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Many enveloped viruses bud from the plasma membrane that is tightly associated with
a dense and thick actin cortex. This actin network represents a significant challenge
for membrane deformation and scission, and how it is remodeled during the late steps
of the viral cycle is largely unknown. Using superresolution microscopy, we show that
HIV-1 buds in areas of the plasma membrane with low cortical F-actin levels. We find
that the cellular oxidoreductase MICALL1 locally depolymerizes actin at budding sites
to promote HIV-1 budding and release. Upon MICAL1 depletion, F-actin abnormally
remains at viral budding sites, incompletely budded viruses accumulate at the plasma
membrane and viral release is impaired. Remarkably, normal viral release can be restored
in MICAL1-depleted cells by inhibiting Arp2/3-dependent branched actin networks.
Mechanistically, we find that MICALLI directly disassembles branched-actin networks
and controls the timely recruitment of the Endosomal Sorting Complexes Required for
Transport scission machinery during viral budding. In addition, the MICALLI activator
Rab35 is recruited at budding sites, functions in the same pathway as MICALLI, and is
also required for viral release. This work reveals a role for oxidoreduction in triggering
local actin depolymerization to control HIV-1 budding, a mechanism that may be
widely used by other viruses. The debranching activity of MICALI could be involved
beyond viral budding in various other cellular functions requiring local plasma mem-
brane deformation.
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The plasma membrane undergoes continuous remodeling to ensure cellular events such
as endocytosis, exocytosis, cell division, or viral budding. The egress of enveloped viruses
from infected cells and the final step of cell division—cytokinetic abscission—require
membrane deformation and topologically equivalent scission events mediated by the same
cellular endosomal sorting complexes required for transport (ESCRT) machinery (1-10).
Whether other mechanisms are shared during cytokinetic abscission and viral budding
remains largely unexplored.

HIV-1 budding involves coordinated interactions between viral proteins and the plasma
membrane (11-13). The viral Gag polyprotein plays a crucial role by orchestrating virus
assembly, budding, and release. Gag polyproteins first bind to the plasma membrane and
then cluster into PtdIns(4, 5)P2-rich domains to generate viral particles in which viral
RNA is packaged. Finally, Gag recruits the ESCRT machinery required for membrane
scission and viral release from the infected cell.

Below the plasma membrane, the actin cortex forms a 200 nm-thick, dense, and cross-
linked meshwork of actin filaments (14—17). The actin cortex and its tight association
with the plasma membrane represents a significant challenge for membrane deformation
and scission during the final steps of the HIV-1 cycle. Several studies have reported an
active role for actin dynamics in the assembly and budding of HIV-1 (18-22) while others
have argued against it (23, 24). While the exact role of the actin cortex in the late steps
of the HIV-1 cycle remains debated (25), it is likely that membrane deformability and
scission depend on actin dynamics at virus assembly and budding sites. In particular, the
potential interplay between the actin cytoskeleton and the ESCRT-III machinery during
budding is unknown.

During cytokinesis, the clearance of actin filaments (F-actin) from the intercellular bridge
(ICB) connecting the two daughter cells is required for the scission of the plasma membrane
and thus successful abscission (26-34). We previously demonstrated that the oxidoreductase
Molecule interacting with CasL protein 1 (MICALI)—an enzyme that accelerates actin
filament disassembly—is recruited and activated in the ICB by the small Guanosine Tri
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Phosphatase (GTPase) Rab35 to locally depolymerize actin fila-
ments, thus promoting cytokinetic abscission (34). MICALI1 belongs
to a conserved family of flavoenzyme oxidoreductases named
MICAL that directly oxidize specific methionine residues in actin
filaments, leading to their rapid disassembly (35-39). Mechanistically,
actin disassembly by MICALL promotes ESCRT-III localization at
the abscission site and thus membrane scission (34).

Here, we hypothesized that cortical actin filaments are similarly
depolymerized by Rab35/MICAL1 during HIV-1 budding at the
plasma membrane to facilitate the ESCRT-III-dependent release
of viruses from infected cells. We found that HIV-1 budding
preferentially occurs in regions of the plasma membrane with
reduced F-actin levels. In contrast, F-actin remains at high levels
at budding sites in the absence of MICALI, whose depletion
induces an accumulation of incompletely budded viral particles
at the plasma membrane and delays ESCRT-III recruitment at
budding sites, leading to impaired HIV-1 release from infected
cells. Finally, our results indicate that MICAL1 and its activator
Rab35 function in the same pathway during HIV-1 budding and
release. Altogether, this work reveals a role for oxidoreduction in
retroviral budding, linking MICAL-1-mediated oxidation to local
actin depolymerization at HIV-1 budding sites.

Results

MICAL1 Depletion Reduces HIV-1 Release From Infected Cells.
W first investigated the role of MICALLI in the late stages of the
HIV-1 cycle over one single viral cycle. To this aim, we silenced
MICALL in Hela cells using a specific small interfering RNA
(siRNA) and then infected the cells with the HIV-1 strain NL4-
3 pseudotyped with the vesicular stomatitis virus G glycoprotein
(NL4-3-VSVGQG). Treatment with MICAL1 siRNAs led to an
efficient depletion of MICALLI in infected cells (SI Appendix,
Fig. S14). The day after infection, we exchanged the media
to remove residual viral input and let cells produce viruses for
24 h. Viral proteins both in infected cells and released in the
supernatant were then analyzed by Western Blot (WB) using anti-
Gag antibodies (Fig. 14). The levels of Gag-p24 in the supernatant
were reduced after MICAL1 depletion, with no decrease in the
intracellular Gag precursor (Gag-p55) and Gag subproducts (Gag-
p41+Gag-p24) levels. We then quantified the levels of Gag-p24
in both the supernatant and infected cells by enzyme-linked
immunosorbent assay (ELISA). MICAL1 depletion resulted in a
60 + 16% reduction of HIV-1 release (Fig. 1B). These results were
confirmed with a second siRNA targeting MICALL (87 Appendix,
Fig. S1 B and C). We conclude that MICALI is required for
efficient release of HIV-1 from infected cells.

To determine when the release of the virus starts to be affected
by the MICAL1 depletion, we monitored the kinetics of Gag-p24
release in the supernatant of infected cells. Twenty-four hours post-
infection, we replaced the culture medium with fresh medium and
collected viral supernatants at 4 — 6 — 8 and 24 h and measured
Gag-p24 by ELISA. At the end of the experiment, we collected
infected cells and found that cell-associated Gag-p24 levels were
unchanged in MICAL1-depleted cells, (57 Appendix, Fig. S1D). In
contrast, the amounts of Gag-p24 in the supernatant were reduced
in MICAL1-depleted cells at all time points (Fig. 1C), suggesting
that HIV-1 release is impaired as soon as the infected cells start to
produce viruses. Of note, MICALL depletion affected the release
of both immature (Gag-p55) and mature (Gag-p24) as shown by
WB analysis of purified viruses (S/ Appendix, Fig. S1E).

We next investigated whether the maturation and the infectivity
of the released viruses were affected by MICALI depletion. First, we
analyzed virion maturation by transmission electron microscopy
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(TEM) and classified virions as either immature—characterized by
discernible immature Gag shells—or mature—characterized by dis-
cernible conical or condensed cores (Fig. 1.D). In control cells, 87%
of the released virions were mature (n = 232 virions). Similar results
were obtained in MICALI-depleted cells (90% mature, n = 165
virions) (Fig. 1D). We next used the HeLa PACS5 reporter cells to
assess viral infectivity after infection with equal amounts of viral
particles. We observed that infectivity of the released viruses was
unchanged after MICALI depletion (Fig. 1£). Thus, MICALI
depletion reduces HIV-1 release but does not perturb viral matura-
tion or subsequent infectivity.

To confirm the role of MICAL1 during viral release in a cell
type naturally infected by HIV-1, we depleted MICALI in
monocyte-derived macrophage THP-1 cells and infected them
overnight with NL4-3-VSVG viruses. We then replaced the cul-
ture medium with fresh medium and collected the virus produced
over the next 48 h. We observed that the levels of Gag-p24 in the
supernatant were reduced after MICAL1 depletion, as assessed by
WB (Fig. 1F). We quantified the viral release by Gag-p24-ELISA
and found that MICAL1 depletion in THP-1 cells resulted in a
37 + 21% reduction of HIV-1 release (Fig. 1G).

We finally investigated potential interactions between MICAL1
and Gag using immunoprecipitation assays. We infected Hela
cells with the NL4-3-VSVG virus, immunoprecipitated endoge-
nous MICALL, and found that it coimmunoprecipitated Gag-p55
(Fig. 1H). To confirm this interaction, we transfected HeLa cells
with a NL4-3-Gag-GFP provirus, immunoprecipitated Gag-GFD,
and found that it coimmunoprecipitated endogenous MICAL1
(SI Appendix, Fig. S1F). These results indicate that MICALL and
Gag form a complex and show that MICAL1 functions during
viral budding and/or release.

MICAL1 Depletion Induces Accumulation of HIV-1 Budding
Particles at the Plasma Membrane. Reduction of viral particle
release can result from a defect during the budding process, leading
to the accumulation of viruses at the plasma membrane of infected
cells. We first analyzed the distribution of Gag and Env (viral
envelope glycoprotein) structural proteins using spinning disk
confocal microscopy 36 h after NL4-3-VSVG infection in Hela
cells, both in the absence or presence of MICALL. As expected, we
observed a colocalization of the Gag and Env signals at the plasma
membrane in both conditions (Fig. 24 and S/ Appendix, Fig. S2A).
Automatic detection of Gag-positive regions (SI Appendix,
Fig. S2 B, 1op) revealed that MICALL1 depletion induced an increase
in both the number and the surface of individual Gag-positive
regions resulting in an increase of the total area covered by the Gag
staining (Fig. 2B and S/ Appendix, Fig. S2 B, Bottom). These results
indicate that MICAL1 depletion induces the formation of larger
and more numerous Gag/Env regions at the plasma membrane,
suggesting an accumulation of budding viruses at the cell surface.
This was confirmed by visualizing single viral particles on the
surface of infected cells, using correlative light scanning electron
microscopy (SEM) in HeLa cells infected with a NL4-3-Gag-GFP
virus (Fig. 2C). We observed a twofold increase in the density of
viruses at Gag-GFP-positive budding regions in MICALI-
depleted cells, as compared to control cells (Fig. 2D).
Altogether, these results show that MICAL1 depletion induces
accumulation of budding viruses at the surface of infected cells,
which likely accounts for the defective viral release observed in

MICAL1-depleted cells.
MICAL1 Depletion Impairs Normal Budding and Delays ESCRT-

Il Recruitment at Budding Sites. The accumulation of budding
viruses in MICAL1-depleted cells suggests incomplete viral budding
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Fig. 1. MICAL1 depletion reduces HIV-1 release from infected cells. (A) WB analysis of HIV-1 Gag products in infected Hela cells treated with indicated siRNAs
(panels Infected cells) and corresponding supernatants (panel Supernatant). Loading control: GAPDH. Equal volumes of cell and supernatant samples were loaded.
This experiment was repeated at least three times independently with similar results. (B) Quantification by Gag-p24 ELISA of HIV-1 release in HeLa cells treated
with either Control or MICAL1 siRNAs. Results were normalized to control RNAi conditions (set at 100%). Error bars represent SD calculated from 4 independent
experiments, each done in triplicate. Two-tailed unpaired Student’s t test. (C) Quantification by ELISA of released Gag-p24 in the supernatant of infected Hela
cells treated with either Control or MICAL1 siRNAs at indicated times after infection. Error bars represent SD calculated from one experiment done in triplicate.
Two-tailed unpaired Student’s t test. (D, Left) Transmission electron microscopy images of released viruses from infected HelLa cells treated with either Control
or MICAL1 siRNAs. (Scale bars, 200 nm.) (Right) Quantification of the proportion of mature vs. immature capsids. n = 232 (Control RNAi) and n = 165 (MICAL1
RNAI) released capsids. Fisher's exact test. (F) The virus infectivity was scored by measuring beta-galactosidase levels in infected HeLa P4C5 reporter cells treated
with either Control or MICAL1 siRNAs. The beta-galactosidase values were normalized to the amount of released Gag-p24. Results were normalized to control
RNAi conditions (set at 100%). Error bars represent SD calculated from three independent experiments. Two-tailed unpaired Student’s ¢ test. (F) WB analysis of
HIV-1 Gag products in infected THP-1 cells treated with indicated siRNAs (panels Infected cells) and corresponding supernatants (panel Supernatant). Loading
control: GAPDH. Equal volumes of cell and supernatant samples were loaded. This experiment was repeated at least three times independently with similar
results. (G) Quantification by Gag-p24 ELISA of HIV-1 release in THP-1 cells treated with either Control or MICAL1 siRNAs. Results were normalized to control
RNAi conditions (set at 100%). Error bars represent SD calculated from three independent experiments, each done in triplicate. Two-tailed unpaired Student’s
t test. (H) Endogenous MICAL1 from infected (NL4-3) or noninfected (Ni) HeLa cells was revealed with anti-MICAL1 antibodies (control immunoprecipitation =
Rabbit IgG). Coimmunoprecipitated Gag-p55 (red star) was revealed with anti-Gag antibodies. The lower band corresponds to nonspecific background also
present in noninfected cells.
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Fig. 2. MICAL1 depletion induces accumulation of HIV-1 budding particles at the plasma membrane. (4) Z projection of spinning disk confocal images of infected
Hela cells treated with indicated siRNAs and labeled with anti-Gag (green) and anti-Env (magenta) antibodies. (Scale bars, 10 um.) (B) Quantification of the area
covered by Gag staining in infected cells (arbitrary units, arb. units). Results were normalized to control RNAi conditions (set at 1.0) Error bars represent SD
calculated from four independent experiments. n = 145 (Control RNAi) and n = 154 (MICAL1 RNAI) cells analyzed. Two-tailed unpaired Student's t test. (C) Correlative
light-scanning electron microscopy (SEM) of Hela cells transfected with NL4-3-Gag-GFP provirus after control (Left) or MICAL1 (Right) depletion. Phase-contrast
(TRANS), fluorescent, and SEM pictures with corresponding zooms of budding regions are presented. (Scale bars, 10 pm for fluorescence pictures and 1 pm for
SEM.) (D) Quantification of the number of viruses at the cell surface per 30 um? budding regions (violin plot with median and interquartiles). n = 47 budding regions
from 13 cells analyzed in Control RNAIi conditions and n = 35 budding regions from nine cells analyzed in MICAL1 RNAi conditions. Kolmogorov-Smirnov test.

and/or defective scission. Incomplete viral budding results in the
accumulation of budding events with a characteristic “half-moon”
shape (40, 41). Conversely, a defect in viral particle scission leads to
the formation of a typical “lollipop” shape budding particles (42).
Analysis of TEM images from MICALI1-depleted cells infected
with NL4-3-VSVG revealed an accumulation of incompletely
budded viruses at the plasma membrane (Fig. 34). Budding virions
in MICALI1-depleted cells displayed decreased height (72 + 33

nm, n = 134), as compared to control cells (99 + 25 nm, n = 132),

https://doi.org/10.1073/pnas.2407835121

while the width was similar (133 + 25 nm and 129 + 22 nm in
control and in MICALI1-depleted cells, respectively) (Fig. 3B).
Consequently, the height-to-width ratio decreased by 32% in
MICALI1-depleted cells (Fig. 3B). Thus, MICALI depletion leads
to the accumulation of incomplete budded particles at the plasma
membrane.

We next investigated whether MICALL depletion impaired the
recruitment of the ESCRT-III protein CHMP4B at budding sites.
First, infected control and MICAL1-depleted cells were stained

pnas.org
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Fig. 3. MICAL1 depletion impairs normal budding and delays ESCRT-III recruitment at budding sites. (A) TEM of infected HeLa cells treated with either Control
or MICAL1 siRNAs. (Scale bars, 200 nm.) (B) Width, Height, and Height/Width ratio of budding virions in infected HeLa cells treated with either Control or MICAL1
siRNAs. Mean of three independent experiments (violin plot with median and interquartiles). n = 132 (Control RNAi) and n = 134 (MICAL1 RNAI) buds. Two-tailed
unpaired Student's t test. (C) Time-lapse images (one image every 30 s for 45 min) using TIRF microscopy of HeLa cells stably expressing GFP-CHMP4B (green)
and transfected with plasmid encoding Gag-mCherry (magenta) after treatment with either Control or MICAL1 siRNAs. (Scale bars, 1 pm.) (D) Quantification of
the time of CHMP4B recruitment at VLP budding sites. (Left) Violin plot with median and interquartiles. (Right) Histograms of distribution of CHMP4B recruitment
times. n = 75 VLPs from eight cells and 92 VLPs from eight cells in Control RNAi and MICALT RNAi conditions, respectively. N = 3 independent experiments.
Kolmogorov-Smirnov test.
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with anti-Gag and anti-CHMP4B antibodies and analyzed by
spinning disk microscopy to quantify the percentage of colocali-
zation between these two proteins (S Appendix, Fig. S2C). In
Gag-positive regions of control cells, 40% of the Gag-positive
pixels colocalized with CHMP4B. In the absence of MICALL,
this percentage was significantly reduced to 26% (SI Appendix,
Fig. S2C). 'This suggests that MICAL1 promotes CHMP4B
recruitment to the budding regions. We then performed total
internal reflection fluorescence (TIRF) microscopy in HeLa cells
stably expressing GFP-tagged CHMP4B (43) and transfected with
a plasmid encoding a carboxy-terminally tagged Gag (Gag-
mCherry), leading to the formation of virus-like particles (VLPs)
that bud at the plasma membrane (44). By tracking Gag and
CHMP4B kinetics with time-lapse microscopy, we determined
the time for CHMP4B recruitment at VLP budding sites (Fig. 3C
and ST Appendix, Fig. S2D). In the representative examples pre-
sented in Fig. 3C, the mCherry signal gradually accumulates until
GFP-CHMP4B is recruited at the budding site after 7 min 30 s
in control cell vs. 13 min in MICAL1-depleted cell (T0 being the
first time point where we could detect a mCherry-Gag spot at the
plasma membrane). The analysis of 75 to 92 budding events where
CHMP4B was recruited showed that CHMP4B recruitment
occurred 9.6 + 5 min after Gag arrival in control cells (Fig. 3D),
similarly to what has been previously observed (45). In contrast,
the time necessary to recruit CHMP4B following Gag appearance
was increased by 45% to 13.9 + 7 min in MICAL1-depleted cells
(Fig. 3D). Thus, CHMP4B recruitment at the budding site is
delayed in MICAL1-depleted cells.

MICAL1 Depletion Impairs F-Actin Clearance at HIV-1 Budding
Sites. Since MICALL1 binds and disassembles actin filaments, we
hypothesized that MICAL1 depletion could affect F-actin levels at
HIV-1 budding sites. Using spinning disk confocal microscopy,
we observed that, in control cells, F-actin levels—visualized by
fluorescent phalloidin—were reduced in Gag-positive regions
of the plasma membrane, compared to adjacent Gag-negative
regions (Fig. 4 A, Left and Fig. 4B). In contrast, in MICALI1-
depleted cells, F-actin levels in Gag-positive regions remained as
high as in Gag-negative regions (Fig. 4 A, Right and Fig. 4B). We
next classified the budding regions into three categories based on
F-actin intensity in Gag-positive regions compared to adjacent
Gag-negative regions: 1) reduced F-actin in Gag-positive regions
(at least 30% reduced intensity), 2) increased F-actin in Gag-
positive regions (at least 30% increased intensity), and 3) no
significant differences in F-actin levels (between 30% reduced
intensity and 30% increased intensity). In control cells, 60%
of budding regions localized in areas of reduced F-actin while
in MICAL1-deficient cells, this was observed in only 39% of
budding regions (Fig. 4C). Furthermore, in MICALI-depleted
cells, there was a significant increase in budding regions localized
in areas where F-actin levels were similar to nearby regions
(Fig. 4C). We confirmed in Jurkat T cells and activated primary
CD4 T cells infected with the NL4-3-VSVG virus that HIV-1
budding occurred mainly in the regions of the plasma membrane
where cortical actin was reduced (in 60.8% in Jurkat T cells
and in 57.4% in primary CD4 T cells) (S Appendix, Fig. S3 A
and B). This is consistent with a recent report showing that Gag
assembly occurs in less dense F-actin area at the T cell plasma
membrane (22).

To visualize the cortex underneath budding sites at high reso-
lution, we turned to superresolution microscopy using two-color
three-dimensional stochastic optical reconstruction microscopy
(3D-STORM). We did not detect F-actin beneath most budding
viruses in control cells (Fig. 4 D, Left and Fig. 4E). In contrast,
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F-actin was present beneath budding viruses after MICALI deple-
tion (Fig. 4 D, Right and Fig. 4E).

Altogether, these results indicate that HIV-1 buds preferentially
in areas of the plasma membrane with relatively low cortical
F-actin levels, and reveal that MICALT is key for locally clearing
cortical actin at budding regions.

Inhibiting Branched-Actin Nucleation Restores Normal HIV-1
Release in MICAL1-Depleted Cells. The results above imply that
decreasing F-actin levels at the cell cortex is required for eflicient
viral budding and release. We thus investigated whether the defects
in viral release found in MICAL1-depleted cells could be rescued by
inhibiting F-actin nucleation. To do so, we treated infected cells with
the actin related protein 2/3 complex (Arp2/3) inhibitor CK666
(75 pM) to reduce the formation of branched F-actin networks.
We first checked that the CK666 treatment at this concentration
did not alter MICALLI depletion (S/ Appendix, Fig. S44), did not
impact cell viability (S/ Appendix, Fig. S4B), and did not significantly
affect HIV-1 release in control cells (Fig. 5A4). Remarkably, CK666
treatment in MICALI-depleted cells restored HIV-1 release
(Fig. 5A4) and the total area of budding regions (SI Appendix,
Fig. S4C and quantified in Fig. 5B) to levels comparable to those
observed in control, nondepleted cells. Thus, reducing branched-
actin levels restores normal HIV-1 release in MICALI1-depleted cells.
Furthermore, these results indicate that the abnormal persistence of
F-actin at HIV-1 budding sites resulting from MICAL1 depletion
is likely responsible for the defects in virus release.

MICAL1 Exhibits Debranching Activity. The CKG666 rescue
experiments also suggest that MICALI promotes the disassembly
of branched actin networks. Yet, such a debranching activity of
MICALL, beyond its known function in actin disassembly, has
not been investigated so far. We thus tested in vitro whether
MICALLI can promote the dissociation of F-actin branches,
using fluorescence microscopy and purified proteins to monitor
individual events in controlled conditions. To specifically
characterize this activity on actin branches, we prevented barbed
end depolymerization by ensuring sufficient levels of nonoxidized
G-actin. First, we monitored the dissociation of actin filament
branches in the absence of mechanical forces. We found that
debranching occurred more rapidly in the presence of the
monooxygenase catalytic domain of MICAL1 (MICAL1"*”)
and its coenzyme nicotinamide adenine dinucleotide phosphate
(NADPH) (Fig. 5C). Since oxidation of F-actin by MICALTI can
favor the severing of filaments by weakening intrafilamentary
bonds (46), we verified that the observed debranching was not
due to severing of the oxidized filaments in our experiments
(SI Appendix, Fig. S4D). As cortical F-actin branches are likely
exposed to mechanical stress at the cell cortex, we then asked
whether MICAL1 would also promote debranching under
pulling forces. We thus monitored branch dissociation using
microfluidics (47), which enables the application of a controlled
pulling force to branched filaments (48). As previously reported
(48, 49), the application of mechanical force alone accelerated
branch dissociation (Fig. 5D, gray curves). In addition, the
presence of MICALI1 strongly accelerated debranching, in a
dose-dependent manner (Fig. 5D, red and blue curves). The
presence of purified Gag did not modify the debranching activity
of MICALLI in vitro (S Appendix, Fig. S4E), consistent with the
absence of direct interaction between Gag and MICALLI in two-
hybrid assays (S Appendix, Fig. S4F). Since we recently discovered
that the Arp2/3 complex remains bound to the mother filament
and nucleates a new branch following most branch dissociation
events (48), we also monitored the impact of MICALL on
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Fig. 4. MICAL1 depletion impairs F-actin clearance at HIV-1 budding sites. (A, Top) Spinning disk confocal images of infected HeLa cells treated with either Control
(Left) or MICAL1 (Right) siRNAs and labeled with anti-Gag (green) antibody and fluorescent phalloidin (magenta). Extra: Extracellular space. Cyto: cytoplasm.
(Bottom) Plot profile of the Gag and Phalloidin intensity of corresponding images. (Scale bars, 2 um.) (B) Quantification of F-actin intensity (using fluorescent
phalloidin) at Gag-positive (Gag+) and Gag-negative (Gag-) regions (normalized to Gag- regions), in Control and MICAL1-depleted Hela cells (n = 132 and
n = 154 Gag+ budding regions from seven cells analyzed in Control RNAi and MICAL1 RNAi conditions, respectively). Error bars represent SD. Two way-ANOVA
multiple comparisons. (C) Quantification of the variations of F-actin intensity in Gag+ regions compared to adjacent Gag- regions. n = 176 Gag+ regions and
n =196 Gag+ regions from 12 cells analyzed in Control and MICAL1 RNAI conditions, respectively. Error bars represent SD calculated from three independent
experiments. Two-tailed unpaired Student’s t test. (D) 3D-STORM images of infected Hela cells treated with either Control (Left) or MICAL1 (Right) siRNAs and
labeled with anti-Gag antibody (green) and fluorescent phalloidin (magenta). (Scale bars, 200 nm.) (£) Quantification of F-actin presence at budding sites using
3D-STORM images. n = 74 and n = 98 budding viruses from three cells analyzed in Control RNAi and MICAL1 RNAi conditions, respectively. Error bars represent
SD. Two-tailed unpaired Student's ¢ test.
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Fig. 5. Inhibiting branched-actin nucleation restores normal HIV-1 release in MICAL1-depleted cells, and MICAL1 exhibits debranching activity. (A) Quantification by
Gag-p24 ELISA of HIV-1 release in Control and MICAL1-depleted HelLa cells, treated with either dimethyl sulfoxide (DMSO) or CK666 (75 uM). Results were normalized
to control RNAI treated with DMSO conditions (set at 100%). Error bars represent SD calculated from three independent experiments, each done in triplicate.
One-way ANOVA multiple comparisons. (B) Quantification of the area covered by Gag staining in infected cells (arbitrary units, arb.units.). Error bars represent SD
calculated from three independent experiments. n = 185, 188, 206, and 185 cells analyzed for Control RNAi+DMSO, Control RNAi+CK666, MICAL1 RNAi+DMSO and
MICAL1 RNAi+CK666 conditions, respectively. One-way ANOVA multiple comparisons. (C, Top) Schematic of branching and debranching experiment in an in vitro
reconstitution assay using an open microchamber. (Middle) Fluorescence microscope image sequence, showing the dissociation (yellow arrow) of an actin filament
branch (cyan+blue arrow) from its mother filament (magenta, and cyan+blue star). The time interval between images is 5 s. Filaments were monitored in the presence
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(Scale bar, 5 um.) (Bottom) Fraction of remaining (undissociated) actin filament branches as a function of time, in the presence or absence of MICAL1 1499 and NADPH.
The shaded areas show the 65% Cl. Between control (pooled repeats) and 50 nM (pooled repeats), P < 0.0001 (log-rank test). (D, Top) Schematic of the debranching
experiment in an in vitro reconstitution assay using a microfluidics chamber. Filaments are exposed to different conditions (with or without MICAL1'“?® and NADPH)
side by side, in the same chamber. (Middle) The microscope image sequence shows the dissociation (yellow arrow) of an actin filament branch (cyan+blue arrow)
from its mother filament (magenta, and cyan+blue star). The time interval between images is 5 s. (Scale bar, 5 pm.) (Bottom) Fraction of remaining (undissociated)
actin filament branches as a function of time, under indicated conditions. Each curve shows the surviving fraction of different populations of n branches over time. In
all these experiments, the average force on branch junctions was 0.32 (+0.03, SD) pN at t = 0 and increased at a rate of 0.00056 (+0.00011, SD) pN/s as the branches
elongated over time. The shaded areas show the 65% Cl. Between different concentrations (pooled repeats), P < 0.0001 (log-rank test). (£) Percentage of branches
that renucleate after dissociating, in the presence of 60 uM NADPH and different concentrations of MICAL1'%, Each data point corresponds to one experiment,
monitoring, from left to right, n = 22, 16, 26, 16, 25, 29, 30, 26, 24 dissociated branches (same filament populations as in D). Error bars show binomial SD.
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branch renucleation in microfluidics experiments (Fig. 5E). We
found that the presence of MICALI efficiently prevented the
renucleation of branches. Thus, our results reveal that MICALI1
has a debranching activity and regulates the dynamics of branched
actin networks.

MICAL1 and Its Activator the GTPase Rab35 Function in the
Same Pathway in HIV-1 Release. MICALI enzymatic activity
is tightly regulated in cells. In cytokinesis, MICALI is recruited
and activated at the ICB by the small GTPase Rab35 to locally
depolymerize actin filaments (34). We thus investigated the
potential role of Rab35 in HIV-1 release and, if so, whether it
acts in the same pathway as MICALIL. We silenced Rab35 alone
or together with MICAL1 using specific siRNAs in infected
Hela cells and measured viral release by WB (Fig. 64). Depletion

of Rab35, alone or in combination with MICALI1, reduced
released Gag-p24, as shown by WB quantifications (Fig. 64
and ST Appendix, Fig. S5A). Quantifications by Gag-p24-ELISA
showed similar release defects after either MICALL depletion
or Rab35 depletion (Fig. 6B). Importantly, no additive effect
on viral release was observed when MICAL1 and Rab35 were
codepleted (Fig. 6B and S/ Appendix, Fig. S5A). Furthermore, as in
MICALI1-depleted cells, the total area covered by budding regions
was increased in Rab35-depleted cells (57 Appendix, Fig. S5B and
quantified in Fig. 6C). Compared to either Rab35 or MICAL1
depletion alone, no further increase in the total area covered by
budding regions was observed when Rab35 and MICALI were
depleted together (S/ Appendix, Fig. S5B and Fig. 6C). These
results are consistent with the idea that MICALI and its activator
Rab35 functions in the same pathway in HIV-1 release.
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Fig. 6. MICALT and its activator the GTPase Rab35 act in the same pathway in HIV-1 release. (A) WB analysis of HIV-1 Gag products in infected HelLa cells treated
with indicated siRNAs (panels Infected cells) and corresponding supernatants (panel Supernatant). Loading control: GAPDH. Equal volumes of cell and supernatant
samples were loaded. This experiment was repeated at least three times independently with similar results. (B) Quantification by Gag-p24 ELISA of HIV-1 release in
infected Hela cells treated with either Control, MICAL1, Rab35, or MICAL1+Rab35 siRNAs. Results were normalized to control RNAi conditions (set at 100%). Error
bars represent SD calculated from three independent experiments, each done in triplicate. One-way ANOVA multiple comparisons. (C) Quantification of the area
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activities. This is required for complete budding and normal ESCRT-III recruitment and thereby promotes viral release.
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We next investigated whether Rab35 localized at HIV-1 bud-
ding regions. Using spinning disk confocal microscopy in a cell
line where Rab35 is tagged with GFP at the endogenous locus
(50), we detected the presence of Rab35 in 90% of the budding
regions (Fig. 6D, n = 277 budding regions in nine infected cells,
and S/ Appendix, Fig. S5C). As a control, we used the GTPase
Rab11 that does not interact with MICAL1 (51) and did not
detect it at budding regions (S/ Appendix, Fig. S5D). Altogether,
we conclude that Rab35 localizes at viral budding sites, and we
propose that Rab35 functions at this location to allow proper

HIV-1 budding and release.

Discussion

Here, we report that the enzyme MICALI controls F-actin clear-
ance at budding sites to promote HIV-1 budding and release
(Fig. 6E). In the absence of MICALL, F-actin remains underneath
budding sites, CHMP4B recruitment is delayed, virus particles
accumulate at the plasma membrane and HIV-1 release is reduced.
Mechanistically, MICAL1 depletion affects the budding process,
since incompletely budded particles accumulate at the plasma
membrane in the absence of MICALL.

HIV-1 assembles and buds from areas of the plasma membrane
with reduced F-actin levels [(22) and this study]. How could the
abnormal presence of F-actin at budding sites observed upon
MICALLI depletion impact viral budding? One possibility is that
F-actin clearance by MICALI promotes full Gag-mediated mem-
brane deformation up to the point enabling the recruitment of
ESCRT-IIL. In noninfected cells, membrane—cytoskeleton interac-
tions affect plasma membrane mechanics and tension (15, 17, 52).
In particular, proteins linking the plasma membrane to the actin
cortex, such as Ezrin, Radixin, Moesin (ERMs), were shown to
control membrane deformation (14) and have been implicated in
the HIV-1 cycle (53-55). High levels of F-actin at budding sites
in the absence of MICAL1 may thus enhance ERM localization at
these sites thereby preventing membrane deformation. Alternatively,
these abnormal actin levels might impact on the localization of fac-
tors that play an active role in membrane deformation, such as the
BAR-domain protein IRSp53 and Angiomotin (AMOT) (40, 41).
Interestingly, the depletion of either IRSp53 or AMOT induces
viral bud arrest at half completion, in a “half-moon” shape (40, 41),
as observed upon MICALL depletion. It is thus possible that
MICALT acts together with IRSp53/AMOT or in parallel in the
same step of viral budding,.

We found that MICALI depletion reduces HIV-1 release in two
adherent cell lines, HeLa cells and monocyte-derived macrophages
THP-1. However, we did not observe release defects in T lympho-
cytes upon MICALI1 depletion. Nevertheless, we found that bud-
ding viruses are present mainly in plasma membrane areas where
the F-actin level is reduced in both Jurkat T cells and primary
activated CD4+ T cells, similarly to HeLa cells. One possibility is
that MICAL1 requirement for actin disassembly at budding sites
is different in adherent vs. nonadherent cells. Alternatively, the
MICAL family comprises three members, MICAL1, MICAL2,
and MICALS3, and have all been shown to induce F-actin depo-
lymerization in vitro (36, 56). These enzymes could thus play a
redundant role in viral budding in infected T cells.

The fact that we were able to rescue the release defects in
MICALI1-depleted cells by inhibiting Arp2/3 suggests that
MICAL1 promotes the disassembly of branched actin during viral
budding. Thus far, it is well established that MICAL1-dependent
oxidation of linear actin filaments can induce their rapid depo-
lymerization in vitro (34, 57-59). Here, we found that MICALL,
in addition, has a debranching activity by inducing the

https://doi.org/10.1073/pnas.2407835121

dissociation of actin filament branches from their mother filament.
Our in vitro assays also revealed MICALT1’s ability to prevent the
renucleation of dissociated branches, which is likely to play a role
in situations of rapid filament turnover, as in the cell cortex.
Recently, MICAL2 was found to promote the disassembly of the
branched actin tails that propel vaccinia viruses within cells (60).
It was shown that MICAL2 can oxidize Arp3B (60), but whether
MICAL2 has a direct debranching activity has not been investi-
gated. Since the catalytic domains of MICAL proteins are similar,
it is likely that the debranching activity of MICALI that we
observed in vitro is the consequence of the direct oxidation of the
Arp2/3 complex. Further investigations are required to determine
whether the oxidation of actin subunits in contact with the Arp2/3
complex at the branch junction also plays a role in actin branch
dissociation.

A recent study reported that branched actin disassembly plays
an early role during viral assembly (22). Indeed, infected T cells
treated with CK666 favored the initial formation of Gag clusters
at the plasma membrane, thereby increasing particle production.
Consistently, in vitro experiments indicate that low F-actin density
promotes the initiation of Gag clustering on model membranes
(22). It was further shown that Gag recruits the Arp2/3 inhibitory
protein Arpin during viral assembly (22). An interesting possibility
is that Arpin and MICALI function successively in the different
steps of viral particle formation.

Our results indicate that MICALLI acts locally at budding sites
to depolymerize F-actin. However, we were unable to detect
MICALLI at budding sites using confocal spinning disk microscopy.
'This is likely due to the low amounts of MICALL1 present at the
budding sites, that would require more sensitive approaches to be
detected. Superresolution microscopy, such as single-molecule local-
ization microscopy (SMLN), could help for localizing MICALLI at
budding sites, as it has been successfully used for IRSp53 (41).
Another possibility is that MICALLI recruitment is too dynamic to
be captured in fixed samples. Although technically challenging,
live-cell microscopy on cells infected with tagged versions of the
virus could be used to observe transient recruitment of MICALL
at budding sites.

Besides being recruited at the right place at the right time,
MICALI must be activated. Since it exhibits a strong actin depo-
lymerizing activity, MICALLI exists in an autoinhibited conforma-
tion and either Plexin receptors or Rab GTPase binding to its
C-terminal region releases this inhibition (57, 61-65). We previ-
ously demonstrated that the GTPase Rab35 interacts with this
region, activates the enzymatic activity of MICALLI in vitro, and
determines its localization at the ICB during cytokinesis (34).
During viral assembly, Gag creates its own lipid nanodomains
enriched in PtdIns(4,5)P2 at the plasma membrane (66-70).
Interestingly, Rab35 contains an evolutionarily conserved polybasic
C-terminal tail which facilitates its interaction with PtdIns(4,5)P2
and PtdIns(3,4,5)P3 at the plasma membrane (71, 72). In addition,
Rab35 is incorporated into virions (73). However, its potential role
in assembly, budding, or release has not been investigated. Here,
we show that Rab35 localizes at budding sites and promotes HIV-1
release. Our data further suggest that Rab35 and MICALLI act in
the same pathway in viral release. Thus, we propose that the Rab35/
MICALLI pathway, which locally clears F-actin at the plasma mem-
brane, is used both for cytokinesis and viral budding.

In conclusion, we report a role of actin oxidation by MICALL
in the late steps of the HIV-1 cycle and reveal a connection
between oxidoreduction and viral budding. This raises the possi-
bility that other enveloped viruses use similar MICAL-dependent
strategies to remodel the cortical actin in order to promote viral
budding and release.
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Materials and Methods

Please see Sl Appendix, Supplementary Methods and Information for information
regarding Cell cultures, Antibodies and plasmids, WB, Gag-p24 ELISA, Infectivity
analysis, Purification of viruses, Cell viability assay, TEM, Correlative light and
SEM, Immunofluorescence and image acquisition with spinning disk confocal
microscopy, Immunofluorescence and image acquisition with 3D STORM, Image
and data analysis, TIRF microscopy, Immunoprecipitation, Yeast two-hybrid exper-
iments, and In vitro single actin filament assays.

siRNA Transfections. For silencing experiments, Hela cells were trans-
fected with 25 nM siRNAs (siControl, siMICALT, siMICAL1#2, siRab35) for
5d using Lipofectamine RNAIMAX (Invitrogen), following the manufacturer's
instructions.

For silencing experiments, THP-1 cells were transfected with 50 nM siRNAs
using Lipofectamine RNAIMAX. The day after, phorbol 12-myristate 13-acetate
(PMA, Sigma) at 167 ng/mL was added to the culture medium to differentiate
THP-1 cells in macrophages. Forty-eight hours later, a second siRNA transfection
was done using Hiperfect (Qiagen).

siRNAs against Luciferase (used as control, 5’ CGUACGCGGAAUACUUCGA[dU]
[dUJ3"), MICALT (5’GAGUCCACGUCUCCGAUUU[U][dUI3") (34), MICAL1#2
(5’CUCGGUGCUAAGAAGUUCU[dU]dUI3’) (74), and Rab35 (5'GCUCACGAAG
AACAGUAAATAUTIUI3’) (75) were synthetized by Sigma.

Virus Production. Viral particles were produced by Turbofect (Invitrogen) trans-
fection of 293 T cells with HIV-1 proviral DNA (NL4-3 strain) along with a VSV-G
expression vector, following manufacturer instructions. Forty-eight hours after
transfection, supernatants containing the viral particles were collected and filtered
with a 0.45-pm filter to remove cell debris. The amounts of viruses produced were
quantified by Gag-p24 ELISA.

Infection Experiments. Seventy-two hours after siRNA transfection, Hela cells
were infected with the HIV-1 strain NL4-3 (NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID) pseudotyped with the vesicular sto-
matitis virus G glycoprotein (NL4-3-VSVG). Sixteen hours after infection, the viral
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