
fncel-16-852245 March 18, 2022 Time: 8:48 # 1

ORIGINAL RESEARCH
published: 18 March 2022

doi: 10.3389/fncel.2022.852245

Edited by:
Gerardo Morfini,

University of Illinois Chicago,
United States

Reviewed by:
Jose Norberto (Jobert) Vargas,

University College London,
United Kingdom
Dianna E. Willis,

Burke-Cornell Medical Research
Institute, United States

*Correspondence:
Thomas L. Schwarz
Thomas.Schwarz@

childrens.harvard.edu

†Present addresses:
Himanish Basu

Department of Immunology,
Harvard Medical School, Boston, MA,

United States

Amos Gutnick
Biogen, Inc., Cambridge, MA,

United States

Wei Wei
Department of Pathology,

Stanford University, Stanford, CA,
United States

Evgeny Shlevkov
Myro Therapeutics, Inc.,

Lexington, MA, United States

Specialty section:
This article was submitted to

Cellular Neurophysiology,
a section of the journal

Frontiers in Cellular Neuroscience

Received: 11 January 2022
Accepted: 14 February 2022

Published: 18 March 2022

Citation:
Heo K, Basu H, Gutnick A, Wei W,
Shlevkov E and Schwarz TL (2022)

Serine/Threonine Protein
Phosphatase 2A Regulates

the Transport of Axonal Mitochondria.
Front. Cell. Neurosci. 16:852245.
doi: 10.3389/fncel.2022.852245

Serine/Threonine Protein
Phosphatase 2A Regulates the
Transport of Axonal Mitochondria
Keunjung Heo1,2, Himanish Basu1,2†, Amos Gutnick1,2†, Wei Wei1,2†, Evgeny Shlevkov1,2†

and Thomas L. Schwarz1,2*

1 Kirby Neurobiology Center, Boston Children’s Hospital, Boston, MA, United States, 2 Department of Neurobiology, Harvard
Medical School, Boston, MA, United States

Microtubule-based transport provides mitochondria to distant regions of neurons and is
essential for neuronal health. To identify compounds that increase mitochondrial motility,
we screened 1,641 small-molecules in a high-throughput screening platform. Indirubin
and cantharidin increased mitochondrial motility in rat cortical neurons. Cantharidin is
known to inhibit protein phosphatase 2A (PP2A). We therefore tested two other inhibitors
of PP2A: LB-100 and okadaic acid. LB-100 increased mitochondrial motility, but
okadaic acid did not. To resolve this discrepancy, we knocked down expression of the
catalytic subunit of PP2A (PP2CA). This long-term inhibition of PP2A more than doubled
retrograde transport of axonal mitochondria, confirming the importance of PP2A as a
regulator of mitochondrial motility and as the likely mediator of cantharidin’s effect.

Keywords: mitochondrial transport, protein phosphatase 2A, indirubin, cantharidin, high-throughput screen

INTRODUCTION

The importance of mitochondria for ATP production, Ca2+ homeostasis, apoptosis, and cellular
signaling has long been appreciated (Misgeld and Schwarz, 2017; Giacomello et al., 2020; Pfanner
et al., 2021). The advent of fluorescent markers for live imaging revealed that mitochondria are
highly dynamic organelles that move, divide, and fuse (Amiri and Hollenbeck, 2008; Liu et al., 2009;
Wang and Schwarz, 2009). This dynamism regulates their distribution and enables them to support
the energetic and metabolic needs of each portion of the cell. Because of the remarkable architecture
of neurons, whose processes can extend over a meter from the cell body, mitochondrial motility is
particularly critical in neurons (Schwarz, 2013; Misgeld and Schwarz, 2017). Indeed, their synapses,
located in distal regions of axons and dendrites, can be the most energetically demanding regions
of those cells (Chang et al., 2006). Therefore, providing healthy mitochondria to those extremities
and replacing them during the lifetime of the organism is crucial to neuronal function. Perhaps
in consequence, defects in mitochondrial motility have been reported in several neurodegenerative
diseases and, in some cases, may contribute importantly to the pathology (Park et al., 2018).

The long-range transport of mitochondria in metazoans is accomplished primarily by the
motors Kinesin-1 and Dynein operating on microtubule tracks (Saxton and Hollenbeck, 2012;

Abbreviations: PP2A, protein phosphatase 2A; GSK-3β, glycogen synthase kinase 3 beta; CDK, cyclin-dependent kinase;
PATHS, Particle Analysis and Tracking for High-throughput Screening; LAP, linear assignment problem; KS, Kolmogorov–
Smirnov.
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Schwarz, 2013). The motors are coupled to the outer membrane
of the mitochondrion by a protein complex that includes Miro
(also called RhoT) and Trak (also called Milton) (Fransson et al.,
2006; Glater et al., 2006). Perhaps reflecting the importance
of an accurate and changing distribution of mitochondria
as the energetic and metabolic needs of a cell change, this
mechanism is subject to multiple regulatory pathways. Ca2+,
for example, arrests mitochondria by binding to EF hands in
Miro (Liu and Hajnoczky, 2009; MacAskill and Kittler, 2010).
Increases in glucose availability also arrest mitochondria via
the O-GlcNAcylation of Trak and subsequent anchoring to the
actin cytoskeleton (Pekkurnaz et al., 2014; Basu et al., 2021). In
addition, mitochondrial transport is altered by several kinases
including PINK1, GSK3beta, JNK, and AuroraKinaseB (Morfini
et al., 2002, 2006; Chada and Hollenbeck, 2003; Reed et al.,
2006; Chen et al., 2007, 2010; Morel et al., 2010; Llorens-Martin
et al., 2011; Ogawa et al., 2016; Shlevkov et al., 2016, 2019).
During mitosis, multiple phosphorylations of Trak cause the
motor proteins to be shed from the mitochondrial surface thereby
detaching the mitochondria from the microtubule cytoskeleton
and freeing the microtubules to engage in chromosome
mechanics (Pack-Chung et al., 2007).

The list of modulatory pathways is not yet sufficient to explain
many aspects of mitochondrial behavior in neurons, including
why some mitochondria are stably anchored, why mitochondria
are most likely to be anchored at synaptic sites, and what governs
whether a mitochondrion moves to the + or − ends of the
microtubules. Additional metabolic influences on mitochondrial
dynamics are also likely to exist. To identify cellular pathways
for mitochondrial regulation we have previously developed a
compound screening platform called PATHS (Particle Analysis
and Tracking for High-throughput Screening) based on high-
content imaging of mitochondria in cultured neurons in a 96-
well format (Carpenter et al., 2006; Bray and Carpenter, 2018;
Shlevkov et al., 2019). This platform enables the user to track
10,000–40,000 mitochondria per well, distinguish stationary from
motile mitochondria, and quantify the distance traveled by each
mitochondrion during the imaging interval, typically 30 s per
field. Because PATHS tracks very large numbers of the organelles,
it offers highly accurate and reproducible quantification of
mitochondrial motility in a given condition. Though PATHS
does not offer the detailed description of motility available
through kymography, the semi-automated analysis and greater
reproducibility make it much more suitable for compound
screening (Carpenter et al., 2006; Bray and Carpenter, 2018;
Shlevkov et al., 2019).

Previously, we employed PATHS to identify three pathways
of interest that enhance mitochondrial motility: AuroraKinaseB,
Tripeptidylpeptidase 1 (TPP1), and the depolymerization
of the actin cytoskeleton (Shlevkov et al., 2019). In the
present study we sought to expand the list of pathways that
regulate mitochondrial transport by screening for additional
compounds that can enhance mitochondrial movement
in neurons and by identifying their cellular targets. This
screen uncovered two additional compounds that enhance
mitochondrial motility and, together with short hairpin
RNA (shRNA) data and kymography, pointed to protein

phosphatase 2A (PP2A) as a regulator of mitochondrial
motility in axons.

RESULTS

Indirubin and Cantharidin Enhance
Mitochondrial Motility
For a primary screen, rat hippocampal neurons were transfected
with a mitochondrially targeted DsRed (MitoDsRed) on Day
in Vitro (DIV) 6 or 7 and on DIV 8 or 9 test compounds were
applied for 1 h before imaging mitochondrial movement. The
images were analyzed with our previously published algorithm
called PATHS that tracks more than 10,000 mitochondria
per well in a 96-well plate format (Shlevkov et al., 2019).
For the analysis, two parameters were used: the mean of
the integrated distance traveled by mitochondria and the
Kolmogorov–Smirnov (KS) Z-score of the integrated distance
traveled. The integrated distance represents how far each
individual mitochondrion traveled within the imaged field,
summing the movement in all directions rather than only
the net displacement from its starting position (Shlevkov
et al., 2019). The KS Z-score of the integrated distance
represents the statistical significance of the integrated distance
value in a compound-treated condition relative to the mock-
treated condition. The efficacy of the screen was confirmed
by comparing the vehicle (DMSO) to calcimycin, which
arrests mitochondrial movement by elevating cytosolic Ca2+

(Supplementary Figure 1). We previously screened 1,641
compounds from the Selleck Bioactive collection and Biomol
collection in this manner. Six enhancers of mitochondrial
motility were found with Z-scores greater than 3 in each of
two replicates: two actin depolymerizers (Latrunculin B and
Cytochalasin B), three kinase inhibitors that acted through
Aurora Kinase B (BMS-754807, Hesperadin, and TAK-901),
and one peptidase inhibitor (AAF-CMK) (Shlevkov et al., 2019;
Figures 1A,B,D). To discover additional enhancers, we returned
to the output of that screen and selected 20 compounds that
had a Z-score greater than 2. These compounds (Figures 1B,C)
were rescreened at three concentrations: 0.3, 3, and 13 µM
(Figure 1C) and from that rescreening 4 promising hits
were brought forward for further investigation (indirubin,
cantharidin, adefovir dipovoxil, and damnacanthal). We also
used the screening platform to test in duplicate 240 compounds
from a library of compounds with known mechanisms of action
(Supplementary Table 1). We identified three, febuxostat, 7,8-
Dihydroxyflavone hydrate (DHF) and RWJ-50271, as having
Z-scores greater than 2 in both replicates (Figure 1D). Because
RWJ-50271 is a frequently encountered false-positive, only
febuxostat and DHF were brought forward for further testing.
The six selected compounds were then rescreened after 1 h
treatment with doses ranging from 1 to 10 µM (Figures 2A–
F). In this rescreening, only indirubin and cantharidin had
a reasonable dose/response relationship for enhancing the
movement of the neuronal mitochondria (Figures 2A–F).
To further examine their efficacy, we established their dose-
response relationships over a broader range of concentrations
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FIGURE 1 | Screen of 1,641 compounds chosen from Selleck and Biomol libraries and 240 compounds chosen from the Mechanism of Action library. (A,B) From a
previously published plot of Z-scores (KS of integrated distance) of 1,641 compounds, a selected region is shown that includes compounds of interest with
Z-scores > 2. Each dot represents the Z-score of an individual compound from two replicate experiments. For the present study, a Z-score of 2 (p = 0.035) in both

(Continued)
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FIGURE 1 | replicates was chosen as the criteria for identifying hits. Compounds that increased motility with a Z-score of more than 2 on both axes, i.e., hits, are
green, numbered, and identified in (B). Six compounds from this screen with Z-scores > 3 had previously been analyzed (Shlevkov et al., 2019) and are numbered
21–26. Compounds with no effect or that decreased motility were considered non-hits (tan). DMSO (red) and calcimycin (gray) controls are indicated. (C) Z-scores
from retesting at 0.3, 3, and 13 µM of hit compounds 1–20. Calcimycin and Hesperadin were included as controls known to strongly decrease and increase
mitochondrial movement. Out of the hits re-tested for confirmation, two hits, cantharidin and indirubin displayed a concentration dependent increase in mitochondrial
movement and were followed up for further analysis. (D) Plot of Z-scores (median percent motile) of 240 compounds from the Mechanism of Action chemical library.
As in (A), each dot represents the Z-score of an individual compound from two replicates, each of which analyzed approximately 10,000 mitochondria in hundreds
of axons. Compounds that increased motility with a Z-score > 2 in both replicates were considered as hits, while the remaining compounds were designated as
non-hits. The 240-compound library revealed three compounds that significantly enhanced mitochondrial movement.

(Figures 2G,H). The resulting estimates of their effective
concentration (EC50) values were 1.3 µM for cantharidin and
1.5 µM for indirubin and these two compounds were selected for
further investigation.

The Effects of Indirubin on Mitochondrial
Transport
Although the primary screen quantified mitochondrial motility,
it did not discriminate between anterograde and retrograde
movements and, though biased toward analysis of axons,
contained some dendritic mitochondria as well. Therefore, to
characterize further indirubin’s effect on axonal mitochondria,
we used the more conventional method of kymography on
individual identified axons. Mitochondria in cortical neurons
were labeled by transfection with MitoDsRed on DIV 6 or 7
and imaged 2 days post-transfection. Prior to imaging, neurons
were incubated with DMSO (control) or 10 µM indirubin for
1 h. To quantify axonal mitochondrial movement, a 70–115 µm
length of an individual axon was imaged for 3 min. Movement
was analyzed using the Kymolyzer algorithm (Basu and Schwarz,
2020) to extract the density of mitochondria per µm of axon,
the percent of mitochondria that were motile during the imaging
period in each direction, and their velocities. The percent motile
was 9.9% in control (DMSO) axons but increased to 20.9% with
indirubin (Figures 3A,B). The enhancement of motility was
evident in both directions: indirubin increased the anterograde
percent motile from 5.5 to 12.5% and retrograde from 4.3 to
8.4% (Figure 3B). The average velocity of mitochondria was
also increased for both anterograde from 0.10 to 0.21% and
retrograde from 0.14 to 0.21% in indirubin-treated neurons
(Figure 3C). Mitochondrial density along the axon was not
appreciably altered (Figure 3D).

To determine whether indirubin influenced mitochondrial
movement in non-neuronal cells, we applied a customized
algorithm called QuoVadoPro (Basu and Schwarz, 2020) to HeLa
cells transfected with MitoDsRed. This algorithm is well-suited
for analysis of cells in which mitochondria can be in a reticulum
rather than discrete organelles, and where microtubules are not
arrayed in parallel like in an axon. The algorithm emphasizes
progressive movement over jiggle and the pixel variance of
the fluorescently tagged mitochondria serves as a proxy for
motility. Compared with control Hela cells, the pixel variance
of MitoDsRed from 3 min time-lapse movies was at most
slightly increased (11%, p = 0.10) after the indirubin treatment
(Figures 3E,F). We also examined the effects of indirubin on
other organelle movement in Hela cells. The pixel variance

of mCherry-Rab7, which labels late endosome/lysosomes, was
not increased in indirubin-treated cells (Figures 3G,H). Thus,
indirubin was most effective in neurons and may be selectively
enhancing mitochondrial transport.

Mitochondrial Movement Was Not
Enhanced by Inhibitors of Glycogen
Synthase Kinase 3 Beta and
Cyclin-Dependent Kinases
Indirubin inhibits glycogen synthase kinase 3 beta (GSK-3β)
and cyclin-dependent kinases (CDKs) including CDK1, CDK2,
CDK4, and CDK5 (Hoessel et al., 1999). In addition, an
indirubin derivative, indirubin E804, that acts as type I CDK16
inhibitor, influences neurite outgrowth and vesicular transport
within axons (Dixon-Clarke et al., 2017). To probe whether
any of these kinases are the cellular target responsible for the
action of indirubin on mitochondrial motility, we identified
additional inhibitors of these kinases and tested them at three
concentrations. GSK-3β was of particular interest because it has
previously been shown to inhibit mitochondrial transport when
activated (Yang et al., 2017). GSK-3β inhibitors can be categorized
as either ATP-competitive or non-ATP-competitive inhibitors
(Orena et al., 2000; Eldar-Finkelman and Martinez, 2011; Kalra
et al., 2017; Levin et al., 2017; Dan et al., 2020). We selected
four ATP-competitive inhibitors (AR-A014418, indirubin-3′-
monoxime, 6-BIO, and TWS119) and two ATP-noncompetitive
inhibitors (tideglusib and Li+) (Phiel and Klein, 2001; Noble
et al., 2005; Tolosa et al., 2014) to test in our assay, but
none of these resembled indirubin and enhanced mitochondrial
movement; some caused a modest inhibition (Supplementary
Figure 2A). We also tested compounds annotated as selective
inhibitors of CDK1, CDK2, CDK4, and CDK5. Compared with
the mock condition, mitochondrial motility was decreased after
the treatment with AUZ (K03861), a selective CDK2 inhibitor
(Tang et al., 2018; Supplementary Figure 2B). R547, roscovitine,
and SU9516, three inhibitors reported to parallel indirubin in
their inhibition of CDKs were also tested. R547 is an ATP-
competitive inhibitor for CDK1, CDK 2 and CDK4 (DePinto
et al., 2006), roscovitine, is an ATP-competitive inhibitor for
CDK1, CDK2, and CDK5 that releases cytochrome c from
mitochondria and induces apoptosis (De Azevedo et al., 1997;
Edamatsu et al., 2000). SU9516 has been described as a potent
selective inhibitor of CDK1, CDK2 and a weak inhibitor for
CDK4 (Lane et al., 2001). None of these CDK inhibitors, however,
enhanced mitochondrial motility in our assay and indeed several
reduced it (Supplementary Figure 2B). This was also the case
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FIGURE 2 | Cantharidin and indirubin enhance mitochondrial movement. (A–F) Representative fields with tracking of mitochondria as analyzed by the PATH
algorithm in neurons treated with the indicated test compound and its DMSO control. Stationary mitochondria are red and the tracks of moving mitochondria are
blue. From similar traces, and using three concentrations of each compound, the mean of the integrated distance traveled and the KS2 Z-score are shown to the
right of each pair of traces. Dashed lines indicate the average value of integrated distance in control (DMSO) neurons and a Z-score of 3, the threshold used to select
hits. (G,H) Dose-response curves of mitochondrial motility (integrated distance traveled) for cantharidin and indirubin plotted as the % maximum activity against the
log of the concentration. Tukey’s box plots; error bars represent SD. All experiments were done in three replicates from different animals. In each of those replicates,
four wells were imaged per condition, each well containing 30,000 neurons.

with dabrafenib and rebastinib, CDK16 inhibitors (Dixon-Clarke
et al., 2017; Supplementary Figure 2B). Five compounds were
re-examined over a broader concentration range, but still failed
to mimic Indirubin’s ability to enhance mitochondrial transport
in a dose-response manner (Supplementary Figures 2C–G). The
failure of these kinase inhibitors to mimic indirubin appears rule
out these CDKs and GSK-3β as the cellular targets responsible
for the enhanced mitochondrial transport; we have not been

able to associate this action of indirubin with any of its
annotated target kinases.

Protein Phosphatase 2A Inhibition Can
Enhance Mitochondrial Motility
Cantharidin is a potent inhibitor of the serine/threonine protein
phosphatases types 1 (PP1) and 2A (PP2A) and a weak inhibitor
of type 2B (PP2B) (Honkanen, 1993). The reported half-maximal
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FIGURE 3 | Indirubin increases movement of axonal mitochondria. (A–D) Kymograph analysis of mitochondrial motility in rat cortical neurons treated with DMSO or
indirubin. (A) Representative images of mitochondria in DMSO and indirubin treated axons. Top panels show images of multiple mitochondria in representative axon
segments. Bottom panels show the corresponding kymographs generated from 3-min timelapse imaging of the axon segments. Below each image are kymographs
built from 3 min time-lapse movies. The x-axis corresponds to the position of the mitochondrion in the axon shown above and on the y-axis is time proceeds
downward. Anterograde movement is to the right. The percent of mitochondria that were motile (B), their average velocity in either direction (C), and mitochondrial
density along the axon (D) were derived from kymographs as in (A). Statistical comparisons to the DMSO-treated controls are from nonparametric Mann–Whitney
tests. All experiments were done in three independent cultures. A total of 16 axon segments (109 mitochondria) for DMSO and 19 axon segments (156
mitochondria) for indirubin treated neurons were analyzed. Each axon segment was selected from a separate neuron. Bars represent the average motility of all
mitochondria analyzed for each condition. Error bars represent SEM. (E–H) The movement of mitochondria and Rab7 in Hela cells treated with DMSO and indirubin.
QuoVadoPro generates heatmaps based on the pixel variance of fluorescently labeled mitochondria (E) or Rab7 (G). Scale bar, 20 µm. The variance score was
normalized to DMSO (F,H). The statistical comparisons were by nonparametric Mann–Whitney test (F) and student t-test (H). Each bar represents an average of
20–30 cells over three replicates, and error bars indicate SEM.

inhibitory concentration (IC50) values for cantharidin on these
targets are ∼0.16 µM for PP2A and ∼1.70 µM for PP1, and
>500-fold higher IC50 value for PP2B than PP1 in PC12 cells (Li
and Casida, 1992; Honkanen, 1993). To determine whether any
of these phosphatases are responsible for the effect of cantharidin
on mitochondria motility, we examined cortical neurons treated
with two other protein phosphatase inhibitors, LB-100, and
okadaic acid (Figure 4). LB-100 inhibits the activity of PP2A
with an IC50 value of ∼0.4 µM and for PP1 at ∼80 µM
in the human glioblastoma multiforme cell line U87MG (Lu
et al., 2009). In contrast, okadaic acid potently inhibits PP2A

at ∼0.04 nM and PP1 at 10–200-fold higher concentrations
than PP2A in PC12 cells (Honkanen, 1993; Lu et al., 2009; Hu
et al., 2017). IC50 values for these compounds have not been
determined in rat primary neurons. To explore the effectiveness
of these compounds on mitochondrial motility, rat cortical
neurons on DIV 8 or 9 were treated with the compounds for
1 h prior to imaging using PATHS to establish a dose-response
curve. Compared with control cells, mitochondria motility was
significantly increased in neurons treated with 3 µM LB-100
(Figures 4A,B). From the sigmoidal dose-response curve, an
IC50 value for LB-100 to enhance mitochondrial motility was
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at ∼1.28 µM (Figure 4E), implicating PP2A as the most likely
target. Unlike LB-100, however, okadaic acid did not enhance
mitochondrial motility and no clear dose-response relationship
could be established over a broad range of concentrations
(Figures 4C,D,F).

The influence of cantharidin, LB-100 and okadaic acid on
mitochondria was also examined by kymography in the axons
of cortical neurons transfected with MitoDsRed (Figure 5).
The percent of mitochondria undergoing anterograde transport
increased upon treatment with either 10 µM cantharidin
(166% of control) or 3 µM LB-100 (291% of control).
Retrograde transport was also increased by cantharidin (249%)
and LB-100 (271%) (Figures 5A,B). Both compounds also
increased the velocity in both directions and the density of
mitochondria (Figures 5C,D). Consistent with the data in
Figure 4, however, okadaic acid did not consistently increase
mitochondrial transport in either direction (Figures 5A–C), nor
did it detectably alter mitochondrial density (Figure 5D). To
examine the effects of cantharidin and LB-100 in non-neuronal
cells, we again used the QuoVadoPro algorithm in HeLa cells, as
in Figure 3. Both compounds increased mitochondrial motility
(Figures 5E,F) but not the motility of mCherry-Rab7-tagged
endosomes (Figures 5G,H). Thus, cantharidin and LB-100 will
enhance mitochondrial transport in both neurons and HeLa cells
and this action is at least in part selective for mitochondria.

Knockdown of the Protein Phosphatase
2A Catalytic Subunit Increases Transport
of Axonal Mitochondria
From this pharmacological analysis, PP2A emerged as a likely
candidate to be the relevant cellular target of cantharidin
and LB-100, although the lack of efficacy of okadaic acid
was a discordant finding. To test directly whether PP2A was
an inhibitor of mitochondrial transport, we used shRNA to
knockdown the catalytic subunit of PP2A (PP2CA) in neurons.
We established the knockdown efficiency of PP2CA shRNA by
introducing them by lentiviral transduction into cortical neurons.
After 48–72 h, PP2CA levels were assessed by Western blot
(Figure 6A) and found to be reduced by 32% relative to neurons
transduced with a scrambled shRNAs (Figures 6A,B). When
mitochondrial transport was then assayed by kymography in
cortical axons, the PP2CA shRNA increased the percent of motile
mitochondria to 22.2% compared to 12.7% with the control
shRNA (Figures 6C,D). Most prominently, it was the percent
of retrograde transport that increased from 4.5% (control) to
13.1% (PP2A shRNA), with a more than two fold increase in the
average velocity of retrograde transport as well (Figures 6D,E).
The effects on anterograde transport were more modest and
lacked compelling statistical significance (p = 0.3) (Figures 6D,E).
The effects of the shRNA on retrograde motility were not due
to off-target effects; expression of a PP2CA that was resistant
to the shRNA restored mitochondrial movement to levels in
control axons (Figures 6D,E). As observed with pharmacological
inhibition, mitochondrial number per axonal length was not
detectably altered by knockdown of PP2CA (Figure 6F). We
examined the selectivity of PP2CA knockdown for mitochondrial

transport by applying kymography to mCherry-Rab7 tagged
endosomes. Compared with control axons, neither the average
speed, nor the number of Rab7 organelles were appreciably
altered in PP2CA-knockdown axons, though there may have been
a modest increase in the percent that were motile from 10.7 to
11.7% (p = 0.12) (Figures 7A–D). Thus, the shRNA data confirm
the finding implied by the pharmacology of cantharidin and LB-
100 that PP2A is restraining mitochondrial motility in cortical
axons (Figures 6D–F).

DISCUSSION

Protein phosphorylation is important for regulating many
cellular mechanisms. Using a high-throughput screening
platform, we previously found that Aurora Kinase B (AurKB)
regulates mitochondrial movement (Shlevkov et al., 2019);
inhibition of AurKB enhanced mitochondrial movement.
By investigating additional small-molecule compounds at
multiple concentrations two compounds, indirubin and
cantharidin, that also enhance axonal transport of mitochondria
in both anterograde and retrograde directions and increase
mitochondrial velocities. We were unable, however, to identify
a cellular target for indirubin responsible for this action.
Indirubin inhibits GSK3β and multiple CDKs (Leclerc et al.,
2001; Marko et al., 2001; Eldar-Finkelman and Martinez, 2011;
Dixon-Clarke et al., 2017; Levin et al., 2017), but other inhibitors
of these kinases did not reproduce the efficacy of indirubin
(Supplementary Figure 2) in our assays. Mimicking indirubin
might require the inhibition of a broad spectrum of kinases that
was not matched any of the individual inhibitors we tested (Davis
et al., 2011). Alternatively, the cellular target that mediates the
effect on mitochondrial movement may be an as yet unknown
target of indirubin.

The action of cantharidin on axonal mitochondria was
mimicked by the phosphatase inhibitor LB-100. The IC50 values
we obtained in rat cortical neurons were∼1.3 µM for cantharidin
and ∼1.28 µM for LB-100 (Figures 2, 4). These values are in
better agreement with the reported values for PP2A inhibition in
cell lines (0.16 and 0.4 µM) than those for other phosphatases
(Li and Casida, 1992; Honkanen, 1993; Lu et al., 2009). We
confirmed that PP2A inhibits mitochondrial motility by using
shRNA against its catalytic subunit (Figures 6, 7). The specifics
of how neuronal mitochondria responded to the pharmacological
inhibition and knockdown by shRNA differed in some regards; in
particular the shRNA, unlike cantharidin or LB-100, had a greater
effect on retrograde than anterograde transport. This difference is
likely to arise from the distinction between chronic knockdown
by shRNA and acute (1–2 h) treatment with the drugs.

We do not have a clear understanding of why another
protein phosphatase inhibitor, okadaic acid, did not enhance
mitochondrial motility. Okadaic acid inhibits PP2A with an
IC50 ∼0.04 nM and PP1 at 10–100-fold higher concentrations
(Honkanen, 1993; Kamat et al., 2014). Nevertheless, across a
broad range of concentrations okadaic acid did not increase
axonal transport of mitochondria. PP2A, however, is a complex
enzyme whose trimeric subunit composition is so varied that
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FIGURE 4 | LB-100, but not okadaic acid, enhances mitochondrial movement in cortical neurons. Representative fields (A,C) and quantification (B,D) of
mitochondrial movement in neurons treated with LB-100 or okadaic acid and their DMSO controls, as analyzed with PATHS, as in Figure 2, stationary mitochondria
are red and the tracks of moving mitochondria are blue. The mean of integrated distance and KS2 Z-scores of mean of integrated distance were quantified, and
dotted lines indicate the average mean integrated distance in DMSO and a Z-score of 3. (E,F) Dose-response curves for LB-100 and okadaic acid plotted as a
fraction of maximum activity. Tukey’s box plot was used for all data, and the error bars represent SD. Experiments were done at least in three independent cultures
and the mitochondria were imaged in four individual fields per condition in each culture, each field containing dozens of axons.

at least 96 different holoenzymes may occur and whose activity
can be further regulated by the non-canonical subunits α4
and TIRPL1. This complexity, as well as post-translational
modifications, creates diverse substrate specificities and activities
of the assembled enzyme. It is possible that some modes of PP2A
activation differ in their sensitivity to okadaic acid (Smetana and
Zanchin, 2007; Sents et al., 2013). The chemical structures of
cantharidin and its related compound LB-100 are quite distinct
from that of okadaic acid (Stewart et al., 2007). Recent papers
have noted that PP5C possesses a catalytic site very similar to
that of PP2A and both PP5C and PP2A could be inhibited by
LB-100 (Hamilton et al., 2018; D’Arcy et al., 2019).Thus some
of the efficacy of cantharidin and LB-100 may be due to the
simultaneous inhibition of both phosphatases. This may also in
part explain why knockdown of PP2A did not perfectly match the
effects of cantharidin and future studies should examine a role
for PP5C in regulating mitochondrial motility. We additionally
examined mitochondrial movement in neurons after treatment

with a bioavailable PP2A activator called DT-061. However, the
compound did not detectably alter mitochondrial motility (data
not shown). DT-061, however, is known to increase PP2A activity
on only on some substrates and not others (Leonard et al., 2020),
which may explain its lack of efficacy in our assay.

The identification of PP2A as a regulator of mitochondrial
axonal transport adds to a growing body of evidence for the
importance of phosphorylations in regulating mitochondrial
motility. Many of the key elements of the transport apparatus
are phosphoproteins. Milton/Trak has at least 28 known
phosphorylation sites (Pack-Chung et al., 2007) and Miro/RhoT,
kinesin, dynein and dynactin are also phosphorylated (Olsen
et al., 2010; Wang et al., 2011; Chung et al., 2016). Microtubules
and their associated proteins, including tau, are also heavily
phosphorylated (Sontag et al., 1999; Akhmanova and Steinmetz,
2015; Goodson and Jonasson, 2018). Indeed, PP2A directly binds
to tau and regulates its phosphorylation state (Cheng and Bai,
2018; Taleski and Sontag, 2018). Any of these proteins, or all of
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FIGURE 5 | Cantharidin and LB-100 increase both anterograde and retrograde mitochondrial transport. (A–D) Kymograph analysis of mitochondrial transport in
axons of rat cortical neurons treated with DMSO, cantharidin, LB-100 and okadaic acid. (A) Representative images of axons with labeled mitochondria above
kymographs derived from movies of those axons. The percent of mitochondria that were motile (B), their average velocity in either direction (C), and mitochondrial
density along the axon (D) were derived from kymographs as in (A). Statistical comparisons to the DMSO control were by nonparametric Kruskal–Wallis (B,C), and
one-way ANOVA (D). The movement of mitochondria (E,F) or Rab7-tagged endosomes (G,H) in Hela cells as illustrated with heat maps generated in QuoVadoPro
(E,G) and quantification of their motility (F,H). The number of cells quantified for mitochondria: n = 20 (DMSO), n = 18 (Cantharidin), n = 10 (LB-100); for Rab7:
n = 23 (DMSO), n = 15 (cantharidin), n = 12 (LB-100). The variance score was normalized to DMSO. Statistical comparisons are with nonparametric Kruskal–Wallis
tests (F) and one-way ANOVA test (H). All experiments were done in three independent cultures. A total of 35 axon segments (231 mitochondria) for DMSO, 40 axon
segments (326 mitochondria) for cantharidin, 19 axon segments (152 mitochondria) for LB-100, and 11 axon segments (70 mitochondria) for okadaic acid treated
neurons were analyzed. Each axon segment was selected from a separate neuron. Bars represent the average motility of all mitochondria analyzed for each
condition. Error bars represent SEM.

them, may be the protein targets of PP2A that account for the
ability of cantharidin and LB-100 to increase axonal transport
of mitochondria.

Regulation of mitochondrial transport is crucial to neuronal
function and mitochondrial transport defects are linked with
neurodegenerative diseases, including amyotrophic lateral
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FIGURE 6 | Knockdown of the PP2A catalytic subunit increases retrograde transport of axonal mitochondria. (A) Representative Western blot of neurons
transfected with shRNA against PP2AC or a scrambled shRNA and probed with anti-PP2Ac α/β (green) and anti-α-tubulin (red) demonstrates efficacy of the shRNA.
(B) Quantification of PP2CA normalized to α-tubulin from Western blots as in (A). N = 3, error bars represent mean±SEM. (C–F) Kymograph analysis of
mitochondrial transport in cortical axons expressing scrambled shRNA, PP2A shRNA, and an shRNA-resistant PP2A rescue construct. Representative kymograph
images of mitochondria (C) and quantification of the percent of mitochondria that were motile, overall or in either anterograde or retrograde directions (D), their
average velocity (E), and the density of mitochondria in axons for each condition (F). Statistical comparisons to the scrambled shRNA are from nonparametric
Kruskal–Wallis tests. All experiments were done in three independent cultures. A total of 19 axon segments (135 mitochondria) for scrambled shRNA, 25 axon
segments (210 mitochondria) for PP2A shRNA, and 19 axon segments (137 mitochondria) for shRNA-resistant PP2A rescue neurons were analyzed. Each axon
segment was selected from a separate neuron. Bars represent the average motility of all mitochondria analyzed for each condition. Error bars represent SEM.

sclerosis (ALS) and Parkinson’s disease (Sasaki et al., 2005;
Bilsland et al., 2010; Schwarz, 2013). Mutations in either cargo
binding domain of Kif5A or the dynein activator dynactin
disrupt mitochondrial transport and are associated with ALS
(Morfini et al., 2009; Brenner et al., 2018; Nicolas et al., 2018).
ALS-causing SOD1 mutations also impair mitochondrial

transport in axons (Bilsland et al., 2010). Compound screening,
as undertaken in this study, may identify cellular targets
important for mitochondrial transport. Further dissection of the
role of protein phosphorylation and dephosphorylation in this
process may therefore offer new strategies for ameliorating the
pathogenesis of neurodegeneration.
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FIGURE 7 | Knockdown of PP2A catalytic subunit does not detectably alter rab7 transport. (A–D) Kymograph analysis of mCherry-Rab7-tagged late endosomes
and lysosomes in neurons expressing a scrambled shRNA or PP2A shRNA. Representative kymograph images (A) and quantification of the percent of motile
rab7-tagged organelles (B), their average velocity (C), and their density along the axons (D). Statistical analysis was by nonparametric Mann–Whitney test (B,C), and
student t-test (D). All experiments were done in three independent cultures. A total of 24 axon segments (177 mitochondria) for scrambled shRNA, and 25 axon
segments (184 mitochondria) for PP2A shRNA neurons were analyzed. Each axon segment was selected from a separate neuron. Bars represent the average
motility of all mitochondria analyzed for each condition. Error bars represent SEM.

MATERIALS AND METHODS

DNA Constructs
pDsRed2-Mito (MitoDsRed) was a gift of G. Hajnoczky (Thomas
Jefferson University, Philadelphia, PA, United States). For
shRNA constructs, pLKO.1-non-target shRNAs and pLKO.1-
PP2Ac shRNAs (TRCN0000002484) were obtained from Sigma-
Aldrich (St. Louis, MI, United States). The EGFP fragment was
amplified by PCR from mEGFP.N1 and cloned into pLKO.1-non-
target-shRNA (Scrambled) and pLKO.1-hPP2A-shRNA (PP2A
shRNA) to generate pLKO.1-non-target-EGFP and pLKO.1-
hPP2A-shRNA-EGFP. pLKO.1-non-target-EGFP and pLKO.1-
hPP2A-shRNA-EGFP expressing lentivirus was produced at
Boston Children’s Hospital (BCH) Viral Core. PP2A-shRNA-
Resistant-BFP was generated using Q5 Hot Start High-Fidelity
site-directed mutagenesis kit (New England Biolabs, #M0494,

Ipswich, MA, United States). mCherry-Rab7 (#55127) and
mEGFP-N1 (#54767) were obtained from Addgene.

Cell Culture
Hela cells were maintained in DMEM, high glucose,
GlutaMAXTM (ThermoFisher Scientific, Waltham, MA,
United States) supplemented with 10% FBS (Atlanta Biological,
Minneapolis, MN, United States), 1% penicillin/streptomycin
(ThermoFisher Scientific) in 5% CO2 at 37◦C. To transfect
the cells, Lipofectamine2000 (ThermoFisher Scientific) and
TransIT-LT1 (Mirus, Madison, WI, United States) were used.
Primary cortical neurons isolated from E18 rat embryos (Charles
River) were seeded on 20 µg/mL poly-D-lysine (Sigma-Aldrich),
and 3.5 µg/mL laminin (ThermoFisher Scientific) coated
plates. Neurons were maintained in Neurobasal Medium (Life
Technologies, Carlsbad, CA, United States) supplemented with
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2% B27 (GIBCO, Carlsbad, CA, United States), 100 U/mL
penicillin/streptomycin (ThermoFisher Scientific), in 5% CO2
at 37◦C. For spot-groove cultures, cortical neurons were plated
on 20 µg/mL poly-D-lysine (Sigma-Aldrich), and 3.5 µg/mL
laminin (ThermoFisher Scientific) coated µ-24-well plates with
polymer coverslip bottoms (ibidi, Fitchburg, WI, United States).
Each plate was scratched with a CAMP-PR pin rake (Tyler
Research Corporation, Edmonton, AB, Canada) to promote
separate growth of neuronal cell bodies and projecting axons
in the plate. For this culture, approximately 1 × 104 neuronal
cells per well were seed in the center of the 24-well plates. After
1 h, more media was added and cells were maintained in those
conditions until transfection.

Western Blot
Rat cortical neurons were washed once with ice-cold PBS
and homogenized in cold NP-40 buffer (1% Nonidet P-40,
50 µM Tris–HCl, 5 mM EDTA, and protease inhibitor cocktail).
The primary antibodies were anti-PP2A-Cα/β (1:1,000; Santa
Cruz Biotechnology), anti-α-tubulin (1:1,000; Sigma-Aldrich).
Western blots are done for three independent experiments.

Time-Lapse Live Imaging of
Mitochondrial Motility
MitoDsRed was introduced into Hela Cells or cortical neurons
at DIV6-7 using Lipofectamine2000 transfection reagent
(ThermoFisher Scientific). Both Hela cells and neurons were
imaged 2 days post-transfection. Prior to imaging, neurons
were incubated with the indicated compound in either regular
growth media or phenol-free Hibernate E media (BrainBits). The
MitoDsRed was imaged 1–3 h post incubation with compounds.

For Analysis of Axonal Mitochondrial Transport via
Kymographs
The neuronal cultures were imaged on a Nikon Ti-Eclipse
equipped with an environmental chamber that was supplied with
humidified 5% CO2 and maintained at 37◦C. Axon segments
were imaged using Plan Apo 20X (NA0.75) and Plan Fluor 60X
(NA1.4) objective. For each time-lapse images, a selected axon
segment was imaged for 3 min at frame rate of 2 Hz.

For Mitochondrial Motility Analysis on a Large Scale
Approximately 30,000 cortical neurons per well were plated for
live-imaging in a 96-well plate using 20× objective with 2 × 2
binning using ArrayScan XTI imaging platform (ThermoFisher
Scientific). Thirty frames were imaged per field with a maximum
speed 10 Hz, and more than four fields were acquired per
well. A total of 10 µM DMSO and 10 µM calcimycin were
used for negative and positive controls. Individual neurons were
not distinguishable from the MitoDsRed signals, but each field
imaged included the axons of many dozens of neurons so that the
movement of 10,000 mitochondria per well could be analyzed.

Data Analysis
Hela cells and cortical neurons were imaged live for 3 min
on a TiEclipse microscope. The analysis of the mitochondrial
variance score in Hela cells and axonal mitochondrial transport

in cortical axons were analyzed with the custom scripted
QuoVadoPro, and Kymolyzer algorithms (Basu et al., 2020; Basu
and Schwarz, 2020). For analysis of large-scale images, time-
lapse images obtained from the ArrayScan XTI imaging platform
were analyzed using CellProfiler pipelines (Carpenter et al.,
2006; Jaqaman et al., 2008) and PATH algorithms in MATLAB
(MathWorks, Natick, MA, United States). From the algorithms,
stationary and motile mitochondria were distinguished, and then
the movement made by each motile mitochondrion was analyzed
per field to derive the mean of integrated distance. The KS
Z-score was used to determine the statistical significance. For
dose-response curves, each concentration was converted to log
concentration (nM). The mean of integrated distance value was
converted to the percent maximum activity by determining the
low and high values within the individual data set and internally
normalized. For plotting, the log (agonist) versus normalized
response-variable slope were used in Prism (GraphPad, San
Diego, CA, United States).

Statistical Analysis
For high-content data analysis, MATLAB was used for Z-score
measurements, using the formula Z = (x − µ)/σ for each
parameter. Mean±SEM. for each parameter were obtained
from samples described in Figures 2, 4 and Supplementary
Figures 2, 3. For a low-content data analysis, the statistical
analyses were done using Prism (GraphPad). For a two-
sample comparison, the normal distribution of the mean value
was tested using D’Agostino and Pearson omnibus normality
test and the variance was tested using F-test. If the value
is normally distributed, the Student’s t-test was used for
statistical analysis. Otherwise, nonparametric Mann–Whitney
test was used. For multi-sample comparison, the normal
distribution of the mean value was tested using D’Agostino
and Pearson omnibus normality test and the variance was
tested using Bartlett’s test. For the normally distributed value,
one-way ANOVA and Tukey’s post hoc test was used for
statistical analysis. Otherwise, nonparametric Kruskal–Wallis test
was used. The method of statistical analysis is specified in
each figure legend.

CODE AVAILABILITY

The MATLAB and ImageJ codes used for this study are
available at GitHub: https://github.com/ThomasSchwarzLab/
ArrayScanCodes; https://github.com/ThomasSchwarzLab/
KymolyzerCodes; https://github.com/ThomasSchwarzLab/
QuoVadoProCodes.
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The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary Material.
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Supplementary Figure 1 | Comparison of the effects of DMSO and calcimycin in
the screening platform. (A) Representative fields with tracking of mitochondria as
analyzed by the PATH algorithm in neurons treated with 10 µM DMSO or
calcimycin. Stationary mitochondria are red and the tracks of moving mitochondria
are blue. (B) From similar traces and using three concentrations of DMSO or
10 µM calcimycin, the mean of the integrated distance traveled and the KS2
Z-score are shown. Tukey’s box plot was used for all data, and the error
bars represent SD.

Supplementary Figure 2 | Mitochondrial motility in the presence of GSK-3β or
CDKs inhibitors. The mean of integrated distance at three concentrations of six
GSK-3β inhibitors (A) and six CDKs inhibitors (B). Dotted lines represent the
average value of mitochondria motility in DMSO treated neurons. More extensive
dose-response curves over a broader concentrations range for dabrafenib (C),
rebastinib (D), SU9516 (E), tideglusib (F), and TWS 119 (G) using at least six
different concentrations. Tukey’s box plot was used for all data, and the error bars
represent SD. All experiments were done in two independent cultures with four
wells were imaged per condition, each containing dozens of axons.

Supplementary Table 1 | Compounds screened. List of the 240 compounds and
their sources whose screen results are summarized in Figure 1D. For each
compound, the Z-scores of the median percent motile are given for each of two
replicates. The values for the DMSO controls included on each plate are also
shown.

REFERENCES
Akhmanova, A., and Steinmetz, M. O. (2015). Control of microtubule organization

and dynamics: two ends in the limelight. Nat. Rev. Mol. Cell Biol. 16, 711–726.
doi: 10.1038/nrm4084

Amiri, M., and Hollenbeck, P. J. (2008). Mitochondrial biogenesis in the axons
of vertebrate peripheral neurons. Dev. Neurobiol. 68, 1348–1361. doi: 10.1002/
dneu.20668

Basu, H., and Schwarz, T. L. (2020). QuoVadoPro, an autonomous tool for
measuring intracellular dynamics using temporal variance. Curr. Protoc. Cell
Biol. 87:e108. doi: 10.1002/cpcb.108

Basu, H., Ding, L., Pekkurnaz, G., Cronin, M., and Schwarz, T. L. (2020).
Kymolyzer, a semi-autonomous kymography tool to analyze intracellular
motility. Curr. Protoc. Cell Biol. 87:e107. doi: 10.1002/cpcb.107

Basu, H., Pekkurnaz, G., Falk, J., Wei, W., Chin, M., Steen, J., et al. (2021).
FHL2 anchors mitochondria to actin and adapts mitochondrial dynamics
to glucose supply. J. Cell Biol. 220:e201912077. doi: 10.1083/jcb.20191
2077

Bilsland, L. G., Sahai, E., Kelly, G., Golding, M., Greensmith, L., and Schiavo, G.
(2010). Deficits in axonal transport precede ALS symptoms in vivo. Proc. Natl.
Acad. Sci. U.S.A. 107, 20523–20528. doi: 10.1073/pnas.1006869107

Bray, M. A., and Carpenter, A. E. (2018). Quality control for high-throughput
imaging experiments using machine learning in cellprofiler. Methods Mol. Biol.
1683, 89–112. doi: 10.1007/978-1-4939-7357-6_7

Brenner, D., Yilmaz, R., Muller, K., Grehl, T., Petri, S., Meyer, T., et al. (2018). Hot-
spot KIF5A mutations cause familial ALS. Brain 141, 688–697. doi: 10.1093/
brain/awx370

Carpenter, A. E., Jones, T. R., Lamprecht, M. R., Clarke, C., Kang, I. H., Friman,
O., et al. (2006). CellProfiler: image analysis software for identifying and
quantifying cell phenotypes. Genome Biol. 7:R100. doi: 10.1186/gb-2006-7-10-
r100

Chada, S. R., and Hollenbeck, P. J. (2003). Mitochondrial movement and
positioning in axons: the role of growth factor signaling. J. Exp. Biol. 206,
1985–1992. doi: 10.1242/jeb.00263

Chang, D. T., Honick, A. S., and Reynolds, I. J. (2006). Mitochondrial trafficking
to synapses in cultured primary cortical neurons. J. Neurosci. 26, 7035–7045.
doi: 10.1523/JNEUROSCI.1012-06.2006

Chen, S., Owens, G. C., Crossin, K. L., and Edelman, D. B. (2007). Serotonin
stimulates mitochondrial transport in hippocampal neurons. Mol. Cell.
Neurosci. 36, 472–483. doi: 10.1016/j.mcn.2007.08.004

Chen, S., Owens, G. C., Makarenkova, H., and Edelman, D. B. (2010). HDAC6
regulates mitochondrial transport in hippocampal neurons. PLoS One 5:e10848.
doi: 10.1371/journal.pone.0010848

Cheng, Y., and Bai, F. (2018). The association of tau with mitochondrial
dysfunction in Alzheimer’s disease. Front. Neurosci. 12:163. doi: 10.3389/fnins.
2018.00163

Chung, J. Y., Steen, J. A., and Schwarz, T. L. (2016). Phosphorylation-induced
motor shedding is required at mitosis for proper distribution and passive
inheritance of mitochondria. Cell Rep. 16, 2142–2155. doi: 10.1016/j.celrep.
2016.07.055

Dan, N. T., Quang, H. D., Van Truong, V., Huu Nghi, D., Cuong, N. M., Cuong,
T. D., et al. (2020). Design, synthesis, structure, in vitro cytotoxic activity
evaluation and docking studies on target enzyme GSK-3beta of new indirubin-
3’-oxime derivatives. Sci. Rep. 10:11429. doi: 10.1038/s41598-020-68134-8

D’Arcy, B. M., Swingle, M. R., Papke, C. M., Abney, K. A., Bouska, E. S., Prakash,
A., et al. (2019). The antitumor drug LB-100 is a catalytic inhibitor of protein
phosphatase 2A (PPP2CA) and 5 (PPP5C) coordinating with the active-site
catalytic metals in PPP5C. Mol. Cancer Ther. 18, 556–566. doi: 10.1158/1535-
7163.MCT-17-1143

Davis, M. I., Hunt, J. P., Herrgard, S., Ciceri, P., Wodicka, L. M., Pallares, G., et al.
(2011). Comprehensive analysis of kinase inhibitor selectivity. Nat. Biotechnol.
29, 1046–1051. doi: 10.1038/nbt.1990

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 March 2022 | Volume 16 | Article 852245

https://www.frontiersin.org/articles/10.3389/fncel.2022.852245/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.852245/full#supplementary-material
https://doi.org/10.1038/nrm4084
https://doi.org/10.1002/dneu.20668
https://doi.org/10.1002/dneu.20668
https://doi.org/10.1002/cpcb.108
https://doi.org/10.1002/cpcb.107
https://doi.org/10.1083/jcb.201912077
https://doi.org/10.1083/jcb.201912077
https://doi.org/10.1073/pnas.1006869107
https://doi.org/10.1007/978-1-4939-7357-6_7
https://doi.org/10.1093/brain/awx370
https://doi.org/10.1093/brain/awx370
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1242/jeb.00263
https://doi.org/10.1523/JNEUROSCI.1012-06.2006
https://doi.org/10.1016/j.mcn.2007.08.004
https://doi.org/10.1371/journal.pone.0010848
https://doi.org/10.3389/fnins.2018.00163
https://doi.org/10.3389/fnins.2018.00163
https://doi.org/10.1016/j.celrep.2016.07.055
https://doi.org/10.1016/j.celrep.2016.07.055
https://doi.org/10.1038/s41598-020-68134-8
https://doi.org/10.1158/1535-7163.MCT-17-1143
https://doi.org/10.1158/1535-7163.MCT-17-1143
https://doi.org/10.1038/nbt.1990
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-16-852245 March 18, 2022 Time: 8:48 # 14

Heo et al. PP2A Role in Mitochondrial Transport

De Azevedo, W. F., Leclerc, S., Meijer, L., Havlicek, L., Strnad, M., and Kim, S. H.
(1997). Inhibition of cyclin-dependent kinases by purine analogues: crystal
structure of human cdk2 complexed with roscovitine. Eur. J. Biochem. 243,
518–526. doi: 10.1111/j.1432-1033.1997.0518a.x

DePinto, W., Chu, X. J., Yin, X., Smith, M., Packman, K., Goelzer, P., et al.
(2006). In vitro and in vivo activity of R547: a potent and selective cyclin-
dependent kinase inhibitor currently in Phase I clinical trials. Mol. Cancer Ther.
5, 2644–2658. doi: 10.1158/1535-7163.MCT-06-0355

Dixon-Clarke, S. E., Shehata, S. N., Krojer, T., Sharpe, T. D., von Delft, F.,
Sakamoto, K., et al. (2017). Structure and inhibitor specificity of the PCTAIRE-
family kinase CDK16. Biochem. J. 474, 699–713. doi: 10.1042/BCJ2016
0941

Edamatsu, H., Gau, C. L., Nemoto, T., Guo, L., and Tamanoi, F. (2000). Cdk
inhibitors, roscovitine and Olomoucine, synergize with Farnesyltransferase
inhibitor (FTI) to induce efficient apoptosis of human cancer cell lines.
Oncogene 19, 3059–3068. doi: 10.1038/sj.onc.1203625

Eldar-Finkelman, H., and Martinez, A. (2011). GSK-3 inhibitors: preclinical and
clinical focus on CNS. Front. Mol. Neurosci. 4:32. doi: 10.3389/fnmol.2011.
00032

Fransson, S., Ruusala, A., and Aspenstrom, P. (2006). The atypical Rho GTPases
Miro-1 and Miro-2 have essential roles in mitochondrial trafficking. Biochem.
Biophys. Res. Commun. 344, 500–510. doi: 10.1016/j.bbrc.2006.03.163

Giacomello, M., Pyakurel, A., Glytsou, C., and Scorrano, L. (2020). The cell biology
of mitochondrial membrane dynamics. Nat. Rev. Mol. Cell Biol. 21, 204–224.
doi: 10.1038/s41580-020-0210-7

Glater, E. E., Megeath, L. J., Stowers, R. S., and Schwarz, T. L. (2006). Axonal
transport of mitochondria requires Milton to recruit Kinesin heavy chain and is
light chain independent. J. Cell Biol. 173, 545–557. doi: 10.1083/jcb.200601067

Goodson, H. V., and Jonasson, E. M. (2018). Microtubules and microtubule-
associated proteins. Cold Spring Harb. Perspect. Biol. 10:a022608.

Hamilton, C. L., Abney, K. A., Vasauskas, A. A., Alexeyev, M., Li, N., Honkanen,
R. E., et al. (2018). Serine/threonine phosphatase 5 (PP5C/PPP5C) regulates the
ISOC channel through a PP5C-FKBP51 axis. Pulm. Circ. 8:2045893217753156.
doi: 10.1177/2045893217753156

Hoessel, R., Leclerc, S., Endicott, J. A., Nobel, M. E., Lawrie, A., Tunnah, P., et al.
(1999). Indirubin, the active constituent of a Chinese antileukaemia medicine,
inhibits cyclin-dependent kinases. Nat. Cell Biol. 1, 60–67. doi: 10.1038/9035

Honkanen, R. E. (1993). Cantharidin, another natural toxin that inhibits the
activity of serine/threonine protein phosphatases types 1 and 2A. FEBS Lett.
330, 283–286. doi: 10.1016/0014-5793(93)80889-3

Hu, C., Yu, M., Ren, Y., Li, K., Maggio, D. M., Mei, C., et al. (2017). PP2A inhibition
from LB100 therapy enhances daunorubicin cytotoxicity in secondary acute
myeloid leukemia via miR-181b-1 upregulation. Sci. Rep. 7:2894.

Jaqaman, K., Loerke, D., Mettlen, M., Kuwata, H., Grinstein, S., Schmid, S. L., et al.
(2008). Robust single-particle tracking in live-cell time-lapse sequences. Nat.
Methods 5, 695–702.

Kalra, S., Joshi, G., Munshi, A., and Kumar, R. (2017). Structural insights of cyclin
dependent kinases: implications in design of selective inhibitors. Eur. J. Med.
Chem. 142, 424–458. doi: 10.1016/j.ejmech.2017.08.071

Kamat, P. K., Rai, S., Swarnkar, S., Shukla, R., and Nath, C. (2014). Molecular and
cellular mechanism of okadaic acid (OKA)-induced neurotoxicity: a novel tool
for Alzheimer’s disease therapeutic application. Mol. Neurobiol. 50, 852–865.
doi: 10.1007/s12035-014-8699-4

Lane, M. E., Yu, B., Rice, A., Lipson, K. E., Liang, C., Sun, L., et al. (2001). A novel
cdk2-selective inhibitor, SU9516, induces apoptosis in colon carcinoma cells.
Cancer Res. 61, 6170–6177.

Leclerc, S., Garnier, M., Hoessel, R., Marko, D., Bibb, J. A., Snyder, G. L., et al.
(2001). Indirubins inhibit glycogen synthase kinase-3 beta and CDK5/p25,
two protein kinases involved in abnormal tau phosphorylation in Alzheimer’s
disease. A property common to most cyclin-dependent kinase inhibitors? J. Biol.
Chem. 276, 251–260. doi: 10.1074/jbc.M002466200

Leonard, D., Huang, W., Izadmehr, S., O’Connor, C. M., Wiredja, D. D., Wang,
Z., et al. (2020). Selective PP2A enhancement through biased heterotrimer
stabilization. Cell 181, 688–701.e16. doi: 10.1016/j.cell.2020.03.038

Levin, N. M. B., Pintro, V. O., de Avila, M. B., de Mattos, B. B., and De Azevedo,
W. F. Jr. (2017). Understanding the structural basis for inhibition of cyclin-
dependent kinases. new pieces in the molecular puzzle. Curr. Drug Targets 18,
1104–1111. doi: 10.2174/1389450118666161116130155

Li, Y. M., and Casida, J. E. (1992). Cantharidin-binding protein: identification as
protein phosphatase 2A. Proc. Natl. Acad. Sci. U.S.A. 89, 11867–11870. doi:
10.1073/pnas.89.24.11867

Liu, X., and Hajnoczky, G. (2009). Ca2+-dependent regulation of mitochondrial
dynamics by the Miro-Milton complex. Int. J. Biochem. Cell Biol. 41, 1972–1976.
doi: 10.1016/j.biocel.2009.05.013

Liu, X., Weaver, D., Shirihai, O., and Hajnoczky, G. (2009). Mitochondrial
’kiss-and-run’: interplay between mitochondrial motility and fusion-fission
dynamics. EMBO J. 28, 3074–3089. doi: 10.1038/emboj.2009.255

Llorens-Martin, M., Lopez-Domenech, G., Soriano, E., and Avila, J. (2011).
GSK3beta is involved in the relief of mitochondria pausing in a Tau-dependent
manner. PLoS One 6:e27686. doi: 10.1371/journal.pone.0027686

Lu, J., Kovach, J. S., Johnson, F., Chiang, J., Hodes, R., Lonser, R., et al.
(2009). Inhibition of serine/threonine phosphatase PP2A enhances cancer
chemotherapy by blocking DNA damage induced defense mechanisms. Proc.
Natl. Acad. Sci. U.S.A. 106, 11697–11702. doi: 10.1073/pnas.0905930106

MacAskill, A. F., and Kittler, J. T. (2010). Control of mitochondrial transport and
localization in neurons. Trends Cell Biol. 20, 102–112. doi: 10.1016/j.tcb.2009.
11.002

Marko, D., Schatzle, S., Friedel, A., Genzlinger, A., Zankl, H., Meijer, L.,
et al. (2001). Inhibition of cyclin-dependent kinase 1 (CDK1) by indirubin
derivatives in human tumour cells. Br. J. Cancer 84, 283–289. doi: 10.1054/bjoc.
2000.1546

Misgeld, T., and Schwarz, T. L. (2017). Mitostasis in neurons: maintaining
mitochondria in an extended cellular architecture. Neuron 96, 651–666. doi:
10.1016/j.neuron.2017.09.055

Morel, M., Authelet, M., Dedecker, R., and Brion, J. P. (2010). Glycogen synthase
kinase-3beta and the p25 activator of cyclin dependent kinase 5 increase
pausing of mitochondria in neurons. Neuroscience 167, 1044–1056. doi: 10.
1016/j.neuroscience.2010.02.077

Morfini, G. A., Burns, M., Binder, L. I., Kanaan, N. M., LaPointe, N., Bosco, D. A.,
et al. (2009). Axonal transport defects in neurodegenerative diseases. J. Neurosci.
29, 12776–12786.

Morfini, G., Pigino, G., Szebenyi, G., You, Y., Pollema, S., and Brady, S. T. (2006).
JNK mediates pathogenic effects of polyglutamine-expanded androgen receptor
on fast axonal transport. Nat. Neurosci. 9, 907–916. doi: 10.1038/nn1717

Morfini, G., Szebenyi, G., Elluru, R., Ratner, N., and Brady, S. T. (2002). Glycogen
synthase kinase 3 phosphorylates kinesin light chains and negatively regulates
kinesin-based motility. EMBO J. 21, 281–293. doi: 10.1093/emboj/21.3.281

Nicolas, A., Kenna, K. P., Renton, A. E., Ticozzi, N., Faghri, F., Chia, R., et al.
(2018). Genome-wide Analyses identify KIF5A as a novel ALS gene. Neuron
97, 1268–1283.e6. doi: 10.1016/j.neuron.2018.02.027

Noble, W., Planel, E., Zehr, C., Olm, V., Meyerson, J., Suleman, F., et al. (2005).
Inhibition of glycogen synthase kinase-3 by lithium correlates with reduced
tauopathy and degeneration in vivo. Proc. Natl. Acad. Sci. U.S.A. 102, 6990–
6995. doi: 10.1073/pnas.0500466102

Ogawa, F., Murphy, L. C., Malavasi, E. L., O’Sullivan, S. T., Torrance, H. S.,
Porteous, D. J., et al. (2016). NDE1 and GSK3beta associate with TRAK1
and regulate axonal mitochondrial motility: identification of cyclic AMP as a
novel modulator of axonal mitochondrial trafficking. ACS Chem. Neurosci. 7,
553–564. doi: 10.1021/acschemneuro.5b00255

Olsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L., Jensen,
L. J., et al. (2010). Quantitative phosphoproteomics reveals widespread full
phosphorylation site occupancy during mitosis. Sci. Signal. 3:ra3. doi: 10.1126/
scisignal.2000475

Orena, S. J., Torchia, A. J., and Garofalo, R. S. (2000). Inhibition of glycogen-
synthase kinase 3 stimulates glycogen synthase and glucose transport by distinct
mechanisms in 3T3-L1 adipocytes. J. Biol. Chem. 275, 15765–15772. doi: 10.
1074/jbc.M910002199

Pack-Chung, E., Kurshan, P. T., Dickman, D. K., and Schwarz, T. L. (2007). A
Drosophila kinesin required for synaptic bouton formation and synaptic vesicle
transport. Nat. Neurosci. 10, 980–989. doi: 10.1038/nn1936

Park, J. S., Davis, R. L., and Sue, C. M. (2018). Mitochondrial dysfunction in
Parkinson’s disease: new mechanistic insights and therapeutic perspectives.
Curr. Neurol. Neurosci. Rep. 18:21. doi: 10.1007/s11910-018-0829-3

Pekkurnaz, G., Trinidad, J. C., Wang, X., Kong, D., and Schwarz, T. L. (2014).
Glucose regulates mitochondrial motility via Milton modification by O-GlcNAc
transferase. Cell 158, 54–68. doi: 10.1016/j.cell.2014.06.007

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 March 2022 | Volume 16 | Article 852245

https://doi.org/10.1111/j.1432-1033.1997.0518a.x
https://doi.org/10.1158/1535-7163.MCT-06-0355
https://doi.org/10.1042/BCJ20160941
https://doi.org/10.1042/BCJ20160941
https://doi.org/10.1038/sj.onc.1203625
https://doi.org/10.3389/fnmol.2011.00032
https://doi.org/10.3389/fnmol.2011.00032
https://doi.org/10.1016/j.bbrc.2006.03.163
https://doi.org/10.1038/s41580-020-0210-7
https://doi.org/10.1083/jcb.200601067
https://doi.org/10.1177/2045893217753156
https://doi.org/10.1038/9035
https://doi.org/10.1016/0014-5793(93)80889-3
https://doi.org/10.1016/j.ejmech.2017.08.071
https://doi.org/10.1007/s12035-014-8699-4
https://doi.org/10.1074/jbc.M002466200
https://doi.org/10.1016/j.cell.2020.03.038
https://doi.org/10.2174/1389450118666161116130155
https://doi.org/10.1073/pnas.89.24.11867
https://doi.org/10.1073/pnas.89.24.11867
https://doi.org/10.1016/j.biocel.2009.05.013
https://doi.org/10.1038/emboj.2009.255
https://doi.org/10.1371/journal.pone.0027686
https://doi.org/10.1073/pnas.0905930106
https://doi.org/10.1016/j.tcb.2009.11.002
https://doi.org/10.1016/j.tcb.2009.11.002
https://doi.org/10.1054/bjoc.2000.1546
https://doi.org/10.1054/bjoc.2000.1546
https://doi.org/10.1016/j.neuron.2017.09.055
https://doi.org/10.1016/j.neuron.2017.09.055
https://doi.org/10.1016/j.neuroscience.2010.02.077
https://doi.org/10.1016/j.neuroscience.2010.02.077
https://doi.org/10.1038/nn1717
https://doi.org/10.1093/emboj/21.3.281
https://doi.org/10.1016/j.neuron.2018.02.027
https://doi.org/10.1073/pnas.0500466102
https://doi.org/10.1021/acschemneuro.5b00255
https://doi.org/10.1126/scisignal.2000475
https://doi.org/10.1126/scisignal.2000475
https://doi.org/10.1074/jbc.M910002199
https://doi.org/10.1074/jbc.M910002199
https://doi.org/10.1038/nn1936
https://doi.org/10.1007/s11910-018-0829-3
https://doi.org/10.1016/j.cell.2014.06.007
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-16-852245 March 18, 2022 Time: 8:48 # 15

Heo et al. PP2A Role in Mitochondrial Transport

Pfanner, N., Warscheid, B., and Wiedemann, N. (2021). Author
correction: mitochondrial proteins: from biogenesis to functional
networks. Nat. Rev. Mol. Cell Biol. 22:367. doi: 10.1038/s41580-021-
00361-x

Phiel, C. J., and Klein, P. S. (2001). Molecular targets of lithium action. Annu. Rev.
Pharmacol. Toxicol. 41, 789–813.

Reed, N. A., Cai, D., Blasius, T. L., Jih, G. T., Meyhofer, E., Gaertig,
J., et al. (2006). Microtubule acetylation promotes kinesin-1 binding
and transport. Curr. Biol. 16, 2166–2172. doi: 10.1016/j.cub.2006.
09.014

Sasaki, S., Warita, H., Abe, K., and Iwata, M. (2005). Impairment of axonal
transport in the axon hillock and the initial segment of anterior horn neurons in
transgenic mice with a G93A mutant SOD1 gene. Acta Neuropathol. 110, 48–56.
doi: 10.1007/s00401-005-1021-9

Saxton, W. M., and Hollenbeck, P. J. (2012). The axonal transport of mitochondria.
J. Cell Sci. 125, 2095–2104.

Schwarz, T. L. (2013). Mitochondrial trafficking in neurons. Cold Spring Harb.
Perspect. Biol. 5:a011304.

Sents, W., Ivanova, E., Lambrecht, C., Haesen, D., and Janssens, V. (2013). The
biogenesis of active protein phosphatase 2A holoenzymes: a tightly regulated
process creating phosphatase specificity. FEBS J. 280, 644–661. doi: 10.1111/j.
1742-4658.2012.08579.x

Shlevkov, E., Basu, H., Bray, M. A., Sun, Z., Wei, W., Apaydin, K., et al. (2019).
A high-content screen identifies TPP1 and aurora b as regulators of axonal
mitochondrial transport. Cell Rep. 28, 3224–3237.e5. doi: 10.1016/j.celrep.2019.
08.035

Shlevkov, E., Kramer, T., Schapansky, J., LaVoie, M. J., and Schwarz, T. L. (2016).
Miro phosphorylation sites regulate Parkin recruitment and mitochondrial
motility. Proc. Natl. Acad. Sci. U.S.A. 113, E6097–E6106. doi: 10.1073/pnas.
1612283113

Smetana, J. H., and Zanchin, N. I. (2007). Interaction analysis of the heterotrimer
formed by the phosphatase 2A catalytic subunit, alpha4 and the mammalian
ortholog of yeast Tip41 (TIPRL). FEBS J. 274, 5891–5904. doi: 10.1111/j.1742-
4658.2007.06112.x

Sontag, E., Nunbhakdi-Craig, V., Lee, G., Brandt, R., Kamibayashi, C., Kuret, J.,
et al. (1999). Molecular interactions among protein phosphatase 2A, tau, and
microtubules. Implications for the regulation of tau phosphorylation and the
development of tauopathies. J. Biol. Chem. 274, 25490–25498. doi: 10.1074/jbc.
274.36.25490

Stewart, S. G., Hill, T. A., Gilbert, J., Ackland, S. P., Sakoff, J. A., and McCluskey,
A. (2007). Synthesis and biological evaluation of norcantharidin analogues:
towards PP1 selectivity. Bioorg. Med. Chem. 15, 7301–7310. doi: 10.1016/j.bmc.
2007.08.028

Taleski, G., and Sontag, E. (2018). Protein phosphatase 2A and tau: an orchestrated
’Pas de Deux’. FEBS Lett. 592, 1079–1095. doi: 10.1002/1873-3468.12907

Tang, J., Wang, F., Cheng, G., Si, S., Sun, X., Han, J., et al. (2018). Wilms’ tumor
1-associating protein promotes renal cell carcinoma proliferation by regulating
CDK2 mRNA stability. J. Exp. Clin. Cancer Res. 37:40. doi: 10.1186/s13046-018-
0706-6

Tolosa, E., Litvan, I., Hoglinger, G. U., Burn, D., Lees, A., Andres, M. V.,
et al. (2014). A phase 2 trial of the GSK-3 inhibitor tideglusib in progressive
supranuclear palsy. Mov. Disord. 29, 470–478. doi: 10.1002/mds.25824

Wang, X., and Schwarz, T. L. (2009). Imaging axonal transport of mitochondria.
Methods Enzymol. 457, 319–333. doi: 10.1016/s0076-6879(09)05018-6

Wang, X., Winter, D., Ashrafi, G., Schlehe, J., Wong, Y. L., Selkoe, D., et al. (2011).
PINK1 and Parkin target Miro for phosphorylation and degradation to arrest
mitochondrial motility. Cell 147, 893–906. doi: 10.1016/j.cell.2011.10.018

Yang, K., Chen, Z., Gao, J., Shi, W., Li, L., Jiang, S., et al. (2017). The key roles
of GSK-3beta in regulating mitochondrial activity. Cell. Physiol. Biochem. 44,
1445–1459. doi: 10.1159/000485580

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Heo, Basu, Gutnick, Wei, Shlevkov and Schwarz. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 March 2022 | Volume 16 | Article 852245

https://doi.org/10.1038/s41580-021-00361-x
https://doi.org/10.1038/s41580-021-00361-x
https://doi.org/10.1016/j.cub.2006.09.014
https://doi.org/10.1016/j.cub.2006.09.014
https://doi.org/10.1007/s00401-005-1021-9
https://doi.org/10.1111/j.1742-4658.2012.08579.x
https://doi.org/10.1111/j.1742-4658.2012.08579.x
https://doi.org/10.1016/j.celrep.2019.08.035
https://doi.org/10.1016/j.celrep.2019.08.035
https://doi.org/10.1073/pnas.1612283113
https://doi.org/10.1073/pnas.1612283113
https://doi.org/10.1111/j.1742-4658.2007.06112.x
https://doi.org/10.1111/j.1742-4658.2007.06112.x
https://doi.org/10.1074/jbc.274.36.25490
https://doi.org/10.1074/jbc.274.36.25490
https://doi.org/10.1016/j.bmc.2007.08.028
https://doi.org/10.1016/j.bmc.2007.08.028
https://doi.org/10.1002/1873-3468.12907
https://doi.org/10.1186/s13046-018-0706-6
https://doi.org/10.1186/s13046-018-0706-6
https://doi.org/10.1002/mds.25824
https://doi.org/10.1016/s0076-6879(09)05018-6
https://doi.org/10.1016/j.cell.2011.10.018
https://doi.org/10.1159/000485580
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Serine/Threonine Protein Phosphatase 2A Regulates the Transport of Axonal Mitochondria
	Introduction
	Results
	Indirubin and Cantharidin Enhance Mitochondrial Motility
	The Effects of Indirubin on Mitochondrial Transport
	Mitochondrial Movement Was Not Enhanced by Inhibitors of Glycogen Synthase Kinase 3 Beta and Cyclin-Dependent Kinases
	Protein Phosphatase 2A Inhibition Can Enhance Mitochondrial Motility
	Knockdown of the Protein Phosphatase 2A Catalytic Subunit Increases Transport of Axonal Mitochondria

	Discussion
	Materials and Methods
	DNA Constructs
	Cell Culture
	Western Blot
	Time-Lapse Live Imaging of Mitochondrial Motility
	For Analysis of Axonal Mitochondrial Transport via Kymographs
	For Mitochondrial Motility Analysis on a Large Scale

	Data Analysis
	Statistical Analysis

	Code Availability
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


