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The Ebola virus (EBOV) VP40matrix protein (eVP40) orches-
trates assembly and budding of virions in part by hijacking
select WW-domain–bearing host proteins via its PPxY late (L)-
domain motif. Angiomotin (Amot) is a multifunctional PPxY-
containing adaptor protein that regulates angiogenesis, actin
dynamics, and cell migration/motility. Amot also regulates the
Hippo signaling pathway via interactions with the WW-do-
main–containing Hippo effector protein Yes-associated protein
(YAP). In this report, we demonstrate that endogenous Amot is
crucial for positively regulating egress of eVP40 virus-like par-
ticles (VLPs) and for egress and spread of authentic EBOV.
Mechanistically, we show that ectopic YAP expression inhibits
eVP40 VLP egress and that Amot co-expression rescues bud-
ding of eVP40 VLPs in a dose-dependent and PPxY-dependent
manner. Moreover, results obtained with confocal and total in-
ternal reflection fluorescencemicroscopy suggested that Amot’s
role in actin organization and dynamics also contributes to pro-
moting eVP40-mediated egress. In summary, these findings
reveal a functional and competitive interplay between virus and
host proteins involving the multifunctional PPxY-containing
adaptor Amot, which regulates both the Hippo pathway and
actin dynamics. We propose that our results have wide-ranging
implications for understanding the biology and pathology of
EBOV infections.

EBOV is a zoonotic and emerging pathogen that continues
to cause severe outbreaks of hemorrhagic fever in animals and
humans. A more comprehensive understanding of EBOV-host
interactions that regulate and/or influence transmission and
pathogenesis of this deadly virus is critical for the development
of future strategies and countermeasures for therapeutic inter-
vention. EBOV VP40 (eVP40) is the major structural protein
that independently directs assembly and egress of virus-like
particles (eVP40 VLPs) and drives the budding process of infec-
tious virus. To accomplish this, VP40 possesses two late (L)
budding domains (PTAP and PPxY) that hijack select host pro-
teins to facilitate late stages of virus-cell separation (1–6). Spe-
cifically, the PPxY L-domain recruits several host HECT-family
E3 ubiquitin ligases via one or more of their cognate WW-
domains, and these interactions, along with the host ESCRT
machinery, facilitate both VLP and virus egress (2, 3, 7, 8).
We recently identified host YAP1, the downstream tran-

scriptional effector of the Hippo pathway, as a novel WW-do-

main–bearing protein that interacts with the PPxY motifs of
filovirus VP40 (9). The cellular localization and function of
YAP1 is itself regulated via strong, modular interactions with
the PPxY motifs present at the N terminus of full-length angio-
motin (Amot-p130) (10, 11). Interestingly, Amot-p130 has
been reported to influence assembly and budding of non-
PPxY-containing viruses such, as HIV-1 (12) and paramyxovi-
ruses (13, 14), and most recently the PPxY-containing Marburg
virus (MARV) (9). Because two of the three PPxY-like motifs
present within Amot-p130 have core sequences that precisely
match the PPEY motif within eVP40, we postulated that a
potential competitive interplay between binding of these host
and viral PPEY-containing proteins to WW-domain–contain-
ing YAP could influence eVP40-mediated egress of VLPs and
EBOV.
Here, we demonstrate that egress of eVP40 VLPs and

authentic EBOV was reduced significantly in a stable Amot
knockdown cell line (shAmot cells) compared with egress of
VLPs and EBOV from control cells (shCtrl cells). As we
recently demonstrated for MARV and mVP40 VLPs, ectopic
expression of YAP1 inhibited egress of eVP40 VLPs, whereas
co-expression of Amot-p130 rescued YAP1 inhibition of
eVP40-mediated egress in a dose- and PPxY-dependent man-
ner. Indeed, the N-terminally truncated isoform of Amot
(Amot-p80), which lacks all PPxY motifs and the F-actin–bind-
ing domain, failed to rescue YAP1-mediated inhibition of
eVP40 VLP egress. Moreover, images of eVP40 VLP formation
and egress obtained using TIRF microscopy of transfected
shCtrl or shAmot cells show that in the absence of Amot, the
actin cytoskeleton appears less organized and is misaligned
with eVP40 VLPs budding at the plasma membrane, whereas
actin filaments observed in shCtrl cells appear to align with,
and form a foundation for, budding eVP40 VLPs. In sum, our
findings identify EBOV as a PPxY-containing virus whose
egress and spread in vitro is regulated by host Amot-p130 via a
mechanism involving competitive PPxY-mediated interactions
with YAP1 and actin cytoskeleton dynamics at the plasma
membrane.

Results and discussion

Full-length Amot-p130 possesses three PPxY-like motifs at
its N terminus, two of which have the core sequence PPEY,
which precisely matches that conserved at the N terminus of
eVP40 (Fig. 1A). To determine whether endogenous expression
of Amot affected budding of eVP40 VLPs, shCtrl or shAmot
cells were transfected with eVP40, and both cell extracts and
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VLPs were harvested and analyzed by Western blotting (Fig.
1B). We observed robust inhibition of eVP40 VLP egress from
shAmot cells compared with that from shCtrl cells (Fig. 1B),
suggesting that expression of endogenous Amot is important
for efficient egress of eVP40 VLPs.
Because the second PPxY motif of Amot-p130 interacts

strongly with the WW-domain of YAP1 (15), and we recently
identified YAP1 as a novel WW-domain interactor with filovi-

rus VP40 PPxY motifs (9), we sought to determine whether
competitive PPxY/WW-domain interplay among eVP40/
Amot-p130/YAP1 would affect VLP egress. Toward this end,
HEK293T cells were transfected with the indicated plasmid
combinations (Fig. 1C), and both cell extracts and VLPs were
harvested and analyzed byWestern blotting. As observed previ-
ously for mVP40 (9), ectopic expression of YAP1 significantly
inhibited egress of eVP40 VLPs (Fig. 1C, compare lanes 1 and

Figure 1. eVP40 VLP budding from shCtrl or shAmot cells. A, schematic diagrams of full-length Amot-p130, N-terminally truncated isoform Amot-p80, and
eVP40 with key domains highlighted. Both the PPEY motif that binds to the WW-domain of YAP and the F-actin–binding domain of Amot-p130 are indicated.
Numbers represent amino acids. B, representative Western blotting for eVP40 VLP budding assay in shCtrl and shAmot cells (0.25 mg of eVP40 plasmid/trans-
fection). The indicated proteins were quantified in cells and VLPs using National Institutes of Health ImageJ software. The bar graph represents data from at
least three independent experiments. **, p , 0.01. C, representative Western blotting for YAP1 inhibition and Amot-p130 rescue of eVP40 VLP budding.
HEK293T cells were transfected with the indicated combinations of plasmids (0.25 mg of eVP40; 0.25 mg of YAP1-WT; 0.25, 0.5, or 1.0 mg of Amot-p130; and 1.0
mg of Amot-p80). The indicated proteins were quantified in cells and VLPs using National Institutes of Health ImageJ software. The bar graph represents data
from at least three independent experiments. *, p, 0.05; **, p, 0.01; ***, p, 0.001. shCtrl (D) or shAmot cells (E) were transfected with 0.5 mg each of pCMV-
LifeAct-RFP and YFP-eVP40 plasmids, and cells were imaged by SIM-TIRF microscopy at 24 h post-transfection. Three representative images of F-actin (yellow)
and YFP-eVP40 (cyan) are shown alongwith an enlarged view of the area indicated by a red box. All scale bars, 10mm. Error bars, S.D.
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2). Interestingly, co-expression of Amot-p130 relieved the in-
hibitory effect of YAP1 and rescued budding of eVP40 VLPs in
a dose-dependent manner (Fig. 1C, lanes 3-5). Importantly, co-
expression of Amot-p80 did not relieve the inhibitory effect of
YAP1 and did not rescue egress of eVP40 VLPs (Fig. 1C, lane
6). These results indicate that YAP1 negatively regulates egress
of eVP40 VLPs, as it does for mVP40 VLPs, and suggest that
the PPxY/WW-domain interaction between Amot-p130 and
YAP1 may outcompete the PPxY/WW-domain interaction
between eVP40 and YAP1, thus relieving YAP1’s inhibitory
effect on VLP budding. The potential interplay among eVP40/
Amot/YAP1 in EBOV-infected cells could have wide-ranging
pathological implications because Amot-YAP1 interactions
regulate a wide array of cellular processes, including actin poly-
merization, filopodia formation, tight junction formation, and
cell adhesion/migration (15–21).
Because Amot-p130 is an F-actin–binding protein and

affects many cellular processes, such as cell morphology, migra-
tion, and plasma membrane dynamics, that are probably bio-
logically relevant for the egress and spread of filoviruses, we
sought to determine whether the observed differences in
eVP40 VLP budding from shAmot and shCtrl cells may be
related to Amot’s role in actin cytoskeletal dynamics at the
plasma membrane. Toward this end, we co-transfected either
shCtrl or shAmot cells with plasmids expressing fluorescently
tagged F-actin (pCMV-LifeAct-RFP) and eVP40 (YFP-eVP40)
and used TIRFmicroscopy to visualize these proteins at the cell
surface (Fig. 1, D and E). In the majority of shCtrl cells visual-
ized, we observed pronounced localization of both F-actin and
eVP40 in cell surface projections, and F-actin appeared to be
most abundant at the base or foundation of the short, well-
defined eVP40 VLP projections (Fig. 1D). Indeed, the actin cy-
toskeleton appeared to serve as a platform from which eVP40
VLPs could form and pinch off efficiently. In contrast, F-actin
filaments were not as well-aligned with eVP40 projections in
shAmot cells, and the eVP40 projections themselves appeared
longer, tangled, more abundant, and less-defined than those
observed in the shCtrl cells (Fig. 1E). These results highlight the
importance of endogenous Amot as an actin-binding and
organizing scaffold that contributes mechanistically in regulat-
ing efficient formation and egress of eVP40 VLPs.
In a complementary approach, we sought to use confocal mi-

croscopy to investigate the localization patterns of eVP40,
YAP1, and/or Amot-p130 alone or in combinations in trans-
fected HEK293T cells (Fig. 2). Amot-p130 displayed a distinct
tubular pattern throughout the cytoplasm (Fig. 2A), whereas
YAP1 displayed a more punctate cytoplasmic pattern (Fig. 2B),
and eVP40 displayed the typical filamentous projections at the
plasma membrane (Fig. 2D). We observed colocalization of
Amot-p130 and YAP1 in large globular regions within the cyto-
plasm when co-expressed (Fig. 2C), indicative of their ability to
interact in a PPxY/WW-domain manner. We also observed
that eVP40 colocalized partially with YAP1 in puncta in the
cytoplasm with a concomitant reduction in the levels of eVP40
at the plasma membrane and in the number and sharpness of
VLP projections (Fig. 2E). These observations are consistent
with the ability of YAP1 to physically interact with eVP40 and
functionally reduce egress of eVP40 VLPs. Last, we found that

the patterns of eVP40 membrane localization and filamentous
VLP projections in cells co-expressing YAP1 1 eVP40 1
Amot-p130 (Fig. 2F) were similar to those observed in cells
expressing eVP40 alone (Fig. 2D). This observation is consist-
ent with the ability of exogenously expressed Amot-p130 to
rescue the inhibitory effect of YAP1 on eVP40 VLP egress.
Next, we sought to determine whether the dramatic visual

and functional differences observed for eVP40 VLP formation
and egress in shCtrl versus shAmot cells would be evident dur-
ing live EBOV infection. Toward this end, shCtrl or shAmot
cells were infected with EBOV at MOIs of either 0.01 or 0.05,
and the cells were fixed at either 24, 48, or 72 h post-infection
to assess virus spreading. We observed that spread of EBOV
throughout the shAmot cells was inhibited significantly com-
pared with the degree of spread observed in the shCtrl cells
(Fig. 3, A and C). We also quantified release of infectious EBOV
from both shCtrl and shAmot cells, and we observed significant
inhibition of virion release from shAmot cells compared with
that measured from shCtrl cells (Fig. 3, B and D). These live vi-
rus experiments clearly indicate that expression of endogenous
Amot plays a key role in regulating efficient egress and spread
of authentic EBOV in cell culture. Moreover, these results sup-
port the mechanisms proposed for Amot-mediated regulation
of EBOV budding, as they correlate well with data obtained
using eVP40 VLPs. Overall, our results are in excellent agree-
ment with those reported recently for MARV (9), and because
the PPxY motif is physically and functionally conserved in a
wide array of matrix proteins encoded by viruses belonging to
the Filoviridae, Arenaviridae, Retroviridae, and Rhabdoviridae
families, our results may have wide-ranging implications for
the biology and pathogenesis of a plethora of viral pathogens.
Moving forward, it will be of interest to investigate additional

Amot PPxY-mediated interactions that may be influenced or
disrupted by the presence of VP40 during virus infection. For

Figure 2. Confocal microscopy of HEK293T cells expressing YAP1,
AMOT-p130, and/or eVP40. Two independent images are shown for the
following conditions: AMOT-p130 alone (A), YAP1 alone (B), AMOT-p130 1
YAP1 (C), eVP40 alone (D), YAP1 1 eVP40 (E), and YAP1 1 eVP40 1 AMOT-
p130 (F). Cell nuclei were stained with 49,6-diamidino-2-phenylindole (gray).
Scale bars, 10mM.
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example, Amot contributes to the formation and maintenance
of cellular tight junctions and to the regulation of cellular adhe-
sion/migration/invasion. Interestingly, another member of the
Amot family, Amotl2, localizes to and regulates formation of
podosomes, mechanosensitive adhesive structures used by
macrophages and dendritic cells to migrate through tissues (22,
23). These cells are primary targets of EBOV and believed to
harbor and disseminate infection in the host (24). Thus, it is
tempting to speculate that the interplay among VP40, Amot,
and perhaps other Hippo pathway components (e.g. YAP, TAZ,
and LATS kinases) may influence how EBOV is spread to vari-
ous tissues during infection and how EBOV may cross or
breach cellular barriers/junctions to enter and establish persist-
ence in immunologically privileged sites, such as the central
nervous system and eye. In sum, our findings serve as a founda-
tion for a new area of investigation into the biological and path-
ological intersection of the Hippo pathway, the angiomotin
family of proteins, and PPxY-mediated virus egress and
transmission.

Experimental procedures

Cell lines, plasmids, and antibodies

HEK293T, HEK293T-based shCtrl, and shAmot cells (kindly
provided by J. Kissil, Scripps Research Institute, Jupiter, FL,
USA) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, penicillin (100 units/
ml)/streptomycin (100 mg/ml) at 37°C in a humidified 5% CO2

incubator. eVP40– and YFP-eVP40–expressing plasmids were
described previously (25, 26). pcDNA4-AMOT-p130-Myc–
and pcDNA4-AMOT-p80-Myc–expressing plasmids were
kindly provided by D. McCollum (University of Massachusetts
Medical School). pCMV FLAG-YAP1 was obtained from

Addgene (catalog no. 66853). Anti-AMOT antibody was
obtained from EMDMillipore (catalog no. ABS1024), and anti-
b-actin antibody was from Gene Tex (catalog no. GT5512).
Anti-rabbit IgG-HRP (NA934V) and anti-mouse IgG-HRP
(NA931V) were obtained fromGEHealthcare.

VP40 VLP budding assay

The eVP40 VLP budding assay has been described previously
(6, 26).

Confocal and TIRF microscopy

For confocal imaging, HEK293T cells on glass slides were
transfected with 0.5 mg of the appropriate plasmids for 20 h.
Cells were fixed with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100 and then mounted with Prolong gold
anti-fade mountant with 49,6-diamidino-2-phenylindole.
Images were obtained on a Leica SP5 inverted confocal micro-
scope with a 3100 (numerical aperture 1.46) objective lens.
The confocal images were subsequently deconvolvedwith Huy-
gens Essential deconvolution software. For TIRF imaging, cells
were seeded onto coverglass-bottom 35-mm dishes (MatTek)
and co-transfected with 0.5mg each of the appropriate plasmids
in Opti-MEM. Dishes were placed onto the stage of a GE Delta-
Vision OMX SR microscope and maintained at 37 °C and 5%
CO2 in a stage-top incubator. Approximately 100 cells/group
were randomly chosen and imaged in SIM-TIRF mode. SIM
superresolution images were reconstructed from the acquired
TIRF images.

EBOV stocks

All experiments with replication competent EBOV were per-
formed in the biosafety level 4 (BSL-4) laboratory at the Texas

Figure 3. Spread and release of EBOV from shCtrl or shAmot cells. shCtrl or shAmot cells were infected with EBOV-EGFP at an MOI of either 0.01 (A and B),
or 0.05 (C and D), and both virus spread (A and C) and release (B and D) were quantified at 24, 48, and 72 h post-infection. Green, EBOV; blue, Hoechst 33342–
stained nuclei. Bar graphs represent data from three independent experiments. Scale bars, 200 mm. ns, not significant; *, p, 0.05; **, p, 0.01; ***, p, 0.001;
****, p, 0.0001. Error bars, S.D.
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Biomedical Research Institute (San Antonio, TX). The
recombinant EBOV variant Mayinga expressing enhanced GFP
(EBOV-EGFP) (NCBI accession number KF_990213) was
kindly provided by Heinz Feldmann (NIH, Hamilton, MT). The
virus stock was generated and characterized as previously
described (27).

EBOV spread and release

shCtrl and shAmot cells were grown in 96-well plates and
incubated with EBOV at anMOI of 0.01 or 0.05. Three separate
plates were challenged in triplicate for each MOI. After 1 h,
inoculum was removed, cells were washed with medium, and
newmediumwas added to wells. Cells were fixed 24, 48, or 72 h
after virus challenge, stained with Hoechst 33342, and photo-
graphed using a Nikon Ti-Eclipse microscope running high
content analysis software (Nikon, Tokyo, Japan). The numbers
of nuclei and EGFP-positive (infected) cells were counted using
Cell Profiler software (Broad Institute, Boston, MA). Virus
release from shCtrl or shAmot cells was determined by overlay-
ing supernatants of infected cells onto monolayers of Vero cells
(American Type Culture Collection; ATCC, Manassas, VA) for
24 h and analysis as above.

Statistical analysis

Absolute intensities for immunoblot lanes were normalized
to the intensity of the first lane and averaged across at least
three replicates (collected from three or more separate trans-
fections). Mean normalized intensity6 S.D. is shown. Because
of observed inequality of variance between the groups (deter-
mined by F-test p value ,0.05), Welch’s t test was used to
determine statistical significance. For live virus data, mean per-
centage 6 S.D. is shown from three independent experiments.
Virus spreading was compared using Student’s t test. All p val-
ues are as follows: ns, p . 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤
0.001; ****, p ≤ 0.0001.

Data availability

All data are contained within the article.
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