of Sindbis virus (Fig. 3C).

To further evaluate the antiviral activity of endogenous M2BP, an shRNA targeting M2BP (M2BPi) was stably
expressed in HEK293T cells to downregulate M2BP expression (Fig. 4A and Supplementary Fig. 2). The HIV-
1-producing plasmid pHIV-1y; 4 ;-luc was transfected into these cells and the produced virus was collected to
infect HeLa-CD4-CCRS5 cells. The luciferase activity in the recipient cells served as an indicator of the produc-
tion of infectious virion particles. Downregulation of endogenous M2BP increased the production of infectious
HIV-1yy4.5-luc virus by about 5-fold (Fig. 4B). To confirm the specificity of the shRNA targeting M2BP, a rescue
M2BP-expressing plasmid that cannot be targeted by the shRNA was co-transfected with the HIV-1-producing
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Figure 4. Downregulation of endogenous M2BP enhances HIV-1 virion production. A control sShRNA
(Ctrli) or an sShRNA targeting M2BP (M2BPi) was stably expressed in HEK293T cells. (A) M2BP protein levels
were measured by Western blotting. (B-E) HIV-1-producing plasmids indicated were transiently transfected
into cells with (rescue) or without (EV) a rescue M2BP-expressing plasmid. A plasmid expressing GFP was
included to serve as a control for transfection efficiency and sample handling. (B,C) At 48 h posttransfection,
equal volumes of culture supernatants were used to infect HeLa-CD4-CCR5 cells. At 48 h postinfection,
luciferase activity was measured. The relative luciferase activity in the cells infected with the virus produced
in control cells was set as 100. Data presented are means & SD of three independent experiments. (D,E) The
producer cells and culture supernatants were harvested for Western blotting analyses. The intensities of the
p24CA bands in culture supernatants and the p55Gag bands in cell lysates were quantified with the Image ]
software. The p24CA release level was calculated as the p24CA level in the culture supernatant divided by the
p55Gag level in the cell lysate. The relative p24CA release level in the absence of M2BP was set as 100. Data
presented are means & SD of three independent experiments. **p < 0.01

plasmid. As expected, expression of the rescue M2BP-expressing plasmid diminished the increase in the virion
production (Fig. 4B). Downregulation of endogenous M2BP also increased the luciferase activity in the recipient
cells infected with VSV-G-pseudotyped HIV-1y;, ;AEnv-luc (Fig. 4C), but to a less extent than the effect on HIV-
Ixp4-3-luc (compare Fig. 4B,C). The difference is consistent with the above results that M2BP inhibited only the
production of HIV-1y; 4 ;AEnv-luc but inhibited both Env processing and virion production of HIV-1y, ;-luc.
Indeed, downregulation of endogenous M2BP increased both Env processing in the HIV-1y;4;-luc-producing
cells and CA levels in the culture supernatants (Fig. 4D), and increased the CA levels in the culture supernatants
of the HIV-1y; 4 ;AEnv-lucproducer cells (Fig. 4E). Collectively, these results indicate that M2BP at an endoge-
nous level inhibits HIV-1 Env processing and virion production.
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M2BP truncation mutants

Figure 5. Mapping the functional domains of M2BP. (A) Schematic representation of M2BP truncation
mutants. (B) The HIV-1-producing plasmid indicated was transfected into HEK293T cells with an empty vector
(EV), a plasmid expressing M2BP or an M2BP mutant without the signal peptide (M2BPASP). In a separate
setting, a plasmid expressing M2BP was transiently transfected into HEK293T cells. The M2BP-containing
medium was harvested and added to the HIV-1 producing cells (+M2BP), or the M2BP-producing cells were
co-cultured with the HIV-1 producing cells (co-culture). The virus containing culture supernatants were
collected to infect HeLa-CD4-CCR5 cells. At 48 h postinfection, luciferase activity in the recipient cells was
measured (upper panel), and protein levels in the producer cells were analyzed by Western blotting (lower
panel). The relative luciferase activity in the absence of M2BP was set as 100. Luciferase activity data presented
are means & SD of three independent experiments, and the Western blotting data are representative of three
independent experiments. (C) HIV-1-producing plasmid indicated was transfected into HEK293T cells
together with a plasmid expressing the M2BP truncation mutants indicated. At 48 h posttransfection, culture
supernatants were harvested to infect HeLa-CD4-CCR5 cells and cell lysates were analyzed for expression of
the M2BP mutants (lower panel). At 48 h postinfection, luciferase activity was measured in the recipient cells
(upper panel). The relative luciferase activity in the absence of M2BP was set as 100. Luciferase activity data
presented are means & SD of three independent experiments, and the Western blotting data are representative
of three independent experiments. (D) The HIV-1-producing plasmid indicated was transfected into HEK293T
cells with a plasmid expressing the M2BP truncation mutants indicated. A plasmid expressing GFP was
included to serve as a control. At 48 h posttransfection, cell lysates and culture supernatants were analyzed by
Western blotting. The p24CA release level was calculated as described in the legend to Fig. 4D. Data presented
are means + SD of three independent experiments. Mock: mock transfected cells; sup: culture supernatant.

Mapping the functional domains of M2BP. M2BP is a secreted protein composed of a signal peptide,
an N-terminal scavenger receptor cysteine-rich (SRCR) domain, a BTB/POZ domain, an IVR domain and a
C-terminal domain (Fig. 5A)*. The BTB/ POZ domain was previously identified as the dimerization domain®.
Solid phase assays showed that a fragment spanning the IVR domain and the C-terminal domain contains
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binding sites for galectin-3, nidogen, and collagens V and VI*°. To explore whether M2BP works intracellularly
or extracellularly, we analyzed the antiviral activity of an M2BP mutant in which the signal peptide was deleted.
The mutant, which now was not detected in the culture supernatants, displayed an antiviral activity comparable
to that of the wild-type protein (Fig. 5B). These results suggest that M2BP works intracellularly. To substantiate
this notion, culture supernatants containing secreted M2BP from transfected HEK293T cells were added to the
culture medium of HIV-1y;, ;-luc producer cells. No inhibitory effect was observed (Fig. 5B). Furthermore, when
the HEK293T cells transfected with a plasmid expressing M2BP were co-cultured with the HIV-1y,.;-luc pro-
ducer cells, virion production was not affected either (Fig. 5B). These results indicate that M2BP secretion is not
required for M2BP inhibition of HIV-1 virion production.

To further map the functional domains of M2BP, a series of M2BP truncation mutants was constructed
(Fig. 5A). The mutants were analyzed for their inhibitory activity on the production of HIV-1y;, ;-luc. Data
showed that deletion from the N-terminus up to amino acid 124 did not have a dramatic effect but further dele-
tion to amino acid 251 abolished the antiviral activity (Fig. 5C). Deletion from the C-terminus up to amino
acid 95 did not dramatically affect the antiviral activity of M2BP (Fig. 5C). Notably, the C-terminal truncation
mutants appeared to have higher inhibitory activity than the full-length protein. The seemingly higher activity
could be accounted for by the higher protein expression levels in this assay. Collectively, these results suggest
that there are two functional domains, amino acids 1-95 and amino acids 124-585. The mutants M2BP(1-95)
and M2BP(124-585) were further analyzed for their abilities to inhibit Env processing and virion production of
HIV-1yy4.5-luc. Interestingly, while M2BP(1-95) inhibited Env processing better to some extent, M2BP (124-585)
inhibited virion production more efficiently (Fig. 5D). These results suggest that different domains of M2BP are
involved in the inhibition of HIV-1 Env processing and virion production.

Vimentin filaments collapse relieves M2BP inhibition of HIV-1 virion production. It has been
reported that M2BP regulates centriole biogenesis'®, which participates in the regulation of the morphology
of cytoskeletons?. This prompted us to ask whether cytoskeletons are involved in M2BP inhibition of HIV-1
virion production. We analyzed the antiviral activity of M2BP in the presence of nocodazole, cytochalasin D and
acrylamide, which collapses microtubules, microfilaments and some intermediate filaments, respectively?*-42,
HEK293T cells were transfected with pHIV-1y;,.;-luc and treated with the chemicals. The culture superna-
tants were used to infect recipient cells to evaluate the effects of the chemicals on M2BP inhibition of virion
production. Treatment of the cells with acrylamide, but not nocodazole or cytochalasin D, partially relieved
the inhibitory effect of M2BP on HIV-1 production (Fig. 6A). Further analyses revealed that treatment of the
cells with acrylamide partially relieved M2BP inhibition of virion production without affecting Env processing
(Fig. 6B), suggesting that intermediate filaments might be involved in M2BP inhibition of HIV-1 virion produc-
tion. Notably, in the absence of exogenous M2BP, treatment of acrylamide increased the luciferase activity by
about 2-fold (Supplementary Fig. 3), suggesting that collapsing intermediate filaments by acrylamide relieves the
inhibitory effect of endogenous M2BP. Only a few types of intermediate filaments have been reported to be col-
lapsed by acrylamide, which include vimentin filaments?*43#¢, We speculated that acrylamide might relieve M2BP
inhibition of HIV-1 virion production by collapsing vimentin filaments. To test this idea, a vimentin mutant
(VIM,,,,), whose overexpression collapses vimentin filaments (Supplementary Fig. 4)*, was analyzed for its abil-
ity to relieve M2BP inhibition of the production of VSV-G pseudotyped HIV-1y; 4 ;AEnv-luc. Indeed, overex-
pression of VIM,, relieved the inhibitory effect of M2BP on HIV-1 virion production (Fig. 6C,D). To determine
whether vimentin filaments are involved in the antiviral function of endogenous M2BP in T cell lines, VIM,
were expressed in the MT4 cells expressing a control shRNA or the shRNA targeting M2BP. IFN«-2b treatment
reduced the production of VSV-G-pseudotyped HIV-1 vector in the control cells (Fig. 6E). In comparison, in
the MT4-M2BPi cells or in the control cells overexpressing VIM,,,,, IFN inhibition of viral production was sig-
nificantly reduced (Fig. 6E). Collectively, these results indicate that M2BP inhibits HIV-1 virion production in a
vimentin filaments-dependent manner.

M2BP inhibits HIV-1 Gag localization to the plasma membrane in a vimentin
filaments-dependent manner. Given that M2BP inhibited HIV-1 virion production with little effect
on Gag expression in the producer cells, we next analyzed whether M2BP inhibits HIV-1 Gag localization to
the plasma membrane. The HIV-1y,,; based proviral vector HIV-1-iGFPAEnv*+, in which GFP is inserted
between MA and CA, was employed to analyze the localization of Gag by confocal microscopy. In the absence of
M2BP, HIV-1 Gag was localized on the plasma membrane (Fig. 7A,B), as reported by others*>*. Overexpression
of M2BP altered Gag localization to be diffuse in the cytoplasm (Fig. 7A,B). When VIM,,, was expressed, HIV-1
Gag was now detected on the plasma membrane again (Fig. 7A,B). These results strongly suggest that M2BP
interfered with HIV-1 Gag localization on the plasma membrane in a vimentin filaments-dependent manner.
To further support this notion, we analyzed whether M2BP affects the association of Gag with the membrane
by the membrane flotation assay*’. Data showed that overexpression of M2BP dramatically reduced Gag asso-
ciation with the membrane (Fig. 7C). When VIM,,,, was co-expressed, the effect of M2BP on Gag association
with the membrane was relieved while overexpression of VIM,,,, alone had little effect (Fig. 7C). Collectively,
these results indicate that M2BP interferes with HIV-1 Gag localization on the plasma membrane in a vimentin
filaments-dependent manner.

Evidence that M2BP mediates the interaction between Gagand VIM.  To understand how vimen-
tin filaments are involved in M2BP inhibition of HIV-1 localization on the plasma membrane, we analyzed the
interactions between M2BP, Gag and VIM. Myc-tagged M2BP was transiently expressed in HEK293T cells
together with Flag-tagged VIM or pHIV-1y;, ;AEnv-luc. M2BP was immunoprecipitated and its interactions
with VIM and Gag were assayed by Western blotting. Data showed that M2BP interacted with both VIM (Fig. 8A)
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Figure 6. Vimentin filament collapse relieves M2BP inhibition of HIV-1 virion production.

(A-D) HEK293T cells were transfected with the HIV-1 vector producing plasmids indicated, together with
plasmids expressing M2BP and VIM,,,,. At 12h posttransfection, chemicals indicated were added to the
culture media. At 36 h posttransfection, culture supernatants were harvested to infect HeLa-CD4-CCRS5 cells
or analyzed for protein expressions. At 48 h postinfection, luciferase activity was measured. (A,C) The relative
luciferase activity in the absence of M2BP was set as 100. Data presented are means = SD of three independent
experiments. (B,D) Protein expressions in the cell lysates and culture supernatants. The p24CA release level
was calculated as described in the legend to Fig. 4D. Data presented are representative of three independent
experiments. (E) An empty vector or a plasmid expressing VIM,,,, was nucleofected into MT4-M2BPi cells
together with the HIV-1-producing plasmids indicated. A plasmid expressing firefly luciferase was included
to serve as a control for transfection efficiency and sample handling. At 8h posttransfection, IFN«-2b was
added to the culture media. At 48 h posttransfection, p24CA levels in the culture supernatants were measured
by ELISA (upper panel). Equal volumes of the culture supernatants were used to infect HEK293T cells. At
48h postinfection, luciferase activity was measured in the recipient cells (lower panel). Relative CA levels and
relative luc activity in the MT4-Ctrli cells without IFN treatment was set as 100. Data presented are means & SD
of three independent experiments. *p < 0.05, **p < 0.01, n.s. p > 0.05

and HIV-1 Gag (Fig. 8B). Furthermore, in the absence of M2BP, Gag did not interact with VIM (Fig. 8C, lane 6).
However, in the presence of M2BP, Gag interacted with VIM (Fig. 8C, lane 7). Notably, expression of Gag seemed
to increase the interaction between M2BP and VIM (Fig. 8C, compare lanes 3 and 7), while overexpression of
VIM or VIM,,,, did not affect the interaction between M2BP and Gag (Supplementary Fig. 5). To further ana-
lyze the interaction between Gag, endogenous M2BP and endogenous VIM, pGag-Flag was transfected into
HeLa cells and cells were lysed for immunoprecipitation with anti-Flag antibody, followed by Western blot-
ting analyses. The results showed that when Gag-Flag was immunoprecipitated, the endogenous M2BP and
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Figure 7. M2BP interferes with HIV-1 Gaglocalization on the plasma membrane in a vimentin filaments-
dependent manner. (A) HEK293T cells were transfected with pHIV-1-iGFPAEnv, together with an empty
vector or a plasmid expressing VIM,,,, with or without a plasmid expressing M2BP. At 36 h posttransfection,
cells were fixed in paraformaldehyde. M2BP-myc was stained with anti-myc antibody. Fluorescence images were
obtained by confocal fluorescence microscopy. (B) Quantification of images in (A) from three independent
experiments. GFP-positive cells were classified as showing punctate fluorescence or continuous fluorescence at
the plasma membrane, or diffuse cytoplasmic fluorescence. (C) HEK293T cells were transfected with plasmids
expressing the proteins indicated. At 36 h posttransfection, postnuclear supernatants of the cell lysates were
analyzed by equilibrium flotation centrifugation, followed by Western blotting analyses. EV: empty vector.

endogenous VIM co-immunoprecipitated (Fig. 8D). When the endogenous M2BP was knocked down, the levels
of co-immunoprecipitated endogenous VIM were reduced (Fig. 8D). These results suggest that Gag, M2BP and
VIM may form a complex coordinated by M2BP.

M2BP (124-585) has been mapped as a functional domain that inhibits the virion production (Fig. 5). We
thus examined the interaction between M2BP (124-585), VIM and Gag by immunoprecipitation. Data showed
that M2BP (124-585) interacted with VIM and mediated the interaction between VIM and Gag, while the non-
functional domain M2BP (251-585) only interacted with VIM, but did not mediate the interaction between VIM
and Gag (Supplementary Fig. 6). The results suggest that M2BP mediates the interaction between VIM and Gag
is necessary for M2BP inhibition of virion production.
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Figure 8. M2BP mediates the interaction between Gag and VIM. (A-C) HEK293T cells were transfected
with plasmids expressing the proteins indicated. At 48 h posttransfection, cells were lysed and the cell lysates
were immunoprecipitated with antibodies indicated, followed by Western blotting analyses. (D) Hela cells
were transfected with plasmids indicated. At 48h posttransfection, cells were lysed and the cell lysates were
immunoprecipitated with anti-Flag antibody, followed by Western blotting analyses. (E) HeLa cells were
transfected with pVIM-TagBFP, together with an empty vector or a plasmid expressing M2BP-mKO. At
36h posttransfection, cells were transfected again with pHIV-1-iGFPAEnv for 36 h. Cells were fixed in
paraformaldehyde. Fluorescence images were obtained by confocal fluorescence microscopy.

HIV-1-iGFP A Env
+VIM-TagBFP
+M2BP-mKO

To further support this notion, we analyzed the localization of Gag-GFP, M2BP-mKO and VIM-TagBFP. In the
absence of M2BP-mKO, Gag-GFP was mainly localized on the plasma membrane while VIM-TagBFP was mainly
localized in the cytoplasm (Fig. 8E). However, when M2BP-mKO was overexpressed, co-localization of Gag-GFP,
VIM-TagBFP and M2BP-mKO was observed (Fig. 8E). In contrast, no co-localization was observed between
M2BP-mKO and GFP (Supplementary Fig. 7), suggesting that the co-localization of Gag-GFP, VIM-TagBFP
and M2BP-mKO is specific. To analyze the localization of endogenous M2BP and VIM, we transfected the HIV-
1-iGFPAEnv into HeLa cells and used the anti-M2BP antibody and anti-VIM antibody to stain the endogenous
M2BP and VIM, respectively. The results showed that the cytoplasmic Gag-GFP punctate accumulation appeared
to colocalize with VIM and M2BP (Supplementary Fig. 8), though not all the cytoplasmic Gag-GFP colocalized
with VIM and M2BP. These results further support the notion that M2BP mediates the interaction of Gag with
the vimentin filaments.
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Discussion

Type I IFNs inhibit HIV-1 replication by inducing the expression of a variety of host restriction factors®. In this
report, we show that in MT4 cells, M2BP expression level was upregulated by IFN-a (Fig. 1A) and that down-
regulation of M2BP significantly reduced IFN inhibition of HIV-1 replication (Fig. 1B). These results indicate
that M2BP plays an important role in IFN inhibition of HIV-1 replication in MT4 cells. Overexpression of M2BP
also inhibited the production of VSV-G pseudotyped HIV-1y; 4.3, HIV-2r0p, STVyac, SIVagyTan and SIV, gy Sab
vectors and wild-type MLV yigjone,virus (Fig. 3A,B), suggesting that M2BP inhibition of retrovirus production may
be a conserved mechanism.

Recent studies by Lodermeyer V et al. showed that overexpression of M2BP reduced the infectivity of HIV-1
virion particles by decreasing the levels of mature HIV-1 Env?. Here, we confirmed their observation. In addition,
we observed that M2BP inhibited HIV-1 virion production, which was not reported in their studies. However, a
close look at the data in their studies revealed that downregulation of M2BP in macrophages also increased the
CA levels in the culture supernatants, just to a less extent than that reported here®.

Analysis of the M2BP truncation mutants revealed that M2BP(124-585) inhibited virion production more
efficiently than M2BP(1-95), while M2BP(1-95) inhibited Env processing better than M2BP(124-585) (Fig. 5D).
These results suggest that the mechanisms for M2BP inhibition of HIV-1 virion production and Env processing
may be distinct from each other. Consistent with this notion, collapsing vimentin filaments by treating the cells
with acrylamide relieved the inhibitory effect of M2BP on HIV-1 virion production without affecting M2BP inhi-
bition of HIV-1 Env processing (Fig. 6C).

Cytoskeletons have been reported to be involved in HIV-1 virion production. Actin and actin-binding pro-
teins were found in HIV-1 virions*®*°, and immunoprecipitation assays revealed that actin interacts with the
NC domain of HIV-1 Gag®**!. Downregulation of endogenous Filamin A or LIMKI, proteins that regulates
microfilaments dynamics, or KIF4, a microtubule-based motor protein, interfered with Gag trafficking and led
to a decrease in HIV-1 virion production®->4. Treatment of cells with nocodazole and cytochalasin D, chemicals
that disrupt microtubules and microfilaments, respectively, reduced HIV-1 virion production®*¢. However, the
involvement of intermediate filaments in HIV-1 virion production has not been documented. In the present
study, we provide evidence showing that vimentin filaments participated in M2BP inhibition of HIV-1 virion
production. Treatment of the producer cells with acrylamide or overexpression of a VIM mutant did not generally
affect virion production but relieved M2BP inhibition of virion production (Fig. 6). We further show that M2BP
interacted with both Gag and VIM and mediated the interaction between Gag and VIM (Fig. 8). Based on these
results, we propose a working model for M2BP inhibition of HIV-1 virion production: M2BP interacts with both
HIV-1 Gag and VIM, and thereby traps HIV-1 Gag to the vimentin filaments to inhibit HIV-1 Gag trafficking to
the plasma membrane. We notice that most of the data supporting this model were obtained by overexpression
of the proteins and thus are not very conclusive. Nonetheless, these data add up to be supportive to the model.
Further investigation is needed to prove the model.

Methods

Plasmids. The plasmid pHIV-1y;,;-luc was kindly provided by Dr. Yonghui Zheng, Michigan State
University. The plasmid pHIV-1y;,;AEnv-luc was obtained from Dr. Nathaniel Landau through the National
Institutes of Health, AIDS Research and Reference Reagent Program. The plasmid pHIV-1-iGFPAEnv was
kindly provided by Dr. Benjamin K. Chen, Mount Sinai School of Medicine. The plasmid pHIV-1y;, ;AEnv-
GFP and pHIV-1y; 4 ;AEnv-nanoluc were modified from pHIV-1y;, ; AEnv-luc by replacing the luciferase coding
sequence (CDS) with GFP CDS or nanoluc CDS. The plasmid pGag and pGag-Flag were generated by cloning the
5'UTR and CDS of Gag, PCR-amplified from pHIV-1y;, ;AEnv-luc, into pcDNA4/TO/myc-HisB (Invitrogen)
with or without a double Flag-tag at the C-terminus. The VSV-G-expressing plasmid pVSVG and MLV Gag-pol-
expressing plasmid pHIT60 have been described previously™’.

M2BP and VIM c¢DNAs were purchased from Sanying Biotechnology (Wuhan, China). The coding
sequence of M2BP was cloned into the protein expression vector pLPCX (Clontech) with a triple myc-tag at the
C-terminus. To generate constructs expressing M2BP truncation mutants, fragments of the coding sequences
were PCR-amplified and cloned into pLPCX with a triple myc-tag at the C-terminus. To generate constructs
expressing M2BP-mKO, the coding sequence of mKO was in frame cloned into pLPCX-M2BP. The plasmid
expressing VIM,,, in which R113 was mutated to a cysteine, was generated by overlapping PCR and cloning into
the protein expression vectors pPCMV-HF®. To generate constructs expressing VIM-TagBFP, the coding sequence
of TagBFP was cloned in frame into pPCMV-HF-VIM.

The RNAI targeting M2BP was from Thermo Scientific (iGENOME SMARTpool siRNA D-008016-01,
LGALS3BP). The shRNA targeting M2BP and a control shRNA (5'-GCGCGCTTTGTAGGATTCGTT-3') were
prepared by annealing pairs of oligonucleotides and cloning into pSuper-Retro-Puro (OligoEngine). To generate a
rescue M2BP-expressing construct that cannot be targeted by the shRNA, eight silent mutations were introduced
into the target sequence.

Cell Culture. HeLa-CD4-CCRS5 cells have been described previously*®. HEK293T (ATCC), HeLa (ATCC)
andHeLa-CD4-CCR5 cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen).
MT4 cells (ATCC) were maintained in RPMI-1640 (Invitrogen) supplemented with 10% heat-inactivated
FBS. To generate HEK293T or MT4 cells stably expressing a control shRNA or an shRNA targeting M2BP,
pSuper-Retro-Puro-shCtrl and pSuper-Retro-Puro-shM2BP were transfected into HEK293T cells with pVSVG
and pHIT60 to generate transducing retroviral vectors. HEK293T and M T4 cells were transduced, selected with
puromycin (Ameresco) and pooled.

To produce HIV-1y 4 5-luc and HIV-1y;, ;AEnv-luc viruses, HEK293T cells were transfected with the produc-
ing plasmids. A plasmid expressing renilla luciferase (Promega) was included to serve as a control for transfection

SCIENTIFICREPORTS | 6:32736 | DOI: 10.1038/srep32736 11



www.nature.com/scientificreports/

efficiency and sample handling. The culture supernatants were used to infect recipient HeLa-CD4-CCRS5 cells.
Firefly luciferase activity (Promega) in recipient cells was measured and normalized with the renilla luciferase
activity in the producer cells.

To purify and concentrate HIV-1 virion particles, virus-containing culture supernatants were ultracentrifu-
gated at 25000 rpm for 2 h using the Hitachi P40ST rotor with a 25% sucrose cushion.

To assay HIV-1 replication in MT4 cells, 0.5 x 10° cells were infected with HIV-1y; , ; containing 0.1 pg of CA.
At 3h postinfection, the infection medium was replaced with fresh medium and IFNa-2b (ProSpec) was added to
a final concentration of 10*U/ml. Culture supernatants were collected at various time points and CA levels were
measured using the HIV-Ag/Ab ELISA kit following the manufacturer’s instruction (Wantai, Beijing, China).

To collapse the cytoskeletons, cells were treated with nocodazole (Sigma-Aldrich), cytochalasin D
(Stressmarq) or acrylamide (Ameresco) for 24h at a final concentration of 5M, 10 ug/mL or 4 mM, respectively.

Antibodies. The antibody against 3-actin (GSGB-BIO, china, catalogue no. TA-09), myc-specific mouse
monoclonal antibody 9E10 (Santa Cruz Biotechnology, catalogue no. SC-40), Flag-specific mouse monoclo-
nal antibody M2 (Sigma-Aldrich, catalogue no. F3165-5MG), Flag-specific rabbit polyclonal antibody (Cell
Signaling Technology, catalogue no. 2368P), M2BP-specific antibody (R&D Systems, catalogue no. AF2226),
gp120-specific antibody (Abcam, catalogue no. ab21179), gp41-specific antibody (Santa Cruz Biotechnology,
catalogue no. sc-57812), anti-mouse IgG (H + L) HRP conjugate (Promega, catalogue no. W4021), anti-rabbit
IgG (H+L) TRITC conjugate (GSGB-BIO, china, catalogue no. ZB-0316), anti-rabbit IgG (H + L) HRP conjugate
(GSGB-BIO, china, catalogue no. ZB-2301) and anti-mouse IgG (H+ L) Cy5 conjugate (Southern Biotech, cata-
logue no. 1031-15) were commercially available. HIV-1 CA (p24)-specific mouse monoclonal antibody (P5F1)%°
was a generous gift from Dr. Yong-Tang Zheng, Kunming Institute of Zoology, Chinese Academy of Sciences.

Coimmunoprecipitation. HEK293T cells were transfected with plasmids expressing HIV-1 Gag or
Gag-GFP, myc-tagged M2BP and Flag-tagged VIM. At 48 h posttransfection, cells were lysed in CelLytic™ M Cell
Lysis Reagent (Sigma-Aldrich) or RIPA Buffer (140 mM NaCl, 8 mM Na2HPO4, 2 mM NaH2PO4, 1% NP-40,
0.5% sodium deoxycholate, 0.05% sodium dodecyl sulfate, 20 mM iodoacetamide). Clarified cell lysates were
mixed with anti-c-myc Agarose Affinity Gel (Sigma-Aldrich) or the Anti-Flag M2 Affinity Gel (Sigma-Aldrich)
at 4°C for 4 h. The resins were washed with TBST (20 mM Tris-HCl pH7.6, 150 mM NaCl, 0.1% Tween-20) five
times, and bound proteins were analyzed by Western blotting.

Membrane flotation analyses.  Cell fractionation and equilibrium sucrose density gradient centrifugation
assays were modified from those reported previously?’. Briefly, HEK293T cells were trypsinized, washed with
PBS twice and resuspended in TE buffer (10 mM Tris-HCI pH7.5, 4mM EDTA) supplemented with the com-
plete protease inhibitor cocktail (Roche). Cell suspensions were subjected to sonication in ice water to achieve
disruption of more than 90% of cells. After low-speed centrifugation, postnuclear supernatants were adjusted
to 150 mM NaCl and mixed with 85.5% (wt/vol) sucrose in TNE buffer (25 mM Tris-HCl pH7.5, 150 mM NaCl,
4mM EDTA) and placed on the bottom of a centrifuge tube. On top of this postnuclear-supernatant-containing
73% (wt/vol) sucrose mixture was layered 65% (wt/vol) sucrose in TNE and 10% (wt/vol) sucrose in TNE. The
gradients were centrifuged at 100,000 g for 18 h at 4°C. Ten fractions, 1 ml each, were collected from the bottom
of the tube for Western blotting analyses.

Fluorescent staining and confocal microscopy. pHIV-1-iGFPAEnv was transfected into HEK293T
cells with a plasmid expressing M2BP-myc or/and a plasmid expressing VIM,, .. At 12h posttransfection, cells
were sub-cultured onto coverslips. At 36 h posttransfection, cells were fixed with 4% paraformaldehyde, washed
with PBS, permeabilized with 0.2% Triton X-100. After blocking in staining buffer, samples were incubated with
the anti-myc antibody, washed with PBS and incubated with Cy5-conjugated anti-mouse IgG. Subsequently, the
samples were washed with PBS, and mounted with ProLong Diamond Antifade Mountant (Life Technologies).
The subcellular localizations of the stained proteins were photographed using a Laser Confocal Microscope (Zeiss
LSM700).

Statistical Analysis. Mean values + SD were calculated from at least three independent experiments unless
otherwise indicated, and p values were calculated using the Students t-test.

References

1. Sundquist, W. I. & Krausslich, H. G. HIV-1 assembly, budding, and maturation. Cold Spring Harbor perspectives in medicine 2,
2006924, doi: 10.1101/cshperspect.a006924 (2012).

2. Gheysen, D. et al. Assembly and release of HIV-1 precursor Pr55gag virus-like particles from recombinant baculovirus-infected
insect cells. Cell 59, 103-112 (1989).

3. Robinson, B. A, Reed, J. C., Geary, C. D., Swain, J. V. & Lingappa, J. R. A temporospatial map that defines specific steps at which
critical surfaces in the Gag MA and CA domains act during immature HIV-1 capsid assembly in cells. Journal of virology 88,
5718-5741, doi: 10.1128/JVI1.03609-13 (2014).

4. Ho, D. D. et al. Recombinant human interferon alfa-A suppresses HTLV-III replication in vitro. Lancet 1, 602-604 (1985).

5. Doyle, T., Goujon, C. & Malim, M. H. HIV-1 and interferons: who's interfering with whom? Nat Rev Microbiol 13, 403-413, doi:
10.1038/nrmicro3449 (2015).

6. Barr, S. D,, Smiley, J. R. & Bushman, E D. The interferon response inhibits HIV particle production by induction of TRIM22. PLoS
pathogens 4, 1000007, doi: 10.1371/journal.ppat.1000007 (2008).

7. Wilson, S.J. et al. Inhibition of HIV-1 particle assembly by 2/,3’-cyclic-nucleotide 3’-phosphodiesterase. Cell host ¢ microbe 12,
585-597, doi: 10.1016/j.chom.2012.08.012 (2012).

8. Okumura, A., Lu, G., Pitha-Rowe, I. & Pitha, P. M. Innate antiviral response targets HIV-1 release by the induction of ubiquitin-like
protein ISG15. Proceedings of the National Academy of Sciences of the United States of America 103, 1440-1445, doi: 10.1073/
pnas.0510518103 (2006).

SCIENTIFICREPORTS | 6:32736 | DOI: 10.1038/srep32736 12



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42,

43.
44,

45.

46.

47.

48.

. Neil, S.]., Zang, T. & Bieniasz, P. D. Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu. Nature 451, 425-430, doi:

10.1038/nature06553 (2008).

Van Damme, N. et al. The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by
the viral Vpu protein. Cell host & microbe 3, 245-252, doi: 10.1016/j.chom.2008.03.001 (2008).

Nasr, N. et al. HIV-1 infection of human macrophages directly induces viperin which inhibits viral production. Blood 120, 778-788,
doi: 10.1182/blood-2012-01-407395 (2012).

Natali, P. G., Wilson, B. S., Imai, K., Bigotti, A. & Ferrone, S. Tissue distribution, molecular profile, and shedding of a cytoplasmic
antigen identified by the monoclonal antibody 465.12S to human melanoma cells. Cancer research 42, 583-589 (1982).

Linsley, P. S. et al. Identification of a novel serum protein secreted by lung carcinoma cells. Biochemistry-Us 25, 2978-2986 (1986).
Koths, K., Taylor, E., Halenbeck, R., Casipit, C. & Wang, A. Cloning and characterization of a human Mac-2-binding protein, a new
member of the superfamily defined by the macrophage scavenger receptor cysteine-rich domain. The Journal of biological chemistry
268, 14245-14249 (1993).

Marth, C. et al. Effects of type-I and -II interferons on 90 K antigen expression in ovarian carcinoma cells. International journal of
cancer 59, 808-813 (1994).

Fogeron, M. L. et al. LGALS3BP regulates centriole biogenesis and centrosome hypertrophy in cancer cells. Nature communications
4, 1531, doi: 10.1038/ncomms2517 (2013).

Ullrich, A. et al. The secreted tumor-associated antigen 90 K is a potent immune stimulator. The Journal of biological chemistry 269,
18401-18407 (1994).

Darcissac, E. C., Vidal, V., De La Tribonniere, X., Mouton, Y. & Bahr, G. M. Variations in serum IL-7 and 90 K/Mac-2 binding
protein (Mac-2 BP) levels analysed in cohorts of HIV-1 patients and correlated with clinical changes following antiretroviral therapy.
Clinical and experimental immunology 126, 287-294 (2001).

Briggs, N. C. et al. A 90-kDa protein serum marker for the prediction of progression to AIDS in a cohort of HIV-14- homosexual
men. AIDS Res Hum Retroviruses 9, 811-816 (1993).

Groschel, B. et al. Elevated plasma levels of 90 K (Mac-2 BP) immunostimulatory glycoprotein in HIV-1-infected children. J Clin
Immunol 20, 117-122 (2000).

Tacobelli, S. et al. Lipoprotein 90K in human immunodeficiency virus-infected patients: a further serologic marker of progression.
J Infect Dis 164, 819 (1991).

Longo, G. et al. Prognostic value of a novel circulating serum 90K antigen in HIV-infected haemophilia patients. Br ] Haematol 85,
207-209 (1993).

Natoli, C. et al. 90K protein: a new predictor marker of disease progression in human immunodeficiency virus infection. J Acquir
Immune Defic Syndr 6,370-375 (1993).

Natoli, C., Iacobelli, S. & Ghinelli, E Unusually high level of a tumor-associated antigen in the serum of human immunodeficiency
virus-seropositive individuals. ] Infect Dis 164, 616-617 (1991).

Lodermeyer, V. et al. 90K, an interferon-stimulated gene product, reduces the infectivity of HIV-1. Retrovirology 10, 111, doi:
10.1186/1742-4690-10-111 (2013).

Fuchs, E. & Weber, K. Intermediate filaments: structure, dynamics, function, and disease. Annual review of biochemistry 63,
345-382, doi: 10.1146/annurev.bi.63.070194.002021 (1994).

Ivaska, J., Pallari, H. M., Nevo, J. & Eriksson, J. E. Novel functions of vimentin in cell adhesion, migration, and signaling. Exp Cell
Res 313, 2050-2062, doi: 10.1016/j.yexcr.2007.03.040 (2007).

Durham, H. D., Pena, S. D. & Carpenter, S. The neurotoxins 2,5-hexanedione and acrylamide promote aggregation of intermediate
filaments in cultured fibroblasts. Muscle ¢ nerve 6, 631-637, doi: 10.1002/mus.880060903 (1983).

Schietke, R. et al. Mutations in vimentin disrupt the cytoskeleton in fibroblasts and delay execution of apoptosis. Eur J Cell Biol 85,
1-10, doi: 10.1016/j.ejcb.2005.09.019 (2006).

Stefanovic, S., Windsor, M., Nagata, K. I, Inagaki, M. & Wileman, T. Vimentin rearrangement during African swine fever virus
infection involves retrograde transport along microtubules and phosphorylation of vimentin by calcium calmodulin kinase II. J
Virol 79, 11766-11775, doi: 10.1128/JV1.79.18.11766-11775.2005 (2005).

Gladue, D. P. et al. Foot-and-mouth disease virus modulates cellular vimentin for virus survival. J Virol 87, 6794-6803, doi: 10.1128/
JVI1.00448-13 (2013).

Bhattacharya, B., Noad, R. J. & Roy, P. Interaction between Bluetongue virus outer capsid protein VP2 and vimentin is necessary for
virus egress. Virol ] 4, 7, doi: 10.1186/1743-422X-4-7 (2007).

Harada, S., Koyanagi, Y. & Yamamoto, N. Infection of HTLV-III/LAV in HTLV-I-carrying cells MT-2 and MT-4 and application in
a plaque assay. Science 229, 563-566 (1985).

Agy, M. B, Acker, R. L., Sherbert, C. H. & Katze, M. G. Interferon treatment inhibits virus replication in HIV-1- and SIV-infected
CD4+ T-cell lines by distinct mechanisms: evidence for decreased stability and aberrant processing of HIV-1 proteins. Virology 214,
379-386, doi: 10.1006/viro.1995.0047 (1995).

Dang, Y. et al. Human cytidine deaminase APOBEC3H restricts HIV-1 replication. J Biol Chem 283, 11606-11614, doi: 10.1074/jbc.
M707586200 (2008).

Connor, R. I, Chen, B. K., Choe, S. & Landau, N. R. Vpr is required for efficient replication of human immunodeficiency virus type-
1 in mononuclear phagocytes. Virology 206, 935-944, doi: 10.1006/vir0.1995.1016 (1995).

Kane, M. et al. MX2 is an interferon-induced inhibitor of HIV-1 infection. Nature 502, 563-566, doi: 10.1038/nature12653 (2013).
Muller, S. A. et al. Domain organization of Mac-2 binding protein and its oligomerization to linear and ring-like structures. ] Mol
Biol 291, 801-813, doi: 10.1006/jmbi.1999.2996 (1999).

Hellstern, S. et al. Functional studies on recombinant domains of Mac-2-binding protein. The Journal of biological chemistry 277,
15690-15696, doi: 10.1074/jbc.M200386200 (2002).

Nigg, E. A. & Stearns, T. The centrosome cycle: Centriole biogenesis, duplication and inherent asymmetries. Nat Cell Biol 13,
1154-1160, doi: 10.1038/ncb2345 (2011).

Prentki, M., Chaponnier, C., Jeanrenaud, B. & Gabbiani, G. Actin microfilaments, cell shape, and secretory processes in isolated rat
hepatocytes. Effect of phalloidin and cytochalasin D. The Journal of cell biology 81, 592-607 (1979).

Samson, E, Donoso, J. A., Heller-Bettinger, I., Watson, D. & Himes, R. H. Nocodazole action on tubulin assembly, axonal
ultrastructure and fast axoplasmic transport. The Journal of pharmacology and experimental therapeutics 208, 411-417 (1979).
Eckert, B. S. Alteration of intermediate filament distribution in PtK1 cells by acrylamide. Eur J Cell Biol 37, 169-174 (1985).

Mittal, B., Sanger, J. M. & Sanger, J. W. Visualization of intermediate filaments in living cells using fluorescently labeled desmin. Cell
Motil Cytoskeleton 12, 127-138, doi: 10.1002/cm.970120302 (1989).

Jouvenet, N. et al. Plasma membrane is the site of productive HIV-1 particle assembly. PLoS biology 4, €435, doi: 10.1371/journal.
pbio.0040435 (2006).

Hubner, W. et al. Sequence of human immunodeficiency virus type 1 (HIV-1) Gag localization and oligomerization monitored with
live confocal imaging of a replication-competent, fluorescently tagged HIV-1. ] Virol 81, 12596-12607, doi: 10.1128/JV1.01088-07
(2007).

Kiernan, R. E., Ono, A., Englund, G. & Freed, E. O. Role of matrix in an early postentry step in the human immunodeficiency virus
type 1 life cycle. J Virol 72, 4116-4126 (1998).

Ott, D. E. et al. Cytoskeletal proteins inside human immunodeficiency virus type 1 virions. J Virol 70, 7734-7743 (1996).

SCIENTIFICREPORTS | 6:32736 | DOI: 10.1038/srep32736 13



www.nature.com/scientificreports/

49. Ott, D. E. et al. Actin-binding cellular proteins inside human immunodeficiency virus type 1. Virology 266, 42-51, doi: 10.1006/
viro.1999.0075 (2000).

50. Liu, B. et al. Interaction of the human immunodeficiency virus type 1 nucleocapsid with actin. J Virol 73, 2901-2908 (1999).

51. Wilk, T., Gowen, B. & Fuller, S. D. Actin associates with the nucleocapsid domain of the human immunodeficiency virus Gag
polyprotein. J Virol 73, 1931-1940 (1999).

52. Wen, X. et al. ROCK1 and LIM kinase modulate retrovirus particle release and cell-cell transmission events. Journal of virology 88,
6906-6921, doi: 10.1128/JV1.00023-14 (2014).

53. Cooper, J. et al. Filamin A protein interacts with human immunodeficiency virus type 1 Gag protein and contributes to productive
particle assembly. J Biol Chem 286, 28498-28510, doi: 10.1074/jbc.M111.239053 (2011).

54. Tang, Y. et al. Cellular motor protein KIF-4 associates with retroviral Gag. J Virol 73, 10508-10513 (1999).

55. Nishi, M. et al. Requirement for microtubule integrity in the SOCS1-mediated intracellular dynamics of HIV-1 Gag. FEBS Lett 583,
1243-1250, doi: 10.1016/j.febslet.2009.03.041 (2009).

56. Sasaki, H. et al. Myosin-actin interaction plays an important role in human immunodeficiency virus type 1 release from host cells.
Proc Natl Acad Sci USA 92, 2026-2030 (1995).

57. Zhu, Y. et al. Zinc-finger antiviral protein inhibits HIV-1 infection by selectively targeting multiply spliced viral mRNAs for
degradation. Proceedings of the National Academy of Sciences of the United States of America 108, 15834-15839, doi: 10.1073/
pnas.1101676108 (2011).

58. Guo, X., Ma, ], Sun, J. & Gao, G. The zinc-finger antiviral protein recruits the RNA processing exosome to degrade the target mRNA.
Proc Natl Acad Sci USA 104, 151-156, doi: 10.1073/pnas.0607063104 (2007).

59. Mu, X. et al. HIV-1 Exploits the Host Factor RuvB-like 2 to Balance Viral Protein Expression. Cell host ¢~ microbe 18, 233-242, doi:
10.1016/j.chom.2015.06.018 (2015).

60. Liu, G. J., Wang, J. P, Xiao, J. C., Zhao, Z. W. & Zheng, Y. T. Preparation and characterization of three monoclonal antibodies against
HIV-1 p24 capsid protein. Cell Mol Immunol 4, 203-208 (2007).

Acknowledgements

We thank Dr. Yonghui Zheng for providing pHIV-1y, ;-luc, Dr. Benjamin K. Chen for pHIV-1-iGFPAEnv,
Dr. Paul D. Bieniasz for GFP-based lentivectors, Dr. MacDonald MR for nanoLuc-based Sindbis virus, and Dr.
Yongtang Zheng for monoclonal antibody against CA (p24). We thank Xudong Zhao and Yihui Xu of the core
facilityof the Institute of Biophysics, CAS, for technical assistance. This work was supported by grants to Guangxia
Gao from the Ministry of Science and Technology (973 Program 2012CB910203), the Health and Family Planning
Commission of China (2012ZX10001) and National Science Foundation (81361120390, 81530066) of China.

Author Contributions

G.G., X.W. and Q. W. designed the research; Q.W. performed the research; X.W. and X.Z. screened the interferon-
stimulated genes to inhibit HIV-1; Y.H. constructed the plasmids expressing the M2BP truncation mutants; G.G.
wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wang, Q. et al. M2BP inhibits HIV-1 virion production in a vimentin filaments-
dependent manner. Sci. Rep. 6, 32736; doi: 10.1038/srep32736 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:32736 | DOI: 10.1038/srep32736 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	M2BP inhibits HIV-1 virion production in a vimentin filaments-dependent manner

	Results

	IFN-induced M2BP expression is required for optimal IFN inhibition of HIV-1 replication in MT4 cells. 
	M2BP inhibits both HIV-1 Env processing and virion production. 
	Mapping the functional domains of M2BP. 
	Vimentin filaments collapse relieves M2BP inhibition of HIV-1 virion production. 
	M2BP inhibits HIV-1 Gag localization to the plasma membrane in a vimentin filaments-dependent manner. 
	Evidence that M2BP mediates the interaction between Gag and VIM. 

	Discussion

	Methods

	Plasmids. 
	Cell Culture. 
	Antibodies. 
	Coimmunoprecipitation. 
	Membrane flotation analyses. 
	Fluorescent staining and confocal microscopy. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ IFN-induced M2BP expression is required for optimal IFN inhibition of HIV-1 replication.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ M2BP inhibits both HIV-1 Env processing and virion production.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ M2BP inhibits the production of MLV and VSV-G pseudotyped lentiviral vectors.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Downregulation of endogenous M2BP enhances HIV-1 virion production.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Mapping the functional domains of M2BP.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Vimentin filament collapse relieves M2BP inhibition of HIV-1 virion production.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ M2BP interferes with HIV-1 Gag localization on the plasma membrane in a vimentin filaments-dependent manner.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ M2BP mediates the interaction between Gag and VIM.



 
    
       
          application/pdf
          
             
                M2BP inhibits HIV-1 virion production in a vimentin filaments-dependent manner
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32736
            
         
          
             
                Qin Wang
                Xiaolin Zhang
                Yuling Han
                Xinlu Wang
                Guangxia Gao
            
         
          doi:10.1038/srep32736
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep32736
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep32736
            
         
      
       
          
          
          
             
                doi:10.1038/srep32736
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32736
            
         
          
          
      
       
       
          True
      
   




