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Altering the biophysical properties of
ERC1/ELKS—-driven condensates
interferes with cell motility
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Cell migration is orchestrated by molecular networks supporting motility. The scaffolds ERC1/ELKS
and Liprin-a1 sustain cell migration and invasion by assembling dynamic plasma membrane-
associated platforms. ERC1/ELKS forms cytoplasmic condensates with liquid-like behavior. In this
study we tested whether the ability of ERC1 to form condensates is relevant to its function in cell
motility. We identified the shortest N-terminal region of ERC1 sufficient to drive phase separation

in vitro and in cells. Fluorescence recovery after photobleaching confirmed the dynamic behavior of
ERC1(1-244) condensates. Surprisingly, deletion of ERC1(1-244) including an intrinsically disordered
region did not abolish the ability of ERC1DAN to form condensates. Although the interactions of
ERC1AN with partners were unaffected, the biophysical properties of ERC1AN condensates were
altered, with consequences on cell motility. These findings highlight the importance of ERC1/ELKS to
assemble functional networks, and show that altering the properties of ERC1-driven condensates

interferes with tumor cell motility.

Cell motility is crucial for physiological and disease-related processes',
including the formation of metastases that relies on the ability of tumor
cells to disseminate from primary tumors to establish secondary tumors”.
Cell motility requires coordination and continuous rearrangement of
adhesion and cytoskeleton to promote protrusion of the cell front™.
Adhesion is necessary to exert forces that allow cell protrusion, and
continuous rearrangement of adhesions at the cell front is required to
avoid inhibition of cell motility’. It is essential to analyse how intracel-
lular protein networks affect the organization of the cell periphery to
promote movement. Integrin-mediated cell migration on extracellular
matrix has become a major paradigm to address the regulatory
mechanisms of cell motility.

The scaffolds ERC1/ELKS", and its interacting partners Liprin-al” and
LL5a/p* are part of a stable plasma membrane-associated platform
(PMAP) linking microtubules to the cell cortex and to integrin-mediated
focal adhesions, and directing constitutive secretion'*"'"”. We found that in
migrating cells, the same network shows a highly dynamic behavior linked
to fast turnover of adhesions and protrusive activity of the cell front'*".
Endogenous ERC1/ELKS, Liprin-al, and LL5 proteins colocalize near the
cell front, defining dynamic, highly polarized cytoplasmic PMAPs specific
to migrating cells”. ERC1/ELKS and its interacting partners stabilize the

front of migrating cells, promoting extension and the internalization of
active integrins™'".

Liquid-liquid phase separation (LLPS) has been proposed as a fun-
damental mechanism to organize cytoplasm and nucleoplasm'. Membra-
neless organelles enriched in specific proteins and RNAs form
spontaneously as a consequence of liquid-liquid demixing from a phase
transition occurring above a critical concentration of the macromolecules
involved. Growing experimental evidence supports the hypothesis that
LLPS underlies the formation of many biomolecular condensates that are
able to concentrate biological macromolecules at specific sites and times'”.
The dynamic nature of PMAPs near the front of migrating cells suggests that
PMAPs are driven by phase separation'*"’. This hypothesis has been sup-
ported by the finding that the PMAP component ERC1/ELKS forms con-
densates with liquid-like properties™. Work in neurons and in vitro has
confirmed that mammalian ERC1/ELKS and the C. elegans orthologue
ELKS-1 undergo phase separation”””. ERC1/ELKS condensates host by
direct interaction the clients LL5a/p and Liprin-al that influence the
dynamic behavior of condensates, and focal adhesion regulators like GIT1,
an ArfGAP directly interacting with Liprin-a1***.

In this study, we show that the N-terminal portion of ERC1/ELKS,
including an intrinsically disordered region (IDR, residues 1-142) is
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sufficient to induce the formation of condensates in vitro and in cells.
Strikingly, deletion of this region does not abrogate the formation of con-
densates, but modulates their biophysical properties. Although the homo-
typic and heterotypic interactions of ERC1AN with PMAP partners Liprin-
al and LL5 are not affected, as well as the formation of dynamic PMAPs at
the front of migrating tumor cells, expression of the ERC1AN affects cell
spreading, motility, and invasion by tumor cells. Endogenous levels of
ERCIAN can still allow the formation of dynamic PMAPs at the front of
migrating tumor cells. Our studies reveal that altering the fine modulation of
the dynamic properties of ERC1/ELKS-driven supramolecular scaffolds
perturbs cell motility and that this mechanism constitutes an attractive
target for the interference with tumor metastatic processes.

Results

The N-terminal region ERC1(1-244) is sufficient to induce the
formation of condensates with liquid-like properties in cellulo
and in vitro

Condensates formed by either ERC1 or ERCI1-N (residues 1-676) exhibit
liquid-like properties typical of condensates formed by LLPS™. Here we
confirmed that full length ERC1 and ERCI1-N formed cytoplasmic con-
densates (Fig. 1a), while the complementary C-terminal ERC1-C (residues
677-1116) didn’t (Fig. 1b). To address the requirements for the formation of
intracellular condensates by ERCI, a series of GFP-tagged fragments of
ERCI1 were designed to gradually eliminate specific regions, based on pre-
dictions of IDRs by DisEMBL* and coiled coils by Paircoil2” (Fig. 1a). The
ability of the fragments to form cytoplasmic condensates was compared to
full-length ERC1 and ERC1-N (positive controls) and to ERC1-C (negative
control) (Fig. 1d). Progressive deletions from the C-terminal side of the
polypeptide led to the identification of ERC1(1-244) as the shortest ERCI
fragment efficiently forming intracellular condensates. ERCI1(1-244),
including the predicted IDR (residues 1-142) and two short predicted coiled
coils (Fig. 1a), formed round-shaped condensates (Fig. 1c, d) visible also in
the nucleus, probably due to their small size.

Dimeric GFP may influence the formation of condensates by the
protein under study”. To exclude the contribution of dimeric GFP in the
formation of condensates, we expressed mGFP-ERC1(1-244) tagged with
monomeric GFP”. The mGFP-ERC1(1-244) fragment could still form
intracellular condensates in a large fraction of transfected cells (Supple-
mentary Fig. S1), supporting the conclusion that ERC1(1-244) is sufficient
to promote LLPS.

ERC1(1-244) includes two short predicted coiled coils, CC1 (residues
142-182) and CC2 (residues 206-241). Deletion of CC2 abolished the for-
mation of condensates by ERC1(1-188) (Fig. 1c, d). On the other side,
deletion of the first 60 residues of the IDR abolished the ability of ERC1(60-
420) to form condensates compared to ERC1(1-420), including the full IDR
(Fig. 1c, d). These results show that ERC1(1-244) is the shortest N-terminal
portion of ERCI sufficient to induce the formation of intracellular con-
densates: the full IDR and the coiled coils included in ERC1(1-244) are both
necessary for this process to occur in cells.

ERCI1(1-244) condensates exhibited distinct morphology compared to
full-length ERC1 condensates. We measured the aspect ratio (A.R.) of
condensates to quantify the morphological difference’. ERC1 condensates
had an A.R. of 1.62+0.03 (SEM), while those formed by ERC1(1-244)
displayed a more spherical A.R. of 1.27 +£0.01 (SEM) (Fig. 1e). These sig-
nificant differences in A.R. between ERC1 and ERC1(1-244) condensates
may arise from variations in the molecular properties of the two types of
condensates and include the quality of the intermolecular interactions that
lead to their formation.

Fluorescence recovery after photobleaching (FRAP) was applied to
characterize the liquid behavior and biophysical properties of different types
of condensates. Full-length ERC1 condensates display a large mobile fraction
with rapid fluorescence recovery”’. The recovery of fluorescence after full
bleach (ROI of 2.5 um diameter) of GFP-ERC1 condensates was confirmed to
be fast and efficient (t;,, = 5.40 + 1.04 s; 70% mobile fraction). ERC1(1-244)
condensates showed a similarly fast and efficient recovery (tj, =

4.68 + 0.82 sec; 74% mobile fraction) (Fig. 2a-c and Supplemantary Movie 1),
confirming their liquid nature.

We tested the ability of purified a recombinant GFP-labeled(1-244)
polypeptide to undergo phase separation in vitro, using L-arginine as a
buffer additive to reduce non-specific stickiness/adhesivity of the con-
centrated recombinant protein® (Fig. 2d). For in vitro LLPS, purified GFP-
ERC1(1-244) was diluted in LLPS buffer (25 mM HEPES 7.5, 100 mM KCl)
with different concentrations of polyethylene glycol (PEG) 3350 used as a
crowding agent™. Formation of spherical condensates of ERC1(1-244) was
observed at a protein concentration of 10 uM in the presence of PEG 3350
(Fig. 2e). FRAP analysis in vitro showed that the reconstituted condensates
were in a liquid state, although somewhat less dynamic (t,, = 35 s) (Fig. 2f
and Supplemantary Movie 2) than those observed in the cells. This is pos-
sibly due to changes in the viscoelastic properties of condensates induced by
PEG’'. Thus, ERC1(1-244) is sufficient to form liquid-like condensates both
in cellulo and in vitro.

Time-lapse imaging on live COS7 cells expressing GFP-ERC1(1-244)
showed that fusion events between ERC1(1-244) condensates were very
rarely observed (Supplementary Movie 3). To further investigate this point
we have assessed the morphology of ERC1(1-244) at 24 h, 48h, and 72h
post-transfection to determine whether ERC1(1-244) condensates are
smaller because of slower fusion times, or because they maintain the same
distribution potentially indicating a distinct surface tension (Supplementary
Fig. S2). We observed that ERC1(1-244) did not form extended condensates
even at the longest times after transfection (72 h), indicating that the lack of
extended condensates by this construct is not due to a slower fusion process,
but rather to a distinct surface tension of the smaller ERC1(1-244) con-
densates. Interestingly, what is quite evident is the tendency over time of the
small condensates to aggregate within cells.

Deletion of the N-terminal region affects the dynamic properties
of ERC1 condensates

ERCI(1-244) represents the shortest N-terminal fragment of ERC1 that can
form condensates. To test if this region was essential for the development of
ERCI condensates, we checked if its deletion would disrupt or alter the
formation of condensates. To this end we generated the GFP-ERCIAN
construct lacking the N-terminal fragment (Fig. 3a). Indeed, GFP-ERC1AN
was still able generate condensates in cells (Fig. 3b, c¢). The C-terminal
ERCI1A375 fragment with alonger N-terminal deletion could still form large
condensates in 25% of the transfected cells, while deletion of a larger
N-terminal portion of the protein (residues 1-676) virtually abolished the
ability of ERC1-C to form condensates.

Condensates induced by ERC1AN (Fig. 3b) were morphologically
different from small spherical condensates produced by ERC1(1-244)
(Fig. 1c). ERC1AN condensates occupied large portions of the cytoplasm
and had irregular shapes in a high percentage of transfected cells
(Fig. 3b, ¢). In support of the formation of extended cytoplasmic con-
densates by GFP-ERC1AN, we analyzed their formation by time-lapse
imaging (Fig. 3d and Supplementary Movie 4). The extended cytoplasmic
condensates formed by ERC1AN originated from growth and fusion of
smaller condensates: as previously observed for GFP-ERC1”, also, GFP-
ERCI1AN displayed a homogeneous distribution throughout the cyto-
plasm at low levels of expression. GFP-ERCIAN condensates appeared
soon after transfection, and increased in number and size with time
(Fig. 3d and Supplementary Movie 4). Analysis of the GFP-tagged pro-
teins by time-lapse imaging after transfection shows that the levels of
expression of GFP-ERC1 and GFP-ERCIAN in cells forming con-
densates are similar, and that the maximal expression levels without
evident condensates reached by the cells expressing either GFP-ERCI or
GFP-ERCI1AN protein are not significantly different (Fig. 3e). Moreover,
in support of their origin by LLPS, we observed that both GFP-ERC1 and
GFP-ERCI1AN condensates in COS7 cells were sensitive to 1,6-hex-
anediol (Supplementary Fig. S3).

Therefore, deletion of the N-terminal portion of ERC1 including the
predicted IDR did not prevent the formation of liquid-like condensates by

Communications Biology | (2025)8:1045


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08470-5

Article

a

Condensates IDR cc1 cc2

b GFP-ERC1

GFP-ERC1-N

GFP-ERC1-C

ERC1 ++ ! I I 1 |
ERC1-N (1-676)  ++ { I o T ]
ERC1-C (676-1116) — GFP (I | | ] K%}
ERC1(1-420) + RN NN 8
ERCl(0420) - e &
ERC1(1-262) ++ e W [ Coiled coil (Parcoil2 + Alphafold) &}
ERC1(1-244) ++  [GeR]- N e [] Predicted disorder (DisEMBL)
ERC1(1-188) - = [ FIP domain
d % transfected cells with cond.
70% 67%
60% 57% 57%
. 51%
50% { 8%
40% GFP-ERC1-N /
30% ‘
20% ‘ )
10% GFP-ERC1-C
1% 0% 0%
0% L - - - - - -
GFP-ERC1: fl  ERCI-N ERCI-C (1-420) (60-420) (1-262) (1-244) (1-188)

c GFP-ERC1(1-420) GFP-ERC1(1-262)

T

COS7 cells

GFP-ERC1(1-244)

GFP-ERC1(1-188) GFP-ERC1(60-420)

GFP-ERC1(1-244)

e GFP-ERC1(1-244)
GFP-ERC1(1-244)

GFP-ERC1

COS7 cells

Fig. 1 | Identification of an N-terminal region of ERC1 sufficient to form
intracellular condensates. a Scheme of the ERC1 N-terminal constructs used in this
study. IDRs and coiled coil regions of ERCI were predicted by the DisEMBL** and
Paircoil2 program®, respectively. Shorter N-terminal constructs were designed to
progressively remove predicted disordered (in yellow) or coiled-coil (in light blue)
regions. b, ¢ Immunofluorescence of COS7 cells transfected with the indicated
constructs. Scale bars, 20 um. Line profiles for the GFP signal in the selected cells are

<0.0001

2.5+

2.0

Aspect Rato

GFP-ERC1

GFP-ERC1(1-244)

shown in the lower part of each panel. d Percentage of transfected cells with con-
densates (n = 72-428 cells). e Left: Fluorescence images of condensates formed by
either ERC1 or ERC1(1-244). Scale bar, 20 um. Center: selected condensates (top)
were approximated by an ellipse (bottom). Right: A.R. of condensates (means +
SEM; n = 485-500 condensates). Unpaired Student’s ¢-test, Mann-Whitney cor-
rection. 12 data points are outside the axis limits.
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Fig. 2 | Dynamic properties of ERC1(1-244) in cellulo and in vitro. a Confocal
imaging for FRAP analysis on a GFP-ERCI1(1-244)-positive condensate (yellow
arrow) in a COS7 cell (see also Supplemantary Movie 1). Scale bar, 10 um.

b Quantification of fluorescence recovery after full bleaching of GFP-ERCI con-
densates and ERC1(1-244) condensates. ¢ Halflife recovery (t.;) extrapolated from
FRAP data. Means + SEM; n = 11-18 cells from three independent experiments.
Unpaired Student’s t-test, Mann-Whitney correction. d His6X-Strep(2X)-GFP-
ERC1(1-244) was passed through a Superdex 200 size exclusion column equilibrated

0 30 60 90 120 150 180 210 240 270 3(00) 330 360 390 420
t(s

in 20 mM Tris pH 8.5, 150 mM KCl in the presence of no additives, 1 M urea, or
0.5 M L-arginine in order to prevent non-specific adhesiveness of the polypeptide.
e In vitro LLPS assay with purified GFP-ERC1(1-244). Spherical GFP-positive
puncta form at 10 uM GFP-ERC1(1-244) in the presence of 10% PEG 3350. Scale bar
20 pm. f Left: FRAP analysis on ERC1(1-244) condensates reconstituted in vitro
under the conditions described in (e) (10 uM purified protein in presence of 10%
PEG 3350). Scale bar, 5 um. Right: fluorescence recovery (means + SEM; n =3
droplets).

the ERC1AN polypeptide, but affected their surface properties, ultimately
leading to formation of larger, more dynamic structures.

FRAP analysis showed that the distinct morphological features of
ERCI1AN condensates corresponded to different biophysical properties
compared to condensates formed by either full-length ERC1 or ERC1(1-
244) (Fig. 3f and Supplementary Movies 5-7). Spot bleaching (2 um
diameter ROI) on large ERCIAN condensates showed a significantly
faster and higher fluorescence recovery in the bleached area (t;, =
0.91+0.10s; 87% fluorescence recovery) compared to full length
ERC1 (t;,=3.11£0.40s; 82% fluorescence recovery), but lower than
the diffuse cytosolic control ERCI1-C (t;,=0.65+0.19s; 100%

fluorescence recovery) that is unable to form condensates (Fig. 3g, h).
The results show that removal of the N-terminal region of ERC1 did not
prevent the formation of condensates, but increased the liquid-like
properties of ERC1AN condensates.

Deletion of the N-terminal region preserves ERC1 interactions
within the PMAP network

PMAPs are necessary for efficient cell migration and invasion*'*”. An
important question is whether ERCI1 phase separation is relevant for the
formation of PMAPs and for their role in cell migration. The N-terminal
portion of ERCI is needed to form homodimers*” and to interact with
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PMAP components Liprin-al*** and LL5 proteins' (Fig. 4a). Our data
have shown that an extended N-terminal deletion (ERC1-C) is necessary to
abrogate the capacity of ERC1 to form condensates (Fig. 3a). This large
deletion disrupts homo- and heterotypic interactions between ERC1 and
other components of the PMAPs (Fig. 4a). On the other hand, ERC1AN is
expected to maintain its scaffolding function through the establishment of

ERC1 ERC1AN ERC1-C

10 15 20 25 30 35 40 45 50 55 60

t(s)

homo- and heterotypic interactions. We tested whether ERCIAN main-
tained the ability to oligomerize and to interact with its PMAPs partners.
ERCI forms parallel homodimers through extensive N-terminal coiled coil
regions”, as predicted by Alphafold2™ (Fig. 4b). Co-immunoprecipitation
experiments showed that ERC1AN associated to full-length ERCI, showing
that deletion of the N-terminal IDR and short coiled coils did not prevent
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Fig. 3 | Deletion of the N-terminal region of ERC1 alters the dynamic properties
of ERCIAN condensates. a Scheme of the ERC1 C-terminal constructs used in this
study. b Immunofluorescence of COS7 cells transfected with the indicated con-
structs. Scale bar, 20 um. Line profiles for the GFP signal in the selected cells are
shown on the right. ¢ Percentage of transfected cells with condensates (n = 131-207
cells). d COS7 cells on fibronectin (2.5 pg/ml) were transfected for 4 h, then imaged
for 18 h (one frame every 5 min) with a Live-Cell Imaging System equipped with 20x
lens to follow the formation of ERCIAN condensates (see also Supplementary
Movie 4). Scale bar, 20 um. e GFP-ERCI1 and GFP-ERC1AN expression induces the
formation of condensates in a concentration-dependent manner in the cytoplasm of
COS?7 cells. In each transfected cell forming condensates, the cytoplasmic mean
mrey Intensity (expressed as mean gray value, arbitrary units, a.u.) was measured
every hour for 11 h, starting from the beginning of detectable GFP-ERC1 or GFP-

ERCI1AN expression, respectively (n = 18 cells/sample). The left graph shows the
mean gray values + SEM at each time point. In the two upper right graphs, for each
cell the GFP-ERCI1 or the GFP-ERCI1AN expression levels (mean gray values) are
plotted against the presence (purple dots) or absence (yellow dots) of detectable
cytoplasmic condensates. The left bottom graph shows the average maximal mean
gray values at which cells do not show condensates yet. f FRAP (spot bleaching,
yellow arrows) on condensates in the cytoplasm of COS7 cells expressing either
GFP-ERC1 or GFP-ERC1AN (see also Supplementary Movies 5-7). Bottom: 2.5x
magnification. Scale bars, 10 pm. g Quantification of fluorescence recovery after spot
bleaching. h Halflife recovery (t.,) extrapolated from FRAP data. Means + SEM;
n =17-24 cells from three independent experiments. One-Way ANOVA,
Kruskal-Wallis test, Dunn’s correction.

the formation of oligomers. As expected, both ERC1(1-244) and ERC1-C
did not interact virtually with full-length ERC1 (Fig. 4c, d).

The direct interaction of ERC1 with LL5 is relevant for cell motility’.
Immunoblotting on immunoprecipitates of GFP-tagged ERCI constructs
revealed the specific co-immunoprecipitation of mCherry-LL5f with GFP-
ERC1 and GFP-ERCIAN that includes the LL5P-interacting region
(Fig. 4a), while no interaction was observed with ERC1-C that lacks the
LL5pB-interacting region (Fig. 4e, f).

Liprin-al has been described as a critical regulator of focal adhesion
dynamics, invadosome function, and the formation of metastases by human
breast cancer cells’. The interaction of ERC1 with Liprin-al is relevant to a
number of important cellular processes'****™*. Immunoprecipitation of
either GFP-ERC1 or GFP-ERCIAN resulted in the specific co-
immunoprecipitation of Liprin-al (Fig. 4g, h), although some non-
specific binding of Liprin-al to GFP (negative control) could not be avoided
by any of several experimental protocols tested. We therefore confirmed the
interaction between GFP-ERCIAN and Liprin-al by their colocalization
inside ERCIAN condensates. ERCI interacts with the central ERC-binding
region (EBR) of Liprin-al*, which is sufficient and necessary for the
recruitment of Liprin-al inside ERC1 condensates™. Here, we confirmed
that the ERCI-binding region Liprin-EBR was efficiently recruited inside
ERCI1AN condensates. As expected, the deletion of the EBR prevented the
recruitment of the complementary Liprin-AEBR construct at ERCIAN
condensates (Fig. 5). Liprin-AEBR was diffuse in the cytoplasm, and in
contrast to Liprin-EBR showed no evident accumulation inside ERC1AN-
positive condensates (Fig. 5b, c). These data show that ERC1AN can oli-
gomerize and form heterotypic interactions with the PMAP partners, and
suggest that deletion of the N-terminal region of ERC1 does not prevent the
assembly of PMAPs.

An increase in the local concentration of specific proteins may trigger
phase separation”. We previously observed that ERC1 condensates appear
when ERC1 has reached a certain level of protein expression in the
cytoplasm™. Here, we observed that ERC1AN induced the formation of very
large condensates at higher levels of protein expression in the cytoplasm
(Fig. 3d and Supplementary Movie 4). On the other hand, at lower levels of
expression, GFP-ERC1 localizes in PMAPs at the protruding edge of
migrating MDA-MB-231 tumor cells, where ERC1 colocalizes with its
interactors Liprin-al and LL5 proteins". We tested whether the formation
of ERC1-positive PMAPs was altered in MDA-MB-231 cells expressing low
levels of the deletion mutant ERCI1AN. The analysis of MDA-MB-231 cells
migrating on fibronectin showed that both GFP-ERC1 and GFP-ERC1AN
formed similar PMAPs at the front of the migrating tumor cells (Fig. 5d and
Supplementary Movies 8-10).

Deletion of the N-terminal region of ERC1 enhances cell
spreading

Measuring cell spreading on extracellular matrix represents an easy way to
test effects on cell motility. PMAP proteins are required for effective
integrin-mediated spreading of COS7 and MDA-MB-231 cells on fibro-
nectin: depleting of either endogenous ERCI, Liprin-al, or LL5 proteins
inhibits the projected cell area, while overexpression of Liprin-al promotes

cell spreading by increasing the projected area of different cell types,
including breast cancer MDA-MB-231 cells'*’. To test whether altering
ERC1 LLPS properties resulted in altered motility, we tested the effects of
ERCIAN on MDA-MB-231 and COS7 cell spreading. Transfected cells
replated on coverslips coated with a 10 pg/ml fibronectin were cultured for
different times before fixation. While overexpression of full-length ERC1
did not affect COS7 cell spreading, ERC1AN enhanced spreading to an
extent similar to that induced by Liprin-al expression. In contrast,
expression of the ERC1(1-244) did not affect cell spreading (Fig. 6a, b).
ERCIAN enhanced also spreading of MDA-MB-231 replated for 3-18 h on
fibronectin to allow full spreading. Interestingly, neither full-length ERC1
nor shorter deletions limited to the N-terminal IDR of ERC1 (ERC1A51,
ERCI1A147) affected MDA-MB-231 cell spreading (Fig. 6c-e).

Downregulation of endogenous PMAP proteins ERC1 and Liprin-al
negatively affects cell spreading*'*. To test if the effect of ERC1AN on cell
spreading was dependent on the endogenous PMAP proteins, we expressed
ERCIAN in cells silenced for either endogenous ERC1 or Liprin-al.
ERCIAN is resistant to ERC1 silencing because it lacks the N-terminal
siRNA targeting sequence. As expected, silencing of either endogenous
protein inhibited cell spreading, and expression of ERC1AN was able to
rescue the defect in spreading induced by silencing either Liprin-al or ERC1
(Fig. 6f). Therefore, endogenous Liprin-al and ERCI1 are not required for
the enhancement of cell spreading induced by ERCIAN. Interestingly,
depletion of endogenous LL5a/p proteins significantly inhibited cell
spreading both in control and ERCIAN cells (Fig. 6g). Therefore in contrast
to endogenous Liprin-al and ERC1, endogenous LL5 proteins are required
to support ERC1AN-dependent spreading.

In COS7 cells endogenous Liprin-al localizes around central paxillin-
positive focal adhesions*. Overexpression of full-length ERCI caused the
redistribution of endogenous Liprin-al away from focal adhesions to the
center of the cell (Fig. 6h). ERCIAN did not evidently perturb the locali-
zation of endogenous Liprin-al that was still found around focal adhesions
(Fig. 6h). Quantification confirmed a significantly different effect of
ERCIAN on the localization of endogenous Liprin-al compared to the
effect observed with full length ERC1 (Fig. 6i). One hypothesis is that
PMAPs organized by ERC1 near the edge of the protruding edge of
migrating cells may facilitate the removal of PMAP components like Liprin-
al away from the cell edge where this protein promotes and stabilized
protrusion”’. The altered properties of ERC1AN condensates may cause
defective recycling of PMAPs components, as indicated by the differential
effects on the distribution of endogenous Liprin-al between wildtype and
truncated ERC1 (Fig. 6h, i). Therefore these results are consistent with a role
of ERC1 in organizing physiological condensates needed to add/remove
components from the cell edge to favor their turnover and the recycling of
molecular components.

Deletion of the N-terminal region of ERC1 inhibits the motility of
tumor cells

Our goal is to interfere with the formation of ERC1 condensates without
interfering with the interaction of ERC1 with its PMAP partners, to address
the role of LLPS in PMAPs function during cell motility. Based on previous
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studies on ELKS-1 LLPS in C. elegans” and on in silico analysis with the
FuzDrop method predicting sequence-based condensate-promoting poly-
peptide regions by LLPS®, several regions of ERC1 may be implicated in
driving LLPS (Supplementary Fig. S4). Therefore it is difficult to obtain
ERCI constructs unable to form condensates by LLPS, but still able to
interact with its PMAP partners. We hence focused on the analysis of
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ERCIAN that maintains the binding capacity to PMAP partners, to address
the effects of altering the properties of ERC1 condensates on PMAPs
function in cell motility. Indeed, our results indicate that ERC1AN: (a) can
still generate condensates although with altered dynamic properties (Fig. 3);
(b) can form homo-oligomers (Fig. 4); (c) and retains its binding ability to
LL5B and Liprin-al (Figs. 4 and 5). Therefore, ERCIAN represents a good
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Fig. 4 | The scaffolding function of ERC1 is maintained by the ERC1AN deletion
mutant. a Scheme of the regions of interaction of ERC1 with the PMAP partners
Liprin-al and LL5f. b Alphafold2 model of the N-terminal part (residues 1-676) of
ERCI. ¢ Aliquots of lysates (300 pg protein) from COS7 cells transfected with the
indicated GFP- and FLAG-tagged ERC1 constructs were immunoprecipitated with
GFP-Trap®-Agarose. Immunoprecipitates (IP) and lysates (30 ug) were immuno-
blotted to detect the FLAG-ERC1 construct (1) and the GFP-tagged constructs (2).
d Quantification (n = 3 experiments) of the amount of FLAG-ERCI co-precipitated
with either GFP-ERC1 or GFP-ERC1AN. In each experiment, the amount of FLAG-
ERCI coprecipitating with GFP-ERCI1 is considered as 100%. One way ANOVA,
Kruskal Wallis; Dunn’s multiple comparisons. e Aliquots of lysates (300 ug protein)
from COS?7 cells co-transfected with GFP-tagged ERCI1 constructs and mCherry-
LL5f were immunoprecipitated with anti-GFP Abs. Immunoprecipitates (IP) and
lysates (30 pg) were immunoblotted with anti-LL5 mAb 1H12 to detect mCherry-

LL5B (I), and with anti-GFP to detect the GFP-tagged constructs (2).

f Quantification (n = 3 experiments) of the amount of mCherry-LL5f co-pre-
cipitating with GFP-tagged ERC1 constructs. In each experiment, the amount of
mCherry-LL5p coprecipitating with GFP-ERC1 is considered as 100%. One way
ANOVA, Kruskal Wallis; Dunn’s multiple comparisons. g Aliquots (200 pg protein)
of lysates from COS7 cells co-transfected with either GFP or GFP-tagged ERC1
constructs together with mCherry-Liprin-al were immunoprecipitated with GFP-
Trap® Agarose. Immunoprecipitates (IP) and lysates (20 ug) were immunoblotted
with anti-Liprin-al pAb to detect mCherry-Liprin-al (1) and with anti-GFP pAb to
detect GFP and GFP-ERCI1 constructs (2). h Quantification (n = 3 experiments) of
the amount mCherry-Liprin-al co-precipitating with GFP-tagged constructs. In
each experiment, the amount of mCherry-Liprin-al coprecipitating with GFP-
ERC1 is considered as 100%. One way ANOVA, Kruskal Wallis; Dunn’s multiple
comparisons.

candidate to address how altering the dynamic properties of the ERC1
condensates may influence the function of the PMAP network during cell
motility. We tested the effects of the deletion of the N-terminal IDR of ERC1
on different aspects of cell motility and invasion.

Matrigel invasion assays were used to test the invasive ability of MDA-
MB-231 cells. This analysis showed that while overexpression of the full-
length ERC1 protein did not affect invasion in vitro, expression of ERCIAN
significantly reduced transwell invasion (Fig. 7a). Invasion by tumor cells
requires both protrusive activity and the ability of cells to degrade the
extracellular matrix. Therefore defective invasion by cells expressing
ERCIAN could be due to impaired cell migration and/or to defective
extracellular matrix degradation.

The analysis of free two-dimensional random migration on fibronectin
of MDA-MB-231 cells showed no differences in cell speed between cells
expressing either GFP-ERC1 or GFP-ERC1AN (Fig. 7b, c). Cell trajectories
were used to evaluate the mean square displacement (MSD) that can be
defined as a measure of the average distance a cell travels during a given time
interval®. MSD curves were fitted by least-squares regression to clarify the
directionality of cell migration by considering the a value*. By calculating
the o values during the first 150 min of the random migration assays, we
observed that both ERC1 and ERC1AN caused a depressed motion or sub-
diffusion (a<1) in comparison to random walk of GFP positive cells
(a=1)"*; in particular, ERCIAN positive cells displayed the lowest a
values, suggestive of a compromised cell directionality (Fig. 7d).

Given the inhibitory effects of ERCIAN expression on invasion, we
tested the effects of the N-terminal deletion on the ability of tumor cells to
degrade the extracellular matrix. ERCI and other PMAP proteins are found
near invadosomes in Src-transformed cells and in MDA-MB-231 cells
expressing the constitutively active Src-Y527F mutant”. GFP-ERCIAN,
but not GFP-ERCI, inhibited extracellular matrix degradation by MDA-
MB-231 expressing SrcY527F (Fig. 7e). Both the percentage of extracellular
matrix-degrading cells and the area of extracellular matrix degradation were
inhibited with respect to control cells expressing GFP by expression of the
deletion mutant, but not by full length ERC1 (Fig. 71, g). Our data indicate
that the expression of ERC1AN negatively affects the invasive capacity of
tumor cells by inhibiting extracellular matrix degradation.

Discussion

The data presented here demonstrate that altering the biophysical properties
of the supramolecular assemblies driven by ERC1/ELKS has consequences
on cell motility. The N-terminal region ERC1(1-244), including an extended
IDR and short coiled-coil regions, is sufficient for LLPS in vitro and in cells
(Figs. 1 and 2). Interestingly, the deletion of this N-terminal region does not
prevent the formation of cytoplasmic condensates by ERCIAN, but it sig-
nificantly affects the morphology and liquid-like behavior of ERCIAN
condensates (Fig. 3). Of note, the morphological and FRAP analyses pre-
sented in this study suggest that the two complementary portions of the
ERCI protein produce condensates that behave very differently. In contrast
to the condensates formed by the full length ERCI protein, the condensates
formed by the N-terminal fragment ERC1(1-244) show more spherical and

regular morphologies, with limited sizes compared to the ERCI condensates
(Fig. 1a). Analysis in living cells also suggests a more rigid behavior of the
ERCI(1-244) condensates, with very rare fusion events observed by time-
lapse imaging (Supplementary Movie 3). On the other hand, the com-
plementary region ERC1AN forms condensates that show a clear liquid-like
behavior with frequent fusion events leading to very large cytoplasmic
condensates (Fig. 3d and Supplementary Movie 4). Moreover, the con-
densates formed by ERC1AN are highly dynamic as indicated by the faster
recovery of fluorescence compared to the full length ERC1 condensates
(Fig. 3f, g and Supplementary Movie 6). Altogether these data suggest that
the two complementary regions ERC1(1-244) and ERCIAN contribute
differently to the material properties of the condensates formed by the full
length ERC1 protein.

Although the homotypic and heterotypic intermolecular interactions
of ERCIAN with its PMAP partners are not affected (Figs. 4 and 5),
ERCIAN expression has consequences on cell spreading (Fig. 6) and on
tumor cell invasion in vitro (Fig. 7). These findings indicate that PMAPs
forming at the leading edge of migrating cells are influenced by specific
alteration of the properties of the ERC1 condensates, independently from
the scaffolding capacity of ERC1AN.

The presence of poorly structured flexible IDRs* is a common feature
of many proteins that undergo LLPS”. Indeed often IDRs are necessary
drivers of LLPS"™. Interestingly, the N-terminal region including the IDR of
ERCI/ELKS, although sufficient for LLPS, is not necessary for the formation
of either ERC1 condensates or PMAPs in migrating tumor cells (Fig. 5d),
but influences the properties of the ERC1-driven condensates. It is expected
that multivalent weak protein-protein interactions are the driving force
behind the assembly of ERC1 condensates and PMAPs**”. It is conceivable
that partially disrupting specific transient interactions by removing the
N-terminal region of ERCI/ELKS alters the properties and function
of PMAPs.

The structure of ERC1/ELKS is poorly characterized. This protein is
predicted to include an N-terminal IDR and extended coiled coils’, con-
sistent with the low-resolution structure obtained by rotary shadowing
electron microscopy, showing that ERC1/ELKS forms elongated parallel
dimers, likely via the extensive coiled coils within ERC1”. Coiled coils may
enhance LLPS by increasing multivalency through dimerization. The
N-terminal IDR per se is unable to form condensates™, but it is necessary for
the formation of ERC1(1-244) condensates (Fig. 1): it includes predicted
short coiled-coils also necessary for the formation of ERC1(1-244) con-
densates (Fig. 1a).

The observed distinct properties of the condensates formed by
ERCI, ERC1(1-244), and ERC1AN (Figs. 1-3) suggest that ERC1(1-244)
contributes to the characteristics of the condensates formed by the full
length protein: removal of the N-terminal region leads to ERCIAN
condensates with very different morphology/properties with respect to
those formed by either full length ERC1 or ERC1(1-244). The different
morphologies of condensates formed by the two complementary parts of
the ERC1 protein may reflect differences in the surface tension and/or
visco-elastic properties that depend on the forces of attraction between
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Fig. 5 | Liprin-al-EBR localizes at ERC1AN con-
densates. a Scheme of Liprin-al constructs.

b Confocal images of COS7 cells coexpressing GFP-
tagged ERCI1 constructs (green) with FLAG-tagged
Liprin-al constructs (blue). Scale bar, 20 pm. Yellow
asterisks indicate regions of ERC1-positive con-
densates. ¢ Pearson’s correlation coefficient for the
colocalization of Liprin-al and ERC1 constructs at
condensates. Means + SEM (n = 94-102 regions
from 3 experiments). One-way Anova. d Frames
from confocal time-lapses of MDA-MB-231 cells
expressing the indicated proteins, migrating on
fibronectin-coated substrates (see also related Sup-
plementary Movies 8-10). Scale bar, 20 pm.
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the polypeptides within the two types of condensates. Surface tension
represents an important physical property of condensates as it can affect
their formation and function™, and may help explaining the specific
effects observed by cells expressing ERC1AN. In this direction, ERC1(1-
244) and ERCIAN display different mean net charges (4+0.029 and
-0.037, respectively) (Supplementary Table 1). One hypothesis is that
differences in the density of charged residues may influence the

properties of condensates by intermolecular electrostatic interactions***,

contributing to the different dynamics of condensates formed by
ERC1(1-244) and ERCI1AN, respectively.

ERC1 promotes focal adhesion turnover in migrating tumor cells'.
One hypothesis is that ERC1 condensates are needed for adding/removing
components at the cell front, to favor their turnover and the turnover of
adhesions to support continuous protrusion and cell movement". In this
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Fig. 6 | GFP-ERC1AN enhances cell spreading. COS7 cells b -
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coated substrates (10 ug/ml) for the indicated times.
Projected cell areas were measured after fixation and
immunostaining with anti-GFP and
fluorescently-labeled phalloidin staining for
F-actin. a COS7 cells expressing the indicated GFP-
tagged proteins were allowed to spread for 1 h on
fibronectin. b Quantification of the projected cell
area of COS7 cells treated as in (a). Means + SEM
(n=159-168 cells from 3 experiments). One-way
ANOVA, Kruskal Wallis and Dunn’s post hoc.

¢ Morphology of transfected MDA-MB-231 cells
fixed after 18 h on fibronectin. Quantification of the
projected area of MDA-MB-231 cells expressing the
indicated GFP-tagged proteins that were allowed to
spread on fibronectin for either 18 h (d) or 3h (e).
Means + SEM (n = 148-183 cells from 3 experi-
ments; 3 data points outside the axis limits). One-
way ANOVA, Kruskal Wallis and Dunn’s post hoc.
f GFP-ERCIAN rescues the inhibition of MDA-
MB-231 cell spreading induced by silencing either
endogenous Liprin-al or ERCI. Cells over-
expressing either GFP or GFP-ERC1AN and
silenced for the indicated endogenous proteins were
allowed to spread for 18 h on fibronectin-coated
substrate. Left: efficient silencing of endogenous
Liprin-al or ERCI detected by immunoblotting on f
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direction, overexpression of the full-length ERC1 protein displaces endo-
genous Liprin-al from the cell edge and from around focal adhesions, while
ERCIAN is unable to do so (Fig. 6h). It is conceivable that ERCIAN
enhances cell spreading as a consequence of the altered properties of the
ERCIAN-driven condensates, which in turn may affect the turnover of
PMAPs and cemm motility.

mCherry mCh-ERC1  mCh-AN

Our results support the hypothesis that ERC1 acts as a scaffold
undergoing phase separation by a complex mechanism that includes a
modulatory N-terminal region including an IDR. The distinct properties
revealed by the analysis presented in this study, of the condensates produced
by the complementary N-terminal ERC1(1-244) and ERC1AN, together
with the functional consequences of altering the properties of condensates
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Fig. 7 | Deletion of the N-terminal region of ERC1 inhibits tumor cell motility
and invasion. a MDA-MB- 231 cells expressing the indicated GFP-tagged proteins
were used for the Matrigel Invasion assay (n =9 wells from 3 independent experi-
ments). Transfected cell counts were normalized to controls (GFP-transfected cells).
Means + SEM; n = 9 transwells from 3 experiments. One-way ANOVA, Kruskal
Wallis and Dunn’s post hoc. Scale bar, 100 um. b Effects of GFP-ERC1 and GFP-
ERCI1AN on two-dimensional random migration of MDA-MB-231 cells plated on
fibronectin. Graph: means + SEM of velocity (um/min) of GFP-positive cells. ¢ Plots
with tracks of migrating GFP-positive cells (5 h). d Left: analysis of MSD from cell
tracking data plotted as a function of time interval. Right: a values obtained by fitting
MSD curves to least squares regression at 150 min (means + SEM). In c-e, n = 253-
280 cells from 3 experiments. One-way Anova, Kruskal-Wallis, Dunn’s posthoc.

e MDA-MB-231 cells cotransfected with active SrcY*”F (blue) and the indicated
mCherry-tagged constructs (red). Transfected cells were plated on fluorescently
labeled gelatin (green). Top panel: merged signals of mCherry (red), Src (blue), and
FITC-gelatin (green). Lower panels show dark areas of gelatin degradation. Scale bar,
20 pm. Line profiles for ECM degradation in the selected cells are shown on the right.
f Percentage of extracellular matrix-degrading MDA-MB-231 cells coexpressing
active SrcY*”’F and the indicated mCherry-tagged protein. Mean + SEM; n =4
experiments. Significant differences were evaluated by Fisher’s i’ test. g Percentage
of the extracellular matrix degraded area normalized to the cell area. Means + SEM;
n = 190-244 cells from 4 experiments (2 data points are outside the y-axis limit).
One-way Anova, Kruskal-Wallis, Dunn’s posthoc.

by the N-terminal ERC1AN deletion (including effects on cell spreading and
Matrigel invasion), support the proposition that ERC1-driven PMAPs may
be considered a potential target to interfere with the tumor metastatic
process. The findings that removal of the N-terminal region affects ERC1
condensates and results in defects in cell invasion open to applications to
interfere with tumor cell motility and metastasis. It is possible to hypothesize
that interfering with PMAPs by agents such as small molecules, which can
be intercalated within ERC1 condensates, may lead to alterations of the
material properties of the PMAPs, with negative consequences on the
invasive capacity of tumor cells. For this, more work is needed to char-
acterize in more detail the intermolecular mechanisms that drive the for-
mation of ERC1 condensates and of the PMAP protein network.

Methods
Plasmids and siRNAs
Plasmids for GFP-ERC1 (murine ELKSe, 1116 residues)’’, FLAG-ERCI,
Cherry-LL58 (murine isoform 3, 1206 residues)”, FLAG-Liprin-al
(human), FLAG-Liprin-AEBR, FLAG-Liprin-EBR, GFP-ERCI1-N, GFP-
ERCI-C, GFP-ERC1A51, GFP-ERC1A147, and FLAG-BGalactosidase were
described previously'****"*, ERC1 fragments ERC1(1-420), ERC1(1-N),
ERCI1(1-244), ERC1(1-188, and ERC1AN were obtained by PCR from the
plasmid pGFP-C1-ERC]1, and subcloned into the pGFP-C1 or mCherry-Cl
vector (Clontech Laboratories). For PCR, the following primers were used:

GFP-ERC1(1-420): forward 5-GGAATTCCATGTATGGAAGTGC
TCGATC-3/;

reverse 5'-GGAATTCTCACTCCCGCTCCTCACTAC-3/;

GFP-ERC1(1-244): forward 5-GGAATTCCATGTATGGAAGTGC
TCGATC-3}

reverse 5-GGAATTCTTACTGATTCAAGTCCCTCTG-3/;

GFP-ERC1(1-188): forward 5-GGAATTCCATGTATGGAAGTGC
TCGATC-3;

reverse 5-GGAATTCTTAGGTCTTGATACTATTCATTG-3’

GFP-ERC1(60-420): forward 5-GGAATTCCATGCAGTCCTTAAA
TGCTGCC-3/;

reverse 5- GGAATTCTCACTCCCGCTCCTCACTAC-3

GFP-ERCIAN: forward 5-GGAATTCCATGCTCACAGAGGAGA
ACTTCCAG-3;

reverse 5'-GGAATTCTCAGGAGGACTCTTCCAG-3';

GFP-ERC1A375: forward 5-GTCGACTGCAGAATTCGAAGCTTG
AGC-3/;

reverse 5-ACAAAAGCCTTGCAAACTGTTATTGAAATG-3/;

monomeric GFP(A206K): forward 5-TACCTGAGCACCCAGTC-
CAAACTGAGCAAAGACCCCAAC-3; reverse 5-GTTGGGGTCTTTG
CTCAGTTTGGACTGGGTGCTCAGGTA-3'.

His-GFP-ERCI1(1-244)pFastBac for the purification of GFP-ERCI(1-
244) was obtained by Thermo Fisher Scientific. Liprin-al, ERC1, and LL5a
and P were silenced by transfecting validated siRNAs as described in ref. 14.

Antibodies and other reagents
Anti-ERC1 [ELKS-30] against residues 21-40 of ERCla from Abcam,
ab50312, mouse mAb, WB 1:1000; anti-ERC1 from Sigma-Aldrich,

HPAO019513, rabbit pAb, IF 1:150. Anti-FLAG mouse mAb, clone M2 from
Sigma-Aldrich, WB 1:1000; IF 1:500. Anti-GFP rabbit pAb from Invitrogen,
A11122, WB 1:2000. Anti-GFP chicken pAb from Abcam, ab13970; IF
1:1000. Anti-Liprin-al rabbit pAb from Proteintech, 14175-1-AP; WB
1:500, IF 1:150. Anti-paxillin mouse mAb (clone 349) from BD Biosciences;
WB 1:2000; IF 1:150. Anti-Src (clone 327) was kindly provided by Dr. Sara
Courtneidge (Oregon Health and Science University); IF 1:50. Hamster
mAD for LL5a” was kindly provided by Dr. Yuko Mimori-Kiyosue (RIKEN
Center for Biosystems Dynamics Research, Kobe, Japan). Rabbit pAb anti-
fibronectin was from Sigma-Aldrich, and rabbit pAb anti-DS-RED was
from Clontech. Anti-LL5a/p (clone 1H12) was as described™. Oregon green
488-gelatin, Phalloidin Alexa-568S, and secondary Abs Alexa-488, Alexa-
568, Alexa-546 and Alexa-647, and Alexa-647 (1:200) were from Life
Technologies. HRP-conjugated anti-rabbit and anti-mouse secondary Abs
(1:3000-1:5000) were from Jackson and Amersham Biosciences. Fibro-
nectin was from Corning. 1,6-hexanediol was from Sigma.

Cell culture and transfection

COS7 cells were cultured in DMEM with 10% fetal clone III (Hyclone).
MDA-MB-231 human breast adenocarcinoma cells were grown in
DMEM:F12 1:1 with 10% fetal bovine serum. NIH-3T3 cells were cultured
in DMEM with 10% fetal bovine serum. Cells on plastic or on round 24 mm
diameter glass coverslips were transfected with Lipofectamine-2000 (Life
Technologies). For each 3.5 cm diameter plate 1-4 ug of plasmid DNA was
used in Opti-MEM transfection medium. After 3.5-4 h the medium was
replaced with complete medium; cells were processed after 24-72 h. All cells
were regularly checked for mycoplasma contamination. Cells transfected for
24 h were incubated for 2" at 37 °C with either 1.5% or 3% 1,6-hexanediol
dissolved in culture medium™ before fixation for immunofluorescence.

Immunoprecipitation and immunoblotting

Cells were washed twice with ice-cold TBS (150 mM NaCl, 20 mM Tris-HCI
pH 7.5), lysed with 50-150 pl of lysis buffer: 0.5% Triton X-100, 150 mM
NaCl, 20 mM Tris-Cl pH 7.5, 1 mM NaV, 10 mM NaF, 1 mM DTT, anti-
proteases Complete 1x (Roche), 0.5 mM PMSF (Sigma-Aldrich). After
15 min at 4 °C the insoluble material was removed by centrifugation at
16000 RCF for 15 min at 4 °C. Protein concentration was determined by
Bradford protein assay (Bio-Rad). Denatured lysates were separated by
SDS-PAGE and transferred to 0.45 pm nitrocellulose membranes (GVS).
Membranes were incubated with primary antibodies, HRP-conjugated
secondary antibodies, and revealed by Clarity with ChemiDoc MP Imaging
System (Bio-Rad). Quantification of protein levels was done with ImageLab
software (Bio-Rad). For reprobing, membranes were stripped by 5-10 min
incubation at RT with 0.2 M glycine, 0.1% SDS, 1% Tween-20, pH 2.2, and
washed at neutral pH before reprobing with the indicated antibodies. For
immunoprecipitation cell lysates were incubated with either Protein-
A-Sepharose beads (Cytiva), Pierce Protein G Agarose (Thermo Scientific)
conjugated to antibodies, GFP-Trap® (Chromotek), or anti-FLAG-M2
Affinity Gel (Sigma-Aldrich) before processing for SDS-PAGE and
immunoblotting (Supplementary Figs. 5 and 6 include uncropped blot
images presented in Figs. 4 and 6, respectively).
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In vitro LLPS assay

Purification of His6X-Strep(2X)-GFP-ERC1(1-244). Trichoplusia ni codon
optimized ORF coding for His6X-Strep(2X)-GFP-ERCI1(1-244) in pFast-
Bacl vector was obtained from Geneart (Thermo Fisher) and transposed
into a baculovirus genome-containing BAC with the BAC-to-BAC meth-
odology (Thermo Fisher). Infectious recombinant baculovirus was recon-
stituted in the Sf9 cell line grown in Sf-900 II medium (Thermo Fisher),
according to manufacturer guidelines. A high titer viral stock was used to
infect the High Five cells in the Insect-XPRESS culture medium (Lonza) for
72 h. Infected cells were lysed in 20 mM Tris pH 8.5, 150 mM KCl, 1 M urea,
and the His6X-Strep(2X)-GFP-ERC1(1-244) fusion protein was purified by
tandem affinity chromatography on Talon resin (Thermo Fisher) followed
by a Strep Tactin column (IBA Lifescience). His6X-Strep(2X)-GFP-
ERCI1(1-244) was passed through a Superdex 200 size exclusion column
equilibrated in 20 mM Tris pH 8.5, 150 mM KCl, 0.5 M L-arginine. Protein
concentration was determined by UV g, and Bradford assay.

For in vitro LLPS, purified His6X-Strep(2X)-GFP-ERC1(1-244) was
diluted in LLPS buffer (25 mM HEPES 7.5, 100 mM KCl) at different
concentrations (5-20 pM) + 10% PEG 3350. Reactions were incubated 5’ at
RT. Samples were placed in home-made imaging chambers™, and observed
at Leica SP5 confocal microscope with 63x oil lens (Zeiss).

Immunofluorescence and image analysis

Cells grown on fibronectin-coated coverslips were washed and fixed in 3%
paraformaldehyde, permeabilized f with 0.1% Triton X-100, and incubated
for 2 h with primary antibodies, then for 45 min with secondary antibodies,
and mounted in ProLong Gold Antifade Reagent (Life Technologies). Wide
field images were acquired with Zeiss Axio Observer Z.1 with Hamamatsu
EMCCD 9100-02 camera equipped with Plan-Apochromat 63x (NA 1.4),
40x or 20x lenses. Confocal images were acquired with Leica TCS SP8 SMD
FLIM laser scanning confocal microscope with HC PLAPO CS2 63x lens
(NA 1.4), or with Leica TCS SP5 laser scanning confocal microscope with
HCX PLAPO A blue 63x lens (NA 1.4). Alternatively, images were taken at
an Olympus FluoVIEW FV3000RS laser scanning confocal microscope
equipped with UPLXAPO 60x (NA 1.42).

Colocalization of proteins with GFP-ERCI1 in condensates was eval-
uated by the Pearson’s correlation coefficient on confocal images™. The
coefficient (1 = perfect correlation, 0 =no correlation, —1 = perfect anti-
correlation) was calculated using the plugin Colocalization Finder of Image].
For quantification, 3-4 GFP-ERCl-positive condensates were randomly
picked from 6-10 cells per condition per experiment.

The aspect ratio (A.R.) of intracellular condensates was measured with
Image]. An ellipse was overlaid onto individual condensates, and the ratio
between major and minor axis of the ellipse was measured. Condensates
larger than 16 um* were excluded because their shape could be influenced by
other cytoplasmic structures (e.g., organelles), while condensates smaller
than 0.5 pm?* were excluded for the difficulty to obtain reliable A.R. values.

For the localization of endogenous Liprin-al near focal adhesions, cells
immunostained for GFP, endogenous paxillin, and endogenous Liprin-al
were analyzed as follows: 2-3 internal areas per cell (edge excluded), each
including 3-10 paxillin-positive focal adhesions, were selected. Within each
area, we measured the area of focal adhesions and the signal of endogenous
Liprin-al (integrated density of the Liprin-al signal above a fixed threshold)
by Image J software. Data were presented as Liprin-al signal/focal
adhesion area.

FRAP analysis

FRAP experiments were performed as described”’. Briefly, COS7 cells were
plated on 3.5cm diameter glass-bottom MatTek dishes (MatTek Cor-
poration, Ashland, MA) pre-coated for 1h at 37 °C with 2.5 ug/ml fibro-
nectin, transfected for 24 h, and imaged at the Leica TCS SP8 SMD FLIM
confocal microscope with adaptive focus control, Oko-Lab stage incubator
(T, CO,), and FRAP module with LasX software (Leica). Cells were moved
to imaging medium without phenol red for imaging. For full droplet
bleaching FRAP experiments, a 2.5-5um diameter circular region of

interest (ROI) was bleached with 1 pulse (0.2s) of 100% laser power at
488 nm (Argon laser line). After bleaching, images were taken every 0.25 s
for 5-10 min to monitor fluorescence recovery. The recovery was measured
with ImageJ by calculating the fluorescent intensity at each time point as
follows: R = [F(t)-F(0)]/[F(pre-bleach)-F(0)], where F(t) is the intensity of
fluorescence at time t: F(t) = [F(ROI(t))-F(bcg(t))]/[F(ctrl(t))-F(bcg(t))],
where “beg” stands for background fluorescence outside the cell, and “ctr]”
stands for control area in the cytosol for full droplet bleaching®. For FRAP
analysis after spot bleaching, a 2 um diameter ROI was bleached with 1 pulse
(0.2's) of 100% laser power at 488 nm (Argon laser line). After bleaching,
images were taken every 0.2 s for 5 min; control for spot bleaching was on a
nearby ERC1-positive condensate area. Curve fitting was performed with
GraphPad Prism® (version 9.0), fitting the data to a non-linear regression
double exponential equation®".

Condensate formation

The formation of condensates was followed in COS7 cells plated for one
day on fibronectin-coated dishes (2.5 pg/ml for 1 h at 37 °C), and then
transfected to express either GFP-ERC1 or GFP-ERCIAN. Right after
transfection, the cells were imaged for 16-18 h (one frame every 5 min)
with Live-Cell Imaging System equipped with 20x lens (Essen BioScience,
Ann Arbor, MI) to follow the formation of the cytoplasmic condensates.
For the graphs in Fig. 3e, the fluorescence intensity in each transfected
cell was measured every hour for 11h, starting from the beginning
of detectable GFP-ERC1 or GFP-ERCIAN expression, by using the
Image ] software™.

Cell motility and live cell imaging

For cell spreading, MDA-MB-231 cells were re-plated 24-48 h after trans-
fection on coverslips coated with 10 ug/mlc fibronectin. After 3h or 18 h
cells were processed for immunofluorescence. COS7 cells were re-plated 24
after transfection on coverslips coated with 10 ug/ml fibronectin. After 1 h
cells were processed for immunofluorescence and images recorded at a Zeiss
Axio Observer.Z1 inverted microscope with 40x or 63x lens equipped with
Hamamatsu 9100 - 02 EM CCD Camera and Plan-Apochromat 63x (NA
1.4) lens. The projected cell area was quantified by ImageJ software (NIH,
Bethesda, MD).

For two-dimensional random migration assays, MDA-MB-231 cells
were replated 24 h after transfection on fibronectin-coated 6-well plates
(2.5 pg/ml, overnight at 4 °C). After overnight culture, cells were washed
with phosphate buffer saline and supplied with fresh medium. Cells were
imaged for 5 h (one frame every 10 min) with IncuCyte Live-Cell Imaging
System equipped with 10x lens (Sartorius). The pathway of transfected cells
in two-dimensional migration assays was tracked and analyzed with Image J
(Manual tracking and Chemotaxis plugins). About 70-100 cells/conditions
were analyzed in each experiment.

Cell trajectories (X, Y) were used to calculate the MSD as follows:
Dx = X(t;; ;:end) — X(1:end-t}); Dy =Y(t;; :end) — Y(1:end-t,); disp_sq=
Dx’ + Dy’  MSD(t;) = mean(disp_sq); MSD_err(t;) = std(disp_sq)/sqrt
(numel(disp_sq)); where D = displacement; t;=initial time; disp_sq=
square displacement; MSD_err(t;) = MSD SEM; std(disp_sq) = standard
deviation of square displacement”. The a values were extrapolated by fitting
MSD data to a linear regression model (MSDyext*)*; where t = time. MSD
and a values were calculated with MatLab®R2022b.

Time-lapse imaging to assess PMAPs in living cells was performed
on MDA-MB-231 cells co-transfected overnight with either GFP, GFP-
ERC1, or GFP-ERCIAN together with mCherry-Zyxin. Cells were
recorded after replating for 18 h on 35 mm diameter fibronectin-coated
(2.5 ug/mL o.n. at 4 °C) glass bottom dishes (MatTek Corporation). For
imaging cells were supplied with phenol red-free DMEM medium with
10% FBS (Thermo Scientific), and recorded at 37 °C with 5% CO,. Images
were acquired for 50 min at 1 frame/min with a Nikon CSU-X1 Spinning
Disk Nikon TE2 inverted microscope with 100x oil lens (1.4 NA) and an
ORCA-Flash 4.0 camera (Hamamatsu) with NIS Elements acquisition
software (Nikon)".
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Matrigel invasion

Transfected MDA-MB-231 cells were for 24 h were seeded (100,000 cells in
100 pl) on Matrigel-coated 8 pm-pore polycarbonate membrane transwells
(Corning) in DMEM/F12 medium with 0.1% bovine serum albumin
(Sigma-Aldrich). NIH-3T3-conditioned medium placed in the lower
chamber was used as chemoattractant. After 5 h at 37 °C non-invading cells
were removed from the upper side of the filter with a cotton swab; cells
invading and crossing the membrane were fixed and stained with DAPI and
anti-GFP Ab.

Extracellular matrix degradation

Gelatin degradation assays were performed as published">”. Briefly, glass
coverslips coated for 1 h at RT with 0.5 mg/ml poly-L-lysine were quenched
15 min at 4 °C with 0.5% glutaraldehyde in phosphate buffer saline and
coated for 10min at RT with Oregon-green-conjugated gelatin (Life
Technologies) diluted 1:4 in 0.2% gelatin in phosphate buffer saline. The
coverslips were finally coated with 10 pg/ml fibronectin in phosphate buffer
saline for 1 h at 37 °C. Cells transfected for 24 h were re-plated on gelatin-
coated coverslips and cultured for 6h at 37°C before processing for
immunofluorescence. Dark areas of gelatin degradation and projected cell
areas were quantified by ImageJ on thresholded images. Invadopodia were
identified by staining for phalloidin. Thirty-50 cells/condition/experiment
were analyzed.

Bioinformatics

The average net charge at pH 7 of the complementary ERCI regions,
ERC1(1-244) and of ERC1AN, was determined as the difference between
positively charged amino acids (Lys and Arg) and negatively charged amino
acids (Gluand Asp). The mean net charge was obtained by dividing the total
net charge by the number of residues of the respective polypeptide®’. The
total hydrophobicity was calculated using the Kyte and Doolittle scale
considering 5-residue intervals*’. The mean hydrophobicity was obtained by
dividing the total hydrophobicity by the number of residues of the respective
polypeptide. The polypeptide sequences were analyzed with ProtParam and
ProtScale®. Structural prediction by Alphafold2® was obtained using the
ColabFold platform®.

Statistics and reproducibility

Statistical analysis was performed with GraphPad Prism 9.0. Datasets were
tested for normality with Shapiro-Wilk test. For datasets with normal dis-
tribution, the statistical significance was calculated by the unpaired two-
tailed Student’s t-test or one-way ANOVA with Dunnett’s or Tukey’s
posthoc. For datasets with non-normal distribution statistical significance
was calculated using Kruskal-Wallis test with Dunn’s posthoc. Data are
presented as means + SEM of at least three experiments

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Data associated to the results presented in this study will be available in the
San Raffaele Open Research Data Repository (https://ordr.hsr.it/research-
data/), https://doi.org/10.17632/tsv85hkcw3.1.
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