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Leucine-rich repeat kinase 2 regulates Secl16A at ER
exit sites to allow ER—Golgi export
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Abstract

Leucine-rich repeat kinase 2 (LRRK2) has been associated with
Parkinson’s disease (PD) and other disorders. However, its normal
physiological functions and pathogenic properties remain elusive.
Here we show that LRRK2 regulates the anterograde ER-Golgi trans-
port through anchoring Secl6A at the endoplasmic reticulum exit
sites (ERES). LRRK2 interacted and co-localized with Secl16A, a key
protein in the formation of ERES. Lrrk2 depletion caused a dispersion
of Sec16A from ERES and impaired ER export. In neurons, LRRK2 and
Secl6A showed extensive co-localization at the dendritic ERES
(dERES) that locally regulate the transport of proteins to the
dendritic spines. A loss of Lrrk2 affected the association of Secl16A
with dERES and impaired the activity-dependent targeting of gluta-
mate receptors onto the cell/synapse surface. Furthermore, the
PD-related LRRK2 R1441C missense mutation in the GTPase domain
interfered with the interaction of LRRK2 with Secl6A and also
affected ER-Golgi transport, while LRRK2 kinase activity was not
required for these functions. Therefore, our findings reveal a new
physiological function of LRRK2 in ER-Golgi transport, suggesting
ERES dysfunction may contribute to the pathogenesis of PD.
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Introduction

Missense mutations in LRRK2 have been initially linked to a late-
onset autosomal dominant form of familial Parkinson’s disease (PD)
(Paisan-Ruiz et al, 2004; Zimprich et al, 2004). The genome-wide

association studies have further revealed that LRRK2 gene loci are
also associated with sporadic PD, Crohn’s disease, and leprosy
(Barrett et al, 2008; Satake et al, 2009; Simon-Sanchez et al, 2009;
Zhang et al, 2009). LRRK2 encodes a large multi-domain protein,
containing one Ras of complex GTPase (ROC) domain, one serine/
threonine kinase domain, and multiple protein—protein interaction
domains (Mata et al, 2006). LRRK2 has been shown to regulate a
variety of cellular events, such as microtubule and actin cyto-
skeleton assembly, protein translation, microRNA maturation,
nuclear factor of activated T-cells (NFAT) signaling, endocytosis,
neuronal morphogenesis, and autophagy/lysosome-mediated protein
degradation (Jaleel et al, 2007; Gandhi et al, 2008; Imai et al, 2008;
Plowey et al, 2008; Lin et al, 2009; Parisiadou et al, 2009, 2014; Liu
et al, 2011; Matta et al, 2012; Orenstein et al, 2013). In addition,
our previous study in transgenic mice demonstrates that overexpres-
sion of LRRK2 causes Golgi fragmentation in neurons (Lin et al,
2009). PD-related-a-synuclein has also been shown to block
ER-Golgi transport by inhibiting the docking and fusion of coat
protein complex II (COPII) vesicles with Golgi apparatus (Cooper
et al, 2006; Gitler et al, 2008). However, how LRRK2 regulates
ER-Golgi trafficking is unclear.

ER-Golgi export is initiated by formation and secretion of COPII
vesicles at the specialized ER domains, namely ER exit sites (ERES)
or transitional ER (tER) (Miller & Barlowe, 2010; Zanetti et al,
2012). ER-associated membrane protein Secl2 mediates the assem-
bly of COPII vesicles at ERES by activating GTPase Sarl, which
subsequently recruits inner layer heterodimer protein complex
Sec23 and Sec24 (Sec23/24) as well as outer layer protein complex
Secl3 and Sec31 (Sec13/31) for the capture of cargo proteins into
nascent buds and formation of a structural cage around the budding
vesicles, respectively (Zanetti et al, 2012). Additionally, Secl6A, a
large hydrophilic peripheral membrane protein, has been identified
recently as an essential component required for the formation of
ERES and COPII vesicle trafficking (Espenshade et al, 1995; Connerly
et al, 2005; Watson et al, 2006; Hughes et al, 2009). However, what
acts at the upstream of Secl6A that regulates the recruitment of
Sec16A onto ERES is poorly understood (Miller & Barlowe, 2010).
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In this study, we identified Secl16A as an interacting protein of
LRRK2 by mass spectrometry proteomic screening of LRRK2-associated
proteins. Immunostaining further revealed the co-localization of
LRRK2 and Sec16A at ERES in cell lines and primary cultures. LRRK2
and Secl6A also extensively co-localized at the dendritic ERES
(dERES) in neurons. Although inhibition of Sec16A did not affect the
expression and subcellular distribution of LRRK2, a loss of Lrrk2
significantly reduced the association of Secl6A with ERES and
impaired the clustering of ERES and transport of COPII vesicles,
suggesting that LRRK2 may play an important role in anchoring
Secl6A at ERES and thereby regulating COPII vesicle formation and
transport. In neurons, inhibition of Lrrk2 led to dissociation of
Secl6A from dERES and impaired the activity-dependent transport of
glutamate receptors onto cell surface. We further evaluated the
impact of different LRRK2 functional domains and PD-related
missense mutations on the ERES localization of Sec16A and COPII
vesicle transport and found that a PD-related R1441C missense
mutation in the ROC domain of LRRK2 interfered with the interaction
of LRRK2 with Secl6A and impaired ER export. Together, these
findings reveal a new physiological function of LRRK2 that acts
upstream of Secl6A in the formation of ERES during ER-Golgi
transport, implying an involvement of ERES dysfunction in the
pathogenesis of PD.

Result
LRRK2 interacts and co-localizes with ERES protein Sec16A

In an effort to identify LRRK2-interacting proteins, we performed
mass spectrometric analyses of proteins that co-immunoprecipitated
(co-IPed) with LRRK2 in HEK293T cells transiently transfected
with amino-terminal myc-tagged human wild-type (WT) LRRK2
full-length cDNA (myc-WTLRRK2). We identified Sec16A, an ERES-
associated protein, was selectively pulled down with LRRK2
(Supplementary Fig S1A). We further confirmed the interaction of
endogenous Secl6A with myc-WTLRRK2 in transfected HEK293T
cells by co-IP (Fig 1A). The specificity of a custom-made Sec16A
antibody (HL7200) that recognizes both mouse and human Sec16A
proteins was verified in HEK293T cells transfected with either a
GFP-tagged human SecI16A full-length cDNA (GFP-Sec16A) or Secl6A
siRNA oligos (Supplementary Fig S1B and C). Moreover, we demon-
strate the association of LRRK2 with Secl6A in vivo by co-IP of
endogenous LRRK2 and Secl6A proteins from the brain extract of
Lrrk2 WT (Lrrk2*/*) but not knockout (Lrrk2™/~) mice using an
anti-LRRK2 antibody N138 (Fig 1B). By contrast, other ERES and
COPII vesicle-associated Sec proteins such as Sec31A, Sec23A, and
Sec24D proteins did not co-IP with LRRK2 (Fig 1A), indicating a
selective interaction between LRRK2 and Secl6A at the ERES.
Further experiments revealed the ROC domain of LRRK2 and the
central conserved domain (CCD) of Sec16A were responsible for the
interaction between LRRK2 and Sec16A (Fig 1C and D). A previous
study shows that Sec16A also binds to COPII component Secl3A
through its CCD (Whittle & Schwartz, 2010). To investigate whether
LRRK2 competes with Sec13A in binding with the CCD domain of
Secl6A, we performed in vitro recombinant protein binding assays
using FLAG-tagged Sec16A CCD (Flag-CCD) purified from HEK293
cells, and GST-tagged LRRK2 (GST-LRRK2) and His-tagged Sec13A
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(His-Sec13A) proteins prepared from E. coli. Consistent with the
early IP data, we found GST-LRRK2 and Flag-CCD recombinant
proteins co-IPed in this cell-free assay (Fig 1E). Furthermore, the
presence of GST-LRRK2 but not the control GST proteins suppressed
the binding of Sec13A with the CCD of Secl6A (Fig 1E and F).
Together, these co-IP experiments identify Sec16A as a new LRRK2-
interacting protein that binds to the ROC domain of LRRK2 through
its CCD domain.

Next, to determine whether LRRK2 and Secl6A co-localize at
ERES, we performed co-immunostaining of endogenous LRRK2 and
Secl6A in HeLa cells. An extensive overlap of LRRK2 and Secl6A
immunostaining was found in the juxtanuclear region of HeLa cells
with a few being scattered around the cytosol and cell periphery
(Fig 1G). In addition, co-immunostaining experiments also revealed
a substantial co-localization of LRRK2 with Sec31A, a well-
characterized ERES and COPII coat protein near the nucleus of HeLa
cells (Fig 1H). These results together demonstrate that endogenous
LRRK2 co-localizes with Sec16A at the ERES.

Two different LRRK2 antibodies, OC83A and N138 that recognize
both human and mouse LRRK2 protein (Cho et al, 2013), were used
to determine the subcellular localization of endogenous human
LRRK2 in HeLa cells (Supplementary Fig S1D and E). In addition,
LRRK2 also showed partial co-staining with ER and Golgi markers
calnexin and syntaxin 6 (Syn6), respectively (Supplementary Fig
S1F). Using an additional rabbit polyclonal antibody (4EC9E) against
endogenous mouse LRRK2 (Parisiadou et al, 2009), we observed a
similar juxtanuclear distribution of LRRK2 in Lrrk2*/* mouse fibro-
blast cells but not in Lrrk2™/~ cells (Supplementary Fig S1G).

To further confirm the localization of LRRK2 protein at ERES,
we also performed subcellular fractionation of HEK293T cells.
LRRK2 protein was present in the cytosol, microsome, and mito-
chondria fractions, but was more abundant in the microsome
fraction that was enriched with ERES and COPII proteins Sec31A
and Sec23A (Supplementary Fig S1H). Moreover, fast protein
liquid chromatography (FPLC) experiments revealed that the
majority of LRRK2 protein was co-eluted with Secl6A with a
corresponding molecular weight around 700 kDa (Supplementary
Fig S1I). Taken together, these data demonstrate that LRRK2
may form high molecular complex with Secl16A at the ERES.

LRRK2 regulates the juxtanuclear ERES localization of Sec16A

Secl6A is essential for ERES formation and COPII vesicle trafficking
(Yorimitsu & Sato, 2012). To investigate whether LRRK2 regulates
the function of Secl6A at ERES, we examined the subcellular
distribution of Sec16A in Lrrk2*/* and Lrrk2™/~ immortalized
mouse fibroblast cell lines obtained from newborn Lrrk2*/* and
Lrrk2~/~ pups (Law et al, 2014). A substantial reduction of juxtanu-
clear distribution of Sec16A was observed in the Lrrk2™/~ fibroblast
cell lines and primary fibroblasts compared to the controls (Fig 2A
and B; Supplementary Fig S2A). This alteration of Secl16A staining
in Lrrk2~/~ cells was further confirmed in Lrrk2*/* and Lrrk2~/~
fibroblast cell lines transfected with GFP-Secl6A (Supplementary
Fig S2B). We further performed immnuno-electron microscopy (EM)
of Secl6A on Lrrk2*/* and Lrrk2~/~ fibroblasts. We counted the
number of Sec16A-positive clusters with two or more gold particles
within 100 nm radius and measured the shortest distance between
two particles. We found fewer clusters but longer spacing between
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Figure 1. LRRK2 interacts and co-localizes with Sec16A at ERES.

Protein extracts from HEK293T cells transiently transfected with myc-LRRK2 WT were immunoprecipitated (IPed) with an anti-myc antibody and probed with

Lysates prepared from HEK293T cells transiently transfected with various myc-tagged LRRK2 domain constructs (LRR, ROC, COR, and RCK domains) were subjected
to immunoprecipitation with an anti-myc antibody and Western blot analyses with an anti-Sec16A antibody. The diagram outlines the structural domains of LRRK2

immunoprecipitation with an anti-myc antibody, followed by anti-GFP immunoblotting. Secl6AANC2 and Sec16AACCD+NC2 constructs contain residues 1-1,589
and 1-931 of Sec16A, respectively. The diagram shows the structural domains of Sec16A protein. NC1: non-conserved domain 1, CCD: central conserved domain,

Sec16A CCD and Sec13A recombinant proteins were co-IPed in the presence of LRRK2 or GST recombinant proteins (E). An arrow points to the non-specific band.

A
Sec16A, Sec31A, Sec23A, Sec24D, and myc antibodies. Two percent of total extracts were subjected to Western blot analyses as the input.

B Protein extracts from the cerebral cortex of Lrrk2*/* and Lrrk2~/~ mice were IPed with a LRRK2 antibody (N138) and probed with Sec16A antibody.

C
protein. LRR: leucine-rich repeat domain, ROC: Ras of complex proteins domain, COR: C-terminal of ROC domain, RCK: ROC, COR, and kinase domains.

D  Lysates obtained from HEK293T cells co-transfected with myc-LRRK2 and GFP-tagged Sec16A full-length and C-terminal deletion constructs were subjected to
NC2: non-conserved domain 2.

E [
The bar graph (F) depicts the binding affinity between Sec16A CCD and Sec13A competed with GST or LRRK2. The data are presented as means + SEM. N = 4
independent experiments. P < 0.05.

G HeLa cells were double-labeled with LRRK2 (red) and Sec16A (green) antibodies. Arrows point out the juxtanuclear localization of LRRK2 and Sec16A. Scale bar:
10 pm.

H

HeLa cells were co-stained with LRRK2 (red) and Sec31A (green) antibodies. Arrows point out the juxtanuclear localization of LRRK2 and Sec31A. Scale bar: 10 pum.

Source data are available online for this figure.

Sec16A did not affect the subcellular localization of LRRK2 (Supple-

the Secl6A-positive particles in Lrrk2~/~ cells (Fig 2C-E). These
immune-EM data are consistent with the observations with light
microscopy that Secl6A staining was more spreading in Lrrk2™/~
cells. On the other hand, either knockdown or overexpression of
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mentary Fig S2C and D). Taken together, these data indicate that
LRRK2 may act upstream of Sec16A in maintaining the juxtanuclear
ERES localization of Sec16A in cells.
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We next performed differential fractionation to determine
whether LRRK2 is important for the microsome association of
Secl6A. Cytosolic and microsome fractions were obtained from
Lrrk2™/* and Lrrk2~/~ mouse brain extracts and then assessed by
Western blot analyses, in which RHO protein GDP dissociation
inhibitor (RhoGDI) and Syn6 were used as the markers for the cyto-
sol and microsome fractions, respectively (Fukumoto et al, 1990;
Bock et al, 1997). Secl6A protein mainly resided in the microsome
fraction of Lrrk2*/" mouse brain extracts, whereas in Lrrk2~/~
mouse brain extracts, more Sec16A protein presented into the cyto-
sol fraction (Fig 2F). These results suggest that LRRK2 plays an
important role in anchoring Sec16A at ERES.

We also performed FPLC analyses of brain extracts prepared from
1-month-old Lrrk2*/* and Lrrk2~/~ mice to investigate whether the
molecular weight of Sec16A-containing protein complexes is shifted
under the Lrrk2 knockout condition. Indeed, a significant redistribu-
tion of Secl6A into lower molecular weight protein complex was
observed in Lrrk2~/~ mouse brain samples (Fig 2G). As a control,
the molecular weight of COPII vesicle inner layer protein Sec24D-
containing protein complex remained unchanged in Lrrk2~/~
samples (Fig 2G). Together these data provide evidence that LRRK2
is important in selectively interacting with Secl6A to form high
molecular weight protein complex at the ERES.

Loss of LRRK2 impairs the organization of ERES and COPII
vesicle formation

To further investigate the potential function of LRRK2 in ERES
formation and COPII vesicle transport, we examined the sub-
cellular distribution of Sec31A in Lrrk2~/~ fibroblasts. In control
Lrrk2™/* cells, Sec31A displayed typical ERES localization
concentrated near the nucleus, while less juxtanuclear enrichment
of Sec31A staining was also observed in Lrrk2™/~ fibroblasts
(Fig 3A and B). In addition, the diameter of Sec31A-positive COPII
vesicles in Lrrk2~/~ cells appeared larger compared with the
control cells (Fig 3C). The similarity between the alteration of
subcellular distribution of ERES and COPII proteins Secl6A and
Sec31A in Lrrk2~/~ cells further demonstrates the involvement of
LRRK2 in maintaining the normal structure and function of ERES
and COPII vesicles.

Similar to Sec16A protein, less Sec31A was detected in the micro-
some fraction of Lrrk2™/~ mouse brain extracts (Fig 3D). FPLC
experiments also revealed a significant shift of Sec31A-containing
protein complex to lower molecular weights in Lrrk2™/~ mouse
brain extracts (Fig 3E and F). Meanwhile, the overall expression
levels of Secl6A and Sec31A were comparable in Lrrk2*/* and
Lrrk2~/~ mouse brain extracts (Fig 3G). These results together
establish an important function of LRRK2 in anchoring ERES and
COPII vesicle-associated protein complex at the ERES.

Loss of Lrrk2 impairs ERES function and COPII vesicle transport

To investigate whether LRRK2 regulates COPII vesicle transport, we
examined the kinetics of export and subsequent transport of vesicu-
lar stomatitis virus G protein tagged with green fluorescent protein
(VSVG-GFP), a well-characterized ER-Golgi export reporter (Presley
et al, 1997), in Lrrk2*/* and Lrrk2~/~ fibroblast cells. In control
Lrrk2™/* fibroblasts, VSVG-GFP became clearly present at the ERES
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S min after permissive temperature, reached the Golgi complex by
20 min, and mostly arrived at the cell surface by 120 min (Fig 4A
and B). By contrast, in Lrrk2~/~ cells, VSVG-GFP exhibited signifi-
cant delay in transporting from ER to cell surface (Fig 4A and B). It
has been shown previously that PD-related mutant o-synuclein
impairs the transport of nicastrin from ER to Golgi (Chung et al,
2013). We then compared the ER-Golgi transport of endogenous
protein nicastrin in Lrrk2*/* and Lrrk2™/~ fibroblast cells using an
Endo H assay. We treated Lrrk2*/* and Lrrk2~/~ cell extracts with
or without Endo H and then examined the expression of various
forms of nicastrin by Western blot. We found more ER form of nicas-
trin in the Lrrk2~/~ cell extracts (Fig 4C and D). In addition, we
performed in vitro budding assay using microsomes purified from
Lrrk2*/* and Lrrk2~/~ mouse fibroblasts. Using ER-Golgi inter-
mediate compartment (ERGIC) marker protein ERGIC-53/58 as the
readout, we found the budding reaction was attenuated in Lrrk2~/~
cells as compared to the controls (Fig 4E). As controls, the total
level of ERGIC-53/58 was comparable between Lrrk2*/* and
Lrrk2™/~ cell lysates (Fig 4E). Our data suggest that LRRK2 may
facilitate ERES-mediated COPII transport via maintaining the
normal organization of ERES through association with ERES
residential protein Sec16A.

A previous report also shows that Sec16A-deficient cells display
fragmented and dispersed Golgi structure due to the dysfunction of
ERES-mediated COPII vesicle transport (Watson et al, 2006). In
accordance with this early finding, Golgi apparatus, which formed a
compact ribbon structure near the nucleus of Lrrk2*/* fibroblasts
visualized by Golgi marker giantin staining, became scattered more
widely around the nucleus of Lrtk2™/~ cells (Fig 4F and G). A simi-
lar scattering of ERGIC revealed by ERGIC-53/58 staining was also
found in Lrrk2™/~ fibroblast cells (Fig 4H). Taken together, these
observations further support the involvement of LRRK2 in ERES-
mediated COPII vesicle transport.

Impaired ERES organization and COPII vesicle transport in Lrrk2
R1441C knock-in cells

To investigate the effects of PD-associated familial mutations on the
interaction between LRRK2 and Secl6A, we conducted co-IP
analyses in HEK293T cells transiently transfected with myc-tagged
WT and PD-related G2019S, R1441C, G2385R, and Y1669C LRRK2
expression constructs. Interestingly, the R1441C missense mutation
in the ROC domain of LRRK2 impaired the interaction with Secl6A,
while other PD-related LRRK2 mutations showed comparable interac-
tion with Secl6A as the WT protein (Fig 5A). Furthermore, a
GTPase-dead missense mutation at the ROC domain of LRRK2
(K1347A) also compromised the interaction of LRRK2 with Secl6A,
whereas a LRRK2 kinase-dead missense mutation D1994N had no
impact on the interaction with LRRK2 (Supplementary Fig S3A). To
further investigate whether R1441C LRRK2 compromises the function
of Sec16A in ER-Golgi transport, we examined the subcellular distri-
bution of Secl6A and Sec31A proteins in primary fibroblast cells
derived from R1441C Lrrk2 homozygous knock-in (RC/RC) mice
(Tong et al, 2009). Similar to what happened in Lrrk2~/~ fibroblast
cells, more diffused cytosolic staining of Sec16A and Sec31A proteins
was observed in Lrrk2R®/RC cells (Fig 5B). FPLC experiments further
revealed the reduced Secl6A-containing high molecular weight

protein complex in Lrrk2R“/R¢ mouse brain extracts (Supplementary
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Figure 2. The subcellular distribution of Sec16A is altered in LRRK2-deficient cells.

A, B Immunostaining of Sec16A in immortalized fibroblasts derived from Lrrk2*'* and Lrrk2~/~ mice (A). Images in a/b are of a high magnification from the boxed areas.
N marks the location of nucleus. The line graph shows the distribution of Sec16A signal intensity from the edge of nucleus to the cell periphery. Scale bar: 10 pm.

C-E Immuno-EM shows Sec16A distribution in Lrrk2** and Lrrk2~/~ fibroblast cell lines (C). Ellipses encircle Sec16A-positive particles. Bar graph shows the distribution
of Sec16A-positive clusters with two or more particles in Lrrk2*"* and Lrrk2~'~ cells (D). P < 0.05. Scatter plot depicts the shortest distance between two adjacent
Sec16A-positive particles in Lrrk2** and Lrrk2~/~ cells (E). ***P < 0.001.

[ Western blot analyses show Sec16A in the cytosol and membrane fractions of 1-month-old Lrrk2*"* and Lrrk2~/~ mouse brains. Rho GDP dissociated inhibitor
(RhoGDI) and syntaxin 6 (Syn6) were used as the markers for the cytosol and membrane fractions, respectively. Bar graphs show the ratio of Sec16A in membrane
versus cytosol fractions. Data are presented as means = SEM for three independent experiments. **P < 0.01, ***P < 0.001.

G Fast protein liquid chromatography (FPLC) analyses of Sec16A and Sec24D in 1-month-old Lrrk2*"* and Lrrk2~'~ mouse brain extracts. Line graphs show the
distributions of Sec16A and Sec24D in each elute versus the sum of total elutes.

Source data are available online for this figure.
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Figure 3. The subcellular distribution of COPII protein Sec31A is altered in Lrrk2-deficient cells.

A-C Immunostaining of Sec31A in Lrrk2*"* and Lrrk27/~ primary fibroblasts (A). Bottom panels show the enlargement of the boxed areas in the top panels. N indicates
the location of the nucleus. Scale bar: 10 um. Line graph shows the distribution of Sec31A signal from the edge of nucleus to the cell periphery (B). Bar graph
depicts the diameter of Sec31A-positive puncta in Lrrk2*"* and Lrrk2™'~ cells (C). Data are presented as means + SEM. 10-15 cells were analyzed for each

genotype. *P < 0.05.

D Western blot analyses of Sec31A in the cytosol and microsome fractions of Lrrk2*"* and Lrrk2~'~ mouse brains. RhoGDI and Syn6 were used as the marker for the
cytosol and microsome fractions, respectively. Bar graphs show the ratio of Sec31A in the microsome fraction versus the cytosol fraction. Data are presented as

means £ SEM for three independent experiments. ***P < 0.001.

E, F FPLC analysis of Sec31A in Lrrk2*"* and Lrrk2~'~ mouse brain extracts (E). Line graph shows the distributions of Sec31A in each elute versus the sum of total elute

(F).

G Western blots show Sec16A, Sec24D, Sec31A, LRRK2 expression in the whole-brain extracts of 1-month-old Lrrk2*"* and Lrrk2 '~ mice. The expression of actin was

used as the loading control.

Source data are available online for this figure.

Fig S3B). Moreover, we found that the delivery of VSVG-GFP from
ER to the cell surface was significantly delayed in Lrrk2R¢/RC cells
(Fig 5C and D). Meanwhile, no significant alteration of LRRK2
subcellular distribution was observed in Lrrk2R“/R€ cells as compared
to control Lrrk2*/™ cells (Supplementary Fig $3C). In addition, the
overall expression of Secl6A was comparable between the control
(+/+4) and Lrrk2R“/*¢ mouse brains (Supplementary Fig S3D).

In support of the notion that loss of Lrrk2 leads to the subcellular
redistribution of Sec16A, reintroduction of myc-WTLRRK2 by tran-
sient transfection restored the juxtanuclear ERES localization of
endogenous Secl6A in Lrrk2™/~ primary fibroblasts (Supplementary
Fig S3E). Similarly, transfection of myc-WTLRRK2 also improved the
association of endogenous Secl6A onto the ERES of Lrrk2R¢/RC
primary fibroblasts (Supplementary Fig S3F). By contrast, both myc-
R1441C and myc-K1347A LRRK2 failed to recruit Secl6A at the
ERES in Lrrk2~/~ cells (Supplementary Fig S3G and H). On the other
hand, a kinase-dead D1994N and PD-related G2019S, G2385R, and
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Y1669C missense mutations were able restore the juxtanuclear
localization of Secl6A in Lrrk2~/~ cells (Supplementary Fig S3I-L).
It is noticeable that the level of Sec16A staining was stronger in cells
transfected with LRRK2 (Supplementary Fig S3E, F, I-L). The
stronger Secl6A staining may reflect more Secl6A proteins were
associated with ERES and membrane structures in these cells since
most cytosolic proteins would lose after methanol fixation.
Together, these data demonstrate the ROC domain of LRRK2 is
important in anchoring Secl16A at ERES organization, suggesting
that LRRK2 R1441C missense mutation may impair the ER-Golgi
secretory pathway in the pathogenesis of PD.

LRRK2 is co-localized with Sec16A at somatic and dendritic ERES
in hippocampal neurons

We next investigated whether LRRK2 is co-localized with Sec16A at
ERES in neurons. Co-immunostaining of LRRK2 and Secl6A in
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Figure 4. COPII transportation is impaired in LRRK2-deficient cells.

A, B Tracing of VSVG-GFP in transfected Lrrk2** and Lrrk2~/~ fibroblasts at different time points (A). Asterisks indicate the nuclei. Bar graph shows the ratio of surface
VSVG-GFP versus the total VSVG-GFP in cells at different time points (B). Data are presented as means + SEM. Of 15 cells were analyzed for each genotype per
time point. ***P < 0.001. Scale bar: 10 pum.

C, D Western blot shows the ER form of nicastrin in Lrrk2*"* and Lrrk2~/~ fibroblasts after treated with Endo H (C). Bar graph depicts the ratio of ER to non-ER forms of
nicastrin in Endo H-treated cells (D). Data are presented as means + SEM. N = 5 independent experiments. *P < 0.05.

E In vitro budding assay shows the levels of ERGIC-53/58 derived from Lrrk2*"* and Lrrk2~/~ microsomes purified from mouse fibroblasts. The expression of ERGIC-53/
58 in total cell lysates was also examined by Western blot. Actin was used as the loading control. Bar graph depicts the ratio of budding ERGIC-53/58 in Lrrk2~!~
microsomes normalized against Lrrk2*"* controls from three independent experiments.

F, G Representative images show Golgi marker giantin (green) staining in Lrrk2*"* and Lrrk2~'~ fibroblasts (F). Nucleus was labeled with Topro3. Scale bar: 10 pum. Bar
graph depicts the number of discrete Golgi elements in each genotype type (G). Data are presented as means + SEM. Of 25 cells were analyzed for each genotype.
***p < 0.001.

H Immunostaining of ERGIC-53/58 in fibroblasts derived from Lrrk2*"* and Lrrk2~'~ mice. Scale bar: 10 um.

Source data are available online for this figure.

cultured Lrrk2*/* mouse hippocampal neurons revealed discrete In addition to somatic ERES, neurons also possess dendritic ERES
LRRK2-positive signals scattered in the soma, of which around 20% (dERES), which contain typical components of COPII vesicles, such
of LRRK2-labeled puncta showed co-staining with Sec16A (Fig 6A). as Sec23/Sec24, Secl13/Sec31, and GTPase Sarl (Aridor et al, 2004).
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Figure 5. Secl6A subcellular distribution and COPII vesicle transport are affected in Lrrk2 R1441C knock-in fibroblasts.

A Co-immunoprecipitation of Sec16A and LRRK2 with an anti-myc antibody in HEK293T cells transiently transfected with myc-tagged WT and PD-related G2019S,
R1441C, G2385R, and Y1699C mutant LRRK2 constructs. The non-transfected cells served as the negative control (Ctrl). The non-specific bands were marked by

asterisk.

B Representative images show Secl6A and Sec31A staining in Lrrk2** and Lrrk2R</RC fibroblasts. Scale bar: 10 um.
C,D Tracing of VSVG-GFP in transfected Lrrk2** and Lrrk2R</R< fibroblasts at multiple time points (C). Asterisks indicate the nuclei. Bar graph shows the ratio of surface
VSVG-GFP versus the total VSVG-GFP in cells at different time points (D). Data are presented as means & SEM. 15 cells were analyzed for each genotype and time

point. ***p < 0.001.

Source data are available online for this figure.

The dERES is critical in the assembly and export of dendritic
proteins (Horton & Ehlers, 2004). Interestingly, we observed a
substantial overlap of LRRK2 and Secl6A staining as small puncta
along the dendrites of cultured Lrrk2*/* mouse hippocampal
neurons (Fig 6B). Similarly, we found LRRK2 was co-localized with
Sec31A at the small puncta in dendrites (Fig 6C). These observa-
tions demonstrate the presence of LRRK2 and Sec16A at the ERES in
neurons, especially at the dERES.

Secl6A is detached from the dERES in dendrites
of Lrrk2~/~ neurons

We showed earlier that LRRK2 plays an important role in anchoring
Secl6A onto ERES in mouse fibroblasts (Fig 2). To determine
whether LRRK2 is also responsible for anchoring Sec16A at dERES in
neurons, we compared the subcellular localization of Secl6A in
dendrites of Lrrk2*/* and Lrrk2~/~ hippocampal neurons after
21 days in culture (DIV21). Neurons were co-transfected with GFP-
Secl16A and membrane-bound fluorescent protein mCherry. The
expression of mCherry helps to illuminate the contour of dendritic

Published 2014. This article is a U.S. Government work and is in the public domain in the USA

shaft and spines (Zhong et al, 2009). In Lrrk2*/" neurons, the
Secl6A-positive punctate staining was exclusively distributed along
the dendritic shaft, and no Secl6A staining was detected within
dendritic spines (Fig 7A). By contrast, in Lrrk2~/~ neurons, the
Secl6A staining displayed an evenly distribution pattern in both
dendritic shaft and spines and showed extensive overlap with
mCherry (Fig 7B). These data suggest that LRRK2 may play an
important role in retaining Sec16A at dERES, whereas loss of Lrrk2
impairs the association of Sec16A with dERES.

To further investigate whether Sec16A remains associated with
ER in Lrrk2~/~ neurons, we co-transfected cultured Lrrk2*/* and
Lrrk2~/~ hippocampal neurons with red fluorescent protein (RFP)-
tagged ER tubular protein Sec61p and GFP-Secl6A. In Lrrk2*/™
neurons, GFP-Secl6A-associated small puncta decorated along the
Sec61p-positive ER tubules located mainly within the dendritic shaft
(Fig 7C). In Lrrk2~/~ neurons, while Sec61p signals remained
strictly within the dendritic shaft, Sec16A staining was presented in
both the dendritic shaft and spines, indicating that a pool of Sec16A
within the dendritic spines was detached from the ER and stays in
the cytosol (Fig 7D). These results suggest that loss of Lrrk2 may
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Figure 6. LRRK2 co-localizes with Sec16A proteins at the dERES of
cultured hippocampal neurons.

A, B Representative images show LRRK2 (green) and Sec16A (red) staining in
the soma (A) and dendrites (B) of Lrrk2*'* hippocampal neurons at 14DIV.
Neurons were marked by staining with an antibody (Tuj1) against BllI-
tubulin (blue). Scale bar: 10 pm.

C Representative images show of LRRK2 (green) and Sec31A (red) in
dendrites of hippocampal neurons at 14DIV. Neurons were visualized by
staining with an antibody (Tuj1) against BllI-tubulin (blue). Scale bar:

10 pm.

not affect the overall dendritic ER structure in neurons, but may fail
to maintain Sec16A at the dERES.

We next examined the impact of LRRK2 R1441C mutation on the
distribution of Sec16A in dendrites of cultured Lrrk2*¢/R€ hippocam-
pal neurons transfected with GFP-Sec16A, mCherry, and RFP-
Sec61p. Similar to its distribution pattern in Lrrk2~/~ neurons,
Secl6A signal was found in both the dendritic shaft and dendritic
spine of Lrrk2R“/RC€ neurons, while the distribution of ER tubular
protein Sec61B remained exclusively along the dendritic shaft
(Fig 7E and F). These observations indicate that PD-related R1441C
mutation may also impair the anchoring of Sec16A by LRRK2 at the
dERES in neurons.

Loss of LRRK2 impairs the activity-dependent targeting of NMDA
receptors to cell surface

N-methyl-D-aspartate (NMDA)-type glutamate receptors (NMDARs)
are critical for synaptic transmission and plasticity (Malenka &

The EMBO Journal Vol 33| No 20| 2014
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Nicoll, 1993). Increasing evidence suggests that NMDARs are
transported to the synaptic surface mainly through the dERES-
dependent secretory pathway (Aridor et al, 2004; Jeyifous et al,
2009). In addition, the cell surface targeting of NMDRs is regu-
lated by synaptic and neuronal activities, in which chronic inhibi-
tion of neuron activities leads to increase cell surface targeting of
NMDARs (Rao & Craig, 1997; Crump et al, 2001; Mu et al, 2003).
Consistent with these earlier findings, we found that tetrodotoxin
(TTX) treatment, which suppresses the neuronal activities, led to
a significant increase of cell surface localization of NMDAR
subunits NR1, NR2A, and NR2B in cultured neurons (Fig 8A-D).
However, the extent of TTX-induced cell surface targeting of
NMDARs was significantly decreased in Lrrk2~/~ neurons
compared to the Lrrk2*/" ones (Fig 8A-D). By contrast, the
surface targeting of o-amino-3-hydroxyl-5-methyl-4-isoxazoleprop-
ionic acid (AMPA)-type glutamate receptors (AMPARs), GluR1
and GluR2, was comparable between TTX-treated Lrk2*/* and
Lrrk2~/~ neurons (Supplementary Fig S4A and B). Meanwhile,
bicuculline treatment, which increases neuronal activity, showed
no significant impact on NR1, NR2A, and NR2B surface targeting
in both Lrrk2*/* and Lrrk2~/~ neurons (Fig 8A-D). We further
examined the cell surface targeting of NR2B in Lrrk2R</R¢
neurons treated with vehicle or TTX and observed a significant
reduction of TTX-induced NR2B translocation at cell surface in
Lrrk2R“/RE neurons compared to Lrrk2*/*  neurons (Fig 8E,
Supplementary Fig S4C). These data suggest that TTX-induced cell
surface targeting of NMDARs is selectively compromised in
Lrrk2™/~ and Lrrk2R¢/R€ neurons.

Our findings from neurons further support the notion that
LRRK2 is important in anchoring Secl6A at ERES. Interestingly,
the dynamic ends of microtubules also enrich at the base and
stem of dendritic spines, while LRRK2 prefers to bind with the
dynamic end of microtubules (Jaworski et al, 2009; Law et al,
2014). LRRK2 may anchor the dERES near the dendritic spines
through interaction with the dynamic ends of microtubules and
facilitates the cargo transport from dERES to the dendritic spines
in response to strong neuron activation, whereas the impairment
of surface targeting of NMDARs in TTX-treated Lrrk2~/~ and
Lirk2R%/RC neurons may reflect a dysfunction of dERES-mediated
protein transport induced by the redistribution of Secl16A from
dERES (Fig 8F).

Discussion

There is increasing evidence that LRRK2 participates retrograde
vesicle transport in endosomes and lysosomes through interacting
with Rab5, Rab7, Rab7L, and other proteins (Heo et al, 2010;
Dodson et al, 2012; MacLeod et al, 2013; Beilina et al, 2014). Our
study is the first to demonstrate the involvement of LRRK2 in the
ER-Golgi anterograde vesicle transport. LRRK2 may play impor-
tant roles in both anterograde and retrograde secretory pathways.
In the present study, we identified LRRK2 as an upstream regula-
tor of Secl6A in regulating ERES formation and COPII vesicle
transport. A loss of Lrrk2 altered both the association of Secl6A
with ERES and the clustering of ERES near the nucleus. The
change in ERES organization may contribute to the impairment
of cargo transport from ER to Golgi observed in Lrrk2™/~ cells.
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Figure 7. Alteration of Sec16A subcellular distribution in dendrites of Lrrk2~/~ and Lrrk2R¢/R¢ hippocampal neurons.

A B Representative images show subcellular localization of Sec16A in dendrites of Lrrk2** (A) and Lrrk2~/~ (B) hippocampal neurons (21DIV) co-transfected with GFP-
Sec16A and mCherry. The bottom panels show enlargement of the boxed areas in the top panels. Arrows point to the dendritic spines. Scale bar: 10 pum. Line
graphs show the distribution of signal intensities of GFP-Sec16A and mCherry along the dash line crossing both dendritic spines and shaft.

C,D Representative images show subcellular localization of Sec16A in dendrites of Lrrk2** (C) and Lrrk2~/~ (D) hippocampal neurons (21DIV) co-transfected with GFP-
Sec16A and RFP-Sec61f. The bottom panels show enlargement of the boxed areas in the top panels. Scale bar: 10 pm.

E,F Images show the subcellular localization of Sec16A in dendrites of Lrrk2*“/R¢ hippocampal neurons (21DIV) co-transfected with GFP-Sec16A and mCherry (E), as
well as GFP-Sec16A and RFP-Sec61f(F). The bottom panels show enlargement of the boxed areas in the top panels. Scale bar: 10 um.

Interestingly, PD-related LRRK2 R1441C missense mutation that by inhibiting the docking and fusion of COPII vesicles with Golgi
comprises the interaction of LRRK2 with Secl6A also causes a (Cooper et al, 2006; Gitler et al, 2008). In addition, our early
similar impairment in ERES formation and function. PD-related o- study demonstrates that co-expression of both PD-related mutant
synuclein has been shown previously to block ER-Golgi transport a-synuclein and LRRK2 exacerbates Golgi fragmentation in
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A Western blots show the levels of biotinylated cell surface and total NMDAR subunits NR1, NR2A, and NR2B in cultured Lrrk2*/* and Lrrk2~/~ cortical neurons
(14DIV) treated with vehicle (vhcl), tetrodotoxin (TTX), and bicuculline (Bic), respectively. BllI-tubulin was used as the loading control for the lysate.

B-D Bar graphs show the ratio of NR1 (B), NR2A (C), and NR2B (D) at cell surface versus total proteins. The data from TTX and Bic-treated samples were normalized
with vehicle-treated samples. Three and six independent experiments were performed on Lrrk2*"* and Lrrk2~'~ neurons, respectively. Two-way ANOVA shows
significant interaction between genotype and TTX treatment for NR1 (F = 17.49, P = 0.0013), NR2A (F = 9.07, P = 0.027), and NR2B (F = 6.68, P = 0.022). *P < 0.05.

**P < 0.01.

E Bar graph shows the ratio of NR2B at cell surface versus total proteins from vehicle and TTX-treated cultured Lrrk2*"* and Lrrk2R/RE cortical neurons (14DIV). The
data from TTX-treated samples were normalized with vehicle-treated samples. Three independent experiments were performed on Lrrk2*"* and Lrrk2*</R¢ neurons.
Two-way ANOVA shows significant interaction between genotype and TTX treatment for NR2B (F = 12.37, P = 0.0079). **P < 0.01.

F Schematic diagram illustrates a working model on how activity-dependent surface trafficking of NMDARs is impaired by redistribution of Sec16A in Lrrk2~'~ and
Lrrk2%/R¢ neurons. LRRK2 may anchor the dERES near the dendritic spines through interaction with the dynamic ends of microtubules that are enriched at the
base of dendritic spines (Jaworski et al, 2009), and facilitates the cargo transport from dERES to the dendritic spines in response to strong neuron activation.

Source data are available online for this figure.

neurons of transgenic mice (Lin et al, 2009). These findings indi-
cate that both PD-related a-synuclein and LRRK2 are involved in
early ER export, of which LRRK2 regulates the initial formation of
ERES and COPII vesicles through interaction with ERES protein

Secl6A, whereas a-synuclein works on the later stages of COPII
vesicle fusion with cis-Golgi. Our study also suggests a potential
loss-of-function mechanism of the LRRK2 R1441C mutation in the
pathogenesis of PD.
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LRRK2 co-localizes with Sec16A at ERES

Previous studies indicate the presence of LRRK2 in cytosol and vari-
ous membrane structures, such as synaptic vesicles, multivesicular
bodies, lysosomes, Golgi apparatus, plasma membrane, mitochon-
dria, and ER (Biskup et al, 2006; Hatano et al, 2007; Alegre-
Abarrategui et al, 2009; Mandemakers et al, 2012; Matta et al, 2012).
However, it is worth pointing out that many of early studies were
performed in heterologous overexpression systems, which may not
faithfully recapitulate the subcellular localization of endogenous
LRRK2 protein. In the present study, we found endogenous LRRK2
is co-localized with endogenous Secl6A and Sec31A at ERES in
HeLa cells, primary and immortalized fibroblasts, and neurons. We
further confirmed these observations using Lrrk2~/~ cells as the
negative controls. Besides immunocytochemistry, we also
performed a number of complementary biochemical assays that
further establish the physical association of LRRK2 with Sec16A in
the same protein complex. A structural study shows that Secl6A
binds to Sec13A to form edge elements similar to those formed by
Secl13-31, suggesting the interaction of Secl3-16 with Sec23-24 at
the ERES may set up the platform for the eventual COPII cage poly-
merization of Sec13-31 and Sec23-24 proteins (Whittle & Schwartz,
2010). A competition of LRRK2 with Secl13A in binding with the
CCD of Secl6A raises an interesting perspective that LRRK2 may
involve in COPII vesicle formation at the ERES, although the
detailed mechanism remains to be determined. Together, these find-
ings demonstrate that LRRK2 interacts and co-localizes with Sec16A
at ERES, suggesting that LRRK2 may play an important role in regu-
lating ERES formation and COPII vesicle transport.

LRRK2 acts upstream of Sec16A in the formation of ERES

Secl6A serves as a molecular scaffold required for the formation
and function of ERES in ER export (Miller & Barlowe, 2010).
However, less is known about what acts upstream of Secl6A that
recruits Sec16A onto ERES at the first place. While the loss or over-
expression of Sec16A has no effect on the juxtanuclear distribution
of LRRK2 in cells, the depletion of LRRK2 leads to dispersion of
Secl6A into cytosol, suggesting that LRRK2 may function as a
scaffolding protein at the ER surface prior to the recruitment of
Secl6A in ERES formation.

A previous study shows that extracellularly regulated kinase 7
(ERK?) regulates the level of Sec16A at ERES upon serum or amino
acid starvation, in which ERK7 phosphorylates the C-terminus of
Secl6A that leads to the dispersion of Sec16A into cytosol and inhib-
its protein secretion (Zacharogianni et al, 2011). Unlike ERK?Z7,
LRRK2 binds to the middle CCD domain of Secl6A and recruits
Secl6A onto ERES under the normal cell culture condition. In addi-
tion, the kinase activity of LRRK2 seems not required in regulating
the association of Secl6A with ERES, since the introduction of
LRRK2 kinase-dead mutation (D1994N) can also restore the juxtanu-
clear localization of Sec16A in Lrrk2~/~ cells. Besides Sec16A, there
also exists Sec16B, a shorter isoform of Secl6A in the mammalian
cells (Bhattacharyya & Glick, 2007). However, Sec16B may have a
different role in ER export compared to Sec16A, since Sec16B cannot
compensate for the loss of Secl6A in cells (Budnik et al, 2011). In
line with this view, LRRK2 shows no interaction with Secl6B
(Supplementary Fig S5), suggesting that LRRK2 may selectively

Published 2014. This article is a U.S. Government work and is in the public domain in the USA

The EMBO Journal

form molecular complex with Sec16A in the formation of ERES in
cells. Taken together, our findings establish LRRK2 as a key
upstream scaffold protein at ER that may selectively anchor Sec16A
during the formation of ERES under the normal cellular condition.
LRRK2 regulates microtubule and actin dynamics especially in
developing neurons (Parisiadou & Cai, 2010). Microtubules are
essential in ER-to-Golgi transport (Presley et al, 1997). There is
substantial evidence demonstrating that microtubules associate with
ERGIC and mediate the vesicle transport via dynein and kinesin
motor proteins from ERGIC to Golgi (Appenzeller-Herzog & Hauri,
2006). However, whether microtubules directly contribute to the
vesicle transport from ERES to ERGIC is less clear (Zanetti et al,
2012). On one hand, depolymerization of microtubules seems not
affect the transport of COPII cargos from ERES to ERGIC, suggesting
a microtubule-independent mechanism of ERES export to ERGIC
(Presley et al, 1997; Scales et al, 1997; Hammond & Glick, 2000).
On the other hand, Watson and colleagues show that ERES co-
localizes with microtubules and can rapidly associate with the newly
polymerized microtubules (Watson et al, 2005). Dynactin p1508'¢d,
a microtubule plus end binding protein, mediates the association of
ERES with the dynamic end of microtubules through interaction
with COPII protein Sec23A at ERES (Watson et al, 2005). Interest-
ingly, a recent study also demonstrates that LRRK2 preferentially
binds to the dynamic microtubules that undergo rapid polymeriza-
tion and depolymerization (Law et al, 2014). LRRK2 may play a
similar role as p1508"® in association with both ERES protein
Sec16A and microtubule network. Like p1508™°d, the binding of
LRRK2 with the dynamic microtubules may direct the clustering of
Secl6A and other ERES proteins at the vicinity of nucleus. To test
this hypothesis, we treated Lrrk2*/* and Lrrk2~/~ fibroblasts with
microtubule-depolymerizing agent nocodazole and microtubule-
polymerizing agent taxol. Nocodazole treatment caused dispersion
of Sec16A staining in Lrrk2™/" cells, a phenomenon similar to non-
treated Lrrk2~/~ fibroblasts (Supplementary Fig S6A). In parallel,
nocodazole treatment led to further dispersion of Secl16A staining in
Lrrk2™/~ fibroblasts, which showed a rather homogenous staining
pattern in Lrrk2~/~ cells (Supplementary Fig S6B). By contrast, taxol
treatment did not significantly alter the subcellular distribution of
Secl6A in Lrrk2*/" fibroblasts, but appeared to increase the
clustering of Secl6A staining near the nucleus of Lrrk2™/~ cells
(Supplementary Fig S6). However, the treatment of taxol did not
fully restore the juxtanuclear clustering of Sec16A in Lrrk2~/~ cells
compared to the non-treated Lrrk2*/* fibroblasts (Supplementary
Fig S6). It is worth to point out that a lack of Lrrk2 did not cause
overt disruption of microtubule network compared cells treated with
nocodazole (Supplementary Fig S6B). Nonetheless, taxol may still
help to stabilize and align microtubules in the absence of Lrrk2,
which may allow the stable microtubules concentrate near the
nucleus (Supplementary Fig S6B). ERES has been shown to attach
to the stable microtubules (Mizuno & Singer, 1994). We suspect that
one function of LRRK2 is to direct the attachment of ERES protein
complex to the dynamic ends of microtubules, which may contrib-
ute to the clustering of ERES near the nucleus. In addition, LRRK2 is
also important in anchoring Sec16A at ERES. A loss of Lrrk2 led to
more Secl6A into cytosol and less attached to the microsomes. Our
findings raise an interesting perspective that LRRK2 may play two
roles in organizing ERES. The first one is to bind with Sec16A and
facilitate the attachment of Sec16A with ERES. The second one is by
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binding with the dynamic end of microtubules, LRRK2 not only
stabilizes the microtubules but also establishes the polarity of ERES
clustering in the vicinity of nucleus. Together, our study suggests
that LRRK2 plays an important role in clustering ERES proteins near
the nucleus through association with both Sec16A and the dynamic
ends of microtubules.

LRRK2 regulates COPII vesicle trafficking

ERES facilitate the generation of COPII vesicles containing cargo
proteins, which then form larger vesicular tubular transport carriers
by vesicle fusion that travel along microtubules to merge with Golgi
apparatus for the completion of cargo protein transport (Miller &
Barlowe, 2010). Since Secl6A is essential in the formation of ERES
and COPII vesicle secretion (Watson et al, 2006; Hughes et al,
2009), we suspect that LRRK2 may regulate the COPII vesicle trans-
port mainly through anchoring Sec16A at ERES. The dispersion of
juxtanuclear ERES cluster in Lrrk2~/~ cells may thereby compro-
mise the effectiveness of COPII vesicle formation at ERES, a
phenomenon that has been extensively described in the Secl6A-
deficient cells (Connerly et al, 2005; Watson et al, 2006). Consis-
tently, we present multiple lines of evidence demonstrating that
Lrrk2 depletion impairs the proper formation of ERES at the initial
stage of COPII vesicle trafficking, including the increase of cytosolic
distribution of Sec16A and Sec31A and the alteration of Sec16A and
Sec31A protein complex formation in Lrrk2~/~ cells. Therefore, our
findings establish a new function of LRRK2 that regulates COPII
vesicle transport through anchoring of Sec16A at ERES clustered
near the nucleus of cells.

The impact of PD-related LRRK2 R1441C mutation on Sec16A
ERES localization and COPII vesicle transport

Secl6A interacts with the ROC domain of LRRK2 that displays
GTPase activities (Li et al, 2007). The PD-related R1441C missense
mutation locates in the ROC domain of LRRK2 that disrupts the
binding of LRRK2 with Secl6A. As a result, homozygous Lrrk2
R1441C knock-in cells show a similar dispersion of Secl6A into
cytosolic space and impairment of COPII vesicle transport as
happened in Lrrk2~/~ cells. The LRRK2 R1441C missense mutation
also impairs the GTPase activities of LRRK2 (Guo et al, 2007; Li
et al, 2007). However, whether the LRRK2’s GTPase activity regu-
lates the ERES localization and function of Sec16A remains unclear.
The K1347A missense mutation that abolishes the GTPase function
of LRRK2 also disrupts the interaction of LRRK2 with Sec16A and
fails to anchor Sec16A at the ERES. Therefore, it remains interesting
to identify LRRK2 mutations that lack the GTPase activity but
preserve the association with Sec16A to evaluate the contribution of
GTPase activity of LRRK2 to ERES formation and function.

The ROC domain of LRRK2 shares homology with the GTPase
domain of Sarl (data not shown). The activation of Sarl GTPase
activities results in the assembly of COPII vesicle coat proteins at
the ERES membranes (Watson et al, 2006). A previous report also
shows that Secl16A interacts with Sarl and may indirectly regulate
the Sarl activity (Yorimitsu & Sato, 2012). Although the relationship
between Secl16A and Sarl remains to be clarified Sec16A may likely
act upstream of Sarl in COPII vesicle transport at ERES (Yorimitsu
& Sato, 2012). In addition to the GTPase domain, LRRK2 also
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possesses a kinase domain (West et al, 2005). The PD-related
G2019S missense mutation increases the kinase activity of LRRK2,
while the D1994N mutation diminishes the kinase activity of
LRRK2 (Smith et al, 2006). We found the D1994N mutation can
restore the juxtanuclear ERES localization of Secl6A in Lrrk2~/~
cells, suggesting the kinase activity of LRRK2 may not directly
regulate the association of Secl6A with LRRK2 at ERES. These
observations also suggest that different PD-related LRRK2 mutations
perhaps cause the disease through different pathogenic pathways.
Noticeably, PD patients carrying LRRK2 mutations also display
pleomorphic pathological phenotypes (Bonifati, 2006; Whaley et al,
2006), implicating a diverse molecular and cellular pathogenic
pathways induced by different LRRK2 mutations.

LRRK2 regulates the formation and function of dERES in neurons

In neurons, there exist two secretory pathways for transport of
proteins to dendritic spines (Ramirez & Couve, 2011). The canoni-
cal pathway includes the formation of secretory vesicles at the
centralized ERES and Golgi compartment in the soma and then the
movement of secretory vesicles along the microtubule network to
deliver the proteins to the dendritic spines (Kennedy & Ehlers,
2006). Alternatively, dendritic proteins can be transported locally
from dERES to Golgi outpost in dendrites (Horton & Ehlers, 2004).
Accumulating evidence demonstrates the significance of local
dendritic protein transport that employs the same COPII vesicle
trafficking machinery transporting proteins from dERES to Golgi
outpost and eventually to dendritic surface (Aridor et al, 2004;
Horton & Ehlers, 2004; Ramirez & Couve, 2011). The dERES
controls the assembly and export of dendritic proteins, particularly
the NMDARs (Jeyifous et al, 2009). In agreement with these early
studies, we found that loss of Lrrk2 causes dispersion of Secl6A
from dERES and impairs the activity-dependent trafficking of
NMDARs to the cytoplasmic membrane in Lrrk2~/~ hippocampal
neurons. We therefore propose that LRRK2 may regulate the activ-
ity-dependent targeting of NMDARs to cell/dendritic spine surface
by anchoring Sec16A at dERES. The PD-related LRRK2 R1441C
mutation also disrupts the association of Sec16A with dERES in
neurons. Correlatively, the R1441C missense mutation impairs the
activity-dependent trafficking of NMDRs in neurons. Dysfunction
of neurotransmission underlies the neuronal basis of PD and many
other neurological disorders (Shen, 2010). This newly defined
function of LRRK2 that locally regulates the dendritic protein trans-
port at dERES may not only provide new molecular clues on how
dERES are organized and regulated in neurons, but also imply the
involvement of dERES impairment as a new pathogenic mecha-
nism in PD.

Materials and Methods
LRRK2 interaction partner identification by mass spectrometry

Myc-LRRK2 overexpressed in HEK293T cells was immunoprecipitated
using an anti-myc antibody. LRRK2-containing complexes were
resolved on SDS-PAGE and stained with colloidal Coomassie Blue.
Bands were excised, in-gel trypsin digested, and analyzed with
LC-MS/MS mass spectrometry.
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Antibodies

To observe the human LRRK2 proteins in HeLa cells by immunocy-
tochemistry, the rabbit polyclonal LRRK2 antibody (OC83A) gener-
ated via immunization with a histidine-tagged recombinant protein
with a sequence corresponding to human LRRK2 residues 982 to
1,280 was used (Cho et al, 2013). For the immunocytochemistry of
mouse LRRK2, two different LRRK2 antibodies were used: anti-
LRRK2 monoclonal antibody produced from mouse (N138,
purchased from NeuroMab) and the rabbit polyclonal LRRK2 anti-
bodies (4EC9E and 4C84E) described previously (Parisiadou et al,
2009). For the Western blot analysis, anti-LRRK2 monoclonal anti-
body produced from rabbit (MJFF-2; c41-2, obtained from the
Michael J. Fox Foundation) as well as 4C84E polyclonal LRRK2 anti-
body was used. To detect mouse and human Secl6A proteins, a
custom antibody raised against amino acids DEKKNQWVNLNE-
PEEEKK in guinea pig by a commercial service (Covance, Denver,
PA, USA). Antibodies were from the following sources: Sec31A,
Sec23A, Tom20, laminB, and Sec24D (Santa Cruz Biotechnology,
Inc.); Syntaxin 6, ERGIC-53/58, B-tubulin III, and MAP2 (Sigma-
Aldrich); human Sec31A, Giantin, GM130, and NR2B (BD Transduc-
tion Laboratories); human Sec23A (Abcam); RhoGDI (Cell Signaling
Technology); NR1, NR2A, and NR2B (BD Biosciences); GluR1
(Calbiochem); GluR2/3 (BD Pharmingen); GFP and Myc (Roche).

Cell culture (cell line, primary neuron, primary fibroblast)

HEK293T, HeLa, Lrrk2*/*, and Lrrk2~/~ immortalized mouse fibro-
blast cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM high glucose) containing 10% fetal bovine serum
(FBS) in 5% CO, incubator at 37°C. Mouse primary hippocampal
or cortical neuron cultures were prepared from hippocampus or
cortex of newborn (postnatal day 0) pups, as described previously
(Parisiadou et al, 2009). Briefly, tissues were dissociated by papain
(Worthington), and then, the cells were plated in poly-D-lysine pre-
coated wells in Basal Eagle Medium (Sigma) containing B27, N2,
1 uM L-glutamine, and penicillin/streptomycin (all from Invitro-
gen). The medium was changed every 2 days. Mouse skin primary
fibroblast cells were derived from the dorsal skin of postnatal day
0 (PO) pups. Briefly, the skins were minced and suspended in
HEPES-buffered DMEM supplemented with 0.25% trypsin and
0.01% DNase I and incubated at 37°C for 20 min. The tissues were
then transferred to DMEM supplemented with 10% fetal bovine
serum and dissociated by repeated trituration. The dispersed cells
were plated in one well of a 24-well plate. Cells were subsequently
immortalized with large T antigen (Cai et al, 2001). Primary cells at
passage below seven were used for the experiments.

Plasmids

GFP-Secl16A (Bhattacharyya & Glick, 2007) (Addgene plasmid
#15776) and EGFP-VSVG (Presley et al, 1997) (Addgene plasmid
#11912) plasmids were obtained from Addgene (Cambridge, MA).
GFP-Sec16B and GFP-Sec31A plasmids were purchased from
Origene (Rockville, MD). RFP-Sec61p construct was obtained from
Dr. Craig Blackstone of NINDS (Bethesda, MD), myc-tagged LRRK2
constructs were obtained from Dr. Mark Cookson of NIA (Bethesda,
MD), and mCherry expression vector was obtained from Dr. Haining
Zhong of Vollum Institute (Portland, OR).
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Transfection and gene silencing

All plasmid transfections were performed using Fugene HD (Roche).
SiRNA for human LRRK2 was obtained from Santa Cruz Biotech-
nology. SiRNA duplexes were transfected into the HeLa cells
using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s protocol. SIRNA duplexes for Sec16A were of the
ON-TARGETplus SMARTpool type obtained from Thermo Fisher
Scientific. For efficient knockdown, the cells were transfected twice
with a 24-h interval. All experiments were performed 72 h after the
first siRNA transfection.

Immunoprecipitation

Brain tissues from Lrrk2*/* and Lrrk2~/~ mice were homogenized
in 50 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 50 mM NaF,
10 mM glycerolphosphate, 2 mM EGTA, 2 mM EDTA, 1% NP-40
supplemented with protease inhibitor mixture (Roche, Applied
Science, IN), and phosphatase inhibitor cocktail (Pierce, Rockford,
IL). About 500 pg extracts were used for immunoprecipitation and
diluted to a final volume of 1,000 pl with cold IP buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 50 mM NaF, 10 mM glyc-
erolphosphate, 2 mM EGTA, 2 mM EDTA, 1% NP-40 protease
inhibitor mixture, and phosphatase inhibitor cocktail). The lysates
were incubated with a rabbit monoclonal anti-LRRK2 primary anti-
body (Epitomics, CA) overnight, and the antibody-bound protein
complexes were collected with agarose protein A (Pierce Rockford,
IL, USA) for 1 h at 4°C. To precipitate overexpressed myc-tagged
LRRK2 proteins, anti-c-myc agarose (50 pl beads/1 ml of lysates,
Sigma) was incubated for 4 h at 4°C. The beads were washed five
times with the IP buffer, and the immune complexes were eluted
with SDS buffer.

In vitro recombinant protein binding assay

Amplified PCR fragments for the CCD domain (900-1621aa) of
Sec16A were cloned into a 3 x FLAG-CMV-10 vector (Sigma). The
construct of Sec16A CCD domain was verified by sequencing and
was transfected into HEK293 cells. After 48-h incubation, the cells
were collected and lysed using RIPA buffer (Sigma) including
protease inhibitor cocktail (Thermo). The protein lysate was then
prepared after centrifugation at 13,000 x g for 10 min at 4°C. The
immunobeads were prepared by coupling 2 pl rabbit anti-FLAG
antibody (Sigma) to 10 pl of protein G dynabeads (Invitrogen) for
1 h at RT on a rotator in 300 ul RIPA buffer. The antibody-coupled
beads were subsequently incubated in 1 ml of protein lysate for 1 h
at 4°C. The protein complex-coupled beads were washed first using
RIPA buffer once and then using IP buffer (20 mM Tris-HCI, pH
7.3; 150 mM NaCl; 2 mM EDTA; 1% NP-40) twice. The complex
was then incubated separately with 0.3 uM His-tagged Secl3A
(Fitzgerald industry) alone, 0.3 uM His-tagged Sec13A with 0.1 uM
GST-tagged LRRK2 (Life Technologies), and 0.3 pM His-tagged
Sec13A with 0.1 uM GST (Life Technologies) in 300 ul IP buffer for
3 h at 4°C. The complex was then washed using IP buffer three
times. The proteins retained on the beads were analyzed by Novex
gel (Invitrogen) and immunoblotting using mouse anti-FLAG
antibody (Sigma), rabbit anti-Sec13A (Thermo), and goat anti-GST
(Life Technologies).
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Immunocytochemistry

Cells grown on coverslips (Thermo Fisher Scientific) were washed
two times with PBS. The cells were then fixed with —20°C metha-
nol for 7 min on ice. The fixed cells were washed three times at
5-min intervals using PBS. The cells were then incubated with
blocking buffer (10% normal serum in PBS) for 1 h. After PBS
washing, the cells were labeled with appropriate primary antibod-
ies diluted in blocking buffer for 3 h at room temperature. The
coverslips were then washed five times with PBS at 5-min inter-
vals. Secondary antibodies were diluted appropriately in blocking
buffer and incubated at room temperature for 1 h. After washing
five times with PBS, coverslips were mounted on microscopic
slide.

Microscope image acquisition

Fluorescence images were captured using a laser scanning confocal
microscope (LSM 510; Zeiss, Thornwood, NJ). Images were scanned
using a 63x 1.4 numerical aperture (NA) oil objective or a 100x 1.4
NA oil objective lens. A zoom factor of 2 was used to obtain
maximum resolution of 100x images. Some images were acquired
in z-series stack scans at 1-pum intervals from individual fields to
determine the protein—protein co-localization. Maximum intensity
projections were used to represent confocal stacks.

Transmission electron microscopy (TEM)

Samples were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde,
3 mM MgCl,, and 0.1 M sodium cacodylate buffer, pH 7.2 for at
least 1 h at 4°C. After buffer rinse, samples were postfixed in 0.5%
osmium tetroxide, 0.8 % potassium ferrocyanide in buffer (0.5 h) on
ice in the dark. Following a 0.1 M maleate buffer rinse, plates were
stained with 2% uranyl acetate in 0.1 M maleate buffer (0.22 pm
filtered, 1 h, dark), dehydrated in a graded series of ethanol and
embedded in Eponate 12 (Ted Pella) resin. Samples were polymer-
ized at 60°C overnight. Thin sections, 60-90 nm, were cut with a
diamond knife on the Reichert-Jung Ultracut E ultramicrotome and
picked up with formvar-coated 200-mesh nickel grids. Grids were
etched with 5% SMP (sodium meta-periodate), followed by reduc-
tion in 50 mM NH,4CI, blocked in 10% donkey serum and primary
antibody overnight. Primary antibody was amplified with 12 nm
gold followed by 2% glutaraldehyde in 0.1 M sodium cacodylate
and stained with 2% uranyl acetate and observed with a Philips
CM120 at 80 kV. Images were captured with an AMT CCD (1K x
1K) camera.

Preparation of cell fractions

Harvested cells or mouse brain tissues were homogenized using a
Teflon Pestle (Thomas Scientific) in 20 mM HEPES-KOH, pH 7.6,
220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM PMSF,
and 2 mg/ml BSA, and centrifuged at 800 g at 4°C for 10 min to
isolate the postnuclear supernatant. Mitochondria were pelleted by
centrifugation at 10,000 g at 4°C for 20 min. The supernatant
fraction was centrifuged again for 30 min at 100,000 g to isolate
cytosolic and microsome protein fractions as described before (Jin
et al, 2010).
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Endo H assay

Fibroblasts from Lrrk2*/* and Lrrk2™/~ mice were cultured and
lysed using RIPA buffer in the presence of protease inhibitor
cocktail (Roche). Supernatant was collected after centrifugation at
12,000 x g, 4°C for 20 min. Protein concentration was determined
using BCA assay (Pierce). Endoglycosidase (Endo) H (New
England Biolabs) digestion was performed based on the manufac-
turer’s instruction. Briefly, 30 pg of samples from Lrrk2*/* and
Lrrk2~/~ fibroblasts were assembled in 9 pl reaction volume with
1 pl of denaturing buffer and boiled for 10 min at 100°C. Then,
2 ul of G5 buffer, 1 pl of Endo H, and 7 pul of H,O were added to
the denatured reaction and incubated in 37°C for 2 h. Rabbit
anti-nicastrin antibody (Cell Signaling) was used for Western blot
1:1,000.

In vitro budding assay

Budding reactions were carried out as described using microsomes
purified Lrrk2*/* and Lrrk2~/~ mouse fibroblasts. Equal amount of
proteins from Lrrk2*/* and Lrrk2~/~ microsomes was used in each
assay. The budding reaction was assembled using rat liver cytosol
at 4 mg/ml. An ATP-regenerating system was added resulting in
final concentrations of 1 mM ATP, 40 mM creatine phosphate,
0.2 mg/ml creatine phosphokinase, and 0.1 mM GTP in buffer
[20 mM HEPES-KOH (pH 7.2), 110 mM pot acetate, 2 mM Mg-
acetate-KHM]. Budding reactions were assembled on ice and incu-
bated for 30 min at 30°C, then put on ice. The donor membranes
were removed by a 20-min 12,000 x g centrifugation, and the super-
natant fraction was further centrifuged for 30 min at 55,000 rpm at
4°C using a TLA100 rotor in a Beckman Optima TLX ultracentrifuge
to sediment the vesicle products.

Gel filtration

HEK293T cells were collected in PBS containing protease inhibitor
cocktail (Roche) and lysed by freeze-thaw cycles in liquid nitrogen.
For the mouse brain extracts, 0.1% Triton X-100 was added in PBS.
Clear supernatant was isolated by centrifugation and then passed
through 0.45-um filters (Nanosep MF, Pall Life Sciences). 200 pl
samples were injected into the column, and each fraction was
collected. BioAssist G4SWXL column (7.8 mm x 30.0 cm, Tosoh
Bioscience) with PBS as the mobile phase (0.8 ml/min, 4°C) was
used for the size-exclusion chromatography. Aliquots were analyzed
by SDS-PAGE (4-20% Tris-glycine gel) in MOPS buffer (Invitrogen)
followed by Western blot analysis for Sec proteins. Thyroglobulin
(660 kDa), ferritin (440 kDa), and IgM (~1 mDa) were used as stan-
dards (Rudenko et al, 2012). Distribution of Sec protein in each frac-
tion was presented by measuring the integrated absorbance of Sec
protein band corrected to the total amount of immunoreactivity in
all fractions.

VSVG transport assay

Fibroblast cells were transfected with VSVG-GFP plasmid using
Fugene HD (Roche). Immediately after transfection, cells were incu-
bated at 40°C to accumulate the temperature-sensitive forms of
VSVG-GFP protein in ER. After 24 h of incubation at 40°C, the cells
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were transferred to the permissive temperature at 32°C for various
times before being fixed with —20°C methanol for immunofluores-
cence microscopy. MetaMorph software was used to quantify
surface VSVG.

Transfection of primary neurons

Primary hippocampal or striatal neurons were transfected between
P15 and P21DIV using the calcium phosphate method. Briefly,
neuronal cultures were incubated with the DNA—calcium phosphate
precipitate for approximately 1.5 h. The precipitate was then
dissolved by the incubation of the cells in a medium that had been
pre-equilibrated in a 10% CO, incubator. The cells were in turn
transferred to their original conditioned medium and fixed at about
24-48 h after transfection.

Biotinylation of neuronal surface proteins

Cortical neurons were cultured in Biocoat Poly-D-Lysine Cellware
6-well plate (BD Biosciences) and chronically treated with vehi-
cle, 2 uM tetrodotoxin (TTX, Sigma) or 40 pM Bicuculline
(Sigma) on 10DIV. After 48-h treatment, neurons were washed
with PBS containing 0.1 mM CaCl, and 1 mM MgCl, (PBS/CM),
incubated with 1 ml biotin solution (0.5 mg/ml Sulfo-NHS-SS-
Biotin in cold PBS/CM, Thermo Fisher Scientific) for 20 min at
4°C, and then washed subsequently with PBS/CM, 0.1 M glycine
solution, and TBS (25 mM Tris-HCl pH 7.4, 137 mM NaCl)
buffer. Cells were harvested in 250 pl RIPA buffer (Sigma)
supplemented with protease inhibitor and phosphatase inhibitor
cocktail, lysed on ice for 30 min, and centrifuged at 16,000 g for
15 min at 4°C. Resulting supernatant containing equal amount of
total protein was incubated with 50 pl neutral-avidin agarose
(Pierce) at 4°C for 2 h with gently rotating. After washing in
RIPA buffer for five times, the biotin-labeled surface protein was
eluted with SDS sample buffer by heating at 70°C for 10 min.
Total proteins and isolated biotinylated surface proteins were
analyzed by immunoblotting.

Statistical analysis

All experiments were performed at least three times independently
for each condition and presented as the mean + standard error of
the mean (SEM). Statistical significance was determined using
Student’s t-test followed by a Mann—Whitney test, one-way ANOVA
with Tukey—Kramer multiple comparison test, or two-way ANOVA
with Bonferroni post-tests. Calculations were performed using
GraphPad Prism5 software (GraphPad Software, Inc., La Jolla, CA).

Supplementary information for this article is available online:
http://emboj.embopress.org
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