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NDP52 tunes cortical actin interaction with astral
microtubules for accurate spindle orientation
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and Xuebiao Yao

1,23

Oriented cell divisions are controlled by a conserved molecular cascade involving Gai, LGN, and NuMA. Here, we show that NDP52
regulates spindle orientation via remodeling the polar cortical actin cytoskeleton. siRNA-mediated NDP52 suppression surprisingly
revealed a ring-like compact subcortical F-actin architecture surrounding the spindle in prophase/prometaphase cells, which
resulted in severe defects of astral microtubule growth and an aberrant spindle orientation. Remarkably, NDP52 recruited the actin
assembly factor N-WASP and regulated the dynamics of the subcortical F-actin ring in mitotic cells. Mechanistically, NDP52 was
found to bind to phosphatidic acid-containing vesicles, which absorbed cytoplasmic N-WASP to regulate local filamentous actin
growth at the polar cortex. Our TIRFM analyses revealed that NDP52-containing vesicles anchored N-WASP and shortened the
length of actin filaments in vitro. Based on these results we propose that NDP52-containing vesicles regulate cortical actin dynamics
through N-WASP to accomplish a spatiotemporal regulation between astral microtubules and the actin network for proper spindle
orientation and precise chromosome segregation. In this way, intracellular vesicles cooperate with microtubules and actin filaments
to regulate proper mitotic progression. Since NDP52 is absent from yeast, we reason that metazoans have evolved an elaborate
spindle positioning machinery to ensure accurate chromosome segregation in mitosis.
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INTRODUCTION

Mitotic spindle orientation is essential for proper cell division and
precise chromosome segregation during organismal development
and tissue homeostasis. Emerging evidence shows that errors in
spindle orientation have been correlated with developmental
diseases'? and tumorigenesis®'' in multiple tissues and organ-
isms, underscoring the importance of understanding the mechan-
isms regulating these processes. Spindle orientation control has
been extensively studied from three different perspectives: from
the view of the cell cortex level; from that of force generators
linking cortex and microtubule and from the view of the astral
microtubule network. A core model in which the evolutionarily
conserved Gai/LGN/NuMA complex regulates spindle orientation
and positioning through polarizing cortical force generators has
been well established."™'® In this model, Gai subunits (GDP-
bound inhibitory a-subunits of heterotrimeric G protein) anchored
to the plasma membrane by myristoylation recruit the complex to
the cell cortex through interacting with the C terminus of LGN (G
protein regulator leucine-glycine-asparagine repeat protein).'” The
N terminus of LGN binds to NuMA (nuclear and mitotic apparatus
protein),'® which interacts with microtubules and the dynein-
dynactin motor complex.'®?° Both the dynein-dynactin motor
complex and NuMA contribute to pulling force generation on
astral microtubules.

Recent studies revealed the involvement of cortical actin-
related pathways in the control of spindle orientation.?'2* One of
these findings is that myosin 10 acts as the link between polarized
subcortical cluster of actin (actin cloud) and astral microtubules to
regulate spindle orientation in a LGN/dynein-independent manner
in cells cultured on micropatterns.®® In dorsal epiblast cell divisions
during zebrafish gastrulation, anthrax toxin receptor 2a (Antxr2a)
accumulates in a polarized cortical actin filament cap, which is
aligned with the embryonic animal-vegetal axis and forecasts the
division plane.?’ This suggests that anthrax toxin receptor may
function as a key Wnt determinant to control the orientation of
cell division. In Drosophila cells, the RhoA/diaphanous/actin
pathway regulates spindle orientation in a Dishevelled-mediated
fashion.??

In mitosis, astral microtubules are thought to aid in spindle
orientation through interactions between various microtubule
plus-end binding proteins (e.g., Dynein, Khc-73, EB1-APC, and
CLASPs) and the cell cortex."® However, how astral microtubules
coordinate with cortical/subcortical actin to promote proper
spindle orientation remains elusive. Although recent studies have
shown that myosin 10 regulates spindle orientation by modulat-
ing MT plus-end dynamics,? little is known about the specific
coordination between actin and astral MTs in this process and the
underlying mechanisms.
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NDP52 is a key regulator for selective autophagy that
recognizes invading pathogens by binding the poly-ubiquitin
coat of bacteria and the poly-ubiquitin coat and Galectin 8
(danger adaptor) of damaged bacteria-containing vacuoles
through its C terminus.>*?> It then targets these structures for
autophagosomes by interacting with LC3C via its N terminus,>*2¢
and promotes the fusion of autophagosomes with lysosomes
through myosin V12" Furthermore, NDP52 is also directed to
autophagy targets by Rab35 GTPase.?® Recent study has showed
that NDP52 activates nuclear myosin VI to drive transcription.?® Up
till now, whether NDP52 plays any roles beyond autophagic and
transcriptional regulation and how this might be regulated is
largely unexplored.

In this study, we found that NDP52 localizes at phosphatidic
acid (PA)-positive vesicles by direct binding to PA and plays an
essential role in mitotic spindle orientation. Suppression of NDP52
by siRNA induced the formation of a premature subcortical F-actin
ring and subsequently impaired astral microtubules. This resulted
in aberrant spindle orientation, chronic mitotic arrest and
abnormal segregation of chromosomes. Treatment of NDP52-
depleted Hela cells with latrunculin B largely restored astral MT
and proper spindle orientation. This suggested that there was
some type of coordination between membrane vesicles decorated
with actin and microtubule networks in the regulation of spindle
orientation. Further results revealed that NDP52 both binds and
recruits the actin assembly factor N-WASP to inhibit the premature
formation of a subcortical F-actin ring in prophase/prometaphase.
Supporting this notion, our in vitro TIRF imaging analyses showed
that NDP52-positive liposomes recruit N-WASP and restrain the
formation of long actin filaments. Taken together, these results
suggest a novel vesicle-based regulatory mechanism that
coordinates dynamic F-actin and microtubule networks to
modulate mitotic spindle orientation.

RESULTS

NDP52 is required for proper mitotic progression and spindle
orientation

To elucidate the function of NDP52 in mitosis, we employed three
independent sets of siRNA oligonucleotides to suppress endo-
genous NDP52 protein level in HelLa cells. Our trial experiments
were employed to determine the dose and time to achieve an
optimal suppression of NDP52 protein judged by Western blotting
analyses, which indicated that treatment of 40nM siRNA
oligonucleotides for 48 h resulted in maximal suppression of
NDP52 protein (Supplementary information, Fig. S1a; lanes 5 and
7, respectively). Interestingly, depletion of NDP52 resulted in an
apparent increase in the number of mitotic cells with condensed
chromosomes judged by fluorescence microscopic examination of
nuclear dye DAPI staining and quantitative analyses (Supplemen-
tary information, Fig. S1b, c), suggesting that NDP52 exhibits non-
canonical function in cell division control.

To assess the precise defects of mitotic cells resulting from
NDP52 deficiency, we sought to carry out real-time analyses of
chromosome movements in Hela cells transfected with three
independent siRNAs. To accurately relate the phenotypic changes
seen in real-time mitosis to the siRNA-elicited knock-down
efficiency, we performed Western blotting analyses to assess the
NDP52 protein levels from the same populations of transfected
cells in which dual-color real-time imaging of chromosome and
microtubules was conducted. As shown in Fig. 1a, transfection of
three independent siRNAs for 48 h resulted in maximal suppres-
sion of NDP52 proteins in Hela cells. In the same population of
NDP52-suppressed cells, real-time imaging of GFP-H2B and
mCherry-tubulin was carried out to assess the phenotypes
associated with NDP52 deficiency. Figure 1b illustrates a
characteristic phenotype seen in NDP52-depleted cells in which
two spindle poles are often not seen in the same focal plane
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(Fig. 1b; siNDP52; x-y axis projection). Our real-time imaging
analyses using three independent siRNAs revealed that NDP52
deficiency resulted in chromosome segregation defects, including
chromosome misalignment and anaphase lagging chromosomes
(Fig. 1c, e). Although these NDP52-suppressed cells finally
completed mitosis, the duration of mitotic process was dramati-
cally extended judged by the time from nuclear envelope
breakdown (NEBD) to anaphase onset (Fig. 1c, d). Surprisingly,
almost all the cells undergoing abnormal mitosis showed
perturbation of accurate spindle positioning (Fig. 1b, ¢ and e).
To ensure that the above phenotypes are not due to off-target
effects, we performed rescue experiments by expressing exogen-
ous NDP52-GFP or GFP in Hela cells that were deprived of NDP52
with siRNA-3 and measured their ability to restore accurate mitosis
using live-cell imaging, respectively. The expression of exogenous
NDP52-GFP restored normal spindle morphology and chromo-
some segregation in Hela cells deficient in endogenous NDP52
(Fig. 1f-h and Supplementary information, Fig. S1d-f; Supplemen-
tary information, Movies S1-8). Thus, NDP52 is essential for
accurate mitotic progression and spindle formation during cell
division.

To further examine the abnormal spindle in NDP52-suppressed
cells, we labeled the mitotic spindle with anti-a-tubulin antibody
and anti-y-tubulin (the centrosomal marker) antibody, respec-
tively. Two spindle poles were found to be located on different z
planes in NDP52-depleted cells, whereas in control transfected
cells they were almost on the same focal plane of Z-axis (Fig. 1i
and Supplementary information, Fig. S1g). Consistently, statistical
analyses of spindle angles revealed that most NDP52-depleted
cells exhibited a spindle angle a greater than 10°, whereas most
control cells had a spindle angle of less than 10° (Fig. 1j). Thus, we
conclude that NDP52 plays an essential role in accurate mitosis by
determining accurate spindle orientation.

NDP52 localizes at PA vesicles in mitotic cells

To determine the subcellular distribution of NDP52 in mitotic cells,
we carried out immunofluoresence microscope by which NDP52
exists as cytoplasmic puncta in mitotic cells (Supplementary
information, Fig. S2a). To characterize the nature of subcellular
localization of NDP52, we selected several markers for membranes
such as early endosome, Golgi and endoplasmic reticulum (ER) for
immunofluorescence analysis. No major overlap was observed
between NDP52 and Rab5/EEA-1 or GM130 (Supplementary
information, Fig. S2b), suggesting that NDP52 is not associated
with early endosome nor Golgi apparatus. Only a fraction of
NDP52-GFP overlapped with the endoplasmic reticulum marker
calnexin, the recycling endosome marker Rab11 and the lysosomal
marker LAMP-1 (Supplementary information, Fig. S2b). To test if
the subcellular distribution of NDP52 was associated with
membrane containing phospholipid, we characterized the phos-
pholipid binding property of NDP52 using protein-lipid overlay
assay and found that NDP52 prefers binding phosphatidic acid
(PA) (Supplementary information, Fig. S2c). Further liposome co-
sedimentation assays showed that purified NDP52 protein only
bound to the synthetic liposomes with PA (Supplementary
information, Fig. S2d), suggesting that NDP52 is likely to associate
with the PA-containing membrane structures. To further ascertain
the precise NDP52 localization, we fused the endogenous NDP52
protein with a C-terminal 3 x Flag and GFP tag using the CRISPR/
Cas9 technique in Hela cells (Fig. 2a and Supplementary
information, Fig. S2e). As expected, NDP52-GFP co-localized with
PA marker mCherry-PABD-Sp020p (mCh-PABD)***' from prophase
to anaphase A in mitosis (Fig. 2b, ¢). To understand the
biochemical property of NDP52-positive PA vesicles, we carried
out magnetic bead-based immuno-isolation assays followed by
mass spectrometric analyses. Our mass spectrometric analyses
identified a wide range of cytoplasmic proteins bound to NDP52
vesicles (Supplementary information, Fig. S2f and Table S1). Then
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we analyzed these potential binding candidates using the
PANTHER classification system and found that they were not
exclusive to markers for a specific type of membrane structure like
ER, Golgi or endosome (Supplementary information, Fig. S2g-i),
which was in accordance with previous results (Fig. 2c and
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Supplementary information, Fig. S2b) and suggested that NDP52-
rich vesicles represent a distinctly different membrane population
from all known defined structures.

To assess if PA binding activity of NDP52 is necessary for its
regulation of mitotic spindle orientation, we first conducted
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Fig.1 NDP52 is essential for proper mitotic progression and spindle orientation. a Western blotting analyses of HelLa cells treated with control
siRNA, NDP52 siRNA-1, NDP52 siRNA-2 or NDP52 siRNA-3 at 40 nM for 48 h paralleling to the live-cell imaging experiments shown in
¢. b Scheme of prophase and metaphase indicating spindle formation and chromosome alignment in mitotic HeLa cells treated with control
siRNA or NDP52 siRNA. Note that loss of NDP52 causes slope of spindle in the z direction, which means that, when one spindle pole is just
right on the focus plane, the second pole usually stays out of sight. ¢ Representative mitotic phenotypes in NDP52-depleted Hela cells
expressing mCherry-tubulin and GFP-H2B shown by live-cell imaging (arrows, misalignment; asterisks, abnormal spindle; numbers at top left
of images indicate elapsed time in the form of hour:minute). HeLa cells were treated with three different siRNAs for approximately 46 h prior
to real-time imaging analyses. Scale bar, 5 um. d Statistics of the time from nuclear envelope breakdown to anaphase onset in live HelLa cells
treated with control siRNA (n = 23) or NDP52 siRNAs (n =19, siNDP52-1; n = 19, siNDP52-2; n = 20, siNDP52-3). Values (whiskers: min to max)
are from three independent experiments. Mean were shown as “+ ***P < 0.001, Student’s t-test. e Quantification of chromosome segregation
and spindle orientation defects in above-mentioned cells (n = 19). Chromosomes failing to align at the metaphase plate within 60 min after
nuclear envelope breakdown were considered to be misaligned. Spindle rotating all the time before anaphase onset was thought to be
abnormal. Data represent mean + SEM from three independent experiments. *P < 0.05, **P < 0.01, Student’s t-test. f Statistic analysis of the
time from nuclear envelope breakdown to anaphase onset in live NDP52-depleted Hela cells (si-3plus) expressing GFP or NDP52-GFP (n = 46,
control siRNA; n = 41, si-3plus; n = 41, si-3plus + GFP; n = 40, si-3plus + NDP52-GFP). Values (whiskers: min to max) are from three independent
experiments. Mean were shown as “+" ***P<0.001, Student’s t-test; n.s., no significant difference. g Quantification of chromosome
segregation defects in above-mentioned cells (n>40). Data represent mean + SEM from three independent experiments. ***P < 0.001,
Student’s t-test; n.s., no significant difference. h Quantification of spindle defects in above-mentioned cells (n > 40). Data represent mean *
SEM from three independent experiments. ***P < 0.001, Student’s t-test; n.s., no significant difference. i Representative immunofluorescence
images of z-sections (0.2 pm per stack) with maximum spindle pole intensity in Hela cells treated with control siRNA and NDP52 siRNA-2.
Orthogonal views (x-z) of the depicted cells with the spindle angle a were obtained using SoftWorx software. Fixed Cells were co-stained for y-
tubulin (red), a-tubulin (green), and DNA (blue). Scale bar, 5 pm. See also Supplementary Fig. S1. j A histogram of measured spindle angle

profiles of Hela cells treated with control siRNA (n = 152) and NDP52 siRNA-2 (n = 169)

deletion mapping experiments and found that the amino acid
sequence from Ile319 to Ser355 in the coiled-coil domain of
NDP52 is responsible for its binding to PA (Fig. 2d and
Supplementary information, Fig. S2j, k). Then we performed
rescue experiments by expressing HA-NDP52 or mutant HA-
NDP522319-3>% deficient in PA-binding in NDP52-depleted Hela
cells. Careful examination of the spindle poles revealed that HA-
NDP5223193>% failed to restore the normal spindle angle in
shNDP52-expressing Hela cells whereas HA-NDP52 restored the
normal spindle angle (Fig. 2e, f and Supplementary information,
Fig. S2I, m), demonstrating the critical role of PA-binding activity
of NDP52 in regulating spindle orientation.

Loss of NDP52 leads to premature subcortical F-actin ring
formation and subsequently impaired astral microtubules

To delineate the role of NDP52 in spindle orientation during
mitosis, we searched for binding partners of NDP52 using mass
spectrometric identification and identified microtubule-associated
proteins and actin-related candidates such as TIP150, CKAP2,
Myosin family proteins, N-WASP, Actinin, CapZ etc. (Supplemen-
tary information, Fig. S3a). Given this discovery, we tested whether
loss of NDP52 impacts the organization of microtubule and/or
actin networks. In order to project precisely the molecular
dynamics of NDP52 in spindle positioning during mitosis, we
sought to use lattice light sheet microscopy,®> which enables us to
visualize three-dimensional molecular dynamics at subsecond
intervals and diffraction limit. Using microtubule plus-ends
marked EB1-GFP cells, we found that NDP52 depletion led to a
significant loss of astral microtubules and resulted in perturbation
of accurate spindle positioning (Supplementary information, Fig.
S3b). Besides, live-cell experiments showed that suppression of
NDP52 resulted in premature formation of ring-like subcortical
compact filamentous actin network in prophase/prometaphase,
while in control cells it formed just a few minutes before anaphase
onset (Fig. 3a, b), consistent with our previous study.>* We further
performed rescue experiments by expressing GFP-NDP52 or GFP
in NDP52-suppressed Hela cells, and found that the expression of
exogenous GFP-NDP52 restored accurate astral microtubule and
actin networks (Fig. 3c-e).

We then examined whether there was a relationship between
the abnormal actin network and the aberrant spindle when
NDP52 was suppressed. To this end, we treated NDP52-depleted
mitotic cells with latrunculin B, an actin polymerization inhibitor,
and measured the spindle angle. To our surprise, latrunculin B
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treatment minimized the spindle misorientation phenotype seen
in NDP52-suppressed Hela cells (Fig. 3f, g and Supplementary
information, Fig. S3c). This suggested that the cortical actin
growth or hyper-stabilization in NDP52-suppressed cells caused
spindle misorientation. One possibility is that the abnormal F-actin
growth under NDP52 depletion affects spindle orientation by
inhibiting astral microtubule growth. To test this hypothesis, we
treated the NDP52-depleted mitotic cells with latrunculin B and
stained microtubules and F-actin with anti-a-tubulin antibody and
Alexa594-conjugated phalloidin, respectively. Consistent with
above results, the compact subcortical F-actin occurred in early
prophase/prometaphase and a large number of astral micro-
tubules disappeared in NDP52-depleted cells (Fig. 3h-j). When we
treated these cells with latrunculin B to depolymerize the
abnormal compact subcortical F-actin, the astral microtubules
reappeared in these cells (Fig. 3h-j). These results support the
hypothesis that loss of NDP52 causes premature formation of
compact subcortical actin filaments, perturbation of astral
microtubules, and finally spindle misorientation during mitotic
progression (Fig. 3k).

NDP52 restrains the early formation of subcortical F-actin ring via
actin nucleation factor N-WASP

Next, we asked how NDP52 inhibits the early formation of the
subcortical F-actin  ring in  prophase/prometaphase. Co-
sedimentation assays in vitro showed that NDP52 did not bind F-
actin or microtubules directly (Supplementary information, Fig.
S4a, b). We further screened the actin-associated candidates from
NDP52-interacting proteins obtained from immunoprecipitation
and found that N-WASP is an NDP52-binding partner (Fig. 4a and
Supplementary information, Fig. S4c). GST pull-down assay in vitro
also validated that NDP52 interacted with N-WASP directly (Fig. 4b
and Supplementary information, Fig. S4d). To examine if NDP52
and N-WASP form a cognate complex in mitotic cells, we
performed an immunoprecipitation using NDP52-Flag-GFP knock-
in cell lines. As shown in Fig. 4c, N-WASP bound NDP52-Flag-GFP
(lane 3), but not the negative control (lane 4), indicating that N-
WASP and NDP52 are cognate binding partners. Immunofluores-
cence analyses demonstrated that NDP52 co-localized with N-
WASP in mitosis and interphase (Fig. 4d and Supplementary
information, Fig. S4e). Furthermore, depletion of NDP52 resulted in
a significant decrease of N-WASP dots (Supplementary information,
Fig. S4f). Since N-WASP is a key promoter for actin nucleation and
polymerization, we tested whether NDP52 restrains the formation
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of subcortical F-actin ring by clustering N-WASP during prophase/
prometaphase. We treated NDP52-depleted Hela cells with
wiskostatin, a chemical inhibitor of N-WASP, and found that
wiskostatin rescued the defects of F-actin and astral microtubules
caused by loss of NDP52 (Fig. 4e—g). To confirm that N-WASP is
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crucial to NDP52-mediated regulation of spindle orientation, we
treated shNDP52-expressing Hela cells with wiskostatin and
measured the spindle angle. Wiskostatin treatment also rescued
the abnormal spindle angle caused by NDP52 depletion (Fig. 4h, i
and Supplementary information, Fig. S4g).
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Fig. 2 NDP52 localizes at the vesicles containing phosphatidic-acid (PA) a Schematic representation of fusing the endogenous NDP52 gene
with a 3 x Flag and GFP tag via CRISPR/Cas9-meidated gene editing. Gray, red, green and black boxes indicate last coding exon, stop codon,
insertion sequence and 3'-UTR region at NDP52 gene locus, respectively. b NDP52 co-localizes with mCherry-PABD-Spo20p (mCh-PABD, PA
marker) in NDP52-GFP knock-in HelLa cells from prophase to anaphase A in mitosis. The NDP52-GFP knock-in HeLa cells expressing mCherry-
PABD-Spo20p were fixed and stained for DNA (DAPI). Scale bar, 5 pm. ¢ Co-localization analyses of NDP52 with mCherry-PABD-Spo20p, Golgi
marker GM130, early endosome markers Rab5 and EEA-1, recycling endosome marker Rab11, endoplasmic reticulum marker Calnexin as well
as lysosomal marker LAMP-1 during metaphase. Shown is the mean percentage of NDP52 co-localized with each marker (n = 5-8). Error bars
represent SD. See also Supplementary Fig. S2 for images. d Schematic representation of NDP52 and deletion mutants. Abbreviations: CLIR,
LC3C-specific binding region; ZnF, zinc finger domain; SKICH, skeletal muscle and kidney enriched inositol phosphatase carboxyl homology.

“+ 4+ " represents strong interaction; “+” indicates weak interaction;

means no interaction. e Representative immunofluorescence images

of z-sections (0.2 pm per stack) with maximum spindle pole intensity in control or NDP52 3'-UTR shRNA-treated Hela cells with and without
expression of HA-NDP52 or HA-NDP524319-3%% Scale bar, 5 pm. See also Supplementary Fig. S2. f Scatter plots showing the spindle angles in
indicated HelLa cells (n =37, shcontrol; n=31, shNDP52; n=40, shNDP52 + HA; n=40, shNDP52 + HA-NDP52; n=27, shNDP52 + HA-
NDP524319-3%%) Data represent mean + SEM from three independent experiments. Student’s t-test, ***P < 0,001

To further characterize the role of N-WASP in NDP52-dependent
regulation of spindle orientation, we performed deletion analyses
and found that the N-terminal portion of N-WASP which loses the
function of promoting actin nucleation and polymerization
interacts with NDP52 directly (Fig. 4j, k and Supplementary
information, Fig. S4h). Consistently, fluorescence analysis showed
that N-terminal N-WASP co-localized with NDP52 in mitosis
(Fig. 4l). Next, we overexpressed GFP-tagged N-terminal portion
of N-WASP in cells to disturb the interaction of endogenous N-
WASP with NDP52 and measured the spindle angle. Most cells
expressing N-terminal N-WASP showed an abnormal spindle angle
a of higher than 10°, whereas most control cells had a normal
spindle angle of lower than 10° (Fig. 4m, n and Supplementary
information, Fig. S4i), indicating that N-WASP is a crucial down-
stream factor of NDP52 in regulating spindle orientation. Overall,
these findings suggest that NDP52 restrains the premature
formation of subcortical ring-like F-actin in prophase/prometa-
phase via N-WASP, and thereby promotes astral microtubule
growth to ensure accurate spindle orientation.

NDP52 inhibits long F-actin formation by clustering N-WASP

To further clarify the mechanism underlying NDP52’s role in
modulating subcortical F-actin formation, we employed total
internal reflection fluorescence microscopy (TIRFM) to analyze the
status of F-actin formation in the presence or absence of NDP52.
First, we assessed the liposome binding activity of NDP52-GFP and
RFP-N-WASP proteins (Supplementary information, Fig. S5a).
Consistent with the PIP strip assay results (Supplementary
information, Fig. S2c and S5b), the fluorescence images revealed
that purified NDP52-GFP protein associated selectively with the
liposomes containing PA, and that RFP-N-WASP protein bound to
the liposomes in an NDP52-dependent manner (Fig. 5a). Based on
these preliminary results, we designed a strategy to explore
NDP52’s effects on F-actin formation using TIRFM (Fig. 5b). We
polymerized actin filaments from F-actin seeds immobilized on a
microscope coverslip. In the presence of purified NDP52-GFP and
RFP-N-WASP, as well as PA-containing liposomes, the F-actin
structures were imaged by TIRFM after F-actin growth for about
30 min (Fig. 5b). F-actin showed a strong preference to NDP52-
and N-WASP-positive liposomes and rarely formed long filaments
(=6 um) (Fig. 5¢c—e). In contrast, in the absence of NDP52, N-WASP
and F-actin failed to associate with the liposomes and formed long
actin filaments with an average length of near 9 um (Fig. 5c-e).
These results demonstrated that NDP52 inhibits F-actin formation
by clustering N-WASP in vitro.

DISCUSSION

Actin networks are well known to play important roles in mitotic
spindle orientation. For example, an intact actin cortex is not only
required for correct LGN cortical localization in cultured cells and
the mouse embryonic skin,>*>® but is also responsible for
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balancing the forces that pull the spindle in C. elegans zygote.’
In addition, an actin cap that recruits Antxr2a to activate zDia2 for
allowing spindle rotation in the direction of the cap has been
observed in epiblast cell divisions during zebrafish gastrulation.?’
Interestingly, besides cortical actin, a subcortical cluster of actin,
also called the actin cloud, has been reported to regulate the
rotation of the mitotic spindle along with the unconventional
microtubule binding of myosin 10 in cells cultured on
micropatterns.?>38 In this study, we found a novel periodic ring-
like compact subcortical F-actin structure emerging just before
anaphase onset in Hela cells (Fig. 3a, b). Premature formation of
this compact F-actin ring prior to prophase/prometaphase in
response to NDP52 depletion resulted in dramatic defects of astral
microtubules and spindle orientation (Fig. 3c-k). This suggests
that a precise spatiotemporal coordination between actin filament
and microtubule dynamics is essential for proper spindle
orientation. It would be of great interest to delineate the
molecular architect of this NDP52-containing subcortical F-actin
network.

An important aspect of this work is that intracellular vesicles
may regulate actin and microtubule networks during mitosis by
their sequestration of actin. We found that NDP52 vesicles act as a
novel suppressor for preventing premature formation of the
subcortical compact F-actin ring in prophase/prometaphase via
the actin nucleator N-WASP (Fig. 5f). Consistent with this
observation, our in vitro TIRFM results showed that NDP52-
positive liposomes inhibit the formation of long F-actin by
clustering N-WASP (Fig. 5c-e). Similarly, in mouse oocytes,
Rab11a-positive vesicles regulate the dynamics and density of
the actin network that consists of long, unbranched actin
filaments through sequestering and clustering the nucleators of
the network.>® Furthermore, similar working models have been
proposed based on the studies conducted in a range of
experimental systems such as Xenopus egg extracts’®*' and
zebrafish embryos.*'

Two studies have reported that autophagy activity is inhibited
during normal mitosis.**** This inhibition has been thought to
defend cell components undergoing drastic structural rearrange-
ments from unintended loss.** In this case, it is tempting to
speculate that autophagy-related factors are primarily involved in
the regulation of mitotic events rather than autophagy during
mitosis. Indeed, growing evidence has suggested the non-
autophagic functions of autophagy regulatory proteins.*> For
instance, Beclin-1, a well-known autophagy protein, has been
reported to associate with the KMN (KNL-1/Mis12/Ndc80) complex
which is crucial for kinetochore-microtubule attachments to
promote the recruitment of outer kinetochore proteins and
accurate kinetochore anchoring to the spindle in mitosis.*®
Interestingly, our work has uncovered a novel and non-
autophagic function of NDP52 in mitotic spindle orientation. In
mitotic cells, NDP52 interacts with N-WASP to ensure the
formation of the subcortical compact F-actin ring in a precisely
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regulated temporal manner, which is essential for proper astral
microtubule network formation and spindle orientation. The
excitement and challenge ahead are to delineate the molecular
mechanism underlying context-dependent function of NDP52 in
cell fate decision control.”” Furthermore, another actin nucleation
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factor Arp2/3 that cooperates with N-WASP to promote actin
polymerization may also be involved in the NDP52-mediated
coordination between actin and microtubule networks. Future
studies are needed to explore the potential role of Arp2/3 in this
pathway.
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Fig. 3 Loss of NDP52 led to premature cortical actin filaments formation and subsequently impaired astral microtubules. a Representative
mitotic phenotypes in NDP52-depleted Hela cells (siNDP52-2) expressing mCherry-UtrCH and GFP-tubulin shown by live-cell imaging
(numbers at top right of images indicate elapsed time in the form of hour: minute). The red ring-like region depicted, in the cartoon, by
dashed line represents subcortical actin in prometaphase/metaphase Hela cells. Based on dual color real-time mitosis, we defined
prometaphase and metaphase in control and NDP52 siRNA-treated cells. Typically, the prometaphase cells selected from control group were
taken from the 20 min time point while metaphase cells were taken from 50 min time point. For siRNA-treated cells, the typical prometaphase
cells selected were taken from the 35 min time point while metaphase-like cells were taken from 130 min time point. The quantification
strategy of this real-time imaging experiment was shown on the right, in which /sypcortical actin, prometaphase indicates the intensity of subcortical
actin in early prometaphase; lsupcortical actin, just before anaphase indicates the intensity of subcortical actin just before anaphase onset. Note that
the subcortical actin intensity was increased in the NDP52 siRNA-treated cells compared to that of control group. Scale bar, 5pm.
b Quantitative analyses of subcortical actin intensity from real-time imaging. The ratio of /supcortical actin, prometaphase O lsubcortical actin, just before
anaphase Was calculated based on the subcortical intensity of mCherry-UtrCH from real-time imaging experiments as shown in a. The statistic
analyses were taken from three independent experiments while data were expressed as mean + SEM. Student'’s t-test, ***P < 0.001. Note that
the suppression of NDP52 protein by siRNA treatment increased the actin filament assembly judged by an increase in mCherry-UtrCH
intensity. ¢ Immunofluorescence staining for a-tubulin and F-actin in NDP52-depleted Hela cells (si-3plus) with and without expression of GFP
or GFP-NDP52. Scale bar, 5 pm. d Quantification of subcortical actin fluorescence intensity (lsubcortical actin, relative) in @bove-mentioned cells (n =
6 for each group). Intensities of intracellular actin (ingra = Igreen + lbiue), spindle-associated actin (/spingie — /bive) @nd the total actin (lotal — Igrey +
Igreen + Ibiue) Were determined with ImageJ software. Relative subcortical actin intensity (supcortical, re) Was calculated by [(fintra = fspindie)/fotall
that is also indicated as [Igreen/(Igrey + Igreen 1 Ibiue)]. Normalization was carried out by setting control value to 1. Data represent mean = SEM

from three independent experiments. Student’s t-test, **P<0.01; n

s, no significant difference. e Quantification of astral microtubule

fluorescence intensity (lastral MT, relative) in @above-mentioned cells (n =6 for each group). Intensities of spindle microtubules (/spingie) and the

total microtubules (/o) Were determined with ImagelJ. Relative Astral microtubule intensity (/astal, rel) Was calculated by [(ioral —

Ispindle)/ltotal]'

Normalization was carried out by setting control value to 1. Data represent mean + SEM from three independent experiments. Student’s t-test,
***Pp < 0.001; n.s., no significant difference. f Representative immunofluorescence images of z-sections (0.2 pum per stack) with maximum
spindle pole intensity in NDP52-depleted Hela cells with and without the treatment of latrunculin B. Scale bar, 5 um. See also Supplementary
Fig. S3. g Scatter plots showing the spindle angles in indicated Hela cells (n =59, shcontrol; n =65, shcontrol + latrunculin B; n=76,
shNDP52; n = 79, shNDP52 + latrunculin B). Data represent mean + SEM from three independent experiments. Student’s t-test, ***P < 0.001; n.
s., no significant difference. h Immunofluorescence staining for a-tubulin and F-actin in NDP52-depleted Hela cells (siNDP52-2) with and
without the treatment of latrunculin B. Scale bar, 5 um. i Quantification of subcortical actin fluorescence intensity (subcortical actin, relative) iN
above-mentioned cells (n =12 for each group). Data represent mean + SEM from three independent experiments. Student’s t-test, ***P <
0.001. j Quantification of astral microtubule fluorescence intensity (/astral MT, relative) iN @bove-mentioned cells (n =12 for each group). Data
represent mean + SEM from three independent experiments. Student’s t-test, ***P < 0.001; n.s., no significant difference. k Model indicating
the effects of NDP52 depletion on coordination between subcortical actin and microtubule networks in mitosis

It is worth noting that the loss of NDP52 led to chromosome
segregation errors in addition to spindle misorientation (Fig. 1).
This observation raised the question of whether chromosome
segregation errors were independent of spindle misorientation in
NDP52-depleted cells. Our rescue experiments using wild type
NDP52 and NDP52 mutant deficient in PA-binding (NDP522319-355)
showed that NDP52%3'9-*> fajled to restore accurate chromo-
some segregation in NDP52-depleted cells (Supplementary
information, Fig. S6a-d), demonstrating the importance of PA-
binding in NDP52 function in accurate mitosis. It remains to be
examined whether NDP52-dependent regulation of chromosome
segregation is parallel to its control of spindle orientation via
spatial interaction with PA-containing vesicles or through other
binding partners, just like it restrains the premature formation of
subcortical ring-like F-actin in prophase/prometaphase via N-
WASP (Fig. 5f). If the two pathways are not parallel events, one
probably acts upstream of the other. Compared with the
possibility that spindle checkpoint-dependent mitotic delay
causes dramatic defects of astral microtubules and spindle
orientation, it seems more logical and reasonable that perturba-
tion of astral microtubules and spindle orientation leads to defects
in kinetochore-microtubule attachment and chromosome segre-
gation. Thus, further exploration is necessary to delineate the
molecular mechanisms underlying NDP52-dependent regulation
of accurate chromosome segregation.

In conclusion, our study suggests that a vesicle-based
regulatory mechanism, distinctly different from previously
reported actin/dynein and NuMA/dynein pathways, orchestrates
the dynamic interaction between the actin and microtubule
networks that cooperate to guide mitotic spindle orientation. This
cooperation between intracellular vesicles and the cytoskeleton in
fine regulation of proper spindle orientation in mitosis offers new
perspectives on how NDP52 may serve as a novel sensor of
cortical actin interaction with astral microtubules for accurate
mitosis. As NDP52 is absent from yeast, we reasoned that
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metazoans evolved an elaborate spindle positioning machinery
to ensure faithful chromosome segregation in mitosis.

MATERIALS AND METHODS

Plasmids, RNA interference and transfection

Various NDP52 constructs were generated by inserting human
NDP52 isoform 3 ¢cDNA (NCBI reference sequence: NM_005831.4)
into different kinds of vectors via EcoRl and Sall sites. To construct
NDP52-GFP-His, gene encoding NDP52 was cloned into a
modified pET-22b plasmid containing a GFP open reading frame.
His-RFP-N-WASP was generated by cloning gene encoding N-
WASP into a modified pET-28a plasmid containing a RFP open
reading frame. Other N-WASP plasmids were constructed with
infusion kit provided by Xiaoming Tu's lab in USTC. PLKO-
mCherry-shNDP52 was obtained by inserting mCherry cDNA
behind hPGK promoter of PLKO.1 vector and NDP52 shRNA
sequence behind U6 promoter via EcoRl and Agel sites. The
nucleotide sequence for shRNA against NDP52 was 5-GACAGGU-
GAGAGGAUGAUACAGCUAGAGU-3' (3-UTR). The target sequences
of NDP52 siRNAs were: siNDP52-1, 5-GGAGGAGCUAGAAACCCUA-
3" (Ambion); siNDP52-2, 5-UUCAGUUGAAGCAGCUCUGUCUCCC-
' (Qiagen)”®; siNDP52-3, 5-GAGGAUGAUACAGCUAGAG-3' (3
UTR; Qiagen). siRNAs containing same but scramble sequences
were used for controls. For immunofluorescence and live-cell
imaging, trial experiments were used to determine an optimal
condition for suppressing NDP52 by assessing concentrations and
time of siRNA transfection. The optimal concentrations of various
NDP52 siRNAs used in this study were: siNDP52-1, 40 nM;
siNDP52-2, 40 nM; siNDP52-3, 40 nM. To precisely relate the
mitotic phenotypes to NDP52 levels in siRNA-treated cells, same
populations of transfected cells with three independent siRNAs
were first used for real-time imaging followed by Western blotting
analyses of NDP52 protein levels. Some rescue experiments were
performed with NDP52 siRNA-3 plus an additional siRNA
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5-CAGUGGAGUUAUGUCACUG-3’ for maximal suppression of
endogenous NDP52 protein. Specifically, we annotated those
experiments as si-3plus which are shown in Fig. 1f-h, Fig. 3c-e and
Fig. S1d-f. All plasmid and siRNA transfections were performed
with Lipofectamine 2000 or 3000 (Invitrogen) according to user’s
manual.
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Cell culture, synchronization, and drug treatments

HEK293T and Hela cells were purchased from the American Type
Culture Collection and routinely maintained in advanced DMEM
(Invitrogen) with 10% (vol/vol) FBS (HyClone) and 100 units/mL of
penicillin plus 100 pg/ml streptomycin (GIBCO). To enrich mitotic
cells, HelLa cells were treated with 2.5 mM thymidine (Invitrogen)
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Fig. 4 NDP52 inhibits premature formation of subcortical F-actin ring via N-WASP a HEK293T cells co-expressing 3 x Flag-NDP52 and GFP-N-
WASP were lysed, immunoprecipitated with anti-FLAG beads and analyzed by Western blotting. Lanes 1-2 annotate the input while lanes 3
and 4 mark immunoprecipitates of Flag-NDP52. See also Supplementary Fig. S4. b Pull-down assay with GST-N-WASP and His-NDP52. GST-N-
WASP affinity matrix was used to bind His-NDP52. The binding fractions were subjected to SDS-PAGE and stained with Coomassie Brilliant
Blue or analyzed by Western blotting. Lanes 1-3 represent inputs which contain GST, GST-N-WASP and His-NDP52 protein, respectively,
while lanes 4 and 5 mark pull-down fractions which contain proteins bound to GST or GST-N-WASP. Note that His-NDP52 binds to GST-N-WASP
(lane 5) but not GST (lane 4). See also Supplementary Fig. S4. ¢ The NDP52-3 X Flag-GFP knock-in HelLa cells synchronized by nocodazole
treatment were lysed, and the clarified cell lysates were immunoprecipitated with GFP trap beads followed by Western blotting analyses. In
negative control group, Hela cells expressing 3 X Flag-GFP were used. Lanes 1-2 annotate the input while lanes 3 and 4 represent
immunoprecipitates of NDP52-Flag-GFP and Flag-GFP, respectively. d Co-localization of NDP52-GFP and N-WASP-mCherry in mitosis and
interphase. HelLa cells expressing NDP52-GFP and N-WASP-mCherry were synchronized with monastrol (prometaphase) or MG132
(metaphase) after release from the thymidine treatment. Scale bar, 5 um. e Immunofluorescence staining for a-tubulin and F-actin in NDP52-
depleted Hela cells (siNDP52-2) with and without the treatment of wiskostatin. Scale bar, 5pm. f Quantification of subcortical actin
fluorescence intensity (lsubcortical actin, relative) iN above-mentioned cells (n=6 for each group). Data represent mean +SEM from three
independent experiments. Student’s t-test, **P <0.01, ***P < 0.001; n.s., no significant difference. g Quantification of astral microtubule
fluorescence intensity (Lastral mT, relative) in @bove-mentioned cells (n = 6 for each group). Data represent mean = SEM from three independent
experiments. Student’s t-test, ***P < 0.001; n.s., no significant difference. h Representative immunofluorescence images of z-sections (0.2 pm
per stack) with maximum spindle pole intensity in NDP52-depleted Hela cells with and without the treatment of wiskostatin. Scale bar, 5 pm.
See also Supplementary Fig. S4. i Scatter plots showing the spindle angles in indicated Hela cells (n = 40, shcontrol; n = 38, shNDP52; n = 48,
shNDP52 + wiskostatin). Data represent mean = SEM from three independent experiments. Student’s t-test, ***P < 0.001; n.s., no significant
difference. j Schematic representation of N-WASP and deletion mutants. Abbreviations are as follows: WH1, WASP homology 1 domain; B,
basic domain; GBD, GTPase-binding domain; PR, proline-rich domain; VCA, verprolin-cofilin-acidic domain. Note that VCA domain binds actin
and promotes actin polymerization. k Identification of NDP52-binding domain within the N-WASP protein by pull down assay. Lanes 1-5
represent inputs which contain GST, GST-N-WASP (full-length and truncations) and His-NDP52 protein, respectively, while lanes 6-9 mark the
pull-down fractions which contain proteins bound to GST (negative control) or GST-N-WASP. Note that N-terminal N-WASP protein interacts
with NDP52 directly (lane 8). | N-WASP-N-mCherry co-localizes with NDP52-GFP in mitosis. HeLa cells expressing NDP52-GFP and N-WASP-N-
mCherry were synchronized with monastrol after release from the thymidine treatment. Scale bar, 5pm. m Representative
immunofluorescence images of z-sections (0.2 um per stack) with maximum spindle pole intensity in HelLa cells overexpressing GFP or N-
WASP-N-GFP. Scale bar, 5 um. See also Supplementary Fig. S4. n Scatter plots showing the spindle angles in indicated Hela cells (n = 26, GFP;

n = 32, N-WASP-N-GFP). Data represent mean + SEM from three independent experiments. Student’s t-test, ***P < 0.001

for 14 h and then released in fresh DMEM medium. For Monastrol
(50 uM, Sigma) and MG132 (10 pM, Sigma) treatment, drug was
added into culture medium 8 h after release and maintained for 2
h; for latrunculin B (10 uM, Sigma) or wiskostatin (10 pM,
Calbiochem) treatment in Figs. 3h and 4e, drug was added into
culture medium 8.5 h after release and maintained for 20 min.
Metaphase Hela cells for quantification of spindle angle and
chromosome misalignment were enriched with MG132 treatment.
For latrunculin B (10 uM, Sigma) or wiskostatin (10 uM, Calbio-
chem) treatment in Figs. 3f and 4h, drug was added into culture
medium and maintained for 20 min after cells had been treated
with MG132 (10 uM, Sigma) for 100 min. To identify endogenous
proteins bound to NDP52 in mitosis, HelLa cells expressing knock-
in NDP52-GFP were treated with nocodazole (0.1 ng/pl) for 14 h
followed by GFP immunoprecipitation.

Generation of NDP52-3 X FLAG-GFP stable cell line

NDP52-3 X Flag-GFP stable cell was generated by knocking in a
3 x Flag and a following GFP tag using CRISPR-Cas9 technology.*®
The target sequence was: 5-GCAGATAGGGCATTTCTTGATGG-3'.
The sequences of 5 and 3’ homology arms were listed in
Supplementary Table S2. Cas9 and single guide RNA were
expressed in PX330-puromycin, a kind gift from Dr. Ge Shan
(University of Science and Technology of China).

Immunofluorescence and live-cell imaging

For visualization and quantitative analysis of spindle angle with y-
tubulin staining, Hela cells were fixed in methanol at —20 °C for 3
min and then in PBS containing 3.7% paraformaldehyde for 2 min.
For other immunofluorescence experiments, HelLa cells were fixed
with PBS containing 3.7% paraformaldehyde for 5-10 min. Then
the fixed cells were blocked with PBST (PBS with 0.05% Tween-20)
buffer containing 1% BSA (Sigma) for 30 min at room temperature
and sequentially incubated with the primary and secondary
antibodies followed by DNA staining with DAPI (Sigma). Decon-
volution images were collected using a Deltavision wide field
deconvolution microscope system built on an Olympus IX-71
inverted microscope base. For imaging, a 60x, NA = 1.42 lens was
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used, and optical sections were taken at intervals of 0.2 um.
Images for display were generated by projecting single optical
sections as described previously. Besides the images with y-
tubulin staining for quantitative analysis of spindle angle, the
others were processed with Adobe Photoshop after deconvolution
and z-stack projection using SoftWorx software (Applied Preci-
sion). The processing methods for the images with y-tubulin
staining were almost the same as the others with the exception of
z-stack projection. All co-localization analyses and fluorescence
intensity measurements were performed with ImageJ software.

For Live-cell imaging, Hela cells were maintained in glass-
bottomed culture dishes (MatTek) and cultured at 37 °C in CO,-
independent medium (Gibco) supplemented with 10% FBS (vol/
vol) and 2 mM glutamine. Images were taken with the DeltaVision
microscope (Applied Precision).

Quantification of spindle angle

Orthogonal views (x-z) of metaphase Hela cells stained for y-
tubulin were obtained with SoftWorx software from raw data.
Spindle angle was calculated with tangent function by measuring
the distances between two spindle poles in x and z direction using
ImageJ software.

Fluorescence intensity quantification and spatial distribution
measurements

Deconvolution images were collected using a Deltavision wide
field deconvolution microscope system built on an Olympus 1X-71
inverted microscope base. For imaging, a 60x, NA = 1.42 lens was
used, and optical sections were taken at intervals of 0.2 um.
Quantification of the level of plasma membrane-associated polar
cortical F-actin or astral microtubules was conducted as described
by Lu et al.3 In brief, the average pixel intensities from at least 20
mitotic spindles were measured. For quantitative analysis of
subcortical actin, fluorescence intensities of intracellular actin
(hinera), spindle-associated actin (/spingie) and the total actin (/iotal)
were determined with Image) software (NIH). Subcortical
actin intensity (Lubcortica) Was calculated by (fnwra — lspindie)-
Relative subcortical actin intensity (/subcortical, re) Was calculated
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by [(intra — Ispindie)/hotall. FOr quantitative analysis of astral MT,
intensities of spindle microtubules (/spingie) and the total micro-
tubules (/o) Were determined with Imagel. Relative astral
microtubule intensity (astral, re) Was calculated by [(hotai = /spindie)/
lotall- Normalization was carried out by setting control value to 1.

Antibodies

Rabbit Anti-NDP52 (ab68588, 1:1000 for WB; 1:400 for IF) and
biotinylated anti-GFP (ab6658) antibodies were purchased from
Abcam. Anti-a-tubulin (DM1A, 1:10,000), anti-y-tubulin (1:400 for
IF) and anti-FLAG antibodies (M2, 1:2000 for WB; 1:400 for IF)
antibodies were from Sigma. Anti-His-tag (12698, 1:2000 for WB),
anti-HA-tag (3724, 1:400 for IF), and anti-N-WASP (4848, 1:400 for
IF) antibodies were obtained from Cell Signaling Technology. For
all Western blotting, signals were detected using HRP-conjugated
anti-mouse or anti-rabbit antibodies (Pierce).

Lattice light sheet microscopy

In order to image mitotic NDP52-depleted Hela cells expressing
EB1-GFP and mCherry-H2B, lattice light sheet (LLS) scope was
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aligned and the imaging chamber with heating block was
preheated to 37 °C.3> NDP52-depleted Hela cells were seeded in
5mm coverslips (Warner Instruments), synchronized and placed
into the imaging chamber. The samples were then imaged in LLS
scope using Bessel beams arranged in a square lattice configura-
tion in dithered mode. Live cells immersed into imaging medium
were imaged by exciting each plane alternatively with a 488 nm
and 560 nm laser at ~10 uW (at the rear aperture of the excitation
objective) intensity. The fluorescence signal generated within the
specimen was collected by a detection objective (CFI Apo LWD
25XW, 1.1 NA, Nikon), filtered through a 440/521/607/700 nm
BrightLine quad-band bandpass filter (Semrock), and eventually
recorded by an ORCA-Flash 4.0 sCMOS camera (Hamamatsu).
The image volumes were taken by sampling scanning mode
and the dithered light sheet at 300nm step size, thereby
capturing a volume of ~25um x 51 pm X 30 um (corresponding
to 500 x 512 % 100 pixels in deskewed data). Each image volume
includes about 100 image frames, which were acquired at 20 ms
exposure time with minimal photobleaching. The collected raw
images have spatial resolution of 230 nm in X/Y and 370 nm in
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Z axes. The generated raw images were deskewed and then
deconvoluted by running 10 Richardson-Lucy iterations. 3D
visualization of deskewed and deconvoluted image stacks was
performed by using Imaris 8.0 software (BITPLANE).

Recombinant protein preparation and purification

His-NDP52, NDP52-GFP-His, His-RFP-N-WASP, GST-NDP52 and
GST-N-WASP plasmids were transformed into E. coli strain Rosetta
(DE3), and protein expression was induced with 0.2 mM IPTG at
16 °C for 20 h. Bacteria expressing His-NDP52, NDP52-GFP-His, His-
RFP-N-WASP were lysed by sonication in Ni-NTA binding buffer
(50 mM NaH,PO,4, pH 8.0, 300 mM NaCl, 10 mM imidazole) and
incubated with Ni-NTA agarose (Qiagen) for 1h at 4°C. The
agarose was washed three times in Ni-NTA binding buffer
supplemented with 30 mM imidazole and eluted with Ni-NTA
binding buffer supplemented with 250 mM imidazole.

Bacterially expressed recombinant proteins of GST-NDP52 and
GST-N-WASP were lysed by sonication in PBS buffer supplemented
with 0.5% Triton X-100 and incubated with glutathione-Sepharose
4B (GE Healthcare Life Science) for 1h at 4°C. GST-NDP52 and
GST-N-WASP protein was eluted with 20 mM glutathione. All
purification procedures were performed at 4°C, and protease
inhibitor cocktail (Sigma) was added to prevent protein
degradation.

Immunoprecipitaion and pull-down assay

For immunoprecipitation, HEK293T cells expressing 3 X Flag-
tagged NDP52 and GFP-N-WASP were lysed in IP buffer (50 mM
HEPES, 150 mM NaCl, 2 mM EDTA, pH 7.4) supplemented with
0.1% Triton X-100 plus protease inhibitor cocktail and incubated
with anti-FLAG M2 resin for 2 h followed by washing three times
with IP buffer. The FLAG-M2 beads were then resolved by SDS-
PAGE and immunoblotted with anti-FLAG-tag and anti-GFP-
tag antibodies. For the anti-GFP immunoprecipitation, the
NDP52-3 x Flag-GFP knock-in Hela cells synchronized by
nocodazole treatment were lysed in IP buffer (50 mM Tris-HCl,
150 mM NaCl, 1 mM EDTA, pH 7.4) supplemented with 0.1%
Triton X-100 plus protease inhibitor cocktail. Clarified cell lysates
were subjected to immunoprecipitation using GFP Trap A beads
(ChromoTek). The binding fractions were analyzed by Western
blotting with anti-GFP-tag and anti-N-WASP antibodies. In
control group, Hela cells expressing 3 x Flag-GFP were used
for parallel immunoprecipitation. The pull-down assay with
purified GST-N-WASP and His-NDP52 was performed as pre-
viously described.*

Flag bead-based immunoprecipitation assay for LC-MS

HEK293T cells expressing 3 x Flag or 3 x Flag-NDP52 were lysed in
IP buffer (50 mM HEPES, 150 mM NaCl, 2mM EDTA, pH 7.4)
supplemented with 0.1% Triton X-100 plus protease inhibitor
cocktail and incubated with anti-FLAG M2 resin for 2 h followed by
washing three times with IP buffer. The binding fractions were
subjected to SDS-PAGE and stained with Coomassie Brilliant Blue.
The gel samples were harvested and sent for LC-MS. HEK293T cells
expressing 3 x Flag was used for negative control to eliminate
non-specific binders.

Magnetic bead-based immunoprecipitation assay for LC-MS
Nocodazole-synchronized (0.1 ng/pl) Hela cells expressing Protein
A or Protein A-NDP52 fusion protein were collected and lysed in IP
buffer (20 mM Tris-HCI, 200 mM NaCl, pH 7.6, protease inhibitor
cocktail, without detergent) by hundreds of passages through a
25 G needle. The lysates were centrifuged at 1000 x g for 15 min to
remove cell debris and nuclei, incubated with IgG magnetic beads
for 2 h and then immuno-isolated using a magnetic separator. The
Binding fractions were eluted with 0.1% SDS, subjected to SDS-
PAGE and stained with Coomassie Brilliant Blue. The gel samples
were harvested and sent for LC-MS.
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In-gel trypsin digestion, LC-MS and data analysis

For in-gel digestion, gel pieces were sequentially destained in 50%
acetonitrile (50 MM NH4HCOs, v/v) until clear, dehydrated with
100yl of 100% acetonitrile for 5min, rehydrated in 10 mM
dithiothreitol (in 50 MM NH4HCO3) and incubated at 56 °C for
60 min. Gel pieces were then again dehydrated in 100%
acetonitrile and rehydrated with 55 mM iodoacetamide. After
being incubated in the dark for 45 min at room temperature, gel
pieces were washed with 50 mM NH4HCO; and dehydrated with
100% acetonitrile. Next, gel pieces were incubated with 10 ng/ul
trypsin (in 50 mM NH4HCOs) on ice for 1 h. Excess enzyme solution
was removed and proteins in gel pieces were digested with
trypsin at 37°C overnight. Peptides were extracted with 60%
acetonitrile/5% trifluoroacetic acid, followed by 100% acetonitrile.
The extraction solution was then dried down. The pellet was
resuspended in 0.1% formic acid and ready for MS.

The trypsin digest was analyzed with a QE-Plus mass spectro-
meter (ThermoFisher Scientific) coupled to an Easy-nLC nanoflow
HPLC (Proxeon Biosciences) with a self-packed 75 pm id x 15cm
C18 column in the data-dependent acquisition and positive ion
mode at a flow rate of 300nl/min. Spectra were manually
inspected to confirm the fragment ions aligned with the assigned
peptide sequences. Raw files were processed using Proteome
Discoverer 1.3. The database search was performed using Mascot
(Matrix Science) against the Uniprot human protein database.
Trypsin was specified as cleavage enzyme allowing up to 2
missing cleavages. Carbamidomethylation on cysteine was
specified as fixed modification and oxidation on methionine was
specified as variable modification. Peptide confidence was set at
high, and peptide ion score was set >20.

PIP strip assay

The PIP strip membranes were blocked with 1% BSA in Buffer A
(20 mM HEPES, 50 mM KCl, pH 7.4) for 30 min, and His-NDP52 was
added at 1ug/ml and incubated for 1h at room temperature.
Then the bound protein was detected using anti-His-tag mouse
antibody (cell signaling) and HRP conjugated anti-mouse anti-
body. HRP was visualized by using ECL reagent (Pierce).

Microtubule and F-actin co-sedimentation assay

Microtubule assembly and co-sedimentation were performed as
described previously.>®>? Briefly, purified recombinant GST-
NDP52 protein was incubated with taxol-stabilized microtubules
at 4 °C for 30 min followed by sedimentation for 30 min at 70,000
rpm in TLA100 rotor at 4°C. Supernatants and pellets were
collected for SDS-PAGE and Coomassie Brilliant Blue staining. For
F-actin co-sedimentation assay, stabilized actin filaments were
polymerized at 37°C for 30 min with a 1pg/pl G-actin using
unlabeled actin (Cytoskeleton) with 4 uM phalloidin, 4 mM MgCl,
and 5mM ATP, all diluted in Buffer A. Purified recombinant
NDP52-GFP-His protein with gradually increasing concentrations
was incubated with phalloidin-stabilized F-actin at 4 °C for 30 min
followed by sedimentation for 30 min at 70,000 rpm in TLA100
rotor at 4°C. Supernatants and pellets were subjected to SDS-
PAGE and Coomassie Brilliant Blue staining for visualization and
quantitative analyses.

Liposome co-sedimentation experiment

Liposomes containing PA were prepared at a 1pg/pl lipids
concentration using DOPC, DOPE and DOPA at a mole ratio of
6:2:2; Liposomes without PA were prepared at a 1 pg/pl lipids final
concentration using DOPC and DOPE at a mole ratio of 6:4.
Liposomes with or without PA were incubated with His-NDP52 in
Buffer A (20 mM HEPES, 50 mM KCl, pH 7.4) supplemented with 1
mM Ca*" for 20min at 4°C and centrifuged at 70,000 rpm in
TLA100 rotor at 4 °C. Supernatants and pellets were collected for
SDS-PAGE and Coomassie Brilliant Blue staining. All lipids were
purchased from Avanti Polar Lipids.
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Preparation of stabilized F-actin seeds

Stabilized F-actin seeds were prepared at 37 °C for 1 h at a 3 pg/pl
final G-actin concentration using unlabeled actin (Cytoskeleton),
Hilyte 647 labeled G-actin (Cytoskeleton) and biotinylated actin
(Cytoskeleton) at a ratio of 24:4:1 with 4 uM phalloidin, 4 mM
MgCl, and 5 mM ATP, all diluted in Buffer A. Before use, Stabilized
filamentous actin seeds were diluted at 1:50 ratio in Buffer A and
sheared twice with 25G needle to generate even-length
filamentous fluorescence actin.

In Vitro actin filaments formation assay with TIRF microscopy
Microscope slides and coverslips were passivated with PEG and
doped with biotin-PEG as previously described.”® Biotinylated
anti-GFP antibody was immobilized using NeutrAvidin.>® The
flow chamber were blocked with 5% (wt/vol) Pluronic F-127
for 10 min, diluted in Buffer A, and then incubated with
prepared F-actin seeds for 10 min. After unbound actin seeds
were flush out, the chamber were sequentially incubated with
0.2 mg/ml NeutrAvidin and 20 nM Biotinylated anti-GFP anti-
body to allow NDP52-GFP-His-bounded liposomes binding.
Formation of actin filaments was initiated in the presence of
1.5 pg/pl actin (18% of Alexa647-labeled and 72% unlabelled
actin), 0.04 pg/pl His-RFP-N-WASP, 0.01 ug/pl NDP52-GFP-His
and 0.5 pg/pl liposomes containing PA in freshly prepared TIRF
buffer (20 mM HEPES, 50 mM KCl, pH 7.4, 5mM DTT, 0.1%
methylcellulose, 5mM ATP, 4 mM MgCl,, 4 uM phalloidin, 0.25
pg/ul K-casein, 4.5 mg/ml glucose, 35 pg/ml catalase and 200
pg/ml glucose oxidase). The images were acquired from 30 min
after initiation with a TIRF microscopy system and analyzed
using the ZEN Light Edition software.
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