
ll
OPEN ACCESS
iScience

Article
Dynein and muskelin control myosin VI delivery
towards the neuronal nucleus
Matthias Kneussel,

Noelia Sánchez-

Rodrı́guez,

Michaela Mischak,

Frank F. Heisler

frank.heisler@zmnh.

uni-hamburg.de (F.F.H.)

matthias.kneussel@zmnh.

uni-hamburg.de (M.K.)

Highlights
Myosin VI and muskelin

are recruited to the

neuronal nucleus

Active cytoplasmic dynein

is required for myosin VI

and muskelin nuclear

targeting

Muskelin regulates myosin

VI to dynein binding and

myosin VI nuclear

translocation

Dynein mediates nuclear

translocation of myosin VI

during cLTP

Kneussel et al., iScience 24,
102416
May 21, 2021 ª 2021 The
Authors.

https://doi.org/10.1016/

j.isci.2021.102416

mailto:frank.heisler@zmnh.uni-hamburg.de
mailto:frank.heisler@zmnh.uni-hamburg.de
mailto:matthias.kneussel@zmnh.uni-hamburg.de
mailto:matthias.kneussel@zmnh.uni-hamburg.de
https://doi.org/10.1016/j.isci.2021.102416
https://doi.org/10.1016/j.isci.2021.102416
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102416&domain=pdf


ll
OPEN ACCESS
iScience
Article
Dynein and muskelin control myosin VI
delivery towards the neuronal nucleus

Matthias Kneussel,1,* Noelia Sánchez-Rodrı́guez,1,2 Michaela Mischak,1,2 and Frank F. Heisler1,3,*
SUMMARY

Protein transport toward the nucleus is important for translating molecular sig-
nals into gene expression changes. Interestingly, the unconventional motor pro-
tein myosin VI regulates RNA polymerase II-dependent gene transcription.
Whether actin-filament-dependent myosins are actively transported to nuclear
compartments remains unknown.
Here, we report that neurons also contain myosin VI inside their nucleus.
Notably, nuclear appearance of this actin-dependent motor depends on func-
tional cytoplasmic dynein, a minus end-directed microtubule motor. We find
that the trafficking factor muskelin assists in the formation of dynein-myosin VI
interactions and further localizes to nuclear foci, enriched in the myosin. Impair-
ment of dynein, but not myosin VI function, reduces nuclear muskelin levels. In
turn, muskelin represents a critical determinant in regulating myosin VI nuclear
targeting.
Our data reveal that minus end-directed microtubule transport determines
myosin VI subcellular localization. They suggest a pathway of cytoplasm-to-nu-
cleus trafficking that requires muskelin and is based on dynein-myosin cross talk.
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INTRODUCTION

Molecular motors execute a variety of critical processes within various cell types. The families of kinesins

and dyneins represent microtubule (MT)-associated ATPases, whereas the myosin family motor proteins

perform cellular processes associated with the actin cytoskeleton (Hirokawa et al., 2010; Schliwa and

Woehlke, 2003; Vale, 2003). Although kinesins and dynein mainly act within the cytoplasm, recent evidence

points to important roles of specific myosins in mammalian nuclei (Cook et al., 2020).

Cytoplasmic dynein is the key MTminus end-directedmotor essential for long-distance transport and posi-

tioning of organelles, vesicular cargoes, and cytoplasmicmolecules (Reck-Peterson et al., 2018). The dynein

transport machinery consists of the dynein complex, the dynactin complex required for movement along

MTs, and coiled-coil-containing activating proteins. In neurons, due to their highly polarized architecture,

dynein often transports cargoes from the cell periphery to the cell body, as observed for the endo-lyso-

somal trafficking of neurotransmitter receptors (Heisler et al., 2011; Maas et al., 2006) and other synaptic

proteins (Boecker and Holzbaur, 2019; Heisler et al., 2018; Schapitz et al., 2010). The specificity of cargo se-

lection and the regulation of motor activities are often achieved through adaptor and accessory transport

factors (Heisler et al., 2014; Kneussel et al., 2014; Olenick and Holzbaur, 2019; Reck-Peterson et al., 2018).

Although dynein is suggested to functionally associate with kinesin-1 motor complexes for bidirectional

cargo trafficking and self-positioning (Olenick and Holzbaur, 2019), the cross talk of molecular motors be-

tween the actin and MT cytoskeleton remains largely unexplored (Coles and Bradke, 2015).

Cytoplasmic dynein mainly promotes long-distance transport of cargoes along MT tracks, whereas actin-

based myosin VI functions include the regulation of Golgi complex integrity, F-actin dynamics, and cell

migration (Kneussel and Wagner, 2013; Tumbarello et al., 2013). Besides myosin VI’s ability to act as a

load-dependent anchor (Altman et al., 2004), it represents a unique myosin family member that moves

to F-actin minus ends (Wells et al., 1999). At the cell cortex and in synaptic spines, myosin VI regulates ve-

sicular trafficking and the endocytosis of neurotransmitter receptors (Buss et al., 2001; Heisler et al., 2011;

Morris et al., 2002; Osterweil et al., 2005; Wagner et al., 2019). The cytoplasmic role of myosin VI and its

structural properties have been thoroughly investigated (Tumbarello et al., 2013), whereas actin and
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myosin VI notably exist in the mammalian nucleus with their nuclear functions only being about to be un-

raveled (Cook et al., 2020).

Within nuclei, myosin VI was identified to associate with RNA polymerase II (RNAPII) (Vreugde et al., 2006)

and to functionally regulate hormone and cytokine receptor-dependent gene transcription (Fili et al., 2017,

2020; Loikkanen et al., 2009; Zorca et al., 2015). Mechanistically, myosin VI was suggested to function as an

auxiliary motor for RNAPII to drive gene expression while undergoing regulated and direct DNA binding

(Fili et al., 2017, 2020; Vreugde et al., 2006). Only recently, the active movement of myosin VI along actin

filaments in the nucleus was also detected (Grosse-Berkenbusch et al., 2020). The functions of myosin VI

inside the nucleus include transcription-dependent chromatin rearrangements (Grosse-Berkenbusch et

al., 2020), gene pairing (Zorca et al., 2015), and the spatial organization of transcription initiation (Hari-

Gupta et al., 2020). A role of the myosin in gene transcription is further supported by studies of the p53-

dependent pro-survival pathway (Cho and Chen, 2010; Jung et al., 2006) where it was found to redistribute

from cytoplasmic to nuclear compartments upon DNA damage. Interestingly, myosin VI nuclear accumu-

lation was also increased after stimulation of neuroendocrine PC12 cells (Majewski et al., 2018) and after

serum stimulation of HeLa cells (Hari-Gupta et al., 2020). These observations suggest that active molecular

processes might underlie myosin VI nuclear appearance. Whether myosin VI localizes to neuronal nuclei in

mammalian brain as well as the molecular factors that might transport the myosin for its potential active

nuclear targeting in general remain unknown.

Muskelin is an evolutionary conserved protein expressed in various tissues. It was originally identified to

mediate cell adhesive and actin cytoskeletal responses (Adams et al., 1998) and to act as an integrator

of cell morphology and nucleocytoplasmic communication in skeletal myoblasts (Valiyaveettil et al.,

2008). Of note, in muscle cells myosin VI localization to nuclei was also observed (Karolczak et al., 2013).

Recent studies described muskelin as a functional component of the CTLH complex, a macromolecular as-

sembly suggested to reside either in the cytoplasm or in the nucleus and to integrate fundamental pro-

cesses including energy metabolism, proliferation, survival, cell adhesion, and migration in response to

extracellular stimuli (Huffman et al., 2019; Lampert et al., 2018; Liu and Pfirrmann, 2019; Maitland et al.,

2019; Qiao et al., 2020).

In neurons, muskelin critically regulates the bidirectional vesicular transport of GABAA receptors and of the

cellular prion protein PrPC (Heisler et al., 2011, 2018). It acts as a cargo adaptor, directly linking synaptic

proteins to cytoplasmic dynein and has been suggested to regulate the activity of vesicular motor protein

assemblies (Heisler et al., 2011, 2018). Interestingly, muskelin represents one of the few transport factors

that associates with both MT-based motor proteins and the actin-dependent motor myosin VI to regulate

GABAA receptor endocytosis (Heisler et al., 2011, 2018). Whether muskelin or the MT motor dynein affect

transport and positioning of actin-dependent myosin motor proteins is presently unknown.

In this study we show that the actin-dependent motor protein myosin VI localizes to neuronal nuclei, de-

pending on active transport through the MT-dependent dynein motor complex. Myosin VI nuclear target-

ing critically requires muskelin, a trafficking regulator known to associate with both motor systems. Our

data suggest a cellular pathway that is based on myosin-dynein cross talk.
RESULTS

Myosin VI associates with dynein and is transported to the neuronal nucleus

Myosin VI was found in the nucleus of various cell types and is suggested to functionally regulate nuclear

processes (Karolczak et al., 2013; Majewski et al., 2018; Vreugde et al., 2006; Zorca et al., 2015). In neurons,

the myosin motor mediates critical functions at the cellular cortex in regulating synaptic transport and plas-

ticity (Heisler et al., 2011; Wagner et al., 2019), but whether and how myosin VI undergoes nuclear translo-

cation in neuronal cell types has remained unknown.

We therefore isolated nuclear proteins from mouse whole brain tissue. Detection of the NMDA receptor

subunit GluN2B and the neuron-specific nuclear protein NeuN (Mullen et al., 1992) served as quality con-

trols, as they are restricted to the cytoplasmic (C) or nuclear extract (N), respectively (Figure 1A). Besides the

presence of myosin VI in the cytoplasm, we detected prominent proportions in the nuclei of brain cells (Fig-

ure 1A). Likewise, actin was present in both, cytoplasmic and nuclear fractions. To verify the specificity of the

myosin VI antibody used in this experiment, we prepared nuclear extracts derived from brains of
2 iScience 24, 102416, May 21, 2021
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Figure 1. Myosin VI nuclear targeting depends on dynein

(A) Myosin VI is detected in cytoplasmic (C) and nuclear fractions (N) from adult mouse brain (n = 3 experiments).

(B) Anti-myosin VI antibody specificity control in nuclear fractions (N) from homozygous (sv/sv) and heterozygous (sv/se)

Snell’s waltzer mice. Control: Actin.

(C) Immunoprecipitation using DIC-specific antibodies coprecipitates myosin VI from whole brain lysate in the presence

of 1% Triton X-100 (n = 3 experiments).

(D) Coimmunoprecipitation of DIC with myosin VI from whole brain lysate in the presence of 1% Triton X-100 (n = 3

experiments).

(E) Confocal images showing myosin VI nuclear intensity (arrows) after immunostaining of days in vitro (DIV) 12–14

hippocampal neurons treated for 80 min with 0.4% DMSO (control) or 20 mM ciliobrevin D. Scale bar, 10 mm.

(F) Reduced nuclear myosin VI intensity in ciliobrevin D (62.25G 4.15) when compared with control (75.74G 3.98) treated

neurons. Control: n = 69 cells; ciliobrevin D: n = 77 cells; 3 experiments. Data represent mean G the 95% confidence

intervals for the mean. Independent samples t test, p < 0.001, *** indicates statistical significance.

(G) Nuclear fractions (N) from brain of dynamitin-overexpressing (Dyn-tg) and wild-type (wt) mice.

(H) Reduced nuclear myosin VI levels in Dyn-tg (0.40 G 0.07) when compared with wt mice (0.64 G 0.12) (n = 4

experiments). Myosin VI intensities normalized to Actin. Data represent mean G the 95% confidence intervals for the

mean. Independent samples t test, p < 0.01, ** indicates statistical significance.

(I) Confocal images showing myosin VI nuclear intensity (arrows) after immunostaining of DIV 12–14 hippocampal neurons

overexpressing EGFP or EGFP-dynamitin. Scale bar: 20 mm and 5 mm in insets.

(J) No significant differences in nuclear area between EGFP-dynamitin- (median = 1,225.00) and EGFP- (median =

1,358.00) overexpressing neurons, Mann-Whitney U test, U = 784.000, Z = �1.149, p = 0.250. Reduced nuclear myosin VI
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Figure 1. Continued

intensity in EGFP-dynamitin- (median = 43.15) when compared with EGFP- (median = 84.82) overexpressing neurons.

Distributions differed between groups, two-sample Kolmogorov-Smirnov, p < 0.001, and nuclear myosin VI intensity

significantly differed between groups, Mann-Whitney U test, U = 162.00, Z = �6.545, p < 0.001, *** indicates statistical

significance. EGFP: n = 47 cells; EGFP-dynamitin: n = 39 cells; 4 experiments. Box borders represent the 25th and 75th

percentiles, horizontal lines inside boxes indicate median, and whiskers represent values less than 1.5 times the

interquartile range lower or higher than the 25th and 75th percentiles, respectively. Red squares indicate the mean.
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homozygous (sv/sv) Snell’s waltzer mice, representing spontaneous myosin VI null mutants (Avraham et al.,

1995). Myosin VI was detectable in the nuclear brain extract from heterozygous animals (sv/se), whereas the

myosin VI signal was lost in myosin VI-depleted fractions (sv/sv), when compared with actin, used as control

(Figure 1B). We therefore conclude that brain myosin VI generally undergoes translocation to the nuclear

compartment.

Whether mammalian myosin VI motors reach the nucleus via passive diffusion or active transport is pres-

ently unknown. To gain mechanistic insights into the process of its nuclear accumulation, we asked whether

the myosin might bind to other motor proteins, known to mediate active transport toward neuronal

somata. Notably, precipitation of endogenous dynein intermediate chain (DIC) from brain lysate resulted

in coprecipitation of endogenous myosin VI (Figure 1C), indicating that the myosin motor is found in a pro-

tein complex containing the dynein motor. Accordingly, precipitation of myosin VI, vice versa, led to copre-

cipitation of DIC (Figure 1D). As the experiments were performed in the presence of detergent, we exclude

that both motors just share the same transport vesicle. To test whether dynein affects myosin VI subcellular

localization, we first treated cultured hippocampal neurons with ciliobrevin D (Cilio D), a specific inhibitor of

the AAA+ ATPase activity of the dynein motor domain (Firestone et al., 2012). Under control conditions,

immunostaining revealed high myosin VI signals in the somatic regions close to the neuronal nucleus (Fig-

ures 1E and 1I, asterisks), which likely represent the role of myosin VI in Golgi organization (Jung et al., 2006;

Sahlender et al., 2005; Tumbarello et al., 2013). In addition, neuronal myosin VI was detectable as punctate

signals inside the nuclei (Figures 1E and 1I, arrows). However, the acute treatment of hippocampal neurons

with Cilio D caused a moderate but significant reduction in myosin VI nuclear signal intensity (Figures 1E

and 1F). These data suggest that the nuclear delivery of myosin VI requires active dynein-based cytoskel-

eton transport.

To validate this finding, we next applied an independent loss-of-function approach using transgenic mice

that overexpress dynamitin in the brain (LaMonte et al., 2002; Perlson et al., 2009). Dynamitin is a subunit of

the dynactin complex associated with dynein, and its overexpression leads to dynein-dynactin dissociation

(Burkhardt et al., 1997; King and Schroer, 2000; Palazzo et al., 2001; Valetti et al., 1999). Overexpressed dy-

namitin has been shown to effectively interfere with dynactin- and dynein-mediated processes such as

Golgi dynamics and cargo transport, including neuronal trafficking. Notably, the levels of myosin VI but

not of actin (control) were significantly decreased in nuclear fractions derived from dynamitin-overexpress-

ing mice (Dyn-tg), when compared with wild-type fractions (Figures 1G and 1H). We next aimed to test

whether these results would similarly apply to hippocampal neurons. To interfere with dynein-mediated

transport, we therefore overexpressed EGFP-dynamitin (Burkhardt et al., 1997). Although this condition

did not alter the average area of neuronal nuclei, it strongly reduced myosin VI signal intensity within

the nuclear compartment (Figures 1I and 1J).

Together, our data suggest that the MT-dependent motor dynein piggybacks the myosin VI motor to pro-

mote its nuclear translocation.

The microtubule- and actin-associated transport factor muskelin enters neuronal nuclei

The transport factor muskelin is one of the few cargo adaptors that associates with both actin-dependent

myosin VI and MT-based dynein motor complexes, to interconnect subsequent steps of cytoplasmic cargo

trafficking (Heisler et al., 2011, 2018). Interestingly, fluorescent fusion proteins of muskelin mutants were

reported to differentially enter the nucleus in skeletal myoblasts and neurons (Delto et al., 2015; Valiyaveet-

til et al., 2008).

To assess whether muskelin could be involved in dynein-mediated nuclear targeting of myosin VI, we

initially performed cellular fractionation experiments to further characterize the subcellular localization

of endogenous muskelin in murine brain. Following isolation of proteins from whole brain tissue, we
4 iScience 24, 102416, May 21, 2021
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Figure 2. Localization of muskelin in neuronal nuclei

(A) Cytoplasmic (C) and nuclear extracts (N) after cell fractionation from adult mouse brain contain muskelin (n = 3

experiments).

(B) Immunostainings of muskelin in DIV 12–14 hippocampal neurons with TO-PRO-3 colabeling reveals strong nuclear

muskelin signals. Scale bar, 20 mm.

(C) Quantification of (B) indicating that 67.17% G 0.03% of neurons show muskelin nuclear enrichment, 25.35% G 0.02%

cells show equal muskelin intensities across soma and nuclei, and 7.48% G 0.01% show less muskelin in nuclear when

compared to somatic regions (331 neurons, n = 3 experiments). Data represent mean G SEM.

(D) Immunostaining of muskelin with TO-PRO-3 labeling in DIV 12–14 hippocampal neurons show punctate muskelin

signals adjacent to TO-PRO-3 foci (circles) within the nucleus (n = 3 experiments). Scale bar, 5 mm.

(E) Electron microscopy showing muskelin-specific immunoperoxidase signals in hippocampal tissue slices from adult

mice. Muskelin signals are detected at vesicular structures outside the nucleus (red arrowhead), at the nuclear envelope

(crossed red arrow) and within the nucleus (red arrows). White arrows indicate nuclear pores. Scale bar, 50 nm.
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identified muskelin in both cytoplasmic (C) and nuclear (N) extracts (Figure 2A). In contrast, the NMDA re-

ceptor subunit GluN2B and the neuron-specific nuclear protein NeuN, used as fractionation controls, were

restricted to the cytoplasmic or nuclear extract, respectively (Figure 2A). Upon immunostaining of endog-

enous protein in cultured hippocampal neurons, we further confirmed the nuclear localization of muskelin

(Figure 2B). Quantification revealed that about 67% of all cells showed an enrichment of the transport factor

within their nuclei, whereas only 7% of the cells turned out negative for nuclear muskelin under neuron cul-

ture conditions (Figure 2C). Within the neuronal nucleus, muskelin displayed a punctate distribution. Areas

of highest muskelin intensities were frequently detected adjacent to foci of TO-PRO-3-labeled DNA (Fig-

ure 2D), representing potential regions of high chromatin density (Falk et al., 2008). We further performed

electronmicroscopy (EM) to analyze cytoplasmic and nuclear muskelin at higher resolution. Consistent with

its role as a transport regulator (Heisler et al., 2011, 2018), immunodetection at the ultrastructural level

confirmed muskelin at vesicular structures in the cytoplasm (Figure 2E, red arrowhead). In addition, EM re-

vealed distinct muskelin-positive aggregates within the neuronal nucleus (Figure 2E, red arrows) and at the

nuclear envelope (Figure 2E, red crossed arrow) of mouse hippocampal slices. Together, these results sug-

gest a potential contribution of muskelin to nuclear functions in neurons.
Cytoplasmic dynein regulates nuclear muskelin levels

The neuron-specific dynein intermediate chain isoform 1a (DIC1a) directly links muskelin to the dynein mo-

tor complex (Heisler et al., 2011). In addition to muskelin’s role as a coordinator of dynein-mediated trans-

port (Heisler et al., 2011, 2018), we asked whether muskelin itself might require active dynein for its own

nuclear delivery.
iScience 24, 102416, May 21, 2021 5
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Figure 3. Dynein drives muskelin nuclear targeting

(A) Nuclear fractions (N) from brain of dynamitin-overexpressing (Dyn-tg) and wild-type (wt) mice.

(B) Reduced nuclear muskelin levels in Dyn-tg (0.41G 0.09) when compared with wt mice (0.73G 0.13) (n = 4 experiments).

Muskelin intensities normalized to Actin. Data represent meanG the 95% confidence intervals for the mean. Independent

samples t test, p < 0.001, *** indicates statistical significance.

(C) Nuclear fractions (N) from brain of homozygous (sv/sv) and heterozygous (sv/se) Snell’s waltzer mice.

(D) No significant differences in muskelin nuclear levels in sv/sv (0.73G 0.14) when compared with sv/se mice (0.74G 0.09)

(n = 4 experiments). Muskelin intensities normalized to Actin. Data represent mean G 95% confidence intervals for the

mean. Independent samples t test, p = 0.833, n.s.: not statistically significant.

(E) Confocal images of nuclear muskelin intensity (arrows) upon immunostaining of DIV 12–14 hippocampal neurons

overexpressing EGFP, EGFP-dynamitin, or EGFP-MyoVIdn as indicated. Scale bar, 20 mm.

(F) Nuclear muskelin fluorescence intensity was significantly different between at least one pair of groups, Kruskal-Wallis

test, c2 (2) = 45.869, p < 0.001. Dunn’s pairwise multiple comparisons test (p values adjusted using Bonferroni correction)

revealed significant differences between EGFP-dynamitin (median = 24.36) and EGFP (median = 72.21), z = 5.113, p <

0.001, and between EGFP-dynamitin and EGFP-MyoVIdn (median = 85.78), z = �6.616, p < 0.001. *** indicates statistical

significance. There was no evidence of difference between EGFP and EGFP-MyoVIdn, p = 0.872. EGFP: n = 25 cells; EGFP-

dynamitin: n = 21 cells; EGFP-MyoVIdn: n = 40 cells; 3 experiments. Box borders indicate the 25th and 75th percentiles,

horizontal lines inside boxes indicate median, and whiskers represent values less than 1.5 times the interquartile range

lower or higher than the 25th and 75th percentiles, respectively. Red squares indicate the mean.
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Using dynamitin-overexpressing transgenic mice, impaired in neuronal dynein-mediated transport (La-

Monte et al., 2002; Perlson et al., 2009), we found that muskelin levels were significantly reduced in nuclear

fractions of transgenes (Dyn-tg), when compared with wild-type and loading controls (Figures 3A and 3B).

These data indicate that muskelin is actively translocated to the neuronal nucleus and that this process de-

pends on functional dynein.

Based on the fact that muskelin also associates with the actin-dependent motor myosin VI (Heisler et al.,

2011), we further aimed to investigate whether the myosin may potentially contribute to regulate nuclear

muskelin levels. However, in contrast to the functional inhibition of the MT-dependent motor dynein,

depletion of the actin-dependent motor myosin VI in homozygous Snell’s waltzer mice (sv/sv) (Avraham

et al., 1995) did not affect muskelin levels in nuclear brain fractions (Figures 3C and 3D). In an independent

assay, we overexpressed EGFP-dynamitin (Burkhardt et al., 1997) or a dominant-negative myosin VI mutant

EGFP-MyoVIdn (Heisler et al., 2011; Osterweil et al., 2005), to test whether these observations would also

apply to hippocampal neurons. The fluorescence intensity of nuclear muskelin remained unaffected

through EGFP-MyoVIdn, whereas it appeared strongly reduced in neurons overexpressing EGFP-
6 iScience 24, 102416, May 21, 2021
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Figure 4. Muskelin regulates myosin VI nuclear targeting

(A) Myosin VI and dynein coprecipitate withmuskelin after immunoprecipitation fromwhole brain lysate in the presence of

1% Triton X-100 (n = 3 experiments).

(B) Coimmunostaining of myosin VI and muskelin in DIV 12–14 hippocampal neurons. Arrows in magnified region

(boxed region) indicate myosin VI and muskelin colocalization in dendrites. Scale bars: 20 mm in overview, 5 mm in boxes.

(C) Quantification: % of muskelin signals overlapping myosin VI (52.22 G 3.06), % of myosin VI signals overlapping

muskelin (54.94 G 2.75), n = 52 cells; 4 experiments. Data represent mean G 95% confidence intervals for the mean.

(D) Upper plot: Line scan of (B) showing muskelin (red) and myosin VI (green) intensities along the dendrite segment.

Lower plot: Scatterplot showing correlation (Pearson correlation coefficient r = 0.79) between myosin VI and muskelin

pixel intensities.

(E) Coimmunostaining detects muskelin and myosin VI colocalized puncta (circles) in nuclei (TO-PRO-3 labeling) of DIV

12–14 hippocampal neurons. Boxed nuclear region is shown at higher magnification. Scale bars: 10 mm in overview, 3 mm

in boxes.

(F) Quantification: % of muskelin signals overlapping myosin VI (70.91 G 4.73), % of myosin VI signals overlapping

muskelin (62.49 G 5.61), n = 26 cells; 4 experiments. Data represent mean G 95% confidence intervals for the mean.

(G) Whole brain lysate of muskelin knockout (Muskelin-ko) and wild-type (wt) mice.
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Figure 4. Continued

(H) No statistically significant differences in total myosin VI or DIC levels between wt (Myo VI: 0.67 G 0.11; DIC: 0.64 G

0.10) and ko brain lysate (Myo VI: 0.64 G 0.08; DIC: 0.68 G 0.11) (n = 4 experiments). Myosin VI intensities normalized to

Actin. Data represent meanG the 95% confidence intervals for the mean. Independent samples t test, p = 0.441 (Myo VI);

p = 0.433 (DIC), n.s.: not statistically significant.

(I) Nuclear extracts (N) from adult brains of muskelin knockout and wild-type mice.

(J) Reduced nuclear myosin VI levels in Muskelin-ko (0.28G 0.15) compared with wt mice (0.66G 0.10) (n = 4 experiments).

Myosin VI intensities normalized to Actin. Data represent mean G 95% confidence intervals for the mean. Independent

samples t test, p < 0.001, *** indicates statistical significance.

(K) Confocal images of nuclear myosin VI intensity (arrows) upon immunostaining of DIV 12–14 hippocampal neurons from

muskelin knockout or wild-type mice. Scale bar, 20 mm.

(L) Reduced nuclear myosin VI intensity inMuskelin-ko (median = 56.41) when compared with wt (median = 78.21) neurons.

Distributions differed between both groups, two-sample Kolmogorov-Smirnov, p < 0.001, and nuclear myosin VI intensity

significantly differed between both groups, Mann-Whitney U test, U = 10,324.00, Z = �11.115, p < 0.001, *** indicates

statistical significance. Muskelin-ko: n = 219 cells; wt: n = 237 cells; 4 experiments. Box borders represent the 25th and

75th percentiles, horizontal lines inside boxes indicate median, and whiskers represent values less than 1.5 times the

interquartile range lower or higher than the 25th and 75th percentiles, respectively. Red squares indicate the mean.
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dynamitin (Figures 3E and 3F). Our findings therefore indicate that dynein, but not myosin VI, is the critical

driver to power muskelin translocation toward the neuronal nucleus.
Muskelin regulates myosin VI nuclear targeting

A former study on neurotransmitter receptor endocytosis had revealed subsequent steps of muskelin as-

sociation with either myosin VI or dynein motor complexes (Heisler et al., 2011). In addition, we find that

myosin VI motor can in general interact with cytoplasmic dynein (compare with Figures 1C and 1D). We

therefore aimed to understand whether muskelin may be part of a triple myosin VI-dynein complex and

whether it would act on myosin VI nuclear delivery.

Indeed, coimmunoprecipitation experiments detected dynein and myosin VI to coprecipitate with muske-

lin (Figure 4A), suggesting that muskelin associates with both molecular motors at a given time. As these

experiments were performed in the presence of detergent, we exclude that the proteins just share identical

vesicles. Furthermore, we observed a strong correlation and frequent colocalization of muskelin and

myosin VI signals in proximal dendrites of hippocampal neurons following coimmunostaining (Figures

4B–4D). Based on muskelin’s role in neuronal trafficking, the colocalized signals potentially represent mol-

ecules in transit. In addition to colocalization in dendrites, we detected a frequent overlap of muskelin and

myosin VI puncta in the neuronal nucleus (Figures 4E and 4F). To test whether muskelin controls myosin VI

nuclear targeting, we then analyzed brain fractions from muskelin knockout mice (Muskelin-ko) (Heisler

et al., 2011). The overall levels of myosin VI and dynein in total brain fractions equaled between genotypes,

indicating that muskelin does not affect the expression or degradation of the motor proteins (Figures 4G

and 4H). However, nuclear protein levels of myosin VI were strongly reduced in muskelin-deficient mice,

when compared with wild-type and loading controls (Figures 4I and 4J). These results were also confirmed

in a second and neuron-specific approach. Following immunostaining of cultured hippocampal neurons,

we found that muskelin deficiency (Muskelin-ko) caused a significant decrease in myosin VI signals in the

neuronal nucleus (Figures 4K and 4L).

With respect to a functional triple complex harboring muskelin and the two motor proteins (compare with

Figure 4A), we hypothesized that reduced nuclear myosin VI levels in muskelin-depleted neurons might be

due to impaired myosin VI to dynein binding in the absence of muskelin. Notably, coprecipitation of DIC

with myosin VI was significantly reduced in muskelin-depleted brain lysate (Muskelin-ko), compared with

lysate obtained from wild-type mice (wt) (Figures 5A and 5B). This suggests that muskelin assists in the for-

mation of a dynein-myosin VI interaction. As myosin VI has been shown to undergo stimuli-dependent nu-

clear translocation in several cell lines (Cho and Chen, 2010; Hari-Gupta et al., 2020; Jung et al., 2006;

Majewski et al., 2018), we finally asked whether the localization of neuronal myosin VI would respond to

neuron-specific stimulation paradigms. Indeed, immunostainings of hippocampal neurons revealed a sig-

nificant increase of nuclear myosin VI intensity, following 30 min of recovery after induction of chemical

long-term potentiation (cLTP) (Figures 5C–5E) (Franchini et al., 2019; Otmakhov et al., 2004). Furthermore,

whereas nuclear myosin VI levels were reduced in neurons treated with Cilio D, induction of cLTP in the

presence of Cilio D (Cilio D + cLTP) did not cause an increase in nuclear myosin VI levels that was observed
8 iScience 24, 102416, May 21, 2021
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Figure 5. cLTP-induced nuclear translocation of myosin VI

(A) Coprecipitation of DIC with myosin VI after immunoprecipitation in the presence of 1% Triton X-100 using brain lysate

from wild-type or muskelin knockout mice.

(B) Reduced coprecipitation of DIC with myosin VI using Muskelin-ko (0.87 G 0.21) when compared with wt lysate (1.44 G

0.29). DIC coprecipitation was normalized to myosin VI immunoprecipitation (n = 4 experiments). Data represent meanG

95% confidence intervals for the mean. Independent samples t test, p < 0.01, ** indicates statistical significance.

(C and D) (C) cLTP and ciliobrevin treatment scheme (D) Confocal images showing nuclear myosin VI intensity upon

immunostaining of DIV 12–14 hippocampal neurons treated with 0.4% DMSO (control) or 20 mM ciliobrevin D (cilio D) for

80 min or with additional cLTP induction after 40 min during control (cLTP) or ciliobrevin D treatment (cilio D + cLTP). Scale

bar, 20 mm.

(E) Nuclear myosin VI intensity was significantly different between at least one pair of groups, Kruskal-Wallis test, c2 (2) =

72.561, p < 0.001. Dunn’s pairwise multiple comparisons test (p values adjusted using Bonferroni correction) revealed

significant differences between control (median = 80.95) and cLTP (median = 95.85), z = �3.572, p < 0.01, ** indicates

statistical significance; between cilio D (median = 68.77) and control, z = 2.821, p < 0.05, * indicates statistical significance;

between cilio D and cLTP, z = �6.678, p < 0.01, ** indicates statistical significance; and between cilio D + cLTP (median =

66.46) and cLTP, z = 7.775, p < 0.001, *** indicates statistical significance. There was no evidence of difference between

cilio D + cLTP and cilio D. Control: n = 86 cells; cilio D: n = 93 cells; cLTP: n = 115 cells; cilio D + cLTP: n = 130 cells; 3

experiments. Box borders indicate the 25th and 75th percentiles, horizontal lines inside boxes indicate median, and

whiskers represent values less than 1.5 times the interquartile range lower or higher than the 25th and 75th percentiles,

respectively. Red squares indicate the mean.
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for neurons treated with cLTP alone (Figures 5C–5E). These data indicate that dynein-dependent processes

contribute to the nuclear translocation of myosin VI following cLTP stimulation.

In summary, our findings identify myosin VI in neuronal nuclei and suggest a mechanism, by which dynein

piggybacks myosin VI to regulate its nuclear trafficking. Using transgenic, mutant, and KO mice, we char-

acterized muskelin’s and myosin VI’s nuclear entry and suggest muskelin to regulate the active transport of

myosin VI toward the nuclear compartment.
DISCUSSION

In this study, we report the association of actin-dependent myosin VI with the MT-based motor protein

dynein. Myosin VI shows a punctate localization in the nucleus of hippocampal neurons and transgenic

mice impaired in dynein motor function, or acute inhibition of the dynein ATPase reveals a reduced nuclear

targeting of myosin VI. The trafficking factor muskelin assists in the formation of a dynein-myosin VI inter-

action and also displays a punctate nuclear distribution in the majority of neurons. In contrast, the genetic

knockout of muskelin interferes with myosin VI nuclear targeting. Together our findings indicate that

myosin VI undergoes active transport toward the nuclear compartment mediated by cytoplasmic dynein

in a muskelin-dependent manner.
iScience 24, 102416, May 21, 2021 9
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The presented data connect to previous findings of elevated nuclear myosin VI levels after stimulation of

mammalian cell lines (Hari-Gupta et al., 2020; Jung et al., 2006; Majewski et al., 2018). They extend these

observations by showing that at least a prominent portion of myosin VI depends on an active transfer to-

ward the mammalian nucleus. Furthermore, the association of the myosin with cytoplasmic dynein and its

cargo adaptor muskelin might enable a coordinated nuclear targeting of myosin VI under certain cellular

conditions. In this respect, our data identify that neuron-specific stimuli, such as the induction of cLTP, can

trigger myosin VI recruitment to the neuronal nucleus. They also provide a first hint that the dynein-musk-

elin-assisted transport pathway contributes to stimuli-induced myosin VI nuclear translocation.

Although the latter hypothesis requires further investigation, it is supported by the role of dynein in

cytoplasm-to-nucleus communication in neuronal tissue. Neurotrophins and their receptors, such as

TrkB-BDNF signaling endosomes, undergo nerve terminal-to-soma-directed transport through dynein un-

derlying their downstream nuclear signaling (Gauthier et al., 2004; Heerssen et al., 2004; Olenick et al.,

2019). Dynein also associates with cytoplasmic importins and kinases after nerve injury and mediates sub-

sequent retrograde transport to enable nuclear injury responses (Hanz et al., 2003; Perlson et al., 2005).

With respect to synaptic signal-to-nucleus communication, dynein binding to the soluble messenger pro-

teins Jacob or CRTC1 was shown to constitute a prerequisite in transmission of stimulus-dependent infor-

mation from synaptic-to-nuclear compartments (Herbst and Martin, 2017; Karpova et al., 2013; Lever et al.,

2015). Together, it is well possible that in addition to cLTP induction, other stimuli might trigger myosin VI

nuclear translocation in neurons. Based on myosin VI observations from cell lines, these stimuli might

include axonal injury, DNA damage, and pathways of hormone or nutrient signaling in neurons.

In general, it is reasonable to speculate that myosin VI nuclear targeting will underlie a two-step process, by

which active dynein first mediates transport toward the nuclear compartment, followed by the shuttling of

the myosin across the nuclear envelope. Our data, together with our previous findings (Heisler et al., 2011),

suggest that muskelin, as a direct dynein adaptor and myosin VI binding partner at the cell cortex, already

coordinates the long-distance delivery of myosin VI toward neuronal somata. In this respect, muskelin

might facilitate the association of myosin VI with dynein intermediate chain through direct interaction

with DIC involving its LisH/CTLH domain (Heisler et al., 2011, 2018).

However, adding a second level of complexity, proteins harboring these kinds of motifs were in addition

reported to substantially provide nuclear localization activity (Emes and Ponting, 2001; Lampert et al.,

2018; Qiao et al., 2020; Valiyaveettil et al., 2008). Consistent with this view, the disruption of muskelin dimer-

ization through mutations of its LisH/CTLH domain, thereby exposing this element, triggered the translo-

cation of mRFP-muskelin fusion proteins into the nucleus (Delto et al., 2015). Furthermore, Valiyaveettil

et al. also observed nuclear localization activity of muskelin’s LisH/CTLH motif by studying GFP fusion pro-

teins and showed that other proteins lacking nuclear import activity were shuttled into mammalian nuclei,

when fused to muskelin’s LisH/CTLH motif. In summary, (1) the dynein-dependent delivery of myosin VI to-

ward the nucleus and (2) the nuclear import of myosin VI likely represent two distinct highly regulated pro-

cesses. In parts, these sequential steps might overlap and share some of its multifunctional molecules such

as, for instance, muskelin.

In this context it is noteworthy that myosin VI itself also harbors several nuclear localization sequencemotifs

that seem to be functional (Majewski et al., 2018). A fraction of myosin VI, which already localizes close to

the nucleus, might therefore also undergo nuclear entry independent of muskelin. In general, it is plausible

that not only one mechanism of nuclear import exists for the myosin (Cook et al., 2020), but also that it un-

dergoes nuclear entry via different pathways. Beside the possibility of an nuclear localization sequence and

eventually importin-assisted shuttling across the nuclear envelope, myosin VI nuclear import is likely to be

controlled through interactions with other proteins (Cook et al., 2020; Fili et al., 2017; Majewski et al., 2018).

Based on our data, we suggest that the dynein-muskelin-assisted pathway is dedicated to coordinate the

long-distance delivery of myosin VI toward the nucleus, rather than its nuclear import. However, the prom-

inent and punctate localization of muskelin itself, as detected in the majority of neuronal nuclei, suggests

that it potentially stays associated with myosin VI and perhaps supports the process of nuclear import.

Furthermore, we found muskelin and myosin VI puncta to frequently colocalize in neuronal nuclei, and

myosin VI was reported to accumulate in discrete puncta in the nucleus associated with RNAPII, PML nu-

clear bodies and nuclear speckles. Given the role of myosin VI in cellular processes such as proliferation,

survival, cell adhesion, and migration (Cho and Chen, 2010; Fili et al., 2017; Hari-Gupta et al., 2020; Jung
10 iScience 24, 102416, May 21, 2021
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et al., 2006; Loikkanen et al., 2009; Vreugde et al., 2006; Zorca et al., 2015), it is noteworthy that muskelin and

other CTLH complex-associated proteins that contain the LisH/CTLH motifs were reported to essentially

affect the same fundamental processes as discussed for myosin VI (Huffman et al., 2019; Lampert et al.,

2018; Liu and Pfirrmann, 2019; Maitland et al., 2019; Qiao et al., 2020). Consistent with these cellular func-

tions both, myosin VI and muskelin are reported to show significant association with breast and prostate

cancers (Chen et al., 2019; Dunn et al., 2006; Gueron et al., 2014; Jung et al., 2019; Wang et al., 2015; Yosh-

ida et al., 2004). Intriguingly, an affinity-based approach to screen for binding partners of the Drosophila

homolog of myosin VI (Jaguar) identified muskelin and the other six CTLH complex members to associate

with myosin VI (Finan et al., 2011). Therefore, the possible nuclear functions of muskelin and other CTLH

complex members, as well as the question to what extent these functions may overlap with myosin VI-regu-

lated nuclear processes, warrants further investigation.

In summary, our data identify that myosin VI nuclear localization is regulated through the dynein motor

complex and muskelin. They suggest a mechanism by which MT-dependent dynein piggybacks the myosin

motor to reach the neuronal nucleus. To our knowledge, this is one of the first reports providing evidence

that myosin motors can actively be positioned to reach specific subcellular compartments by means of MT-

based cytoskeleton transport.
Limitations of the study

In this study, we analyzed cultured primary hippocampal neurons and whole brain fractions of genetically

modified mice for myosin VI nuclear targeting. In the future, it will be interesting to see whether dynein and

muskelin regulate myosin VI nuclear delivery also in other cell types of the brain. The dynein-muskelin-as-

sisted trafficking pathway might further be important in tissues where myosin VI nuclear functions were

initially described, including cervical-, breast-, and adrenal gland cell lines. Although myosin VI was sug-

gested to regulate hormone- and cytokine receptor-dependent nuclear functions in these tissues, future

studies are warranted to investigate whether these triggers also affect myosin VI nuclear translocation

and function in neurons.

In addition, we like to mention the technical limitations of the study. As the dynein transport machinery is

important for a variety of cellular processes, the tools to only interfere with one isolated dynein-mediated

process are limited.With respect to our study, overexpression of dynamitin in transgenic mice or transiently

in cultured cells has previously been shown not only to inhibit MT-based dynein-mediated transport but

also to affect Golgi morphology (Burkhardt et al., 1997; LaMonte et al., 2002; Valetti et al., 1999). A subpop-

ulation of myosin VI reported to associate with the Golgi (Tumbarello et al., 2013) might therefore also un-

dergo redistribution following dynamitin overexpression. Although we additionally applied the first

dynein-specific chemical antagonist ciliobrevin in acute treatments (80 min, 20 mM), a dose-dependent ef-

fect of ciliobrevins (4-h treatment) on Golgi morphology has previously been observed (See et al., 2016).

Importantly, depletion of the direct dynein adaptor muskelin, which does not localize to the Golgi, but reg-

ulates long-distance transport of synaptic cargo (Heisler et al., 2011, 2018), revealed comparable and simi-

larly pronounced effects on myosin VI nuclear targeting when compared with dynein inhibition.
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Transparent Methods

Mouse lines

All experiments were in accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the German Animal Welfare Act on protection

of animals. The protocol was approved by the Ethical Committee of the Freie und

Hansestadt Hamburg, Amt für Gesundheit und Verbraucherschutz (Permit number: V

1300/591-00.33). Generation of muskelin knockout mice was previously described

(Heisler et al., 2011). B6;129/SvEv-Mkln1Gt(OST448976)Lex/J mice were backcrossed to

C57BL/6J. Snell’s waltzer mice, in which homozygous mutant mice (sv/sv) contain

two null mutation alleles to functionally deplete myosin VI, were obtained from The

Jackson Laboratory (B6 x STOCK Tyrc-ch Bmp5se +/+ Myo6sv/J) and were on a

C57BL/6J background. Samples of transgenic mice overexpressing dynamitin in

brain (Tg(Thy1-DCTN2)M21Elfh) were obtained from Erika Holzbaur (Pennsylvania,

PA) (LaMonte et al., 2002; Perlson et al., 2009). All mice were maintained in a

pathogen-free, temperature- and humidity-controlled vivarium on a 12 h light/dark

schedule. Mice had access to standard laboratory chow and water ad libitum. Both

male and female mice were included in all of the experiments. In general, littermates

of the appropriate genotypes were used.

Primary neuronal culture

Primary mouse hippocampal neurons were prepared from P0 newborn mice, as

previously described (Heisler et al., 2014), plated at 90,000 to 110,000 cells/well onto

poly-L-lysine- (Sigma, Steinheim, Germany) coated 24 well plates (Greiner Bio-One,

Kremsmünster, Austria). Cells were cultured in PNGM Primary Neuron Basal

Medium supplemented with PNGM-A Single Quots (PA, OA, NSF-1, L-Glutamine)

(all Lonza Group Ltd., Basel, Switzerland) and 100U/mL penicillin and 100mg/mL

streptomycin (all Invitrogen, Carlsbad, CA) at 37°C in a humidified incubator with 5%



CO2. Cells cultured between 10 and 11 days in vitro (DIV 10-11) were used for

transfection with a calcium phosphate coprecipitation method (Heisler et al., 2014) or

with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cultured neurons were

subjected to immunostaining at DIV 12-14.

Antibodies

The following antibodies were used for immunoprecipitation (IP) and western blotting

(WB): mouse anti-Dynein Intermediate Chain (5 µg (IP) and 1:3,000 (WB), Chemicon,

Hofheim, Germany); rabbit anti-Myosin VI (4 µg (IP) and 1:2,000 (WB), Sigma,

Taufkirchen, Germany); rabbit anti-Myosin VI (1:200 (WB) Santa Cruz Biotechnology,

Heidelberg, Germany); guinea pig anti-Muskelin (5 µg (IP) and 1:3,000 (WB),

(Tagnaouti et al., 2007); rabbit anti-GluN2B (1:500 (WB), Abcam, Cambridge, UK);

mouse anti NeuN (1:500 (WB), Millipore, Temecula, CA); rabbit anti-Actin (1:2,000

(WB), Sigma, Taufkirchen, Germany); mouse unspecific IgG (5 µg (IP), Sigma,

Taufkirchen, Germany); guinea pig unspecific IgG (5 µg (IP), Santa Cruz

Biotechnology, Heidelberg, Germany); peroxidase-conjugated goat anti-guinea pig,

goat anti-rabbit and goat anti-mouse (all 1:15,000, Dianova, Hamburg, Germany).

The following antibodies were used for immunofluorescence: guinea pig anti-

Muskelin (1:50, (Tagnaouti et al., 2007)); goat anti-Myosin VI (1:50, Santa Cruz

Biotechnology, Heidelberg, Germany); rabbit anti-Myosin VI (1:100, Sigma,

Taufkirchen, Germany); CY3- or CY5-conjugated donkey anti-guinea pig or donkey

anti-goat (all 1:500, Dianova, Hamburg, Germany); Alexa Fluor 488 conjugated

donkey anti-guinea pig or donkey anti-goat (40µg/ml, Invitrogen, Carlsbad, CA).

Constructs

EGFP-Dynamitin has been previously described (Palazzo et al., 2001). To generate

EGFP-MyoVIdn, the entire myo VI tail domain was amplified from rat cDNA by PCR,

a-tailed and ligated into pGEM-Teasy. It was cloned as SalI-EcoRI fragment into



pEGFP-C2 (BD Biosciences, Heidelberg, Germany). All constructs were verified by

dideoxy sequencing.

Cellular fractionation and isolation of nuclear proteins

Nuclear and cytoplasmic fractions were obtained from fresh mouse brain tissue by

using a Nuclear Extract Kit (Active Motive, Carlsbad, CA). Briefly, whole brains of

adult mice were sliced into 1 mm sections in ice-cold Hypotonic Buffer containing

phosphatase and protease inhibitors supplemented with DTT and Detergent (Active

Motive, Carlsbad, CA). A dounce homogenizer with large-clearance Teflon pestle

(Sartorius Group, Goettingen, Germany) was used for homogenization until the cells

were dissociated. Cells were collected by centrifugation at 850 x g for 10 min and

subjected to cytoplasmic and nuclear fractionation following the manufacturers

protocol (Active Motive, Carlsbad, CA).

Coimmunoprecipitation

For coimmunoprecipitation experiments, whole brains of adult mice were dissected in

ice cold PBS and homogenized in IM-Ac buffer (20mM HEPES, 100mM KAc, 40mM

KCl, 5mM EGTA, 5mM MgCl2, pH 7.2) with freshly added proteinase inhibitor cocktail

(Roche, Mannheim, Germany), 1mM PMSF, 5mM DTT and 2mM Mg-ATP (all Sigma,

Taufkirchen, Germany). The homogenate was clarified by centrifugation at 1,000 x g

for 10 min and the postnuclear supernatant (S1) used for the following steps. After

coupling 5 µg of antibodies to magnetic Protein G Dynabeads for 4 to 5h (Invitrogen,

Carlsbad, CA), 1% Triton-X-100 preincubated extracts from S1 were incubated with

antibody-coupled beads overnight, followed by extensive washing steps (4-6) with IP-

buffer (150mM NaCl, 50mM Tris, pH 7.5, 5mM MgCl2) containing 1% Triton X-100.

Bound proteins were eluted in SDS sample buffer, subjected to SDS-PAGE and

analyzed by Western blotting.



Ciliobrevin D and cLTP experiments

DIV 12-14 dissociated mouse hippocampal neurons were treated with 20 µM

Ciliobrevin D (Merck, Darmstadt, Germany) or 0.4% DMSO (control) (Sigma,

Taufkirchen, Germany) for 80 min at 37°C in a humidified incubator with 5% CO2.

For experiments involving cLTP inductions, neurons were pretreated with 20 µM

Ciliobrevin D or with 0.4% DMSO (control) for 40 min. cLTP was induced by

treatment with 50 µM Forskolin, 100 nM Rolipram and 100 µM Picrotoxin (Franchini

et al., 2019; Otmakhov et al., 2004) (all Tocris, Wiesbaden-Nordenstadt, Germany)

for 10 min in Ringer solution without Mg2+ (125 mM NaCl, 2,5 mM KCl, 3 mM CaCl2,

33 mM D-Glucose, 25 mM HEPES, pH 7.3) (all Sigma) and in the presence of either

0.4% DMSO or 20 µM Ciliobrevin D. Neurons were then washed once with warm

PBS and for cLTP recovery incubated for 30 min in Ringer solution containing Mg2+

(125 mM NaCl, 2,5 mM KCl, 2 mM CaCl2, 33 mM D-Glucose, 1 mM MgCl2, 25 mM

HEPES, pH 7.3), in the presence of either 0.4% DMSO or 20 µM Ciliobrevin D.

Neurons were further processed as described in immunocytochemistry section.

Immunocytochemistry

DIV 12-14 primary cultured mouse hippocampal neurons from wildtype, muskelin

knockout mice or after transfection, were fixed in 4% PFA/4% sucrose (10 min) and

washed in PBS prior to permeabilization with 0.25% Triton X-100 (5 min). Unspecific

binding sites were blocked with 3% (w/v) bovine serum albumin (Applichem,

Darmstadt, Germany) for 1 h and cells were incubated with primary antibodies

overnight at 4°C. Cells were washed three times in PBS and incubated with

secondary antibodies for 1 h and with TO-PRO-3 or DAPI (both 1:1,000, Thermo

Scientific, Waltham, MA) if applicable, washed extensively and mounted in Aqua Poly

Mount (Polysciences, Warrington, PA). For microscopy analysis an upright Laser-

scanning Confocal Microscope Fluoview FV1000 with Olympus Fluoview Software

Ver. 2.1.b (Olympus, Hamburg, Germany) or an inverted Leica TCS-SP2 laser



scanning confocal microscope (Leica Microsystems, Wetzlar, Germany) was used.

For double-labeling studies, a sequential scanning mode was applied.

Electron microscopy

Mice were anaesthetized and perfused with 4% PFA and 0.1% glutaraldehyde in 0.1

M phosphate buffer (PB, pH 7.4) for preembedding immunohistochemistry. Sagittal

vibratome sections of the hippocampus were cut into 150 nm and immersed in 2.3

mol/L sucrose in PB, overnight, at 4°C for cryoprotection. Thereafter they were

subjected to two freeze-thaw cycles in liquid nitrogen to aid penetration of

immunoreagents and first treated with 1% NaBH4 and then with 0.3% H2O2 in PBS

for 30 min. After rinsing in PBS, sections were blocked with 10% horse serum (HS)

containing 0.2% bovine serum albumin (BSA) for 15 min and left overnight with

primary antibody (guinea pig anti Muskelin (Tagnaouti et al., 2007), 1:100) in carrier

containing PBS with 1% PS and 0.2% BSA. Sections were washed in PBS,

incubated with biotinylated secondary antibody (Vector Labs, Burlingame, CA)

diluted in carrier for 90 min. After rinsing, sections were incubated with ABC (Vector

Labs), diluted to a 1:100 concentration in PBS for 90 min. Afterwards they were

washed in PBS and further incubated in diaminobenzidine (DAB)-H202 solution

(Sigma, Taufkirchen, Germany) for 10 min. The 150 µm thick sections were postfixed

with 1% OsO4, dehydrated in an ascending series of ethanol and embedded in Epon

(Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Ultrathin sections were then

examined with a Zeiss EM 902 (Zeiss, Göttingen, Germany).

General Statistical Analysis

The sample size was adjusted according to results of prior pilot datasets or studies

that used similar methods or paradigms. Data were analyzed using Microsoft Excel,

GraphPad Prism6.07 (GraphPad Software, La Jolla, CA) and IBM SPSS Statistics 22

(IBM, Armonk, NY). Prior to analysis, data were explored by using IBM SPSS



Statistics 22. Data were explored for normality within sample groups by using the

Shapiro-Wilk test and for equality of variances between sample groups by using the

Levene´s test. For non-parametric data, we used the Kruskal-Wallis ANOVA and the

Mann-Whitney U test. Dunn´s pairwise multiple comparisons with p values adjusted

using the Bonferroni correction were calculated when applicable. A two-sample

Kolmogorov-Smirnov test was used to compare the distribution between sample

groups. For parametric data, the independent samples t test was used. All statistical

tests used, as well as the corresponding p and n values are specified in the

accompanying figure legends for each experiment. In general, an error rate of p <

0.05 was adopted as a yardstick for statistical significance; *: p < 0.05 significant, **:

p < 0.01 very significant, ***: p < 0.001 highly significant. All experiments were

repeated at least three times using independent primary neuron cultures or mice

from individual animal litters. Parametric data are reported as mean ± the classical

95% confidence intervals for the mean. Parametric data are visualized in column

scatter plots showing individual data points, and with error bars representing the 95%

confidence intervals for the mean. Non-parametric data are reported as median and

visualized in box and whisker plots (Tukey style). Box borders indicate the 25th and

75th percentiles, horizontal lines inside boxes indicate the median, and whiskers

represent values less than 1.5 times the interquartile range lower or higher than the

25th and 75th percentiles, respectively. We added red squares to indicate the mean.

Western Blot and Confocal Image Data Analysis

For evaluation of relative immunoblot signal intensities, images were acquired using

a Chemo-Cam Imager ECL HR 16-3200 (Intas, Goettingen, Germany) or GE

Healthcare Amersham Hyperfilm ECL (Thermo Scientific, Waltham, MA). Immunoblot

signal intensities were analyzed using the ImageJ, version 1.38, software (National

Institutes of Health, NIH). Intensities were then normalized, as compared to loading

control signals or to self-precipitation in case of coimmunoprecipitation experiments.



Fluorescence imaging was carried out with an upright Laser-scanning Confocal

Microscope Fluoview FV1000 with Olympus Fluoview Software Ver. 2.1.b (Olympus,

Hamburg, Germany) or an inverted Leica TCS-SP2 laser scanning confocal

microscope (Leica Microsystems, Wetzlar, Germany) using a 63x objective. For

simultaneous multiple-channel fluorescence, images were taken in a sequential

channel recording mode. Confocal images from multiple individual cells used for

statistical analysis were obtained using identical photomultiplier values throughout

each experiment. All experiments were at least replicated three times using different

culture preparations or animal litters. Images were saved as overlay TIF-files and

further processed offline and analyzed using MetaMorph 7.1 (Molecular Devices,

San Jose, CA). First regions of interests (ROIs) were defined using the ROI tool.

Overlay TIF-files were separated in green, red or blue channels using the “color

separate” function. ROIs were transferred from overlay to each channel using the

“transfer region” function. For definition of image thresholds, brightness was adjusted

using the “Inclusive thresholding state” function. Fluorescence intensity and area

measurements were performed using the “Integrated Morphometry Analysis” function.

Intensity profiles along dendrites were created with the “line scan” function and

correlation scatter plots as well as calculation of Pearson´s correlation coefficient

was performed with MetaMorph “Correlation Plot” function. The percentage of area of

colocalized signal A over B or vice versa, were calculated using the

“Colocalization“ function of MetaMorph.
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