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ABSTRACT

Parkinson’s disease (PD) is characterized by the degeneration of nigral do-
paminergic (DA) neurons and non-DA neurons in many parts of the brain.
Mutations of parkin, an E3 ubiquitin ligase that strongly binds to microtu-
bules, are the most frequent cause of recessively inherited Parkinson’s dis-
ease. The lack of robust PD phenotype in parkin knockout mice suggests a
unique vulnerability of human neurons to parkin mutations. Here, we
show that the complexity of neuronal processes as measured by total neu-
rite length, number of terminals, number of branch points and Sholl analy-
sis, was greatly reduced in induced pluripotent stem cell (iPSC)-derived TH"
or TH neurons from PD patients with parkin mutations. Consistent with
these, microtubule stability was significantly decreased by parkin muta-
tions in iPSC-derived neurons. Overexpression of parkin, but not its PD-
linked mutant nor GFP, restored the complexity of neuronal processes and
the stability of microtubules. Consistent with these, the microtubule-
depolymerizing agent colchicine mimicked the effect of parkin mutations
by decreasing neurite length and complexity in control neurons while the
microtubule-stabilizing drug taxol mimicked the effect of parkin overex-
pression by enhancing the morphology of parkin-deficient neurons. The
results suggest that parkin maintains the morphological complexity of hu-
man neurons by stabilizing microtubules. STEm CELLS 2014, 00:000-000

INTRODUCTION

stabilize microtubules [10] and enable parkin to protect

The locomotor symptoms of Parkinson’s disease are
linked to the relatively selective degeneration of nigral
DA neurons, while the loss of many other types of neu-
rons in the brain appear to contribute to the non-motor
comorbidities of PD [1]. Among monogenic mutations
that are linked to Parkinson’s disease, mutations of the
parkin gene [2] account for the most frequent cause of
recessively inherited PD [3]. Parkin is an ubiquitin ligase
[4] with diverse substrates and functions (e.g. [5-8]).
Our previous studies have shown that parkin binds to
microtubules with very high affinity [9] through strong
and independent interactions mediated by each of its
three RING fingers [10]. Such strong interactions
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against the selective toxicity of microtubule-
depolymerizing agents, including the PD environmental
toxin rotenone [11,12].

The complexity of neuronal processes is a prerequisite
for neurons to form networks with a vast number of
synaptic connections required for information
processing. Nigral DA neurons have particularly elabo-
rate axon arborization; the total length of axon arbors
of a single nigral DA neuron in rat averages 46 cm [13].
Based on the scale of the human brain, it is estimated
that a human nigral DA neuron may have axon arbors
with an average total length of 4.6 m [14], which may
give rise to the selective vulnerability of these cells in
Parkinson’s disease [15]. Although it is unclear what
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makes these axon arbors so extensive and complex,
anatomical studies from PD patients show a “dying
back” phenomenon, with degeneration starting in axons
of nigral DA neurons [16,17]. The very different scales
of human and rodent nigral DA neurons may also ex-
plain the difficulties in developing animal models that
can recapitulate key features of Parkinson’s disease in
human patients [18]. The dramatic difference between
parkin knockout mice [19] and PD patients with parkin
mutations [2] has led us to generate patient-specific
induced pluripotent stem cells to study the unique func-
tions of parkin in human midbrain DA neurons [20].
Mutations of parkin do not affect the differentiation of
midbrain DA neurons from iPSCs. The number of TH"
neurons is very similarly between patient lines and con-
trol lines [20]. The iPSC-derived neurons can be main-
tained for very long time without any significant cell
death. Parkin mutations disrupt the precision of dopa-
minergic transmission and increase oxidative stress in-
duced by dopamine [20]. Using the same sets of iPSC-
derived midbrain neurons, we examined the impact of
parkin mutations on neuronal processes in this study.

MATERIALS AND METHODS

Generation and in vitro differentiation of iPS cells. Un-
der the approval of Health Sciences Institutional Review
Board in the State University of New York at Buffalo, the
four lines of iPS cells were generated in a previous study
and were differentiated to midbrain DA neurons using
the same protocol [20]. Briefly, iPSC colonies were first
cultured as embryoid bodies (EB) for 4 days in hESC
medium with 10 pM SB431542 to enhance neural diffe-
rentiation. After four more days in 20 ng ml™ bFGF, the
EBs were plated on matrigel-coated 6-well plates. The
neuroepithelial cells (rosettes) were culture in the pres-
ence of FGF8a (20 ng ml™) and SHH (100 ng ml™") and
were peeled off after 14 days from the flat peripheral
cells and cultured in suspension in the presence of
FGF8a (50 ng ml™) and SHH (100 ng ml™), N2 plus B27
supplements (1x) and ascorbic acid (200 uM) for addi-
tional 14 days to form neurospheres that were pat-
terned to a mid/hind brain fate. The neurospheres were
dissociated and plated on 24-well plates precoated with
polyornithine, laminin and matrigel. Trophic factors
such as BDNF (20 ng ml™) and GDNF (20 ng ml™) were
used to generate mature DA neurons, which were seen
around 45-50 days from the start of differentiation. All
experiments were done on iPSC-derived neuronal cul-
tures differentiated for 90 days from the beginning. In
some experiments, neurons were infected by sindbis
virus or lentivirus for various genes around day 76.

Plasmids, viruses and antibodies. pSinRep5-palGFP
construct [13] is a generous gift from Dr. Takahiro Furu-
ta at Kyoto University. Sindbis virus for palGFP was gen-
erated using the Sindbis Expression System (Life Tech-
nologies, Carlsbad, CA, USA). Lentiviruses for GFP, FLAG-
parkin, FLAG-parkin (T240R) were generated as pre-
viously described [20]. Rabbit antibody against TH was
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from Affinity BioReagents (Golden, CO). Mouse antibo-
dies against a-tubulin, FLAG, and actin were purchased
from Sigma (St. Louis, MO). Alexa Fluor 488 or 594-
conjugated secondary antibodies against mouse or rab-
bit 1gG were from Molecular Probes (Eugene, OR).
Immunocytochemistry and quantitative image analy-
sis. iPSC-derived neuronal cultures in 24-well plates
were fixed with 4% paraformaldehyde, permeabilized in
0.1% Triton X-100 and blocked with 5% BSA. They were
incubated with primary antibodies overnight at 4°C.
After the cultures were washed and incubated with
fluorescent secondary antibodies for 2 hr at room tem-
perature, they were imaged on Zeiss Axio Observer in-
verted microscope under 20x lenses (N.A. 0.8) with cor-
rection collar for plastic multiwell plates. Thirty to forty
random fields were acquired for each well. Neurites
were traced and analyzed for total neurite length using
NIH Image) with the Neuron) plugin [21]. The number of
terminals and the number of branch points were
counted manually after tracing. Sholl analysis was per-
formed by using Image J with the Sholl analysis plugin
[22]. To avoid any ambiguity, neurons with overlapping
neurites were excluded from analysis. The number of
independent experiments and the number of TH" neu-
rons or TH™ neurons traced and analyzed were listed in
each figure legend.

Microtubule stability assay. Free or polymerized tubu-
lin from human iPSC-derived neuronal cultures was ex-
tracted using a standard protocol described previously
[11]. Briefly, cultures in 24 well plates were washed
once at 37°C with 0.5 ml of Buffer A containing 0.1 M
MES, pH 6.75, 1 mM MgS0,, 2 mM EGTA, 0.1 mM EDTA,
and 4 M glycerol. After the cultures were incubated at
37 °C for 5 min in 600 pl of free tubulin extraction buf-
fer (Buffer A plus 0.1% v/v Triton X-100 and protease
inhibitors), the extracts were centrifuged at 37 °C for 2
min at 16,000 x g. The supernatant fractions contained
free tubulin extracted from the cytosol. The pellet frac-
tion and lysed cells in the culture dish were dissolved in
600 pl of 25 mM Tris, pH 6.8, plus 0.5% SDS and con-
tained tubulin originally in microtubules. Equal amounts
of total proteins from free or polymerized tubulin frac-
tions were analyzed by Western blotting. The intensity
of tubulin bands were quantified from at least three
different experiments with the Imagelab software (life
science research, Bio-Rad USA). After background sub-
traction, densities of the bands were quantified against
the first lane.

Statistical analyses. All data were expressed as mean *
s.e.m. (standard error of measurement). Unpaired, two-
tailed Student's t-tests were performed to evaluate
whether two groups were significantly different from
each other. The number of variables (n) is the total
number of neurons analyzed. The values for n and p (in
bins of < 0.001, < 0.01 or > 0.05) are included in each
figure legend. Values of p < 0.05 were considered statis-
tically significant.
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RESULTS

Parkin mutations reduce the length and com-
plexity of neuronal processes in iPSC-derived

neurons

In the present study, we used the same set of patient-
specific iPSCs generated previously [20] to study the
impact of parkin on the morphology of midbrain TH"
neurons and TH™ Neurons. The iPSCs were from two
normal subjects (C001 and C002) and two PD patients
with different parkin mutations (P0O01, which has com-
pound heterozygous deletions of exon 3 and exon 5;
P002, which has homozygous deletions of exon 3). The
same rosette-based method was used to differentiate
the iPSCs in parallel to midbrain DA neurons [20]. After
about 90 days of differentiation in vitro, the midbrain
neuronal cultures were fixed and stained with an anti-
body against tyrosine hydroxylase (TH). We randomly
selected 58 TH' neurons for each line of iPSC-derived
midbrain neuronal cultures from six independent expe-
riments. Representative images showed that TH" neu-
rons from the two normal controls (CO01 and C002) had
much more extensive and elaborate neuronal processes
than TH" neurons from the two PD patients with parkin
mutations (PO01 and P002) (Fig. 1A-D). The contours of
these TH" neurons were traced (Fig. S1A-D) and ana-
lyzed by using NIH ImagelJ with the Neuron) plugin [21].
The average total neurite length (Fig. 1E), the average
number of terminals (Fig. 1F) and the average number
of branch points (Fig. 1G) were significantly reduced in
iPSC-derived TH' neurons from POO1 and P002, com-
pared to the situations in C001 and C002 (p < 0.001, n =
58 TH' neurons from six independent experiments).
Sholl analysis, which measures the complexity of neu-
ronal processes by counting the number of intersec-
tions between neurites and a concentric circle at a given
radius from the center of the soma [22], showed that
neurite complexity of TH" neurons was significantly re-
duced in PO01 and P002, in comparison to C001 and
€002 (p < 0.001, n = 58 TH" neurons from six indepen-
dent experiments) (Fig. 1H). There was no significant
difference in the above morphological measurements
between the two controls (C001 and C002), or between
the two PD patients with parkin mutations (P001 and
P002) (Fig. 1E-H).

To examine the situation in TH neurons, we infected
iPSC-derived midbrain neuronal cultures around 76 days
with low titer sindbis virus for palmitoylated GFP
(palGFP), which expressed palGFP in well-isolated indi-
vidual neurons and highlighted the entire neuronal
processes [13]. The neuronal cultures were fixed around
90 days and stained for TH to make sure that the
palGFP* neurons that we analyzed were TH™ (Fig. S2A-
D). The random and rare transduction of neurons with
palGFP ensured that palGFP* neurons were TH', as we
cultured the iPSC-derived neurons at low density to
reduce the density of TH" neurons. The palGFP'TH neu-
rons from C001 and C002 exhibited markedly more ex-
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tensive and complex neuronal processes than
palGFP'TH™ neurons from P001 and P002 (Fig. 1I-L). We
traced the contour of these neurons (Fig. S2I-L) and
analyzed them with Imagel/Neuron). The average total
neurite length (Fig. 1M), the average number of termin-
als (Fig. 1N) and the average number of branch points
(Fig. 10) were significantly decreased in palGFP'TH’
neurons from PO01 and P002, as compared to the situa-
tions in C001 and C002 (p < 0.001, n = 62 TH neurons
from six independent experiments). Consistent with
these, Sholl analysis showed a significant reduction in
neurite complexity (Fig. 1P).

A side-by-side analysis of TH" neurons and palGFP*TH
neurons in the same field (Fig. S2A-L) showed that the
average total neurite length was significantly shorter in
TH™ neurons than TH' neurons derived from the same
subject, no matter whether the subject was normal or a
PD patient with parkin mutations (Fig. S2M). In contrast,
the average number of terminals (Fig. S2N) and the av-
erage number of branch points (Fig. S20) were signifi-
cantly fewer in TH™ neurons than TH" neurons only from
normal subjects, but not from PD patients with parkin
mutations. Sholl analysis showed that TH" neurons were
significantly more complex than TH™ neurons from the
two normal subjects, while the complexity of TH* and
TH neurons was not significantly different in the two PD
patients. It seems that there are intrinsic differences
between TH" neurons and TH™ neurons in total neurite
length and neurite complexity. Parkin mutations abolish
the difference in neurite complexity by greatly reducing
the complexity of TH* neurons to levels comparable to
those of TH™ neurons. In contrast, parkin mutations had
comparable impacts on total neurite length of TH" neu-
rons (~ 1/3 reduction) and TH™ neurons (~ 1/2 reduc-
tion) (Fig. S2M).

Overexpression of parkin rescues the mor-

phological defects of parkin-deficient neurons
To ascertain that the reduced neurite length and com-
plexity in PD patients with parkin mutations are caused
by parkin mutations, we infected P001 (Fig. 2A-J) and
P002 (Fig. 2K-T) midbrain neuronal cultures around 76
days with lentivirus for GFP, FLAG-tagged parkin or its
PD linked T240R mutant, which strongly expresses the
corresponding transgene in the culture [20]. The mid-
brain neuronal cultures were fixed around 90 days and
stained for TH and GFP or TH and FLAG. In midbrain
neuronal cultures from P001, TH" neurons expressing
wild-type parkin showed longer and more complex neu-
ronal processes (Fig. 2B, E), compared to TH" neurons
expressing GFP (Fig. 2A, D) or T240R (Fig. 2C, F). The
average total neurite length (Fig. 2G), the average num-
ber of terminals (Fig. 2H) and the average number of
branch points (Fig. 2I) were significantly increased by
exogenously expressed parkin, but not by its T240R mu-
tant or GFP. Sholl analysis showed that overexpression
of parkin, but not its T240R mutant or GFP, significantly
increased the complexity of neuronal processes (Fig.
2J). We found that the overexpression of parkin, but not
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T240R or GFP, achieved similar rescue in TH" neurons
derived from P002 (Fig. 2K-T). There was no significant
difference in the degree of rescue between PO01 and
P0O2 (Fig. S3A-F).

When we analyzed TH™ neurons in the same set of mid-
brain neuronal cultures differentiated from P001 (Fig.
3A-J) and P002 (Fig. 3K-T) iPSCs, we found that the
overexpression of parkin (Fig. 3B, E, L, O), but not T240R
(Fig. 3C, F, M, P) or GFP (Fig. 3A, D, K, N), significantly
increased the average total neurite length (Fig. 3G, Q),
the average number of terminals (Fig. 3H, R), the aver-
age number of branch points (Fig. 31, S), and neurite
complexity as measured by Sholl analysis (Fig. 3J, T). For
TH™ neurons, there was no significant difference be-
tween P001 and P002 in the rescue by parkin or the lack
thereof by GFP or T240R (Fig. S3G-L).

To substantiate the effect of parkin expression on neu-
ronal morphology, we infected CO01 and C002 neurons
around 76 days with lentivirus expressing GFP, FLAG-
tagged parkin or FLAG-tagged T240R mutant parkin. The
neuronal cultures were fixed around 90 days and
stained for TH and GFP or TH and FLAG to identify TH"
or TH neurons expressing various constructs (Fig. S4A-C
for C001 and Fig. S4R-T for C002). Morphological analy-
sis of the traced TH" neurons (Fig. $4D-J) and TH neu-
rons (Fig. 4K-Q) from C001 and C002 (Fig. S4U-AA for
TH" neurons, Fig. S4AB-AH for TH™ neurons) showed that
overexpression of wild-type parkin, but not its T240R
mutant or GFP, significantly increased total neurite
length (Fig. S4G), the number of terminals (Fig. S4H),
the number of branch points (Fig. S41) and complexity of
neuronal processes as measured by Sholl analysis (Fig.
S4)) for TH" neurons and for TH neurons (Fig. S$4N-Q)
from C001. The same is also true for C002 neurons (Fig.
S4X-AA for TH® neurons and Fig. S4AE-AH) for TH™ neu-
rons).

Parkin mutations reduce microtubule stability

in iPSC-derived neurons

Our previous studies have shown that parkin stabilizes
microtubules [9,10]. To test whether microtubule stabil-
ity is involved in the significant differences in neurite
length and complexity between normal and parkin-
deficient iPSC-derived neurons, we measured the
amount of free tubulin in cytosolic fractions and poly-
merized tubulin (i.e. in microtubules) in pellet fractions
in midbrain neuronal cultures treated without or with
colchicine (Col, 10 um for 30 min). Without any treat-
ment, there was significantly more free tubulin in PO01
and P002, as compared to that in CO01 and C002 (Fig.
4A, C). After colchicine treatment, the amount of free
tubulin was also much more in PO01 and P002 than that
in C001 and C002 (Fig. 4A, C). Consistent with these, the
amount of polymerized tubulin in pellet fractions was
significantly less in PO01 and P002, compared to that in
C001 and C002, under control condition or with colchi-
cine treatment (Fig. 4B, D).
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Overexpression of parkin stabilizes microtu-
bules in iPSC-derived neurons

The above results suggest that parkin mutations in PO01
and P002 iPSC-derived midbrain neurons render micro-
tubules less stable. To substantiate this finding, we in-
fected P0O01 and P002 midbrain neuronal cultures
around day 76 with lentivirus expressing GFP or FLAG-
tagged parkin or its PD linked T240R mutant [20]. The
amount of free or polymerized tubulin was measured
by Western blotting at day 90. In the absence of any
drug treatment, overexpression of wild-type parkin, but
not its T240R mutant or GFP, significantly decreased the
amount of free tubulin in cytosolic fractions in PO01 and
P002 midbrain neuronal cultures. The effects remained
the same with colchicine treatment (Fig. 5A, C, E). The
amount of polymerized tubulin in pellet fractions was
significantly increased by parkin, but not its T240R mu-
tant or GFP, in PO0O1 and P002 midbrain neuronal cul-
tures without or with colchicine treatment (Fig. 5B, D,
F).

To substantiate the microtubule-stabilizing effect of
parkin, we also infected C001 and C002 midbrain neu-
ronal cultures around day 76 with lentivirus expressing
GFP, FLAG-tagged parkin or FLAG-tagged T240R mutant
parkin [20]. The amount of free or polymerized tubulin
was measured by Western blotting at day 90. In the
absence of any drug treatment, overexpression of wild-
type parkin, but not its T240R mutant or GFP, signifi-
cantly decreased the amount of free tubulin in cytosolic
fractions in CO01 and C002 midbrain neuronal cultures
(Fig. S5A, C, E). The effects remained the same with
colchicine treatment (Fig. S5A, C, E). The amount of
polymerized tubulin in pellet fractions was significantly
increased by parkin, but not its T240R mutant or GFP, in
C001 and C002 midbrain neuronal cultures treated with
vehicle or colchicine (Fig. S58, D, F).

Microtubule depolymerization reduces neu-

rite length and complexity in control neurons
Our results showed that parkin stabilized microtubules
and increased neurite length and complexity. To explore
the link between microtubule stability and neuronal
morphology, we treated CO01 and CO002 neurons
around 60 days of differentiation with vehicle (i.e. diffe-
rentiation media) or 1 nM colchicine for 14 days. The
neuronal cultures were maintained in differentiation
media for two more weeks before being stained with
anti-TH around 90 days (Fig. 6A-D for representative
morphology of TH neurons and Fig. 6l-L for representa-
tive morphology of TH neurons). The very low dose
chronic treatment of the microtubule-depolymerizing
agent colchicine did not cause any significant cell death
(data not shown). However, colchicine treatment signif-
icantly decreased total neurite length (Fig. 6E), the
number of terminals (Fig. 6F), the number of branch
points (Fig. 6G) and neurite complexity as measured by
Sholl analysis (Fig. 6H) for TH" neurons from C001 and
C002, as well as for TH neurons differentiated from
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both iPSCs (Fig. 6M-P). Thus, the microtubule-
depolymerizing agent colchicine mimicked the effect of
parkin mutations on neuronal morphology.

Microtubule stabilization increases neurite
length and complexity in parkin-deficient

neurons

To substantiate the results above, we treated PO01 and
P002 neurons around 60 days of differentiation with
vehicle (i.e. differentiation media) or 1 nM taxol for 14
days. The neuronal cultures were maintained in diffe-
rentiation media for two more weeks before being
stained with anti-TH around 90 days (Fig. 7A-D for rep-
resentative morphology of TH* neurons and Fig. 7I-L for
representative morphology of TH neurons). The very
low dose chronic treatment of the microtubule-
stabilizing agent taxol did not cause any significant cell
death (data not shown). However, taxol treatment sig-
nificantly increased total neurite length (Fig. 7E), the
number of terminals (Fig. 7F), the number of branch
points (Fig. 7G) and neurite complexity as measured by
Sholl analysis (Fig. 7H) for TH" neurons from P001 and
P002, as well as for TH neuron differentiated from both
iPSCs (Fig. 7M-P). Thus, the microtubule-stabilizing
agent taxol mimicked the effect of parkin overexpres-
sion by restoring neuronal morphology in parkin-
deficient neurons.

In this study, we found that parkin mutations signifi-
cantly reduced the length and complexity of neuronal
processes in patient-specific iPSC-derived midbrain neu-
rons. The effect was not specific to TH" neurons; TH’
neurons were also affected by parkin mutations (Fig. 1).
However, parkin mutations had a stronger impact on
the complexity of TH neurons than TH neurons. The
number of terminals, the number of branch points and
the number of intersections in Sholl analysis in TH" neu-
rons were markedly reduced by parkin mutations so
that there was no significant difference between TH"
and TH™ neurons (Fig. S2N-P). This is in sharp contrast to
the situation in normal controls, which exhibited signifi-
cant difference in neurite complexity between TH" neu-
rons and TH neurons (Fig. S2N-P). The greater loss of
neurite complexity in iPSC-derived TH" neurons from PD
patients with parkin mutations reflects the increased
vulnerability of nigral DA neurons vis-a-vis other types
of neurons in Parkinson’s disease [23,24]. Patient-
specific iPSC-derived midbrain DA neurons thus offer a
useful model to study such vulnerability [25-27].

One unique vulnerability of nigral DA neurons appears
to be their microtubule network [28-31]. Midbrain DA
neurons are particularly sensitive to microtubule-
depolymerizing agents, including the environmental PD
toxin rotenone [11,32,33]. Our previous studies showed
that overexpression of parkin protects against these
microtubule-depolymerizing toxins by stabilizing micro-
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tubules and thus attenuating the activation of MAP ki-
nases induced by microtubule-depolymerization [12]. In
the present study, we found that parkin mutations sig-
nificantly decreased microtubule stability in iPSC-
derived midbrain neurons (Fig. 4). Overexpression of
parkin, but not its PD-linked T240R mutant or GFP, sig-
nificantly increased microtubule stability (Fig. 5) and
rescued the morphological defects in parkin-deficient
neurons (Fig. 2 and Fig. 3). In fact, the effects of parkin
on microtubule stability (Fig. S5) and neuronal mor-
phology (Fig. S4) were similarly seen when parkin was
overexpressed in iPSC-derived neurons from normal
subjects.

To strengthen the link between the two effects of par-
kin — microtubule stabilization and maintenance of neu-
ronal morphology, we showed that the microtubule-
depolymerizing agent colchicine mimicked the effect of
parkin mutations by decreasing neurite length and
complexity in control neurons (Fig. 6), while the micro-
tubule-stabilizing drug taxol mimicked the effect of par-
kin overexpression by enhancing neurite length and
complexity in patient neurons (Fig. 7). Together, our
results suggest that parkin maintains the extensive and
elaborate neuronal processes by stabilizing microtu-
bules. Mutations of parkin disrupt this critical function
and may reduce the ability of nigral DA neurons to
maintain widespread connections to striatal neurons.

CONCLUSION

Results from the present study demonstrate that parkin
stabilizes microtubules to maintain the length and com-
plexity of neuronal processes. This function would be
particularly important to the survival and function of
nigral DA neurons, which have massive axon arboriza-
tion [13]. Mutations of parkin disrupt this important
function and thus render the neurons highly vulnerable
in Parkinson’s disease.
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Parkin Maintains Complexity of Neuronal Processes

Figure 1. Morphology of iPSC-derived neurons from normal subjects and PD patients with parkin mutations. (A-H)
Representative images of iPSC-derived TH" neurons from two normal controls (A, B) and two PD patients with differ-
ent parkin mutations (C, D). Total neurite length per neuron (E), number of terminals per neuron (F), number of
branch points per neuron (G) and Sholl analysis (H) were quantified. (I-P) Representative images of iPSC-derived TH’
neurons (highlighted by low titer palGFP sindbis virus) from the two normal controls (I, J) and the two PD patients
with parkin mutations (K, L), as well as quantification of total neurite length per neuron (M), number of terminals per
neuron (N), number of branch points per neuron (O) and Sholl analysis (P). *, p < 0.001, vs. C001 or C002, n = 58 for
TH" neurons for each line of iPSC in E-H and n = 62 for TH™ neurons for each line of iPSC in M-P, all from 6 independent

experiments. Bar, 50um. Arrow, process from another neuron.
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8 Parkin Maintains Complexity of Neuronal Processes

Figure 2. Morphology of parkin-deficient TH' neurons infected with lentivirus expressing GFP, wild-type or mutant
parkin. (A-J) POO1 iPSC-derived neurons were infected with lentivirus expressing GFP (A), FLAG-parkin (B) or FLAG-
T240R mutant parkin (C) and co-stained for TH and GFP (A) or TH and FLAG (B, C). Contour of TH* neurons identified
by the arrow was traced in (D-F). Total neurite length per neuron (G), number of terminals per neuron (H), number of
branch points per neuron (I) and Sholl analysis (J) were quantified. (K-T) P002 iPSC-derived neurons were infected
with lentivirus expressing GFP (K), FLAG-parkin (L) or FLAG-T240R mutant parkin (M) and co-stained for TH and GFP
(K) or TH and FLAG (L, M). Contour of TH* neurons identified by the arrow was traced in (N-P). Total neurite length per
neuron (Q), number of terminals per neuron (R), number of branch points per neuron (S) and Sholl analysis (T) were
quantified. Arrows, TH" neurons that were traced. Bar, 50 pm. *, p < 0.001, vs. GFP, n = 45 TH" neurons for each de-
rivative line of POO1 neurons in G-J and n = 47 TH" neurons for each derivative line of P002 neurons in Q-T, all from
three independent experiments.
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9 Parkin Maintains Complexity of Neuronal Processes

Figure 3. Morphology of parkin-deficient TH neurons infected with lentivirus expressing GFP, wild-type or mutant
parkin. (A-J) POO1 iPSC-derived neurons were infected with lentivirus expressing GFP (A), FLAG-parkin (B, PKN) or
FLAG-T240R mutant parkin (C, T240R) and co-stained for TH and GFP (A) or TH and FLAG (B, C). Contour of TH™ neu-
rons identified by the arrow was traced in (D-F). Total neurite length per neuron (G), number of terminals per neuron
(H), number of branch points per neuron (I) and Sholl analysis (J) were quantified. (K-T) PO02 iPSC-derived neurons
were infected with lentivirus expressing GFP (K), FLAG-parkin (L, PKN) or FLAG-T240R mutant parkin (M, T240R) and
co-stained for TH and GFP (K) or TH and FLAG (L, M). Contour of TH neurons identified by the arrow was traced in (N-
P). Total neurite length per neuron (Q), number of terminals per neuron (R), number of branch points per neuron (S)
and Sholl analysis (T) were quantified. Arrows, TH™ neurons that were traced. Bar, 50 um. *, p < 0.001, vs. GFP, n = 46
TH neurons for each derivative line of PO01 neurons in G-J and n = 47 TH neurons for each derivative line of P002
neurons in Q-T, all from three independent experiments.
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Parkin Maintains Complexity of Neuronal Processes

Figure 4. Microtubule stability in iPSC-derived neurons from normal subjects or PD patients with parkin mutation.
(A-D) iPSC-derived neuronal cultures from two normal subjects (C001 and C002) and two PD patients with different
parkin mutations (P001 and P002) were treated without or with colchicine (Col, 10 um for 30 min). Cytosolic (A) or
pellet (B) fractions of these cells were blotted with antibodies against a-tubulin or actin. The amount of free tubulin
in cytosolic fractions (C) and polymerized tubulin in pellet fractions (D) were quantified by normalizing against the
amount of a-tubulin in the first lane. *, p < 0.001, vs. the preceding bar; #, p < 0.001, vs. C001 or C002 without colchi-
cine treatment, n = 3 independent experiments.
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11 Parkin Maintains Complexity of Neuronal Processes

Figure 5. Microtubule stability in parkin-deficient neurons infected with lentiviruses expressing GFP, wild-type or
mutant parkin. (A-F) iPSC-derived neuronal cultures from two PD patients with parkin mutations (PO01 and P002)
were infected with lentiviruses expressing GFP, wild-type parkin (PKN) or its PD-linked T240R mutant (T240R). After
colchicine (Col) treatment (10 uM for 30 min), cytosolic fractions (A) and pellet fractions (B) were blotted with anti-
bodies against a-tubulin or actin. The amount of free tubulin in cytosolic fractions (C, E) and polymerized tubulin in
pellet fractions (D, F) were quantified by normalizing against the amount of a-tubulin in the first lane of P001 (C, D) or
P002 (E, F), respectively. *, p < 0.001, vs. the preceding bar, n = 3 independent experiments.
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Parkin Maintains Complexity of Neuronal Processes

Figure 6. The impact of colchicine on the morphology of control neurons. (A-H) Representative morphology of C001
(A, B) or C002 (C, D) TH" neurons treated with vehicle (A, C) or colchicine (1 nM for 14 days) (B, D) and quantification
of their total neurite length (E), number of terminals (F), number of branch points (G) and Sholl analysis (H). (I-P) Rep-
resentative morphology of C001 (I, J) or C002 (K, L) TH neurons treated with vehicle (I, K) or colchicine (1 nM for 14
days) (J, L) and quantification of their total neurite length (M), number of terminals (N), number of branch points (O)
and Sholl analysis (P). *, p < 0.001, vs. vehicle-treated C001 or C002, n = 52 TH" neurons and n = 54 TH neurons for

each condition of C001 or C002 neurons, all from three independent experiments.
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Parkin Maintains Complexity of Neuronal Processes

Figure 7. The impact of taxol on the morphology of parkin-deficient neurons. (A-H) Representative morphology of
POO1 (A, B) or P002 (C, D) TH' neurons treated with vehicle (A, C) or taxol (1 nM for 14 days) (B, D) and quantification
of their total neurite length (E), number of terminals (F), number of branch points (G) and Sholl analysis (H). (I-P) Rep-
resentative morphology of P0O01 (I, J) or PO02 (K, L) TH neurons treated with vehicle (I, K) or taxol (1 nM for 14 days)
(J, L) and quantification of their total neurite length (M), number of terminals (N), number of branch points (O) and
Sholl analysis (P). *, p < 0.001, vs. vehicle-treated POO1 or P002, n = 52 TH' neurons and n = 54 TH™ neurons for each
condition of PO01 or PO02 neurons, all from three independent experiments.
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Figure S1. Tracing of TH* and TH- neurons in Fig. 1. (A-D) Tracing of TH* neurons differentiated
from iPSCs from two normal subjects C001 (A) and C002 (B), as well as two PD patients with
parkin mutations P001 (C) and P002 (D). (E-H) Tracing of TH- neurons (as identified by infection of
low titer palGFP sindbis virus) from C001 (E), C002 (F), P001 (G) and P002 (H).
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Figure S2. Comparison of iPSC-derived TH* and TH- neurons. Cultures around 76 days
were infected with low titer sindbis virus for palGFP. Around 90 days, the cultures were
fixed and stained for tyrosine hydroxylase (TH). Total neurite length, number of terminals
and number of branch points from randomly selected TH* and TH- neurons were analyzed.
(A-D) Representative fluorescence images of the indicated neuronal cultures showing the
expression of palGFP (green) and TH (red). (E-H) Contour tracing of TH* neurons from the
indicated cultures. (I-L) Contour tracing of TH*/palGFP* neurons from the indicated
cultures. (M) Average total neurite length (um) per neuron was measured in each cell lines.
(N) Average number of processes per neuron was quantified for each line. (O) Average
number of branch points per neuron was quantified for each line. (P) Sholl analysis of each
line. *, p < 0.001, vs. normal subjects for TH* or TH- neurons, respectively, #, p < 0.01, vs.
TH* neurons of the same subject, n = 58 TH* neurons and n = 62 TH- neurons for each
line of iPSC, all from six independent experiments. Bar 50 ym.
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Figure S3. Comparison of TH* and TH- neurons from P001 and P002 midbrain neuronal cultures transduced
with GFP, parkin or T240R. (A-F) Total neurite length (A), the number of terminals (B), the number of branch
points (C), and Sholl analysis (D-F) were quantified for TH* neurons in PO01 or P0O02 neuronal cultures
infected with lentivirus expressing GFP (D), parkin (E) or T240R mutant parkin (F). p > 0.05, P0O01 vs. P002 for
all parameters, n = 45 TH* neurons for each derivative line of PO01 neurons and n = 47 TH* neurons for each
derivative line of PO02 neurons, all from three independent experiments. (G-L) Total neurite length (G), the
number of terminals (H), the number of branch points (I), and Sholl analysis (J-L) were quantified for TH-
neurons in PO01 or PO02 neuronal cultures infected with lentivirus expressing GFP (J), parkin (K) or T240R
mutant parkin (L). p > 0.05, PO01 vs. P002 for all parameters, n = 46 TH- neurons for each derivative line of
P001 neurons and n 47 TH- neurons for each derivative line of P002, all from three independent
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Figure S4. The effect of GFP, wildtype or mutant parkin on C001 and C002 iPSC-derived neurons. (A-Q)
CO001 iPSC-derived neuronal cultures were infected with lentivirus expressing GFP (A, D, K), FLAG-parkin
(PKN) (B, E, L) or FLAG-T240R mutant parkin (C, F, M). Cells were stained for TH and GFP (A) or TH and
FLAG (B, C). TH* neurons (D-F) or TH- neurons (K-M) infected with GFP (D, K), FLAG-PKN (E, L) or FLAG-
T240R (F, M) were traced and analyzed for total neurite length (G, N), number of terminals (H, O), number of
branch points (I, P) and Sholl analysis (J, Q). (R-AH) The same experiments were done on C002 iPSC-derived
neurons. Yellow arrowheads, infected TH* neurons; green arrows, infected TH- neurons. Bar, 50 mm. *, p<0.05
vs. GFP or T240R, n = 64 TH* neurons and n = 63 TH- neurons for each derivative line of C001 neurons, all
from 3 independent experiments; n = 62 TH* neurons and n = 64 TH- neurons for each derivative line of C002
neurons, all from 3 independent experiments.
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Figure S5. Microtubule stability in normal neurons infected with lentivirus expressing GFP,
wild-type or mutant parkin. (A-F) iPSC-derived neuronal cultures from two normal subjects
(C001 and C002) were infected with lentiviruses expressing GFP, wild-type parkin (PKN) or its
PD-linked T240R mutant (T240R). After colchicine (Col) treatment (10 pyM for 30 min),
cytosolic fractions (A) and pellet fractions (B) were blotted with antibodies against a-tubulin or
actin. The amount of free tubulin in cytosolic fractions (C, E) and polymerized tubulin in pellet
fractions (D, F) were quantified by normalizing against the amount of o-tubulin in the first lane
of C001 (C, D) or C002 (E, F), respectively. *, p < 0.01, vs. the preceding bar, n = 3
independent experiments.



