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SUMMARY

Polarization of cells into a protrusive front and a re-
tracting cell body is the hallmark of mesenchymal-
like cell migration. Many mRNAs are localized to
protrusions, but it is unclear to what degree mRNA
localization contributes toward protrusion formation.
We performed global quantitative analysis of the dis-
tributions of mMRNAs, proteins, and translation rates
between protrusions and the cell body by RNA
sequencing (RNA-seq) and quantitative proteomics.
Our results reveal local translation as a key determi-
nant of protein localization to protrusions. Accord-
ingly, inhibition of local translation destabilizes pro-
trusions and inhibits mesenchymal-like morphology.
Interestingly, many mRNAs localized to protrusions
are translationally repressed. Specific cis-regulatory
elements within mRNA UTRs define whether mRNAs
are locally translated or repressed. Finally, RNAi
screening of RNA-binding proteins (RBPs) enriched
in protrusions revealed trans-regulators of localized
translation that are functionally important for protru-
sions. We propose that by deciphering the localized
mRNA UTR code, these proteins regulate protrusion
stability and mesenchymal-like morphology.

INTRODUCTION

A pre-requisite of cell migration is the establishment of front-
back cell polarity (Etienne-Manneville, 2008). In mesenchymal-
like cells, the front is protrusive, characterized by a network of
newly generated actin filaments, while the back is retractile, pull-
ing up the body of the cell toward the direction of migration
(Sahai and Marshall, 2003). This asymmetry in morphology and
function between the front and back has been shown to be asso-
ciated with differential localization of proteins to protrusions and
the cell body, many of which are associated with actin cytoskel-
eton (Small and Resch, 2005). Actin is polymerized at the leading
edge by actin nucleating factors such as the ARP2/3 complex
and formins. Other actin binding proteins, such as capping,
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bundling, and severing proteins, further regulate actin cytoskel-
eton organization by affecting the dynamics of existing filaments.
In the cell body, myosin Il association with actin filaments gener-
ates contractile force, which is crucial for adhesion maturation
and tail retraction (Ridley, 2011). The signaling that initiates pro-
trusions is relayed by a wide variety of signaling molecules.
These include lipid second messengers such as phosphatidyli-
nositol-phosphates, as well as members of the Rho family of
small GTPases, in particular RHO, RAC, and CDC42, which
trigger and coordinate front-back polarization and spatial organi-
zation of the actin cytoskeleton (Cain and Ridley, 2009; Ridley,
2011).

While much is known about the mechanisms that trigger pro-
trusion formation, little is known about how front-back cell asym-
metry is maintained in migrating cells. In addition to differential
distribution of proteins, mMRNAs are also differentially distributed
between the front and back of the cells (Condeelis and Singer,
2005; Mili et al., 2008; Mingle et al., 2005). Cellular mRNAs are
known to be transported via microtubule or actin filaments (St
Johnston, 2005). Once localized, mRNAs could be subject to
local translation (Halstead et al., 2015; Huttelmaier et al., 2005;
Yasuda et al., 2013), which would result in increased local con-
centration of their corresponding proteins. Importantly, the
mechanisms that regulate mRNA targeting and translation in
protrusions are poorly defined. Moreover, to what extent
mRNA localization and local translation define front-back asym-
metry and protrusion formation remains to be determined.

Here, we assessed how mRNA localization and local transla-
tion contributes toward front-back asymmetry at the proteome
level. We used a proteomics approach, quantifying the distribu-
tion of cellular proteins between protrusions and the cell body by
stable isotope labeling of amino acids in culture (SILAC) (Ong
et al., 2002). Using a pulse labeling variation of the SILAC strat-
egy known as pulsed-SILAC (Selbach et al., 2008), we also
determined the relative translation rates of proteins between
protrusions and the cell body. Finally, we quantified the relative
distribution of mMRNAs between protrusions and the cell body
by RNA sequencing (RNA-seq). Comparison of relative protein
distributions with mRNA distributions showed little correlation
between the two, suggesting that mRNA localization alone
does not determine protein localization to protrusions. However,
relative translation rates between protrusions and the cell body
exhibited a significant correlation with protein distributions,
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suggesting that localized translation is a significant determinant
of front-back cell asymmetry. Accordingly, we show that local
protein translation in protrusion is crucial for stabilizing pro-
trusions and maintaining a mesenchymal-like polarized
morphology. Analysis of mMRNA UTR elements revealed several
conserved motifs that were enriched in locally translated
mRNAs, suggesting that their absence or presence can control
local translation rates. To reveal trans-regulators of local transla-
tion that were functionally important for protrusions, we
screened RBP categories enriched in protrusions by RNAIi. We
found several RBPs that significantly regulated protrusions and
mesenchymal-like migration. These included many known but
also a number of novel regulators of mMRNA localization and local
translation including the exosome core complex (Lykke-Ander-
sen et al., 2009). We demonstrate that the exosome core, but
not its catalytic subunits, is highly enriched in protrusions and
is essential for protrusion stability but not initiation. Our work es-
tablishes local translation as a key regulator of asymmetric distri-
bution of the proteome between protrusions and the cell body,
describes cis-regulatory UTR motifs that are associated with
localized translation in protrusions, and highlights trans-acting
RBPs that are involved in regulation of protrusions and mesen-
chymal-like migration.

RESULTS

Local Translation Is a Key Determinant of Protein
Localization to Protrusions
To study cell protrusions, we used a micro-porous filter-based
method to separate protrusions from cell bodies of highly protru-
sive MDA-MB231 breast cancer cells (Shankar et al., 2010;
Wang et al., 2007). In this method, cells are seeded on top of
collagen-I-coated 3-um transwell filters to enable protrusions
to form but to prevent the cell bodies from passing through
due to the size of the pores, resulting in separation of protrusions
and the cell bodies on opposite sides of the filter (Figures 1A and
1B). As expected (Sanz-Moreno et al., 2008), these protrusions
are dependent on Rho-GTPases RAC1 and CDC42 (Figure 1C)
and are enriched in known protein markers of protrusive fronts
such as VASP (Rottner et al., 1999), PAX (Nobes and Hall,
1995), ZYX (Crawford et al., 1992), as well as F-actin (Figures
1D and 1E). In terms of spatial and temporal dynamics, protru-
sion formation through transwell pores seems to be a good
mimic of protrusion formation in 3D matrices, where cells have
to similarly protrude through matrix pores and holes. In fact,
the transwell pore size of 3 um is comparable to the average
pore size of pepsinized collagen-I 3D matrices (Wolf et al.,
2009), and average diameters of protrusions extended through
these transwell pores (~3 um wide, ~10-15 um long, dictated
by pore size diameters) are comparable to the diameters of pro-
trusions in 3D collagen-I (Figures 1F and 1G). In addition, the
temporal dynamics of protrusions extended through transwell
pores are similar to those extended in 3D collagen-|, with protru-
sions remaining stable for various lengths of time, from minutes
to several hours, with a median length of over 2 hr (Figures 1H
and 11; Movies S1 and S2).

Using the transwell-based fractionation method, we first
determined the distribution of cellular proteins between protru-
sions and the cell body by quantitative proteomics (Figure 2A),

revealing the relative distribution of 3,334 proteins from two
reciprocally labeled SILAC experiments (Data S1A). Overall,
the proteome exhibited a normal-like distribution between pro-
trusions and the cell body, with different proteins being enriched
or depleted in protrusions to various levels (Figure 2B). Annota-
tion enrichment analysis (Cox and Mann, 2012) revealed multiple
protein categories that were significantly enriched or depleted in
protrusions (Data S1B). As expected, the majority of the protru-
sion-enriched proteins belonged to known actin-associated
categories (Data S1B). These included upstream signaling regu-
lators of protrusion formation, actin polymerizing factors such as
the ARP2/3 complex and its upstream regulator WAVE2, as well
as other actin binding and adhesion molecules such as VASP,
ENAH, and PXN (Data S1B). On the other hand, the majority of
cell body-enriched proteins were those of nucleus, ER, mito-
chondria, and other organelles (Data S1B). Interestingly, several
categories of RNA-binding proteins (RBPs), translation factors,
and protein folding chaperones were enriched in protrusions
(Data S1B), indicating that a significant level of localized protein
synthesis may occur in protrusions.

In order to determine to what level mRNA localization contrib-
utes toward protein localization in protrusions, we quantified the
distribution of cellular mMRNAs between protrusions and the cell
body by RNA-seq (Figure S1A; Data S1C). Similar to the prote-
ome distribution, RNA-seq revealed a normal-like distribution,
with different mRNAs being enriched or depleted to different de-
grees between protrusions and the cell body (Figure 2C).
Surprisingly, no correlation was detected between mRNA and
protein distributions (Figure 2D), suggesting that mRNA localiza-
tion alone is not a significant predictor of protein localization to
protrusions. As a validation of our method, we compared our
RNA-seq dataset against a previously published microarray-
based protrusion/cell body mRNA localization study in mouse
NIH/3T3 fibroblasts (Mili et al., 2008). There was a very strong
overlap between the two datasets (Figure S1B), suggesting
that RNA localization at the global level is likely to be conserved
across species and cell types, despite a lack of correlation with
protein distributions.

Next, we assessed whether local translation contributes to-
ward protein localization to protrusions. We quantified relative
translation rates of proteins between protrusions and the cell
body during a 2 hr transwell protrusion formation assay by utiliz-
ing a variation of the SILAC method called pulsed SILAC
(PSILAC) (Selbach et al., 2008) (Figure 2E). We determined the
relative translation rates of 1,150 proteins between protrusions
and the cell body (Data S1D). The lower coverage compared to
the proteome analysis was expected, as the medium and heavy
peptides that are used for pSILAC quantification are significantly
low in abundance after a short 2 hr labeling. Nevertheless, wide-
spread localized translation was evident, with many cellular pro-
teins displaying higher translation in protrusions than the cell
body and vice-versa (Figure 2F). Moreover, we observed a signif-
icant correlation between relative translation rate and protein
localization (Figure 2G). Pearson’s correlation coefficient
between protein and translation rate distributions was 0.30.
The actual correlation is likely to be even higher, considering
that the Pearson’s correlation coefficients between the two
SILAC and pSILAC replicates were 0.72 and 0.66, respectively,
presumably due to the inherent errors of the mass
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Figure 1. Filter-Based Analysis of Protru-
sions in MDA-MB231 Cells

(A) Confocal 3D rendering of MDA-MB231 cells
forming protrusions through 3-um transwell filters.
Cells were stained with CellTracker-CMFDA
(green) 24 hr prior to seeding. The collagen coated
filter was stained prior to seeding by CellTrace Far
Red DDAO-SE (blue). White arrow, cell body; red
arrow, protrusions. Axes scales are in um.

(B) Transwell separated protrusions are actin-rich,
but lack a nucleus. MDA-MB231 cells protruding
through 3-um transwell filters were fixed and
stained with phalloidin-Alexa Fluor-488 (green)
and Hoechst (red). Confocal images were taken
from the top (right image) and bottom (left image)
of the filter. The filter was visualized by transmitted
light (blue). Scale bar, 10 um.

(C) Formation of protrusions is dependent on RAC1
and CDC42. Control, RAC1, or CDC42 siRNA
transfected MDA-MB231 mKate-CAAX cells (red)
were seeded on collagen-coated 3-um transwell
filters and time-lapsed as they formed protrusions
through the pores. Confocal images were taken
from the bottom of the filter. Collagen coated filters
were stained by CellTrace Far Red DDAO-SE (blue)
prior to seeding. Scale bar, 10 um.

(D) Protrusions formed through transwell filters are
enriched in VASP, PXN, ZYX, and F-actin. Cross-
section side views of confocal 3D renderings of
MDA-MB231 cells protruding through 3-pum
transwell filters. Cells were fixed and immuno-
stained with antibodies against indicated markers
(green), or phalloidin for F-actin staining (red). DAPI
was used for nuclear staining (blue). Dashed line
marks the position of the filter. Protrusions are
marked as (P) and the cell-bodies are marked as
(B). Scale bar, 10 pm.

(E) Quantification of the protrusion (P)/cell body (B)
fluorescent intensities for indicated markers from
(D). At least three independent tiled scans, each
formed from nine fields of view, were used. All error
bars are SD.

(F) Protrusion diameters of MDA-MB231 cells in 3D
pepsinized collagen-1 are comparable to transwell
protrusion diameters. MDA-MB231 mKate-CAAX
cells (red) were seeded on 3D collagen-I gels and
imaged 2-4 hr after seeding by confocal micro-
scopy. Scale bar, 10 um.

(G) Protrusion width and length measurements
from 92 cells (as in F) are displayed as histograms.
A total of 172 individual protrusions were
measured. Average protrusion width in 3D
collagen-l is 3.1 um (red line). Average protrusion
length in 3D collagen-lis 16.5 um (red line).

(H) Transwell protrusions are stable for a variety of
time lengths, with a median stability of 2 hrand 5 min.
The stability of protrusions was assessed from nine
time-lapse movies of protrusion formation through
3-um transwell filters (see also Movie S1). A total of
136 protrusions from 85 cells were timed over a 5-hr
period, and the results are displayed as a histogram.
Red line marks the median stability (125 min).

(l) 3D protrusions are stable for a variety of time-lengths, with a median stability of 2 hr and 42 min. The stability of protrusions was assessed from four time-lapse
movies of protrusion formation in 3D collagen-I (see also Movie S2). A total of 200 protrusions from 99 cells were timed over a 10-hr period. The results are displayed

as a histogram. Red line marks the median stability (162 min).
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spectrometry-based measurements (Figures 2B and 2F). These
results demonstrate that localized translation is a key determi-
nant of a significant degree of protein localization to protrusions.

Ribosomes and RNA-Binding Proteins Are Not Locally
Translated but Are Transported to Protrusions

We next investigated if the contribution of local translation to-
ward protein localization was uniform across all protein cate-
gories or whether certain categories of proteins were more
reliant on local translation than others for their localization. We
performed a 2D annotation enrichment analysis (Cox and
Mann, 2012) to determine which categories of proteins show a
positive correlation between their protein enrichment levels
and their relative translation rates as opposed to those that
exhibit a negative correlation (Data S1E). All actin-associated
protrusion-enriched categories showed a strong positive corre-
lation, having both high protrusion protein levels and high protru-
sion translation levels (Figure 2H). These categories included
ARP2/3 complex subunits, adhesion-related proteins, ezrin, fila-
mins, alpha-actinin, and other actin-binding protrusion proteins
such as actin capping and LIM domain proteins (Data S1E).
Most organelle-associated protein categories depleted in pro-
trusions also showed a positive correlation, exhibiting both low
protrusion protein and low protrusion translation levels (Fig-
ure 2H). Collectively, these results suggest that the localization
of these protein categories is likely to be determined by their
localized translation, either in protrusions or at the cell body. In
contrast, RNA-binding and ribosomal protein categories ex-
hibited a negative correlation, having significantly lower protru-
sion translation rates compared to their protrusion protein levels
(Figure 2H). In fact, removal of ribosomal and RNA-binding pro-
teins from our datasets resulted in a significant increase in the
overall correlation from 0.30 to 0.47 (Figure 2lI). These results
suggest that while the localization of most protein categories,
including all actin-associated protrusion proteins, can be ex-
plained by the differences in their localized translation rates,

RNA-binding and ribosomal proteins do not follow this rule, indi-
cating that these proteins are likely to be transported to protru-
sions instead.

Local Translation Is Needed for Protrusion Stability

Our pSILAC data suggest a significant role for local translation in
regulation of the asymmetry between protrusions and the cell
body at the proteome level. Thus, we predicted that inhibition
of local translation in protrusion should inhibit protrusions. We
first confirmed the occurrence of localized translation in protru-
sions by visualizing nascent protein synthesis in protrusion and
cell body fractions, using puromycinylation tagging of newly syn-
thesized proteins (Schmidt et al., 2009). Puromycinylation anal-
ysis of protrusion and cell body fractions confirmed that protein
translation was widespread in protrusions, with overall levels
comparable to that of the cell body (Figure 3A). High levels of
translation in protrusions could also be revealed by immunofluo-
rescence staining of transwell protruding cells using anti-puro-
mycin staining following puromycinylation (Figure S2A).

Next, we tested whether protein translation was needed for
protrusion formation. Treatment of MDA-MB231 cells with
cycloheximide-abrogated protein translation (Figures S2A and
S2B). Temporal analysis of protrusion formation revealed that
MDA-MB231 cells still initiated protrusions in presence of cyclo-
heximide, but these protrusions were unstable and retracted
back (Figures 3B and 3C; Movie S3), suggesting that translation
acts to stabilize protrusions rather than to initiate them. Cyclo-
heximide treatment also destabilized protrusions in a 3D
collagen-lI matrix, resulting in conversion of the cells from a
polarized mesenchymal-like morphology to round (Figures 3D
and 3E; Movie S4). The rounding observed with cycloheximide
treatment was not due to apoptosis (Figure S2C), suggesting
that protein translation is needed for protrusion stability.

To show that it is localized translation that is needed for protru-
sion stability, we devised a strategy to inhibit translation specif-
ically in protrusions. We used emetine, an irreversible inhibitor of

Figure 2. Localized Translation, but Not mRNA Targeting, Significantly Contributes toward the Proteome Asymmetry between Protrusions

and the Cell Body

(A) Schematic representation of SILAC protrusion proteomics analysis; the H/L ratios are the measures of protrusion/body protein distributions.

(B) Proteome distribution between protrusions and the cell body. Log2 SILAC ratios from reciprocal SILAC mixtures of protrusion and cell body fractions (Data
S1A) were plotted against each other. CC, Pearson’s correlation coefficient between the two pairs. P value of the correlation is displayed on the graph.

(C) Messenger-RNA distributions between protrusions and the cell body. Log2 of protrusion/cell body FPKM ratios from two replicate experiments (Data S1C)
were plotted against each other. CC, Pearson’s correlation coefficient between the two replicates. P value of the correlation is displayed on the graph.

(D) Protein distributions between protrusions and the cell body do not correlate with mRNA distributions. Averaged Log2 of protrusion/cell body protein ratios
were plotted against averaged Log?2 of Protrusion/Cell body mRNA ratios. CC = Pearson’s correlation coefficient. P-value of the correlation is displayed on the
graph.

(E) Schematic representation of pSILAC protrusion proteomics analysis. H/M ratios for each protein are the measures of protrusion/body translation rates.

(F) Translation rate distributions between protrusions and the cell body. Log2 of H/M SILAC ratios from reciprocal pSILAC mixtures of protrusion and cell body
fractions (Data S1D) were plotted against each other. CC, Pearson’s correlation coefficient between the two pairs. P value of the correlation is displayed on the
graph.

(G) Protein distributions between protrusions and the cell body significantly correlate with translation rate distributions. Averaged Log?2 of protrusion/cell body
protein ratios from the two reciprocal SILAC pairs were plotted against averaged Log2 of protrusion/cell body pSILAC ratios. CC, Pearson’s correlation coef-
ficient. P value of the correlation is displayed on the graph.

(H) RNA-binding proteins and ribosomal components are enriched but not locally synthesized in protrusions. The 2D-annotation enrichment analysis data from
Data S1E was plotted with each data point representing a protein category. Most protein categories exhibit a correlative regulation of their protein distributions
and relative translation rates, for example all protrusion-enriched actin-related categories (blue), and all protrusion-depleted organelle-related categories (red),
but an anti-correlative behavior is observed for RNA-binding and ribosomal protein categories (green), with their relative translation rates significantly lower than
their relative protein amounts.

() Removal of RNA-binding and ribosomal protein categories from (G) significantly increases the correlation between protein distributions and translation rates
from 0.30 to 0.47. CC, Pearson’s correlation coefficient. P value of the correlation is displayed on the graph.

See also Figure S1.
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Figure 3. Local Translation Is Needed for Protrusion Stabilization
(A) Widespread translation occurs in protrusions. MDA-MB231 cells seeded on 3-um transwells for 2 hr were treated with Puromycin (10 ug/ml) for 10 min to label
nascent proteins. Equal amounts of isolated protrusion and cell body fractions were then resolved by SDS-PAGE and blotted for puromycinylation, VASP as a
protrusion marker, H2AX as a cell body marker, and GAPDH as loading control.
(B) Protrusions initiate but retract in translation-inhibited cells. MDA-MB231 mKate-CAAX cells were seeded on 3-um transwells in presence or absence of
cycloheximide (10 pg/ml), fixed at indicated times, and analyzed by confocal microscopy. Images show protrusions at the bottom of transwell filters. Red, cell
membranes; blue, filter. Scale bar, 50 um. See also Movie S3.
(C) Quantification of protrusions from (B) (n = 4). The significant p values are stated above the bar graph. Error bars are SD.
(D) Translation inhibition switches cell morphology from protrusive to round in 3D. MDA-MB231 cells were seeded on top of 3D collagen-| gels for 4 hr and treated
with cycloheximide (10 ng/ml) for indicated times before being fixed and imaged. Scale bar, 50 um. See also Movie S4.
(E) Quantification of protrusive versus round morphologies from (D) (n = 3). Significant p values are stated above each bar graph. Error bars are SD.
(F) Local inhibition of translation in protrusions. MDA-MB231 cells were seeded on 3-um transwells for 2 hr. Emetine (1 ug/ml) was then added to the bottom
chamber for 5 min as in Figure S2F. Transwells were then washed and treated with Puromycin (10 pg/ml) for 10 min to label nascent proteins before lysis. Equal
amounts of isolated protrusion and cell body fractions were then resolved by SDS-PAGE and blotted for puromycinylation, VASP (protrusion marker), H2AX (cell
body marker), and GAPDH (loading control). The emetine treatment specifically inhibits translation in protrusions.
(legend continued on next page)
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protein translation. Emetine concentrations as low as 1 pg/ml,
and treatment times as short as 5 min could strongly abrogate
translation in MDA-MB231 cells (Figures S2D and S2E). To
locally inhibit translation in protrusions, a low dose of 1 pg/ml
emetine was added to the bottom of transwell filters for 5 min.
In order to limit emetine diffusion upward, a positive hydrostatic
pressure was generated to push liquid down from the top to the
bottom of the filter (Figures S2F and S2G), allowing inhibition of
translation in protrusions while leaving the cell-bodies unaf-
fected (Figures 3F and S2H). Importantly, this local inhibition of
translation also destabilized protrusions (Figures 3G and 3H;
Movie S5), demonstrating that local translation is critical for the
stability of protrusions.

Specific 3'UTR Motifs Are Associated with Local
Translation

Despite the presence of mMRNA in protrusions being a logical pre-
requisite for any localized translation, our results showed little
correlation between mRNA and protein distributions. We hy-
pothesized that this might be due to some protrusion-localized
mRNAs remaining translationally inactive in protrusions. In sup-
port of this, mMRNA and relative translation rate distributions be-
tween protrusions and the cell body negatively correlate with
each other (Figure 4A). Furthermore, 2D annotation enrichment
analysis revealed that most protein categories also show a nega-
tive correlation between their mMRNA and translation distributions
(Figure 4B), with actin cytoskeleton-associated protein cate-
gories having relatively high protrusion translation levels but
low mRNA enrichments, while mitochondrial, as well as RNA-
binding and ribosomal proteins have high relative protrusion
mRNA levels but low relative translation in protrusions (Figure 4B;
Data S2A). Collectively, these results suggest that for certain cat-
egories of MRNAs, targeting to protrusion may serve as a mech-
anism for translation repression, while for others, low-level
mRNA presence in protrusion maybe enough to support robust
local translation.

As mRNA enrichment in protrusions does not define local
translation rates, we next set out to reveal the properties in
mRNA sequence that may be governing whether an mRNA is
locally translated or repressed in protrusions. Cis-regulatory ele-
ments in the 5’ and 3' UTRs of mRNAs play a pivotal role in regu-
lation of translation (Grillo et al., 2010). Thus, we investigated
whether presence or absence of specific UTR motifs could be-
associated with differences local translation rates. We focused
on 58 well-known 5 and 3 UTR regulatory elements (Grillo
et al., 2010) (Data S2B) and asked whether presence or absence
of any of these elements was-associated with local translation in
protrusions. We found six elements that were significantly-asso-
ciated with higher local translation in protrusions (Figure 4C). The
best characterized of these elements is Musashi binding element
(MBE), the binding element for MSI1, which can act as both acti-
vator and inhibitor of translation depending on the context (Char-
lesworth et al., 2006). Interestingly, MSI1 has recently been

demonstrated to bind to and regulate ARP2/3 subunits mRNAs
in neuronal cells (Hadziselimovic et al., 2014), a role in agreement
with its involvement in protrusions. Existence of an association
between specific UTR motifs and local translation rates suggests
that such motifs are likely to be locally controlling translation in
protrusions.

KH, PH, and Sm Domain-Containing RBPs Modulate
Protrusions

As translation is mainly governed by different RBPs and transla-
tion factors that act upon an mRNA, RBPs that are localized to
protrusions are likely to be crucial for local regulation of transla-
tion. Thus, to reveal RBPs that are functionally important for pro-
trusions, we performed an RNAI screen for protrusion-enriched
RBPs. Category enrichment analysis revealed three families of
RBPs that were significantly enriched in protrusions (Data
S1B). These were Sm, KH, and RNase PH domain-containing
proteins (Figures 5A-5C). As enrichment of multiple structurally
related proteins can be indicative of a conserved function, we
focused on the members of these categories, depleting each
protein by RNAi and assessing the ability of depleted cells to
form stable protrusions through transwell filters. Out of a total
of 38 RBPs screened, knockdown of 17 significantly impacted
on protrusions (Figure 5D). Interestingly, while the majority of
knockdowns inhibited protrusions, some enhanced them (Fig-
ure 5D), suggesting that different protrusion localized RBPs
function in opposite manners to fine-tune protrusion dynamics.

To further validate the role of these RBPs in mesenchymal-like
migration, we assessed the invasion of MDA-MB231 cells
through a 3D collagen-I matrix, where they preferentially migrate
as mesenchymal-like cells, following siRNA depletion. Strikingly,
knockdown of 16 out of the 17 RBP hits significantly impaired the
invasive potential of MDA-MB231 cells (Figure 5D), suggesting
that most of these RBPs are likely to play a role in regulation of
mesenchymal-like cell migration in 3D. Interestingly, RBP knock-
down of both negative as well as positive regulators of protru-
sions had a negative impact on the invasive potential of the cells
(Figure 5D), suggesting that a precise fine tuning of protrusion
formation is crucial for optimal migration in 3D.

Several of the identified RBPs such as the fragile X mental
retardation protein-1 (FMR1) and its two homologs (FXR1 and
FXR2), zipcode-binding proteins (IGF2BP2 and IGF2BP3), het-
erogeneous nuclear ribonucleoprotein K (HNRPK), and small nu-
clear ribonucleoprotein core subunits (SNRPD1, SNRPD3,
SNRPF, SNRPG), have been reported to regulate mRNA locali-
zation or local translation (Boudoukha et al., 2010; Comery
et al.,, 1997; Gu et al., 2012; Liu et al., 2008; Nielsen et al.,
2001; Schaeffer et al., 2012; Taniuchi et al., 2014; Vasudevan
and Steitz, 2007; Zalfa et al., 2006; Zhang et al., 1995). Others
such as vigilin (VGL), partner of NOB1 (PNO1), and ribosomal
protein subunit-3 (RPS3), either associate with, or are part of
the translation machinery itself (Kim et al., 2010; Kruse et al.,
2003; Vanrobays et al., 2004). However, a number of the

(G) Inhibition of translation in protrusions destabilizes protrusions. MDA-MB231 mKate-CAAX cells were seeded on 3-um transwells for 2 hr before being treated
with emetine (1 pg/ml) or vehicle as in (F). The cells were then either fixed immediately (0 min), or left for 1 hr (60 min) before being fixed and analyzed by confocal
microscopy. The images show protrusions at the bottom of the filter. Red, cell membranes; blue, filter. Scale bar, 50 um. See also Movie S5.

(H) Quantification of protrusions from (G) (n = 10). The significant p values are stated above the bar graph. Error bars are SD.

See also Figure S2.
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Figure 4. mRNA Enrichment Does Not Determine Local Translation
Rates in Protrusions

(A) mRNA distributions between protrusions and the cell body negatively
correlate with translation rate distributions. Averaged Log2 of protrusion/cell
body mRNA FPKM ratios from two replicate experiments were plotted against
averaged Log2 of protrusion/cell body pSILAC translation ratios. CC, Pear-
son’s correlation coefficient. P value of the correlation is displayed on the
graph.

(B) Most categories of proteins show a negative correlation between their
mRNA localization and local translation. The 2D-annotation enrichment anal-
ysis data from Data S2A was plotted with each data point representing a
protein category. Most actin cytoskeleton-related categories (blue) show high
relative local translation rates but their mRNA is not highly enriched in pro-
trusions while mitochondrial (purple) and RNA-binding/ribosomal (green)
protein categories show high relative mRNA enrichment but low local trans-
lation rates in protrusions. mMRNAs for ER and other organelle categories (red)
are enriched and translated more in the cell body.

(C) Specific 3 UTR elements are associated with higher local translation rates
in protrusions. Data of averaged Log2 of protrusion/cell body pSILAC trans-
lation ratios were annotated for known UTR elements from UTRdb (Grillo et al.,
2010) (see also Data S2B), and subjected to 1D annotation enrichment anal-
ysis. Six UTR elements were significantly enriched in locally translated mRNAs

identified proteins were not previously implicated in regulation of
local translation, including three subunits of the exosome core
complex (EXOSC7, EXOSC8, and EXOSC9), an RNA degrading
complex involved in maturation, quality control, and turnover of
many types of cellular RNA (Lykke-Andersen et al., 2009) (Fig-
ure 5D), suggesting that they are likely to be novel regulators of
local translation in protrusions.

The Exosome Complex Is a Regulator of Cell
Protrusions, Morphology, and Migration

To further expand on our results, we validated the role of the exo-
some core in protrusions, as a potential regulator of local trans-
lation and protrusion formation. The exosome core consists of
nine subunits that assemble into a two-layered barrel-like struc-
ture, with the upper layer forming a cap of three subunits that sit
on aring of six RNase PH domain-containing subunits (Liu et al.,
2006). In mammalian cells, the exosome core is catalytically
inactive but peripherally associates with a set of catalytically
active 3'-5' exoribonuclease subunits that mediate RNA pro-
cessing/degradation events (Lykke-Andersen et al., 2009).
Although only six subunits of the exosome core were initially
included in our screen, we found all of the nine exosome core
subunits to be present and more abundant in protrusions than
the cell body, with eight out of nine showing at least 2-fold
enrichment (Figure 6A). Surprisingly, RRP6 and DIS3, the two
catalytic subunits of the exosome that were expressed in our
cells, were significantly depleted in protrusions (Figure 6A), sug-
gesting that the activity of the exosome core in protrusions might
be independent of the catalytic subunits.

First, we confirmed the enrichment of exosome core in protru-
sions of MDA-MB231 cells by western blotting. In agreement
with the proteomics data, western blot analysis of protrusion
and cell body fractions with antibodies against exosome core
confirmed a high level of enrichment in protrusions, while blotting
for the catalytic subunits showed a strong enrichment in the cell
body (Figure 6B). Specificity of the antibodies was validated by
RNAI (Figure S3A). Accordingly, immunofluorescence analysis
showed a fraction of exosome core that was localized to the
leading edge, while the two catalytic subunits of the exosome
were enriched in the nucleus (Figure 6C). Next, using RNAI, we
depleted each exosome core subunit and assessed the ability
of depleted cells to form protrusions through 3-pum transwell fil-
ters. Efficient depletion of different exosome core subunits was
evaluated by qPCR (Figure S3B), and mass spectrometry (Fig-
ure S3C). No apoptosis or change in cell proliferation could be
detected upon depletion of exosome core subunits over 72 hr
(Figures S3D and S3E), suggesting that transient depletion of
the exosome core does not impact cell viability. In these settings,
knockdown of seven out of nine exosome core subunits signifi-
cantly inhibited protrusions (Figures 6D and 6E). Depletion of
exosome core subunits also inhibited protrusions in HT-1080
fibrosarcoma cells (Figures S3F and S3G), without impacting
cell viability (data not shown), suggesting that the role of the exo-
some in protrusions is not cell type-specific. Importantly,

as listed. Size, the number of MRNAs annotated with each element in the
dataset; Benj. Hoch. FDR, Benjamini Hochberg false detection rate for en-
richments; median, median of the averaged Log2(protrusion/cell body) pSI-
LAC translation ratios for each UTR category.
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Figure 5. Specific Categories of RBPs Are Enriched in and Functionally Important for Protrusions

(A) Sm domain-containing RBPs are significantly enriched in protrusions. Log2 of SILAC-quantified protein ratios were plotted against each other with all Sm
domain proteins marked in red. P value for the annotation enrichment is displayed on the graph.

(B) KH domain-containing RBPs are significantly enriched in protrusions. Log2 of SILAC-quantified protein ratios were plotted against each other with all KH
domain proteins marked in red. P value for the annotation enrichment is displayed on the graph.

(C) RNase PH domain-containing RBPs are significantly enriched in protrusions. Log2 of SILAC-quantified protein ratios were plotted against each other with all
RNase PH domain proteins marked in red. P value for the annotation enrichment is displayed on the graph.

(D) List of all significant hits from RNAi screening of protrusion-enriched RBPs in MDA-MB231 mKate-CAAX cells, their depletion effect on protrusions (inhibition
or enhancement), as well as their depletion effect on 3D invasion into collagen-I. First p value column is for the t test significance of the change in protrusions.
Second p value column is for the t test significance of the change in 3D invasion index.

analysis of protrusion dynamics by time-lapse microscopy re-
vealed that similar to inhibition of local translation, exosome
core depletion did not affect protrusion initiation, but resulted
in destabilization of already initiated protrusions (Movie S6). Exo-
some depletion also destabilized protrusions in 3D collagen-I
matrix, resulting in conversion of the cells from a polarized
mesenchymal-like morphology to round (Figures 6F and 6G;
Movie S7). As expected, the invasion of MDA-MB231 cells
through 3D collagen-I matrix was also significantly impaired
upon depletion of several exosome core subunits (Figures 6H
and 6l). Together, these results reveal that the exosome core
subunits, but not the catalytic subunits, are enriched in protru-
sions and are necessary for protrusion stabilization, mesen-
chymal-like morphology, and migration in 3D.

DISCUSSION

By comparing the differences between protrusions and the cell
body in distribution of proteins, mRNAs, and their relative trans-

lation rates, we show that localized translation contributes signif-
icantly toward protein localization to protrusions (Figures 2G and
21). In fact, for the majority of actin-related protein categories en-
riched in protrusions, such as drivers of actin polymerization,
adhesion regulators, and most actin-binding proteins, localized
translation seems to be a crucial determinant of protein localiza-
tion to protrusions (Figure 2H; Data S1E). However, unlike actin-
related proteins, RBPs and ribosomal proteins exhibit much
higher relative protein levels in protrusions compared to their
relative local translation rates (Figure 2H; Data S1E), suggesting
that their localization to protrusions must be independent of local
synthesis and thus defined by transport. In case of the majority of
ribosomal proteins, this is not surprising as regardless of where
they may be synthesized in the cytoplasm, they would have to be
first transported to the nucleus where they associate with rRNAs
in order to form the ribosome subunits (Kressler et al., 2010).
Mature ribosome subunits then need to be transported to other
cellular destinations to carry out translation. By analogy, the fact
that RBPs are not locally translated either suggests that they may
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Figure 6. Exosome Core Is Enriched in Protrusions and Is Required for Protrusion Stability, Mesenchymal-like Morphology, and 3D Migration
(A) Exosome core subunits, but not catalytic subunits, are enriched in protrusions. Log2 of SILAC-quantified protein ratios were plotted against each other with
exosome core subunits marked in red and catalytic subunits in green. All nine exosome core subunits were present more in protrusions than the cell body with
eight showing at least 2-fold enrichment, while both expressed catalytic subunits show a strong enrichment in the cell body.

(legend continued on next page)
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Figure 7. Two-Step Model for Regulation of Protrusion Formation by Local Translation

Protrusions are initiated by the action of actin regulators such as Rho-GTPases, which promote actin polymerization via ARP2/3 complex and formins. Once
initiated, ribosomes and RBPs in complex with their target mMRNAs are transported to protrusions where they mediate local synthesis of more actin-associated
proteins, resulting in protrusion stabilization and growth. Local translation rates in protrusions are defined, not by mRNA enrichment alone, but via specific mMRNA

cis-regulatory UTR elements and trans-acting RBPs enriched in protrusions.

be pre-associated with their target mRNAs before transport to
protrusions. Considering this, and as we show that the role of
localized translation is to stabilize already initiated protrusions
(Figures 3B-3H; Movies S3, S4, and S5), we propose a two-
step model for protrusion formation in which ribosomes and spe-
cific RBPs in complex with their associated mMRNAs are trans-
ported to sites of protrusions following protrusion initiation,
where their localized activity increases translation of actin cyto-
skeletal proteins, resulting in further growth and stabilization of
already initiated protrusions (Figure 7).

Importantly, we show that mRNA distributions do not correlate
with protein distributions between protrusions and the cell body
(Figure 2D). In fact, several categories of locally translated pro-
teins in protrusions do not seem to exhibit any mRNA enrichment
(Figure 4B). Conversely, several categories of protrusion-en-
riched mRNAs have low relative translation rates in protrusions,
suggestive of their local repression (Figure 4B). These include
mitochondrial as well as RNA-binding and ribosomal protein cat-
egories, which show a strong enrichment of their mMRNAs in pro-
trusions, but these localized mRNAs seem to be translationally
repressed (Figure 4B). Regulated translational repression of
localized mRNAs has been shown before (Buxbaum et al.,
2014; Huttelmaier et al., 2005). For instance, zipcode binding

protein IGF2BP1, which is crucial for targeting B-actin mRNA,
also represses translation, but this translational repression can
be relieved with the right signal, which in case of IGF2BP1 is
phosphorylation at the leading edge by the tyrosine kinase
SRC (Huttelmaier et al., 2005). A similar model may apply to
the categories of locally repressed mRNAs defined in this study,
which would mean that their local translation could be switched
on, following yet unidentified cellular signals. Alternatively, for
certain categories of mMRNAs, localization to protrusion could
be functioning as a means of global translation suppression by
keeping them away from their correct site of translational activity
in the cell body.

Nevertheless, the lack of a positive correlation between
mRNA localization and local translation (Figures 4A and 4B)
suggests that the level of mRNA accumulation may not be a
good predictor for local translation. A few copies of certain
localized mRNAs may be able to support robust levels of local
translation, while high levels of localization for other mRNAs
may not lead to significant local translation. Although it is
possible that our findings may mostly apply to immortalized,
transformed, or malignant cells such as the one that was
used here, these findings still have important ramifications for
RNA localization studies as they highlight that mRNA

(B) Western blot analysis of exosome core and catalytic subunits enrichments in protrusion and cell body fractions of MDA-MB231 cells. Equal amounts of
isolated protrusion and cell body fractions were resolved by SDS-PAGE and blotted for EXOSC5, RRP6, DIS3, as well as VASP (protrusion marker), H2AX (cell
body marker) and GAPDH (loading control). While EXOSC5 shows a strong enrichment in protrusion fraction, RRP6 and DIS3 show enrichment in the cell body.
(C) Immunofluorescence analysis of exosome core and catalytic subunits localizations. MDA-MB231 mKate-CAAX cells seeded on top of collagen-I coated
coverslips were fixed and stained with indicated antibodies. A fraction of EXOSCS5 localizes to the leading edge of the cells, while RRP6 and DIS3 are mostly
nuclear.

(D) RNAi-mediated depletion of exosome core subunits inhibits protrusions. MDA-MB231 mKate CAAX cells were transfected with indicated siRNAs. After 72 hr,
the cells were seeded on top of transwell filters for 4 hr before being fixed and analyzed by confocal microscopy. Images show protrusions at the bottom of the
filter. Red, cell membranes; blue, filter. Scale bar, 50 um. See also Movie S6.

(E) Quantification of protrusions from (D) (n = 10). Significant p values are stated above each bar graph. Error bars are SD.

(F) Exosome core depletion switches MDA-MB231 cell morphology from protrusive to round. MDA-MB231 cells were transfected with indicated siRNAs before
being seeded on top of a thick 3D collagen-I matrix 72 hr post-transfection. Cells were imaged 24 hr after seeding. Scale bar, 50 um. See also Movie S7.

(G) Quantification of the percentage of protrusive versus round cells from F (n = 3). Significant p values are stated above each bar graph. Error bars are SD.
(H) Inhibition of 3D invasion by knockdown of four different exosome core subunits. MDA-MB231 cells were transfected with indicated siRNAs. After 72 hr, the
cells were allowed to invade through a collagen matrix. Cells were labeled 24 hr prior to invasion analysis by CellTracker-CMRA (orange). Z stack images were
taken at 5-pm intervals and put together serially from 0 um to 105 pm. Scale bar, 200 um.

(I) Quantification of 3D invasion analysis from (H) (n = 6). Significant p values are stated above each bar graph. Error bars are SD. See also Figure S3.
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localization alone may not be an indicator for local protein
expression by default.

As mRNA translation is chiefly regulated by cis-regulatory ele-
ments within 5’ and 3' UTRs of mRNAs, we investigated the as-
sociation of different known UTR elements with regulation of
local translation in protrusions. Our study reveals that presence
of specific 3' UTR elements is associated with higher local trans-
lation rates in protrusions (Figure 4C). The exact functions of
these regulatory motifs in control of local translation in protru-
sions remain to be determined. It also remains to be determined
if there are yet unknown UTR elements associated with local
translation in protrusions, in addition to the known UTR elements
investigated here.

To reveal functionally important RBP regulators of localized
translation in protrusion, we performed an RNAi screen,
depleting members of RBP categories significantly enriched in
protrusions and assessing whether their depletion modulated
protrusions. Out of 38 RBPs screened, we identified 17
belonging to different categories that significantly regulated pro-
trusions. Sixteen out of 17 also significantly affected migration in
3D collagen-I matrix (Figure 5D). Many of these RBPs have been
reported to regulate RNA localization or local translation. How-
ever, a number of proteins we identified, including exosome
core subunits, have not been implicated in regulation of RNA tar-
geting or local translation. Previously, the exosome core was
shown to be present in both the nucleus and cytosol of eukary-
otic cells (Lykke-Andersen et al., 2009), although tagging ap-
proaches in Drosophila had also suggested presence of certain
exosome subunits in the periphery of the cells (Graham et al.,
2006). Our data reveal that, at least in a mesenchymal-like highly
invasive cancer cell-line, the exosome core, but not its catalytic
subunits, is enriched in protrusions (Figures 6A-6C) and acts to
stabilize protrusions and promote 3D invasion (Figures 6D-6l;
Movies S6 and S7). As cell migration and invasion are believed
to be intimately linked with metastasis, the exosome-mediated
regulation of mesenchymal-like cell migration described here
may impact cancer metastasis. In support of this view, we found
that, in human breast cancers, increased expression of the exo-
some core subunits correlates with bad prognosis. This was the
case with every exosome core subunit for which expression
data were available (Curtis et al., 2012) (Figures S3H-S3L).
This result implicates the exosome core in cancer progression
and raises the possibility that regulation of cell migration via
the exosome could be resulting in a more aggressive, metastatic
phenotype.

It is now evident that many types of non-coding RNAs such as
microRNAs, long non-coding RNAs, and anti-sense RNAs play a
significant role in post-transcriptional regulation of mRNA
expression. It is therefore likely that in addition to RNA-binding
proteins, non-coding RNAs may also be involved in regulation
of local translation in protrusions. In fact, two of the known
cis-regulatory elements (K-BOX, BRD-BOX) identified here as
associated with higher protrusion translation rates, are not
known to bind to any RBPs but instead seem to associate
with microRNAs (Lai et al., 2005). As our RNA-seq analysis
was limited to mRNAs, it remains to be determined whether
certain non-coding RNAs also show enrichment in protrusions,
and more importantly, whether they play a functional role in
regulating protrusions.

EXPERIMENTAL PROCEDURES

Transwell Protrusion, 3D Collagen Invasion, and 3D Collagen
Morphology Assays

3D collagen invasion assay and 3D collagen morphology assays were done as
described before (Sanz-Moreno et al., 2008) with modifications (see also Sup-
plemental Experimental Procedures). Transwell protrusion formation assays
were performed on 3-um pore transwell filters (6.5 mm insert size, 24-well
format), coated with 5 pg/ml collagen. A total of 100,000 cells were seeded
in 100 ul serum-free DMEM on top of the filter and 600 pl of DMEM with
10% serum was placed in the bottom chamber. Cells were imaged live, or fixed
with 4% formaldehyde at indicated time points before imaging. Multiple tile
scans, from at least three independent experiments, each composed of 3 x
3 contiguous fields of view, were taken at two z planes (top and bottom of
the filter). For quantification of protrusions, fluorescence intensity at the bot-
tom and top of the filter was then measured by ImagedJ and bottom to top ratio
was calculated.

Translation Inhibition and Puromycinylation

For puromycinylation of nascent proteins, cells were treated with 10 pg/ml pu-
romycin for 10 min prior to lysis. For cycloheximide treatments, 10 ng/ml cyclo-
heximide was added to the cells for indicated times. For emetine treatments,
indicated dose of emetine was added to the cells for indicated times, followed
by a single wash in 10% FBS containing DMEM. For specific inhibition of trans-
lation in protrusions, cells were seeded on transwells and allowed to form pro-
trusions for 2 hr. The transwells were transferred to a reservoir dish with
1 png/ml emetine (or vehicle for control treatment) in 10% FBS containing
DMEM. The level of liquid in the reservoir was always significantly lower than
on top of the filter, creating a positive hydrostatic pressure that limited emetine
diffusion upward. After 5 min, the filters were taken out, washed by dipping the
filter in 10% FBS containing DMEM, and transferred back to the original well
for downstream analysis.

Protrusion Purification

Purification of cell protrusions was performed using 3-um pore polycarbonate
transwell filters (75 mm membrane inserts). Filters were coated with 5 ug/ml
collagen before being seeded with 10 million cells in serum-free DMEM on
top, with DMEM containing 10% serum added to the bottom. For western
blot analysis, a single transwell was used per condition. For proteomics anal-
ysis, four transwells were used per condition. After allowing the cells to form
protrusions for 2 hr, transwells were washed in PBS, fixed with —20°C meth-
anol for 20 min, washed again with PBS, and the protrusions from the bottom
of the filter were shaved off using a glass coverslip, with the coverslip being
dipped in 2% SDS sample buffer. The cell body fraction was then prepared
by direct addition of sample buffer to the top of the filter. A similar procedure
was used for RNA purification from protrusions, but from one transwell per
condition, no methanol fixing, and lysing in RLT buffer from QIAGEN’s RNeasy
Mini Kit. RNA was purified according to the manufacturer’s instructions, fol-
lowed by spectrophotometric measurement of the quality and concentrations.

Proteomics/Transcriptomics Analysis

For SILAC labeling, cells were grown for seven doublings in heavy or light
SILAC DMEM supplemented with 10% dialyzed FBS and 600 mg/I L-Pro.
For pSILAC, light-labeled cells were transiently switched to medium or heavy
SILAC DMEM during a 2-hr transwell protrusion formation assay. Reciprocally
mixed SILAC or pSILAC samples were resolved by SDS-PAGE, stained with
Gel-code blue Coomassie dye (Pierce), and cut into 23 sections before Trypsin
digestion and peptide extraction. Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis was performed by the Institute of Cancer
Research (ICR) proteomics core facility. Mass spectrometry search and quan-
tifications were done by Maxquant software (Cox and Mann, 2008; Cox et al.,
2011). For pSILAC quantifications, the L label was ignored and H/M ratios,
which measure relative nascent protein levels, were used. For RNA-seq, pro-
trusions and the cell body total RNA preps were generated in duplicates from
two biological filter-fractionated replicate experiments. Sample preparations
and lllumina sequencings were performed by ICR’s tumor profiling unit. All pro-
teomics/transcriptomics data analyses were performed by Perseus software
(Cox and Mann, 2012) (see also Supplemental Experimental Procedures).
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Mass spectrometry proteomics raw data and search results were deposited to
the ProteomeXchange Consortium (Vizcaino et al., 2014), via the PRIDE
partner repository, with the dataset identifiers PRIDE: PXD000914 and
PRIDE: PXD002649. RNA-seq data were deposited to the ArrayExpress data-
base (http://www.ebi.ac.uk/arrayexpress) under the accession number Ar-
rayExpress: E-MTAB-2546.
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The accession numbers for the mass spectrometry proteomics raw data and
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Supplementary Figures and Legends:

Fig. S1. RNA-seq analysis of intracellular
mRNA distributions between protrusions
and the cell-body, related to Figure 2. A:
Schematic representation of RNA-seq based
protrusion transcriptomics analysis. B:
Protrusion and Cell-body localized mRNAs
defined by RNA-seq overlap significantly
with a previously published microarray
based protrusion/cell-body mRNA
localization study (Mili et al., 2008). Log2
of Protrusion/Cell-body FPKM ratios from
two RNA-seq replicate experiments were
plotted against each other. Protrusion
(Green), and cell-body (red) localized
mRNAs from Mili et al., are highlighted on
the graph. P-values for protrusion and cell-
body enrichments of Mili et al., mRNAs

groups are shown on the graph.
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Fig. S2. Analysis of translation inhibition in MDA-MB231 cells, related to Figure 3. A:

Protrusions are highly translationally active. MDA-MB231 mKate-CAAX (red) cells were

seeded on collagen coated 3um transwell filters and after 2hrs treated with or without 10pg/ml of



cycloheximide for 10 minutes, followed by puromycin treatment (10pg/ml) for 10 min to label
nascent proteins. Afterwards, cells were fixed and visualized by immunofluorescence staining
with an anti-puromycin antibody (green). Confocal images were taken from the top (right image)
and bottom (left image) of the filter. The filter was visualized by transmitted light (blue). Scale
bar = 10um. Protrusions and the cell bodies show a strong puromycin staining which is
abrogated upon cycloheximide treatment. B: Cycloheximide inhibition of protein translation in
MDA-MB231 cells. MDA-MB231 cells were treated with 10pg/ml of cycloheximide for 10
minutes before being treated with puromycin (10pug/ml) for 10 min to label nascent proteins.
Cells were then lysed and resolved by SDS-PAGE and blotted for puromycinylation, and ERK as
loading control. C: Short-term treatment of MDA-MB231 cells with cycloheximide does not
induce apoptosis. MDA-MB231 cells were treated with 10pug/ml of cycloheximide for indicated
times before being lysed and analyzed by western blotting with a cleaved-PARP antibody as
PARP cleavage marks apoptosis. Total ERK was used as loading control. Cisplatin treatment
(20pg/ml for 24 hrs) was used as a positive control for apoptosis induction. D: Emetine dose
response assessment of translation inhibition. MDA-MB231 cells were treated with indicated
doses of emetine for 10 minutes before being washed and treated with puromycin (10pg/ml) to
label nascent proteins. Cells were then lysed and resolved by SDS-PAGE and blotted for
puromycinylation, and ERK as loading control. Emetine concentrations as low as 1ug/ml
significantly inhibit protein translation. E: Emetine time-course of translation inhibition. MDA-
MB231 cells were treated with 1pg/ml of emetine for indicated times before being washed and
treated with puromycin (10ug/ml) to label nascent proteins. Cells were then lysed and resolved
by SDS-PAGE and blotted for puromycinylation, and ERK as loading control. Emetine treatment

times as short as 5 minutes significantly inhibit protein translation. F: Schematic representation



of emetine treatment setting for minimalizing bottom to top emetine diffusion. The level of
liquid on top of the filter was kept significantly higher than that of the bottom where emetine was
present, in order to create a positive hydrostatic pressure due to height difference (Ah). This
slowly pushes the liquids from top to bottom through the transwell pores, thus slowing any
upward diffusion from bottom to the top. G: Measurement of the diffusion of emetine from the
bottom chamber to the top. Concentration of emetine at the top and the bottom of the filter was
measured by reading its uv absorbance at 280nm. The amount of emetine on the top was then
normalized to the initial amount measured from the bottom. Emetine exhibits a very slow
diffusion from bottom to the top under the experimental settings of F, where a height difference
(Ah) between the liquid levels is applied. H: Translation in protrusions can be specifically
inhibited with a 5 minute Emetine treatment (1pug/ml) in the experimental setting of F, without
affecting the cell-body translation. MDA-MB231 mKate-CAAX (red) cells were seeded on
collagen coated 3um transwell filters and after 2hrs, the bottom of the filter was treated with or
without 1pg/ml of Emetine for 5 minutes as in F, followed by puromycin treatment (10pg/ml)
for 10 min to label nascent proteins. Afterwards, cells were fixed and visualized by
immunofluorescence staining with an anti-puromycin antibody (green). Confocal images were
taken from the top (right image) and bottom (left image) of the filter. The filter was visualized by
transmitted light (blue). Scale bar = 10um. Puromycin staining is wiped out at the bottom of the

filter while it is not significantly affected at the top.
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Fig. S3. Analysis of Exosome subunit depletion by siRNA, related to Figure 6. A: Test of

exosome core and catalytic subunit antibody specificities. Left: Control and EXOSCS5 depleted



MDA-MB231 cell lysates were run and blotted with anti-EXOSCS antibody. EXOSC5
corresponding band is significantly reduced in EXOSC5 knockdown cells. Right: Control, RRP6,
and DIS3 depleted MDA-MB231 cell lysates were run and blotted with anti-RRP6, and anti-
DIS3 antibodies. RRP6 and DIS3 corresponding bands are significantly reduced in their
respective knockdown cells. GAPDH was used as loading control. B: Quantitative PCR
verification of siRNA mediated exosome core subunit knockdown at mRNA level in MDA-
MB231 cells, 72hrs post-transfection. RNA contents for each exosome subunit knockdown were
normalized to GAPDH RNA levels followed by ratio calculation to the non-targeting control
values. All error bars are SD. C: SILAC based quantitative mass spectrometric verification of
siRNA mediated exosome core subunit knockdowns at the protein level in MDA-MB231 cells,
72hrs post-transfection. Knockdown of each exosome core subunit was performed individually
and in light SILAC labeled cells. After lysis, these knockdown lysates were then mixed with an
equal amount of heavy SILAC labelled control siRNA knockdown lysates. ~10pug of each
SILAC mix was then run on an SDS-PAGE gel, and the approximate region corresponding to the
exosome subunits molecular weight was cut, trypsin digested, and analyzed by LC-MS/MS. Out
of the total of 9 exosome core subunits, 7 were successfully identified and quantified. % of KD
was then estimated from each calculated normalized H/L SILAC ratios. D: Short-term
knockdown of exosome subunits does not induce apoptosis. MDA-MB231 cells were transfected
with control vs. indicated siRNA of exosome core as well as RRP6 and DIS3 catalytic subunits.
After 72hrs, the cells were lysed and analysed by western blotting for PARP cleavage which
marks apoptosis. Cisplatin treatment (20pg/ml for 24 hrs) was used as a positive control. E:
Short-term knockdown of exosome core subunits does not affect cell proliferation. MDA-MB231

cells were transfected with control siRNAs or siRNA against exosome core subunits. Viability



was then assessed at 24, 48, 72, and 96 hrs post transfection by CellTiter-Glo. All cells show
linear and comparable growth rates apart from EXOSC1 and EXOSC9 which show a decrease
but only at 96hrs post transfection. RLU: Random Luminescence Unit. F: Exosome core
depletion inhibits protrusions in HT1080 cells. HT1080 Fibrosarcoma cells were transfected with
control or exosome core subunit siRNAs. After 72hrs, the cells were seeded on collagen coated
3um transwell filters to form protrusions before being fixed 4hrs later and analyzed by confocal
microscopy. Cells were stained 24hrs prior to seeding by CellTracker-CMRA (red). Filter was
visualized by transmitted light (blue). Scale bar = 50um. The images show protrusions at the
bottom of the filter. G: Quantification of protrusions from F (n = 4). All error bars are SD. H:
Increased expression of exosome core subunit EXOSC2 correlates with bad prognosis in breast
cancers. Kaplan-Meier plot of disease-specific survival (truncated at 10 years) for stratification
by EXOSC2 gene expression in 1,980 breast cancer patients (Curtis et al., 2012). The dataset
was divided into 3 clusters. Cluster-1 had the 25% lowest expression (blue). Cluster-3 had the
25% highest expression (green), and cluster-2 had the expression levels in between (cyan). For
each cluster, the number of samples at risk is indicated as well as the total number of deaths (in
parentheses). I: Increased expression of exosome core subunit EXOSC3 correlates with bad
prognosis in breast cancers. Kaplan-Meier plot of disease-specific survival (truncated at 10
years) for stratification by EXOSC3 gene expression in 1,980 breast cancer patients as in H. J:
Increased expression of exosome core subunit EXOSC4 correlates with bad prognosis in breast
cancers. Kaplan-Meier plot of disease-specific survival (truncated at 10 years) for stratification
by EXOSC4 gene expression in 1,980 breast cancer patients as in H. K: Increased expression of
exosome core subunit EXOSCS correlates with bad prognosis in breast cancers. Kaplan-Meier

plot of disease-specific survival (truncated at 10 years) for stratification by EXOSCS gene



expression in 1,980 breast cancer patients as in H. L: Increased expression of exosome core
subunit EXOSC9 correlates with bad prognosis in breast cancers. Kaplan-Meier plot of disease-
specific survival (truncated at 10 years) for stratification by EXOSC9 gene expression in 1,980

breast cancer patients as in H.

Supplemental Data Files, and Movie Legends:

Supplemental Data File 1: Proteomics, transcriptomics, and local translation rate analysis
datasets, related to Figure 2. A: SILAC protein ratios between protrusion and cell-body
fractions from two reciprocally labelled experiments. B: Perseus output for 1D annotation
enrichment analysis of protein distributions from 1A (Benjamini-Hochberg FDR = 0.02). Actin
cytoskeleton related categories are marked in blue; RNA binding/Ribosomal protein categories
are marked in green. C: RNA-seq FPKM ratios between protrusion and cell-body fractions from
two replicate experiments. D: Pulsed SILAC (H/M) ratios between protrusion and cell-body
fractions from two reciprocally pulse-labelled experiments E: Perseus output for 2D annotation
enrichment analysis of Protein versus translation rate distributions between protrusions and the
cell-body (Benjamini-Hochberg FDR = 0.02). Actin cytoskeleton related categories are marked
in blue; RNA binding/Ribosomal protein categories are marked in green; all organelle related

protein categories are marked in red.



Supplemental Data File 2: Category enrichment and UTR element analyses, related to
Figure 4: A: Perseus output for 2D annotation enrichment analysis of mRNA versus translation
rate distributions between protrusions and the cell-body (Benjamini-Hochberg FDR = 0.02).
Actin cytoskeleton related categories are marked in blue; RNA binding/Ribosomal protein
categories are marked in green; Mitochondrial related protein categories are marked in purple; all
other organelle related protein categories are marked in red. B: List of all UTR elements

investigated in Figure 4C (Source: UTRscan (Grillo et al., 2010)).

Movie S1: (related to Figure 1) Protrusions initiate and grow stably through 3pm transwell
filter pores. MDA-MB231 mKate CAAX cells were seeded on collagen coated 3um transwell
filters and time-lapsed for Shrs at 5 minute intervals as they formed protrusions through the
pores. Red: Cell membranes, Blue: filter. Left image shows protrusions at the bottom of the

filter. Right image shows cell-bodies at the top of the filter. Scale bar = 10um

Movie S2: (related to Figure 1) Protrusions initiate and grow stably through pores of 3D
collagen-I matrix. MDA-MB231 cells were seeded on 3D pepsinised collagen-I gels and time-
lapsed for 5-10 hrs at 3 minute intervals as they formed protrusions. Arrow marks a protrusion

that remains stable through the course of imaging. Scale bar = 10um

Movie S3: (related to Figure 3) Protrusions initiate but are not stable and retract back in

Cycloheximide (CHX) treated cells. MDA-MB231 mKate CAAX cells were seeded on

collagen coated 3um transwell filters and time-lapsed for 4hrs at 15 minute intervals as they



formed protrusions through the pores of transwell filters in the presence (right) or absence (left)
of 10pug/ml CHX. Red: Cell membranes, Blue: filter. Scale bar = 20um. The images show

protrusions at the bottom of the filter.

Movie S4: (related to Figure 3) Protrusions initiate but are not stable and retract back in
Cycloheximide (CHX) treated cells in 3D collagen. MDA-MB231 cells were seeded on 3D
pepsinised collagen-I gels and time-lapsed for 10 hrs at 3 minute intervals as they formed

protrusions in the presence (right) or absence (left) of 10ug/ml CHX. Scale bar = 10um.

Movie S5: (related to Figure 3) Protrusions are destabilized upon inhibition of local
translation by local emetine treatment. MDA-MB231 mKate CAAX cells were seeded on
collagen coated 3um transwell filters for 2 hrs before being treated with 1pg/ml emetine (right)
or mock treated (left) for 5 minutes as in Fig. S2F. After the treatment, the cells were time-lapsed
for 2hrs at 5 minute intervals to capture protrusion dynamics. Red: Cell membranes, Blue: filter.

Scale bar = 20um. The images show protrusions at the bottom of the filter.

Movie S6: (related to Figure 6) Protrusions initiate but are not stable and retract back in
exosome core depleted MDA-MB231 cells. Control (left) or EXOSCS5 depleted (right) MDA-
MB231 mKate CAAX cells were seeded on collagen coated 3um transwell filters and time-
lapsed for 4hrs at 30 minute intervals as they formed protrusions through the pores of transwell
filters. Red: Cell membranes, Blue: filter. Scale bar = 20um. The images show protrusions at the

bottom of the filter.



Movie S7: (related to Figure 6) Protrusions initiate but are not stable and retract back in
exosome core depleted MDA-MB231 cells in 3D collagen. Control (left) or EXOSCS5 depleted
(right) MDA-MB231 cells were seeded on 3D pepsinised collagen-I gels and time-lapsed for 10

hrs at 3 minute intervals as they formed protrusions. Scale bar = 10um.



Supplemental Experimental Procedures:

Antibodies, reagents, and plasmids:

Rabbit monoclonal antibodies against ERK1/2 (137F5), VASP (3132), H2AX (7631), PARP
(46D11), and cleaved PARP (D64E10), were all from Cell Signaling Technology. Mouse
monoclonal anti-GAPDH antibody was from Novus Biologicals. Mouse monoclonal anti-
puromycin (12D10) was from Millipore. Rabbit polyclonal anti-EXOSCS5 antibody was a gift
from Ger Pruijn (Department of Biomolecular Chemistry, Radboud University Nijmegen,
Nijmegen, The Netherlands). Mouse monoclonal and rabbit polyclonal antibodies against DIS3
and RRP6 were from Abcam. Hoechst 33258 pentahydrate, CellTracker-CMFDA, CellTracker-
CMRA, CellTrace Far Red DDAO-SE, and Alexa Fluor-488 Phalloidin were from Life
Technologies Molecular Probes. All secondary antibodies were also from Life Technologies
Molecular Probes. Cycloheximide and Emetine dihydrochloride hydrate were from Sigma-
Aldrich. All siRNAs (siGENOME Smartpool) were purchased from Dharmacon. Quantitative-
PCR probes were purchased from Primer Design and Qiagen. Polycarbonate transwell filters
were from Corning. Bovine Collagen (PureCol, 3mg/ml) was from Advanced BioMatrix.
CellTiter-Glo was purchased from Promega. Membrane targeted mKate (pmKate2-f-mem)

expression construct was purchased from Evrogen.

Cell staining, Immunofluorescence, and confocal microscopy
Staining with CellTracker dyes was performed according to manufacturer's instructions 24 hrs
prior to analysis. CellTracker-CMFDA was used at 1.25uM, and CellTracker-CMRA at SuM.

CellTrace Far Red DDAO-SE staining of collagen coated filters was also done 24hrs prior to



analysis. Filters were stained with 100uM dye in PBS for 20 minutes followed by 3 PBS washes
and kept in PBS at 4°C in darkness before seeding of the cells. For immunofluorescence staining
on coated cover slips or transwells, cells were seeded and fixed after 2hrs (or as indicated
otherwise) with PBS / 4%Formaldehyde, permeabilised by PBS / 0.2% Triton, and blocked in
PBS / 4%BSA for 20 minutes before being incubated with primary and secondary antibodies
(1:200) for one hour in blocking buffer. 3 x PBS washes were performed in between each
antibody step. Phalloidin (1:100) and Hoechst (1:5000) staining was also done in blocking buffer
for 20 minutes. Time-lapse analysis on protrusions in 3D collagen was performed on a Nikon
Eclipse TE2000-S inverted epi-fluorescence microscope with a Hamamatsu cooled CCD camera
using a 20x NA objective. Immunofluorescence and transwell imaging were performed on a
Ziess LSM 710 confocal microscope with a 63x NA oil objective at optimal aperture settings. 4
times averaging per image was used. For time-lapse confocal analysis, the filter was placed on a
glass bottomed 35mm dish containing DMEM with 10% serum right after seeding, and imaged
in a live imaging chamber (37°C/10%CO,) by confocal microscopy for indicated times. A tile
scan of 3x3 contiguous fields of view was taken at 2 Z-planes (top and bottom of the filter) as
before. In both fixed and live conditions, the filter was either visualized by collagen staining with

CellTrace Far Red DDAO-SE, or by confocal transmitted light imaging.

3D collagen invasion, and 3D collagen morphology assays:

For 3D collagen invasion assay cells were suspended in serum-free collagen (2.3mg/ml) to a
final concentration of 10,000cells/100ul. For each condition, 100ul aliquots were dispensed into
96-well ViewPlates (Perkin-Elmer) pre-coated with 0.2% fatty acid free BSA. 4 to 8 wells were

used per condition. Plates were then centrifuged at 300g to collect the cells at the bottom of the



wells, and incubated at 37°C/10% CO2 for 3hrs to let the collagen set into a gel. 30ul DMEM
with 10% serum was then added to the top and cells were left to invade up through the collagen
gel for 24hrs before being fixed and stained with Hoechst (Spg/ml). The plates were then imaged
by an Operetta High Content Imaging System (PerkinElmer) using Z-planes at Oum, 30pum, &
60um. The invasion index was calculated as the number of cells at 30um and 60 um divided by
the total number of cells. For 3D imaging of invaded cells, cells were stained by CellTracker-
CMRA 24hrs prior to invasion assays. Following fixation, sequential Z-sections of the collagen
embedded cells were obtained at Sum intervals from Opum to 105pum. For morphology analysis
on 3D collagen (1.7mg/ml bovine pepsinised in DMEM), cells were seeded in 10% serum
containing DMEM and allowed to adhere before treatment and imaging on a phase contrast

microscope using the 10x objective (Nikon).

RNAI screening of RNA Binding Domain (RBD) containing proteins

For RNAI screening of RBD containing proteins, 10,000 cells were seeded on top of collagen
coated 96-well HTS transwell filters (3um pore) without media in the bottom chamber, and
transfected the next day with the siRNA library (10nM). After 72hrs, media on the cells was
replaced with 70ul serum-free DMEM and 200ul DMEM with 10% serum was added to the
bottom chamber of each well to start protrusion formation. After 4hrs, cells were fixed and

imaged by confocal microscopy. Four 3x3 tile scans from two wells per each siRNA were used.

Mass spectrometry sample preparation and LC-MS/MS analysis
For in-gel digestion, excised gel sections were diced and reduced with 5 mM TCEP, alkylated

with 55 mM iodoacetamide, and trypsin digested with modified porcine Trypsin (Promega) at



37°C overnight. After digestion, peptides were extracted with acetonitrile and triethylammonium
bicarbonate washes. The solution was dried in a speedvac, and reconstituted in 2%
acetonitrile/0.1% formic acid for LC-MS/MS. LC-MS/MS runs were performed by ICR's
proteomics core facility. Briefly, 40% of each fraction was analysed as 4pL injections using
HP1200 reversed phase chromatography platform (Agilent). Peptides were resolved on a 75 pm
I.D. C18 Pepmap column with 3 um particle size (LC Packings/Dionex) over 90 min using a
linear gradient of 96:4 to 50:50 buffer A:B (buffer A: 2% acetonitrile/0.1% formic acid; buffer
B: 80% acetonitrile/0.1% formic acid) at 300nL/min. Peptides were ionized by electrospray
ionization using 1.9 kV applied directly to the post-column LC eluent via a microtee built into
the nanospray source. Sample was infused into an LTQ Velos Orbitrap mass spectrometer
(Thermo Fisher Scientific) using a 20 um L.D., 10 pm tapered tip non-coated SilicaTip emitter
(New Objectives). The ion transfer tube was heated to 200°C and the S-lens set to 60%. MS/MS
were acquired using data dependent acquisition to sequence the top 20 most intense ions using
standard ion trap scans. Automatic gain control was set to 1,000,000 for FT-MS and 30,000 for
IT-MS/MS, full FT-MS maximum inject time was 500ms and normalized collision energy was
set to 35% with an activation time of 10ms. Wideband activation was used to co-fragment
precursor ions undergoing neutral loss of up to -20 m/z from the parent ion, including loss of
water/ammonia. MS/MS was acquired for selected precursor ions with a single repeat count
followed by dynamic exclusion with a 10ppm mass window for 15s based on a maximal

exclusion list of 500 entries.

Proteomics search and SILAC quantifications



All mass spectrometry raw files were searched and quantified by Maxquant software (Cox and
Mann, 2008; Cox et al., 2011). The search was performed using the Andromeda search engine,
against the Human IPI database (version 3.68). Mass tolerance filters of 6ppm and 0.5Da were
used for precursor and fragment masses, respectively. A minimum peptide length of 6 amino
acids was used. Second-peptide search, and match between runs (2 minutes window) option,
were all enabled. For total SILAC, but not the pulsed-SILAC (pSILAC) analysis, the re-quantify
option was also enabled. Methionine oxidation and N-terminal acetylation were added as
variable modifications while carbamidomethylation was considered as a fixed modification on
Cysteine. A maximum of 2 missed cleavages were allowed, and the false discovery rate (FDR)
was set at 0.01 for both peptide and protein identifications. For total SILAC quantifications, an
overall minimum ratio count (H/L) of 2 per protein was used. For pSILAC, this was set to 1
(H/M). Only razor or unique unmodified peptides as well as Methionine oxidized and N-
terminally acetylated peptides were used for protein quantifications. Data analysis on the search
results was performed by Perseus software (Cox and Mann, 2012), using the Maxquant 'protein
groups' output file as input. The median subtracted normalized ratios were used for all

downstream data analyses.

RNA-seq sample prep, sequencing, and analysis

Sample prep and Illumina sequencing were performed by ICR's tumor profiling unit. Briefly,
total RNA quality was assessed using the 2100 Bioanalyzer (Agilent). Poly-A mRNA was then
isolated from the total RNA sample using the Dynabeads mRNA Purification Kit (Life
Technologies). Purified mRNAs were fragmented using the mRNA Fragmentation Reagents

(Life Technologies) and ethanol precipitated. The size range of generated fragments was kept at



60 to 1000 nucleotides, with a peak at around 150 nucleotides. To make cDNA from the
fragmented RNA samples, NEBNext mRNA Library Prep Reagent Set for Illumina was used
(NEB), with the synthesis being performed Strand-wise (first-strand synthesis then second-strand
synthesis) followed by purification using QIAquick Columns (Qiagen). End Repair, dA-tailing,
and Adapter ligation were all performed based on NEBNext mRNA Library Prep Reagent Set for
[llumina instructions. Agarose gel separation was used to select for the appropriate library size.
To get a library size of ~400bp (insert size =330bp) a 350-500bp slice was taken from each of
the samples. Gel extraction was then performed using Qiagen MinElute gel extraction kit
(Qiagen). To enrich for the correctly adapter-ligated and size-selected cDNA, a PCR was
performed using the Herculase II polymerase enzyme (Agilent), also adding the specific indexes
for multiplexing. The PCR was then followed by an AMPure bead purification to exclude
primer-dimers and other smaller fragments from the final library. The quantity and quality of the
prepared library was evaluated on Bioanalyzer and the samples were quantified using qPCR.
Subsequently, libraries were combined for multiplexed sequencing runs. For sequencing Read-1
and Read-2, the sequencing primers provided with the PE Cluster Generation kits were used.
RNA-seq data was acquired on a HiSeq2000 (Illumina) sequencer, generating 2 x 76 bp reads.
Sequences were then processed by ICR's tumor profiling unit (FASTQ file creation, de-
multiplexing, filtering failed reads, and Tophat analysis) and a single tab-delimited list of
mRNAs with their corresponding Fragment Per Kilo-base per Million (FPKM) values was
generated. Hits with FPKM values less than 1 were filtered out. Any non-coding sequences were
also filtered out. Protrusion to cell-body FPKM ratios were calculated for each biological
replicate. All downstream data analysis was then performed using Perseus (Cox and Mann,

2012).



Graphs, bioinformatics, and statistical analysis

All proteomics and RNA-seq graphs were generated by Perseus (Cox and Mann, 2012). All
Bioinformatics analyses of proteomics and RNA-seq datasets were also performed by Perseus.
The annotation enrichment analysis was performed using 1D or 2D annotation enrichment
algorithms. A Benjamini—-Hochberg false discovery rate (FDR) of 0.02 was used to correct for
annotation enrichment p-values. For UTR analysis, the data was annotated for different UTR
elements using UTRref database and UTRscan tool (Grillo et al., 2010). Pearson correlation
coefficients and p-values for correlations were also generated with Perseus. All bar graph were
generated by Microsoft Excel. For protrusion, morphology, and migration assays, P-values were
calculated against control populations using two-tailed, heteroscedastic t-test analysis. All error

bars are standard deviation (SD).
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