




affirming the network’s fidelity. Therefore, Lrrk2 protein com-
plex partners and consequently Lrrk2 itself can be mapped
into an evolutionary and functionally conserved PPI network
regulating the actin-based cytoskeleton. This is indicative for
a role of Lrrk2 in actin-based biological processes and in line
with previous studies that suggest an association of Lrrk2’s
biological function with the actin cytoskeleton (62–64). Al-
though the study by Habig and colleagues reports that the
knockdown of Lrrk2 results in the differential expression of
genes involved in actin cytoskeleton signaling in SH-SY5Y
(63), the knockdown does not affect the proteome of NIH3T3
cells as shown here. However, these findings are not mutually
exclusive as investigations on the transcriptome and pro-
teome analyze two different levels of a biological system.
Divergent mRNA and protein expression levels have often

been described, being most likely the result of posttranscrip-
tional regulatory mechanisms (65, 66). Thus, beside integrat-
ing genomic and proteomic data sets, their meaningful inter-
pretation requires functional annotation and consideration in
the context of biological pathways and functional processes
(66). Accordingly, Habig et al. as well as our study ascribe the
same cellular role to Lrrk2 based on their experimental find-
ings, namely its association with actin cytoskeleton-based
mechanisms.

The suggested functional connection of Lrrk2 with the actin
cytoskeleton is further emphasized by the ability of affinity
purified Lrrk2 to associate with F-actin as demonstrated in
vitro (Fig. 4). Moreover, under the stoichiometric conditions
tested in vitro, Lrrk2 decreased the amount of polymerized
actin at steady state, thus affecting the G-actin/F-actin ratio in

FIG. 7. Lentiviral-mediated knockdown of Lrrk2 in primary VM cultures leads to an impaired neurite outgrowth of developing DA
neurons. Lrrk2 expression in primary VM cultures was depleted by lentiviral delivery of two independent silencing constructs (LVmiB3 and
LVmiB4). Non-transduced (wt) or LVTH-transduced cells served as negative controls and cultures were analyzed at DIV9 or DIV14. A, Cell
counts of TH-ir cells per well. No differences in the amount of DA neurons was evident at DIV9, whereas the knockdown of Lrrk2 resulted in
a decrease in TH-ir cell counts at DIV14 (** p � 0.01 versus wt DIV14, n 	 3–5, one-way ANOVA, Tukey‘s post-hoc test). B, Quantification of
neurite length of TH-ir neurons. Knockdown of Lrrk2 led to a significant decrease in the average neurite length at DIV9 and DIV14 (*** p � 0.001
versus wt DIV9, n 	 4–5, ��� p � 0.001 versus wt DIV14, n 	 3–5, one-way ANOVA, Tukey‘s post-hoc test). C, Corresponding frequency
distributions of neurite length for the different treatment groups (wt, LVTH, LVmiB3, and LVmiB4) at DIV9 and DIV14. Absolute neurite lengths
were grouped into 40 �m bins of increasing size and the percentage of DA neurites of given length was calculated. The expression of miB3
and miB4 resulted at both time points in a shifted distribution toward shorter processes compared with wt and LVTH-control cultures, reflecting
an increase in the number of shorter neurites and a decrease of longer neurites.
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favor of the monomer. These data may indicate that Lrrk2
itself possesses at least a basal regulatory activity on actin
polymerization as a direct modulator. In the in vitro context, it
might have either monomer sequestration or, given its subs-
toichiometric activity, capping activity. Further analysis is
needed to clarify the mechanism underlying the observed
effects of Lrrk2 on the G-/F-actin ratio. Given the cellular
abundance of actin, it also needs consideration that the Lrrk2/
actin stoichiometry used in vitro (1/10 to 1/20) may be higher
than one can expect in vivo, although local Lrrk2 to actin
ratios in cells may be sufficiently high at actin filaments or,
considering the observed association of Lrrk2 to membranous
structures (67, 68), close to membranes. It cannot also be
excluded that a modified form of Lrrk2 (e.g. phosphorylated) is

more active in exerting its modulating function within the cell.
Alternatively, in conjunction with its identified interactors Lrrk2
may act as passive user of the microfilament system by
scaffolding/cooperating with the actin-regulatory and motor
proteins. Taken together, Lrrk2 can be placed in the protein
network whose mutual interactions govern the spatiotemporal
localization and activity of the actin cytoskeleton.

As the physiological function of the actin cytoskeleton com-
prises the generation and maintenance of cell morphology,
alterations in cell shape are a consequence of modifications in
the organization of cytoskeletal components. We demon-
strated that the depletion of Lrrk2 in NIH3T3 cells by RNAi
leads to significant morphological alterations (Fig. 5), reflect-
ing a general perturbation of normal cytoskeletal organization.

FIG. 8. TH-ir neurons expressing
Lrrk2 mRNA targeting shRNAs. Pri-
mary VM progenitor cultures were trans-
duced with lentiviruses encoding Lrrk2
silencing shRNA-constructs (LVmiB3
and LVmiB4) or containing the transfer
vector (LVTH) alone as indicated. (A and
C) DA neurons were visualized using im-
munofluorescent labeling for tyrosine
hydroxylase (TH) (left columns) at DIV9
(A) or DIV14 (C). GFP fluorescence (cen-
ter columns) indicated successfully
transduced neurons whereas the combi-
nation of TH-immunostaining and GFP
fluorescence (right panel; merge) dem-
onstrated the efficient transduction of
DA neurons. (B and D) Camera lucida
drawing of representative, randomly se-
lected GFP-positive TH-ir cells at DIV9
(B) and DIV14 (D). Drawings were
obtained by manually tracing of the neu-
ron in NeuronJ. TH-ir neurons in miB3-
and miB4-expressing cultures exhibited
shorter neurites compared with non-
transduced (wt) or LVTH-transduced
neurons at DIV9 and DIV14. Scale bar:
50 �m.
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Given that Lrrk2-associated PD is characterized by the de-
generation of DA neurons in the substantia nigra pars com-
pacta (3) as in idiopathic PD, we assayed the physiological
relevance of Lrrk2 in DA neurons. The depletion of Lrrk2 in
primary VM cultures derived from embryonic mice resulted in
a decrease of the average neurite length in developing DA
neurons due to an impaired neurite outgrowth (Figs. 7 and 8).
Although it was reported that off-target effects following the
expression of shRNAs in rat hippocampal cultures can alter
the neuronal morphology by innate antiviral response path-
ways (69) this option can be excluded as the delivery of
shRNA expressing constructs in our approach lacked the
induction of Oas1 expression. Moreover, Bauer et al. (24)
demonstrated that the induction of an interferon response
due to the delivery of shRNAs is associated with a signifi-
cant decline of neurons, rarefaction of neurites as well as
fragmented and condensed nuclei. In contrast, the neurites
of DA neurons expressing shRNA targeting Lrrk2 mRNA
displayed outgrowth that, though diminished compared
with the wt, continued from DIV9 to DIV14 (Fig. 7B). This
reveals further that the neurites were rather subjected to
reduced outgrowth ability than to a retraction process. Ad-
ditionally, the relative amount of DA neurons in our study
remained unaltered upon Lrrk2 silencing at DIV9. A physi-
ological relevance of Lrrk2 on neurite outgrowth was also
demonstrated by others. Gillardon recently showed that
neurons derived from Lrrk2-deficient mouse ES cells also
exhibit significantly shorter neurites than wt neurons (70).
However, a converse effect of Lrrk2 on neurite length was
observed after transduction of rat cortical neurons with
Lrrk2 shRNA vectors that led to an increase in neurite length
(71). This discrepancy is difficult to reconcile. One point that
might contribute to these conflicting results is the difference
in cell culture namely primary progenitor VM cultures and
ES cell derived neurons from mouse versus cortical cultures
derived from P1 rat brains. Besides the two different animal
models that were used, the developmental stage of the
neurons represented by the cellular systems also differs.
Both the progenitor VM cultures and the ES cell derived
neurons mimic the prenatal period of neuronal development
whereas the cortical cultures represent the postnatal
phase.

Besides its critical role for a wide range of fundamental
cellular processes, actin-based cytoskeletal dynamics is cru-
cial for the development of the nervous system. Migration of
neurons as well as extension of neurites relies on an orga-
nized actin polymerization (72), actin-regulatory proteins and
myosins (50). The effects of Lrrk2 knockdown observed in
cellulo may be supported by the identified interactors as well
as by the link between Lrrk2 and actin filaments found in vitro,
collectively indicative for an impact of Lrrk2 on cytoskeleton
integrity mediated by variations in actin-based dynamics.
Lrrk2 being placed in a functional network of proteins required
for a proper actin network formation during neurite outgrowth

by the in vitro studies and the concomitant observed de-
crease in neurite length of developing DA neurons after Lrrk2
knockdown moreover suggest that Lrrk2 acts as a modulator
of actin dynamics during neurite extension.

Neurite outgrowth is the result of numerous extracellular
stimuli targeting the actin cytoskeleton of each individual
neuron. Small Rho GTPases are essential components that
link these stimuli to actin but their neuronal downstream
effectors binding to actin or responsible for scaffolding are
largely unknown (73). Lrrk2 being a GTPase dependent
kinase, harboring both protein interaction domains as well
as enzymatic domains, may be involved in such processes
and serves as a scaffold protein within signaling pathways
controlling the dynamic actin cytoskeleton organization.
Several LRR-containing proteins and members of the ROCO
protein superfamily participate in the functional assembly of
the actin network (53, 74–77) making Lrrk2 not the first
member of this family to be associated with components of
the cytoskeleton.

Clearly, further research has to determine the physiolog-
ical role of Lrrk2 in actin-based cytoskeleton processes.
Because Lrrk2 is a multi-domain protein, comprising in ad-
dition to its GTPase and kinase activity several protein
interaction domains that are likely to facilitate various PPIs,
different biochemical functions can be accomplished by
Lrrk2. This view is supported by several studies demon-
strating that Lrrk2 is involved in various, not necessarily
independent, physiological processes including kinase sig-
naling, vesicular transport, regulation of microtubules, cy-
toskeleton assembly and the chaperone system (78). The
proteomic approach taken here renders new insights on
how Lrrk2 molecularly interacts with the cytoskeletal ma-
chinery controlling actin turnover. A direct influence on actin
filament dynamics is observed in vitro although in cells Lrrk2
may also, and maybe mainly, act as connector or scaffold
for associated actin-regulatory and motor proteins and
thereby regulating both actin filament assembly and stabil-
ity. Indeed, on the cellular level, loss of Lrrk2 influences the
generation and/or maintenance of cell morphology in non-
neuronal cells and interferes with neurite outgrowth as well
as neurite maintenance of DA neurons. Consistent with
previous studies (63, 64) our results suggest a biological
function of Lrrk2 in actin-related processes, whose impair-
ment may underlie PD-associated neurodegeneration.
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