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RNA-binding proteins are emerging as key regulators of transitions in cell morphology. The RNA-
binding motif protein 3 (RBM3) is a cold-inducible RNA-binding protein with broadly relevant roles in
cellular protection, and putative functions in cancer and development. Several findings suggest that
RBM3 has morphoregulatory functions germane to its roles in these contexts. For example, RBM3 helps
maintain the morphological integrity of cell protrusions during cell stress and disease. Moreover, it is
highly expressed in migrating neurons of the developing brain and in cancer invadopodia, suggesting
roles in migration. We here show that RBM3 regulates cell polarity, spreading and migration. RBM3 was
present in spreading initiation centers, filopodia and blebs that formed during cell spreading in cell lines
and primary myoblasts. Reducing RBM3 triggered exaggerated spreading, increased RhoA expression,
and a loss of polarity that was rescued by Rho kinase inhibition and overexpression of CRMP2. High
RBM3 expression enhanced the motility of cells migrating by a mesenchymal mode involving extension
. oflong protrusions, whereas RBM3 knockdown slowed migration, greatly reducing the ability of cells
. to extend protrusions and impairing multiple processes that require directional migration. These
. data establish novel functions of RBM3 of potential significance to tissue repair, metastasis and
development.

The RNA-binding motif protein 3 (RBM3), a member of small family of cold-inducible RNA-binding proteins',
regulates several aspects of mRNA metabolism and has pleiotropic functions in cell stress, development, and
- oncogenesis. On a molecular level, RBM3 promotes global protein synthesis’, the stability of mRNAs bearing
. AU-rich elements®’, and the biogenesis of many microRNAs at the Dicer step®”, functions that together suggest
© RBMS3 exerts a broad and differential regulatory influence on the proteome. On a cellular level, early studies
indicated that RBM3 plays a critical role in adaptive responses to hypothermia, where it may act as a mRNA chap-
erone that preserves translation capacity until the return of euthermic conditions>!%-1*. However, it has become
clear that RBM3 is induced by a wide variety of other physiological stresses (e.g. hypoxia, endoplasmic reticulum
© (ER) stress, excitotoxins, radiation, wasting, and some disease states)'*!8. In these and other contexts, RBM3
© has a strong cell protective influence. In muscle cells, induction of RBM3 opposes necrosis and apoptosis, and
- preserves cell morphology, in response to reactive oxygen species and atrophic conditions'*?. In neural cells,
: RBM3 protects against cell death induced by ER stress>'®, hypoxia/ischemia'>?!, and varied other metabolic and
disease related stresses'*!7?2-25, Moreover, RBM3 induction has been causally linked to the neuroprotective effects
of therapeutic hypothermia?>?. Such data point to a general role of RBM3 in cell protection. Consistent with this
idea, RBM3 is the only transcript upregulated in all tissues during torpor?’, a state involving extended hypother-
mia in which many tissues (including muscle and brain) are largely spared from the pathological effects of severe
metabolic stress. In addition to its regulation by physiological stresses, RBM3 expression exhibits developmental
and regional variation in brain?, and has been linked to oncogenesis as a putative proto-oncogene® and predictor
of the clinical prognosis of many cancers®.

Several observations suggest that RBM3 has morphoregulatory functions relevant to its role in cell protec-
tion and putative involvement in development and oncogenesis. RBM3 (P98179, RNPL) was among sets of
RNA-binding proteins (RNA-BPs) detected in invasive pseudopodia of mesenchymal breast cancer cells®’, and
in subcellular specializations termed spreading initiation centers (SICs)*' that form during the initial stage of cell
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spreading in fibroblasts and many mesenchymal cell lines®?. In general, several classes of RNA-BPs have been
identified in SICs*'~* and other cell protrusions, such as podosomes®*, pseudopodia®**>*, filopodia¥, growth
cones and dendritic spines®*~*. Their functions at these loci can be multifold, including the regulation of mRNA
localization and translation events that support cell adhesion, spreading, migration, and the guidance of exten-
sions®'~***1, and protein-protein interactions that regulate cytoskeletal dynamics*. In light of such data, the pres-
ence of RBM3 in SICs and invasive filopodia suggests that it has morphoregulatory functions in cell shape and
migration, which may be important to its stress response functions and putative involvement in development
and cancer. This possibility finds support in data on RBM3 expression and function in brain. In prior work, we
observed that RBM3 is upregulated in brain during the early postnatal period® - coinciding with the peak of
synaptogenesis** — and remains high in zones of proliferating and migrating cells in the adult brain; moreover, we
found that RBM3 is localized to dendritic spines in mature neurons®. Recently, it was demonstrated that RBM3
induction confers synaptic protection in models of prion and Alzheimer’s-related neurodegeneration, whereas
knockdown of RBM3 exacerbates synapse loss and deficiencies in synapse regeneration in these models***. This
synapse-sparing effect of RBM3, which may be mechanistically related to synaptic regenerative capacity seen
during torpor and cold shock*®", supports the idea that RBM3 regulates the formation and plasticity of cell
protrusions. Taken together, such data suggest RBM3 has fundamental roles in regulating the morphology and
migration of cells, but this has not been fully elucidated.

Here we present evidence that RBM3 is a regulator of cell spreading, polarity and migration. We observed that
RBM3 is present in multiple types of cell protrusions that form in a variety of cell lines and primary myoblasts,
and that perturbation of RBM3 expression results in dramatic changes in cell polarity and spreading involving
RhoA-Rho associated protein kinase (ROCK) signaling and the collapsin response mediator protein 2 (CRMP2).
Consistent with the idea that these effects relate to underlying mechanisms that also regulate cell motility, we
found that RBM3 promotes directional cell migration in multiple contexts via a mesenchymal-like mode involv-
ing the extension of long protrusions, whereas low RBM3 expression impairs migration and the ability of cells to
extend protrusions, changing the motility of cells to a mode that in many ways resembles amoeboid migration.
Taken together, the results described herein establish novel roles of RBM3 in the regulation of cell morphology,
motility, and underlying RhoA pathway signaling. These effects are discussed in terms of their potential relevance
to cell protection and the processes of tissue repair, development, and metastatic processes involving migration
mode flexibility.

Results

RBM3 is present in SICs formed in different cell types and on several plating substrata. RBM3
was detected in a proteomic screen of proteins co-precipitating with vinculin and talin from MRC-5 lung fibro-
blasts during the early, SIC stage of cell spreading®'. SICs are spherical outpouchings of the plasma membrane in
which a ring of F-actin circumscribes a cytoplasmic interior containing some focal adhesion proteins, translation
machinery, ribosomal and poly A RNA, and RNA-BPs*'-3. They are “hot spots” of mRNA translation®?, which
is thought to promote the formation of mature focal adhesions®!*2 Insofar as our prior work showed that RBM3
stimulates translation®, the detection of RBM3 in SICs raised the possibility that it is a regulator of cell spreading.
However, proteomic detection of RBM3 in SICs was not validated in MRC-5 or other cells.

To assess whether RBM3 localizes to SICs and the extent to which this is generalizable to multiple cell types
and plating conditions, we monitored its distribution in different cell types after plating onto several distinct sub-
strata (Fig. 1). RBM3 was present in SICs formed around the periphery of newly adherent cells early (30 minutes)
after plating of B104 neuroblastoma cells (Fig. 1a-c) and HeLa epithelial adenocarcinoma cells (Fig. 1d-f) onto
glass, collagen, and fibronectin. RBM3 staining (green) in SICs was circumscribed by a ring of F-actin stained
with phalloidin (red). We confirmed that RBM3 co-localized with the cytoskeletal protein vinculin (Fig. 1g), a
known component of SICs**2, and that SICs contained the RNA-BP FUS as previously reported®*? (Fig. 1h).
In addition, we expanded the characterization of SICs by validating the presence of tRNA for glycine using flu-
orescent in situ hybridization (FISH, Fig. 1i). Repeating these studies in cells fixed 3hrs after plating, a time
point when SICs are no longer present and cells are more spread, revealed that RBM3 was redistributed to the
cytoplasm and nucleus in multiple cell types and plating conditions (Supplementary Fig. S1). Similar results were
observed in primary myoblasts (see below) in which RBM3 was strongly localized to SICs formed initially after
plating, then relocalized to the cytoplasm and nucleus after further morphological elaboration of cell shape. These
data suggest that localization of RBM3 to SICs shortly after cell attachment, followed by redistribution to nuclear
and cytoplasmic compartments, is a generalizable feature of adherent cells and may reflect a basic role of RBM3
in cell spreading.

RBM3 regulates cell spreading and the development of polarity. We tested the role of RBM3 in cell
spreading by manipulating its expression in B104 cells, followed by replating and imaging of cell morphology,
F-actin organization, and vinculin localization. B104 cells were transfected either with siRNAs to knockdown
RBM3, or with an expression construct encoding EYFP-RBM3 as we have done previously® (Supplementary
Fig. S2). At 48 hrs post transfection, B104 cells were lifted by trypsinization and replated onto glass coverslips
coated with fibronectin (10 pg/ml), then fixed and stained for RBM3, F-actin, and vinculin at 30, 60, and 120 min-
utes post plating. SICs still formed at 30 minutes in cells lacking or overexpressing RBM3 as evidenced by imag-
ing of vinculin distribution (Supplementary Fig. S3B). However, subsequent spreading and cell morphology
were dramatically altered by these manipulations (Fig. 2; Supplementary Fig. S3). At 60 minutes post plating,
mock-transfected control B104 cells (Fig. 2a,b) and those overexpressing RBM3 (Fig. 2e,f) began to elongate
into a bipolar/multipolar morphology, extending protrusions containing F-actin and RBM3, as well as vinculin
(Supplementary Fig. S3A,C). However, cells in which RBM3 was knocked down adopted a non-polarized shape
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Figure 1. Localization of RBM3 to SICs in different cell types and plating conditions. Images of RBM3 (green),
F-actin (red, phalloidin), and DAPI-stained nuclei (blue) in B104 cells (a-c) and HeLa cells (d-f) 30 minutes
after plating onto glass, collagen, and fibronectin. For each cell type and substrate in panels a through f, upper
right sub-panels show close-ups of F-actin distribution in regions (hatched yellow rectangles) at cell margins
that contain SICs; sub-panels in lower right show the overlay of RBM3 with F-actin. (g-i) Images of B104 cells
grown on fibronectin that were labeled for RBM3 and other SIC components by immunofluorescence, and

for tRNA by FISH: cells were double labeled for (g) RBM3 (green) and the SIC component vinculin (red); (h)
FUS (green) and F-actin (red); and (i) RBM3 (green) and tRNA-glycine (red).

and were typically rounded or polygonal with prominent F-actin-rich microspikes (Fig. 2¢,d; Supplementary
Fig. S3B,E).

To further investigate the effects of RBM3 knockdown and overexpression on cell spreading, we imaged B104
cells in all RBM3 expression conditions at 120 minutes after replating when morphological elaboration of pro-
cesses in control B104 cells is near complete. Differences in cell morphology between control, RBM3 knockdown,
and RBM3 overexpression conditions were accentuated at this time point. Control B104s exhibited an elongated,
multipolar morphology with growth cone-like F-actin-rich protrusions that contained RBM3, and local stress
fibers at the poles (Fig. 2g,h). However, cells lacking RBM3 (Fig. 2i,j) were still rounded or polygonal with a much
greater somatic diameter, exhibiting a ~400% increase in total cell area compared to controls (Fig. 2m). These
RBM3 siRNA-induced changes in cell shape/polarity were rescued by co-transfection with an EYFP-RBM3 con-
struct (Supplementary Fig. S4A); moreover, cells in which siRNA-mediated knockdown of RBM3 was inefficient
were able to attain a polarized state (Supplementary Fig. S4B). B104 cells lacking RBM3 were also notable for the
presence of a continuous ring of F-actin at the membrane that was punctuated by F-actin microspikes (Fig. 2i,j).
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Figure 2. Perturbation of RBM3 expression alters cell spreading and morphology. B104 cells were mock
transfected (con), transfected with an siRNA to knock down RBM3 (si) or transfected with a CMV-based
expression vector to overexpress EYFP-RBM3 (o/x), then replated 48 hours later onto fibronectin-coated

glass cover slips. Cells were fixed at 60 minutes (a-f) and 120 minutes (g-1) post plating for imaging of RBM3
(green), F-actin (red, phalloidin), and nuclei (blue, DAPI). (a,c,e) Images of RBM3 and F-actin in B104 cells
under control (a), RBM3 knockdown (c), and RBM3 overexpression (e) conditions at 60 minutes post plating.
(b,d,f) Close-up images of areas delimited by hatched yellow boxes in panels a, ¢, and e. Whereas control and
RBM3-overexpressing cells exhibit the beginnings of cell polarity, RBM3 knockdown cells adopted a highly
rounded or polygonal morphology with prominent microspikes. (g,i,k) images of RBM3 and F-actin in B104
cells plated as in panels, a,c,e, but fixed at 120 minutes. At this timepoint, cells lacking RBM3 adopt markedly
different shapes than control and RBM3-overexpressing cells. (h,j,1) close-ups of areas delimited within panels
g, 1, and k. Whereas control and RBM3-overexpressing cells were elongated in a polar morphology with growth
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cone-like protrusions containing RBM3 and F-actin, cells lacking RBM3 did not develop polarity, becoming
rounded and highly spread. RBM3 overexpressing cells had a more monopolar appearance compared to
control cells, but with similar growth cone-like protrusions containing F-actin and RBM3. (m) Bar graph of
cell area measurements in control (con; n =32), RBM3 knockdown (si; n = 30), and RBM3 overexpression
(o/x; n=18) conditions (*p < 0.0001, unpaired t-tailed t-tests). (n) bar graph summarizing the maximum
lengths and widths of cells in control vs RBM3 overexpression conditions; group data were not significantly
different.

In addition, the distribution of vinculin was altered such that it formed a discontinuous ring around the cells
(Supplementary Fig. S3E) as foci that resembled focal adhesions (which are normally evident near the poles of
elongating B104 cells). B104 cells overexpressing EYFP-RBM3 (Fig. 2k,1) adopted a more monopolar appear-
ance, with growth cone-like F-actin-rich protrusions that contained EYFP-RBM3; in addition, they exhibited a
larger overall cell area than control cells (Fig. 2m) but did not differ significantly from control cells in long axis
diameter or width (Fig. 2n). In both control and RBM3 overexpressing cells, RBM3 was distributed to the cyto-
plasm (including cell protrusions) and nucleus at 60 minutes and 120 minutes post plating (Fig. 2, Supplementary
Fig. S3F). Taken together, these data indicate that RBM3 regulates cell spreading and the development of polarity,
potentially through early effects at the SIC stage where it may regulate translation events critical to cytoskeletal
organization and adhesion.

RBM3 promotes cell migration and regulates migration mode. The prominent effects of RBM3 on
cell spreading and its localization to cell protrusions where adhesion and cytoskeletal assemblies are coupled to
facilitate directional movement suggest that RBM3 also regulates cell migration. This would be consistent with
findings that RBM3 is highly expressed in migrating neurons of the developing and adult rodent brain®, and in
long filopodial extensions of invasive breast cancer cells*. To test this possibility, we manipulated RBM3 expres-
sion in B104 cells and then monitored cell movement in real-time imaging experiments. 48 hrs after manipu-
lation of RBM3 expression, B104 cells were replated onto coverslips coated with 5 pg/ml fibronectin (a lower
concentration than used in spreading assays) and transferred to a homeostatic chamber (35-37°C+ 5% CO,)
mounted onto a Zeiss Radiance 2100 confocal microscope for time lapsed imaging. The movement of individual
cells expressing EGFP in control and RBM3 knockdown conditions, and cells expressing EYFP-RBM3 (RBM3
overexpression), was quantified with automated cell tracking tools in Imaris software (Bitplane). Representative
cell tracking experiments are shown in Fig. 3a, with cell movement tracks indicated by colored lines; examples
of real-time imaging are provided in Supplementary Movies 1-7. The average migration rate of B104 cells was
significantly reduced by knockdown of RBM3, and greatly enhanced by overexpression of RBM3 (Fig. 3b). These
effects are evident in frequency distributions of path speeds (Fig. 3¢) - i.e. all rates calculated from serial image
captures — in which it can be seen that higher RBM3 expression significantly skews the distribution towards faster
migration speeds, whereas lower RBM3 expression significantly skews towards lower speeds.

Interestingly, changes in RBM3 expression status also affected the mode of migration. Control B104 cells
and those overexpressing EYFP-RBM3 exhibited mesenchymal-like migration, extending long, thin processes
from a highly polarized state (Fig. 3d; Supplementary Movies S1, S2, S6, S7), whereas cells in which RBM3 was
knocked down were more rounded and appeared to use a combination of mechanisms involving much shorter
lamellipodia-like extensions and blebbing (Fig. 3e; Supplementary Movies S3-S5). Moreover, cells lacking RBM3
appeared to have less directional migration in that their paths were shorter and more random compared to con-
trol and RBM3 overexpressing cells that had long migration tracks. Some cells in the RBM3 knockdown condition
did not migrate at all, remaining circular and continuing to form SIC-like blebs (see Fig. 3e and Supplementary
Movie S5), while others switched from a partially elongated state with short protrusions to a rounded, blebbing
morphology (Fig. 3e, Supplementary Movies S3-S4). These differences in migration mode resembled the distinct
migratory modes seen in many cancer cells that undergo mesenchymal to amoeboid (MAT) and amoeboid to
mesenchymal (AMT) transitions during metastasis**=>*. Migration in mesenchymal states involves extension of
long processes (as seen in control and RBM3 overexpressing cells) and extracellular proteolysis; amoeboid migra-
tion involves blebbing on cells that are more circular (as seen after RBM3 knockdown).

RBM3 promotes wound healing. The above data indicated a role for RBM3 in directional migration. As
another approach to evaluating the role of RBM3 in directional cell migration, we tested the effects of perturbat-
ing RBM3 expression in an in vitro wound healing assay using NIH3T3 fibroblasts. In confluent cultures of 3T3
cells grown on fibronectin-coated glass coverslips, a “wound” was created by dragging the edge of a toothpick
across the coverslip to create a linear cell-free gap of approximately 300 pm in width. Live imaging was used
to monitor the rate at which this gap was closed by migrating 3T3 cells. Automated analysis of these movies
(Image-Pro Plus software) revealed that wound healing was greatly impaired by knockdown of RBM3 (Fig. 4a
vs b and Supplementary Movies S8, §9). Over time, large and statistically significant differences in wound area
became evident in RBM3 knockdown vs control cells. This is illustrated in a time plot of wound area (Fig. 4¢), and
in a graph of the area reclaimed at 75 minutes after creation of the wound (Fig. 4d).

RBM3 is present in SICs and blebs of primary myoblasts and regulates myotube formation.
Migrating cells in vitro and in vivo can form a variety of cell protrusion types, including actin-polymerization-
driven lamellipodia and filopodia, and contractility-driven blebs. As an additional cell model in which to study
the role of RBM3 in cell migration, we utilized primary skeletal muscle myoblasts in which migration is mediated
by directional blebbing>. This system also allows assessment of the functional significance of factors regulating
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Figure 3. RBM3 promotes migration and regulates migration mode. B104 cells were transfected with EGFP
alone (con), EGFP plus RBM3 siRNA to knockdown RBM3 (si), or a construct encoding an EYFP-RBM3
fusion protein (o/x). After 48 hrs, cells were replated onto fibronectin-coated coverslips and transferred to a
homeostatic chamber for live imaging of cell movement. (a) Representative images of cell migration paths
during live imaging of EGFP and EYFP-labeled B104 cells in the three treatment conditions. Path color
indicates temporal progression: start = white; end =red. (b) Graph of the average path speeds displayed by
B104 cells in the three treatment conditions (n =33, con; n =57, si; n =90, o/x; *p < 0.05, **p < 0.0001;

**%p < 0.001 2-tailed t-tests). (c) Relative frequency distribution of path speeds in the three treatment
conditions; knockdown and overexpression of RBM3 significantly skewed the distribution of path speeds

(con vs si, p < 0.05; con vs 0/x, p < 0.0005; si vs 0/x, p < 0.0005, Kolmogorov-Smirnov test). (d) Frames from
Supplementary Movie S2 showing filopodia-based, mesenchymal-like migration of highly polarized cells in
the control condition (con). Long extensions with growth cone-like ends (hatched circle) are evident in the
control (and RBM3 overexpression) condition, but not after RBM3 knockdown (si). Two highly polarized cells
(arrowhead and arrow) are seen migrating away from each other (e) Frames from Supplementary Movie S5
illustrating the morphology of cells in the knockdown condition as they migrate; some remain rounded
(hatched rectangle) with continued blebbing. Another cell can be seen switching from a slightly elongated state
with short protrusions, to a rounded, blebbing state (arrow).
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Figure 4. Reduction of RBM3 impairs wound healing. Scratch wounds were created in confluent cultures

of 3T3 fibroblasts and wound closure was imaged in real time under homeostatic conditions. (a and b)
Representative images of wounds and superimposed traces of fibroblast migration into the wound area in
control (a, blue) and RBM3 knockdown (b, red) conditions. (c) Graph of the extend of wound closure as a
function of time in the control (con) and RBM3 knockdown (si) experiments shown in panels a and b. (d)
Graph summarizing group data on wound closure in terms of area reclaimed, normalized to scratch length, in
control and RBM3 knockdown conditions (con, n =4; si, n=3; *p < 0.05 1-tailed t-test).

migration in terms of the physiologically relevant process of myotube formation, which depends on directional
migration and fusion of myoblasts.

We characterized RBM3 distribution and F-actin organization in myoblasts plated onto collagen. When cul-
tured in growth medium with 20% serum and basic fibroblast growth factor (bFGF), primary skeletal myoblasts
remain in a highly proliferative state for several passages. Stimulation of differentiation by serum withdrawal
induced rapid changes in cell shape and remodeling of the actin cytoskeleton as observed by phalloidin staining
for F-actin (Fig. 5); these cells were positive for myogenin, confirming that myoblasts were starting their differ-
entiation process into myotubes (Supplementary Fig. S5). At early time points following serum withdrawal, SICs
were visible along the periphery of adherent myoblasts (Fig. 5a-d), exhibiting the characteristic F-actin-ringed
shape. RBM3 was concentrated within these SICs (Fig. 5a,b,d and Supplementary Fig. S6A). Subsequent imag-
ing of myoblasts as they differentiated into myotubes revealed a distinct localization of RBM3. Differentiating
myoblasts adopted an elongated shape with a prominent membrane F-actin cytoskeleton. At this stage, RBM3
was localized in the cytoplasm in a granule-like pattern and in a series of membranous outpouchings (blebs)
that, unlike SICs seen shortly after plating under differentiating conditions, were not surrounded by F-actin
(Fig. 5e); very little staining was seen in nuclei. These blebs are critical to the directional migration of myo-
blasts and their subsequent fusion into myotubes in response to injury®*->¢. As myoblasts differentiated further,
they became highly elongated without blebs. At this stage, RBM3 was localized to the cytoplasm and nucleus
(Fig. 5f, Supplementary Fig. S7). In culture, multinucleated myotubes form that show lateral lamellae (contain-
ing G-actin), as well as myotube flattened ends (containing F-actin) that are attached to substrate®®. In these
myotubes, RBM3 was differentially localized to the cytoplasm in the middle of myotubes, and in nuclei near the
flattened ends (Supplementary Fig. S7). Thus, RBM3 exhibited dynamic localization in myoblasts from initial
activation (Fig. 5, Supplementary Fig. S7) to their assembly into multinucleated myotubes.

In vivo, myoblasts are derived from satellite cells, muscle-specific stem cells involved in muscle regenera-
tion®’~>%, which migrate along myofibers as part of the regenerative process. To characterize RBM3 expression in
activated satellite cells, we used floating single myofiber cultures®. In these cultures, satellite cells are maintained
beneath the basal lamina and have virtually no other influences than the myofiber environment. In serum-rich
medium, satellite cells activate, migrate to the myofiber surface, and start to express MyoD and differentiate,
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Figure 5. Dynamic localization of RBM3 in differentiating primary myoblasts. (a) Image of F-actin (red,
phalloidin), RBM3 (green) in myoblasts fixed shortly after plating (1 hr) onto fibronectin. SICs are clearly
visible along the edges of recently adherent cells as F-actin-delimited outpouchings of membrane. RBM3 is
concentrated within SICs. (c) DAPI-stained nuclei in cells from Panel a. (b and d) Blowup of upper and lower
margins of cell from the top-right portion of panel A. SICs (arrowheads) can be seen clearly with a peripheral
F-actin ring surrounding an RBM3-rich core. (e) Image of a myoblasts partially differentiated into a myotube.
At this stage, RBM3 is present in membranous blebs devoid of F-actin that are known to mediate myoblast
migration. (f) Image of a fully differentiated satellite cell. RBM3 relocalizes from membrane protrusions to the
cytoplasm and nucleus (nuc). (g) Images of a myotube explant at 24 hrs in culture in which activated satellite
cells migrating along the myotube border (dashed outline) co-express MyoD (red) and RBM3 (green). (h)
Images of dividing satellite cells along the border of a myotube that co-label for histone H3 phosphate (H3-P,
red) and RBM3 (green).

mimicking the in vivo regenerative process®’. We found that in single myofiber cultures RBM3 was highly
expressed in migrating, MyoD-positive satellite cells after activation and differentiation (Fig. 5g, Supplementary
Fig. S6B), including those undergoing mitosis as marked by immunolabeling for phosphorylated histone H3
(H3-P, Fig. 5h, Supplementary Fig. S6B). Satellite cells in an activated state are known to migrate along myotubes
before their incorporation by fusion, and RBM3 was seen in fusing satellite cells as well (Supplementary Fig. S7).
We also detected expression of RBM3 in the nuclei and cytoplasm of human myoblasts and myotubes formed in
culture (Supplementary Fig. S8).

The localization of RBM3 in myoblast blebs and migrating satellite cells suggested that RBM3 regulates the pro-
cess of bleb-based directional migration that is an essential step in muscle repair by activated satellite cells>*->661-63,
Thus, we studied the effects of manipulating RBM3 expression on myotube formation in cultures of primary
skeletal myoblasts (Fig. 6). Knockdown of RBM3 in myoblasts (Fig. 6b) impaired myotube formation as measured
by myotube length, area, number of nuclei, and the percentage of total cells integrated into myotubes (Fig. 6d-g).
In contrast, while overexpression of RBM3 (Fig. 6¢) led to a slightly longer average myotube length, this change
was not statistically significant. Overall, the effects of RBM3 on myotube formation, along with results obtained
in the wound healing assay, provide evidence that RBM3 regulates directional cell migration in processes relevant
to tissue repair.

Regulatory effects of RBM3 on cell shape involve RhoA-ROCK and CRMP2 signaling.  The mech-
anisms by which RBM3 regulates cell morphology could be highly complex given that it has a broad and diverse
mRNA target pool, many known protein-protein interactions, and it stimulates global translation®. However,
the nature of RBM3’s effects on cell polarity, spreading and directional migration provide phenotypic clues to
the identity of factors involved. We observed that B104 cells under control and RBM3 overexpression conditions
have mesenchymal characteristics, such as a polarized shape, migration by extension of long protrusions, and
expression of vimentin (Supplementary Fig. S9). Knockdown of RBM3 resulted in a loss of cell polarity and
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Figure 6. RBM3 regulates myotube formation in vitro. Satellite cells maintained under differentiating
conditions were transfected with RBM3 siRNA (si), an EYFP-RBM3 expression construct (0/x), or subjected

to mock transfection (con). (a—c) Images of myoblasts in the indicated RBM3 expression conditions. siRNA-
mediated knockdown of RBM3 (b) impaired myotube formation from differentiating cells, whereas RBM3
overexpression (c) enhanced it. (d-g) Graphs summarizing the length (d) and area (e) of formed myotubes, the
percentage of all cells incorporated into myotubes containing at least 2 nuclei (mean &= SEM; n =43, 14, 17 for
con, si, 0/x, respectively; *p < 0.05, 1-tailed t-test) (f) and the mean nuclei count (g) of all cells in each RBM3
expression condition (n=135, 127, 43 for con, si, 0/x, respectively; *p < 0.05, 1-tailed t-test).

exaggerated spreading. Moreover, knockdown of RBM3 - under conditions in which RBM3 is stably depleted for
24hrs or more (Supplementary Fig. S2) — impaired the ability of migrating B104 cells to extend long protrusions
and switched their mode of migration to a non-directional, amoeboid-like mode. RhoA signaling is upregu-
lated in cells transitioning from a polarized mesenchymal state to a rounded amoeboid-like morphology***!,
and both loss of polarity and amoeboid migration are mediated by Rho kinase (ROCK) activation downstream
of RhoA*84951:53:6465 Thys, we assessed whether manipulation of RBM3 levels alters the expression of RhoA and
other factors during cell spreading and the establishment of polarity. We used a replating assay in which cells
lacking or overexpressing RBM3 (Supplementary Fig. S2), and controls, were harvested for Western blot anal-
yses at 0, 60 and 120 minutes after re-plating onto fibronectin. We found that, relative to control cells, RhoA
protein was significantly upregulated in the RBM3 knockdown condition at all timepoints examined (Fig. 7a,b;
Supplementary Fig. S10 and Supplementary Fig. S11), whereas it was initially downregulated in cells overexpress-
ing RBM3. The SIC and focal adhesion component vinculin exhibited small, but consistent, upregulation after
RBM3 knockdown (Fig. 7b). In addition to rounding, cells lacking RBM3 manifest microspikes at later stages of
cell spreading (60-120 minutes), a morphological feature typically associated with CDC42 signaling. However,
CDC42 levels were downregulated in this condition, and Arp3 (a downstream effector of CDC42 involved the
generation of branched F-actin networks) was modestly downregulated at 120 minutes post plating.

An effector of RhoA signaling via ROCK, the collapsin response mediator protein 2 (CRMP2 or DPYSL2),
was also reduced (>50%, Fig. 7b) after RBM3 knockdown. CRMP2 is a microtubule-binding protein that reg-
ulates neural polarity, Rho family GTPases®, and the collapse of growth cones in response to extrinsic cues
such as myelin associated glycoprotein (MAG) and Nogo-66. Phosphorylation of CRMP2 by ROCK in response
to MAG and Nogo-66 reduces microtubules and stimulates growth cone collapse®7°. This effect is phenocopied
by knockdown of CRMP2%, which suggests that the upregulation of RhoA and downregulation of CRMP2 in
cells lacking RBM3 have convergent, synergistic effects in the same pathway - i.e. both reduce CRMP2 function.
No change was seen in an inhibitor of GDP dissociation from Rho family GTPases, RhoGDI (ARHGDIA), that
regulates RhoA activation by MAG, but a decrease in the expression of the RhoA scaffolding protein rhotekin
was seen with RBM3 knockdown. Levels of tubulin were upregulated. No changes were evident in the eukaryotic
initiation factor 6 (eIF6, Fig. 7a) and 3-actin (Supplementary Fig. S11), which were used to normalize values of
RhoA, CRMP?2 and Vinculin presented in Fig. 7b.
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Figure 7. RBM3-regulated changes in cell morphology involve RhoA-ROCK signaling. (a) Western blots
showing expression levels of the indicated proteins at 0, 60, and 120 minutes after replating of B104 cells
maintained in control (con), RBM3 knockdown (si), and RBM3 overexpression (o/x) conditions. A large
increase in RhoA is observed at all timepoints in RBM3 knockdown cells, along with tubulin and a modest
increase in vinculin, an SIC component. CRMP2, rhotekin, and CDC42 were downregulated in the knockdown
condition. In cells overexpressing RBM3, RhoA was initially downregulated. (b) Bar graph of changes in RhoA,
CRMP?2 and vinculin at 2 hrs in RBM3 knockdown vs control cells (n =4 experiments; *p < 0.05, 1-sample
t-test), normalized to eIF6 (present blots) or 3-actin (additional experiments, Supplementary Fig. S11). (c-f)
Images of RBM3 (green), F-actin (red, phalloidin), and nuclei (blue) in B104 cells under control (con) and
RBM3 knockdown conditions (si), with and without the ROCK inhibitor Y27632 (100 pM). Inhibition of
ROCK rescued cell polarity in RBM3 knockdown B104 cells (scale bar = 10 pm). (g,h) Graphs summarizing
cell body areas (g) and major process lengths (h) at 2 and 24 hrs post replating in the following treatment
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conditions: control cells (con: n=17 at 2 hrs; n =23 at 24 hrs), RBM3 knockdown cells (si: n =22 at 2 hrs;

n =20 at 24 hrs), control cells treated with Y27632 (con+ Y27632: n=15 at 2 hrs; n =25 at 24 hrs), RBM3
knockdown cells treated with Y27632 (si+ Y27632: n=12 at 2 hrs; n = 15 at 24 hrs; *p < 0.05, **p < 0.005,
**%p < 0.0005; t-tailed t-test). Cells in which RBM3 was knocked down, but not treated with Y27632, did not
have processes to measure.

Based on our results, we hypothesized that RhoA-ROCK and CRMP2 signaling contribute significantly to
RBM3-mediated changes in cell shape. To test this idea, we incubated control and RBM3 knockdown B104
cells with the ROCK inhibitor Y27632 (100 uM) from 30 minutes before to 24 hrs after replating cells onto
fibronectin-coated coverslips. Cells were fixed at 2 hrs and 24 hrs post plating for imaging of F-actin (phalloidin)
and RBM3. As seen earlier, control cells exhibited a highly polarized morphology at 2 hrs; this general morphol-
ogy was maintained for 24 hrs and did not change with addition of the ROCK inhibitor (Fig. 7c,d). Cells lacking
RBM3 exhibited the characteristic rounded or polygonal shape at 2 hrs and 24 hrs without Y27632, but adopted
a highly polarized shape when incubated with the ROCK inhibitor (Fig. 7e,f). Thus, ROCK inhibition rescued
the loss of polarity induced by knockdown of RBM3. However, while ROCK inhibition rescued polarity in cells
lacking RBM3, the cell bodies of many cells in this condition appeared more spread out than in control cells, and
neurites appeared to be longer. Indeed, at 2 hrs and 24 hrs after plating, neurites in RBM3 knockdown cells treated
with Y27632 were longer and cell bodies remained more spread than in control cells (Fig. 7d,f,g). This suggested
that even though polarity was rescued by ROCK inhibition, molecular changes conferring exaggerated spread-
ing may still have been present and manifest in both enhanced process outgrowth and somatic area. Consistent
with the idea that changes in RhoA and CRMP?2 after RBM3 knockdown have similar influences in a common
RhoA-ROCK-CRMP2 pathway, polarity was also rescued by overexpression of CRMP2 (Fig. 8).

A model of RBM3's influence on cell spreading and migration. Taken together, our data indicate
that RBM3 regulates cell polarity, spreading, and migration. Mechanistically, this is in part due to effects on
RhoA-ROCK signaling and CRMP2, and it is likely that modulation of translation is also involved. A proposed
model of these morphoregulatory effects is shown in Fig. 9. RBM3 is present in SICs formed during initial stages
of spreading, and its levels at the time of replating impact the morphological trajectory that cells take. Control
cells and cells overexpressing RBM3 ultimately adopt a polarized shape, whereas cells lacking RBM3 lose polarity
and become rounded and highly spread (Fig. 9a). The loss of polarity is rescued by ROCK inhibition (and CRMP2
overexpression), but cell extensions become longer in the RBM3 knockdown condition when ROCK is inhibited,
perhaps reflecting the continued activity of processes underlying exaggerated spreading, but in the context of a
polarized state. We hypothesize that these processes are translation-dependent and dissociable from RhoA-ROCK
signaling changes involved in the loss of polarity (Fig. 9b). RBM3 also strongly regulates the rate and mode of
migration. Control and RBM3 overexpressing cells migrated in a mesenchymal mode involving extension of
long protrusions, while cells with near complete knockdown of RBM3 migrated via an amoeboid-like mode.
We hypothesize that low (non-zero) levels of RBM3 are more permissive to transitions between these migration
modes (Fig. 9c). The metastasis of many cancers is facilitated by migration mode flexibility - i.e. the ability to
undergo MAT and AMT transitions — and we hypothesize that high RBM3 expression impairs this flexibility
by “locking” cells into a mesenchymal mode. This would help explain the large number of reports linking high
RBM3 expression to reduced metastasis and better clinical outcome across many cancers.

Discussion

Our data show that RBM3 exerts a potent regulatory influence on cell polarity, spreading and migration. In
multiple cell types, RBM3 was observed within SICs formed shortly after plating onto several substrates, and
within cellular protrusions — such as growth cone-like extensions in neuroblastoma cells and membrane blebs in
myoblasts — that developed during the course of cell spreading and migration. Manipulation of RBM3 expression
had a profound effect on cell polarity, spreading and migration, and impacted the aggregate behavior of cells
in the processes of myotube formation and wound healing that depend on directional migration. Rounding of
cells after knockdown of RBM3 and an apparent switch in migratory mode suggested that RBM3 modulates
Rho-ROCK pathway signaling. Indeed, the loss of cell polarity induced by RBM3 depletion was accompanied by
upregulation of RhoA and downregulation of a ROCK effector, CRMP2, and it was rescued by a ROCK inhibitor
and overexpression of CRMP2. These novel functions of RBM3 may be of significance in the contexts of tissue
repair, metastasis, and development.

The mechanistic basis of RBM3's effects on cell polarity, morphology and migration. RBM3
has a large and diverse set of target mRNAs (E.D-V. unpublished observations) and protein-protein interactions,
and it regulates miRNA biogenesis, all of which suggest that the influence of RBM3 on cell morphology is com-
plex. Nevertheless, we obtained evidence that RhoA-ROCK-CRMP?2 signaling is critical to RBM3’s effects on
cell morphology. We observed that the B104 neuroblastoma cell line has mesenchymal characteristics, including
a polarized morphology, expression of the epithelial-to-mesenchymal transition (EMT) marker vimentin, and
migration in a manner typical of mesenchymal cells in which long protrusions are extended from a polarized
state. Knockdown of RBM3 caused B104 cells to lose polarity upon replating and adopt a rounded, highly spread
shape. Loss of cell polarity combined with the appearance of SIC-like blebbing are reminiscent of cells that have
undergone MAT?24:4%51  Another hallmark of MAT is elevated RhoA-ROCK signaling, which is essential for
loss of polarity and the switch to an amoeboid migration mode**#*°1:6¢, RhoA levels were upregulated in RBM3
knockdown cells throughout the course of cell spreading, suggesting that elevated RhoA-ROCK signaling triggers
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Figure 8. RBM3-associated changes in cell morphology involve CRMP2, a substrate of ROCK. (a-d) Images
showing rescue of cell polarity and spreading in RBM3 knockdown B104 cells by transfection with a FLAG-
CRMP2 construct: (a) FLAG-CRMP2 (green); (b) nuclei (DAPI, blue); (c) F-actin, (phalloidin, red); (d) overlay.
(e) Enlargement of area highlighted by yellow box in d. Arrows in panels a, d and e show FLAG-CRMP2
expressing B104 cells, which have rescued polarity.
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Figure 9. Model of RBM3’s influences on cell morphology and migration. (a) Schematic of the morphological
trajectories taken by B104 cells under control, RBM3 knockdown, and RBM3 knockdown plus ROCK inhibitor
conditions. Replated B104 cells initially exhibit SICs and a rounded morphology. Whereas control cells go

on to adopt a bi- or multi-polar shape, cells lacking RBM3 lose polarity and undergo exaggerated spreading.
Inhibition of ROCK during replating of RBM3 knockdown cells rescues polarity but enhances process
elongation. (b) Diagram of proposed mechanisms by which RBM3 regulates cell polarity and spreading.
Knockdown of RBM3 results in parallel changes in translation and a RhoA-ROCK-CRMP2 pathway. Elevated
RhoA expression activates ROCK, a kinase involved in the transition from a mesenchymal to an amoeboid
state. Reduced levels of CRMP2, a microtubule binding protein that is inhibited by ROCK phosphorylation,
contributes to loss of polarity. (c) Schematic of hypothesized effects of RBM3 expression level on transitions
between mesenchymal and amoeboid states. High levels of RBM3 lock cells into a highly polar, mesenchymal
like mode of migration. Low RBM3 may favor an amoeboid state, but still be permissive to transitions between
amoeboid and mesenchymal modes of migration, so-called MAT and AMT, respectively. This is may enhance
metastasis of cancers by enhancing migration mode flexibility.

the rounded, amoeboid morphology we observed in this condition. Accordingly, a ROCK inhibitor (Y27632)
reverted the rounded B104 cells lacking RBM3 back to a mesenchymal like, polarized morphology. Interestingly,
cellular protrusions that developed as a result of treating RBM3 knockdown cells with Y27632 were longer than
in control conditions, suggesting that the mechanisms underlying loss of polarity and enhanced spreading are dis-
sociable. Forced expression of CRMP2 (which was reduced by RBM3 knockdown) also reverted RBM3 deficient
cells back to a polar morphology. As CRMP2 phosphorylation by ROCK inhibits microtubule polymerization®,
this suggests that RBM3 has multiple effects on a RhoA-ROCK-CRMP2 pathway regulating cell polarity and
morphology.

The exaggerated spreading in cells lacking RBM3 is likely due to changes in SIC translation events that reg-
ulate adhesion. At early stages of cell attachment and spreading, ~80% of total cellular translation is localized
within SICs??, and inhibition of translation hinders the maturation of focal adhesions and cell adhesion to sub-
strate®2. Interestingly, the translation inhibitors anisomycin, puromycin, and cycloheximide have been shown
to enhance the rate of cell spreading’”? in 3T3 cells and chick embryo fibroblasts cultured in low serum, which
may be related to a state of weakened adhesion to substrate’*!. Given that RBM3 enhances global translation®,
loss of RBM3 may phenocopy the effects of translation inhibitors on cell spreading to some extent by reducing
translation in SICs. We propose that loss of polarity and exaggerated spreading in cells lacking RBM3 reflects a
combined effect of elevated RhoA-ROCK signaling and decreased global translation rate, respectively. Moreover,
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we postulate that enhanced process outgrowth in RBM3 depleted cells treated with ROCK inhibitor reflects
the continuation of processes underlying increased spreading, but in the context of a polarized state. However,
Mardakheh et al.* recently demonstrated that cycloheximide at a concentration that enhances spreading in fibro-
blasts (10 pg/ml)”" destabilizes protrusions and inhibits mesenchymal morphology (inducing rounding) in the
MDA-MB231 breast cancer cell line. This may indicate that knockdown of RBM3 either does not affect spreading
by lowering translation, or that only modest decreases in translation promote spreading; this would be consistent
with an inverted-U relationship between the degree of translational inhibition and spreading seen in fibroblasts’".
Alternatively, loss of RBM3 may differentially affect the expression of specific cytoskeletal, adhesive, or other
factors that lead to exaggerated spreading.

Changes in Rho-ROCK signaling and translation may also help to explain the effects of RBM3 perturbation
on cell migration. Migration of B104 cells was greatly enhanced by overexpression of RBM3 and impaired by
RBM3 knockdown. Control and RBM3 overexpressing cells displayed a mesenchymal-like mode of migration
in which polarized cells extended long protrusions in the direction of migration. In contrast, the migration of
cells with reduced RBM3 appeared amoeboid in that cells were more rounded, did not extend long protrusions,
and exhibited blebbing. Fibroblasts, endothelial cells, and many types of cancer cells migrate in a mesenchymal
mode that depends on Rac/CDC42 signaling and extracellular proteolysis®'. However, many cancers and some
somatic cells (e.g. myoblasts and satellite cells) can also enter an amoeboid migration mode that is dependent on
RhoA-ROCK signaling and weaker adhesion, but lacks dependence on extracellular proteolysis*®#->1-547374 n
light of our findings, it is reasonable to speculate that high RBM3 expression promotes mesenchymal migration
by stimulating local translation events required for the maturation of focal adhesions and the extension of long
protrusions, whereas low RBM3 levels favor an amoeboid mode by increasing RhoA expression and impairing
the maturation of strong adhesion complexes.

RBM3 and wound healing: might RBM3 facilitate re-epithelialization? = We used a standard wound
healing assay primarily to assess the effects of RBM3 on cell migration, but the results obtained may also bear on
long-standing issues regarding the effect of temperature on wound healing. It is well established, particularly in
the surgical setting, that the multifaceted process of wound healing is facilitated by heat (or, rather, the prevention
of hypothermia), and that it is slowed during the application of hypothermia”™~"". Yet, it is also clear that transient
hypothermia can have beneficial effects on wound healing, such as reduction of inflammation and scar forma-
tion”””8, In the 3T3 cell scratch assay, we observed that wound closure was severely impaired by knockdown of
RBM3. In vivo, fibroblasts migrate into wounds via a mesenchymal like mode and facilitate wound healing by
reestablishing the extracellular matrix for keratinocytes. To the extent that the 3T3 scratch assay models this pro-
cess, it suggests that induction of RBM3 by transient hypothermia might facilitate re-epithelialization. It is nota-
ble in this regard that hibernating black bears, unlike smaller hibernators, demonstrate highly efficient wound
healing with reduced scarring””. The difference in wound healing abilities between bears and smaller hibernators
may lie in the depth and temporal profile of torpid states: bears maintain mild to moderately hypothermic core
body temperatures (30-35°C) during hibernation with daily warming periods in which dermal temperatures
approach euthermia’®, whereas smaller hibernators such as ground squirrels can approach near freezing body
temperatures® and only warm during intra-hibernation arousals that occur every 10-20 days. It is generally
held that the beneficial effects of torpor and transient hypothermia involve gene expression and signaling events
triggered by cold**#1#2 In hibernating bears, a combination of mild hypothermia with frequent bouts of warming
might be optimal for triggering RBM3 and other benefits of hypothermia without incurring the negative aspects
of protracted cooling on wound healing, such as infection and reduced blood flow. If this is the case, then ther-
apeutic induction of RBM3 during euthermia by pharmacological strategies, or by alternating episodes of mild
hypothermia and euthermia, may facilitate re-epithelialization and realize some of the benefits of hypothermia
(such as reduced cell death, which may also involve RBM32%%2), without risking its negative consequences. Based
on observations that RBM3 negatively regulates the RhoA-ROCK pathway, some of the putative benefits of RBM3
on wound healing may be recapitulated by inhibition of RhoA-ROCK signaling, which has been shown to pro-
mote corneal wound healing®>%4,

RBMS3 and the response of muscle to disuse, stress, and injury. Taken with our prior work, the
effects of RBM3 on myoblasts and their assembly into myotubes suggest that RBM3 has pleiotropic roles in mus-
cle preservation and regeneration. Previously, we showed that RBM3 protects cultured myoblasts from various
cell stressors® - reducing both necrosis and apoptosis — and may help preserve muscle mass in the context of
disuse'. It is notable here that muscle mass is largely preserved during hibernation in black bears, a state of disuse
and severe metabolic stress (starvation and hypothermia) in which RBM3 is highly upregulated in all tissues?.
Mechanistically, the protective influence of RBM3 in muscle is most likely due to a combination of specific effects
on apoptotic and atrophy factors via the miRNA pathway®®*, and the ability of RBM3 to stimulate global transla-
tion®. However, the present data suggest that RBM3 may also help preserve muscle by promoting the migration
of cells involved in injury repair. Satellite cells are a resident stem cell population of muscle that are essential for
muscle growth and regenerative capacity®->*%. In the context of injury, satellite cells shift from a quiescent to
an activated state in which they proliferate and differentiate into myoblasts®’ that integrate into myotubes where
needed to repair damaged muscle. We observed that RBM3 promotes myotube formation, and that it is present in
activated satellite cells, and in SICs and blebs of differentiating and migrating myoblasts. Myoblasts migrate using
both actin polymerization-driven lamellipodia formation and contractility-driven blebs®-%. Under the plasma-
lemma, satellite cells migrate using a lamellipodial mechanism. However, activated satellite cells and myoblasts
switch to a blebbing-based motility that is necessary for their migration to sites of damage*** and for proper
alignment of myoblasts for fusion into myotubes®>*. The enrichment of RBM3 in these blebs and the attenuation
of myotube formation by RBM3 knockdown suggest that RBM3 may play an important role in muscle repair after
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injury by promoting migration of satellite cells and myoblasts. It will be of interest to determine if perturbation
of RBM3 expression in vivo affects regenerative responses that depend on satellite cells. If this is the case, then it
would place RBM3 as a nodal factor in muscle health, promoting both (i) the maintenance of muscle mass via
cell protective and anabolic functions and (i) local stem cell-based regenerative responses. It would also suggest
that RBM3 presents a unique target for pharmacological enhancement of muscle maintenance and regeneration.

RBM3 in the neurogenic niche. Previously, we reported that the expression of RBM3 in brain peaks dur-
ing the early postnatal period, with the highest levels evident in areas reported to have high translation rates and
in niches where neurogenesis and migration of newly formed neurons occur®. For example, RBM3 was strongly
expressed in cells of the subventricular zone that co-expressed Ki67, and in nestin-positive cells migrating out
from this region; RBM3 was also highly expressed in Ki67-positive and doublecortin-positive cells of the rostral
migratory stream. High expression of RBM3 in these cells may have a dual purpose in promoting migration and
in enhancing the biogenesis of microRNAs (e.g. let-7 family) involved in differentiation®. It will be of interest to
determine if induction of RBM3 in neurogenic niches can facilitate the migration and morphological differenti-
ation of newly formed neurons.

Do the morphoregulatory functions of RBM3 inform onits role in cancer and utility as a biomarker?
Our finding that RBM3 promotes cell migration - a property that would be expected to enhance cancer metas-
tasis — appears to be at odds with numerous reports that high RBM3 expression limits cancer progression.
Moreover, the detection of RBM3 in invadopodia of MDA-MB231 cells®, a highly invasive breast cancer cell line
with mesenchymal characteristics®®, suggests that it may promote metastasis. In our studies, RBM3 localized to
SICs and to protrusions in the B104 neuroblastoma cell line that are morphologically very similar to the invado-
podia of MDA-MB231 cells. Overexpression of RBM3 markedly enhanced mesenchymal-like migration of B104
cells, whereas RBM3 knockdown impaired it. These findings suggest that RBM3 promotes migration of cancers
that have undergone EMT. However, studies in metastatic melanoma and other cancers find that high RBM3
expression is associated with reduced invasiveness®3*°. Accordingly, high nuclear (and in some cases cytosolic)
expression of RBM3 is associated with improved disease free and overall survival in a wide range of cancers,
including: melanoma, breast, prostate, epithelial ovarian, testicular, colorectal, urothelial bladder, esophageal and
gastric, and astrocytoma®>9-%°,

A potential explanation for this discrepancy is that high RBM3 expression in general (which is more eas-
ily detected and quantified in nuclei, as opposed to cell protrusions, in histological sections) restricts cancer
cells to a mesenchymal mode of migration. Many cancers that undergo EMT (including melanoma) can rapidly
transition from mesenchymal to amoeboid states (MAT) and back (AMT) in response to changing extracellular
cues?>#849:5153.7497 This flexibility in migration mode enhances net metastasis®>*>*>8-1%_Tt has been shown that
RhoA-ROCK signaling is essential for MAT, and that inhibition of this pathway reduces metastasis in melanoma,
colorectal, and triple negative breast cancer***>!%, Thus, it is plausible that lower RBM3 expression is permissive
to MAT because it enhances RhoA-ROCK signaling and reduces translation events that support strong adhesion,
whereas higher RBM3 “locks in” a mesenchymal mode by stimulating local translation. If so, then the metastasis
of cancers that rely on MAT-AMT flexibility for migration might be hindered by upregulation RBM3. These
ideas are potentially challenged, however, by studies in astrocytoma'” and erythroblastosis virus E26 oncogene
homolog-positive prostate cancer'® (but see?®*°), which show that nuclear expression of RBM3 is positively asso-
ciated with higher grade cancers and predicts a poorer clinical outcome. Another way to reconcile RBM3’s effects
on migration and its association with better cancer outcomes may be the subcellular distribution of RBM3. Most
of the histological data on RBM3 in cancer show that high nuclear expression is associated with better clinical
outcomes®*¥-%. Cancers with high nuclear RBM3 might adopt this status as a result changes in nucleocytoplas-
mic transport that shunt RBM3 away from cell protrusions where it would otherwise enhance mesenchymal
migration. However, several of these reports also find elevated RBM3 protein levels in the cytoplasm?>%%2,

A clearer picture of RBM3’s role in cancer will require an understanding of the composite influence of RBM3’s
varied molecular functions. In the context of oncogenesis, these are thought to include (i) a protooncogene-like
effect mediated by stabilization of AU-rich element-bearing mRNAs such as COX2 and VEGF®, (ii) modulation
of checkpoint pathway proteins'®*'* and GSK3( and (3-catenin signaling'®, and (iii) regulation of microRNA
biogenesis®. With regard to the latter, we reported that over 60% of microRNAs detected in B104 cells were pos-
itively regulated by RBM3 at the Dicer step, especially let-7 family members which were completely dependent
on RBM3 for maturation®. Let-7 microRNAs inhibit stemness and oncogenesis'**!%7, and it is plausible that their
upregulation by RBM3 is a driving factor in the association of high RBM3 expression with reduced metastasis and
better clinical outcomes!*1%.

In summary, we have elucidated novel functions of RBM3 in the regulation of cell polarity, spreading and
migration. In addition, we have identified novel influences of RBM3 on RhoA-ROCK pathway signaling and
CRMP2 that underlie RBM3’s effects on cell polarity. Taken with prior work, these data suggest that RBM3 may
be a critical player in regenerative responses, such as wound healing and muscle maintenance, where its parallel
influences on cell protection and cell migration may support several aspects of tissue repair. Insofar as RBM3
knockdown appeared to recapitulate several aspects of MAT exhibited by mesenchymal cancer cells, our data
may also help inform on the mechanistic significance of correlations between RBM3 expression level and both
the metastatic potential and clinical outcome of many cancers. Pharmacological upregulation of RBM3 might be
of broad utility in amplifying endogenous stress response mechanisms linked to cellular protection and repair in
many tissues, and present a new strategy to regulating the metastatic behavior of many cancers.
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Materials and Methods

Cell culture. B104 neuroblastoma, NIH 3T3, N2A and HeLa cell lines (ATCC) were cultured at 37°C, 5%
CO, in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco).

Cultures of primary myoblast and single myofibers. All studies involving the use of skeletal muscle
tissue from mice were carried out in accordance with protocols approved by the TSRI institutional animal care
and use committee (IACUC). Mice, were housed and cared for in a facility accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, International (AAALAC). Prior to tissue harvest,
mice were first anesthetized by halothane, followed by decapitation. Cells were prepared from skeletal muscle of
postnatal day 4-5 wild type mice as previously described''* and cultured on collagen-coated plates in DMEM/
F10 with 20% FBS and 5ng/ml bFGE. Differentiation was induced by transferring cells to DMEM supplemented
with 2% horse serum. Cells were fixed with 2% paraformaldehyde (PFA) at various time points after induc-
tion of differentiation and then stained with monoclonal antibodies to SMA (clone 1A4; Sigma), our RBM3
antibody, rhodamine-conjugated phalloidin, or combinations thereof. Single optical sections or Z-series were
obtained using a Zeiss 710 laser-scanning confocal microscope. Images were analyzed with IMARIS imaging
software (Bitplane). Primary human myoblasts were grown in Hams F-10 that contained 20% FBS, penicillin and
streptomycin at 37 °C in a humidified 5% CO,-95% air atmosphere incubator. Differentiation of myoblasts into
myotubes was achieved with MEM supplemented with 2% FBS for 7 days.

Single myofibers were prepared from the extensor digitorium longus muscle from 6 week old mice as
described previously®®!!!. Briefly, muscles were digested in tubes with collagenase solution in a shaking water
bath at 35 °C for 60-70 minutes. To isolate single myofibers, digested muscle was placed in a Petri dish with warm
DMEM supplemented with horse serum and then triturated repeatedly using the large diameter heat-polished
Pasteur pipette (pre-rinsed with DMEM/horse serum medium). Single myofibers were collected with smaller
diameter heat-polished Pasteur pipettes under the microscope and maintained as floating cultures in DMEM
supplemented with 5% horse serum. Myofibers were fixed after 24, 36 and 48 hours in culture and stained with
antibodies to RBM3, MyoD, and H3-P.

Drug treatments. ROCK inhibitor Y-27632 (100 uM, Sigma) was added to cells 30 minutes prior to replat-
ing, and then kept in the media thereafter until fixation with 4% PFA.

Transfections. RBM3 levels were knocked down in B104 cells and primary myoblasts by transfect-
ing 20nM of an siRNA duplex targeting RBM3 - sense 5'-CCUUCACAAACCCAGAGCATT-3’ antisense
5-UGCUCUGGGUUUGUGAAGGTG-3' - with RNAiMax (Life Technologies) according to manufacturer’s
protocol. RBM3 was overexpressed by transfecting EYFP-RBM3, pcDNA3.1-myc-RBM3, or pcDNA3.1-RBM3°%
with lipofectamine 2000 (Life Technologies) according to manufacturer’s protocol. Overexpression of EGFP
(Amaxa) and CRMP2 (FLAG-CRMP2, a generous gift from Dr. Christine Hall (University College London®))
was achieved with the same protocol. For both knockdown and overexpression, cells were processed (for Western
blotting or immunocytochemistry) 48 hours after transfection. NIH 3T3 fibroblasts and primary myoblasts were
transfected with an Amaxa Nucleofector device (Lonza). Program A24 was used to transfect 1 x 10° cells using
3 ug of EGFP (con), or siRBM3 duplex (si) in NIH 3T3 cells.

Immunocytochemistry. Celllines grown on glass cover slips were fixed with 4% PFA for 10 minutes, rinsed
3 times with 1x PBS, permeabilized with 0.1% Triton X-100 for 10 minutes and blocked for 30 minutes with 10%
normal goat serum (NGS) in PBS, 0.1% Triton X-100. Cells were incubated with a primary antibody dilution in
1% NGS 0.1% Triton X-100 for 1 hour at room temperature or 4°C overnight (RBM3 1:1000, made in-house?;
FUS, 1:200, Bethyl; vinculin 1:200, ProSci; myogenin 1:200, Santa Cruz; Histone 3p 1:200, EMD-Millipore;
CRMP2 1:500, Abcam; FLAG 1:1000, Sigma; Vimentin 1:500, Sigma) and rinsed 3 times with PBS 0.1%- Triton
X-100. For the secondary antibody, Alexa Fluor 488 goat anti-rabbit or Alexa Fluor 594 goat anti-mouse sec-
ondary antibody (Life Technologies) was diluted at a 1:1000 dilution and incubated for 30 minutes at RT. For
actin staining, Alexa 594 phalloidin was used at a 1:40 dilution for 30 minutes. Cells were rinsed 3 times then
mounted with Prolong antifade containing DAPI (Life Technologies). Images of labeled cells were acquired using
two microscopy systems: (1) a Zeiss Axioplan II microscope equipped with Plan NEOFLUAR 10x (NA 0.30), F
FLUAR 40x (NA 1.30 oil), and Plan APOCHROMAT 63x (NA 1.40 oil) objectives, fitted with a Cooke Sensicam
and controlled by the Slidebook software from Intelligent Imaging Innovations (Denver, CO); and (2) a Zeiss
LSM 710 laser scanning confocal microscope equipped with a Plan Apo 63x (NA 1.4 oil) objective available at
the Scripps Research Institute imaging core facility. Confocal images were analyzed with Imaris (Bitplane). Cell
shape parameters were measured with Image J (NIH, https://imagej.nih.gov/ij/). The DAPI (blue) channel in most
figures was pseudo-colored as cyan in Adobe Photoshop (Adobe Systems) to make it more visible.

Human myoblast or myotubes were fixed in 2% PFA, then blocked and incubated with anti-RBM3 primary
antibody as described above for cell lines. A goat anti-rabbit 488 secondary antibody was added for antibody
binding visualization then mounted with VectaShield containing DAPI. Images were captured using a Zeiss
inverted fluorescent microscope.

In situ hybridization. Fluorescence in situ hybridization was performed as described previously®® by
using a probe against tRNA-glycine. The oligonucleotide was generated from a template that included a T7 pro-
moter sequence (underlined) - ATAGTGGTGAGCATAGCTGCCTCCTGTCTC - incorporating Digoxigenin
(Roche) using the miRVana probe construction kit (Ambion). Cells grown on cover slips were fixed with 4%
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PFA, permeabilized overnight with 70% ethanol, rehydrated at room temperature for 5 minutes with 2x SSC,
then hybridized overnight at 37 °C in RNase free conditions (2x SSC, 30% formamide, 10% dextran, 0.2 mg/ml
BSA, 2mM vanadate ribonucleotide complex, 15 ng of DIG labeled probe). Cells were subsequently washed with
2xSSC/30% formamide 3 x 30 minutes at 37 °C and hybridized probe was detected using an anti-digoxigenin
antibody conjugated to FITC (1:200). This step was done in combination with immunostaining, after which cells
were mounted with Prolong Gold DAPI (Life Technologies).

Western blotting. Samples were lysed in a buffer containing 1 mM Tris-HCI (pH 7.4), 1% Triton X-100,
150 mM NaCl, and protease inhibitor cocktail (Roche), then spun to pellet insoluble material. Resulting lysates
were assayed for protein concentration, then boiled in NuPAGE SDS Buffer at a final protein centration of 2 mg/
ml. Proteins (40ug/lane) were resolved on NuPAGE 4-12% Tris-glycine mini gels using MES running buffer
(Life Technologies), then transferred to PVDF membranes (Bio-Rad). After blocking for 30-60 minutes at room
temperature, PVDF membranes were incubated overnight at 4 °C with the following antibodies: RhoA (1:200,
Santa Cruz), RhoGDI (1:200, Santa Cruz), Rhotekin (1:200, Santa Cruz), 3-tubulin (1:200, Santa Cruz), vinculin
(1:500, ProSci), CRMP2 (1:500, Abcam), CDC42 (1:500, Upstate), Arp3 (1:500, Upstate), 3-actin (1:1000, ProSci),
RBM3 (1:2000, made in-house?®), or vimentin (1:1000, Novus). Following three washes in Tris-buffered saline
containing 0.5% Tween 20 (TBST), alkaline phosphatase-conjugated secondary antibodies (goat anti-mouse or
rabbit) were added at 1:10,000 for 30 minutes. Immunoblotted membranes were then washed three times in TBST
and immunolabeled proteins were detected by chemiluminescence with CDP-star (Roche) and exposed to Kodak
autoradiography film. Band intensities were quantified using Image J software and normalized to proteins that did
not vary with manipulation of RBM3 expression (eIF6 or 3-actin). Uncropped blots are shown in Supplementary
Fig. S10 and Supplementary Fig. S11.

Replating assay. Cells were lifted by trypsinization (Gibco) 48 hours after transfection and replated onto
glass coverslips in 24-well dishes. The wells were coated with fibronectin (5-10 pg/ml, Sigma) for 1 hour, then
washed in PBS prior to replating. At 0, 60, and 120 minutes post re-plating, cells were either fixed in 4% PFA for
immunocytochemistry or harvested in lysis buffer for subsequent Western blot analyses as described above.

Cell migration real time imaging. B104 cells were transfected with EGFP (con), EGFP combined with
RBM3 siRNA (si), or EYFP-RBM3 (0/x) as described above. Cells were replated onto fibronectin-coated (5 pug/ml)
glass coverslips, which were then placed in a homeostatic chamber (35-37°C, 5% CO,) mounted onto a Bio-Rad
(Zeiss) Radiance 2100 Rainbow laser scanning confocal microscope for live imaging. Images were acquired
every 5minutes. EGFP- and EYFP-transfected cells were tracked, and statistics calculated using Imaris software
(Bitplane).

Wound healing. NIH 3T3 fibroblasts were transfected with siRBM3 duplex (si) or EGFP (con) and plated
onto fibronectin-coated coverslips (5ug/ml). At near confluency, a scratch wound of approximately 300 um
was created with a toothpick and the wound scratch was observed overnight by live imaging as described
above. Images were edited in Image ] and wound closure was analyzed with Image Pro Plus software (Media
Cybernetics).

Statistics. All statistical analyses in this study were performed using GraphPad Prism 7.03 software for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. The specific tests performed are
listed in the figure legends.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).
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