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Abstract

The anaphase-promoting complex/cyclosome (APC/C) coordinates advancement through mitosis
via temporally controlled polyubiquitination events. Despite the long-appreciated spatial
organization of key events in mitosis mediated largely by cytoskeletal networks, the spatial
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regulation of APC/C, the major mitotic E3 ligase, is poorly understood. We describe a
microtubule-resident protein, PLEKHAS5, as an interactor of APC/C and spatial regulator of its
activity in mitosis. Microtubule-localized proximity biotinylation tools revealed that PLEKHAS
depletion decreased APC/C association with the microtubule cytoskeleton, which prevented
efficient loading of APC/C with its coactivator CDC20 and led to reduced APC/C E3 ligase
activity. PLEKHAS knockdown delayed mitotic progression, causing accumulation of APC/C
substrates dependent upon the PLEKHA5-APC/C interaction in microtubules. We propose that
PLEKHADS functions as an adaptor of APC/C that promotes its subcellular localization to
microtubules and facilitates its activation by CDC?20, thus ensuring the timely turnover of key
mitotic APC/C substrates and proper progression through mitosis.

Graphical Abstract

P

&
Fa

® o / —
S MT-Turbol

SO0
“( PLEKHAS ) DM

p o > ; )
v Ub
b cpo20 o Apcic Uub
g < ub
- e — “ 5

PLEKHAS recruits APC/C Efficient APC/C activation Polyubiquitination of Mitosis
to microtubules by CDC20 binding mitotic effector proteins  progression

DO
=y

INTRODUCTION

Progression through mitosis involves spatiotemporal coordination of cytoskeletal and
membrane dynamics with changes in protein activities, chromosomal dynamics, and
signaling events.! A major role of the ubiquitin—proteasome system is to orchestrate

cell cycle progression through temporally controlled protein degradation programs.2 The
anaphase-promoting complex/cyclosome (APC/C) is the primary E3 ubiquitin ligase
controlling mitotic events including G2/M transition, early mitosis, the metaphase—anaphase
transition, and mitotic exit.3

APC/C is a 14-subunit complex and conserved member of the Cullin-RING E3 ligase family
that mediates K11- and K48-linked polyubiquitination of several proteins involved in mitotic
progression,* including the cyclin-dependent kinase inhibitor p21 and cyclin A in early
mitosis, cyclin B1 and the separase inhibitor securin at the metaphase—anaphase transition,
and the DNA replication inhibitor geminin in early G1.5-2 Its ubiquitin ligase activity
requires the association of one of two structurally related coactivators, CDC20 and CDH1,
which interacts with APC/C during mitosis and in G1 phase, respectively.1? The temporal
control of APC/C-mediated ubiquitination in these processes is well established, including
identities of ubiquitination substrates and accessory factors that modulate E3 ligase
activity.1112 However, there are major open questions concerning the spatial organization

of the APC/C.11 These include an incomplete understanding of its subcellular localizations,
what factors influence changes in its localization, and how compartmentalization of APC/C
at different subcellular locations affects its activity toward specific substrates.

ACS Chem Biol. Author manuscript; available in PMC 2023 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caoetal.

Page 3

PLEKHADS (pleckstrin homology domain-containing family A, member 5) is a microtubule-
localized protein and member of the PLEKHA4-7 family, several of which function as
adaptor proteins that can regulate the subcellular localizations and thus biological functions
of other proteins or protein complexes. For example, PLEKHAT localizes to adherens
junctions and recruits PDZD11 (PDZ domain-containing protein 11) to these junctions.13
The PLEKHA7-PDZD11 complex can stabilize the plasma membrane localization and
modulate the functions of multiple transmembrane proteins, including nectins for junctional
integrity and the Menkes copper ATPase and the plasma membrane calcium ATPase

to maintain intracellular ion homeostasis.13-15 Furthermore, we recently showed that
PLEKHAA4 functions as a plasma membrane adaptor to sequester the Cullin-3 E3 ubiquitin
ligase adaptor KLHL12, thus elevating Dishevelled levels and enhancing the strength of Wnt
signaling pathways in Wnt-receiving cells.16

Here, we identified a link between the spatial organization of APC/C and the cellular
functions of PLEKHADS as a microtubule adaptor protein. The incomplete understanding of
the spatial organization of APC/C is partly due to the challenges associated with effectively
determining the subcellular localizations of this large, multi-subunit protein complex with
conventional imaging methods. The deficiencies of these conventional tools motivated us to
develop an alternative strategy harnessing TurbolD-based proximity labeling7-1° to assess
APC/C localization, and we reveal a general mechanism by which the spatial organization
of APC/C is coordinated by PLEKHADS to ensure its proper activity during mitosis. We
propose that PLEKHADS functions as a microtubule-specific APC/C adaptor to recruit a pool
of APC/C to the microtubule cytoskeleton, promoting its loading with CDC20 and enabling
the APC/CCPC20_mediated ubiquitination of key mitotic effector proteins, thus facilitating
mitosis progression. In this model, PLEKHADS regulates APC/C subcellular localization and
thus accelerates its access to a critical coactivator required for its functions in mitosis,
effectively reducing a 3D search in the cytosol to a 1D search along microtubule tracks.
This model establishes a framework for understanding how the spatial organization of

the APC/C impacts its ubiquitination activity and roles in promoting mitotic progression.
Furthermore, our study establishes a set of “in vivo biochemistry”-based TurbolD tools for
interrogating the microtubule-associated proteome, highlighting the versatility of proximity
labeling methods for examining unresolved questions in cell biology.

RESULTS AND DISCUSSION

PLEKHAS Localizes to Microtubules via Its N-Terminal Tandem WW Domain.

We began this study by focusing on the molecular and cellular properties of PLEKHAS

as part of a larger undertaking to explore the roles of how putative phosphoinositide-
binding proteins might link lipid binding to the regulation of cell signaling, and in
particular, ubiquitination pathways. Toward this effort, we have centered on poorly
characterized members of the PLEKHA subfamily of pleckstrin homology domain-
containing proteins. Previously, we found that PLEKHA4/kramer regulates Wnt signaling
pathways in mammalian cells and in Drosgphila and promotes proliferation in melanoma by
antagonizing the polyubiquitination of Dishevelled by the Cullin 3-KLHL12 E3 ligase.16:20
The PLEKHA4 paralog PLEKHADS shares a similar multi-domain architecture (Figure 1A)
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and has been linked to proliferation and metastasis in several disease models,2123 although
underlying mechanisms remained unknown, prompting us to investigate its molecular
properties and cellular functions.

We first examined the cellular localization of PLEKHADS. Unlike PLEKHA4, which
localizes to the plasma membrane,® endogenous PLEKHAS was detected predominantly
along the microtubule network in HelLa cells by immunofluorescence (Figures 1B and

S1A) and imaging of green fluorescent protein (GFP)-tagged full-length PLEKHAS (EGFP-
PLEKHAGSFL, Figures 1C and S1B). As a member of the WW-PLEKHA subfamily of
proteins,}4 PLEKHADS contains two N-terminal WW domains absent from PLEKHA4. We
hypothesized that the microtubule localization of PLEKHAS might be mediated by its
tandem WW domains. Indeed, we found that a GFP-tagged PLEKHAS construct lacking the
two WW domains failed to localize to microtubules and a GFP fusion to the tandem WW
domains localized to microtubules similar to the full-length protein (Figure 1C). These data
indicate that the tandem WW domain is necessary and sufficient to recruit PLEKHAS to the
microtubule network. These observations are consistent with recent studies demonstrating
that the tandem WW domain of PLEKHAS associates with PDZD11 and that this interaction
was crucial for PLEKHAS to localize to the microtubule network 1424

PLEKHADS Interacts with APC/C, a Key E3 Ubiquitin Ligase Regulating Mitosis.

To explore the molecular functions of PLEKHAS, we identified potential protein—protein
interaction partners using stable isotope labeling by amino acids in cell culture (SILAC)-
based quantitative mass spectrometry. We performed anti-GFP immunoprecipitation

(IP) from HelLa cells stably expressing EGFP-PLEKHADS or EGFP and subjected the
immunoprecipitates to bottom-up proteomics analysis. Interestingly, among the most
strongly enriched proteins were several subunits of the anaphase-promoting complex/
cyclosome (APC/C) (Figure 1D and Table S1).

We validated the interaction of endogenous PLEKHAS with two representative APC/C
subunits, ANAPC4 and ANAPCS, by co-IP, followed by western blotting (Figure 1E,F).

To map the interacting regions, we performed co-1P of APC/C subunits with several GFP-
tagged constructs corresponding to truncated forms of PLEKHADS or isolated PLEKHAS
domains (Figures 1G and S1C). The GFP fusion to the proline-rich domain (PRD) (EGFP-
PLEKHAGSPRD) exhibited a strong interaction with APC/C (Figure 1G), whereas a construct
lacking the PRD (EGFP-PLEKHASAPRD) despite its high expression levels, failed to
interact with APC/C (Figure S1C). These results suggest that the PRD of PLEKHADS is
sufficient and necessary for the interaction with APC/C.

One consequence of the PLEKHA5-APC/C interaction could be that PLEKHAS is a
ubiquitination substrate of APC/C. To test this possibility, we monitored PLEKHAS protein
levels over the cell cycle by western blotting in HeLa cells that were first synchronized to
the S-phase by double thymidine block (DTB)?® and then released from synchronization,
with samples collected every 2 h for 24 h (Figure S1D). Unlike other known protein
substrates of APC/C, such as cyclin A and cyclin B1, which show oscillating expression
patterns, PLEKHADS protein levels were remarkably stable over the experimental timeframe
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(Figure S1E,F), indicating that PLEKHAS levels are not regulated via cell cycle-dependent
proteolysis and thus that PLEKHAS is likely not an APC/C substrate.

Development of a Proximity Biotinylation Tool to Probe the Microtubule Localization of
Endogenous PLEKHAS5, APC/C, and Its Substrates.

If PLEKHADS is not a ubiquitination substrate of APC/C, we next hypothesized that it

may function as an adaptor protein to recruit this E3 ligase to the microtubule network

as a site of action because the microtubule cytoskeleton is a major cellular structure that
organizes mitotic events. To test this hypothesis, we needed to examine the colocalizations
of PLEKHA5, APC/C, CDC20, and the substrates on microtubules. Previous studies

using immunofluorescence have reported multiple localizations of APC/C, including the
cytosol, the prophase nucleus, and, critically, numerous parts of the microtubule network,
including spindle poles/centrosomes, kinetochores, and chromosomes.11:26-28 However,
commercially available antibodies for different APC/C subunits have failed to consistently
mark the subcellular localizations of the complex by immunofluorescence, and exogenous
overexpression of GFP fusions to individual APC/C subunits may not reliably assemble
into functional APC/C complexes.2”-2% A recent high-throughput effort (OpenCell) has
generated CRISPR knock-in cell lines with GFP fusions to >1300 human proteins expressed
endogenously, 30 yet for several APC/C subunits in this collection, no reliable localization
was observed to intracellular organelles or structures.

Fortunately, recent developments of enzyme-mediated proximity labeling techniques such as
BiolD/TurbolD and APEX provide new avenues for mapping the subcellular localizations of
untagged, endogenous proteins with near-nanometer spatial resolution.3! In these strategies,
an organelle-tethered enzyme releases a highly reactive intermediate, typically a biotin
derivative, enabling covalent biotinylation of nearby proteins within a limited radius. As
such, proximity biotinylation has been widely applied for mapping the proteomes of
organelles and other discrete structures such as membrane contact sites and synaptic clefts.
Notably, the covalent nature of the labeling allows for sensitive detection and quantification
of even minor or transient spatially restricted pools of proteins that exhibit dynamic behavior
and/or can exist in multiple subcellular localizations, including large cytosolic pools, all of
which are very challenging to visualize with standard imaging-based methods.

Therefore, we developed an alternative strategy harnessing TurbolD-based proximity
labeling7+19:32 tg ascertain the microtubule localization of endogenous PLEKHAS, APC/C,
and other proteins (Figure 2A). Proximity labeling-based tools exist for tagging specific
subsets of the microtubule network, for example, the centrosome—cilium interface,
noncentrosomal microtubule organizing centers, kinetochores, and dynein-associated
proteins.33-36 To our knowledge, however, tools for broad labeling of proteins associated
with the microtubule network in mammalian cells were not available. Therefore, we
developed two microtubule-targeted TurbolD (MT-TurbolD) constructs by fusing V5-tagged
TurbolD to two microtubule-associated proteins: doublecortin (DCX) and the microtubule-
binding domain of ensconsin/MAP7 (EMTB).37:38

We first validated the localization and biotinylation activity of the two MT-TurbolD
constructs, DCX-TurbolD-V5 and EMTB-TurbolD-V5, by performing IF against the V5
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tag and biotin (Figure 2B-E and Figure S2). We then validated the specificity of the
MT-TurbolDs using streptavidin-agarose enrichment of biotinylated proteins, followed by
western blot analysis (Figure 2F,G). Both MT-TurbolD constructs successfully labeled
microtubule-associated protein 4 (MAP4), a-tubulin, and PLEKHAS upon the addition of
exogenous biotin but showed negligible biotinylation of markers of the plasma membrane
(CD44), the actin cytoskeleton (actin), and the nucleus (histone H3), demonstrating that the
activity of MT-TurbolDs was selectively confined to proteins on microtubules. Importantly,
in the same experiment, representative APC/C subunits ANAPC3, ANAPCS5, and ANAPCS,
the coactivator CDC20, and APC/C substrates including cyclin A, cyclin B1, p21, and
securin®8 were biotinylated by both MT-TurbolDs in either asynchronous or prometaphase-
synchronized cells by a 16 h treatment of S-trityl-L-cysteine (STLC)3? (Figure 2F,G). These
results reveal that APC/C structural subunits, CDC20, and several APC/C substrates all
exhibit microtubule localization both in interphase and in M phase and further validate
MT-TurbolDs as general “in vivo biochemistry” tools for interrogating the microtubule
localization of target proteins of interest.

PLEKHAS Depletion Caused a Decrease in the Microtubule Localization of APC/C Subunits
but Not CDC20.

Next, to elucidate the requirement for PLEKHAS in promoting APC/C localization to
microtubules, we evaluated the extent of microtubule association of APC/C in control
versus SiPLEKHADS cells using MT-TurbolD proximity biotinylation, enrichment of
biotinylated proteins, and western blot (Figure 3A). We confirmed that treating cells

with siPLEKHAS did not alter the expression level nor the activity of MT-Turbos in

cells stably expressing these constructs (Figure 3C,E, V5 and streptavidin blots). Upon
knockdown of PLEKHAS in either asynchronous populations or cells synchronized to
prometaphase, several representative subunits of the APC/C complex exhibited a significant
decrease in microtubule localization marked by both MT-TurbolD constructs (Figure 3B—
E). However, in these same experiments, there was no significant change in levels of
microtubule-associated CDC20 upon PLEKHAS knockdown (Figure 3B-E). These data
suggest that PLEKHADS plays a role in the recruitment of a pool of apo APC/C complexes
to microtubules and are consistent with the hypothesis, wherein PLEKHAS functions as an
APC/C adaptor to promote its localization to microtubules.

PLEKHAS Promotes APC/C Association with CDC20 and Activation in Prometaphase.

Based on the above data showing decreased microtubule-associated APC/C but not CDC20
upon PLEKHADS depletion, we tested if PLEKHAS knockdown impairs the interaction

of APC/C and CDC20 for the assembly of active E3 ligase complexes at microtubules

and thus affects its catalytic activity. We first examined the composition of APC/C in
mitosis. We isolated endogenous APC/C via anti-ANAPC3 IP from HeLa cells that were
either asynchronous or synchronized to prometaphase by STLC, and we confirmed that
several representative structural subunits and its key mitotic coactivator CDC20 were
enriched from the cell lysates (Figure S3A). We then compared the APC/C enriched from
prometaphase cells that had been transfected with control or two different PLEKHAS siRNA
duplexes (Figure 4A). PLEKHAS knockdown did not affect the assembly of the structural
components of APC/C, but the association of APC/C with CDC20 was significantly
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reduced, although the overall level of CDC20 was not affected by siPLEKHAS treatment
(Figures 4B,C and S3B,C).

The reduced APC/C-CDC20 interaction was rescued upon expression of an siRNA-
resistant EGFP-PLEKHASFL construct, but minimal rescue was observed using two
truncation constructs, EGFP-PLEKHAS2WW or EGFP-PLEKHAS5APRD (Figure 4E-G).
EGFP-PLEKHASAWW retained its interaction with APC/C (Figure S1C) yet could not
localize to the microtubule network (Figure 1C), whereas EGFP-PLEKHAS2PRD |ocalized
to microtubules correctly (Figure 4D) but failed to interact with APC/C (Figure S1C). The
results from these rescue experiments demonstrate that both the microtubule localization of
PLEKHADS and its interaction with APC/C are critical to restoring normal APC/C-CDC20
association in prometaphase cells that is perturbed upon PLEKHAS knockdown. These data
indicate that the recruitment of a pool of APC/C to microtubules by PLEKHAS promotes
efficient loading of CDC20 onto APC/C to form active E3 ligase complexes.

To measure the effect of this decreased CDC20 association on APC/C function, we
assessed the E3 ligase activity of APC/CCPC20 ysing in vitro ubiquitination assays.*°

We reconstituted the ubiquitination cascade using the enriched APC/C and other required
components, including E1, E2s, ubiquitin, ATP, and recombinantly purified securin as the
APC/C substrate. Western blot analysis of the reaction mixtures revealed that the in vitro
ubiquitination of securin was dependent upon the presence of all components, and the
APC/C purified by IP was indeed active (Figure S3D). Next, we evaluated the catalytic
activities of APC/CCPC20 pyrified from control or siPLEKHAS cells synchronized to
prometaphase. Upon PLEKHADS knockdown, the in vitro polyubiquitination of securin by
APC/C was significantly decreased, which was consistent with a decrease in APC/C loading
with CDC20 caused by siPLEKHAS (Figure 4H,1). These results indicate that depletion of
PLEKHADS from prometaphase cells antagonizes the loading of CDC20 onto APC/C and
thus impairs the catalytic activity of the E3 ubiquitin ligase toward its substrates.

PLEKHAS Knockdown Attenuates Mitotic Progression and Causes Increases in the
Fraction of Cells in G2 and M Phases.

The modulation of APC/C activity by PLEKHAS suggests potential functions of PLEKHAS
in mitosis, as APC/C is the primary E3 ligase controlling mitotic entry, progression, and exit.
We monitored mitosis progression by performing temperature- and CO»-controlled live-cell
imaging over extended time periods of asynchronous cells expressing fluorescent markers

of chromatin, H2B-mCherry, and quantified the time from nuclear envelope breakdown
(NEBD) to anaphase onset, signified by chromosomal segregation*! (Figure 5A). PLEKHA5
knockdown caused a minor but significant increase in time for cells to enter anaphase
(Figures 5B and S4A). The modest nature of this delay suggests an effect of PLEKHAS

on only a subset of APC/C complexes. Nevertheless, we note that the effect on mitosis in
unperturbed, asynchronous cells seen here is similar in magnitude to depletion of the protein
phosphatase PP2A-B55, a nonessential but important regulator of mitosis.*!

We also analyzed the cell-cycle phase of HeL a cells subject to DTB synchronization and
release by using propidium iodide staining of fixed cells, followed by flow cytometry
(Figure 5C). We found that depletion of PLEKHADS by two different siRNAs led to an
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increased percentage of cells retained in G2 and M phases after release from DTB (Figures
5D-F and S4B-D).

PLEKHAS5 Knockdown Increases the Levels of Mitotic APC/C Substrates.

To further understand the effect of PLEKHAS knockdown in APC/C-mediated
polyubiquitination and mitosis progression on a molecular level, we analyzed the protein
levels of several APC/C ubiquitination substrates and mitosis markers following DTB
synchronization and release via western blotting (Figure 6A). Consistent with previous
results wherein APC/C isolated from siPLEKHAS-treated cells exhibited lower in vitro
catalytic activity, several APC/C substrates, including cyclin A, cyclin B1, securin, and
p21, all showed aberrant accumulation upon PLEKHAS knockdown using two different
siRNA duplexes (Figures 6B,C and SAE,F). These results indicate that PLEKHADS depletion
results in a defect in APC/C-mediated polyubiquitination of mitotic effector proteins and
subsequent proteasomal degradation.

However, the substantial accumulation of p21 at early timepoints caught our attention
because p21, in addition to being an APC/C substrate, is also an inhibitor of the CDK1-
cyclin B1 complex, the major kinase complex that positively regulates mitosis onset and
advance.*? The accumulation of p21 may be due to insufficient APC/C activity, but it can
also suggest the activation of the G2/M DNA damage checkpoint, which leads to prolonged
G2/M arrest.*3 Thus, we analyzed the levels of a mitosis protein marker, phospho-histone
H3 at serine 10 (H3 S10p), and CDK1. PLEKHAS knockdown caused a delay in the
appearance and the peak expression of H3 S10p (Figures 6B,C and S4E,F). Furthermore, the
analysis of CDK1 revealed prolonged expression of its inactive form, which bore inhibitory
phosphorylation at tyrosine 15 (CDK1 Y15p),** at later timepoints in PLEKHAS5-depleted
cells compared to the control (Figures 6B,C and S3E,F). These results, along with the
induction of p21 expression, indicate that siPLEKHADS potentially caused a partial G2-to-M
transition arrest prior to its function in mitosis and that PLEKHAS5 may play additional roles
in cell cycle regulation beyond a role in mitosis.

To explore the potential effects of PLEKHAS depletion prior to mitotic entry, we

analyzed the G2-to-M transition by imaging cells expressing GFP-tagged proliferating cell
nuclear antigen (EGFP-PCNA) and H2B-mCherry and measuring the time between the
disappearance of PCNA puncta and NEBD* (Figure S5A). In the asynchronous population
of cells, we found no statistically significant difference between siPLEKHAS and control in
the G2-to-M transition period (Figure S5B,C). Additionally, we examined the levels of the
same G2/M markers and APC/C substrates after a DTB synchronization and release but in
the presence of the phosphodeficient CDK1 T14A/Y15F (AF) mutant (Figure S5D). This
CDK1 AF mutant, which cannot possess inhibitory phosphorylation marks, is constitutively
active, and its expression induces cells to partially bypass the G2/M checkpoint.44:46-48
Compared to control, cells expressing CDK1(AF)-3xFLAG with control siRNA treatment
showed increased mitosis progression, signified by earlier timepoints for H3 S10p peak
expression, a faster decrease in its levels, and reduced accumulation of APC/C substrates
(Figure S5E,F, compare the gray and black lines in quantification plots, significance marked
by *). These results confirm that expressing the CDK1(AF) mutant indeed permits cells
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to partially bypass the G2/M checkpoint and promote mitosis entry in our system. We

then compared the effect of PLEKHAS knockdown versus control sSiRNA in CDK1(AF)-
expressing cells. Again, we observed a delay in H3 S10p disappearance and elevated levels
of endogenous CDK1 Y15p and APC/C substrates upon PLEKHAS knockdown (Figure
S5E,F, compare the black and red lines in quantification plots, significance marked by #).
Collectively, these studies support a major role for PLEKHADS in regulating mitosis.

Interaction of PLEKHAS with APC/C at Microtubules Is Required to Rescue Mitotic Defects
Caused by PLEKHAS Knockdown.

To further investigate the mechanism of the PLEKHA5-APC/C interaction in regulating
mitosis, we performed rescue experiments with siPLEKHAS-resistant EGFP, EGFP-
PLEKHASFL, EGFP-PLEKHAS®WW and EGFP-PLEKHASAPRD constructs (Figure 7A).

In accordance with previous results, control rescue (with EGFP) in siPLEKHAS-treated cells
led to a significant increase of APC/C substrates and G2- and M-phase protein markers
(Figure 7B,C, compare the first and second bands in groups of five in representative

blots, e.g., lanes 16 vs 17, and the black and red lines in quantification plots, significance
marked by *). Importantly, the changes in protein expression patterns induced by PLEKHAS
depletion were partially restored by the introduction of an siRNA-resistant form of full-
length PLEKHADS protein (Figure 7B,C, compare the second and third bands in groups

of five in representative blots, e.g., lanes 17 vs 18, and the red and dark-green lines in
quantification plots, significance marked by #). For example, the peak expression of H3
S10p shifted earlier to 9 h post-release, and its levels decreased to a greater extent at later
time points. Similarly, the buildup of other markers and APC/C substrates was partially
reduced by the expression of EGFP-PLEKHASFL in cells treated with siPLEKHAS.

We note that complete rescue was not achieved, likely due to both the relatively poor
expression of EGFP-PLEKHASFL and the maximal transduction efficiency with the rescue
construct of ~60% (Figure S6). Nevertheless, minimal rescue was observed in cells
expressing siRNA-resistant forms of the truncation constructs, EGFP-PLEKHASAWW or
EGFP-PLEKHAS5APRD 'which are unable to recruit APC/C to microtubules, despite their
much higher expression in rescue experiments compared to the full-length construct (Figure
7B,C, compare the second and fourth or fifth bands in groups of five in representative

blots, e.g., lanes 17 vs 19 and 20, and the red and yellow—green or blue—green lines in
quantification plots, significance marked by T and 1, respectively, and Figure S6). These
rescue experiments reveal that the recruitment of APC/C to microtubules by PLEKHAS is
critical for the proteolysis of APC/C ubiquitination substrates and proper advancement of
mitosis. Collectively, even though we cannot fully exclude the possibility that PLEKHAS
exerts additional regulation of the cell cycle prior to mitosis, which will be discussed
further, our data suggest that PLEKHADS ensures proper mitotic progression by recruiting

a pool of APC/C complexes to microtubules and are consistent with a model wherein
PLEKHADS functions as an APC/C adaptor to promote its localization to microtubules and
thus enhance the efficiency of CDC20 loading onto this pool of APC/C to promote substrate
ubiquitination during mitosis (Figure 8).
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PLEKHADS belongs to the PLEKHA4-7 protein family, members of which serve as
intracellular adaptor proteins to promote specific subcellular localization of their interacting
proteins to carry out various functions.1316 PLEKHAGS is critical for proliferation and
invasiveness of melanoma cells with a high propensity for brain metastasis.2! Other studies
have implicated PLEKHADS in the regulation of malignant progression in diffuse-type gastric
carcinoma and breast cancer metastasis.?2:23 These reports underscore the importance of
elucidating the fundamental molecular and cellular functions of PLEKHADS, particularly
those that impact the regulation of the cell cycle.

We found that PLEKHADS exhibits a microtubule localization in HeLa cells and interacts
with the E3 ubiquitin ligase APC/C. We reasoned that PLEKHAS is likely not a substrate for
APC/C during mitosis because PLEKHAS levels remained stable throughout the cell cycle,
and it does not possess APC/C destruction motifs such as the D-box, KEN-box, or ABBA
motif4 within its primary amino acid sequence. Instead, we hypothesized that PLEKHA5
might be a microtubule-localized APC/C adaptor.

To overcome the challenges associated with determining APC/C localization through
imaging and to test the hypothesis that PLEKHAS mediates the spatial organization

of APC/C, we developed a proximity biotinylation approach using microtubule-targeted
TurbolD constructs to assess endogenous protein localizations to the microtubule
cytoskeleton. Indeed, we detected biotinylation of PLEKHAS, APC/C, CDC20, and relevant
APC/C substrates, confirming that these proteins localize to or very near to microtubules.
The recruitment of APC/C to microtubules was partly dependent on PLEKHAS5, as
PLEKHADS depletion reduced microtubule-associated APC/C and further impaired the
loading of CDC20 onto this pool of APC/C and exhibited a decrease in catalytic activity.

The connection to APC/C prompted us to explore the potential roles of PLEKHAS in
regulating mitosis. Depletion of PLEKHADS antagonized mitotic progression and led to
accumulations of APC/CCPC20 sybstrates in a manner dependent upon the PLEKHA5-
APC/C interaction at microtubules. Unexpectedly, we also observed a delay in mitotic entry
from the DTB experiment, although the analysis of G2-to-M transition in asynchronous
HeLa cells by imaging showed little difference in control versus siPLEKHAS5 cells. Still,
the induction of high p21 expression may indicate the presence of DNA damage upon
PLEKHADS knockdown. One possible explanation involves CDH1, the coactivator for
APC/C from mitotic exit to the end of G1. Our proposed model of PLEKHAGS as a
microtubule adaptor protein for APC/C also applies, in principle, to facilitate the formation
of the active APC/CCPHI complex, which has been shown to respond to DNA damage

and regulate DNA repair.50 In the context of PLEKHAS knockdown, the APC/C-CDH1
interaction may decrease and therefore impair APC/CCPHL catalytic activity, similar to
what we have shown for APC/CCPC20 which would lead to unresolved DNA damage and
activation of the checkpoint machinery to delay mitotic entry. Testing of this hypothesis will
require future studies into the potential effects of PLEKHAS5 on APC/CCPHI aetivity and
function.

Collectively, this study reveals a new framework for the spatial regulation of APC/C in
mitosis. In our model, PLEKHADS interacts with and recruits a pool of APC/C to the
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microtubule cytoskeleton. This interaction would increase the local concentration of APC/C
along the network and effectively reduce the dimensionality of its search for coactivators
and substrates from three dimensions (in the cytosol) to one dimension (along microtubule
tracks). Upon mitotic phosphorylation of its subunits and relief of the spindle assembly
checkpoint, this pool of APC/C would efficiently encounter its coactivator CDC20 and
subsequently be capable of ubiquitinating key mitotic effector proteins. Our study not only
reveals a mechanism controlling the spatial regulation of the major E3 ubiquitin ligase in
mitosis but also provides a means for understanding how such spatial regulation could be
intimately linked to the established temporal regulation of this enzyme that is critical for
progression through mitosis. Given the localization of PLEKHADS and the large number

of PLEKHAGB-interacting proteins identified in our proteomics experiments, it is possible
that PLEKHADS acts more generally as an adaptor to facilitate protein recruitment to the
microtubule cytoskeleton in both interphase and mitosis. Furthermore, our studies provide a
mechanism that accounts for a role for PLEKHAS in promoting progression through mitosis
that may be operational in settings where elevated PLEKHAS levels have been linked to
cancer progression. Finally, the MT-TurbolDs developed herein have the potential to serve
as broadly useful tools for interrogating the dynamic association of diverse proteins with the
microtubule cytoskeleton in many physiological contexts.

MATERIALS AND METHODS

Cell Culture.

Flp-In T-Rex HeLa (Thermo Fisher) and HEK 293TN cells (Anthony Bretscher, Cornell
University) were cultured in DMEM (Corning) supplemented with 10% fetal bovine serum
(FBS) (Corning) and 1% penicillin/streptomycin (P/S, Corning) at 37 °C in a 5% CO»
atmosphere. HEK 293TN cells were also supplemented with 1% sodium pyruvate (Corning).
Stable expression of the protein of interest was achieved following the published procedures.
For more details, please refer to the Supporting Information. Cell lines were used without
further authentication, and mycoplasma testing (MycoSensor PCR assay, Agilent) was
performed yearly.

Confocal Microscopy.

SILAC Label

Live-cell imaging and immunofluorescence were performed as previously described.18 More
details are included in the Supporting Information. Images were acquired via Zeiss Zen

Blue 2.3 software using a Zeiss LSM 800 confocal laser scanning microscope equipped

with Plan Apochromat objectives (40x 1.4 NA) and two GaAsP PMT detectors. Solid-state
lasers (405, 488, and 561 nm) were used to excite DAPI, EGFP/Alexa Fluor 488, and
mCherry/Alexa Fluor 568, respectively. Live-cell time-series movies were acquired using
Definite Focus. Depending on the experiments, images and movies were acquired either at
room temperature or at 37 °C with a 5% CO, atmosphere. Acquired images were analyzed
using F1JI.

ing and Mass Spectrometry-Based Proteomics Analysis.

For quantitative proteomics, Flp-In HeLa cells stably expressing EGFP-PLEKHAS were
cultured in “heavy” SILAC DMEM media (Thermo) supplemented with 10% dialyzed
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FBS (Corning) and 1% P/S for at least five passages to allow full labeling of cells before
they were used in experiments. “Light” EGFP-expressing HelLa cell line was generated
previously.16 “Heavy” SILAC DMEM contained L-lysine 13Cg, 15N, and L-arginine 13Cg,
15N,. “Light” SILAC DMEM contained L-lysine 12Cg, 14N, and L-arginine 12Cg, 14N,. Cells
were lysed and immunoprecipitated with GFP-Trap magnetic agarose and processed for
mass spectrometry following published procedures.®12 More details about the procedures
and the complete list of PLEKHADS interactors are available in the Supporting Information.

Proximity Biotinylation by MT-TurbolIDs.

HeLa cells transfected with pPCDNA3-DCX-TurbolD-V5 or pPCDNA3-EMTB-TurbolD-V5
for 30 h were incubated with 500 M biotin for 10 min at 37 °C under 5% CO». For
localization by immunofluorescence, cells were rinsed five times with 1x PBS and processed
for immune-fluorescence analysis as described earlier (see the Confocal Microscopy
section). For streptavidin-agarose pulldown and western blot, cells were rinsed five times
with 1x PBS and lysed with RIPA buffer supplemented with cOmplete™ Protease Inhibitor
Cocktail (Roche). Cell lysates were sonicated with four pulses at 20% intensity and
centrifuged at 13,000¢ for 5 min at 4 °C. The protein concentration of the clarified cell
lysates was quantified using the bicinchoninic acid (BCA) assay (Thermo Fisher), and

a small fraction of the clarified cell lysates was reserved and normalized as input. The
remaining cell lysates were subjected to immunoprecipitation using streptavidin-agarose
(Thermo Fisher) with rotation at 4 °C overnight. The resin was then centrifuged for 5 min
at 1000g, washed two times with RIPA buffer, one time with 1 M KClI, one time with 0.1 M
Na,COg3, one time with 2 M urea in 10 mM Tris pH 8.0, and two times with RIPA buffer

to eliminate nonspecific binding. Samples were then denatured and analyzed by SDS-PAGE
and western blot with detection by chemiluminescence using the Clarity Western ECL
substrate.

Cell Synchronization.

S-Phase synchronization by DTB and prometaphase synchronization by STLC were
performed following published procedures with slight modifications, as described in the
Supporting Information,25:40

Cell Cycle Analysis.

Assays to analyze cell-cycle phases were performed as previously described, as described in
the Supporting Information.

Isolation of Endogenous APC/C and In Vitro Ubiquitination Assays.

Enrichment of APC/CCPC20 and the in vitro ubiquitination assay were done following
published protocol with slight modifications, as described in the Supporting Information.

Statistical Analysis.

For all experiments involving quantification, statistical significance was calculated using
an unpaired two-tailed Student’s #test with unequal variance in Microsoft Excel, a Mann-
Whitney Utest and a Kolmogorov-Smirnov test in GraphPad Prism, or a one-way ANOVA
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with Tukey post-hoc test in GraphPad Prism, as indicated in figure legends. Statistical
significance of p< 0.05 or lower is reported, and the number of biological replicates
analyzed is stated in figure legends. All raw data were plotted into graphs using GraphPad
Prism. In figures containing scatter plots with straight connecting lines between markers to
show changes in measurement over time, the mean at each timepoint was plotted, and the
error bars represent the standard deviation. For regular scatter plots, the black line indicates
the mean, and each dot represents an individual biological replicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

PLEKHADS localizes to the microtubule network and interacts with several APC/C subunits.
(A) Domain map of PLEKHAGS. (B) Immunofluorescence (IF) of endogenous PLEKHAS in
HeL a cells by confocal microscopy. (C) Confocal microscopy of HeL a cells transfected with
different GFP-tagged PLEKHAS constructs. (D) Volcano plot from SILAC MS proteomics
experiments to determine the PLEKHADS interactome, where proteins that are statistically
significantly enriched in a-GFP immunoprecipitates from GFP-PLEKHAS5-expressing HelL a
cells compared to the IPs from GFP-expressing cells, including several APC/C subunits,
appear on the top right. Statistical significance was determined by a Mann-Whitney U

test. (E,F) Western blot analysis of co-1P experiments for endogenous PLEKHAS (E) and
the APC/C subunits ANAPC4 and ANAPCS (F) to demonstrate the interaction between
endogenous PLEKHADS and the APC/C. 1gG heavy chain from the IP is marked by an
asterisk. (G) Truncation studies to reveal the PLEKHAS PRD as sufficient to interact with
APC/C.
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Proximity biotinylation using microtubule-targeted TurbolDs reveals localization of
endogenous PLEKHADS and APC/C to the microtubule network. (A) Schematic
representation of proximity biotinylation using MT-TurbolD for visualization and
identification of microtubule-associated proteins. (B—E) Both microtubule-targeting TurbolD
constructs exhibit the expected cellular localization and are active, as shown by staining
against V5 (green) and biotin (streptavidin-Alexa Fluor 568, magenta) during interphase
(B,C) and prometaphase (D,E). For (D,E), DAPI staining is indicated at left to show the
expected chromosomal morphology of prometaphase, but for clarity, the merged image

only contains the anti-V5 and streptavidin channels. (F,G) PLEKHAS5, APC/C subunits,

and APC/C substrates, but not markers of other subcellular locations, were biotinylated

by microtubule-targeting TurbolD constructs in both asynchronous and prometaphase-
synchronized Hela cells.
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Figure 3.

PLEKHADS knockdown causes a decrease in the association of APC/C, but not CDC20, with
microtubules. (A) Schematic representation of the experimental timeline. (B—-E) Knockdown
of PLEKHADS leads to reduced levels of APC/C subunits in streptavidin pulldowns from
HelLa cells stably expressing DCX-TurbolD-V5 (B,C) or EMTB-TurbolD-V5 (D-E). Shown
are the representative blots for the assay (C,E) and quantifications of protein levels (B,D)

in streptavidin pulldowns (7= 5). Student’s #test: n.s. not significant; **p < 0.01; ***p <

0.001; ****p< 0.0001.
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Figure 4.
PLEKHADS knockdown reduces CDC20 loading of APC/C in prometaphase and diminishes

the catalytic activity of APC/C. (A) Schematic representation of experimental timeline.
Prometaphase cells were detached from the plate by gentle tapping and collected for

use in assays. (B,C) siPLEKHADS #1 treatment causes a decrease in APC/C association
with CDC20. Shown are the representative western blot analysis of co-IP experiments for
endogenous ANAPC3 (C) and quantification of CDC20 levels in IP samples (B) (n=

6). (D) Confocal microscopy analysis of EGFP-PLEKHASAPRD | showing its microtubule
localization. (E) Schematic representation of the experimental timeline for rescue
experiments. (F,G) APC/C-CDC20 interaction can only be rescued by GFP-PLEKHASFL,
Shown are quantification of CDC20 levels in IP samples (F) and representative western
blots (G) (7= 4). We note that EGFP-PLEKHASAPRD expression was verified by the
anti-GFP western blot because this construct does not contain the epitope recognized
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by the PLEKHADS antibody. (H,1) In vitro ubiquitination assays indicate that PLEKHAS
SiRNA causes a reduction in APC/C E3 ligase activity. Shown are quantification

of polyubiquitinated securin (securin¥P) and CDC20 levels in the reactions (H) and
representative western blots for the assay (1). IgG heavy chain from the APC/C purification
is marked by an asterisk, and complete reactions (lanes 3-5 and 8-10) are shown in
technical triplicate for each biological replicate (7= 4 biological replicates plotted in H).
Student’s t-test and ANOVA (one-way, Tukey): *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure5.
PLEKHADS knockdown delays mitotic progression and increases the fraction of cells in G2

and M phases. (A) Schematic representation of mitotic progression analysis in asynchronous
HeL a cells by time-lapse, live-cell imaging of H2B-mCherry. (B) Quantification of mitosis
progression in asynchronous Hel a cells, with time from NEBD to anaphase plotted

as cumulative frequency (left, Kolmogorov—Smirnov test) and scatter plot (right, Mann—
Whitney Utest) (n=50-51 cells): *p < 0.05; **p < 0.01. (C) Schematic representation

of the experimental timeline using a double thymidine block (DTB). (D-F) siPLEKHA5

#1 treatment leads to the accumulation of HeLa cells in the G2 and M phases. DNA

content of asynchronous (async) or DTB-synchronized/released HelL a cells transfected with
control siRNA (D) or siPLEKHAS #1 (E) were evaluated by PI staining and flow cytometry
analysis, and the percentage of cells in G2 and M phases was quantified and shown in (F) (n
= 3). Student’s #test: *p < 0.05; **p < 0.01.
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Figure 6.

PLEKHADS knockdown causes a buildup of APC/C substrates. (A) Schematic representation
of the experimental timeline. (B,C) APC/C substrates and G2/M protein markers persist

in cells treated with siPLEKHAS #1. Shown are representative western blots (B) and
quantification of protein levels (C) of lysates from HelLa cells subject to control siRNA

or siPLEKHADS #1 (= 3). Student’s #test: n.s. not significant; *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001.
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Figure 7.

PLEKHAS-APC/C interaction at microtubules is required to rescue the accumulation of
mitosis markers and APC/C substrates induced by PLEKHAS5 knockdown. (A) Schematic
representation of the experimental timeline. (B,C) Accumulation of mitosis markers and
APC/C substrates in SiPLEKHAS samples is partially rescued by exogenous expression

of EGFP-PLEKHASFL but not EGFP-PLEKHASAWW or EGFP-PLEKHASAPRD. Shown

are representative western blots (B) and quantification of protein levels (C) in HelLa cells
transduced with conditioned media containing lentivirus encoding EGFP, siRNA-resistant
EGFP-PLEKHASFL, siRNA-resistant EGFP-PLEKHAS2WW, and siRNA-resistant EGFP-
PLEKHASAPRD by spinfection (/7= 3). Notes: EGFP-PLEKHASAPRD expression is verified
by GFP blot because this construct does not contain an epitope recognized by the PLEKHA5S
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antibody. ANOVA (one-way, Tukey): n.s. not significant; *, #, T and 1 p < 0.05; **, ##, 7
and $1p < 0.01; *** ###, t11 and $11p < 0.001; **** ##H##, t111 and 11$p < 0.0001.
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Figure8.
Model for PLEKHAS function in mitosis as a microtubule-localized adaptor that regulates

the spatial organization of the APC/C E3 ubiquitin ligase. PLEKHAS5 is a microtubule-
resident protein that recruits a pool of APC/C to the microtubule cytoskeleton, as
demonstrated by its biotinylation by microtubule-localized proximity labeling tools (MT-
TurbolD), thus increasing the local concentration of APC/C along the microtubule network.
Upon mitotic phosphorylation, this pool of APC/C can efficiently interact with its
coactivator CDC20 and subsequently polyubiquitinate its mitotic substrates. In this manner,
PLEKHADS organizes APC/C in space to facilitate the timely turnover of key mitotic proteins
to promote progression through mitosis (figure and TOC graphic created with BioRender).
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