Acta Pharmacologica Sinica 2016: 1-9
© 2016 CPS and SIMM  All rights reserved 1671-4083/16
www.nature.com/aps

Original Article

An RNA-binding protein, RNP-1, protects
microtubules from nocodazole and localizes to the
leading edge during cytokinesis and cell migration in
Dictyostelium cells
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Aim: RNA-binding proteins are a large group of regulators (800-1000 in humans), some of which play significant roles in mRNA local
translation. In this study, we analyzed the functions of the protein RNP-1, which was previously discovered in a genetic selection
screen for nocodazole suppression.

Methods: The growth rates and the microtubule networks of Dictyostelium cells were assessed with or without nocodazole (10 umol/L)
in suspension culture. Fluorescent images of RNP-1-GFP and RFP-tubulin were captured when cells were undergoing cytokinesis, then
the GFP signal intensity and distance to the nearest centrosome were analyzed by using a computer program written in Matlab®. The
RNP-1-GFP-expresseding cells were polarized, and the time-lapse images of cells were captured when cells were chemotaxing to a
CAMP source.

Results: Over-expression of RNP-1 rescued the growth defects caused by the microtubule-destabilizing agent nocodazole. Over-
expression of RNP-1 protected microtubules from nocodazole treatment. In cells undergoing cytokinesis, the RNP-1 protein was
localized to the polar regions of the cell cortex, and protein levels decreased proportionally as the power of the distance from the cell
cortex to the nearest centrosome. In chemotactic cells, the RNP-1 protein localized to the leading edge of moving cells. Sequence
analysis revealed that RNP-1 has two RNA-binding domains and is related to cytosolic poly(A)-binding proteins (PABPCs) in humans.
Conclusion: RNP-1 has roles in protecting microtubules and in directing cortical movement during cytokinesis and cell migration

in Dictyostelium cells. The sequence similarity of RNP-1 to human PABPCs suggests that PABPCs may have similar functions in
mammalian cells, perhaps in regulating microtubule dynamics and functions during cortical movement in cytokinesis and cell
migration.
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Introduction erization by sequestering a/f tubulin dimers and inhibits cell

Research using the model organism Dictyostelium discoideum
has led to many conceptual advances in our understanding
of cytoskeleton dynamics during cytokinesis and cell migra-
tion. Dictyostelium cells, with a combination of robust genetic
screening methods with chemical inhibitors and a variety of
cell biological approaches!?, comprise an excellent system for
the study of cytoskeleton regulation in different cell states.
Nocodazole is a compound that blocks microtubule polym-
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growth. Nocodazole has been used for several decades as
a chemotherapy reagent in cancer patients to inhibit cancer
cell growthm. In this study, we analyzed the function of the
protein RNP-1 (protein ID: DDB0233340), which was previ-
ously discovered in a genetic selection screen in which library
plasmid-transformed Dictyostelium cells were used to select for
genetic suppressors of nocodazole-induced growth defects.
Microtubules are one of the major cytoskeletal filament sys-
tems found in the cell. Microtubules are polarized molecules
composed of a/p-tubulin dimers, and they emanate from the
centrosome, where the microtubule minus ends are embedded,
with the plus ends growing radially toward the cell cortex".
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The dynamics of microtubules are largely regulated at the plus
ends through extension, shrinkage, or bending!®. In addi-
tion to their structural dynamics, microtubules also provide
binding surfaces for many cellular proteins, including motor
proteins and microtubule-associated proteins (MAPs). Motor
proteins traffic materials to the cell periphery along microtu-
bule tracks. Most MAPs interact with microtubules to either
stabilize or destabilize them and, in particular, some MAPs
bind to the plus ends of microtubules to prevent catastrophic
collapse or to interact with cortical proteins”. Due to their
unique structural dynamics and the many types of MAPs
and other MAP-associated proteins, microtubules have the
ability to deposit signaling proteins at specific regions of the
cell cortex and direct cell movement, particularly through the
generation of cell protrusions. Recently, many studies have
shown that microtubule networks play fundamental regula-
tory roles in cell migration. In one study of breast cancer cell
motility, the formin protein mDial was shown to be a micro-
tubule regulator that is required for the cortical localization of
Rab6IP2, helping to tether microtubules to the leading edge!"”.
Another study showed that the deubiquitinase cylindromato-
sis interacts with EB1 to regulate microtubule dynamics and

stimulate cell migration!".

Furthermore, pregnenolone (P5),
which binds to the microtubule plus-end tracking protein
21, In Dictyo-

stelium cells, chemotaxis was impaired when TsuA, a protein

CLIP-170, was shown to stimulate cell migration

associated with the microtubule network, was lost". Taken
together, these observations suggest that the microtubule net-
work interacts with a variety of proteins within the cell cortex
to regulate directional cell movement. However, how micro-
tubule plus ends are protected from disassembly while regu-
lating proteins at the cell cortex is still not well understood.
Local protein biogenesis is an important mechanism for
intracellular protein targeting, which is often accompanied by
mRNA transportation and localization. Local mRNA transla-
tion is frequently observed during synaptic neuronal devel-
opment™ and has been shown to be important for synaptic

plasticity and neurological diseases.

In migrating cells,
more than 700 protrusion-enriched transcripts were identified
using direct RNA sequencing in an MDA-MB-231 cancer cell
line™. The B-actin mRNA is the best-studied transcript with
respect to local translation in migrating cells, and this mRNA
is localized to protrusions in fibroblasts and myoblasts as

well as to the growth cones of neurons” ',

Other examples
of protrusion-localized mRNAs include transcripts encoding
the actin polymerization nucleator Arp2/3 complex proteins.
Both p-actin and Arp2/3 mRNAs contain a zip code fragment
in their 3'UTRs, and these molecules are localized to the lead-
ing edge of migrating cells by the zip code-binding protein 1,
also called IGF2BP3!"*?!). These observations of local transla-
tion concurrent with cell cortex dynamics suggest that local
translation may be important during other cellular events,
such as cytokinesis, a cellular event characterized by dramatic
cytoskeletal extension and remodeling.

RNA-binding proteins are a large group of regulators
(800-1000 in humans), some of which play significant roles in
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mRNA local translation™ *!, Indeed, the importance of main-

taining protein homeostasis by RNA-binding proteins is high-
lighted by the numerous Mendelian genetic diseases caused
by mutations in RNA-binding proteins®. In this study, we
analyzed the function of RNP-1 and identified a role for this
protein in protecting microtubule ends and directing cortical

movement during cytokinesis and cell migration.

Materials and methods

cDNA library screening

cDNA library screening was performed as previously
described™. Briefly, a Dictyostelium discoideum cDNA library
prepared from vegetative cells was transformed into Ax3 (Rep
orf+) cells as previously described®. One hundred pools of
transformants (1000 transformants/pool) were cultured in sus-
pension with nocodazole at the ICs5, concentration (10 pmol/L)
for approximately two weeks while monitoring growth rate.
Pools with growth rates that were significantly higher than
average (P<0.1) were extracted for plasmid DNA using a Wiz-
ard Plus Miniprep kit (Promega, Madison, WI, USA). The
isolated plasmid DNA was then transformed into STBL2 cells
(Invitrogen, Carlsbad, CA, USA). Once isolated, the plasmid
DNA was then sequenced and identified using dictyBase
BLAST. The plasmid was then reintroduced into Ax3 (Rep
orf+) cells to confirm that the rescued growth rate in the pres-
ence of nocodazole was due to the isolated plasmid.

Growth rate measurement

Cells were transferred from plates to suspension culture at
an initial concentration of ~2x10° cells/mL. Cell density was
determined every 24 h using a hemocytometer. After 4-5 d of
monitoring, the cell densities were plotted against time, and
the resulting log phase curve was fit to a single exponential
equation. The wild-type control strain transfected with the
empty vector pLD1 (labeled as EV in the figures) was normal-
ized to 1, and the growth rates of the other strains within each
experiment were normalized to the control cells.

Plasmid construction

The RNP-1 over-expression plasmid was constructed using
the pLD1A15SN cassette containing the Ddp2-based origin of
replication™. RNP-1-GFP was constructed from an in-house
GFP-tagging cassette and cloned into pLD1A15SN™!, When
selecting the transformed cells, G418 was used at a concentra-
tion of 10 pg/mL, which was the same concentration used to
maintain the cell line.

Live cell imaging

GFP- or RFP-labeled log phase cells were plated in imaging
chambers. Immediately before imaging, the regular medium
was replaced with MES (2-(N-morpholino)ethanesulfonic
acid) starvation buffer (50 mmol/L MES pH 6.8, 2 mmol/L
MgCl, and 0.2 mmol/L CaCl,). Cells were imaged using a
40x (NA1.3) oil immersion objective and a 1.6x optovar on
a Zeiss Axiovert microscope. Images were captured using a
CCD camera operated using the MetaMorph Automation and



Image Analysis software program. To image GFP-labeled
proteins, z-stack images were taken of dividing or interphase
cells, and the images were corrected using the MetaMorph 3D
Deconvolution function. For GFP-microtubules, the 3D views
were generated using the MetaMorph 3D reconstruction func-
tion.

Microtubule analysis

GFP images were obtained from live cells expressing GFP-
tubulin and corrected by subtracting the background fluores-
cence. Control cells were transformed with the empty vector
pLD1 (EV). Filamentous structures were identified manually
and average intensity was measured using Image]. Cytosolic
regions were identified manually as the areas without filamen-
tous structures, and the average intensity was measured using
Image].

Cell migration

Cell movements toward a micropipette containing cAMP were
performed as described previously™. Briefly, D discoideum
cells were rinsed with development buffer (10 mmol/L phos-
phate buffer, 2 mmol/L MgSO,, and 0.2 mmol/L CaCl,, pH
6.5), resuspended in development buffer (2x10” cells/mL), and
rotated on a shaker at 100 rounds per minute. After 1 h, the
cell suspension was pulsed with doses of 50 nmol/L cAMP
every 6 min. After 6 h of cAMP pulsing, cells were plated
onto chambered coverslips. Once the cells had attached, the
chambers were filled with 3 mL of development buffer, and
a micropipette filled with 10 pmol/L cAMP was positioned
near the cells. Images of moving cells were recorded using
an Olympus inverted microscope equipped with a CCD cam-
era. GFP intensity in the migrating cells was measured using
Image]. The regions of leading edge were defined manually
within each time frame.

Image processing and analysis

A program titled XM was written in Matlab® 2003a for image
analysis. Briefly, images of GFP-labeled cells with marked
centrosome locations were imported into Matlab and pro-
cessed using the following morphological operations. First,
the gray scale image was converted to a binary image based
on a preset background threshold, such that the target cells
appeared white on a black background. Second, if necessary,
the background was cleaned by removing small objects (not
the target cell) and filling in black holes within the target cell
that were relatively dark before thresholding. Images 1 and 2
were then overlaid to verify the proper placement of the cell
boundary. Third, an edge mask was generated by subtract-
ing the target cell image from an eroded version of the image.
Fourth, the pixels under the edge mask were selected, and
their brightness values and corresponding distances toward
the two centrosomes were extracted. Fifth, the distance values
were regularized and reorganized into bins with a distance
unit of 0.75 pixels, and the mean brightness values within each
bin were calculated. Finally, the mean brightness values were
plotted with increasing distance (minimal unit of 0.75 pixels),
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and their relationship was fitted using both the power model
y=a]xh1 and the exponential model y=azeb2’, where y is the
brightness value, x is the distance, and ay, by, a,, b, are the cor-
responding model parameters.

Results

RNP-1 is a genetic suppressor of nocodazole

The inhibitory effects of nocodazole on microtubules in Dic-
tyostelium cells were analyzed in cells expressing GFP-tubulin.
Cells were incubated with 10 pmol/L nocodazole for 10 min,
and microtubule structures were visualized using live cell
imaging (Figure 1). In control (DMSO-treated) Dictyostelium
cells, microtubule structures were extensive and reached to
the cell cortex (cell edge; Figure 1A, left panel). A 3D recon-
struction also illustrates the extensive microtubule array
(Supplementary Movie S1). Upon treatment with 10 pmol/L
nocodazole, these microtubule structures were greatly reduced
(Figure 1A, right panel; Supplementary Movie S2).

In our previous study'*, we performed a genetic selection
screen to identify novel proteins that regulate microtubule
dynamics in which nocodazole was used to inhibit the growth
of library plasmid-transformed Dictyostelium cells. The trans-
formed colonies were grown in suspension culture and chal-
lenged with 10 pmol/L nocodazole, the concentration that
inhibits the cell growth rate by 50%*. During selection, most
pools failed to show increased growth. However, in pools
containing cells that received a suppressor plasmid (ie, a plas-
mid that rescues growth in nocodazole-challenged cells), the
rescued cells eventually overtake the culture. In addition to
14-3-3" and a truncated version of enlazin'™), the selection
process also recovered plasmids containing full-length cDNAs
for the rnp-1 gene and sterol-24-c methyltransferase (Table
1). The rnp-1 gene was recovered in 9 individual pools from
the 100 pools of cDNA-transformed cells (each pool contained
100-1000 cDNA transformed colonies), whereas the other
positive hits were each recovered one time (Table 1). To con-
firm that RNP-1 can rescue cells from the effects of nocodazole
treatment, an RNP-1 over-expression plasmid and an RNP-
1-GFP (C-terminus tag) construct were introduced into wild-
type Dictyostelium cells, which were then challenged with
10 pmol/L nocodazole in suspension culture. The growth
rates of these cells were then measured. When treated with
nocodazole, control cells grew at 50% of the rate of DMSO-

Table 1. Genes identified by screening against nocodazole treatment and
their numbers of recoveries.

Genes identified No of recoveries

Sterol-24-C-methyltransferase
Enlazin (enl-tr)”

14-3-3"

RNP binding protein-1 (RNP-1)

© R R R

“Recovery of enlazin and 14-3-3 as suppressors of nocodazole was
described in Zhou et al article!..
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Figure 1. Over-expression of RNP-1 rescues cells from nocodazole
treatment. (A) Nocodazole caused microtubule structural changes in
Dictyostelium cells. Ax3 cells expressing GFP-tubulin were treated with
10 pmol/L DMSO (Control, left) or 10 umol/L nocodazole (Treatment,
right) for 10 min. Scale bar, 5 um. The 3D-reconstructed images of the
microtubule network were taken immediately after the 10-min incubation
(see Supplementary Movie S1 and S2). (B) Recapitulation of RNP-1
suppression of nocodazole treatment. Control cells carrying the empty
vector (EV) or cells over-expressing RNP-1 (RNP-1-OE) were challenged
with 10 ymol/L nocodazole (the ICs,) or DMSO. Data are presented as
mean+SEM (n>=6); “"P<0.01, "P<0.1. (C) Growth curves of control cells
(EV) and RNP-1-OE cells with or without nocodazole over the course of 4 d.

treated cells, whereas cells over-expressing RNP-1 and RNP-
1-GFP grew at 87% and 62%, respectively, of the DMSO-
treated cells (Figure 1B, 1C). The RNP-1-GFP construct did
not rescue the growth inhibition from nocodazole to the same
extent as wild-type RNP-1, but when it was compared with
cells transfected with EV, RNP-1-GFP-expressing cells showed
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significantly increased growth in the presence of nocodazole.
These results confirm that RNP-1 suppresses the growth inhi-
bition induced by microtubule disruption due to nocodazole
treatment.

RNP-1 protects microtubule structures during nocodazole treat-
ment

We next generated a hairpin RNAi construct for RNP-1 knock-
down, but upon transformation into wild-type Dictyostelium
cells, no colonies grew, even when the selecting drug was
titrated to a minimal concentration. These observations indi-
cated that RNP-1 is necessary for cell survival and that wild-
type expression levels are essential. Therefore, to determine
the mechanism through which RNP-1 rescues cells from
nocodazole treatment, we determined whether over-expres-
sion of RNP-1 could stabilize microtubules in the presence
of nocodazole, as nocodazole is a microtubule destabilizer.
We first tested the effect of RNP-1 on microtubules in cells
cultured on surfaces in petri dishes. GFP-tubulin-expressing
cells were transformed with empty vector or the RNP-1 over-
expression vector and then incubated with DMSO or 10
pmol/L nocodazole overnight. Nocodazole treatment
induced noticeable microtubule damage compared with
DMSO treatment, but no significant microtubule changes
were observed between cells transformed with empty vector
and cells transformed with the RNP-1 over-expression (OE)
vector upon nocodazole treatment (Supplementary Figure
S1). As cells grown on surfaces have a different cytoskeletal
composition (more polymerized actin) compared with cells

grown in suspension®

, a different growth context could add
additional stress on the microtubule cytoskeleton. There-
fore, we next tested the effects of RNP-1 on microtubules in
suspension-grown cells. GFP-tubulin signals revealed that
suspension-grown cells had fewer assembled microtubules
than cells cultured on surfaces (Figure 1A and 2A). When
treated with DMSO alone, both control cells (EV) and RNP-
1-OE cells showed intact microtubule structures (Figure 2A),
and the ratios of filamentous GFP intensity over cytosolic
GFP intensity were 2.3 and 2.8, respectively (Figure 2B, n=6).
However, after nocodazole treatment, control cells showed
significant microtubule structural damage (Figure 2A), and the
ratio of filamentous GFP intensity over cytosolic GFP intensity
decreased to 1.4 (Figure 2B, n=6). When cells over-expressed
RNP-1, their microtubules were more resistant to nocodazole
treatment (Figure 2A), and the ratio of filamentous GFP inten-
sity over cytosolic intensity remained significantly higher (2.0)
compared with the control cells (EV) (Figure 2B, P<0.05, n26).
Based on these results, we concluded that RNP-1 protects
microtubules from nocodazole.

Localization of RNP-1-GFP in dividing cells

As microtubule structures are vital to cytokinesis and cell
migration, we next assessed the role of RNP-1 in cytokinesis
and cell migration. A plasmid encoding a C-terminal GFP-
tagged RNP-1 was constructed, and it showed an ability to
rescue cells from nocodazole treatment (Figure 1B). We then
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Figure 2. RNP-1 over-expression protects microtubules from nocodazole.
(A) Control cells carrying an empty vector (EV) or RNP-1-OE cells express-
ing GFP-tubulin were treated with 10 pmol/L nocodazole or DMSO over-
night and then grown in suspension culture. Images of microtubules were
collected after incubation. A representative image of each condition is
shown. Top left, control cells incubated with DMSO. Scale bar, 5 pm for
all panels. Top right, control cells incubated with nocodazole. Bottom
left, RNP-1-OE cells incubated with DMSO. Bottom right, RNP-1-OE cells
incubated with nocodazole. (B) Measured filamentous GFP intensity
normalized to cytosolic GFP intensity in control (EV) or RNP-1-OE cells
treated with DMSO or nocodazole. P<0.05, n>=6.

co-expressed RNP-1-GFP along with RFP-tubulin in cells. Live
cell imaging of dividing cells showed that RNP-1-GFP was
concentrated at the polar region when cells were undergoing
cytokinesis (Figure 3A). By contrast, in interphase cells, RNP-
1-GFP was primarily found in the cytosol. In addition, when
the mitotic spindle was not centered in the cell, RNP-1-GFP
concentration was increased at the polar cortex closest to the
spindle (Figure 3A, Cell 1). Subsequently, the mitotic spindle
re-centered, producing symmetrical cell division. To system-
atically evaluate whether the RNP-1-GFP signal was correlated
with the cortex-centrosome distance, we developed a specific
computer program to calculate the correlation between corti-
cal GFP signal and the cortex-centrosome distance in dividing
cells (Figure 3B). A total of five cells were analyzed, and the
results are summarized in Figure 3C and Table 2. The power
model y=a1xb1 and the exponential model y=azeh2x were used to
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Figure 3. Localization of RNP-1-GFP in dividing cells. (A) WT (Ax3(Rep
orf+)) cells expressing RFP-tubulin (left panel) and RNP-1-GFP (right
panel) at the different stages of cytokinesis and interphase. (B) Represen-
tative images from each step of analysis in the Matlab® program XM.
Arrowheads indicate centrosome positions, as marked by black dots.
(C) The power function curve fitting of RNP-1-GFP signal versus cortical
distance to the nearest centrosome in five analyzed cells.
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Table 2. Values of a, b and R? when cells were analyzed by program XM.

f(x)=a,*x"t f(x)=a,*exp(b,*x)
Cell a, b, R? a, b, R?
1 182.1 -0.6315 0.7232 176.3 -0.191 0.6083
2 67.35 -0.6969 0.8159 81.98 -0.3063 0.6660
8 269 -0.8865 0.8039 292 -0.3284 0.6678
4 92.71 -0.4781 0.7064 108.4 -0.216 0.5955
B 176.4 -0.4131 0.5949 178.4 -0.1288 0.6277

The variables (signal and the distance) were modelled to the power function or exponential function, where x corresponds to distance and f(x)

corresponds to signal.

fit the trends of GFP signal over the distance between the cor-
tex and the centrosome. The power function fit relatively bet-
ter than the exponential function, with overall higher R? val-
ues, suggesting that the signal regulating RNP-1 diffuses from
the centrosome and decreases proportionally as the power of
the distance.

Localization of RNP-1-GFP in migrating cells

The polar cortex of a dividing cell and the leading edge of a
motile cell share many proteins in common, and they repre-
sent the boundaries of extensive cell shape changes. As RNP-
1-GFP is highly localized to the polar regions of dividing
cells, particularly in the cellular protrusions of these regions,
we next examined the cellular localization of RNP-1-GFP in
Dictyostelium cells during chemotactic migration. During cell
migration, the microtubule network was a dynamic three-
dimensional structure: in the anterior region, microtubules
radiated toward the front and sides of the cell, whereas in the
rear they appeared stretched and under tension!. We first
analyzed the cellular distribution of RNP-1-GFP in chemo-
taxing cells. The top panels of Figure 4A and 4B show two
images from a time series of chemotaxing cells expressing
RNP-1-GFP. They both show that RNP-1-GFP was concen-
trated at the leading edges of the cells, suggesting that it may
be regulated or localized by radiating microtubules at the
leading edge (Figure 4, Supplementary Movie S1). To further
investigate this hypothesis, we next measured the relative
levels of GFP at the leading edges, which were normalized to
the GFP signal in the rest of the cell body. The lower panels
of Figure 4A and 4B show that there was an overall increased
concentration of GFP (>1) at the leading edge compared with
the rest of the cell body. Overall, we conclude that RNP-1 pro-
tects microtubules from the microtubule-destabilizing agent
nocodazole and that it functions with microtubules to direct
cell movement during cytokinesis and cell migration.

Discussion
To investigate the cytokinesis machinery regulated by micro-
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tubules, we used a cDNA library to screen for suppressors
of nocodazole treatment at a drug concentration that inhibits
the cell growth rate by 50% (ECsp). Using the same cDNA
library selection for suppressors of nocodazole!, we identified
several winner genes, which encoded 14-3-3, a fragment of
Enlazin®!, RNP-1, and sterol-24-c methyltransferase. Indeed,
RNP-1 was recovered several times in the screen, indicating a
robust ability to suppress nocodazole. However, the rescuing
capability of a RNP-1-GFP construct was not as great as that of
the non-GFP-tagged form of RNP-1, although the RNP-1-GFP
did significantly rescue growth compared with control cells
treated with nocodazole. Most likely, the 20 kDa GFP domain
interfered with the natural structure of the RNP-1 protein,
despite the fact that the RNP-1 and GFP were separated by a
glycine/serine linkage. Another reason for this discrepancy
could be that the expression levels of the GFP-tagged protein
are lower than the wild type, as the overall molecular weight
of the GFP-tagged RNP-1 is higher than RNP-1 alone. Based
on other studies, the 14-3-3 and Enlazin proteins play major
roles in regulating tension at the cell cortex; for example, cells
in which 14-3-3 and enlazin were silenced exhibited reduced
cortical tension, and 14-3-3 over-expression partially rescued
mechanical defects in racE null cells™ *. RNP-1 may play a
role in regulating the cell cortex by serving as a signal linkage
between microtubules and the cell cortex.

Recently, using a proteomics approach, the RNP-1 protein
was shown to be localized to the macropinocytosis compart-
ment in Dictyostelium cells, suggesting that this protein plays
a role in regulating cytoskeletal dynamics®. A bioinformat-
ics analysis of the amino acid sequence using a motif scan
revealed that the RNP-1 protein contains multiple kinase
phosphorylation sites in a threonine-rich motif located at posi-
tion 100-200 of the amino acid sequence (Figure 5), indicat-
ing that this protein could serve as a substrate for multiple
kinases, such as PKA, PKC and Casein kinase II, which are
critical regulators of cell migration™2,

In addition, sequence analysis revealed that this protein con-
tains two eukaryotic RNA Recognition Motifs (RRMs) at posi-



www.chinaphar.com
Ngo T et al 7

0"

A
P
2%
8=
c @
oS
0" 16" oS
%
2P
&5
Q © L
(Igo's P S S TR S S TSR
12 22 32 42 52
Time (s)
20" 321, 36”
B
>>
@ o
[=3<}
Fop—
=]
o2
16" )
q)“’
2D
S5
O ©
“ mLE’O_G-....l....l....l....
| 14 24 34 44 54
- Time (s)
2 36" —

Figure 4. RNP-1-GFP localizes to the leading edge of chemotactic cells. (A) The top panel shows images from a time series of polarized, chemotaxing
WT (Ax3(Rep orf+)) cells expressing RNP-1-GFP. Cells were chemotaxing towards cAMP, and the asterisk “*” indicates the location of the cCAMP needle
tip. The bottom panel shows changes in GFP distribution over time in one migrating cell (the white arrow in the top panel indicates the cell). The Y
axis represents the ratio of GFP intensity (leading edge over the rest of the cell body). (B) A second set of example images. Top panel: a time series of
chemotaxing cells; bottom panel: analyzed GFP distribution in one migrating cell. (A larger view with the location of the cCAMP needle tip is included in
panel B) The images shown here were taken from two representative recordings (see Supplementary Movies S3, S4).
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Figure 5. Proposed functional domains and sequence motifs of RNP-1. The protein sequence was analyzed using Expasy Prosite (Database of protein
domains, families and functional sites) to obtain potential functional domains and sequence motifs.
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tions 15-95 and 200-270 (Figure 5). A growing body of evi-
dence suggests that mRNA metabolism is controlled by RNA-
binding proteins™!. Containing two RRMs, the RNP-1 protein
could participate in the transport of mRNAs and related
proteins to the cell periphery along microtubules, which is
likely critical when cells are challenged with nocodazole. The
idea of spatial regulation of protein translation has gained
attention as an important process in a variety of cell biologi-
cal processes. For example, local translation of mRNAs has
been observed during neuronal development and in migrat-

(14161 " The observation that local translation is often

ing cells
concurrent with dynamic changes at the cell cortex suggests
that regional protein translation may occur during cytokinesis;
in particular, mRNA directionally localizes to the peripheral
region during cytokinesis, and protein translation may take
place locally where those proteins are required. Thus, the
presence of RNP-1 at the leading edges of cells undergoing
cytokinesis and migrating cells suggests an important role for
mRNA localization and local protein translation in these cel-
lular processes. Finally, RNP-1-protected microtubules from
nocodazole, which could involve RNP-1-mediated stabiliza-
tion of tubulin mRNAs and related proteins to facilitate local
protein translation.

We observed that RNP-1 localized to the cell cortex in divid-
ing cells. The relationship between RNP-1 signaling and the
distance to the nearest centrosome was modeled using both
power models and exponential models. However, by compar-
ison, we found that the power model significantly improved
the fit to the relationship between the RNP-1 signals and the
distance to the centrosome in most cases, indicating that the
RNP-1 signal decreased proportionally with the power of the
distance. The only exception was a single cell (Cell 5) that was
in the later stages of cell separation. This observation appears
reasonable, as it abides the general physical law that diffusive
signals attenuate during propagation as a function of power
of distance. In Table 2, “b,” is the power coefficient that repre-
sents the attenuation level with distance, ranging from -0.8865
to -0.4131, whereas “a,” represents the reference signal or the
brightness value when distant from the ‘center” based on a
standard unit of distance, which ranged from 67.35 to 269.

During chemotaxis, RNP-1-GFP was concentrated at the
leading edge of migrating cells. One could argue that this
increased signal could have been due to increased volume
(depth) at the leading edge of migrating cells. However, based
on other studies, GFP or RFP controls were more uniformly

distributed in migrating cells®"

, ruling out the possibility
that the increased RNP-1 signal was due to increased volume
alone. Nevertheless, it does appear that the RNP-1 signal is
more cytosolic at the leading edge compared with membrane-
associated proteins during chemotaxis, such as PTEN and
PKC™!. The distribution of RNP-1 during chemotaxis is very
similar to that of actin in the pseudopod of a migrating cell™,
further supporting the idea that the RNP-1 protein may be
co-localizing with actin at the leading edge to facilitate actin
protein translation. Other actin-associated proteins, such as

coronin, were also found to have similar distribution patterns
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as RNP-1 in migrating cells.

When searching for RNP-1 homologs in other organisms,
including humans and yeast, we identified a group of proteins
called cytoplasmic polyadenylate-binding proteins (PAB-
PCs) with high sequence similarities to RNP-1, particularly
PABPC4 (BLAST expect value 5e-11, 24% sequence identities),
PABPC3 (BLAST expect value 6e-11, 25% sequence identities)
and PABPC1 (BLAST expect value 2e-10, 24% sequence identi-
ties) in humans. The PABPC proteins bind to the poly(A) tail
of eukaryotic mRNAs to regulate mRNA dynamics and pro-
tein translation™. A recent study showed that PABPC can be
enriched at sites of localized translation, such as the leading

38] B9 1p

edges of migrating fibroblasts™ or neuronal dendrites
another study using atomic force microscopy, PABPC medi-
ated the binding of mRNAs to microtubules™”. Our sequence
analysis also revealed that both PABPCs and RNP-1 proteins
contain multiple RRMs with high pl values close to 9.5, indi-
cating that they may have high affinities to poly-anionic mol-
ecules, such as RNA, microtubules and actin filaments'*'.

Taken together, we discovered that RNP-1, a PABPC-related
protein, protected microtubules from nocodazole-induced
damage and localized to leading edges in dividing and
migrating cells. The RNP-1 protein may serve as part of the
linkage between microtubules and the cell cortex by stabiliz-
ing microtubules and delivering regulatory information to the
cell cortex. RNP-1 may help to stabilize and transport mRNAs
to the peripheral region where localized protein translation is
required. Our findings are consistent with previous studies of
PABPC proteins, and they provide a functional demonstration
of a relationship between RNP-1 and the microtubule network.
Perhaps most interestingly, the unique localization of RNP-1
in Dictyostelium cells when cells are undergoing cytokinesis or
chemotaxis suggests an important role for PABPC proteins in
local protein translation when cells are undergoing dramatic
cell shape changes in mammalian systems.
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