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Regulation of organelle transport by molecular motors along the cytoskeletal microtu-
bules is central to maintaining cellular functions. Here, we show that the ubiquitous
tau-related microtubule-associated protein 4 (MAP4) can bias the bidirectional trans-
port of organelles toward the microtubule minus-ends. This is concurrent with MAP4
phosphorylation, mediated by the kinase GSK3f. We demonstrate that MAP4 achieves
this bias by tethering the cargo to the microtubules, allowing it to impair the force gen-
eration of the plus-end motor kinesin-1. Consistent with this mechanism, MAP4 physi-
cally interacts with dynein and dynactin and, when phosphorylated, associates with the
cargo—motor complex through its projection domain. Its phosphorylation coincides
with the perinuclear accumulation of organelles, a phenotype that is rescued by abolish-
ing the cargo-microtubule MAP4 tether or by the pharmacological inhibition of
dynein, confirming the ability of kinesin to inch along, albeit inefficiently, in the pres-
ence of phosphorylated MAP4. These findings have broad biological significance
because of the ubiquity of MAP4 and the involvement of GSK3f in multiple diseases,
more specifically in cancer, where the MAP4-dependent redistribution of organelles
may be prevalent in cancer cells, as we demonstrate here for mitochondria in lung carci-
noma epithelial cells.

MAP4 | microtubule-associated protein 4 | GSK3 | kinesin | microtubule-based transport

The internal organization of the cell is indispensable for many of its functions. Essen-
tial to this organization is the system of intracellular transport through which different
cargoes are actively transported by molecular motors along the cell cytoskeletal fila-
ments to their appropriate destination. Much of the long-range active transport in cells
depends on the cytoplasmic dynein and kinesin families of motor proteins, which
move toward the minus-end (toward the cell center) and plus-end of microtubules
(toward the cell periphery), respectively (1, 2). Cargoes hauled by motors include RNA
granules, chromosomes, and different membrane-bound organelles, highlighting the
importance of this transport system for various biological processes. The diversity of
cargoes also underscores the complexity of transport since a handful of motor types
need to transport a wide range of cargoes to various places at the same time. Therefore,
maintaining the proper distribution of cargoes by tightly regulating the transport
machinery is indispensable, given that any defects are often associated with serious
developmental and neurodegenerative diseases (1, 3).

Within the cell, many cargoes move bidirectionally, although the motors that trans-
port them mostly move unidirectionally (4-7). To maintain robust delivery or distribu-
tion of cargo, bidirectional transport needs to be tightly regulated. Various mechanisms
of regulation have been described, implicating specific motor cofactors, adaptors, or
regulators (4, 7-10). However, the molecular mechanisms of motor regulation are
rarely understood, although examples whereby regulation was shown to target aspects
of motor stepping, force sensitivity, and detachment characteristics have been reported
(11-14). The increasing understanding of the function of isolated motors and the stark
differences that have emerged in the details of opposite-polarity motor stepping and
force sensitivity (6, 15, 16) suggest that the cell can exploit these differences to effect
regulation.

One potential mechanism of regulation is through the microtubule-associated pro-
teins (MAPs) that bind to microtubules, promoting their polymerization and stability
(17). MAPs also spatiotemporally regulate motors by directly competing for binding to
the microtubule surface, promoting or inhibiting motor attachment, or accelerating its
detachment (18-23). Tau, for example, which is the most extensively studied MAP
due to its involvement in many neurodegenerative diseases (24, 25), was shown to play
an important role in axonal transport and was suggested to be capable of biasing
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bidirectional transport toward the microtubule minus-end by
differentially inhibiting the processivity of kinesin-1, kinesin-2,
and dynein (18, 22, 23, 26, 27). In support of the crucial role
they play in regulating transport, MAPs are highly regulated,
mainly via isoform expression and phosphorylation (25, 28).
The ubiquitous microtubule-associated protein 4 (MAP4) and
the human tau have four and six isoforms, respectively, which
differ in the number of microtubule-binding repeats and the
length of the projection domain, the region of the protein that
projects outward from the microtubule surface (17). The func-
tion of the projection domain of MAPs is less well studied than
the microtubule-binding domain, although there are a few
studies that report its role in the control of the spacing between
microtubules as well as affecting motor motility on the micro-
tubules (18, 22). The phosphorylation of tau, on the other
hand, modulates the dynamic equilibrium between its static
and transient binding to microtubules (25). Hence, regulation
of its phosphorylation is indispensable because its aberrant
phosphorylation has been linked to disease (29-32), such as
Alzheimer’s disease, where tau is highly phosphorylated and
many of the phosphorylated sites are targeted by an abnormally
hyperactive glycogen synthase kinase 3 (GSK3) (33-35).

GSK3 is a serine—threonine kinase that functions in both
neuronal and nonneuronal cells and has been implicated in sev-
eral cancers, neurodegenerative diseases, and diabetes (36-38).
In addition to its involvement in tau regulation via phosphory-
lation, it also has been implicated as a regulator of kinesin-
dependent axonal transport in squid and flies (39-41) and
cytoplasmic dynein in both neuronal and nonneuronal cells
(42). In support of a central role in regulating intracellular
transport, overexpression of GSK3 in neuronal cells was shown
to reduce the plus-end movement of mitochondria (43) and to
negatively regulate bidirectional transport of the amyloid pre-
cursor protein (41). Furthermore, in nonneuronal cells, it was
reported that GSK3 is involved in regulating the transport of
the acidic organelles in young adult mouse colonic cells via
dynein inhibition (42) and lipid droplets in Drosophila embryos
by altering kinesin activity (41). It was also reported that the
phosphorylation of kinesin by GSK3 leads to the motor’s
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detachment from the cargo in vitro (40). Although the impor-
tant role that GSK3 plays in intracellular transport is well
established, its mechanisms of action remain poorly under-
stood, especially at the molecular level, and may vary for differ-
ent cargoes and in different tissues.

The ubiquitous expression of GSK3 led us to study tau’s
structurally related nonneuronal MAP, MAP4, which is also
ubiquitously expressed. MAP4 was reported to interfere with
cargo trafficking (44, 45), yet the molecular mechanisms are
not understood. We therefore investigated its role in transport
regulation using wild-type (WT) and GSK3p knockout
(GSK3B KO) mouse embryonic fibroblasts (MEFs) as a model
system. Using a nonneuronal model allowed us to uncover the
role and molecular mechanism of this ubiquitous MAP in regu-
lating the directionality of organelle transport along microtu-
bules and, notably, to identify it as a possible mediator of
altered mitochondrial localization in cancer cells.

Results

Absence of GSK3p leads to MAP4 phosphorylation and perinuclear
clustering. Given the well-documented role of GSK3p in phos-
phorylating the neuronal MAP tau, we decided to investigate
whether the ubiquitous MAP4 is also a phosphorylation sub-
strate of GSK3f in MEFs. Using phosphorylation affinity elec-
trophoresis combined with Western blotting, we compared
MAP4 phosphorylation in WT and GSK3p KO MEFs, which
do not express GSK3p (S Appendix, Fig. S1A). Results show a
striking difference in MAP4 band migration between WT and
GSK3p KO, suggesting a difference in its phosphorylation sta-
tus (Fig. 14). However, unlike tau, MAP4 becomes phosphory-
lated in the absence of GSK3p, suggesting that it must be a
phosphorylation substrate of other kinases that are downstream
of and inhibited by GSK3p.

Since the phosphorylation of tau is known to reduce its
affinity to microtubules, we examined whether MAP4 phos-
phorylation in this case also affects its distribution within the
cell. In WT MEFs, MAP4 decorates the microtubules, as can
be judged by the filamentous structures it forms (Fig. 1B). On
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the other hand, in the GSK3p KO MEFs, MAP4 no longer
aligns with the microtubules but rather becomes perinuclearly
clustered (Fig. 1B), despite the microtubules remaining intact

in these cells (S7 Appendix, Fig. S1B).

Abnormal distribution and phosphorylation of MAP4 is
accompanied with perinuclear clustering of organelles. With
the microtubules becoming bare of (no longer covered by) MAP4
in the GSK3p KO MEFs and knowing that tau-decorated micro-
tubules impair kinesin-based transport (18, 22, 46-48), we
initially predicted that organelles should distribute at the cell
peripheries driven by unopposed kinesin transport. Surprisingly,
both mitochondria and lipid droplets, known to be transported
along microtubules by kinesin-1 and cytoplasmic dynein, become
perinuclearly clustered in the GSK3p KO cells (Fig. 2 4, B, £
and F). This is in contrast to their WT counterparts, which are
distributed throughout the whole cytoplasm (Fig. 2 A, B, E, and
F). The perinuclear clustering phenotype could be rescued by
overexpressing GSK3f in the KO cells (Fig. 2 C E and F) and
phenocopied in WT cells by inhibiting GSK3p using two differ-
ent pharmacological drugs, AR-A014418 and SB-216763 (Fig. 2
D and E). Taken together, these findings show that the plus-end
transport of organelles is compromised in the absence of GSK3p.
The striking phenotype where both organelles and MAP4 are
perinuclearly clustered suggests that MAP4 phosphorylation may
be playing a crucial role in the regulation of lipid droplet and
mitochondrial transport in MEFs.

Kinesin-1 is active in GSK3p KO MEFs. To understand what dis-
rupts the plus-end transport of organelles in the absence of
GSK3pB, we asked whether the MEF isoform of kinesin-1,
KIF5B, is present and active on these cargoes. Dissociation of
the motors from cargo had previously been suggested as a
mechanism for transport regulation (40, 49). However, immu-
nofluorescence images of lipid droplets purified from WT and
GSK3p KO MEFs cleatly show the presence of KIF5B on their
surface (Fig. 34), suggesting that the failed peripheral distribu-
tion is not caused by defects in motor—cargo attachment.
Indeed, the distribution of KIF5B in fixed cells mirrors the
distribution of lipid droplets and mitochondria, being evenly
dispersed throughout the cytoplasm in WT cells while largely
perinuclearly clustered in the KO cells (Fig. 3B). This implies
that the transport of other kinesin-1 cargoes must also be com-
promised. Nevertheless, despite the overall impairment of plus-
end transport, tracks of the few individually discernible lipid
droplets at the edge of the perinuclear cluster and in sparse
areas in the KO cells clearly display bidirectional motion, as
they do in the WT MEFs (Fig. 30), but their extent of motion
is severely reduced (Fig. 3D). This finding indicates that kine-
sin that is present on the organelles is still active and can step
along the microtubules in the absence of GSK3p. Kinesin’s
inability to distribute cargoes away from the perinuclear region
must therefore result from factors that undermine its activity.

Impaired kinesin activity allows dynein to sweep organelles
back. Similar to kinesin, dynein is present on lipid droplets
purified from WT and GSK3f KO MEFs (Fig. 44), and its
activity is evident from the bidirectional trajectories of cargoes
in live cells (Fig. 3 C and D). The perinuclear clustering of
kinesin-1 cargoes in the absence of GSK3f despite their ability
to move bidirectionally strongly suggests that dynein activity
must be overwhelming that of kinesin. To test this suggestion,
we inhibited dynein using the pharmacological drug ciliobrevin
and measured its effect on the distribution of cargoes. With
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minus-end but not plus-end transport inhibited, cargoes should
spread away from the perinuclear region. Indeed, dynein inhibi-
tion rescues the perinuclear clustering of mitochondria in the
KO cells (Fig. 4 Band C) and leads to the appearance of some
accumulations of mitochondria at the cell peripheries in both
WT and KO MEFs (Fig. 4B). These findings once again con-
firm that kinesin is active in the absence of GSK3p and demon-
strate that its activity is overwhelmed by that of dynein. The
perinuclear clustering would then indicate the misregulation of
bidirectional transport that tips the balance in favor of minus-
end transport. This can be a consequence of enhanced dynein
motility, impaired kinesin motility, or both.

Because GSK3p is a kinase, we tested whether the differential
regulation of motor activity could be unrelated to MAP4 phos-
phorylation but rather a direct consequence of phosphorylation
of the motor subunits as previously reported for the kinesin
heavy chain, kinesin light chain 2 and the dynein intermediate
chains (14, 40, 42). We therefore examined the phosphoryla-
tion status of these subunits using phosphorylation affinity elec-
trophoresis combined with Western blotting. Neither showed a
difference in the phosphorylation status between WT and
GSK3p KO cells (ST Appendix, Fig. S2), excluding a direct role
for the phosphorylation of these subunits in the differential reg-
ulation of the opposite polarity motors by GSK3p.

MAP4 associates with cargoes and binds to the dynein/dynactin
complex. The phosphorylation of MAP4 in the absence of
GSK3p suggests that MAP4 may be directly interfering with
kinesin function in a phosphorylation-dependent manner,
hence resulting in the observed perinuclear clustering of organ-
elles. To test this hypothesis, we used a single-molecule in vitro
assay to study kinesin motility on microtubules decorated with
MAP4 purified from WT nontreated cells and cells treated
with the GSK3f inhibitor, LiCl. In both cases, MAP4 reduced
kinesin’s run length and its ability to bind the microtubules (57
Appendix, Fig. S3), which is consistent with previous findings
for MAP4 (50) and other MAPs (22, 27, 47). However, con-
trary to our expectation and inconsistent with our finding that
plus-end transport is compromised in the GSK3f KO MEFs,
MAP4 from LiCl-treated cells had a slightly weaker effect on
kinesin. These results suggest that the observed perinuclear
clustering of organelles in the absence of GSK3f cannot be
solely caused by the change in the phosphorylation state of
MAP4 decorating the microtubules.

Nevertheless, a role for MAP4 in regulating the distribution of
the organelles can be gleaned from the observation that both
MAP4 and the organelles are perinuclearly clustered in the KO
cells, suggesting that they may colocalize. Indeed, upon close
inspection of immunofluorescence images in the KO cells, we
find that MAP4 displays punctate structures that resemble car-
goes (Fig. 1B). To check whether these structures are due to
MAP4 association with the organelles, we costained the cells for
MAP4 as well as mitochondria and lipid droplets. We found that
not only does the distribution of MAP4 mirror the distribution
of both cargoes, but zooming in on individual isolated mitochon-
dria or lipid droplets also shows MAP4 decorating their surface
(Fig. 5A). Furthermore, images of immunostained purified lipid
droplets clearly show an enrichment of MAP4 on the surface of
the droplets isolated from GSK3p KO MEFs (Fig. 5B). These
results were further confirmed by Western blotting performed on
the purified lipid droplets, which demonstrates a significant
increase in MAP4 in the lipid droplets sample isolated from the
GSK3p KO MEFs (Fig. 50). Taken together, these results con-
firm that upon its phosphorylation, MAP4 associates with motor
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Fig. 2. Perinuclear clustering of mitochondria and lipid droplets in the absence of GSK3p. Representative images of WT and GSK3p KO (GSK3B~'~) MEFs
immunostained for microtubules in green and mitochondria (A) or lipid droplets (B) in red. (C) Representative example of mitochondria/lipid droplets
rescued distribution in GSK3p KO MEF upon GSK3p overexpression. Mitochondria/lipid droplets are shown in red and GSK3p in green. (D) Representative
confocal images of WT MEF showing perinuclear clustering of mitochondria and MAP4 upon treatment with the GSK3p inhibitors AR-A014418 or SB216763.
Mitochondria are shown in red and MAP4 in green (Bars, 20 pm). (E) Analysis of mitochondria distribution, represented here as percentage of cell surface
area, in WT MEFs in the absence or presence of the GSK3 inhibitors SB415286 and AR-A014418, and in GSK3p KO MEFs before and after the overexpression
of GSK3p. (F) Analysis of lipid droplet distribution in WT MEFs and GSK3p KO MEFs before and after overexpression of GSK3p. In (E) and (F), results were com-
pared with WT or to each other where indicated and expressed as mean + SEM; NP > 0.05 and ****P < 0.0001. NS, not significant. The number of analyzed
cells is shown in parentheses.
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cargoes, hence remaining in the perinuclear region rather than
decorating the length of the microtubules. They also imply that
the mechanism by which MAP4 regulates motor-based transport
could be distinct from that of tau and requires its association
with the organelles.

We next set out to identify what MAP4 interacts with on
the organelles. To that end, extracts from WT and GSK3p KO
cells were used for immunoprecipitation (IP) assay using an
anti-MAP4 antibody. The IP samples were then analyzed using
Western blotting and mass spectrometry. Among the many
peptides that were found to interact with MAP4, we identified
different subunits of dynein and its cofactor the dynactin com-
plex, but not kinesin, in both WT and GSK3p KO extracts
(Fig. 5 D and E). These results suggest that MAP4 may bind to
the surface of motor cargoes via a direct interaction with the
dynein/dynactin complex. However, our finding that MAP4
interacts with the dynein/dynactin complex in both WT and
GSK3p KO cells does not explain its propensity to associate
with organelles in the latter. It is possible, therefore, that the
phosphorylation of MAP4 in the GSK3f KO cells reduces its
affinity to the microtubules, leading to the interaction with the
cargo—motor complex to dominate. Conversely, phosphoryla-
tion may stabilize the MAP4 association with the motor com-
plex leading to a more pronounced accumulation of MAP4 on
the organelles.

Projection domain of MAP4 is required for its association with
organelles. MAP4 is a large protein, consisting of 1,125 amino
acids and two major domains: at the C terminus, the microtu-
bule binding domain (MBD), through which it binds to the
microtubules, and at the N terminus, the projection domain
(P-domain), whose function is still not very well understood

PNAS 2022 Vol. 119 No.41 2206677119

displacement (MSD) analysis.

(Fig. 6). Having demonstrated that MAP4 binds to the surface
of organelles in the absence of GSK3f, we set out to determine
which part of the protein is required for such an interaction.
We therefore cloned the full-length MAP4 as well as its two
domains (MBD and P-domain) into green fluorescent protein
(GFP)-tagged expression vectors, which were then overex-
pressed in WT and GSK3p KO MEFs, and their distribution
within the cell was examined using confocal microscopy
(Fig. 6).

The full-length MAP4-GFP, when transfected into cells,
shows a distribution similar to that of the endogenous MAP4.
In the WT MEFs the protein forms filamentous structures trac-
ing microtubules, whereas it becomes perinuclearly clustered
and punctate in the GSK3p KO cells (Fig. 6A4), suggesting its
association with cargoes. Overexpression of MBD-GFP, how-
ever, shows the same filamentous structures in both the WT
and GSK3p KO cells (Fig. 6B). These findings suggest that the
microtubule-binding domain of MAP4 is still capable of bind-
ing the microtubules in the absence of GSK3p. Moreover, they
indicate that the missing projection domain must be playing an
important role in the association of full-length MAP4 with car-
goes in the KO cells.

To further confirm this finding and further understand the
mechanism by which MAP4 associates with the organelles, the
GFP-tagged P-domain was overexpressed in WT and GSK3f
KO MEFs. Images of the WT cells transfected with P-domain-
GFP show a diffuse signal (Fig. 60), suggesting that in the
absence of the MBD, MAP4 is no longer capable of interacting
with the microtubules. In the GSK3p KO cells, however,
P-domain-GFP is no longer perinuclear although it still forms
the punctate structures (Fig. 6C), an indication of its association
with cargoes. These findings confirm that MAP4 interaction with

https://doi.org/10.1073/pnas.2206677119 5 of 12
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cargoes requires its P-domain and suggest that MAP4 can still
bind microtubules in the GSK3p KO cells. Furthermore, had a
potential reduction in the affinity of phosphorylated MAP4 to
microtubules been behind its preferential association with the car-
goes, the overexpressed projection domain would distribute simi-
larly in both WT and GSK3B KO cells, since it does not bind
the microtubules. Instead, phosphorylation is likely acting to sta-
bilize the MAP4 association with the organelles. Consistent with
this, the P-domain of MAP4 but not the MBD is phosphorylated
in the KO cells (S Appendix, Fig. S4). Taken together, all these
results imply that the full-length MAP4 must be interacting with
both microtubules and cargo via its MBD and phosphorylated
P-domain respectively, hence tethering cargoes to microtubules in

the absence of GSK3p.

Tethering the organelles to the microtubule via phosphorylated
MAP4 is required for the perinuclear clustering of organelles.
We next asked whether tethering the organelles to microtubules
via MAP4 might undetlie the perinuclear clustering of cargoes in
the GSK3p KO MEFs. The prediction, then, would be that
eliminating this tether should rescue the phenotype. We rea-
soned that overexpressing either the MBD or the P-domain of
MAP4 should compete with the binding sites of endogenous
MAP4, reducing its propensity to form the tether. We therefore
examined the distribution of cargoes in cells where exogenous
MAP4 MBD or P-domain were overexpressed. Indeed, we
found that the perinuclear distribution of mitochondria in the
GSK3p KO cells is rescued in both cases (Fig. 7 A and B). Nota-
bly, such a rescue was not observed when the GSK3f KO cells
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were transfected with full-length MAP4-GFP (Fig. 7 A and B).
These results confirm that the perinuclear clustering of cargoes
requires the simultaneous action of both domains of MAP4 and
suggests that the MAP4 tether between the organelle and the
microtubule may be biasing the bidirectional transport of the
organelles toward the microtubules minus-end. This could hap-
pen, for instance, by the tether exerting a hindering force that
would differentially impair kinesin, known to be more prone to
detachment when hindered than dynein (6, 15). Alternatively,
extending MAP4 could position it in a conformation that ena-
bles it to interact with kinesin and impair its function.

To differentiate between these two models, we designed an
in vitro bead motility assay where truncated kinesin (K560)
and MAP4 were simultaneously and specifically bound to the
beads to mimic the in vivo configuration. In vitro, these beads
exhibit intermittent long-range motion along the microtubules
interrupted by short pauses and recoils (Fig. 7C), suggesting
that the bead-bound MAP4 also attaches to the microtubules,
forming a tether. The ability of bead-bound MAP4 to tether
the bead to the microtubule was confirmed using beads lacking
kinesin, which still attach to the microtubule but exhibit
short-range diffusive motion as opposed to the directed
motion observed in the presence of kinesin (87 Appendix, Fig.
S5). We next used optical tweezers to measure force genera-
tion. In the absence of kinesin, less than 1 pN of force is suffi-
cient to suppress MAP4 diffusion along the microtubule, and
the beads are easily dragged along the microtubule by the
weak optical trap. Conversely, in the absence of MAP4
on the beads, kinesin can sustain forces that are typically
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Fig. 5. MAP4 accumulates on the organelles in the absence of GSK3p and physically interacts with the dynein/dynactin complex. (A) Representative images
of GSK3p KO MEFs immunostained for MAP4 in green and mitochondria or lipid droplets in red (Bars, 20 pm). The magnified insets show examples of MAP4
colocalizing with individual organelles and decorating the surface of lipid droplets (Bars in insets, 2 um). (B) Representative example of lipid droplets isolated
from WT and GSK3p KO MEFs labeled in red with Nile Red and immunostained for MAP4 in green (Bars, 5 pm). (C) Western blot and densitometric analysis
of the lipid droplet fraction from WT and GSK3p KO cell extracts probed for MAP4 (n = 3). ADRP was used as a loading control. Results are mean + SEM;
**%p < 0.001. (D) Western blot of WT and GSK3p KO MEFs immunoprecipitates using anti-MAP4 antibody or 1gG (n = 3), probed with antibodies against
dynactin (p150) and dynein intermediate chains (DIC). (F) Mass-spectrometry analysis of WT and GSK3p KO MEF immunoprecipitates using anti-MAP4 anti-

body. Results confirm MAP4 interaction with different subunits of dynein.

approximately 5pN (Fig. 7 D and E), as previously reported
for the motor (51). The typical force that the motor can sus-
tain significantly drops in the presence of MAP4 (Fig. 7 D and
E), suggesting that MAP4 indeed hinders kinesin’s capacity to
generate force, which is a prerequisite for its ability to trans-
port organelles in cells. Notably, bead-bound MAP4 purified
from cells where GSK3p was inhibited using LiCl resulted in a
more drastic reduction of kinesin’s force generation (to
approximately 2.4 pN) than MAP4 purified from untreated
cells (Fig. 7 D and E), highlighting the importance of the
phosphorylation state of MAP4. In the absence of kinesin,
MAP4 purified from the GSK3f-inhibited cells could still
tether the beads to the microtubules and was readily pulled
along the microtubule using the weak optical trap (87

PNAS 2022 Vol. 119 No.41 2206677119

Appendix, Fig. S5). Furthermore, eliminating the MAP4 tether
by only decorating the microtubules (but not the beads) with
MAP4 purified from GSK3p-inhibited cells only marginally
reduces kinesin’s capacity to sustain force (Fig. 7E), indicating
that MAP4 binding to both the bead and the microtubule is nec-
essary for its effect to strongly decrease kinesin’s force production.
Taken together, these in vitro findings strongly support the con-
clusion based on the in vivo results that when simultaneously
bound to both microtubules and organelles, phosphorylated
MAP4 hinders kinesin’s ability to move the organelles, resulting
in their perinuclear accumulation. The findings further support a
model in which extending phosphorylated MAP4 between the
cargo and the microtubule positions it to interact with kinesin
and undermine its function.
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MAP4 localization mirrors the perinuclear clustering of
mitochondria in the A549 cancer cell line. We next asked
whether our findings can provide an explanation for the reported
perinuclear clustering of mitochondria in various cancer cells
(52). In those cells, it was shown that small-molecule antagonists
of the universal tumor driver phosphatidylinositol 3-kinase
(PI3K) pathway lead to mitochondrial dispersal away from the
nucleus. PI3K activity is known to inhibit GSK3f (53). There-
fore, we hypothesized that the perinuclear clustering of mitochon-
dria in the untreated cancer cells might be driven by the same
MAPA4-related mechanism we identified in GSK3p KO cells. In
the GSK3p KO cells, we observed perinuclear clustering of
MAP4 that mirrors the distribution of the organelles, both for
endogenous and overexpressed full-length MAP4 (Figs. 1B, 54,
and 6A4). We therefore examined MAP4 distribution in lung car-
cinoma epithelial cells, A549, which were previously shown to
exhibit perinuclear clustering of mitochondria (52). Immunofluo-
rescence images of A549 cells show that MAP4 is perinuclear and
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100

% of cells

50

Fig. 6. The projection domain is responsible
for MAP4's association with cargoes. Repre-
sentative images and quantitative analysis of
WT and GSK3p KO (GSK3[3’/’) MEFs trans-
fected with vectors expressing GFP-tagged
full-length MAP4 (A), MBD (B), or P-domain
(C) (Bars, 20 um). Puncta, punctate. The num-
ber of analyzed cells is shown in parentheses.

that its distribution largely follows the perinuclear distribution of
mitochondria (Fig. 8). This is consistent with MAP4 playing a
role in the clustering of the mitochondria in the same fashion it
does in the GSK3 KO cells and has implications on treatment
strategies, as discussed in the next section.

Discussion

The regulation of cargo directionality along the microtubules
determines proper delivery and cargo distribution. The molecu-
lar details of how the cell achieves this regulation for various
cargo types are likely multifaceted and can in principle involve
all the components of the transport machinery, but they remain
poorly understood. Here, we have shown that the microtubule-
associated protein 4 (MAP4) can play a direct role in biasing
cargo transport toward the minus-ends of microtubules in a
phosphorylation-dependent manner. The association of MAP4
with the dynein machinery may suggest an enhancement of
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dynein activity triggered by this interaction, which would be
consistent with the perinuclear clustering of organelles. How-
ever, this simple model would be inconsistent with previous
reports of a negative effect of MAP4 on dynein motility (20,
45). MAP4 was previously shown to slow down microtubules
in an in vitro gliding assay driven by dynein/dynactin (20) and
to shorten the minus-end runs of melanosomes (45). Rather,
our findings paint a more elaborate molecular mechanism, con-
sistent with previous reports, by which MAP4 biases cargo
directionality in favor of dynein. The distribution of the over-
expressed MAP4 projection domain and the microtubule-
binding domain suggests that they compete with the full-length
endogenous MAP4 for binding sites on cargoes and microtu-
bules, respectively. Since the overexpression of each domain
separately is sufficient to rescue the perinuclear clustering phe-
notype, we conclude that tethering the cargoes to the microtu-
bules via the full-length MAP4 must be at the origin of the
perinuclear clustering of cargoes. The formation of this tether
may therefore differentially interfere with the ability of kinesin

PNAS 2022 Vol. 119 No.41 2206677119

kinesin (K560) and MAP4 showing frequent
recoils and pauses. (D) Force generation by
beads trapped using optical tweezers in prox-
imity of a microtubule. The beads were deco-
rated with either K560 only, K560 and MAP4
purified from nontreated cells (K560+MAP4),
K560 and MAPA4LICI (K560+MAPALICI), or K560
only with MAP4LIClI decorating the microtu-
bules but not the beads (K560+ Free MAPALICI).
() The mean peak force before detachment
and recoil to the trap center measured for
beads decorated with K560, K560 and MAP4,
K560 and MAPALICI, or K560 only in the pres-
ence of MAP4LICl decorating the microtubules
but not the beads (K560 + Free MAPA4LICI). The
number of events analyzed is indicated for
each case.

and dynein to transport the cargoes by opposing their force
generation.

The reaction of kinesin and dynein to opposing forces has
been previously mapped out in detail and found to be distinct
for the two motors. While dynein is tenacious, displays catch-
bond-like interaction with the microtubules, and can enhance
its force production in response to load, kinesin detaches
quickly when opposed (6, 15, 16, 54). In the GSK3p KO cells,
the MAP4 tether would then lead to failed attempts by kinesin
to move the cargoes long distances but would not compromise
dynein. This biases the bidirectionally moving cargoes toward
the minus-ends of microtubules, clustering them perinuclearly.
The in vitro optical tweezer measurements (Fig. 7E) suggest
that this mechanism can only partially explain the perinuclear
clustering. While MAP4 association with the organelles is a pre-
requisite for their accumulation in the nuclear region, the
in vitro measurements indicate that MAP4 binding the organ-
elle and microtubule simultaneously is not sufficient. More
pronounced impairment of kinesin force generation requires
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altering MAP4 phosphorylation. Therefore, in cells, phosphory-
lation of MAP4 leads it to both associate with organelles and
interact with kinesin, compromising its ability to generate
force. Similarly, both the cell and in vitro measurements show
that phosphorylation of MAP4 alone is not sufficient to impair
kinesin but rather that phosphorylation needs to be accompa-
nied by MAP4 binding to both the cargo and the microtubule
simultaneously. The overexpression of the projection domain
of MAP4 in the GSK3p KO cells leads to it associating with
the organelles, just like the phosphorylated full-length endoge-
nous MAP4, yet it cannot impair kinesin since the projection
domain does not bind the microtubule. In vitro, the presence
of the phosphorylated MAP4 on the microtubules does not
considerably impair kinesin’s force generation unless it also
binds the beads. Finally, in vitro, we find that MAP4-tethered
beads slide easily along microtubules in the absence of kinesin,
so drag from the MAP4 tether cannot fully account for the
decreased kinesin force production.

Put together, these findings paint a model in which the
phosphorylation of MAP4 allows it to associate with the organ-
elle and microtubule simultaneously. This extended conforma-
tion of phosphorylated MAP4 allows it to interact with kinesin
and impair its capacity to generate force, leading dynein to
sweep the organelles back. In this model, inhibiting dynein
function would remove this bias and allow kinesin to inch
along, albeit not efficiently due to the impaired force genera-
tion, which is consistent with the rescue of the perinuclear clus-
tering we observed (Fig. 4). This ratcheting effect of MAP4
that favors minus-end transport in a phosphorylation-
dependent manner could be distinct from and possibly in addi-
tion to the negative regulation of both kinesin-1 and dynein
transport measured in vitro here and in previous reports (20,
50). Furthermore, the projection domain was not always pre-
sent in these studies (50), and models based on motor-MAP4
competition for microtubule binding have been proposed (55).
The requirement of both the projection and microtubule-
binding domains that we found is necessary for the ratcheting
mechanism of MAP4 strongly points to a distinct mechanism.
Based on the data, one of course cannot exclude alternative
models by which binding to both the microtubule and the
dynein machinery simultaneously is a prerequisite to reducing
kinesin’s effectiveness in hauling cargo. For example, one could
imagine that the binding of the projection domain to the
cargo—motor complex increases the local concentration of
MAP4 around the cargo, which would more effectively impair
kinesin. However, this model would necessitate that the micro-
tubule binding domain of MAP4 on its own not be sufficient
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to impair kinesin, since overexpressing that domain, which
effectively increases MAP4 concentration, rescues perinuclear
clustering. Furthermore, it is not evident how MAP4 would
bias transport to the minus-end in this model, since dynein
transport was also shown to be impaired by MAP4 (20) and
would be expected to similarly suffer from the local increase in
MAP4 concentration. Further work will be needed to differen-
tiate between these models.

Our findings highlight the central role that the projection
domain of MAP4 plays in regulating microtubule-based trans-
port. The projection domains of MAPs have so far largely been
considered to serve the role of an unstructured protein brush or
spacer, sterically inhibiting protein—microtubule interactions or
keeping microtubules apart (17). Emerging evidence of specific
binding of the projection domain of MAPs to parts of the
motor complex suggest that this unstructured domain can be
more than a steric brush (19, 56). A prime example is the role
of MAP7 binding in the recruitment and activation of kinesin-
1 (19). This nascent paradigm is bolstered by our observation
that signaling by phosphorylation can modulate the interaction
of MAP4 with the cargo—motor complex, resulting in a system
that can regulate organelle directionality while keeping the
motors bound to the organelle.

It has been suggested for quite some time that MAPs may
somehow regulate transport; however, clear examples of them
doing so are sparse. Here, they are directly responsible for dra-
matically changing the distribution of organelles in the cell,
and we explain how they do so mechanically. Further, MAPs
have been thought of as entirely acting on the microtubules.
The idea that they can switch, as we demonstrate, and span the
cargo—microtubule distance, and that this change is crucial for
altering motor function, is significant. On a more mechanistic
level, the notion that MAPs can result in tuning single motor
force production quite substantially, and not due to motors
simply falling off, but rather by modulation of the motor’s
actual force production, adds another mechanism to the reper-
toire of motor regulation modalities. MAP4 is ubiquitously
expressed and is a major player; it is a central MAP, just as
GSK3p is a very important kinase. The role and mechanism we
identify for both of them is therefore expected to have broad
implications, with cancer ramifications.

Indeed, our findings may provide an explanation for the
observed increase in tumor cell invasive ability in response to
some clinical drugs. In addition to its involvement in neurode-
generative diseases, the misregulation of GSK3f activity has
been implicated in many cancers and was suggested as a
metastasis-regulating factor (36, 37). Cell migration and invasion
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in metastasis is energetically costly and requires the active shut-
tling of mitochondria to the lamellipodia at the leading edge of
cells to increase the local adenosine triphosphate (ATP) concen-
tration (57). Our finding that mitochondria are restricted to the
perinuclear region in the GSK3f KO and A549 cancer cells and
that MAP4 mirrors that distribution may provide the mecha-
nism by which tumor cell invasion is paradoxically fueled by
some anticancer drugs currently in the clinic. For example, the
oncogenic PI3K/AKT kinase pathway is an important therapeu-
tic target; it also inhibits GSK3 through phosphorylation. Clini-
cally used inhibitors of the PI3K/AKT pathway lead to increased
tumor cell motility and invasion that have been linked to the
redistribution of energetically active mitochondria to the cortical
cytoskeleton (52). Our finding that MAP4 phosphorylation in
the absence of GSK3p leads to the sequestration of mitochondria
around the nucleus could provide an alternative therapeutic
strategy by simultaneously targeting PI3K and GSK3p to miti-
gate the unintended adverse effect of treatment that results in
the increased metastatic potential of tumor cells.

Materials and Methods
Detailed materials and methods are included in S/ Appendix.

Mitochondria and lipid droplets staining. Cells grown on glass coverslips
in 24-well plates were incubated at 37 °C in culture media supplement with
100 nM MitoTracker Deep Red FM (M22426, Molecular Probes, Invitrogen) for
30 min or T pg/mL Nile Red (N1142, Thermo Fisher Scientific) for 10 min. Cells
were then washed with culture media.

Tracking lipid droplet trajectories in live cells. Live MEFs grown on a
glass-bottomed dish were stained for lipid droplets using Nile Red, as described
above, and imaged at 37 °C using either a confocal microscope at 7 fps (Fig. 3C)
or an epifluorescence microscope at 30 fps (Fig. 3D). Because the lipid droplets
were perinuclearly clustered in the GSK3p KO cells, many were not individually
discernible for extended periods of time. However, the few at the periphery of
the cluster or in sparse areas were possible to track manually using a custom
tracking program (58). To reduce the selection bias in choosing droplets with
lengthy tracks at the edge of the cluster, automatic tracking using SVI's Huygens
Professional was used to calculate the MSD in Fig. 3D.

single-molecule in vitro motility assay. Sample chambers were constructed
using polylysine-coated 0.17-mm thick coverslips and 50 pm double-sided adhe-
sive tape as reported previously for in vitro kinesin motility experiments (54),
with one exception. Two sample chambers with preassembled microtubules
were constructed on the same coverslip for simultaneous assaying of truncated
GFP-labeled kinesin (k560-GFP) motility in the presence of MAP4 and, as a con-
trol, k560-GFP motility in the presence of only the dialysis buffer used for MAP4
purification. This procedure was adopted to ensure similar activity and levels of
kinesin in the MAP4 and control chambers. A new aliquot of k560-GFP was
thawed for each measurement lasting less than 30 min from thawing. Side-by-
side experiments were carried out using the same aliquot of k560-GFP almost
simultaneously (2,000 frames each at 5 fps). k560-GFP was diluted in motility
assay buffer (70 mM PIPEs, 4 mM EGTA, 4 mM MgSQ,, 0.1 mM EDTA, 10 mM
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DTT, 20 mm taxol, 60 mM CH3COOK, and 2 mM ATP) and/or dialysis buffer
(exchanged buffer from MAP4 dialysis) depending on the experiment. For each
experiment, approximately equal numbers of k560-GFP motors derived from the
same aliquot at optimum concentration were incubated with MAP4 and MAP4
dialysis buffer. The incubation lasted for 5 min at room temperature before flow-
ing into the chambers.

GFP-labeled k560 motors were excited with a 488 nm laser (Sapphire
488-500 CDRH, Coherent), imaged via a custom total internal reflection fluores-
cence (TIRF) microscope (Nikon 1.49NA, 100x TIRF objective) and recorded
using a Photometrics QuantEM 512SC EMCCD camera. Particle tracking and
analysis was carried out using a custom-tracking program (Gross Lab) that identi-
fies GFP positions with 2-dimensional Gaussian fitting of their intensity profile.

For single-molecule force measurements using bead assays in the optical
trap, sample chambers and motility buffer were prepared as described in the
TIRF assays above.

In vitro bead motility assay and force measurements. The truncated
kinesin k560 motors and full-length MAP4 used in this study had HIS and FLAG
tags at their C-terminus and N-terminus, respectively. For force measurements,
the kinesin and MAP4 were specifically linked to the streptavidin-conjugated
beads (560 nm diameter, Spherotech) via anti-HIS (biotinylated penta-HIS, Qia-
gen; and anti-FLAG-biotin) and anti-FLAG (biotinylated, monoclonal anti-FLAG
BioM2, F 9291, Sigma-Aldrich) antibodies. The ratio of anti-FLAG to anti-HIS was
fixed at 5:1. The incubation of the beads and antibodies was carried out in PEM
buffer (80 mM Pipes, T mM EGTA, and 4 mM MgSO,). Briefly, 15 plL anti-HIS
(0.2 mg/mL) and 15 pL anti-FLAG (1 mg/mL) were mixed with 50 uL PEM fol-
lowed by the addition of 10 pL streptavidin beads (1% wt/vol). The mixture was
then incubated at 4 °C for 30 min followed by 5 washes in 100 pL PEM buffer
supplemented with 4 mg/mL BSA. The beads were stored at 4 °C in the PEM
buffer for long-term use of up to 2 wk.

The concentration of MAP4 and MAPALICI (S/ Appendix) during the bead
incubations was optimized to approximately 1 pg/mL to minimize the occasional
nonspecific binding of beads to the surface and microtubules. Sequential incuba-
tion of k560 followed by MAP4 variants was found to work best in finding the
kinesin single-molecule activity. The appropriate amount of k560 was added to
30 pL motility buffer followed by the addition of antibody-coated beads and
incubation for 6 min at room temperature. Next, MAP4 or MAPALiCl was added
to the above mixture and incubated for a further 6 min at room temperature.
The unbound kinesin and MAP4/MAPALICl in the solution were removed by pel-
leting the beads (6,000 g for 8 min at 4 °C) and resuspension in 30 pL motility
buffer. The mixture was then flown into the sample chamber for single-molecule
force measurements using a custom-built optical trapping system capable of
detecting forces produced by molecular motors in the pN range.

Data analysis. GraphPad Prism 8.0 software was used for the statistical analy-
ses. Statistical significance was determined using the Student's t test (*P >
0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001).

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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