ARTICLE

UNC-45A is required for neurite extension via

controlling NMII activation

Yoshie lizuka*t, Ashley Mooneyham?t, Andrew Sieben?, Kevin Chen®, Makayla Maile?,

Raffaele Hellweg®, Florian Schiitz, Kebebush Teckle?, Timothy Starr?, Venugopal Thayanithy<,
Rachel Isaksson Vogel?, Emil Loud, Michael K. Lee®, and Martina Bazzaro®*

2Masonic Cancer Center and Department of Obstetrics, Gynecology and Women'’s Heath, “Division of Hematology,
Oncology and Transplantation, and Department of Neuroscience, University of Minnesota Twin Cities, Minneapolis,
MN 55455; bPDepartment of Biology, University of Maryland, Baltimore, MD 21250; “Breast Unit, University of

Heidelberg, 69120 Heidelberg, Germany

ABSTRACT UNC-45A is a highly conserved member of the UNC-45/CRO1/She4p family of
proteins, which act as chaperones for conventional and nonconventional myosins. NMIl medi-
ates contractility and actin-based motility, which are fundamental for proper growth cone
motility and neurite extension. The presence and role of UNC-45A in neuronal differentiation
have been largely unknown. Here we demonstrate that UNC-45A is a novel growth cone-
localized, NMll-associated component of the multiprotein complex regulating growth cone
dynamics. We show that UNC-45A is dispensable for neuron survival but required for neurite
elongation. Mechanistically, loss of UNC-45A results in increased levels of NMII activation.
Collectively our results provide novel insights into the molecular mechanisms of neurite
growth and define UNC-45A as a novel and master regulator of NMlil-mediated cellular

processes in neurons.
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INTRODUCTION

Neural development, including differentiation, migration, and neu-
rite guidance, is a tightly regulated process under the control of
cytoskeletal machinery. Neurite growth takes place at the highly mo-
tile tip of the neurite, the growth cone. A number of actin-associated
proteins, including Wiskott-Aldrich syndrome protein (WASP),
WASP-family verprolin-homologous family proteins, Arp2/3 com-
plex, cofilin, and nonmuscle myosin Il (NMII) participate in the step-
wise cytoskeletal reorganization that is requisite for neurite extension
and guidance (Lin et al., 1994, 1996; Suter and Forscher, 2000; Low-
ery and Van Vactor, 2009; Spillane et al., 2012; Ganguly et al., 2015;
Katsuno et al., 2015).
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In the transition zone of the growth cone, NMIl-dependent
contraction promotes F-actin retrograde flow and contributes to
maintain the balance between actin polymerization and depolymer-
ization, which is at the base of the idling of the growth cone engine
(Schaar and McConnell, 2005; Lowery and Van Vactor, 2009; Vallee
et al., 2009). Consequently modulation of NMII dynamics has pro-
found effects on cytoskeleton organization and cellular functions,
including neurite growth (Lin et al., 1996; Gallo et al., 2002). NMII
contractile properties depend on its ability to functionally bind and
interact with actin (Vicente-Manzanares et al., 2007, 2009). In this
scenario, pharmacological inhibition of NMII with the general myo-
sin Il inhibitor blebbistatin results with an imbalance in the actin
treadmilling and causes neurite extension (Limouze et al., 2004; Cai
etal., 2010).

UNC-45A, a member of the UCS protein family (UNC-45/
CRO1/She4p), is a NMII cochaperone required for motor protein
assembly (Barral et al., 1998, 2002; Hutagalung et al., 2002; Price
etal., 2002; Lee et al., 2014; Ni and Odunuga, 2015). We and oth-
ers showed that UNC-45A is also required for a variety of NMII-
mediated functions in mammalian cells, including motility, adhe-
sion, exocytosis, and cytokinesis (Price et al., 2002; Hoppe et al.,
2004; Bazzaro et al., 2007; Guo et al., 2011; lizuka et al., 2015;
Jilani et al., 2015). Mechanistically, UNC-45A has been suggested
to promote stable NMII folding via binding with the myosin head,
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thereby affecting the levels of available NMII to form NMll-actin
complexes (Shi and Blobel, 2010; Guo et al., 2011; lizuka et al.,
2015).

Given the crucial role for NMIl in regulating growth cone dynam-
ics, we sought to investigate whether and how its cochaperone
UNC-45A is necessary for neuronal differentiation. In this study, we
show that UNC-45A is localized at the growth cone of neurons,
where it binds to and colocalizes with both NMIIA and NMIIB. We
also show that UNC-45A is dispensable for neuronal cells survival
but crucial for neurite differentiation, as UNC-45A knockdown inter-
feres with elongation of neurites. Furthermore, rescue of UNC-45A
was able to restore neurite outgrowth in neuronal cells. Mechanisti-
cally, we show that loss of UNC-45A results in increased levels of
phosphorylation of NMII light chain, which is compatible with an
increase in NMII contractility and suggestive of increased F-actin
retrograde flow at the growth cone.

RESULTS

UNC-45A is expressed in neurons and enriched in the
growth cones

We previously showed that UNC-45A is a cytoskeletal-associated
protein involved in regulating the NMll-associated function of cy-
tokinesis and cell motility in cancer cells (Bazzaro et al., 2007).
More recently, we showed that UNC-45A promotes the NMll-asso-
ciated cytoskeletal reorganization required during cell secretion
(lizuka et al., 2015). Thus we sought to investigate whether UNC-
45A plays a role in neuronal development. To this end, we first
determined UNC-45A protein levels and subcellular localization in
neuronal cell lines and primary neurons. Specifically, cell lysates
from N2a and SH-SY5Y mouse and human neuroblastoma cell
lines and cortical neurons dissected from postnatal day 1 (PND1)
C57BL/6 mice were subjected to Western blot analysis using a
monoclonal antibody (mAb) against UNC-45A. As shown in
Figure 1A, UNC-45A is expressed in both neuronal cell lines and
primary neurons.

Next we monitored the subcellular localization of UNC-45A in
differentiated N2a and SH-SY5Y neuroblastoma cell lines, as well
as in PND1 cortical neurons. Specifically, N2a cells were differenti-
ated over a period of 4 d by exposing them to reduced (10 to
0.5%) fetal bovine serum (FBS) concentration, SH-SY5Y cells were
differentiated over a period of 6 d by exposing them to 1 pM reti-
noic acid, and PND1 cortical neurons were differentiated over a
period of 3 d by culturing them in supplemented Neurobasal me-
dium. Differentiation resulted, with cells having a main long neu-
rite and several shorter neurites. This is consistent with the pattern
of neuronal differentiation observed in vivo. Immunofluorescence
microscopy analysis revealed that UNC-45A is present in the
growth cone of N2a (Figure 1B), SH-SY5Y (Figure 1C), and PND1
(Figure 1D) cells. Specificity of UNC-45A immunostaining was con-
firmed by performing the staining after UNC-45A knockdown
(Supplemental Figure S1).

UNC-45A knockdown results in viable neurons with
unaltered morphology

With the goal of investigating a possible role for UNC-45A during
neurite growth, we first sought to evaluate the feasibility of UNC-
45A knockdown in neuronal cell lines and PND1 cortical neurons
and its effect on cell viability and morphology. To this end, UNC-
45A was knocked down via lentiviral-mediated delivery of short
hairpin RNAs (shRNAs) targeting multiple UNC-45A regions in N2a,
SH-SY5Y, and PND1 neurons, and the efficiency of UNC-45A knock-
down was evaluated by Western blot analysis. UNC-45A knockdown
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resulted in reduction of UNC-45A expression up to ~70% in N2a
cells and ~50% in SH-SY5Y cells when measured 48 h postinfection
(Figure 2, A and B, respectively). UNC-45A knockdown in PND1
cortical neurons also resulted in efficient reduction in protein ex-
pression levels, which was detectable as early as 2 d postinfection
(D2), with reduction of the UNC-45A expression up to ~80% by D4
(Figure 2C).

N2a SH SYSY PND1

B-actin —)

B 2a

C SH-SY5Y

FIGURE 1: UNC-45A is expressed in neurons and localized in the
growth cone. (A) Western blot analysis of UNC-45A in lysates from
N2a and SH-SY5Y neuroblastoma cell lines and PND1 cortical
neurons. B-Actin was used as loading control. (B) Differentiated N2a
cells were stained using an anti-UNC-45A antibody followed by Texas
Red-conjugated anti-mouse IgG and analyzed by phase contrast (left)
and fluorescence (right) microscopy. (C) Differentiated SH-SY5Y cells
were stained using an anti-UNC-45A antibody followed by Texas
Red-conjugated anti-mouse IgG and analyzed by phase contrast (left)
and fluorescence (right) microscopy. (D) Differentiated PND1 cortical
neurons were stained using an anti-UNC-45A antibody followed by
Texas Red—conjugated anti-mouse IgG and analyzed by phase
contrast (left) and fluorescence (right) microscopy.
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FIGURE 2: Lentiviral-mediated delivery of shRNA-UNC-45A results in efficient UNC-45A knockdown in neuronal cells
without affecting their viability. (A) Left, UNC-45A expression levels evaluated via Western blot analysis in lysates of N2a
cells 48 h after transduction with either shRNA-scramble or shRNA targeting two different UNC-45A regions (#1 and
#2). B-Actin was used as a loading control. Right, quantification of percentage of UNC-45A expression normalized to
B-actin. (B) Left, UNC-45A expression levels evaluated via Western blot analysis in lysates of SH-SY5Y cells on
transduction with either shRNA-scramble or shRNA targeting two different UNC-45A regions (#1 and #2). B-Actin

was used as a loading control. Right, quantification of percentage of UNC-45A expression normalized to B-actin.

(C) UNC-45A expression levels evaluated via Western blot analysis in lysates of PND1 cortical neurons after transduction
with either shRNA-scramble or shRNA targeting UNC-45A (#2). Analysis was performed at D1-D4 postinfection. -Actin
was used as a loading control. Numbers indicate UNC-45A/B-actin ratio. (D) Stable N2a cells expressing either scramble
or UNC-45A knockdown (#2) evaluated for their morphology via phase contrast microscopy. (E) Cell area evaluated in
shRNA-scramble vs. UNC-45A-knockdown (#2) N2a cells. Area is expressed as arbitrary units (pixels) and calculated
using ImageJ software. (F) Cell shape (circularity) evaluated in shRNA-scramble vs. UNC-45A knockdown (#2) N2a cells.
Circularity of the cell was defined as the ratio between the area of the cell and its perimeter (4n x area/perimeter?). The
ratio ranges from O to 1, with 1 indicating a perfect circle and values progressing toward 0 representing an increasingly
elongated shape.

Next we investigated whether loss of UNC-45A would result in
loss of cell viability or alteration in cellular morphology in undifferen-
tiated cells. To this end, undifferentiated N2a cells stably expressing
shRNA-scramble or shRNA-UNC-45A (#2) were analyzed under light
microscopy for general cell appearance, including cell size and
shape. As shown in Figure 2D, we did not observe significant differ-
ences in cell morphology between UNC-45A knockdown and
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control. Furthermore, analysis of cell morphology did not reveal
significant differences in terms of cell area (Figure 2E) or shape
(Figure 2F). Similar results were obtained with PND1 cortical neu-
rons (unpublished data). Collectively the results suggest that the
dramatic reduction in UNC-45A protein levels does not compromise
neuronal cell viability nor compromise the overall morphology of
undifferentiated neurons.
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Loss of UNC-45A hinders the capacity of neurons to
differentiate and form a main neurite

Having established that UNC-45A knockdown results in viable cells,
we next investigated whether UNC-45A is required for cell differen-
tiation and more specifically for neurite growth. To this end, N2a
cells stably expressing either shRNA-scramble or shRNA targeting
two different UNC-45A regions (#1 and #2) were exposed to low
serum concentrations (0.5%) for 48 h, followed by fixation and visu-

differentiate and produce neurites. Quantification of the main
neurite/soma ratio for N2a and SH-SY5Y UNC-45A knockdowns,
respectively, is given in Figure 3, B and C.

Next we investigated whether a similar effect could be observed
in primary cortical neurons. To this end, PND1 cortical neurons from
C57BL/6 mice were infected at day in vitro 1 (DIV 1), and main
neurite length was monitored under phase contrast microscopy at
D1-D4. As shown in Figure 3D, UNC-45A knockdown resulted in

statistically significant reduction in main neurite length, which was

alization under phase contrast microscopy. As shown in Figure 3A,
observable as early as D2 and progressively increased to reach its

UNC-45A knockdown severely inhibited the ability of N2a cells to
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FIGURE 3: Loss of UNC-45A prevents neurite elongation. (A) N2a cells transduced with either shRNA-scramble or
shRNA targeting two different UNC-45A regions (#1 and #2) and differentiated in presence of 0.5% of FBS over 48 h.
Per each condition, soma and main neurite lengths were visualized and evaluated under phase contrast microscopy.

(B) Evaluation of main neurite/soma ratio in scramble vs. UNC-45A-knockdown N2a cells. Average of three independent
experiments. (C) Evaluation of main neurite/body ratio in scramble vs. UNC-45A knockdown in SH-SY5Y cells. Average
of three independent experiments. (D) PND1 cortical neurons were transduced with either shRNA-scramble or
shRNA-UNC-45A (#2). Per each condition, neurite length was visualized and evaluated under phase contrast microscopy
at D1-D4 postinfection. (E) Evaluation of main neurite length in scramble vs. UNC-45A PND1 knockdown cells. Average
of three independent experiments. (F) Growth rate of main neurite in N2a cells scramble or UNC-45A knockdown
expressed as micrometers/minute. A minimum of four neurons were analyzed per each condition. (G) Growth rate of
main neurite in PND1 scramble or UNC-45A knockdown expressed as micrometers/minute. A minimum of four neurons
were analyzed per each condition.
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peak at D4. Quantification of the average main neurite length in
control versus UNC-45A-knockdown PND1 neurons is given in
Figure 3E.

UNC-45A knockdown interferes with neurite elongation

The formation of the neurite is an initial event during the polariza-
tion of neurons. Thus, to establish whether loss of UNC-45A plays
a role during neuronal polarization, we performed time-lapse
microscopy imaging of N2a stably expressing either shRNA-
scramble or shRNA targeting UNC-45A (#2). Specifically, infected
cells were exposed to low concentration of serum (0.5%), and
neuronal polarization and neurite extension were visualized via
time-lapse microscopy over 3 d. As shown in Supplemental Video
S1, N2a cells infected with shRNA-scramble retain the capacity to
polarize and form growing neurites. On the contrary, ~70% of N2a
cells expressing shRNA directed against UNC-45A showed a
marked increase in number of neurites but failed to commit to
form a main one (Supplemental Video S2). Taken together, these
results suggest that the transition from neurites to main neurite
seems to be inhibited. Next we sought to determine whether loss
of UNC-45A hinders the extension of already formed neurites. For
this, we took advantage of the observed delay in down-regulation
of UNC-45A protein in PND1 cortical neurons after infection
(Figure 2C). Under these conditions, decrease in UNC-45A pro-
tein levels occurs when neurons are already semidifferentiated
and have produced a main neurite. As shown in Supplemental
Video S3, PND1 cortical neurons infected with shRNA-scramble
retained their capacity to form a defined, main neurite. On the
contrary, neurites from PND1 cortical neurons infected with
shRNA targeting UNC-45A had slower growth and shorter length
(Supplemental Video S4). Growth rate for N2a or PND1 scramble
and UNC-45A-knockdown cells is given in Figure 3, F and G, re-
spectively. Taken together, the results suggest that UNC-45A
knockdown interferes with neurite elongation.
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Rescue of UNC-45A restores neurite growth in UNC-45A-
knockdown N2a cells

To confirm that UNC-45A is necessary during neurite growth, we
designed a rescue experiment in which UNC-45A was reexpressed
in stable UNC-45A-knockdown N2a cell lines. Specifically, shRNA
UNC-45A #2 knockdown N2a cells were transduced with either
empty FLAG vector or vector expressing FLAG-tagged UNC-45A,
and the efficiency of protein rescue was evaluated by Western blot
analysis (Figure 4A). Next knockdown N2A cells infected with either
empty vector (+empty vector) or vector expressing FLAG-tagged
UNC-45A (+UNC-45A) were exposed to low serum concentrations
(0.5%) for 48 h, followed by fixation and visualization under phase
contrast microscopy. As shown in Figure 4B, UNC-45A rescue re-
sulted in N2a cells having neurites statistically significantly longer
than control (+empty vector) and similar to those in shRNA-scram-
ble cells. Quantification of the main neurite/soma ratio for UNC-45A
rescue versus controls is given in Figure 4C.

UNC-45A colocalizes with and binds to NMIIA and NMIIB

We and others previously showed that in mammalian cells, UNC-
45A plays a crucial role in controlling NMll-associated functions
(Price et al., 2002; Hoppe et al., 2004; Guo et al., 2011; Ni et al.,
2011; lizuka et al., 2015; Jilani et al., 2015). Furthermore, UNC-45A
was previously shown to bind to both NMIIA and NMIIB in cancer
cells (Guo et al., 2011). Given the key role of NMII in driving neuro-
nal differentiation and neurite formation, we initially tested the
hypothesis that in neurons, UNC-45A is a binding partner of NMII.
To this end, we first evaluated the UNC-45A subcellular localization
in differentiated neurons with respect to NMIIA. Specifically, differ-
entiated N2a cells were fixed and stained with UNC-45A and NMIIA
antibodies, and the relative subcellular localization was investigated
via double immunofluorescence analysis. Our results show that
UNC-45A partially overlaps with NMIIA in both cell soma and
growth cone of differentiated N2a cells (Figure 5A). Next we
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FIGURE 4: Rescue of UNC-45A restores neurite growth in UNC-45A-knockdown N2a cells. (A) UNC-45A expression
levels evaluated via Western blot analysis in lysates of UNC-45A knockdown (shRNA UNC-45A #2) N2A cells infected
with either empty vector (+empty vector) or vector expressing FLAG-tagged UNC-45A (+UNC-45A). B-Actin was
used as a loading control. Numbers indicate the UNC-45A/-actin ratio. (B) Scramble or UNC-45A-knockdown N2A
cells infected with either empty vector or vector expressing UNC-45A were differentiated in the presence of 0.5% of
FBS over 48 h. Per each condition, soma and main neurite lengths were visualized and evaluated under phase
contrast microscopy. (C) Evaluation of main neurite/soma ratio per each condition. Average of three independent

experiments.
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UNC-45A binds to and colocalizes with NMIIA and NMIIB in neurons.
(A) Differentiated N2a cells were stained with anti-UNC-45A antibody followed by Texas
Red-conjugated anti-mouse antibody (red) and anti-NMIIA antibody followed by an anti-rabbit
FITC—conjugated secondary antibody (green). Stained cells were analyzed by confocal
immunofluorescence microscopy. (B) Differentiated N2a cells were stained with anti-UNC-45A
antibody followed by Texas Red-conjugated anti-rabbit antibody (red) and anti-NMIIB antibody
followed by an anti-mouse FITC conjugated secondary antibody (green). Stained cells were
analyzed by confocal immunofluorescence microscopy. (C) UNC-45A immunoprecipitated from
lysates of N2a and SH-YH5Y cells with an anti-UNC-45A mAb. Coimmunoprecipitated NMIIA
was detected by Western blot analysis using an anti-NMIIA polyclonal antibody.
Immunoprecipitation with mouse IgG was performed as a control. (D) UNC-45A
immunoprecipitated from lysates of N2a and SH-YH5Y cells with an anti<UNC-45A mAb.
Coimmunoprecipitated NMIIB was detected by Western blot analysis using an anti-NMIIB
polyclonal antibody. Immunoprecipitation with mouse IgG was performed as a control.

evaluated the UNC-45A subcellular localization in differentiated
neurons with respect to NMIIB. Specifically, differentiated N2a cells
were fixed and stained with UNC-45A and NMIIB antibodies, and
the relative subcellular localization was investigated via double im-
munofluorescence analysis. Our results show that UNC-45A partially
overlaps with NMIIB in both cell soma and growth cone of differenti-
ated N2a cells (Figure 5B).

Next we biochemically tested whether UNC-45A coimmunopre-
cipitates with either or both NMIIA and NMIIB in neurons. To this
end, we immunoprecipitated lysates from N2a and SH-SY5Y neuro-
blastoma cell lines with an anti-UNC-45A mAb and evaluated
binding to NMIIA and NMIIB by Western blot analysis. As shown
in Figure 5, UNC-45A coimmunoprecipitates with both NMIIA
(Figure 5C) and NMIIB (Figure 5D). Taken together, the results sug-
gest that UNC-45A is a likely candidate for mediating some of the
NMill-associated functions in neuronal cells.

UNC-45A knockdown does not affect NMIIA or NMIIB levels
or their subcellular localization

Neuronal differentiation is very sensitive to appropriate levels and
subcellular localization of NMII (Vallee et al., 2009). Thus the
inhibition of neurite growth in neuroblastoma cell lines and PND1
cortical neurons after UNC-45A knockdown could be associated
with reduction in NMII expression levels or its mislocalization within
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reduction of UNC-45A levels did not alter
the levels of NMIIA (Figure 6A) or NMIIB
(Figure 6B). Next we tested whether UNC-
45A knockdown results in abnormal NMIIA
and/or NMIIB subcellular localization in dif-
P ferentiating neurons. Specifically, we stained
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UNC-45A knockdown results in
increased NMII phosphorylation levels
Because we did not observe any difference
in NMIIA or NMIIB expression levels or their
subcellular localization on UNC-45A knock-
down (Figure 5), we next examined the
effect of UNC-45A silencing on NMII activa-
tion. Specifically, we assessed phosphoryla-
tion levels of NMII light chain (Ser-19) by
Western blot analysis in N2a cells infected
with either shRNA-scramble or shRNA-
UNC-45A (#1 and #2). As shown in Figure
7A (left), phosphorylation levels of NMII
light chain were higher in UNC-45A—knock-
down N2a cells than with control. Quantification of p-NMII light
chain/B-actin ratio is given in Figure 7A (right). Next we investigated
whether a similar effect could be observed in primary cortical neu-
rons. To this end, we assessed phosphorylation levels of NMII light
chain via Western blot analysis in PND1 neurons expressing shRNA-
scramble or shRNA-UNC-45A (#2). Similar to N2a cells, we observed
an increase in light chain phosphorylation in UNC-45A—knockdown
PND?1 cells compared with controls (Figure 7B, left). Quantification
of p-NMII light chain/B-actin ratio is given in Figure 7B (right). To
further support our findings of functional interaction between UNC-
45A and NMII, we tested whether UNC-45A overexpression re-
sulted in reduction in NMIIA phosphorylation levels. As shown in
Figure 7C, overexpression of UNC-45A in N2a cells resulted in a
decrease in NMIIA phosphorylation levels. Quantification of the p-
NMII light chain/B-actin ratio is given in Figure 7C (right).

Increase in NMII activity after UNC-45A knockdown corresponds
to an inhibition in neurite growth. This is consistent with previous
observations that NMII inhibition promotes neurite extension
(Kovécs et al., 2004; Allingham et al., 2005; Hur et al., 2011). There-
fore we tested whether the effect of UNC-45A knockdown on main
neurite growth can be antagonized by the addition of the general
NMII inhibitor blebbistatin. Specifically, N2a cells expressing either
shRNA-scramble or shRNA-UNC-45A were treated with either di-
methyl sulfoxide (DMSO) (vehicle control) or 25 pM blebbistatin.
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NMill-associated functions, including cytoki-
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FIGURE 6: UNC-45A knockdown does not affect NMIIA and NMIIB levels or their subcellular
localization at the growth cones. (A) Left, lysate of N2a cells expressing either scramble or
UNC-45A knockdown (#1 and #2) was immunoblotted with an antibody against NMIIA. Equal
protein loading was verified by using an antibody directed against B-actin. Right, quantification
of residual NMIIA expression after UNC-45A knockdown. (B) Left, lysate of N2a cells expressing
either scramble or UNC-45A knockdown (#1 and #2) was immunoblotted with an antibody
against NMIIB. Equal protein loading was verified by using an antibody directed against -actin.
Right, quantification of residual NMIIB expression after UNC-45A knockdown. (C) Differentiated
N2a cell expressing either shRNA-scramble or shRNA-UNC-45A#2 stained with an anti NMIIA
antibody followed by Texas Red-conjugated anti-rabbit antibody (red) and analyzed by
fluorescence microscopy. (D) Differentiated N2a cells expressing either shRNA-scramble or
shRNA-UNC-45A#2 stained with an anti NMIIB antibody followed Texas Red-conjugated

anti-rabbit antibody (red) and analyzed by fluorescence microscopy.

Neurite length was measured 24 h posttreatment. As shown in
Figure 8A, blebbistatin treatment successfully rescued neurite ex-
tension in UNC-45A-silenced N2a cells. Quantitative analysis of
neurite length in Figure 8B shows a nonsignificant difference in neu-
rite length between blebbistatin-treated shRNA-scramble and
shRNA-UNC-45A N2a cells. These data suggest that the loss of
UNC-45A causes an increase in NMII activity that can subsequently
be rescued on NMIl inhibition.

DISCUSSION

In the transition zone of the growth cone, NMIl-dependent contrac-
tion promotes F-actin retrograde flow and contributes to the idling
of the growth cone engine (Forscher et al., 1992; Cramer et al.,
1994; Lin et al., 1996; Pollard et al., 2000; Suter and Forscher, 2000).
We and others previously showed that in mammalian cells,
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lines, as well as in primary cortical neurons.
Spatially, UNC-45A was found to localize in
both the soma and the growth cone. Be-
cause growth cones are the nexus for neu-
rite elongation, localization in this region
suggests that UNC-45A plays a potential
role in regulating neurite extension (Lowery
and Vactor, 2009; Vicente-Manzanares et al.,
2009). Here we show that loss of UNC-45A
in both neuroblastoma cell lines and primary
cortical neurons results in impaired capacity
of cells to commit to the formation of a main
neurite.

Because previous studies showed that
the cytoskeletal protein NMIl depends on
UNC-45A for proper folding and function,
we tested UNC-45A and NMIl interaction to
determine whether disruption of this rela-
tionship impeded neuronal differentiation.
Our colocalization and immunoprecipita-
tion analyses confirm UNC-45A/NMIIA and
UNC45A/NMIIB interaction in the neuronal
context, similar to previous studies showing
UNC-45A binding directly to NMIIA and
NMIIB to facilitate folding and actin binding
(Bazzaro et al., 2007; Guo et al., 2011). Both
the loss of neuronal differentiation upon
UNC-45A knockdown and the NMIIA/UNC-
45A and NMIIB/UNC-45A colocalization and
coimmunoprecipitation suggest that UNC-
45A modulates neurite extension through
NMII function or activity. We next hypothe-
sized that UNC-45A knockdown could affect
NMIIA and or NMIIB by altering their expres-
sion levels and/or subcellular localization.
Here we show that loss of UNC-45A does
not affect NMIIA or NMIIB expression in N2a cells, nor does it affect
their subcellular localization.

The activated, functional form of NMll is a filamentous dimer that
is assembled on phosphorylation of its regulatory light chain. Phos-
phorylation of NMII light chain prevents the interaction between the
head and tail regions of NMII, unfurling NMII from its glomerular state
and allowing cross-linkage between NMII and actin (Cross, 1988;
Vicente-Manzanares et al., 2009, Kiboku et al., 2013). Here we show
that loss of UNC-45A results in a marked increase in phosphorylation
of NMIl light chain in N2a and PND1 cells. This strongly suggests that
UNC-45A contributes to neuron differentiation by regulating NMI
activity through NMII light chain phosphorylation. Because NMIIA
and NMIIB share the same light chain (Vicente-Manzanares et al.,
2009), it is possible that the increase in phosphorylation levels in the
absence of UNC-45A occurs in NMIIA, NMIIB, or both.
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complexes. Taken collectively, these data
suggest that neuronal differentiation re-
quires UNC-45A-associated control of fila-
mentous NMIl levels.

MATERIALS AND METHODS

Cell lines

The mouse N2a (Neuro-2a) neuroblastoma
cell line and the human SH-SY5Y neuro-
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blastoma cell line were purchased from the
American Type Culture Collection.
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FIGURE 7: UNC-45A knockdown results in increased NMII phosphorylation levels. (A) Left,
p-NMIl (Ser-19) phosphorylation levels evaluated via Western blot analysis in lysates of N2a cells
on transduction with either shRNA-scramble or shRNA targeting two different UNC-45A regions
(#1 and #2). B-Actin was used as a loading control. Right, evaluation of the p-NMlI light
chain/B-actin ratio. (B) Left, p-NMII (Ser-19) phosphorylation levels evaluated via Western blot
analysis in lysates of PND1 cortical neurons on transduction with either shRNA-scramble or
shRNA targeting UNC-45A (#2). B-Actin was used as a loading control. Right, evaluation of the
p-NMIl light chain/B-actin ratio. (C) Left, UNC-45A and p-NMII light chain levels evaluated via
Western blot analysis in lysates of N2a upon transduction with either empty vector or vector
overexpressing FLAG-tagged UNC-45A (OE). B-Actin was used as a loading control. Right,

evaluation of the p-NMIl light chain/B-actin ratio.

NMII plays a crucial role in neurite extension by promoting the
retrograde flow of F-actin within the transition zone of growth cones
via a contracting myosin—actin network followed by severing of
proximal actin bundles. In doing so, neurite extension is regulated
via a balance between actin polymerization in the leading edge and
retrograde actin flow in the transition zone (Medeiros et al., 2006;
Haviv et al., 2008). By limiting the amount of NMII phosphorylation,
UNC-45A controls NMII activation by reducing the amount of active,
filamentous NMII. Our data suggest that loss of UNC-45A results in
increased NMII contractile function and consequentially promotes
higher rates of retrograde flow.

Blebbistatin is a general NMII inhibitor that has been shown to
preferentially bind to NMII during its actin-detached state, prevent-
ing release of ADP and phosphate from its active site. As a result,
NMII remains in a state of low actin affinity (Kovacs et al., 2004,
Allingham et al., 2005; Hur et al., 2011). Here we show that
blebbistatin treatment in N2a cells rescues neurite elongation
regardless of UNC-45A expression. Despite an increase in active
NMII, neurite extension is recued via interruption of NMll-actin

1344 | Y. lizuka, A. Mooneyham, et al.

(ThermoFisher Scientific),
(Enzo Life Sciences), anti-NMIIA (BiolLeg-
end), anti-p-NMIl LC (Ser-20; Abcam),
anti-NMIIB (Santa Cruz Biotechnology), anti-
actin  (Sigma-Aldrich), Texas Red-goat
anti-mouse immunoglobulin G (IgG), Texas
Red-goat anti-rabbit 1gG, fluorescein iso-
thiocyanate (FITC)-donkey and anti-mouse
IgG, peroxidase—goat anti-mouse 1gG, per-
oxidase—goat anti-rabbit 1gG (Jackson Im-
munoResearch Laboratories), Neurobasal
medium (Invitrogen), B-27 (Invitrogen),
FGF2 (Invitrogen), mouse PDGHbb (Invitro-
gen), pRRLsinPPT, pMDLg/pRRE, pMD2.G, and pRSV-Rev plasmids
(gifts from Alyson E. Fournier, Montreal Neurological Institute, Mon-
treal, Canada), and Lenti-X concentrator (Clontech).

Modulation of UNC-45A expression levels in neuroblastoma
cell lines and primary cortical neurons

For UNC-45A silencing in N2a, SH-YH5Y, and mouse cortical neuron
cells, scramble and UNC-45A shRNAs (CTGGAAGATTACAG-
CAAAGCA [N2a and cortical neuron cells)/CTGGAAGATTACGA-
CAAAGCA [SH-YH5Y cells] #1 and CCACCTCAAGCTGGAAGATTA
#2) plus microRNA-30 oligonucleotides cassette were inserted into
the green fluorescent protein—containing lentiviral pRRLsinPPT vec-
tor. The lentiviral vectors were cotransfected with lentiviral packag-
ing plasmids (oMDLg/pRRE, pMD2.G, and pRSV-Rev) in HEK293T
cells, and viral supernatants were concentrated using Lenti-X con-
centrator (Clontech) according to the manufacture’s protocol. For
UNC-45A rescue experiments, shRNA UNC-45A #2 knockdown
N2A cells were infected with either empty vector (+empty vector)
or vector expressing FLAG-tagged UNC-45A (+UNC-45A). For
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shRNA-scramble or shRNA-UNC-45A and treated with DMSO
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microscopy. (B) Main neurite lengths were measured 24 h
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UNC-45A-overexpression experiments, N2A cells were infected
with either empty vector or vector overexpressing FLAG-tagged
UNC-45A (OFE).

Neuroblastoma cell line differentiation

Undifferentiated N2a and SH-YH5Y cells were cultured at 37°C with
5% CO, in DMEM with 10% FBS. Differentiation of N2a cell was in-
duced over 3 d by reducing the FBS concentration from 10 to 0.5%
and confirmed via phase contrast microscopy. Differentiation of SH-
YH5Y cells was induced over 6 d by addition of 1 uM retinoic and
confirmed via phase contrast microscopy.

Western blotting and coimmunoprecipitation

Cell lysates (20-40 pg) were subjected to Western blot analysis us-
ing the indicated antibodies. For coimmunoprecipitation, N2a and
SH-YHS5Y cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM
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NaCl, 1% Nonidet P-40, 1x protease inhibitor mixture, 1x phospha-
tase inhibitor mixture), precleared, and precipitated with primary
antibody and protein A/G beads. Samples were subjected to West-
ern blot analysis using the specified antibodies.

Immunofluorescence microscopy

Cells were fixed with 30% ethanol/3.7% formaldehyde for 15 min
at room temperature. After blocking with 5% bovine serum albu-
min in phosphate-buffered saline with 0.1% Tween-20, cells were
stained with anti-UNC-45A, anti-NMIIA, or anti-NMIIB primary
antibodies, followed by FITC- or Texas Red—conjugated secondary
antibodies and analyzed via confocal fluorescence microscopy. Im-
ages were taken with a Nikon Eclipse T200 fluorescence micro-
scope using a PlanApo VC 60x/1.4 = 10.7 WD 0.13 oil lens (Nikon)
and acquired using an NIS-Element F 3.3 camera and software.
Alternatively, images were taken with an Olympus BX2 upright
microscope equipped with a FluoView 1000 confocal scan
head. A UPlanApo N 60x/1.42 NA objective and a pixel size of
0.082- was used. FITC was excited with a 488-nm laser, and
emission was collected between 505 and 525 nm. For Texas
Red, a 543-nm laser was used for excitation, and emission was
collected between 560 and 660 nm. Images were taken with
sequential excitation.

Measurement of neurite growth rate
Growth rate was calculated by measuring neurite length every 15 min
over 24 h using ImageJ. The growth rate was defined as the average
change in distance per minute over a 24-h period. A minimum of four
neurons was analyzed per each condition.

Image analysis

Images were analyzed using ImageJ software. Circularity of the cell
was defined as the ratio between the area of the cell and its perim-
eter (4m x area/perimeterz). The ratio ranges from 0 to 1, with 1
indicating a perfect circle and values progressing toward O repre-
senting an increasingly elongated shape. Phase contrast images of
3-30 neurons per field were analyzed with more than 200 neurons
measured for each treatment using the ImageJ drawing tool. Neu-
rite length was measured as either raw length or ratio between
main neurite length and soma length understood as maximum
diameter.

Live imaging

Live-imaging experiments were performed on an Axio Observer Z1
microscope equipped with an AxioCam CCD camera (Zeiss). Time-
lapse acquisition was driven by Zen software. Live images were
acquired every 15 min using a 20x phase objective. The cells were
culturing with 5% CO,, at 37°C in an Incubator XLmulti S1 (Pecon)
using COsModule S and TempModule S (Zeiss).

Blebbistatin treatment
For N2a cells, shRNA-scramble or shRNA-UNC45A cells were
treated with DMSO (vehicle control) or 25 uM blebbistatin in DMEM
with 0.5% FBS (Straight et al., 2003). The neurite lengths were mea-
sured 24 h posttreatment.

Statistical analysis

Results are reported as mean * SD of three or more independent
experiments. Unless otherwise indicated, statistical significance of
difference was assessed by two-tailed Student's t using Prism ver-
sion 4 (GraphPad, San Diego, CA) and Excel. The level of signifi-
cance was set at p < 0.05.
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