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Childhood spinal muscular atrophy (SMA) is caused by a reduction in survival motor neuron (SMN) pro-
tein. SMN is expressed in every cell type, but it is predominantly the lower motor neurones of the spinal
cord that degenerate in SMA. SMN has been linked to the axonal transport of b-actin mRNA, a breakdown
in which could trigger disease onset. It is known that SMN is present in transport ribonucleoproteins
(RNPs) granules that also contain Gemin2 and Gemin3. To further characterise these granules we have
performed live cell imaging of GFP-tagged SMN, GFP-Gemin2, GFP-Gemin3, GFP-Gemin6 and GFP-
Gemin7. In all, we have made two important observations: (1) SMN granules appear metamorphic;
and (2) the SMN–Gemin complex(es) appears to localise to two distinct subsets of bodies in neurites;
stationary bodies and smaller dynamic bodies. This study provides an insight into the neuronal function
of the SMN complex.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Childhood spinal muscular atrophy (SMA) is an autosomal
recessive disorder characterised by loss of the alpha-motor neu-
rones of the spinal cord [1]. SMA has been divided into three clin-
ical subgroups based on age of onset and clinical severity: types I, II
and III, with type I being the most severe [1]. All three forms are
caused by mutations of the survival motor neuron (SMN) gene
[1,2]. There are two copies of the SMN gene; SMN1, deletions in
which cause SMA; and SMN2, which is a disease-modifying gene
[2,3].

Although SMN is a ubiquitously expressed protein, reductions
in SMN protein levels trigger the targeted loss of the alpha-motor
neurones. This specificity has still to be accounted for. However,
emerging evidence suggests that the SMN protein is functionally
implicated in the subcellular targeting of b-actin mRNA along neu-
ronal axons [4–7]. Active transport of b-actin mRNA along axons
from the cell body to the growth cones enables localised, ‘on-de-
mand’ translation into b-actin protein [4]. This allows the levels
of b-actin protein and production of actin-based filapodia at the
neurite termini to be closely regulated, which permits mainte-
nance of the dynamic interface at the neuromuscular junction
[8]. Interestingly, in vitro cultures of SMA sensory- and motor-
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neurones demonstrate that motor neurones exhibit increased tem-
poral demands of actin monomer turnover compared to their sen-
sory counterparts [9]. If subcellular targeting of cytoskeletal
precursors to peripheral regions of migrating cells to maintain ac-
tin dynamics is, at least partially SMN-dependent, a breakdown in
this process arising from reduced amounts of SMN may provide a
plausible explanation for selective motor neuronal vulnerability.

A variety of cellular components are actively transported in
axons in transport granules (TGs). SMN forms sub-complexes
within axons that can be classified into two categories: (1) larger
granules that exhibit small/oscillatory movements; and (2) gran-
ules that exhibit bi-directional movement at speeds of up to
1 lm/s [4]. SMN granules within axons, regardless of their subtype
(stationary or actively transported) have only been partially
characterised. It is known that as well as SMN and ribosomal
RNA [4], SMN granules in axons also contain ZBP1 [10–13], Gemin2
[5], Gemin3 [5] and hnRNPQ/R [14]. In addition, Gemin6 and
Gemin7 have been shown to co-localise diffusely with SMN
throughout the cytoplasm of PC12 cells [15]. It remains unclear
whether: (1) the entire Gemin complex is involved specifically in
the transport of b-actin mRNA; or (2) if the entire complex is pres-
ent in stationary and/or actively transported SMN granules.

Here, we present data tracking the movement of GFP-tagged
Gemin proteins in a human neuroblastoma cell line (SH-SY5Y).
Firstly, we show that GFP-tagged SMN complex members (SMN,
Gemin2, Gemin3, Gemin6 and Gemin7) are all efficiently targeted
to transport granules in the neurites of differentiated SH-SY5Y
cells. We then show that like SMN and Gemin2, Gemins 3, 6 and
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7 form two subsets of neurite granules: (1) stationary granules,
which are >5 lm in length; and (2) smaller transport granules, that
move in a bi-directional manner at speeds averaging 0.38 lm/s.
This analysis strengthens our understanding of the cellular dynam-
ics of the SMN protein, and demonstrates that it forms complexes
that are both dynamic and metamorphic.
2. Materials and methods

2.1. cDNA constructs

SMN was cloned into pEGFP as previously described [16]. Gemins
were cloned into pEGFPc vectors (Clonetech™, BD Biosciences). Ge-
min2 was cloned into pEGFPc2 using primers Forward GATCGAA
TTCATGCG CCGAGCGGAACTGGCTGGTTT, Reverse GATCGGATCCT
CAAGATGGCTCA TCAGCTAAATCAC. The remaining Gemins were
cloned into pEGFPc3 vectors using Gemin3 Forward GATCCTCGA
GATGGCGGCGGCATTTGAAGCCTCGGG, Gemin3 Reverse GATCCTG
Fig. 1. GFP-Gemins co-localise with endogenous SMN neurite granules. SH-SY5Y cells
1 � 104 cells/ml in fetal calf (bovine) serum and retinoic acid (10 lM) supplemented DM
(C) GFP-Gemin6; (D) GFP-Gemin7; and (E) GFP-alone were counterstained with SMN usin
alongside original micrographs. The scale bars represent 20 lm. (F) Experiments were rep
contain the endogenous SMN was recorded. The standard error of the mean (SEM; Sm) fo
Gemins are significantly more associated with SMN neurite granules than GFP-alone (p
CAGTCACTGGTTACTATGCATCATTTCTT; Gemin6 Forward GATCCTC
GAGATGAGTGAATGGATGAAGAAAGGCCC, Gemin6 Reverse GATCA
AGCTTTCATTGGGAAGCTGTAAGATGTCCTTC; Gemin7 Forward GA
TCCTCGAGATGCAAACTCCAGTGAACATTCCCGT, Gemin7 Reverse
GATCAAGCTTTTATGGCTTGAAGGTATATGAAATAA.

2.2. PCR conditions

Template cDNAs were amplified from carrier vectors pET (Ge-
min2), pCR2.1 (Gemin3), pEGFP (Gemin6), pEGFP (Gemin7) using
Pfu polymerase and 35 cycles of 92 �C 45 s denature, 52 �C 45 s an-
neal, 68 �C 4 m 30 s extension. Post PCR, 10 ll of amplified product
and 2 ll DNA loading dye were loaded on a 1% w/v agarose-TBE gel
to ensure the correct size fragment had been amplified. Prior to
ligation into pEGFP vectors, amplified PCR products were purified
using QIAquick PCR purification kits (Qiagen). The use of betaine
(Sigma–Aldrich) at a concentration of 300 mM was required for
amplification of Gemin3. Once amplified each cDNA was digested
and ligated into the pEGFP vector, as described elsewhere [16].
(1.25 � 105) transfected with 2 lg GFP-Gemin cDNA were plated at a density of
EM and differentiated for 48 h. Cells expressing (A) GFP-Gemin2; (B) GFP-Gemin3;
g a monoclonal antibody (MANSMA1; [17]). Amplified images of specific regions are
eated in triplicate and the average number of GFP-positive neurite granules that also
r each value is shown (error bars). Statistical analysis showed that collectively, GFP-
< 0.05).
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2.3. Cell culture

SH-SY5Y cells were grown in RPMI-1640 (Invitrogen) supple-
mented with 10% Fetal Bovine Serum (Lonza), and 1% Penicillin
and Streptomycin (Invitrogen).

2.4. Transient expression studies

For endogenous immunostaining, 1.25 � 105 SH-SY5Y cells were
transfected with 2 lg EGFP-SMN [16], EGFP-Gemin2, EGFP-Gemin3,
EGFP-Gemin6 and EGFP-Gemin7 cDNA using the Amaxa-nucleofec-
tor device and reagents, specifying program G-004 as the optimized
conditions to give high efficiency as recommended by the manufac-
turer. Immediately post-transfection cells were resuspended in
500 ll of RPMI supplemented with 10 lM 9-cis retinoic acid (RA; Sig-
ma–Aldrich R4643) and plated at a density of 1 � 104 cells/ml cul-
tured onto glass coverslips. Cells were cultured for 72 h with the
media replaced every 48 h. Cells were washed with PBS prior to fix-
ation with 50% acetone/50% methanol. Fixed cells were incubated
with anti-SMN monoclonal (MANSMA1; [17]) followed by incuba-
tion with a TRITC-conjugated anti-mouse IgG (Sigma) and DAPI.

2.5. Live cell imaging

SH-SY5Y cells were transfected with 2 lg EGFP-SMN [16],
EGFP-Gemin2, EGFP-Gemin3, EGFP-Gemin6 and EGFP-Gemin7
cDNA using the Amaxa-nucleofector device and reagents according
to manufacturers instructions and cultured on FluoroDishes™
(World Precision Instruments) in RPMI-1640 phenol red free media
supplemented with 10% FCS and 10 lM retinoic acid for 72 h.
Fig. 2. SMN and Gemins are actively transported in small granules within neurites o
incubated for 72 h. Time-lapse imaging of neurites of transfected cells allowed the tracki
Gemin7. Small granules of each construct (red arrows), typically <0.5 lm diameter, show
(blue arrows), >0.5 lm diameter, showed no movement or oscillatory movements (blue
represent 2 lm. (For interpretation of the references to colour in this figure legend, the
2.6. Microscopy

2.6.1. Fixed cell microscopy
Wide-field microscopy was performed using a Nikon TE 2000-U

microscope with Hamamatsu camera as described elsewhere [16].
Images were acquired by taking Z-stacks and for Nikon TE 2000-U
captured images, de-convolved using Openlab version 4.0.1
(Improvision). Images were processed using Photoshop 5.5 and
CS3 (Adobe). Statistical analysis was performed using GraphPad
Prism (version 5.01, GraphPad Software Inc.).

2.6.2. Live cell microscopy
Sealed dishes were transferred to a heated microscope stage

and time lapse images acquired using Openlab version 4.0.1
(Improvision). Cells were imaged at exposure rates so that granules
in distal regions were clearly visible (between 0.6 and 1 s depend-
ing upon magnification used) for a total of 60 s. Frame-by-frame
measurements of GFP-construct movements were analysed using
ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2005.)
3. Results

3.1. GFP-tagged Gemins are efficiently targeted to SMN neurite
granules

SMN has previously been shown to form both stationary and
dynamic granules in the axons of primary cells [4,5]. These gran-
ules are formed by both endogenous and transiently expressed
f SH-SY5Y cells. SH-SY5Y cells were transfected with GFP-tagged constructs and
ng of (A) GFP-SMN, (B) GFP-Gemin2, (C) GFP-Gemin3, (D) GFP-Gemin6 and (E) GFP-
ed signs of active transport (gross displacement >2 lm). Numerous larger granules
arrows). The time of capture in seconds is indicated in each image. The scale bars
reader is referred to the web version of this article.)

http://rsb.info.nih.gov/ij/
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GFP-tagged SMN [4,5]. In addition, the SMN binding partners Ge-
min2 and Gemin3 have been identified in these granules in fixed
cells [5], but only Gemin2 has been shown to co-migrate with
SMN in the transport granules [5]. This leaves two very clear ques-
tions: (1) are the remaining Gemin proteins present in these
Fig. 3. Small GFP-SMN and GFP-Gemin granules exhibit similar rapid and bi-direction
analysis of granule velocities for each GFP-protein (GFP-SMN; GFP-Gemin3; GFP-Gemin6
(lm/s) are positive and retrograde movements (lm/s) are negative.

Fig. 4. GFP-SMN and GFP-Gemin2, 3, 6, and 7 exhibit similar anterograde and retrograde
GFP-particle were analysed for variance. Overall mean anterograde and retrograde velo
granules; and (2) are the remaining Gemins targeted to both sta-
tionary and transport granules.

To determine if Gemin2, Gemin3, Gemin6 and Gemin7 are pres-
ent in SMN-positive neurite granules, each Gemin was cloned into
pEGFP vectors and over-expressed in differentiating SH-SY5Y cells.
al movements in neurites of SH-SY5Y cells. Histograms showing frame-by-frame
and GFP-Gemin7), with each frame representing a second. Anterograde movements

velocities. All (A) anterograde and (B) retrograde velocities (lm/s) of each analysed
cities of GFP-tagged constructs were not significantly different (p > 0.05).
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All four GFP-Gemin proteins were efficiently targeted to SMN gran-
ules in neurites (Fig. 1A–G), while control GFP-alone (GFPC1) was
not (Fig. 1E). Using this approach we identified GFP-Gemin2 in
77.7% (±1.8 SEM) of SMN neurite granules; GFP-Gemin3 in 58.4%
(±4.5 SEM); GFP-Gemin6 in 44.2% (±11.5 SEM) and GFP-Gemin7
in 46.1% (±4.5 SEM) (Fig. 1F and G). Transfection of GFPC1 was used
to determine if the GFP-tag mediated targeting of each construct to
SMN neurite granules. Given that GFPC1 is not efficiently targeted
to SMN granules in neurites (Fig. 1E–G) it is unlikely that the GFP-
tag is mediating the targeting to SMN neurite granules.

3.2. SMN and the Gemins are targeted to both stationary and actively
transported neurite granules

SMN and Gemin2 have been shown to form both stationary and
dynamic bodies [4,5]. Our initial analysis on fixed cells was unable
to differentiate between SMN-stationary granules (SMN-SGs) and
SMN-transport granules (SMN-TGs) in neurites of SH-SY5Y cells.
Therefore, live cell imaging was performed on SH-SY5Y cells
expressing the GFP-tagged Gemins to determine if each was pres-
ent in both actively transported and stationary granules (Figs. 2–4).
As with GFP-SMN, GFP-Gemin2, GFP-Gemin3, GFP-Gemin6 and
GFP-Gemin7 were targeted to both stationary granules (SGs;
Fig. 2, red arrows) and smaller transport granules (TGs; Fig. 2, blue
arrows) that moved at velocities consistent with actively trans-
ported RNA granules (Figs. 2–4) [8,18]. Interestingly, SGs repre-
sented the clear majority of identified bodies for all GFP-
constructs (Fig. 2; red arrows).

The identified TGs were similar in appearance to those
previously reported for GFP-SMN, and GFP-Gemin2 [5] (Fig. 2, blue
arrows; Figs. 3 and 4). This demonstrates two things: (1) that GFP-
Gemin3, GFP-Gemin6 and GFP-Gemin7 are also present in actively
transported granules (this is the first direct evidence that GFP-
Gemin6 and GFP-Gemin7 are actively transported in neurites);
and (2) that SH-SY5Y cells can be used as a functional working
model to study intracellular transport in real time.

To further characterise TGs, the movement of 8–10 independent
GFP-positive granules were analysed (Fig. 4). Selection criteria for
the transport granules were defined as: (1) exhibiting directed
movement (>2 lm in a single direction); and (2) visible within a
field of view for a prolonged period of time (greater than 15 s). Re-
corded velocities of GFP-SMN and GFP-Gemin2 were consistent
with previous reports [4,5], and the other GFP-Gemin proteins
(Gemins 3, 6 and 7) exhibit similar dynamic bi-directional trajec-
tory profiles (Figs. 3 and 4). For each construct the average mean
velocities were calculated from the 8 to 10 analysed granules.
For each, the net anterograde and retrograde movements and over-
all (gross) displacement are presented. All anterograde and retro-
grade velocities for each particle were analysed for statistically
significant difference using a Kruskal–Wallis test with Dunns
post-test. The mean anterograde and retrograde velocity of all
combined GFP-particle movements are presented (Fig. 4). No sta-
tistical significance was found between the mean velocities for
each GFP-construct (Fig. 4). Further statistical analysis of GFP-
granules movements also failed to find any significant differences
between their trajectories (Fig. 4). This data in combination with
wide-field analysis of fixed cells (Fig. 1) suggests that SMN and Ge-
mins are packaged into the same granules that are targeted to neu-
rites. However, co-transfection studies need to be performed to
confirm that this is the case.
4. Discussion

Here we report that the majority of the Gemin complex is tar-
geted to the two subtypes of SMN-positive granules in neurites
(Figs. 2–4). We have confirmed the presence of SMN and Gemin2
in these bodies, and for the first time demonstrated that Gemin3,
Gemin6 and Gemin7 are also present (Figs. 2–4). This is important,
because it shows that the Gemin complex appears to form a core
complex that is present in the SMN neurite granules, suggesting
the entire complex may be functionally involved in microtubule
associated transport in neuronal cells [19].

In addition, we have analysed the velocities of granules formed
by independent GFP-tagged Gemin proteins and confirmed that,
like SMN, Gemin2 [4,5,7], Gemin3, Gemin6 and Gemin7 all form
both larger stationary/oscillatory granules (SGs) and smaller
actively transported granules (TGs) that move both rapidly and
bi-directionally in neurites (Figs. 2–4). This is the first report of
velocities of individual GFP-Gemin granules in neurites. Taken
with the co-localisation data, this suggests that all the observed
Gemin proteins co-localise (at least partially) with SMN in both
stationary and transport granules. However, until co-transfection/
live cell imaging is performed to confirm each co-migrates with
SMN in the same bodies we cannot rule out the possibility that
they form separate granules. For simplicity, during this discussion
we refer to all SMN- and Gemin-positive neurite granules as SMN-
Gemin neurite granules.

In keeping with previous reports, we demonstrate that SMN-
Gemin granules in neurites exhibit characteristics of RNA transport
granules forming both larger stationary granules [20], and smaller
actively transporting granules [4,18,21]. Interestingly these SMN-
Gemin neurite granules appear similar in size to SMN-positive
nuclear bodies (Cajal bodies and their Gemini; [17,22]) and may
share a similar function. Cajal bodies are believed to function as
RNA and RNP processing sites [23,24]. They are involved in the
sorting, maturation, and processing of newly formed U snRNPs
[25–27]. SMN is known to play an integral role in the cytoplasmic
assembly of the U snRNPs [28,29], as well as their subsequent nu-
clear import [30] and Cajal body targeting [31]. This demonstrates
SMN is actively involved in the cellular targeting and transport of
RNPs. Hypothetically, the predominant SMN-Gemin stationary
granules could perform Cajal body-like functions, namely enabling
the processing and sorting of transported cargoes, which are then
moved along neurites in the dynamic SMN-Gemin transport
granules.
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