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A B S T R A C T

When a cell migrates, the centrosome positions between the nucleus and the leading edge of migration via the
microtubule system. The protein CrpF46 (centrosome-related protein F46) has a known role during mitosis and
centrosome duplication. However, how CrpF46 efficiently regulates centrosome-related cell migration is unclear.
Here, we report that knockdown of CrpF46 resulted in the disruption of microtubule arrangement, with impaired
centrosomal reorientation, and slowed down cell migration. In cells that express low levels of CrpF46, stress fibers
were weakened, which could be rescued by recovering Flag-CrpF46. We also found that CrpF46 interacted with
non-muscle myosin high chain IIA (NMHC IIA) and that its three coiled-coil domains are pivotal for its binding to
NMHC IIA. Additionally, analyses of phosphorylation of NMHC IIA and RLC (regulatory light chain) demon-
strated that CrpF46 was associated with myosin IIA during filament formation. Indirect immunofluorescence
images indicated that NM IIA filaments were inhibited when CrpF46 was under-expressed. Thus, CrpF46 regulates
cell migration by centrosomal reorientation and altering the function of the actomyosin network by controlling
specific phosphorylation of myosin.

1. Introduction

The centrosome is a non-membranous organelle in the cells of ani-
mals and some lower plants that acts as the microtubule-organizing
center (MTOC); it not only serves as the kernel for nucleating micro-
tubules (MTs) to assemble the spindle during mitosis [1] but also
functions in maintaining cell morphology [2] and regulating cell mi-
gration [3]. When a cell migrates, it forms a pseudopodial protrusion
and establishes polarity. With the exception of specific cells such as
leukocytes and long-nosed potoroo (Potorous tridactylus) kidney (Ptk)
cells [4–6], the centrosome is located between the nucleus and leading
edge of migration in most types of animal cells [7–9] and is involved in
the process of reorganizing the microtubule cytoskeleton to regulate
cellular polarization [10,11]. The orientation of the nuclear cen-
trosomal (NC) axis relative to the anteroposterior axis is a hallmark of
cell polarity in the migrating cell, which is important for MT-based

vesicular trafficking (during transport by the Golgi apparatus) and
nuclear migration. In particular, the highly conserved cell polarity
complex composed of Par6α and protein kinase Cζ (PKCζ) [12] reg-
ulates myosin II, which participates in nuclear migration by virtue of its
contraction, thereby enabling the nucleus to closely follow the centro-
some during cell migration [13].

In living cells, the function of the cytoskeletal system depends on
the coordination of MTs and actomyosin-regulated microfilaments [14].
Myosins comprise a large superfamily of molecular motors, of which
there are at least 25 different classes [15]. These motors provide con-
tinuous contractile strength for the formation of the cleavage furrow in
mitosis [16] and control cell migration and cellular morphology during
interphase [17]. Non-muscle myosin II (NM II), one of the major types
of myosin, consists of hexamers formed by two heavy chains (NMHC
IIs), two regulatory light chains (RLCs) and two essential light chains
(ELCs) [15,18]. Each NMHC is composed of three main parts: an N-
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terminal globular head with Mg2+-ATPase catalytic activity that gen-
erates force, a light-chain binding domain, and an α-helical coiled-coil
lever arm domain at the C-terminus that is responsible for dimerizing
with another NMHC unit [19].

In mammalian cells, there are three isoforms of NMHC II (NMHC
IIA, NMHC IIB and NMHC IIC), encoded by three different genes (myh9,
myh10 and myh14, respectively) [15,17]. Although these isoforms are
homologous, they are differentially expressed in various tissues and
differentially localized in cells, which demonstrates that they control
various physiological processes. For example, NM IIA is involved in
focal adhesion and the organization of stress fibers, which depends on
the small GTPase Rho, whereas NM IIB is the functional unit for di-
recting cell migration by coordinating protrusive activities and stabi-
lizing cell polarity by affecting contraction of the ‘tail’ in cell migration
[20]. Additionally, as an actomyosin-related enzyme, the function of
myosin is regulated by phosphorylation at various sites within its
NMHCs and RLCs. For example, phosphorylation of the RLC at Ser19
can greatly increase myosin activity [21] by controlling the con-
formation of the myosin heads, while phosphorylation of NMHC IIA at
Ser1916 inhibits the aggregation of myosin rods into filaments, which
disrupts the function of myosin [22].

CrpF46 (centrosome-related protein F46, GenBank accession:
KJ818093) is a protein discovered by our group [23]. A previous study
[23] showed that CrpF46 is a truncated variant of Golgin-245, and the
identical polypeptide is in the C-terminal portion of Golgin-245, ana-
lyzed by the BLASTp method [23]. CrpF46 is located at centrosomes
during interphase but is distributed throughout the cytoplasm during
mitosis. It has three coiled-coil domains (CCI, CCII and CCIII), identified
by SMART analysis. CCIII, which is relatively near to the C terminus, is
the domain for CrpF46 to locate a centrosome. In addition, the reduction
of its expression in HeLa cells inhibits cell growth and leads to ab-
normal cellular phenotypes, such as multiple nuclei, multiple centro-
somes and multipolar spindles [23]. However, the molecular me-
chanism by which CrpF46 influences the physiological function of
centrosomes and cell migration has not been clarified.

To further explore the function of CrpF46 and identify its co-
operating partners, we used indirect immunofluorescence (IIF) to study
CrpF46-mediated regulation of centrosomal behavior and function in
cells expressing low levels of CrpF46. We found that normal intracellular
CrpF46 level is necessary to maintain regular cell motility. When CrpF46

expression was decreased, cells migrating to wound displayed random
centrosomal reorientation. We conducted a co-immunoprecipitation
(Co-IP) assay and showed that NMHC IIA and CrpF46 interact directly.
This interaction might help us understand the role of CrpF46 in cell
migration regulation.

2. Materials and methods

2.1. Cell culture, reagents and antibodies

Cells were propagated in Dulbecco's Modified Eagle's Medium
(DMEM) (Gibco, USA, 1645800) supplemented with 10% (v/v) fetal
bovine serum (FBS) (Gibco, USA, 1231368) and penicillin/strepto-
mycin (Solarbio, China, T1300) at 37 °C in a 5% CO2 incubator. The
reagents used in this study were DAPI (4′, 6-diamidino-2-phenylindole)
(Sigma, USA, D9542), blebbistatin (Cayman chemical, USA, 13165),
rhodamine phalloidin (Cytoskeleton, USA, PHDR1), CT04
(Cytoskeleton, USA, # CT04). Mouse anti-His (D291-3), mouse anti-
Flag (M185-3L), mouse anti-GAPDH (M171-3) and rabbit anti-α-tubulin
antibodies (PM054) were produced by MBL, Japan. Rabbit anti-Cdc42
(2466T), rabbit anti-PKCζ (9368S), rabbit anti-GM130 (12480T) anti-
bodies were produced by CST, USA. Myosin light chain phosphor-reg-
ulation antibody sampler kit (MK6490) and myosin IIA heavy chain
phosphor-regulation antibody sampler kit (MK6370) were produced by
ECM biosciences, USA. The other antibodies used in our study were
anti-γ-tubulin (Abcam, UK, ab179503), anti-NMHC IIA (Proteintech,

USA, 11128–1-AP), anti-Par6 (Bioss, China, bs-10350R). Second anti-
bodies used in our study were alkaline phosphatase-conjugated goat
anti-rabbit (7074P2) and goat anti-mouse (7076P2) IgG (CST, USA),
and FITC/TRITC-conjugated goat anti-rabbit (111-095-003/111-025-
003) and goat anti-mouse (115-095-003/112-025-003) IgG antibodies
(Jackson, USA). The preparation of CrpF46-specific polyclonal antibody
was completed by both our laboratory (responsible for providing pure
prokaryotic expression protein CrpF46 as antigens) and AbMax
Biotechnology Company (China, responsible for immunization in mice).
The oligonucleotides were synthesized by Shanghai Sangon
Biotechnology, China.

2.2. Plasmid construction and transfection of cells

The CrpF46 deletion fragments S1 (amino acid residues 1–241), S2
(amino acid residues 127–426) and S3 (amino acid residues 323–530)
were generated by PCR and cloned into the pET30a(+) prokaryotic
expression vector (Novagen, USA, 69909) using the following primer
pairs: 5′ CGGAATTCGAAAGTTCACAGTCAGA 3′ and 5′ CCGCTCGAGT
TTCTCCCGTTCTGCCCCGGC 3′; 5′ CGGAATTCATACAGGCAAAGCAAA
ACT 3′ and 5′ CCGCTCGAGCAATTTCGAATCACTGATTAA 3′; and 5′
CGGAATTCAATAAGGCCCAGGAGGTGGAGG 3′ and 5′ CCGCTCGAGT
CAAGATGAAGATCGGAG 3′. The pET30a(+)-CrpF46-SP (splice frag-
ment of CrpF46) vector was synthesized by Biomed (China). The p3X-
Flag-cmv-CrpF46 and pET30a(+)-CrpF46 expression vectors were con-
structed by PCR amplification of the pEGFP-C3-CrpF46 template with
the following primers: 5′ CCCAAGCTTATGGAAAGTTCACAGTCAGAA
ACAT 3 and 5′ CGGGATCCAGATGAAGATCGGAGCCATGACAT 3′; and
5′ GGAATTCGAAAGTTCACAGTCAGA 3′ and 5′ GGCCTCGAGTCAAGA
TGAAGATCGGAG 3′, respectively.

The cells were transfected with Lipofectamine 2000 Reagenthigh-
efficiency transfection reagent TransLipid (Invitrogen, USA,
11668–019H10129) according to the manufacturer's instructions. The
transient transfections of cells were analyzed after 48 h being trans-
fected. Alternatively, the cells were screened with 500 ng/ml G418
(Invitrogen, USA, 11811023) for 15 d, and stably transfected cell lines
were established. CrpF46 low-expression HeLa cell lines used in this
article were previously established [23].

2.3. Western blot (WB) analysis

For Western blot analyses, cell extracts or proteins expressed in
Escherichia coli were denatured, separated by SDS-PAGE and transferred
to a nitrocellulose membrane for 3 h with a 300 mA current; then, the
non-specific proteins were blocked with 5% skim milk (Solarbio, China,
232100) in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.05% Tween20) for
1 h at 37 °C. The antibodies were diluted with skim milk according to
the manufacturers’ protocols, and the membranes with the transferred
polypeptides were probed. After three washes, the blots were incubated
with peroxidase-conjugated secondary antibodies for 1 h at 37 °C and
detected using an ECL (enhanced chemiluminescence) kit (Millipore,
USA, WBKS0500) and Kodak BioMix films (Carestream, China, XBT).

2.4. Wound healing assays

The stably transfected cells were detached with trypsin, suspended
in DMEM to a density of 2 × 105 cells per milliliter. The suspended cells
were plated onto 96-well plates and cultured overnight to 90% con-
fluence. Wounds were made until the sterile scarificator (IncuCyte Cell
Migration Kit, Cat. No. 4493, USA) was put in the 96-well plates to slit
the cellular monolayer and form wound about 0.8 cm in length and an
average of 0.7 mm wide. The plates were washed with DMEM several
times to remove the suspended cells. After replenishing with fresh
medium without FBS, the dishes were placed in a 37 °C incubator with
5% CO2 to drive cell migration. The cells in the wounded monolayers
were imaged at the same positions every 1 h until wound healing with

Y. Cao et al. Experimental Cell Research 373 (2018) 119–131

120

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KJ818093


IncuCyte live cell analysis system (Essen Bioscience, USA). The velocity
of the migrating cells was measured using IncuCyte accompanying
software with the following equation: (1 – wound area at the end time/
wound area at the start time) × 100 (%). The motion trails of signal cell
were completed by Photoshop CS5 software.

2.5. Prokaryotic protein expression and pulldown assay

The recombined pET30a(+) plasmids into which the entire coding
sequences of CrpF46 or its deletion fragments S1, S2, S3 and SP were
inserted were transformed into the BL21 bacterial strain (Biomed,
China, BC201-01) to express the proteins. The prokaryotic His-tagged
proteins were incubated with Ni2+ beads (GE, USA, 17-5268-01) for 1 h
at 4 °C. The beads were washed three times with washing buffer (20 mM
NaH2PO4, 0.5 M NaCl, and 80 mM imidazole, pH 7.4) at 4 °C. Then, the
washed beads were incubated with the purified prokaryotic fusion
proteins.

For the pulldown assays, the beads bound to the purified fusion
proteins were incubated with lysates from HeLa cells over-expressing
Flag-CrpF46 overnight at 4 °C. After isolation by centrifugation and
washing, the bound proteins were eluted with SDS sample buffer and
immunoblotted with anti-NMHC IIA and anti-His antibodies.

2.6. Indirect immunofluorescence, microscopy and image analysis

Cells were plated in 6-well tissue culture plates with coverslips and
cultured to 90% confluence. Wounds were made by scraping with a
pipette tip and were washed with DMEM several times to remove the
suspended cells. Twelve hours after wounding, the coverslips were
taken out.

The coverslips carrying cells were washed three times with PBS (pH
7.4). The cells were fixed with 4% paraformaldehyde at RT for 15 min,
permeabilized with PBS containing 0.5% Triton X-100, washed, and
then blocked with 5% skim milk in PBS for 1 h at 37 °C. The primary
antibodies were diluted in PBST (PBS (pH 7.4) containing 0.1% Tween
20) according to the manufacturers’ protocols and added to the cells,
and the system was incubated overnight at 4 °C. After three more wa-
shes in PBST, the cells were incubated with FITC- or rhodamine-con-
jugated IgG (either anti-mouse or anti-rabbit) secondary antibodies
diluted in PBST for 1 h at 37 °C. The cells were again washed three times
with PBST and counterstained with DAPI. Images were acquired using a
ZEISS Laser Scanning Confocal Microscope LSM700 (ZEISS, Germany)
with a Plain-Apochromat 40 × /1.3 NA oil immersion lens. Images
were analyzed using Zeiss Zen 2009 Light Edition software.

To quantify the disorder degree of microtubules and stress fibers
arrangements, such as direction and density of filaments arrangement,
we analyzed fluorescence images with Image J V1.5.1e software and
utilized fractal dimension (D value). To quantify the degree of coloca-
lization between CrpF46 and NMHC IIA, we analyzed confocal images
using both Zen 2009 and Image-Pro Plus 6.0 softwares and utilized both
Pearson's correlation coefficient (Rr) and a Manders’ colocalization (R)
analysis. For the methods for calculation of fractal dimension and
coefficients (Rr and R), see the review by T.G. Smith, Jr [24] and Vadim
Zinchuk [25].

2.7. Immunoprecipitation

The cells were harvested and solubilized with RIPA buffer (150 mM
NaCl, 1 mM EDTA, 50 mM Tris, 0.25% sodium deoxycholate, and 1%
NP-40, pH 7.5) containing protease inhibitors (0.1 mg/ml aprotinin and
0.1 mg/ml phenylmethylsulfonyl fluoride) for 30 min on ice. The sam-
ples were centrifuged at 13,000×g for 20 min at 4 °C. The supernatant
was incubated with Protein A/G Plus-Sepharose (TransGen Biotech,
China, DP301-01) for 2 h at 4 °C and then incubated with antibodies
overnight at 4 °C. After adding Protein A/G Plus-Sepharose, the mixture
of protein extracts and beads was incubated for 4 h at 4 °C. After

centrifugation, the pellets were cleared and washed at least three times
with RIPA buffer at 4 °C. The bound proteins were eluted with SDS
sample buffer, centrifuged, and analyzed by Western blotting.

2.8. Myosin phosphatase inhibition and dephosphorylation assays

Cells were harvested and solubilized with extraction buffer (80 mM
β-sodium glycerophosphate, 20 mM EGTA and 15 mM MgCl2) con-
taining protease inhibitors. After adding the phosphatase inhibitor
cocktail (Biotool, USA, B14002) according to the manufacturer's pro-
tocols, the samples were centrifuged at 13,000×g for 20 min at 4 °C
following sonication. SDS sample buffer was added to the supernatant,
and the proteins were denatured by boiling and analyzed by Western
blotting.

For dephosphorylation assays, the cells were sonicated in extraction
buffer with protease inhibitors on ice and centrifuged at 4 °C. The su-
pernatant was mixed with lambda protein phosphatase (New England
Biolabs, USA, P0753S) according to the manufacturer's protocols and
incubated in a 37 °C water bath for 1 h. The dephosphorylation reaction
was terminated with SDS sample buffer. Then, the samples were de-
natured by boiling and analyzed by Western blotting.

2.9. Statistical analysis

The experiments were repeated at least three times. The majority of
the data are the averages or cumulative of several determinations. The
statistical analyses were performed using the independent samples t-test
solver tool in SPSS 16.0 software. The error bars showed the standard
error of the mean (X̄ ± SE). The P-values in the Figures are reported as
*, P < 0.05; **, P < 0.01, and ***, P < 0.001.

3. Results

3.1. Knockdown of CrpF46 hinders cell migration by disrupting the
arrangement of microtubules in cells

To test the influence of CrpF46 expression on cell migration, we
chose human osteosarcoma cells, U-2OS, which possessed strong ability
of movement and clear polarity, and obtained two stably transfected U-
2OS cell lines, CrpF46-knockdown-1 U-2OS and CrpF46-knockdown-2 U-
2OS cell lines, with the pXJ41 expression vector containing antisense
RNA against CrpF46 (Fig. 1A). CrpF46-knockdown-1 U-2OS cells were
chosen to investigate the migration velocity using a wound healing
assay, because of their higher CrpF46 depletion efficiency (around 70%)
than that of CrpF46-knockdown-2 U-2OS cells (around 60%) and their
expression level of Golgin-245 is not different from that of the control
cells in mRNA level (Supplementary material Fig. S1B). The wounds of
the control cells (transfected with a pXJ41 vector without the antisense
gene insert) required approximately 17 h to heal, whereas the wounds
of the CrpF46-knockdown cells were still open 17 h after wounding,
displaying delayed cell migration (Fig. 1B). Analyzed with the IncuCyte
live cell analysis system, the line chart (Fig. 1C) showed that, during the
initial stage of migration, the velocity of CrpF46-knockdown cell mat-
ched the velocity of control, and even in the first 3 h or 8 h, the velocity
statistics of both cell lines was no significant difference (P= 0.164 and
P= 0.128, respectively, Fig. 1D). Interestingly, however, when cells
migrated 8 h later, compared with control cells, the velocity of CrpF46-
knockdown cells declined dramatically (P= 0.036, Fig. 1D) and ulti-
mately failed to heal within 17 h (Fig. 1B and C). Meanwhile, we also
performed wound healing assay with HeLa cells. Similarly, the differ-
ences in velocities were not statistically significant in the first 24 h after
wounding. However, after 48 h or 60 h, the velocities were significantly
lower than that in the control cells (P < 0.01) (Supplementary mate-
rial Fig. S1D-F).

As previously reported [23], CrpF46 locates in the centrosome and
influence the function of MTOC. Meanwhile, the basic role of MTOC is
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nucleating microtubules. To further explore whether the reduction in
cell migration of the CrpF46-knockdown cells is related to the assembly,
structure or dynamic behavior of microtubules, we immunostained the
cells and monitored cellular behavior by confocal microscopy (Fig. 1E).
We observed that microtubules in the control cells were compacted and
arranged in fascicular clusters facing the open area of the wound.
However, the CrpF46-knockdown cells at the wound margin displayed
circular shapes. Their microtubule networks surrounding the nucleus
were loose and disorganized. We also stably transfected recombinant
pAcGFP1-Hyg-C1-CrpF46 vectors into CrpF46-knockdown U-2OS cells to
replenish the deletion of CrpF46 (Supplementary material Fig. S1G). The
microtubules of rescued U-2OS cells was stained by α-tubulin antibody
and was observed be neatly fascicular clusters, like control cells
(Fig. 1E). To describe the microtubules arrangements (fascicular or
loose and disorganized) objectively, we calculated the fractal dimension
(D value) of both cell lines. Fractal dimension is a standard for evalu-
ating cell process complexity. The higher D value represents the more
complex situation, and vice versa [24,26]. The statistics of D value from
50 cells showed that the difference of complexity between control cells
and CrpF46-knockdown cells achieved high significant level (Dcontrol =
1.78 ± 0.00031, DCrpF46-K D = 1.83 ± 0.00043, P= 0.0011). The D
value of cells treated 3 h by nocodozal, as a reference group, was
1.74 ± 0.0010. For function of nocodozal, the tubulins were depoly-
merized and their arrangement became too simple to unclear, which led
to D value reduce, comparing with control cells. Therefore, the D value
of control and CrpF46-knockdown cells showed the arrangement of mi-
crotubules in control cells were neater than it in CrpF46-knockdown
cells. The Similar phenotype in HeLa cell lines can also be found
(Supplementary material Fig. S1H). These results suggested that re-
duced CrpF46 expression affects cell migration by the disruption of mi-
crotubules arrangement.

3.2. Knockdown of CrpF46 strongly affects centrosomal reorientation and
cell polarity during cell migration

The centrosome, as the main center for microtubule organizing, is
closely linked to microtubule dynamics, and its position forms the rear-
front axis with the nucleus as the hallmark of cell polarization [27],
which is pivotal for cellular directional movement and influences the
velocity of migration significantly. Therefore, we monitored changes in
microtubule and centrosome reorientation in the scrape-wound mi-
gration assay. The resulting confocal images showed that the relative
positions of the centrosome, nucleus and wound edge were randomly
oriented in the CrpF46 low-expressing U-2OS cells because they had lost
their ability to undergo cell polarization (Fig. 2A). As shown in Fig. 2B,
cell migration requires cell polarization, i.e., it requires the centrosome
to be located between the nucleus and the leading edge of migration.
We assessed the positions of the centrosomes in single moving cells
which located in the front row, adjoining the scratch, and quantified the
percentage of cells with abnormally located centrosomes. There was a
highly significant difference between the results from the CrpF46-
knockdown cells and control cells (P= 1.14 × 10−5) (Fig. 2C). The
rescued cells were also immunofluorescently stained and quantified
according to the same measuring method of the control and CrpF46-
knockdown groups. The percentage of cells with abnormally located

centrosomes decreased, comparing with CrpF46-knockdown cells
(Fig. 2C). Next, we calculated the x and y rectangular coordinates for
the peripheral cells, with the origin at the center of the nucleus and the
x-axis representing the direction of cell migration (Fig. 2D). In order to
test the rate of development of the cellular poles toward the wound
edge, we calculated the percentage of cells that had centrosomes in
quadrants I and IV or in quadrants II and III. There was a highly sig-
nificant difference in the percentage of centrosomes located in quad-
rants II and III between the two cell lines (CrpF46-knockdown and
control cells) (P < 0.001), and a significant difference in quadrants I
and IV between CrpF46-knockdown cells and the rescued cells
(P= 0.0342) (Fig. 2E). Furthermore, as shown in Fig. 2D, the center of
the nucleus was marked as the origin (O), and the position of the
centrosome was labeled C. By measuring the angle between the OC
vector (pointing from O to C) and the positive direction on the x-axis,
we demonstrated that the percentage of cells with angles between −45°
and 45° was significantly different between the CrpF46-knockdown U-
2OS cells (P= 3.09 × 10−4) and control cells (Fig. 2F). The statistics of
rescued cells indicated there was an increase in the percentage of cells
with angles between −45° and 45° (Fig. 2F). The same measurements
had been used to analyze two HeLa cell lines (control and CrpF46-
knockdown). The statistical data also displayed results similar to U-2OS
cell lines (Supplementary material Fig. S2B-D).

Cell polarization is reflected in the centrosome location, and asso-
ciated with that, it is also embodied by the location of Golgi apparatus
(GA) in moving cells. To display cell polarity, labeling by Golgi maker
protein, GM130, we can clearly see that the rule of the GA’ location
(facing wound) is more severe near the wound (Fig. 2G). We measured
the cells adjoining the scratches and found, in cell polarity aspect, a
high significant difference between control and CrpF46-knockdown
cells. Meanwhile, the energy of cell polarization was resumed with the
rescue of CrpF46 (Fig. 2H and I). In corresponding detection, a high
significant difference was also showed between two HeLa cell lines
(Supplementary material Fig. S2F and G), though HeLa cells have poor
ability of polarization. Cdc42, a small GTPase of Rho family, is famous
for the key role in establishing cell polarity by promoting microtubule
growth and inducing actin polymerization in cell directional migration
[28,29]. Active Cdc42 recruits Par complex [30] which is composed of
Par6 and PKCζ and promotes microtubule-mediated centrosome reor-
ientation [30,31]. We used Cdc42 and Par complex as makers to esti-
mate the level of cell polarity of the two cell lines. The Western blot
results showed that the protein level of Cdc42 reduced by half when
CrpF46 was low-expressed, while Par6 and PKCζ in two HeLa cell lines
had no difference (P= 0.853 and P= 0.534, respectively,
Supplementary material Fig. S2H and I). We also focused on the tra-
jectory of single-cell migration, which is the most intuitive manner to
observe cell polarity. Observed accurately with IncuCyte live cell ana-
lysis system, the control cells moved towards scratch directly; however,
the movement trajectory of CrpF46-knockdown cells was winding and
non-directional, which was consistent with previous report [3] (Fig. 2J
and Supplementary material Fig. S2E). All of these results indicated that
the reduced CrpF46 expression seriously affected centrosomal reor-
ientation and cellular polarization, which can lead to non-directional
movement.

Fig. 1. Reduced expression of CrpF46 in U-2OS cells decreases the rate of cell migration and disrupts the arrangement of microtubules (A) Left: Western blots
with an anti-CrpF46 polyclonal antibody were used to analyze the transfection efficiency of pXJ41-antisense-CrpF46 into U-2OS cells. Right: Histogram showing
relative protein level of the left image. (B) Confluent cultures of CrpF46-knockdown U-2OS cells and control cells were wounded by scratching, and images were
obtained with IncuCyte live cell analysis system and showed situations of wound every four hours until healing completely. The scale bar represents 150 µm. (C) Line
graph showing the velocity of migration in the control and CrpF46-knockdown cells. (D) The time-segmented migration velocities of the control and CrpF46-knock-
down cell are presented in a histogram. (E) U-2OS cells stably transfected with an empty vector, the pXJ41-antisense-CrpF46 vector or the pAcGFP1-Hyg-C1-CrpF46

vectors were scratched and observed with a ZEISS Laser Scanning Confocal Microscope LSM700 after 12 h. The visible microtubule network was stained with a
polyclonal anti-α-tubulin antibody, and the cell nuclei were counterstained with DAPI. Microtubules of cells in boxes are displayed in black and white. Long white
lines referred to the width of scratches (also in subsequent Figures). The scale bars represent 20 µm. The data in the bar graphs are presented as the mean ± SD; *
and ** represent P < 0.05 and P < 0.01, respectively (also in subsequent Figures).
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3.3. CrpF46 interacts with non-muscle myosin heavy-chain IIA (NMHC IIA)

To explore the molecular mechanism by which CrpF46 affects cell
migration, we transfected recombinant p3×Flag-cmv-CrpF46 vectors
into HeLa cells (Fig. 3C) and performed Co-IP with anti-Flag antibodies.
Analysis of the Protein A/G Plus Sepharose-bound proteins by SDS-
PAGE and Coomassie brilliant blue staining revealed a clear band of
approximately 220 kDa (Fig. 3A). After isolating the polypeptide band
and sequencing it by tandem mass spectrometry (MS/MS), we tallied
the results and discovered that the peptide sequence was identical to
NMHC IIA (data not shown). To validate the MS/MS result, a Co-IP
assay followed by Western blotting was performed and showed that
CrpF46 bound to NMHC IIA in HeLa cells expressing Flag-CrpF46

(Fig. 3B). NMHC IIB is another isoform of non-muscle myosin heavy
chain and has similar structure with NMHC IIA. Hence, we used NMHC
IIB as a negative control. In addition, to assess the interaction between
CrpF46 and NMHC IIA in vitro, we investigated the interaction with a
pulldown assay, which clearly demonstrated that the in vitro expressed
CrpF46 and endogenous NMHC IIA directly interacted (Fig. 3D). More-
over, we wanted to identify the specific part of CrpF46 that is essential
for its interaction with NMHC IIA. Because the structure of CrpF46

contains three coiled-coil (CC) domains [23], we constructed re-
combinant vectors containing each of the four CrpF46 fragments, as
shown in Fig. 3E. These vectors were used for pulldown assays. Inter-
estingly, all the three CC domains of CrpF46 (corresponding to frag-
ments S1–S3) were able to interact with NMHC IIA, but another CrpF46

fragment (SP), the inter-CC region fusion protein, failed to bind NMHC
IIA (Fig. 3F). To remove the false positive results of the experiment,
PCNA, a protein we had already identified to only interact with S1
fragment of CrpF46 (data not published), was used as the negative
control for S2/S3 fragment to reconfirm the interactions between the
CC fragments of CrpF46 and NMHC IIA.

As shown in the indirect immunofluorescence images (Fig. 3G),
microfilaments labeled by rhodamine-phalloidin co-localized with
NMHC IIA stained with Alexa Fluor 647-labeled polyclonal rabbit anti-
NMHC IIA antibody. Interestingly, CrpF46 stained with anti-CrpF46 an-
tibody co-localized with NMHC IIA as well to an extent, although it was
localized to the centrosomes during interphase, while NMHC IIA was
localized in the cytoplasm. The analysis of layer-by-layer scan also
displayed the co-localization between CrpF46 and NMHC IIA (Fig. 3G).
Additionally, this phenotype was quantified by using the Pearson cor-
relation coefficient (Rr) and Manders’ overlap coefficient (R). The
Pearson correlation coefficient describes the correlation of the intensity
distribution between the channels (e.g. red and green), where the va-
lues range from −-1.0 to 1.0 and > 0.5 indicates significant correla-
tion. The Manders’ overlap coefficient indicates the actual overlap of
the signals, where the values range from 0 to 1.0 and > 0.6 denotes
significant correlation [25]. We selected CrpF46 fluorescence areas in 20

cells as ROI (region of interest) and measured Rr and R of these areas.
The calculated Rr was 0.514 ± 0.09 and R was 0.873 ± 0.04 for
CrpF46 and NMHC IIA. These results indicated that CrpF46 indeed co-
localized with NMHC IIA. These data suggest that CrpF46 may function
by interacting with NMHC IIA.

3.4. CrpF46 functions in the formation of the microfilament network
regulated by NMHC IIA

Recent studies have shown that NM II reversibly binds to actin fi-
laments [15] and regulates stress fiber formation during cell migration
[14,32]. To identify the function of NM II, we respectively treated HeLa
cells with two drugs inhibiting NM II activity. One is blebbistatin,
which specifically inhibits the ATPase activity of myosin II; another
one, CT04, is a Rho inhibitor which inactivates Rho kinase (ROCK) and
stays function of NM II. After drug treatment, the HeLa cells displayed
some similar phenotypic features, such as frail and dim stress fibers
(Fig. 4A and B). We adopted fractal dimension analysis again to
quantify the phenotypic of stress fibers. The D value of cells treated by
blebbistatin was significantly below that of the control cells’ (DDMSO =
1.73 ± 0.0054, DBLB = 1.58 ± 0.0099, P= 2.98 × 10–7). The D
value of cells treated by CT04 reduced significantly as well
(P= 0.0036). This corroborated that the activation of NMHC IIA may
be a key factor in regulating the formation of the actomyosin network.

It is not difficult to understand that CrpF46- NMHC IIA interaction
reminds us a possible functionalist linkage between CrpF46 and micro-
filament. For this reason, we stained microfilaments with rhodamine-
conjugated phalloidin (Fig. 4C), and discovered that, like cells treated
by inhibitors, the stress fibers in the CrpF46-knockdown HeLa cells ad-
joining wounds were weakened, even almost undetectable, while the
stress fibers of control cells were clearly visible. The D value of CrpF46-
knockdown cells was significantly smaller than control cells’ (Dcontrol =
1.73 ± 0.009, DCrpF46-K D = 1.68 ± 0.0056, P= 0.043). To ensure the
anomaly of stress fibers due to lack of CrpF46, we transiently transfected
recombinant p3×Flag-cmv-CrpF46 vectors into CrpF46-knockdown HeLa
cells, and observed (Fig. 4D), in HeLa cells labeled by anti-Flag anti-
body, the stress fibers were rescued. These data indicated that CrpF46

guaranteed the formation of the microfilament network which is
regulated by NM II.

3.5. CrpF46 regulates the actomyosin network through phosphorylation of
myosin and myosin filament formation

To identify the adjustment relationship between CrpF46 and NMHC
IIA, a Western blot assay was performed, which showed that there was
no significant difference in the expression of NMHC IIA between the
CrpF46-knockdown HeLa cells and control cells (Fig. 5A and B). It was
illustrated that CrpF46 doesn’t impact the function of NMHC IIA by

Fig. 2. Knockdown of CrpF46 strongly affects centrosome reorientation during cell migration (A) Confocal images of control cells, CrpF46-knockdown U-2OS
cells and rescued cells captured on a ZEISS Laser Scanning Confocal Microscope LSM700. The centrosomes and microtubules were labeled with an anti-γ-tubulin
antibody (green) and anti-α-tubulin antibody (red), respectively, 12 h after the cell monolayers being scratched. Long white lines referred to the width of scratches.
The scale bars represent 20 µm. (B) The criterion used to evaluate the normal position of the organelles during cell migration is shown at the top. The centrosome
(stained in green) was located between the leading edge of the cell (stained in red) and the cell nucleus (stained in blue). The image at the bottom shows the abnormal
positions of the organelles during cell migration. Arrows represent the direction of cellular motion. The scale bars represent 20 µm. (C) The results are shown in a
histogram based on the evaluation criterion on the (B) (n= 500, P= 1.14 × 10−5 and P= 0.0342). (D-F) Diagrams illustrating the quantitative standards of
centrosomal relocation. The nucleus of a cell located at the scratch edge was designated the origin, O. We established a rectangular coordinate system and defined the
direction of cell motility as the x-axis (D). Histogram showing the percentage of centrosomes located in quadrants I and IV or quadrants II and III (E) (n= 500,
quadrants I and IV: P= 2.54 × 10−5 and P= 0.0389, quadrants II and III: P= 2.49 × 10−5 and P= 0.0433). The position of the centrosome was defined as C and
formed a vector OC with the origin of the coordinate system. The angles between OC and the x-axis are expressed in a bar chart (F) (n= 500, P= 3.09 × 10−4 and
P= 0.0228). (G-H) Fluorescence images showed Golgi location in U-2OS cells. In panel G, the region in the dotted box refers to the observation of H. In control cells,
CrpF46-knockdown cells and rescued cells, the Golgi apparatuses and nuclei were labeled with anti-GM130 antibodies (red) and DAPI (blue), respectively. Angles by
two white short lines refers to the area facing scratch. The scale bars represent 20 µm. (I) Histogram showing the percentage of Golgi location facing scratch (n= 500,
P= 0.0018 and P= 0.0217). (J) The CrpF46-knockdown U-2OS cells and control cells were tracked every hour during migration. The images behind arrowhead
showed the trajectories of migrating in 17 h. The yellow lines referred to traces of cell movement. Cells circled by yellow lines were points of focus. The scale bars
represent 150 µm.
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protein expression level. Therefore, we hypothesized that the reduced
expression of CrpF46 blocks the activity of myosin IIA by disrupting the
interaction between CrpF46 and NMHC IIA.

Phosphorylation is one of main posttranslational regulatory me-
chanisms of myosin activity, and occurs on the heavy chain and the
associated regulatory light chain [33]. To identify the reason behind the

reduction in myosin activity, we performed a control experiment by
treating proteins extracted from control cells and CrpF46-knockdown
HeLa cells with a phosphatase inhibitor cocktail and Lambda protein
phosphatase. A series of Western blot assays with phosphorylation-
specific antibodies against NMHC and RLC (Fig. 5C and D) showed that
the level of NMHC IIA phosphorylation at Ser1916 and Ser1803
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between CrpF46-knockdown cells and control cells were all in very sig-
nificant difference (P= 5.42 × 10−4 and P= 7.61 × 10−5, respec-
tively). While the difference in phosphorylation levels at another
phosphorylation site, Ser1943, on NMHC IIA was not distinct between
the two cell lines (P= 0.058). However, compared with the control
cells, the phosphorylation of Ser1 on RLC was increased highly sig-
nificantly (P= 1.58 × 10−4), but the phosphorylation of Ser19 on RLC
was reduced significantly (P= 0.0032) when CrpF46 was knocked down
in HeLa cells. Based on these data, we discovered that the vast majority
of changes in myosin IIA phosphorylation level linked to the regulation
of the formation of myosin filaments. Interestingly, fluorescence mi-
croscope images (Fig. 5E) showed that, in CrpF46-knockdown cells, the
myosin IIA filaments became dim and almost exhibited diffuse dis-
tribution. However, the lack of CrpF46 did not affect the formation of
myosin IIB (Supplementary material Fig. S3). Additionally, with tran-
sient transfected p3×Flag-cmv-CrpF46 vector, the phenotype of myosin
IIA were rescued in cells, labeled by anti-Flag antibody (Fig. 5F).
Therefore, we inferred that the decrease in the activity of non-muscle
myosin IIA was caused by failure in myosin filament formation, which
was induced by the changes in phosphorylation level of NMHC and
RLC, when CrpF46 was knocked down in HeLa cells.

4. Discussion

We previously demonstrated that HeLa cells that were stably
transfected with an antisense-CrpF46-pXJ41 vector exhibited abnormal
phenotypes, such as multiple centrosomes [23]. However, the presence
of extra centrosomes disturbs cell migration by inducing multiple
scattered microtubule organizing centers [34,35]. It is known that
CrpF46 localizes to the centrosomes via its coiled-coil domain and reg-
ulates centrosome duplication [23]. Meanwhile, other molecular signal
related to cell migration, such as matrix metalloproteinase and Rho
GTPase, changed in different degrees (data not shown). So, the ex-
ploration of relationship between CrpF46 and migration is imperative.
Here we firstly noticed a phenomenon (Fig. 1 and Supplementary ma-
terial Fig. S1) worthy of attention: with the characteristics of multiple
centrosomes, CrpF46-knockdown cells reduced velocity of cell migra-
tion; their arrangement of microtubules became disordered which was
assessed by fractal dimension. Fractal dimension can provide a statis-
tical index of complexity in cellular structures（microtubules organi-
zation） by comparing details in a fractal pattern. Moreover, related to
this, microtubules extended from MOTC (gathering points of green
fluorescence) in control cells; however, the focus of the microtubule
nucleation center was undetectable in CrpF46-knockdown HeLa cells
(Supplementary material Fig. S1H). It can be deduced by these data that
the function of centrosomes in organizing microtubules was disrupted
with CrpF46 low-expression.

In our research, in whether U-2OS or HeLa cell lines, the centro-
somes were randomly positioned in the moving CrpF46-knockdown
cells, contrary to the properly oriented centrosomes in the control cells,
which also can be found in the rescued cells (Fig. 2A and C;
Supplementary material Fig. S2A and B). The statistical analyses

(Fig. 2E and F; Supplementary material Fig. S2C and D) were also
consistent with the observable phenotypes. A corollary of centrosome
relocation is cell polarity. The polar positioning of the centrosome is so
important that leads to the polarity of the microtubule system and di-
rectional vesicular transport [36–38]. Due to their inflexible tubular
structures, the nucleus remains at the central area of the cell, while
microtubules extend from the centrosome and grow away from the
nucleus, not around the nucleus, toward the scratch during a wound-
induced cell migration. Correspondingly, most centrosomes are speci-
fically oriented between the nucleus and leading edge of migration
(Fig. 2B). Another marker of cell polarization is the orientation of Golgi
apparatus (GA) [39] which closely surrounds the centrosome [40] and
becomes directed to the leading edge [41] to ensure the functions of
vesicular transport, e.g., movement of signaling molecules and cellular
migration-associated materials for cellular locomotion [42]. From the
perspective of GA location (Fig. 2G-I; Supplementary material Fig. S2F
and G), in U-2OS or HeLa cells, the cell polarity reduced when CrpF46

was knocked down. Otherwise, the cell polarity was recovered after
increasing CrpF46 (Fig. 2H and I). Meanwhile, molecular biomarkers
showed the reducted level of Cdc42 protein in CrpF46-knockdown HeLa
cells (Supplementary material Fig. S2H and I). Researches in the same
field revealed that Par complex plays a key role in maintaining cell
polarization [43]. In the complex system, scaffold protein Par6 recruits
small GTPase Cdc42 and serves as a regulatory subunit of PKCζ [44].
Hence, the reduction of cell polarity got validated at the biochemistry
level. Additionally, accurate observation of single-cell migration
(Fig. 2J and Supplementary material Fig. S2E) directly provided chaotic
performances on the motion of CrpF46-knockdown cells. Therefore, the
CrpF46 depletion reduced the cell migration velocity due to reduction of
cell polarization and induction of random centrosomal orientation.

We designed a Co-IP assay and focused on the target protein NMHC
IIA which has been validated by a series of experiments (Fig. 3). As the
subunit of NM II providing mechanical force for cellular processes,
NMHC IIA participates in driving cell migration. The contractility of actin
filaments is achieved through three molecular mechanisms of myosin II
modulating system, namely, the affinity between NM II and filamentous
actin, ATPase activity of the catalytic sites on the amino-terminal (head)
region of NM II, and self-association into filaments at the carboxy-
terminal (tail) domain of NM II [18]. All these functional activities are
regulated by phosphorylation of NMHC and the associated RLC. There
are several phosphorylation sites located at the head and tail regions of
NMHC II, including Ser1803, Ser1916, and Ser1943. Several studies in
the literature have shown that Ser1803 [45] and Ser1916 [46,47]
phosphorylation inhibits the assembly of NM II into filaments [22].
However, phosphorylation of Ser1943 by CKII [48] blocks the interaction
between NMHC and S100A4, a protein preventing myosin II filamenta-
tion. In this study, since independence on the protein levels of CrpF46 and
NMHC IIA (Fig. 5A and B), coordination between CrpF46 and NMHC IIA
were considered in the direction of phosphorylation level. The phos-
phorylation sites of NMHC IIA changed on phosphorylation level (Fig. 5C
and D), which suggests that the activity of NM IIA was blocked because
of inhibition of its assembly into filaments. It is very pleasing that the

Fig. 3. CrpF46 interacts with non-muscle myosin heavy-chain IIA (NMHC IIA) (A) An immunoprecipitation (IP) assay was performed with an anti-Flag antibody,
and the protein mixture extracted from the IP was separated on a 7% SDS-PAGE gel and stained with Coomassie brilliant blue (CBB) G250. Input: protein of whole
control cells and Flag-CrpF46 cells; IP: protein binding with Protein A/G Plus-Sepharose; NC (negative control): protein of cells extract after binding with Protein A/G
Plus-Sepharose (B) IP-Western blotting (IP-WB) was performed to analyze the IP products from the Flag-CrpF46-expressing HeLa cells using an anti-Flag antibody, an
anti-NMHC IIA antibody and an anti-NMHC IIB antibody. (C) Western blots with an anti-Flag antibody were used to analyze the transfection efficiency of p3×Flag-
cmv-CrpF46 into HeLa cells. (D) Pulldown products of full-length CrpF46 purified from E. coli BL21 transformed with pET30a-CrpF46 were analyzed by Western blotting
with an anti-His-tag antibody and anti-NMHC IIA antibody. (E) Diagram of the full-length CrpF46 amino acid sequence showing the locations of the three coiled-coil
domains, CCI, CCII and CCIII, and the positions of the corresponding deletion fragments of CrpF46, including fragments of CrpF46 containing only one coiled-coil
domain (CrpF46-S1, S2 and S3) and fragment of CrpF46 without any coiled-coil domain (CrpF46-SP). (F) Western blotting analysis of the pulldown products from the
HeLa cells and the prokaryotically expressed full-length CrpF46 protein and CrpF46 fragments. (G) Confocal microscopy gray pictures showed HeLa cells stained with a
murine anti-CrpF46 polyclonal antibody, a rabbit anti-NMHC IIA polyclonal antibody and phalloidin. The color image on the left showed microfilaments (red) and
NMHC IIA (green) were co-localized. The color image on the right showed that CrpF46 (green) and NMHC IIA (red) were co-localized. The cell circled in box was
amplified which showed its fluorescent signal of cross and longitudinal section to its side. The colors in the images were false-colors. The scale bars represent 20 µm.
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intuitive results, that NMHC IIA exhibited diffuse distribution in CrpF46-
knockdown cells, had been obtained from photomicrographs (Fig. 5E).
But, the lack of CrpF46 in cells was not impacting the formation of myosin
IIB filaments (Supplementary material Fig. S3). The rescued experiment

of myosin IIA filaments (Fig. 5F) also evidence that CrpF46 is necessary to
maintain myosin IIA filaments. Apart from phosphorylation at the
myosin heavy chain, phosphorylation at the NM II light chain has been
implicated in determining the affinity to actin filaments and ATPase

Fig. 4. CrpF46 functions the formation
of the microfilament network regu-
lated by NMHC IIA (A) Confocal micro-
scopy images of F-actin stained with
rhodamine-conjugated phalloidin in con-
trol cells and HeLa cells treated with
30 μM blebbistatin. (B) Confocal micro-
scope images of F-actin stained with a
fluorescent phalloidin probe in control
cells and HeLa cells treated with 5 μM
CT04. The white arrow denotes the stress
fibers in binary image. The scale bars re-
present 20 µm. (C) Confocal microscopy
images of F-actin stained with rhoda-
mine-conjugated phalloidin in control
cells and CrpF46-knockdown cells. (D)
Confocal microscopy images of F-actin
stained with rhodamine-conjugated phal-
loidin in CrpF46-knockdown HeLa cells
transient transfected with recombinant
p3×Flag-cmv-CrpF46 vectors. The white
arrow denotes the stress fibers in binary
image. The scale bars represent 20 µm.
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Fig. 5. CrpF46 regulates the filamentation of myosin through the phosphorylation (A) Western blotting analysis of NMHC IIA expression in control and CrpF46-
knockdown cells. (B) Histogram showing relative protein level of (A) quantified by Image J and SPSS 19.0 software (P= 0.79). (C) Western blotting analysis of the
level of phosphorylation at specific sites on NMHC IIA and RLC in the control and CrpF46-knockdown HeLa cells. (D) Histogram showing relative protein level of (C).
(E) Confocal images of CrpF46-knockdown HeLa cells and control cells. The microfilament and NMHC IIA were labeled with phalloidin (red) and anti-NMHC IIA
antibody (green), respectively. The scale bars represent 20 µm. (F) Confocal microscopy images of myosin IIA filaments stained with anti-NMHC IIA antibody in
CrpF46-knockdown HeLa cells transient transfected with recombinant p3×Flag-cmv-CrpF46 vectors. The scale bars represent 20 µm. (G) Diagram of relationship
between CrpF46-knockdown and cell migration.
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activity [33]. Phosphorylation of Ser19 of RLC can increase actin affinity
and ATPase activity and promote the walking of myosin along actin fi-
laments [49,50]. Whereas protein kinase C (PKC)-mediated phosphor-
ylation of Ser1, Ser2 and Thr9 on RLC allosterically renders Ser19 of RLC
as a weaker poorer substrate for the kinase MLCK, thus decreasing the
phosphorylation of Ser19 [51,52]. In addition, the PKC-catalyzed phos-
phorylation blocks the reorganization of actomyosin filaments [53].
Therefore, the increase in Ser1 phosphorylation and the decrease in of
Ser19 phosphorylation on RLC as seen from our data (Fig. 5C and D)
indicated the lack of NM II activity with down expression of CrpF46.
Unquestionably, the reduction of CrpF46 expression affects the activity of
myosin.

Myosin II-driven contractility exerts tensile forces to promote di-
rectional migration of cells through stress fibers composed of bundles of
approximately 10–30 actin filaments [54] and several actin-cross-
linking proteins such as α-actinin [55] as well as myosin II itself [56].
To induce tension, myosin II hydrolyzes ATP on its head domain [18],
walks along the filamentous actin and propels the sliding of actin fila-
ments [57], which is necessary for the integrity of the stress fibers
[58–61]. Additionally, Rho family small GTPases, especially RhoA,
whose downstream effector is ROCK, regulate the activity of myosin II
activity by phosphorylation [62] as was mentioned above. Consistently,
the inhibitors of ROCK or myosin II can inhibit the formation of stress
fibers [63–67]. Similarly, when the HeLa cells were treated with NM II
inhibitor blebbistatin and Rho GTPase inhibitor CT04, the formation of
stress fibers was greatly weakened, which were quantified with fractal
dimension (Fig. 4A and B). Interestingly, the phenotype of weakened
stress fibers assembly was also observed in the CrpF46-deficient HeLa
cells (Fig. 4C). However, the stress fibers became stronger after re-
covering Flag-CrpF46 into CrpF46-knockdown cells (Fig. 4D), which
proved CrpF46 played an important role in maintaining stress fibers.
Hence, the similar phenotypic features among CrpF46-knockdown cells
and cells treated with blebbistatin or CT04, hinted the regulation of
CrpF46 to NMHC IIA.

Combining results of the stress fibers phenotypes and the phos-
phorylation status of NM II, we can speculate that the inhibition of
stress fibers in CrpF46-knockdown cells occurred due to myosin in-
activity. It has been discovered that in the response to extracellular and
intracellular signals, ventral stress fibers provide tensile forces to con-
tract the trailing area of directionally migration cells and dorsal stress
fibers secure the extending pseudopod protrusion at the front [68],
thereby establishing the front-to-back polarity axis, which is crucial for
directional cell migration [20,69–71]. Furthermore, the forces gener-
ated by actomyosin cables run throughout the cytoplasm and drag the
cell body [72]. Myosin II provides traction for relocation of centrosome
[73]. If the activity of myosin or myosin kinases are inhibited, the re-
location of centrosomes is irregular and the polarization of motile cells
reduces [30,37,74]. Meanwhile, the lack of myosin phosphorylation,
whether in NMHC or RLC, can disturb polarization of cells and mi-
gration velocity of cells [75,76]. These are probably deeper reasons
why that knockdown of CrpF46 significantly distracted relocation of
centrosomes and decreased the directional migration velocity of the
tested cells. In conclusion, the intracellular shortage of CrpF46 blocks
the formation of stress fibers, which contributes to the influence of
centrosome reorientation and reduction of cellular locomotion ability,
together with the deregulation of myosin activity stated above. In
summary, this study verified that, as shown in Fig. 5G, CrpF46 is asso-
ciated with NMHC IIA and regulates NM II activity via affecting phos-
phorylation, which is a crucial factor for the formation of stress fibers.
Therefore, the deficiency of CrpF46 causes reduction of NM II activity
resulting in weak stress fibers. On the other hand, the reorientation of
centrosome is also disturbed by the drawback of NM II activity, which
reduces consistency and directionality of microtubules arrangement
and uncertainty of cellular polarization. All of abnormal phenotypes,
including improper centrosomal reorientation, disorderly cellular po-
larization and weak stress fibers, give rise to delay of cell migration. In

conclusion, the actomyosin network is influenced by NMHC IIA and
regulated by the factor CrpF46, which is involved in the control of cell
migration. This is a novel finding in the exploration of mechanisms
involved in cellular movement and dynamic regulation of the cytos-
keleton.
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