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Myosin VI is associated with secretory granules and is present in 
the nucleus in adrenal medulla chromaffin cells
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Myosin VI (MVI) is the only known myosin walking to-
wards minus end of actin filaments. Here, MVI, but not 
myosins IB or IIB, was detected in chromaffin granules 
isolated from bovine medulla and found to be tightly as-
sociated with the granule apical surface. MVI also local-
ized to secretory granules within rat pheochromocytoma 
PC12 cells as well as to the Golgi apparatus, endoplasmic 
reticulum and clathrin-coated pits. Notably, it was also 
found in the nucleus. RT-PCR revealed that MVI splice 
variants with a large insert (LI), characteristic of polar-
ized cells, were barely detectable in PC12 cells, whereas 
variants with a small insert (SI) were the major isoforms. 
The presented data indicate that MVI in adrenal medulla 
cells is engaged in secretory vesicle trafficking within the 
cytoplasm and possibly also involved in transport within 
the nucleus. 
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INTRODUCTION

The highly specialized chromaffin cells of adrenal me-
dulla contain secretory organelles (chromaffin granules) 
which store catecholamines, nucleotides and several neu-
ropeptides. Chromaffin granules are stored in two major 
cytoplasmic pools, the reserve and the release-ready ones 
(Hook & Metz-Boutigue, 2002; Trifaro, 2002), which 
are separated by a barrier formed by a dense actin fila-
ment network that in response to cell stimulation under-
goes precisely regulated depolymerization thus enabling 
a shift of the granules from the reserve to the release-
ready pool, and the secretion process (Bader et al., 2002). 
Myosins, ATP- and actin-dependent molecular motors, 
have not only been detected in chromaffin cells but also 
found to be involved in granule trafficking (Wagner et 
al., 1992; Rose et al., 2002; Wu et al., 2002). 

Myosins form a structurally and functionally diverse 
superfamily that consists of more than 20 distinct fami-
lies (Richards & Cavalier-Smith, 2005; Foth et al., 2006). 
The classic two-headed myosins of family II are called 
conventional myosins, while the other families are re-
ferred to as unconventional ones. Several myosin iso-
forms, including myosins IA, IIA, IIB, VA and VI, have 
been detected in chromaffin cells (Wagner et al., 1992; 
Rose et al., 2002; Wu et al., 2002; Rudolph et al., 2003; 
Neco et al., 2004). Myosin VA has been shown to be in-
volved in the translocation of granules towards the plas-
ma membrane, and lack of the functional protein leads 
to decrease of noradrenaline release and strong reduction 

of granules’ motility within the actin cortex (Rose et al., 
2003; Rudolph et al., 2003). Myosin IIB is not associated 
with chromaffin granules but its indirect involvement in 
the vesicles transport has been postulated (Rose et al., 
2003). 

Myosin VI, one of the unconventional myosins, con-
sists of a 140-kDa heavy chain containing one IQ motif 
to which calmodulin binds. Its C-terminal tail contains a 
globular domain essential for cargo binding and/or inter-
action with binding partners (see Sweeney & Houdusse, 
2007; Buss & Kendrick-Jones, 2008). Four splice vari-
ants of myosin VI can be expressed in mammalian 
cells, differing in the presence of insertions within the 
tail domain that seem to determine its localization and 
function (Aschenbrenner et al., 2003; Au et al., 2007). 
The C-terminal globular domain binds to membrane-
associated proteins (termed myosin VI-binding-partners), 
such as Dab2 in small intestine epithelial cells (Morris 
et al., 2002), SAP97 in the central nervous system neu-
rons (Wu et al., 2002), GIPC in retinal pigment epithe-
lium (Aschenbrenner et al., 2003), or optineurin (Spudich 
et al., 2007). It has been recently shown that a positively 
charged region of the globular tail binds specifically to 
PIP2-containing liposomes (Spudich et al., 2007). 

Myosin VI seems to be a processive motor involved 
in vesicular transport (Mermall et al., 1994; Buss et al., 
2002). However, unlike other myosins it moves towards 
the minus (pointed) end of actin filaments (Wells et al., 
1999). This implies that it may play a different role than 
other myosins engaged in the same processes. Mutations 
within the myosin VI gene lead to deafness in mice and 
humans (Redowicz 2002). Other symptoms in mice in-
clude head tossing and hyperactivity, and in humans - 
gradually developing blindness, craniofacial aberrations 
and hypertrophic cardiomyopathy. Several morphological 
defects have been observed in various cells derived from 
the deaf Snell’s waltzer mice (Warner et al., 2003; Oster-
weil et al., 2005; Ameen & Apodaca, 2007). 

Both functional studies and its cellular localization 
indicate that myosin VI plays a major role in endocytic 
traffic pathways as well as in cell motility (see Sweeney 
& Houdusse, 2007; Buss & Kendrick-Jones, 2008). It 
has been demonstrated that in hippocampal neurons my-
osin VI is involved in neutrotransmission dependent on 
brain-derived neurotrophic factor (BDNF) and its recep-
tor TrkB (Yano et al., 2006). So far, it is not clear wheth-
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er this myosin isoform works as a transporting motor or 
as an anchor linking the vesicles and/or plasma mem-
brane proteins to the actin cytoskeleton, responsible for 
the maintenance of integrity of the cytoskeleton. 

Recently, it has been shown that myosin VI is associ-
ated with the RNA polymerase transcription machinery, 
thus implicating an involvement of myosin VI in activa-
tion of gene expression (Vreugde et al., 2006).

To address the role of myosin VI in secretory cells, 
we tested its localization and expression pattern in PC12 
cells derived from a rat adrenal medulla tumor, which 
serve as a cell model to study neuronal and endocrine 
secretion (Martin & Grishanin, 2003). 

MATERIALS AND METHODS

Cell culture. PC12 cells (American Cell Culture Col-
lection, USA) were cultured in RPMI 1640 or DMEM 
media supplemented with 10 % heat-inactivated horse se-
rum and 5 % fetal bovine serum at 37 °C under 5 % CO2, 
as described in (Green & Tischler, 1976). Primary cul-
ture of chromaffin cells was derived from bovine adrenal 
medulla as recommended by (Nagy et al., 2002). Brief-
ly, chromaffin cells were isolated from adrenal glands 
by collagenase treatment and purified by centrifugation 
without the use of Percoll gradient. Cells were then sus-
pended in DMEM medium supplemented with penicil-
lin/streptomycin (40 000 U/L and 40 mg/L; Sigma) and 
10 ml/L insulin-transferrin-selenium-X (Invitrogen), and 
cultured at 37 °C under 5 % CO2.

Chromaffin granule preparation. The isolation was 
performed at 4 °C, generally according to a procedure 
described by Brocklehurst and Pollard (1990). Bovine 
adrenal glands were collected at the local slaughterhouse 
and transported on ice in buffer A (0.3 M sucrose, 1 
mM EGTA and 5 mM Hepes, pH 7.3). Medullae were 
cut into pieces, homogenized in 10 vol. of buffer A in a 
teflon-glass homogenizer, filtered through surgical gauze 
and centrifuged at 800 × g for 15 min. The pellet contain-
ing membranes was resuspended in buffer A and centri-
fuged again at 20 000 × g for 30 min to separate mito-
chondrial fraction. The resulting pellet was resuspended 
in the same buffer and centrifuged at 100 000 × g for 60 
min to separate microsomal fraction. The granule pellet 
was lysed in buffer B (1 mM EGTA and 5 mM Hepes, 
pH 7.3), homogenized, incubated for 10 min, homog-
enized again and centrifuged at 48 000 × g for 30 min. 
The suspension of chromaffin granules was layered on 
top of a buffer containing 1.6 M sucrose, 1 mM EGTA, 
5 mM Hepes, pH 7.3, and centrifuged at 135 000 × g for 
60 min). The resulting granules were homogenized again, 
resuspended in buffer B and centrifuged at 48 000 × g for 
30 min. After homogenization in buffer B, the granules 
were layered on top of a buffer containing 1 M sucrose, 
1 mM EGTA, 5 mM Hepes pH 7.3 and centrifuged at 
120 000 × g for 60 min. The granules were then suspend-
ed in 10 mM Hepes, pH 7.3, centrifuged at 48 000 × g 
for 30 min and then resuspended in 10 mM Hepes, pH 
7.3 and 0.3 M KCl, and stored frozen at –80°C. 

Antibodies and fluorescent markers. Rabbit poly-
clonal antibody directed against amino-acid residues 
1049–1054 of porcine myosin VI heavy chain was from 
Proteus (USA), rabbit polyclonal antibody directed 
against human C-terminal region of myosin VI globu-
lar tail domain and mouse monoclonal antibody directed 
against amino-acid residues 291–302 of human myosin 
VI were from Sigma (USA). Goat polyclonal antibod-
ies against synaptophysin were from Santa Cruz Labo-

ratories (USA) and against human calreticulin was a gift 
from Dr. M. Michalak from the University of Alberta 
(Canada). Monoclonal antibodies against GM130 and 
EEA1 were from BD Transduction Laboratories (USA). 
Monoclonal antibodies against dopamine b-hydroxylase 
(DbH) and human clathrin heavy chain were from San-
ta Cruz Laboratories (USA), and against synapsin were 
from Synaptic Systems GmbH (Germany). MitoTracker 
Red CMXRos was from Invitrogen Molecular Probes 
(USA) and DAPI (4’,6-diamidino-2-phenylindole) was 
from Vector Laboratories (USA). For immunocytochem-
istry studies, the following secondary antibodies from 
Molecular Probes were used: goat anti-rabbit IgG labeled 
with Alexa Fluor 488, goat anti-mouse IgG labeled with 
Alexa Fluor 546, and donkey anti-goat IgG labeled with 
Alexa Fluor 546. 

Immunoblotting. Proteins from PC12 or bovine ad-
renal medulla cell fractions were separated using 10 % 
polyacrylamide/SDS gels and then transferred to a ni-
trocellulose membrane. After transfer the membrane 
was blocked for 1 h at room temperature in TBS (Tris-
buffered saline) containing 5 % non-fat milk powder and 
0.2 % Triton X-100 followed by 1-hour incubation with 
appropriate dilutions of different antibodies described 
above. The primary antibodies were detected using 
1:10 000 dilutions of anti-rabbit, anti-goat or anti-mouse 
antibodies conjugated with horseradish peroxidase; the 
reaction was developed using the ECL method as de-
scribed by the manufacturer (Pierce, USA). Usually 10–
20 µg of protein was loaded.

Association of myosin VI with chromaffin gran-
ules. Limited proteolysis and stripping experiments were 
performed to test the character of association of my-
osin VI with chromaffin granules. Chromaffin granules 
were incubated with α-chymotrypsin (1 : 200, wt./wt.) for 
30 min at 25 °C in a buffer containing 0.6 M sucrose 
and 20 mM Hepes, pH 7.3. The proteolysis was termi-
nated with 1 mM PMSF, the reaction mixture was sepa-
rated using 10 % polyacrylamide gels and then subjected 
to the immunoblot analysis using anti-human myosin VI 
antibody. For stripping experiment, chromaffin granules 
were incubated for 30 min at 25 °C in the following con-
ditions: (i) in buffer S (0.3 % sucrose, 10 mM Hepes, pH 
7.3); (ii) in buffer S containing additionally 1 % Triton 
X-100 and 1 M NaCl; (iii) in buffer S containing addi-
tionally 1 M NaCl and 5 mM ATP; (iv) in buffer S con-
taining additionally 0.6 M KI and 5 mM ATP; and (v) in 
buffer S containing additionally 0.1 M Na2CO3, pH 11.5. 
The samples were spun at 50 000 × g, and the presence 
of myosin VI in the supernatant and pellet fractions was 
tested by immunoblot analysis using anti-myosin VI an-
tibodies

Analysis of myosin VI splice forms by RT-PCR. 
To asses expression of myosin VI splice variants in 
PC12 cells by PCR, total RNA was isolated using RNeasy 
kit (Qiagen, USA). cDNA was synthesized using M-MLV 
Reverse Transcriptase (Sigma, USA) with oligo-dT prim-
ers (Invitrogen, USA). The following primers flanking 
the region of the tail containing large insert were used: 
forward 5’-TCCTGGCCCAGGAGTGCA-3’ and reverse 
5’-AACTCTTCTGTGCAAGCAAGCTGC-3’. To am-
plify the region of interest with small insert the follow-
ing primers were used: forward 5’-GCAGCTTGCAGA-
GAAGAATTT-3’ and reverse 5’-CTGAGGGTCTTT-
GTACTGGT-3’, according to Dance et al. (2004). PCR 
fragments were separated on 3% agarose gels. Individual 
bands were isolated from the gel using NucleoSpin Ex-
tract II (Macherey-Nagel, Germany) and sequenced to 
identify each splice variant. 
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Immunolocalization studies. Distribution of myosin 
VI and other marker proteins in PC12 or bovine adre-
nal medulla cells was examined by indirect immunocyto-
chemistry. Cells were fixed in 4 % paraformaldehyde for 
30 min and then permeabilized with 0.1 % Triton X-100 
for 5 min. The fixed specimens were thoroughly washed 
in phosphate-buffered saline (PBS) and treated for 60 
min with a 3 % solution of bovine serum albumin (BSA) 
in PBS. Cells were incubated overnight at 4 °C with anti-
myosin VI antibodies at a dilution of 1 : 50. This was fol-
lowed by incubation with Alexa 488- or Alexa 546-con-
jugated anti-rabbit secondary antibodies at a dilution of 
1 : 1 000 for 60 min. For simultaneous assessment of 
distribution of other proteins, cells were also incubated 
with appropriate dilutions of the above described anti-
bodies, and then with Alexa 546- or Alexa 488-conju-
gated secondary anti-mouse, anti-rabbit or anti-goat 
antibodies. The specimens were visualized using Leica 
TCS SP2 spectral confocal microscope equipped with an 
HCX PL APO 63×/1.25-0.75 Oil Cs objective. 

Visualization of myosin VI and DbH immunoanalogs 
on isolated chromaffin granules was performed after at-
tachment of the vesicles to a cover slip coated with Sig-
macote (Sigma-Aldrich, USA) followed by blocking the 
surface for 1 h at 25 °C with PBS containing 0.5 % BSA 
and extensive washes. The staining procedure was as in 
the case of whole cells, and a Nikon inverted microscope 
equipped with a Nikon Fluor 100/1.3 objective was used. 

RESULTS

Myosin VI resides on adrenal medulla chromaffin 
granules

As presented in Fig. 1a, myosin VI was detected in 
four different chromaffin granule preparations from bo-
vine adrenal medulla, which confirmed that this attach-
ment was not coincidental. Neither myosin IB nor IIB, 
known to be expressed in chromaffin cells, were found 
in the preparations. 

To test the nature of the association of myosin VI 
with the granules, chymotryptic digestion of a chroma-
ffin granule preparation was performed that revealed 
accumulation of the C-terminal about 50-kDa cleav-
age product (Fig. 1b). The susceptibility of myosin VI 
heavy chain to the protease indicates that the protein 
resides on the apical surface of the granule. Also, strip-
ping experiments were performed (Fig. 1c). Myosin VI 
was completely detached from chromaffin granules only 
in the presence of a non-ionic detergent, but not in the 
presence of NaCl, KI or high pH (Na2CO3), suggesting 
its strong attachment to the granule membrane. 

Double staining of a granule preparation with anti-
human myosin VI antibody and monoclonal antibody 
against dopamine β-hydroxylase (DβH), a marker en-
zyme of chromaffin granules, demonstrated that both 
proteins were often present on the same vesicles (Fig. 
1d), thus confirming the association of myosin VI with 
the granules. 

Characterization of myosin VI splice variants 
in PC12 cells

It is known that in mammalian cells four alternatively 
spliced myosin VI isoforms can be generated due to the 
presence of two inserts within the C-terminal globular 
tail domain, the small and large ones (Fig. 2a). To assess 
which of the myosin VI splice variants were expressed 

in PC12 cells, RT-PCR technique was employed. As pre-
sented in Fig. 2b, a band with the small insert was easily 
seen while a band containing the large insert was barely 
detected. 

Subcellular distribution of myosin VI in chromaffin cells

Cellular localization of myosin VI was examined 
in rat pheochromocytoma PC12 cells, an established 
model of adrenal medulla chromaffin cells (Trifaro, 
2002; Martin & Grishanin, 2003). Double staining 
was performed using antibodies against myosin VI 
and proteins known to be markers of chromaffin and 
synaptic granules such as the above-mentioned DβH, 
synaptophysin and synapsin (Fig. 3a). As seen, myosin 
VI was associated with various punctate structures 
scattered throughout the entire cell but only a subset 
of them corresponded to secretory granules. 

Figure 1. Association of myosin VI with chromaffin granules
(a) detection of myosin VI in several granule preparations (lanes 
1–4), lanes 5 and 6 — probing for myosins IB and  IIB, respective-
ly; (b) chymotryptic cleavage of granules produces about 50 kDa 
C-terminal myosin VI degradation product; (c) stripping of myosin 
VI from granule surface was performed with 1% Triton X-100, 1 M 
NaCl, 0.6 M KI or 0.1 M Na2CO3 (pH 11.5), as indicated. Presence of 
myosin VI in pellet (p) and supernatant (s) fractions was revealed 
using anti-human myosin VI antibody, protein concentration was 
about 1 mg/ml and usually 10–20 μg of protein was loaded onto 
the gel; (d) myosin VI (in red) and dopamine β-hydroxylase (in 
green) reside on the same chromaffin granules. Images were ob-
tained with a Nikon inverted microscope equipped with a 100x 
objective. Bar, 10 μm.
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Therefore a question arose as to the identity of the 
other cell compartments with which myosin VI was 
associated. To address this problem, a series of dou-
ble stainings were performed (Fig. 3b) with specific 

markers of subcellular compartments: the Golgi ap-
paratus (antibody against GM130, a protein associated 
with Golgi cis-compartment), endoplasmic reticulum 
(antibody against calreticulin), early endosomes (anti-
body against EEA1), clathrin-coated vesicles (antibody 
against clathrin), mitochondria (Mitotracker), and nu-
clei (DAPI). Only occasional colocalization of myosin 
VI with mitochondria and early endosome markers 
was observed but evident co-staining with the cis-Gol-
gi marker and profound colocalization with clathrin-
coated vesicles and the endoplasmic reticulum.

Interestingly, double staining with DAPI revealed 
a significant pool of myosin VI scattered as puncti 
within the nucleus, in chromatin-free regions. The nu-
clear localization of myosin VI was confirmed with all 
three anti-myosin VI antibodies used in the studies, 
i.e. monoclonal and two polyclonal antibodies ones 
— anti-human and anti-porcine (Fig. 4b); it was also 
observed in a bovine adrenal medulla primary cell cul-
ture (Fig. 4a). 

DISCUSSION

We assessed the association of myosin VI with chro-
maffin granules as well as its subcellular distribution and 

Figure 2. Assessment of myosin VI splice variants
(a) diagram presenting sequence and position of inserts in C-ter-
minal tail domain of rat myosin VI heavy chain; (b) RT-PCR prod-
ucts obtained with primers designed to produce fragments con-
taining either small or large inserts, as indicated in (a). 

Figure 3. Distribution of myosin VI in PC12 cells
(a), partial colocalization of myosin VI (in green) with chromaffin granule markers: A, dopamine β-hydroxylase, B, synaptophysin and C, 
synapsin, visualized in magenta; (b), localization of myosin VI (in green) in subcellular compartments defined by specific markers: A, Mito-
tracker — mitochondria (in magenta); B, EEA1 — early endosomes (in magenta), C, GM130 — Golgi (in magenta) , D, clathrin — clathrin 
coated pits (in magenta); E, calreticulin — endoplasmic reticulum (in magenta); D, DAPI — nucleus (in blue). The 0.8-μm images of cell 
center were obtained with a Leica confocal microscope. Bars, 10 μm. 
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expression pattern in PC12 cells, a well-characterized 
model of adrenal medulla chromaffin cells that are ho-
mologous to sympathetic neurons. 

Myosin VI was strongly attached to the apical surface 
of chromaffin granules isolated from bovine adrenal me-
dulla and found to reside on the granules together with 
their marker protein, dopamine β-hydroxylase (DβH). 
The observed tight association of myosin VI with the 
granules indicates a possibility of direct interaction of the 
tail domain with the granule membrane and an involve-
ment of this unique motor in granule trafficking. Nota-
bly, myosins IB and IIB, known to be expressed in PC12 
cells (Wagner et al., 1992; Rose et al., 2003), were not 
bound to the granules. Immunostaining of PC12 cells 
confirmed the association of myosin VI with chromaf-
fin and secretory granules. It also revealed its distribu-
tion in other cell compartments such as the Golgi appa-
ratus, clathrin-coated vesicles and endoplasmic reticulum, 
which was also observed in other cell types (see Sweeney 
& Houdusse, 2007; Buss & Kendrick-Jones, 2008). In-
terestingly, we also found myosin VI scattered in chro-
matin-free regions of the nucleus. A nuclear localization 
of myosin VI was observed earlier in epithelium-derived 
carcinoma cell lines: prostate and lung cancer (Jung et al., 
2006; Vreugde et al., 2006). 

A search for individual splice variants formed in PC12 
cells resulted in the  finding that the isoforms with the 
large insert (LI), which in rat myosin VI heavy chain 
might contain 24 amino acids (based on the rat heavy 
chain sequence XM_236444 deposited in the GenBank 
data base), were the minor ones, whereas two other iso-
forms, i.e. with or without the small insert (SI) were the 
major ones. The LI variants are known to be expressed 
mainly in the apical domain of polarized epithelial cells 
where they participate in targeting to clathrin-coated ves-
icles through the interaction with Dab2 (Aschenbrenner 
et al., 2003; Au et al., 2007). Hence, it is not surprising 
that the LI isoform is underrepresented in PC12 cells 
that in undifferentiating conditions do not reveal polar-
ity. The SI form is postulated to be involved in baso-
lateral sorting (Morris et al., 2002; Au et al., 2007). The 
compartmental localization of myosin VI splice variants 
observed in retinal pigmented epithelial cells also re-
vealed that the SI and LI isoforms might transport the 
vesicles through actin network untill they fuse with early 
endosomes (Aschenbrenner et al., 2003). The presence of 
a pool of myosin VI associated with clathrin and early 
endosomes indicates that also in PC12 cells it may be 
engaged in endocytosis-related processes.

The nuclear localization of myosin VI in PC12 cells, 
which have to continuously rebuild their resources be-

cause of their extremely high turnover of the membrane 
and various particles associated with stimulation-depend-
ent secretion, was consistently observed with the use of 
three different types antibodies. Taking into account the 
cargo-binding activity of myosin VI and its presence in 
chromatin-free regions of the nucleus it is plausible that 
myosin VI may play a role of a motor delivering cargo 
to the nucleus and/or be engaged in trafficking within 
the nucleus. So far there are no data to support these 
hypotheses, however, the studies on the nuclear isoform 
of myosin IC (NMI), clearly showing its involvement in 
these processes, seem to strengthen them (Chuang et al., 
2006; Grummt et al., 2006). 

In summary, our studies on the expression and locali-
zation of myosin VI in the highly secretory adrenal me-
dulla cells indicate that it serves as a motor engaged in 
chromaffin granule transport within the cytoplasm and 
also open the discussion on its possible involvement in 
nucleo-cytoplasmic trafficking. Further experiments are 
necessary to dissect its role in adrenal medulla chromaf-
fin cells.
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