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Scribble, Lgl1, and myosin II form a complex in 
vivo to promote directed cell migration

ABSTRACT Scribble (Scrib) and Lethal giant larvae 1 (Lgl1) are conserved polarity proteins 
that play important roles in different forms of cell polarity. The roles of Scrib and Lgl1 in apical-
basal cell polarity have been studied extensively, but little is known about their roles in the cell 
polarity of migrating cells. Furthermore, the effect of Scrib and Lgl1 interaction on cell polar-
ity is largely unknown. In this study, we show that Scrib, through its leucine-rich repeat domain, 
forms a complex in vivo with Lgl1. Scrib also forms a complex with myosin II, and Scrib, Lgl1, 
and myosin II colocalize at the leading edge of migrating cells. The cellular localization and the 
cytoskeletal association of Scrib and Lgl1 are interdependent, as depletion of either protein 
affects its counterpart. In addition, depletion of either Scrib or Lgl1 disrupts the cellular local-
ization of myosin II. We show that depletion of either Scrib or Lgl1 affects cell adhesion through 
the inhibition of focal adhesion disassembly. Finally, we show that Scrib and Lgl1 are required 
for proper cell polarity of migrating cells. These results provide new insights into the mecha-
nism regulating the cell polarity of migrating cells by Scrib, Lgl1, and myosin II.

INTRODUCTION
Cell polarity is essential for various biological processes in different 
cell types, including cell migration, proliferation, differentiation, 
asymmetric division, tissue morphogenesis, and tumor formation 
(Zhu et al., 2014). Loss of cell polarity leads to tissue disorganization, 
uncontrolled proliferation, and migration, which are hallmarks of 
epithelial cancers (Martin-Belmonte and Perez-Moreno, 2012). Cell 
polarity is tightly regulated by the orchestration of three main con-
served protein complexes, Scribble (Scrib), PAR, and Crumbs 
(Martin-Belmonte and Perez-Moreno, 2012). The Scrib module pro-
teins play key functions in the establishment and maintenance of 
different modes of cell polarity, as well as in the control of tissue 
growth and differentiation, and therefore are important regulators 

of tissue development and homeostasis (Humbert et al., 2006). The 
Scrib complex is composed of the Scrib, Lethal giant larvae (Lgl), 
and Discs large (Dlg) proteins. In Drosophila, homozygous mutants 
in these genes resulted in the loss of apico-basal cell polarity and 
neoplastic tissue overgrowth, identifying these proteins as tumor 
suppressors as well as polarity proteins (Bilder et al., 2000). In 
mammalians, Scrib, Lgl, and Dlg play tumor suppressive roles in epi-
thelial cancers (Elsum et al., 2012). The similarity in the mutant phe-
notypes of Scrib, Dlg, and Lgl, and the genetic interactions between 
them have led to the assumption that they function in a common 
pathway to regulate the establishment and maintenance of different 
forms of cell polarities, such as apico-basal polarity in epithelial cells 
(Humbert et al., 2008).

Scrib is a membrane-associated protein that contains 16 leucine-
rich repeats (LRRs) at its N-terminal and four PDZ domains at its C-
terminal (Bonello and Peifer, 2019) (Figure 1A). Scrib is identified as 
a cell-junction-localized protein, essential for embryonic polarization 
and tumor suppression in Drosophila (Bilder et al., 2000; Bilder and 
Perrimon, 2000). Scrib overexpression in mammary epithelial cells 
suppresses the epithelial to mesenchymal transition and promotes 
epithelial differentiation (Elsum et al., 2013). Loss of Scrib disrupts 
epithelial cell polarity and contributes to mammary tumorigenesis 
(Zhan et al., 2008), suggesting that Scrib is a tumor suppressor in 
mammals. Scrib is frequently amplified and overexpressed in multi-
ple human cancers (Pearson et al., 2011; Martin-Belmonte and 
Perez-Moreno, 2012). It has been suggested that proper membrane 
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localization of Scrib is essential for its tumor-suppressive activities, 
as flies with a mislocalized Scrib variant phenocopy the Scrib-defi-
cient mutant (Zhan et al., 2008; Feigin et al., 2014). In addition to its 
roles in the different forms of cell polarity, Scrib also acts in diverse 
cell types as an important integrator of signals required to promote 
cell migration. In many of these cases, Scrib regulates Rho GTPase 
gradients to drive the front-to-back polarization required for di-
rected cell migration activity (Osmani et al., 2006; Dow et al., 2007). 
For example, in astrocytes, Scrib recruits β-PIX, a guanine-nucleo-
tide exchange factor, to the leading edge to facilitate localized 
Cdc42 activity (Osmani et al., 2006). Similarly, in response to direc-
tional cues, MCF-10A epithelial cells require Scrib to recruit Rac1 
and Cdc42 to the leading edge to form stable lamellipodial protru-
sions (Dow et al., 2007).

Lgl consists of two domains: the N-terminal domain, which con-
sists of two β-propellers serving as a docking platform for protein-
protein interactions, and the C-terminal domain, which is Lgl specific 
(Figure 1A). There are two mammalian Lgl homologues, Lgl1 and 
Lgl2. Lgl1 is widely expressed, whereas Lgl2 has a more restricted 
expression pattern in mouse tissues (Klezovitch et al., 2004). Loss of 
Lgl1 in mice results in the formation of neuroepithelial rosette-like 
structures, similar to the neuroblastic rosettes in human primitive neu-
roectodermal tumors (Klezovitch et al., 2004). The expression of Lgl1 
is strongly reduced in several tumor cell lines (Schimanski et al., 2005; 
Kuphal et al., 2006). Lgl is phosphorylated by atypical protein kinase 
C isoform ζ (aPKCζ); this phosphorylation regulates Lgl1 cellular local-
ization, which is important for the correct polarity of migrating cells 
(Plant et al., 2003; Dahan et al., 2014). Scrib and Lgl interact with each 

FIGURE 1: Lgl1 and Scrib interact through Scrib-LRR domain. (A) A schematic illustration of Scrib and Lgl1 proteins 
used in this study. (B) MDA-MB-231 cell extracts were subjected to immunoprecipitation assay using Lgl1 or Scrib 
antibodies. The immunoprecipitated proteins were analyzed by immunoblotting (IB) with antibodies against Scrib and 
Lgl1. Beads only were used as negative control. (C) mCherry-Lgl1, GFP-Scrib, or GFP-only, expressed in HEK293T cells 
subjected to coimmunoprecipitation (co-IP) assay using GFP antibody. The immunoprecipitated proteins were analyzed 
by IB with antibodies against GFP and Lgl1. GFP only was used as a negative control. (D) mCherry-Lgl1, GFP-Scrib-N, 
GFP-Scrib-C, or GFP-only, expressed in HEK293T cells and subjected to co-IP assay using GFP antibody. The 
immunoprecipitated proteins were analyzed by IB with antibodies against GFP and Lgl1. GFP only was used as a 
negative control. (E) mCherry-Scrib-N, and GFP-Lgl1 or GFP-only, expressed in HEK293T cells and subjected to co-IP 
assay using GFP antibody. The immunoprecipitated proteins were analyzed by IB with antibodies against GFP and 
mCherry. *Nonspecific bands. (F) mCherry-Lgl1 and GFP-LRR or GFP-only, expressed in HEK239T cells subjected to 
co-IP assay using GFP antibody. The immunoprecipitated proteins were analyzed by IB with antibodies against mCherry 
and GFP. GFP only was used as a negative control. *Endogenous Lgl1, **Nonspecific band. Molecular weight of the 
proteins are indicated.
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other genetically (Bilder et al., 2000), but there is no evidence that 
Scrib and Lgl interact directly, although Lgl2 coimmunoprecipitates 
with Scrib in HEK293T and MDCK cells (Kallay et al., 2006).

Biochemical and genetic analyses indicate that Lgl is the compo-
nent of the cytoskeleton that interacts with nonmuscle myosin II 
(NMII), an interaction regulated by the phosphorylation of Lgl 
(Strand et al., 1994a,b; Betschinger et al., 2005; Dahan et al., 2012, 
2014). NMII is an actin-based motor protein that is important for cell 
migration through its effects on adhesion, lamellar protrusion, rear 
retraction, and polarity (Conti and Adelstein, 2008; Vicente- 
Manzanares et al., 2009b). NMII is a hexamer composed of two 
heavy chains and two pairs of essential and regulatory light chains. 
The heavy chains include the α-helical coiled-coil rod domain re-
sponsible for the assembly of NMII monomers into filaments, the 
functional structures required for NMII activity. NMII filament forma-
tion is highly dynamic and regulated by phosphorylation (Murakami 
et al., 2000; Dulyaninova et al., 2005; Even-Faitelson and Ravid, 
2006; Rosenberg and Ravid, 2006; Ronen and Ravid, 2009). Mam-
malian cells express three different NMII isoforms: NMIIA, NMIIB, 
and NMIIC (Shohet et al., 1989; Simons et al., 1991; Golomb et al., 
2004). In migrating fibroblasts, the NMII isoforms play different roles 
in cell polarity. NMIIA is dynamic and assembles actomyosin bun-
dles in protrusions. By contrast, NMIIB incorporates into preformed 
F-actin bundles and remains stationary, defining the center and rear 
of the migrating cell, and mediates retraction of the trailing edge 
during migration (Vicente-Manzanares et al., 2009b). NMIIB was 
shown to be important for increase of cancer stem cell invasion, 
whereas NMIIA was required for generating traction forces during 
initial adhesion and spreading (Thomas et al., 2015). We have shown 
that Lgl1 interacts directly with NMIIA, regulating the polarity of mi-
grating cells by controlling the assembly state of NMIIA, its cellular 
localization, and focal adhesion assembly (Dahan et al., 2012). The 
Lgl1-NMIIA interaction is regulated by aPKCζ phosphorylation of 
Lgl1 (Dahan et al., 2014).

The roles of Scrib and Lgl1 in apical-basal cell polarity has been 
studied extensively, but little is known about their roles in polarity of 
migrating cells. The functions of Scrib and Lgl1 in cell polarity have 
been studied for each protein individually, and the effect of their 
interaction on cell polarity in general, as well as on the polarity of 
migrating cells, is largely unknown. In this study, we show that Scrib 
and Lgl1 form a complex in vivo through the Scrib-LRR domain. 
Scrib also forms a complex with NMIIB, and Scrib, Lgl1, and NMIIB 
colocalize at the leading edge of migrating cells. Depletion of Lgl1 
or Scrib disrupts the cellular localization and the cytoskeletal asso-
ciation of Scrib and Lgl1, respectively, as well as of NMIIB. Finally, 
we show that the complex formation of Scrib and Lgl1 is required for 
the proper polarity of migrating cells, cell migration, and adhesion.

RESULTS
Scrib and Lgl1 form a complex in vivo
The idea that Scrib, Lgl, and Dlg form a complex derives from the 
observations that in Drosophila, mutations in these genes produce 
similar phenotypes, and the proteins show complete or partial colo-
calizations, which are interdependent (Bilder et al., 2003; Tanentzapf 
and Tepass, 2003; Bilder, 2004). It was also reported that Lgl2, the 
less abundant Lgl isofrom, coimmunoprecipitates with Scrib (Kallay 
et al., 2006). These studies prompted us to investigate whether Lgl1 
and Scrib interact biochemically in mammalian cells and to charac-
terize these interactions. To this end, we tested whether endoge-
nous Scrib and Lgl1 reside in a complex in MDA-MB-231 cells. For 
this purpose, Scrib or Lgl1 were immunoprecipitated and the coim-
munoprecipitated proteins were analyzed. As shown in Figure 1B, 

Scrib was coimmunoprecipitated with Lgl1 and the reciprocal ex-
periment further indicated that Lgl1 forms a complex with Scrib 
(Figure 1B).

To determine the Scrib domain that interacts with Lgl1, we first 
coexpressed GFP-Scrib and mCherry-Lgl1 in HEK293T cells and pre-
formed a coimmunoprecipitation assay. GFP-Scrib, but not GFP, co-
immunoprecipitated with mCherry-Lgl1, attesting to the specificity 
of Lgl1 and Scrib interaction (Figure 1C). Next, we coexpressed in 
HEK293T cells the N-terminal domain of Scrib (GFP-Scrib-N, amino 
acids (aa) 1–700) or the C-terminal domain of Scrib (GFP-Scrib-C, aa 
701–1630) (Figure 1A) with mCherry-Lgl1. Extracts obtained from 
these cell lines were subjected to coimmunoprecipitation assay. As 
shown in Figure 1D, GFP-Scrib-N but not GFP-Scrib-C coimmuno-
precipitated with mCherry-Lgl1. The reciprocal experiment further 
indicated that Lgl1 forms a complex with Scrib-N (Figure 1E). To map 
more precisely the Scrib domain that forms a complex with Lgl1, we 
created GFP-Scrib-LRR (aa 1–381, Figure 1A) and coexpressed it with 
mCherry-Lgl1 in HEK293T cells. The coimmunoprecipitation assay 
indicated that Lgl1 forms a complex with Scrib through its LRR do-
main (Figure 1F). Note that most of the known Scrib-interacting pro-
teins interact with Scrib through its C-terminal domain (Stephens et 
al., 2018; Wen and Zhang, 2018). Thus, the complex formation of 
Scrib-Lgl1 may point to a unique role for this protein complex.

Pull-down assays using recombinant purified Scrib and Lgl1 pro-
teins failed to indicate a direct interaction between these proteins 
(data not shown). Together, these results indicate that Scrib and Lgl1 
form a complex in vivo, and that this interaction is mediated by 
other protein(s).

Scrib and Lgl1 form distinct complexes
Lgl1 forms a multiprotein polarity complex with Par6 and aPKCζ 
(Plant et al., 2003; Dahan et al., 2014), indicating an intercomplex 
regulation between the Scrib module and the Par complex (Wen 
and Zhang, 2018). We have previously demonstrated that Lgl1 
interacts directly with aPKCζ and that the complex Lgl1-Par6-aPKCζ 
resides in the leading edge of migrating cells (Dahan et al., 2014). 
To further understand the interaction between the Scrib and the Par 
polarity complexes in migrating cells, we tested whether aPKCζ also 
resides in the Scrib-Lgl1 complex. We found that GFP-Lgl1 but not 
with GFP-Scrib coimmunoprecipitated with endogenous aPKCζ 
(Figure 2A). These results indicate that in the cell, the polarity protein 
Lgl1 resides in discrete protein complexes, Lgl1-Scrib and Lgl1-
aPKCζ, respectively (Figure 2K).

Cell polarity during cell migration is important to distinguish ran-
dom cell migration, in which cells migrate in all directions in a non-
coordinated manner, from directed cell migration, in which cells re-
spond to polarizing cues to migrate in a given direction. In both 
cases, cell polarity is required to generate a front-rear axis (Ridley 
et al., 2003). NMII plays different roles in the cell polarity of migrat-
ing cells (Vicente-Manzanares et al., 2009a). We have shown that 
Lgl1 exists in a complex with NMIIA, which regulates its cellular lo-
calization in polarized migrating cells (Dahan et al., 2012). Given the 
important role of NMII in cell migration and invasion (Vicente- 
Manzanares et al., 2008, 2011; Thomas et al., 2015), we tested 
whether endogenous NMIIA or NMIIB interact with endogenous 
Scrib or Lgl1 in MDA-MB-231 cells. To this end, we preformed im-
munoprecipitation of endogenous NMIIA or NMIIB and examined 
the presence of endogenous Lgl1 and Scrib in these complexes. We 
found that NMIIA formed a complex with Lgl1 but not with 
Scrib, while NMIIB formed a complex with Scrib but not with Lgl1 
(Figure 2B and Supplemental Figure S1A). Similar results were ob-
tained when GFP-Lgl1 or GFP-Scrib were coimmunoprecipitated 
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with endogenous NMIIB (Supplemental Figure S1B). Thus, Lgl1 
forms a complex with NMIIA and Scrib with NMIIB.

We have previously shown that NMIIB resides in a complex with 
p21-activated kinase (PAK1) and aPKCζ, and that the interaction be-
tween these proteins is a cue-signal-dependent mechanism (Even-
Faitelson and Ravid, 2006). We further showed that aPKCζ phos-
phorylates NMIIB directly in a cue-signal-dependent manner, 
affecting NMIIB filament assembly and its cellular localization (Even-
Faitelson and Ravid, 2006). Next, we tested whether Scrib or Lgl1 
affects the aPKCζ-NMIIB complex formation in cells subjected to 
wound scratch assay as a signal cue. To this end, we created MDA-
MB-231 cells depleted of Scrib or Lgl1 using two different methods, 

both equally efficient in reducing the expression of Scrib and Lgl1 
(Supplemental Figure S2, A and B). Note that the expression levels 
of Lgl1 in Scrib-depleted cells and of Scrib in Lgl1-depleted cells 
were not affected (Supplemental Figure S2, A and B). Scrib- or Lgl1-
depleted cell lines were subjected to wound scratch assay, and the 
aPKCζ-NMIIB complex formation was analyzed with a coimmuno-
precipitation assay. Stimulation of control cells with wound scratch 
led to increased amounts of aPKCζ that were associated with NMIIB 
compared with unstimulated cells (Figure 2C). The amounts of 
aPKCζ that were associated with NMIIB were further enhanced by 
the depletion of Scrib or Lgl1 (Figure 2C). Quantification of the rela-
tive amounts of aPKCζ associated with NMIIB further indicated that 

FIGURE 2: Scrib and Lgl1 form distinct protein complexes in mammalian cells. (A) GFP-Scrib, GFP-Lgl1, or GFP-only, 
expressed in HEK293T cells subjected to co-IP assay with endogenous aPKCζ using GFP antibody. The 
immunoprecipitated proteins were analyzed by IB with antibodies against GFP and aPKCζ. (B) MDA-MB-231 cell 
extracts were subjected to IP assay using NMIIA or NMIIB antibody. The immunoprecipitated proteins were analyzed by 
IB with antibodies against NMIIA, NMIIB, Scrib, and Lgl1. Beads only were used as negative control. (C) MDA-MB-231 
cells depleted for Lgl1 and Scrib, shLgl1, and shScrib cell lines, respectively, were treated with or without Dox, 
subjected to wound scratch assay followed by IP using NMIIB antibody. The immunoprecipitated proteins were 
analyzed by IB with antibodies against NMIIB and aPKCζ. The numbers below the gel lanes represent the relative 
amount of aPKCζ associated with NMIIB, which was determined from the band intensity using ImageGauge software, 
and normalized relative to the samples obtained from untreated control cells. Molecular weights of the protein are 
indicated. (D, F, H) Cellular localization of Scrib, Lgl1, NMIIB, and aPKCζ. MDA-MB-231 cells were subjected to wound 
scratch assay, fixed, and immunostained for Scrib, Lgl1, and NMIIB (D); for Lgl1 and aPKCζ (F); and for NMIIB and 
aPKCζ (H). Scale bar, 10 µm. Yellow arrows indicate direction of migration and white arrows indicate that localization of 
Scrib, Lgl1, aPKCζ, and NMIIB to the cell leading edge. The fluorescent intensity was measured 1 µm outside of the cell 
leading edge and 5 µm toward the cell center. (E, G, I) PCC between the fluorescence intensity of endogenous Scrib, 
Lgl1, and NMIIB (E); Lgl1 and aPKCζ (G); and NMIIB and aPKCζ (I) at the cell leading edge and in the lamella. Cell 
leading edge was defined as the outer rim of the front of the cell that is highlighted by the staining of Scrib, Lgl1, 
NMIIB, or aPKCζ. The lamella was defined as the region behind the cell outer rim. Results are mean ± SD, n = 20, 20, 
and 15, respectively, subjected to paired Student’s t test. (J) A model depicting the different complexes that are formed 
by Lgl1, Scrib, NMIIA, NMIIB, and aPKCζ at the cell leading edge.
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shScrib and shLgl1 cell lines untreated with Dox were increased by 
4.8- and 1.3-fold on stimulation with wound scratch (Figure 2C). On 
depletion of Scrib or Lgl1, the association was further increased to 
six- and threefold (Figure 2C) repectively. Thus, the aPKCζ-NMIIB 
complex formation is enhanced by an extracellular directional mi-
gration cue, indicating that aPKCζ regulates NMIIB in migrating 
cells. Because aPKCζ binds Lgl1 and NMIIB binds Scrib, on deple-
tion of Lgl1 and Scrib, there is an increase in free aPKCζ and NMIIB, 
respectively, which may increase the amounts of aPKCζ associated 
with NMIIB.

To further explore the role of the Scrib-Lgl1 complex in polarized 
migrating cells, we characterized the cellular localization of these 
proteins in MDA-MB-231 cells subjected to wound scratch assay to 
achieve polarized migrating cells. In polarized migrating MDA-
MB-231 cells, endogenous Scrib and Lgl1 mainly colocalized at the 
cell leading edge (Figure 2D). Some of the Scrib and Lgl1 proteins 
were also localized at the rear part of the cells. These observations 
were confirmed by quantification of the fluorescence intensity of 
Scrib and Lgl1 from the leading edge of the cell toward its center 
(Figure 2D). The fluorescence intensity patterns of Scrib and Lgl1 
were similar with maximum fluorescence at the cell edge (Figure 2D). 
To analyze the level of Scrib and Lgl1 colocalization, the Pearson cor-
relation coefficient (PCC) was calculated between the fluorescence 
intensity profiles of Scrib and Lgl1 in the cell leading edge compared 
with the lamella (Figure 2E). Quantitatively, the PCC between Scrib 
and Lgl1 in the cell leading edge (0.81 ± 0.09; mean ± SD) was signifi-
cantly higher than in the lamella (0.33 ± 0.17). Thus, Scrib and Lgl1 
colocalize at the cell leading edge. These results are consistent with 
the findings that Scrib is recruited to the leading edge of migrating 
astrocytes (Osmani et al., 2006), and that Lgl1 colocalized with F- 
actin at the cell leading edge of migrating fibroblasts (Plant et al., 
2003; Dahan et al., 2012). Next, we analyzed the cellular localization 
of endogenous NMIIB. We found that NMIIB localized mainly at the 
rear of the cell and was associated with stress fibers, as described 
previously (Kolega, 1998; Gupton and Waterman-Storer, 2006; 
Vicente-Manzanares et al., 2011). Some of NMIIB colocalized with 
Scrib and Lgl1 at the cell leading edge (Figure 2D). These observa-
tions were confirmed by quantification of the fluorescence intensity 
of NMIIB, Scrib, and Lgl1 from the leading edge of the cell toward its 
center (Figure 2D). The fluorescence intensity patterns of NMIIB, 
Scrib, and Lgl1 were similar with maximum fluorescence at the cell 
leading edge (Figure 2D). Similarly, the PCC between Scrib and 
NMIIB and Lgl1 and NMIIB in the cell leading edge (0.7 ± 0.17 and 
0.74 ± 0.11, respectively) was significantly higher than in the lamella 
(0.27 ± 0.17 and 0.15 ± 0.15, respectively) (Figure 2E).

The localization of NMIIB at the cell leading edge is in contrast 
to the known cellular localization of NMIIB that is absent from the 
cell leading edge of migrating cells such as CHO-K1 and fibroblasts 
(Vicente-Manzanares et al., 2007, 2008). Yet, it has been shown that 
in MDA-MB-231 cells, NMIIB is recruited to the lamellar margin dur-
ing active spreading on fibronectin, and that NMIIB seems to play a 
role in the mechanics of lamellar protrusion (Betapudi et al., 2006). 
NMIIA was also found to concentrate at the cell leading edge 
(Figure 3C). Thus, in MDA-MB-231 cells, NMII isoforms are localized 
at the cell leading edge, in addition to their known cellular localiza-
tion. Next, we tested the cellular localization of aPKCζ, Lgl1, and 
NMIIB in MDA-MB-231 cells migrating cells. We found that aPKCζ 
concentrated along with Lgl1 and NMIIB at the cell leading edge and 
some of it was cytoplasmic (Figure 2, F and H). These observations 
were confirmed by quantification of the fluorescence intensity of 
these proteins from the leading edge of the cell toward its center as 
well as by PCC quantification between aPKCζ and Lgl1 and between 

aPKCζ and NMIIB (Figure 2, F–I). Quantitatively, the PCC between 
aPKCζ and Lgl1 or NMIIB in the cell leading edge (0.91 ± 0.08 and 
0.80 ± 0.12, respectively) was significantly higher than in the lamella 
(0.21 ± 0.21 and 0.22 ± 0.18, respectively). These results further in-
dicate that the complexes Lgl1-aPKCζ and NMIIB-aPKCζ are 
formed at the cell leading edge.

Together, these results indicate that several distinct complexes 
are formed within the cell, Scrib-Lgl1, Scrib-NMIIB, Lgl1-NMIIA, as 
well as Lgl1-aPKCζ and NMIIB-aPKCζ (Figure 2J).

The cellular localization of Scrib and Lgl1 is interdependent
To test the effect of the Scrib-Lgl1 interaction on their cellular local-
ization, cells lines depleted of Scrib or Lgl1 were subjected to wound 
scratch assay, and the cellular localization of Scrib, Lgl1, and NMIIB 
was examined. In cells depleted of Scrib, Lgl1 was diffused mainly 
within the cells, and was missing from the leading edge of the cells, 
unlike control cells, in which Lgl1 was localized mainly at the cell 
leading edge and some of it at the rear part of the cells (Figure 3A). 
Similarly, Scrib in cells depleted of Lgl1 was diffused in the cell body 
and missing from the cell leading edge, in contrast to control cells, 
in which Scrib was localized in the cell leading edge and some of it 
in the cell body (Figure 3B). These observations indicate that Lgl1 
and Scrib are important for the cell leading edge localization of 
Scrib and Lgl1, respectively. Thus, the cellular localization of Scrib 
and Lgl1 in the cell leading edge is interdependent. Because Scrib 
forms a complex with NMIIB, we tested whether Scrib or Lgl1 affects 
the spatial segregation of NMIIB during cell migration. To this end, 
cells depleted of Scrib or Lgl1 were subjected to wound scratch as-
say and immunostained for NMIIB. In cells depleted of Scrib or Lgl1, 
NMIIB was absent from the lamellipodium and was diffused through-
out the cells, in contrast to control cells, in which NMIIB was local-
ized at the rear of the cells and at the cell leading edge (Figure 3, A 
and B). These results indicate that the Scrib-Lgl1 complex plays a 
role in the proper cellular localization of NMIIB. Next, we tested how 
the absence of Lgl1 or Scrib affects the cellular localization of NMIIA. 
For this purpose, the cellular localization of NMIIA was examined in 
cells depleted of Scrib or Lgl1 and subjected to wound scratch as-
say. We found that NMIIA localized at the cell leading edge and in 
the cytoplasm (Figure 3C). On Lgl1 depletion the width of the cell 
leading edge that was occupied by NMIIA was significantly higher 
than that in control cells (2.91 ± 0.79 and 1.67 ± 0.56, respectively). 
In contrast, depletion of Scrib did not affect the amounts of NMIIA 
localized at the cell leading edge (1.77 ± 0.56 and 1.59 ± 0.55) 
(Figure 3D). These results are consistent with our previous findings 
that in fibroblasts NMIIA is missing from the cell leading edge pre-
sumably because the inhibitory effect of Lgl1 on NMIIA filament 
assembly and depletion of Lgl1 results in the presence of NMIIA in 
this region (Dahan et al., 2012). In addition, these results may indi-
cate that Scrib or Lgl1 affects the cellular localization of NMIIA and 
NMIIB in different manner.

To further study the effect of Scrib-Lgl1 interaction on their cellular 
localization, we determined the amounts of Scrib and Lgl1 associ-
ated with the cytoskeleton in Lgl1- and Scrib-depleted cells, respec-
tively, using a (TX-100) solubility assay. In a control cell line subjected 
to wound scratch assay, most of Scrib (82%) was associated with the 
cytoskeleton, and depletion of Lgl1 resulted in a significant decrease 
in the amounts of Scrib (56%) associated with the cytoskeleton 
(Figure 3E), indicating that Lgl1 contributes to the cytoskeletal asso-
ciation of Scrib. Thirty percent of Lgl1 was associated with the 
cytoskeleton in control cells, and depletion of Scrib resulted in a sig-
nificant decrease in Lgl1 association with the cytoskeleton (10%) 
(Figure 3F). These results indicate that similarly to Scrib, Lgl1 
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FIGURE 3: Cellular localization of Scrib and Lgl1 is interdependent. shScrib (A) and shLgl1 (B) cell lines with or without 
Dox were subjected to wound scratch assay, fixed, and immunostained for Scrib, Lgl1, and NMIIB. Yellow arrows 
indicate the direction of migration and white arrows indicate that localization of Scrib, Lgl1, and NMIIB to the cell 
leading edge. Scale bar, 20 µm. (C) shScrib and shLgl1 cell lines with or without Dox were subjected to wound scratch 
assay, fixed, and immunostained for NMIIA. Yellow and white arrows indicate the direction of migration and the 
localization of NMIIA to the cell leading edge, respectively. Scale bar, 10 µm. (D) The width of the cell leading edge 
occupied by NMIIA was determined by averaging three regions (black lines) along the cell leading edge (CLE) of each 
cell stained for NMIIA as described in the diagram. Data represent the mean ± SD from n = 20 subjected to two-tailed, 
two-sample, and unequal-variance Student’s t test; ns, not significant. (E–G) shCtrl, shScrib, and shLgl1 cell lines were 
subjected to TX-100 solubility assay. Lgl1, Scrib, and NMIIB in the TX–100-soluble (Sup) and in the TX–100-insoluble 
(Pellet) fractions were analyzed with IB using antibodies to Scrib (E), Lgl1 (F), and NMIIB (G). The percentage of Lgl1, 
Scrib, and NMIIB in the Triton-insoluble fractions was determined. Values are the mean ± SD from three independent 
experiments subjected to two-tailed, two-sample, and unequal-variance Student’s t test. Molecular weights of the 
proteins are indicated.
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cytoskeletal association is affected by the presence of Scrib and is 
consistent with the immunostaining results (Figure 3B). A higher per-
centage of NMIIB was associated with the cytoskeleton on depletion 
of either Scrib or Lgl1 (81% and 87% vs. 56% in control cells; Figure 
3G). These data indicate that in the absence of Scrib or Lgl1, higher 
amounts of NMIIB are associated with the cytoskeleton. These re-
sults may indicate that Scrib has an inhibitory effect on NMIIB fila-
ments assembly, similar to the inhibitory effect that Lgl1 has on the 
NMIIA filament assembly (Dahan et al., 2012). Although NMIIB does 
not interact with Lgl1, depletion of Lgl1 led to higher amounts of 
NMIIB associated with the cytoskeleton and to aberrant cellular 

localization. We propose that Lgl1 does not affect NMIIB directly, but 
rather through its effects on Scrib. In other words, in the absence of 
Lgl1, Scrib exhibits aberrant cellular localization and cytoskeletal as-
sociation, affecting the behavior of NMIIB. Together, these results 
indicate an interactive complex involving Lgl1-Scrib-NMIIB.

Scrib and Lgl1 are required for proper cell adhesion
In the course of characterizing the Scrib- and Lgl1-depleted cells, 
we noticed that these cell lines adhered more firmly than control 
cells. Indeed, adhesion assay indicated that cells depleted of Scrib 
or Lgl1 were ∼1.6- and ∼1.3-fold more adhesive than the control cell 

FIGURE 4: Scrib and Lgl1 play a role in cell adhesion. (A) shScrib and shLgl1 cell lines with or without Dox were seeded 
on dishes, and after 45 min, phase-contrast images of the cells were taken by confocal microscopy. Arrows and 
arrowheads indicate nonadhesive and adhesive cells, respectively. Scale bar, 10 µm. (B) Quantification of adhered cells in 
shScrib and shLgl1 treated with or without Dox and in shLgl1 and shScrib cell lines treated with Dox and expressing 
Neon-Lgl1 and Neon-Scrib, respectively. Adhered and rounded detached cells in 10 randomly chosen fields were counted 
and the percentage of adhered cells in each field was calculated. Values are the mean ± SD from three independent 
experiments, subjected to ANOVA with a post hoc test; ns, not significant. (C) shScrib and shLgl1 cell lines with or 
without Dox were subjected to wound scratch assay, fixed, and immunostained for Paxillin. Arrows indicate large focal 
adhesions. Scale bar, 10 µm. (D) Dot-plot of average number of focal adhesion (FA) per cell in shScrib cell line, n = 31 (no 
Dox), n = 28 (with Dox), shLgl1 cell line n = 43 (no Dox), n = 33 (with Dox), and cells depleted for Scrib or Lgl1 expressing 
Neon-Scrib (n = 16) and Neon-Lgl1 (n = 16), respectively. Values are the mean ± SD subjected to ANOVA with a post hoc 
test. (E) Dot-plot of the average focal adhesion size per cell in shScrib cell line, n = 32 (no Dox), n = 32 (with Dox), shLgl1 
cell line, n = 43 (no Dox), n = 33 (with Dox), and in cells depleted for Scrib or Lgl1 expressing Neon-Scrib (n = 16) and 
Neon-Lgl1 (n = 16), respectively. Values are the mean ± SD subjected to ANOVA with a post hoc test. (F) Quantifications 
of the percentage of cell perimeter occupied by large FA. shScrib cell line, n = 7 (no Dox), n = 9 (with Dox), and shLgl1 cell 
line, n = 7 (no Dox), n = 10 (with Dox). Values are the mean ± SD subjected to ANOVA with a post hoc test.
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line (Figure 4, A and B). Similar observations were reported following 
the depletion of Lgl1 from fibroblast (Dahan et al., 2012). To address 
the specificity of Scrib and Lgl1 shRNA, we tested whether the ef-
fects of Scrib and Lgl1 depletion could be rescued with re-expres-
sion of Scrib or Lgl1 which are resistant to the shRNA targeting Scrib 
or Lgl1 (Supplemental Figure S2C). The shRNA was targeted to the 
3′ untranslated region (UTR) of Scrib or Lgl1 and this allowed us to 
re-express Scrib or Lgl1 from cDNA clones that did not contain the 
3′ UTR. Re-expression of Scrib or Lgl1 in cells depleted for Scrib or 
Lgl1, respectively, decreased the percentage of adhesive cells to the 
levels of control cells (Figure 4B).

Several studies have shown the involvement of NMII and Lgl1 in 
cell adhesion. Depletion of NMII decreases the size of adhesions 
(Vicente-Manzanares et al., 2008; Parsons et al., 2010), underscor-
ing the requirement for NMII activity in maintaining these struc-
tures. Depletion of Lgl1 from fibroblast promoted small, nascent 
focal adhesions, indicating that Lgl1 is involved in focal adhesion 
maturation, possibly through the regulation of NMIIA (Dahan et al., 
2012). These studies prompted us to examine the role of Scrib and 
Lgl1 in focal adhesion morphology and formation in MDA-MB-231 
cells. To this end, cells depleted of Scrib or Lgl1 were immunofluo-
rescently stained for paxillin as focal adhesion marker (Figure 4C), 
and the number of focal adhesions per cell was determined. De-
pletion of Scrib resulted in an increase in the number of focal adhe-
sion per cell (46 vs. 61 focal adhesions/cell) (Figure 4D). By con-
trast, depletion of Lgl1 did not affect significantly the number of 
focal adhesions per cell (control, 50 vs. shLgl1 46 focal adhesions/
cell) (Figure 4D). Re-expression of Scrib and Lgl1 in cells depleted 
for Scrib and Lgl1, respectively, restored the number of focal adhe-
sion to control levels (Figure 4D). Next, we analyzed the focal adhe-
sion size in cells depleted of Scrib or Lgl1. Depletion of Scrib led to 
a significant increase in the average size of focal adhesions, com-
pared with control cells (0.56 ± 0.25 vs. 1.57 ± 0.58 μm2) (Figure 
4E). Similarly, depletion of Lgl1 led to a significant increase in the 
average size of focal adhesion (0.8 ± 0.3 vs. 1.14 ± 0.42) (Figure 4E). 
Re-expression of Scrib or Lgl1 in cells depleted for Scrib and Lgl1, 
respectively, reduced the size of focal adhesion to control levels 
(0.6 ± 0.2 and 0.76 ± 0.24, respectively) (Figure 4E). At cell–cell 
junctions, control cells as well as cells depleted of Scrib or Lgl1 
exhibited large focal adhesions (∼10 μm2). The phenomenon was 
robust in cells depleted of Scrib or Lgl1 (Supplemental Figure S3A). 
Thus, Scrib and Lgl1 may play a role in focal adhesion disassembly. 
We also noticed that some of the cells depleted of Scrib or Lgl1 
presented continuous focal adhesions, mainly at the cell leading 
edge, ranging between 17 and 35 μm2 (Supplemental Figure S3B). 
We found that ∼6% of the cells depleted of Scrib had continuous 
focal adhesions that occupied ∼33% of the cell perimeter com-
pared with 2% of control cells with continuous focal adhesions that 
occupied ∼11% of the cell perimeter (Figure 4E). This phenomenon 
was even more robust in cells depleted of Lgl1: ∼15% of cells de-
pleted of Lgl1 had ∼43% of their perimeter occupied with large 
focal adhesions compared with 2% of control cells, which had 
∼13% of their perimeter occupied with continuous focal adhesion. 
These results may indicate that Scrib and Lgl1 are involved in the 
disassembly process of focal adhesions. In the absence of Scrib or 
Lgl1, focal adhesion disassembly is perturbed, leading to cells with 
large focal adhesions and high adhesive properties.

Depletion of Scrib or Lgl1 impairs cell polarity in 
migrating cells
Because Scrib and Lgl1 play important roles in the polarity of mi-
grating cells (Osmani et al., 2006; Dahan et al., 2012; Michaelis 

et al., 2013), we tested how depletion of Scrib or Lgl1 affects the 
polarity of migrating cells. MDA-MB-231 cells subjected to wound 
scratch assay presented three distinct cell morphologies (Figure 
5A). We quantified these morphologies to provide a polarity index 
(PI). The index is the result of dividing the length of the main mi-
gration axis, which denotes the direction of migration, by the 
length of the perpendicular axis that passes through the center of 
the nucleus. Cells with a PI smaller than 1 exhibited a wide lamella 
and a short rear end, resulting in a crescentlike shape (Figure 5A); 
cells with a PI between 1 and 3.5 had the classic front-rear migrat-
ing cell morphology; and cells with a PI higher than 3.5 had an 
elongated morphology (Figure 5A). The different cell morpholo-
gies are an indication of the extent of cell contractility, with a PI < 
1 and >3.5 representing low and high contractility, respectively. 
Depletion of either Scrib or Lgl1 led to a significant decrease in 
cells with a PI between 1 and 3.5 and a significant increase in cells 
with a PI > 3.5 (Figure 5, B and C). These cells had an elongated 
shape, indicating loss of cell polarity and impairment in the 
formation of the cell rear, a role previously ascribed to NMIIB 
(Vicente-Manzanares et al., 2008). Because Scrib regulates NMIIB 
association with the cytoskeleton (Figure 3E), and Lgl1 regulates 
the assembly state of NMIIA (Figure 3C and Dahan et al., 2012), 
we propose that in the absence of either Lgl1 or Scrib, NMIIA and 
NMIIB exhibit filament overassembly, leading to high cell contrac-
tility and elongated cell morphology. Thus, Scrib and Lgl1 affect 
the architecture of the actomyosin network in the cell cortex regu-
lating cortical contractility and cell polarity.

In addition to differences in cell morphology, the position of the 
nucleus and the Golgi apparatus are also the hallmarks of migratory 
cell polarization. The Golgi apparatus reposition in front of the nu-
cleus toward the direction of protrusion (Nabi, 1999; Etienne-Mann-
eville and Hall, 2001). To further understand the role of Scrib and 
Lgl1 in establishing cell polarity in migrating cells, we analyzed the 
orientation of the Golgi complex in cells depleted of Scrib or Lgl1 
and subjected to wound scratch assay (Figure 5D). Depletion of 
Scrib or Lgl1 led to a significant decrease in the percentage of cells 
whose Golgi apparatus was oriented in the direction of migration, 
39% and 43%, respectively, compared with control cells (∼57%) 
(Figure 5E). Re-expression of Scrib or Lgl1 in cells depleted for Scrib 
and Lgl1, respectively, increased the percentage of cells with the 
correct orientation to control levels (∼53%) (Figure 5E). Together, 
these results indicate that Scrib and Lgl1 play an important part in 
the establishment of front-rear cell polarity in migrating cells.

Scrib and Lgl1 are essential for directed cell migration
Having observed the defects in the cell polarity of migrating cells on 
Scrib or Lgl1 depletion, we next determined the effect of Scrib and 
Lgl1 depletion on directed cell migration. To this end, we assessed 
the ability of cells depleted of Scrib or Lgl1 to initiate migration in a 
wound scratch assay. In contrast to control cells that migrated in one 
sheet to close the wound, some of the Scrib- or Lgl1-depleted cells 
detached from the cell sheet and moved in different directions, as 
single cells or as a group of a few cells (Figure 6A). Next, we deter-
mined the ability of the Scrib- or Lgl1-depleted cells to close a 
wound. Whereas control cells closed ∼65% of the wound 15 h after 
wounding, cells depleted of Scrib or Lgl1 closed only ∼40% and 
∼30% of the wound, respectively (Figure 6C).

To further understand the role of Scrib and Lgl1 on directed cell 
migration, we tracked single-cell migration using time-lapse micros-
copy of cells depleted of Scrib or Lgl1 and subjected to wound 
scratch assay. We derived the persistence of migration (the ratio of 
the vectorial distance traveled to the total path length of the cell) and 
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cell speed from the track plots. Whereas control cells moved along 
relatively straight paths, with high persistence of migration, cells 
depleted of Scrib or Lgl1 moved randomly, with several changes in 
direction, some of them moving in circles returning to their starting 
point (Figure 6D). These cells also demonstrated a significant de-
crease in persistence (shScrib, 0.27 and shLgl1, 0.24) compared with 
control cells (0.69) (Figure 6E). Furthermore, the migration rate of 
Scrib- and Lgl1-depleted cells was lower than that of control cells 
(1.02 and 1.08 vs. 3.17 μm/h) (Figure 6F). Because the rate of cell 
migration is determined by the turnover of focal adhesions, we 
propose that in the absence of Scrib or Lgl1, there is slower focal 
adhesions disassembly affecting cell speed and persistence.

DISCUSSION
Using biochemical assays, we showed that Scrib, through its LRR 
domain, forms a complex with Lgl1 in vivo. Repeated attempts to 
detect a direct interaction between Scrib and Lgl1 failed; therefore, 
we can state with a high degree of confidence that these proteins 
do not interact directly, and there is another protein(s) that mediates 
the interaction between Scrib and Lgl1, similar to the adaptor pro-
tein Guk-holder, which is necessary to physically couple Scrib with 
Dlg (Mathew et al., 2002; Caria et al., 2018). Proteomics approaches 
identified protein complexes that involved Scrib and Lgl1 (Daulat 
et al., 2018; Pires and Boxem, 2018), and we will use such ap-
proaches to identify the protein(s) that links Scrib to Lgl1. Because 
mutations in Scrib and Lgl1 produce identical phenotypes, and the 

proteins show complete or partial colocalizations, it was suggested 
that Scrib and Lgl1 perform their functions in cell polarity when they 
are in a complex (Bilder et al., 2000). Note, however, that Scrib and 
Lgl1 also function independently of each other (Daulat et al., 2018). 
For example, mutation in Scrib did not affect collective migration, 
whereas mutation in Lgl triggered invasion (Szafranski and Goode, 
2007). Therefore, Scrib and Lgl1 may perform related but separate 
functions, as components of distinct protein complexes in the differ-
ent forms of cell polarity.

Scrib and Lgl1 are indispensable for the establishment and main-
tenance of epithelial cell polarity (Assemat et al., 2008), but the 
mechanism by which Scrib and Lgl1 contribute to the establishment 
of polarity in migrating cells is poorly understood. Our data contrib-
ute to the understanding of this mechanism. We show that in addi-
tion to the association of Scrib with Lgl1, the two are also associated 
with NMII, Scrib is associated with NMIIB, and Lgl1 with NMIIA 
(Dahan et al., 2012). Furthermore, aPKCζ is associated with Lgl1 but 
not with Scrib, and aPKCζ is also associated with NMIIB that is en-
hanced in response to extracellular directional cues, such as wound 
healing (in this study), and EGF (Even-Faitelson and Ravid, 2006). 
We propose that in response to extracellular migration cues, such as 
a chemotactic gradient, or during wound healing, several protein 
complexes are formed: Scrib-Lgl1, Scrib-NMIIB, Lgl1-NMIIA, 
aPKCζ-Lgl1, and aPKCζ-NMIIB (Figure 2K). These protein com-
plexes colocalize at the leading edge of migrating cells and to-
gether promote cell polarity and directed cell migration. The cellular 

FIGURE 5: Scrib and Lgl1 depletion disrupt cell polarity. (A) A representative image of cells in wound. Scale bar, 50 µm. 
The colored boxes indicate the different forms of cell polarity, and their respective PIs are indicated to the right. White 
lines indicate the axes used to calculate the PI. F, Front; B, Back; scare bar, 8 µm. shScrib (B) and shLgl1 (C) cell lines with 
or without Dox were subjected to wound scratch assay and images were taken 4 h after the wound and the PI 
distribution of the cells in the first row along the wound edge was determined. Data represent the percentage of cells in 
each field exhibiting the different PI, shscrib cell line 14 fields, n = 129 (without Dox), 18 fields, n = 158 (with Dox), and 
shLgl1 cell line 10 fields, n = 107 (without Dox), 7 fields, n = 107 (with Dox). Values are the mean ± SD subjected to 
two-tailed, two-sample, and unequal-variance Student’s t test. (D) shScrib and shLgl1 cell lines with or without Dox were 
subjected to wound scratch assay and nuclei and Golgi apparatus were stained. Yellow arrow indicates the direction of 
migration. White arrows and arrowheads indicate correctly and incorrectly oriented cells, respectively. Scale bar, 20 µm. 
(E) Quantification of the percentage of wound-edge cells with their Golgi apparatus in the quadrant that is in front of 
their nucleus and facing the wound (blue-red diagram) is presented in Dot-plot. N, Nucleus; G, Golgi apparatus. Data 
represent the mean ± SD of n > 480 cells at least from 20 fields subjected to ANOVA with a post hoc test; ns, not 
significant.
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localization of Scrib and Lgl1 in the lamellipodium of migrating cells, 
as well as their cytoskeletal association, are interdependent. It was 
reported that the LRR domain of Scrib facilitates correct localization 
of Scrib at the cell membrane (Bonello and Peifer, 2019). Because 
the Scrib-LRR domain forms a complex with Lgl1, we propose that 
Scrib and Lgl1 localization at the cell leading edge of migrating cells 
requires the Scrib-LRR domain. Thus, in the absence of either Scrib 
or Lgl1, neither of these proteins localized properly in migrating 
cells. In addition, Lgl1 binds to the plasma membrane and to NMII 
containing cytoskeleton through its C-terminal domain (Dahan 
et al., 2012; Bailey and Prehoda, 2015; Dong et al., 2015). Scrib and 
Lgl1 affect the cellular localization and the cytoskeletal association 
of NMIIB and NMIIA. We propose that the Scrib-Lgl1 complex is 
anchored to the plasma membrane as well as to the cytoskeleton 
through interaction with NMIIA and NMIIB. The increased amounts 
of cytoskeletal NMIIB in cells depleted of Scrib may indicate that 
Scrib negatively regulates NMIIB cytoskeletal association. Similarly, 
depletion of Lgl1 increased the amounts of NMIIA at the cell lead-
ing edge, thus Lgl1 regulates the cellular localization of NMIIA by 
binding to NMIIA, inhibiting its filament assembly (Dahan et al., 
2012, 2014). Hens, Scrib, and Lgl1 may regulate the amounts of 
NMIIA and NMIIB localized at the cell leading edge, balancing be-
tween actin polymerization and NMIIA and NMIIB filament assem-
bly, which are required for lamellipodial extension and cell migra-
tion. Although Lgl1 does not form a complex with NMIIB, the 
amounts of NMIIB associated with the cytoskeleton increase on 
depletion of Lgl1. We propose that the effect of Lgl1 on NMIIB is 
indirect, exercised through the effect of Lgl1 on Scrib. The increase 
of cytoskeletal NMIIB may also explain the other defects in cell ad-
hesion, polarity, and migration exhibited by cells depleted of Scrib 
or Lgl1. Thus, in migrating cells, Scrib and Lgl1 are involved in sev-
eral mechanisms that promote cell polarity (Figure 7A). Scrib is fre-

quently amplified and overexpressed in multiple human cancers 
(Pearson et al., 2011; Martin-Belmonte and Perez-Moreno, 2012), 
contrary to its tumor-suppressive functions in genetic studies. It has 
been suggested that proper membrane localization of Scrib is 
essential for its tumor-suppressive activities (Feigin et al., 2014). 
We propose that the oncogenic properties of Lgl1 exhibited by 
cells with low Lgl1 expression can be also related to Scrib 
mislocalization.

Another level of regulation of cell polarity of migrating cells is 
provided by aPKCζ. We show that aPKCζ forms discrete complexes 
with Lgl1 and NMIIB, and colocalizes with these proteins at the 
leading edge of migrating cells. aPKCζ phosphorylates Lgl1 in a 
region that interacts with the plasma membrane (Moreira and Mo-
rais-de-Sa, 2016), regulating the cellular localization of Lgl1 (Dahan 
et al., 2014). aPKCζ also phosphorylates NMIIB heavy chains in re-
sponse to directional cues regulating its cytoskeletal association 
(Even-Faitelson and Ravid, 2006). We propose that NMIIB phos-
phorylation by aPKCζ regulates its cytoskeletal association as well 
as its association with Scrib at the cell leading edge. Thus, in migrat-
ing cells, aPKCζ phosphorylates Lgl1 and NMIIB, regulating their 
localization at the cell leading edge (Figure 7B).

NMII plays a main role in directed cell migration. NMIIA is en-
riched anteriorly, and NMIIB coassembles with NMIIA filaments and 
becomes the dominant isoform in the posterior of the cell to pro-
mote polarized migrating cells (Kolega, 1998; Vicente-Manzanares 
et al., 2008; Raab et al., 2012). NMIIB also plays an important role in 
migratory cell polarization by positioning the nucleus during migra-
tion (Lo et al., 2004; Gomes et al., 2005). Furthermore, NMIIA pro-
motes maturation and turnover of lamella focal adhesions, while 
NMIIB promotes long-lived focal adhesions in the cell center and 
rear (Vicente-Manzanares et al., 2011). Depletion of either Scrib or 
Lgl1 led to an increase in focal adhesion size, and we propose that 

FIGURE 6: Scrib and Lgl1 regulate directed cell migration. (A, B) shCtrl, shScrib, and shLgl1 cell lines were subjected to 
wound scratch assay and images were taken at the start of the experiment (0 h), 6 h later (6 h) and 15 h later (15 h) as 
indicated. Dashed lines indicate the edge of the wound and solid lines indicate the boundary of the wound at 0 h. Scale 
bars, 500 and 50 µm, respectively. (C) Wound rate closure at 15 h. Values are the mean ± SD from three independent 
experiments subjected to ANOVA with a post hoc test. (D) shCtrl, shScrib, and shLgl1 cell lines were seeded on µ-Slide 
4 well-coated chamber and subjected to wound scratch assay; cells were tracked using time-lapse confocal microscopy 
at 30-min intervals. The paths of 10 randomly chosen cells were plotted for each experimental group. Paths are oriented 
in such a way that the start point is normalized to the origin. The persistence of migration (E) and the speed of 
migration (F) were extracted from the track plots and presented in dot-plot. Persistence is defined as the ratio of the 
vectorial distance traveled to the total path length described by the cell. Values are the mean ± SD for n >20 from two 
independent experiments subjected to ANOVA with a post hoc test.
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FIGURE 7: The different roles of Scrib and Lgl1 in polarized cell migration. (A) Lgl1 and Scrib 
affect polarized cell migration together in a complex as well as independent of each other. 
Lgl1-Scrib complex promotes cell polarity by localizing at the cell leading edge. In addition, Lgl1 
and Scrib affect the cellular localization of NMIIA and NMIIB, respectively. Scrib through 
interaction with β-PIX affects Rac1/Cdc42 activity as well as focal adhesion disassembly. 
Together Scrib, Lgl1, and NMII proteins function to promote polarized cell migration. (B) Scrib 
and Lgl1 binds to NMIIB and NMIIA, respectively, regulating their cellular localization at the cell 
leading edge through their effect on NMII filament assembly. aPKCζ phosphorylates Lgl1 
inhibiting its binding to the cell membrane and to the NMIIA containing cytoskeleton. aPKCζ 
may also affect the Lgl1-Scrib complex formation by reducing the amounts of Lgl1 available at 
the cell membrane. Finally, aPKCζ phosphorylates NMIIB regulating its cytoskeletal association 
as well as its association with Scrib.

Scrib and Lgl1 affect the dynamic of focal adhesions maturation and 
turnover through regulation of the cellular localization of NMIIA and 
NMIIB (Figure 7A). We previously showed that depletion of Lgl1 
from fibroblasts promotes small, nascent focal adhesions (Dahan 
et al., 2012). In the current study, we show that depletion of Lgl1 
increases the number of large mature adhesions. In fibroblasts, 
NMIIA localizes outside of protrusions regulating maturation of na-
scent cell adhesions in the lamella. In contrast, in MDA-MB-231 
cells, NMIIA localizes at the cell leading edge as well as at the rear 
of the cell. Thus, it is plausible that in MDA-MB-231 cells, NMIIA 
regulates focal adhesion dynamics and maturation at the cell lead-
ing edge. On depletion of Lgl1, the amounts of NMIIA accumulated 
at the cell leading edge increased significantly. We postulate that 
this increase leads to aberrant focal adhesion dynamics resulting in 
large focal adhesions.

Scrib regulates Rho GTPase gradients to drive the front-to-back 
polarization required for directed cell migration (Osmani et al., 
2006; Dow et al., 2007; Frank and Hansen, 2008). Scrib directly 
binds to β-PIX, and it is required to anchor β-PIX at the cell cortex 
(Audebert et al., 2004). β-PIX activates Rac1 and Cdc42, for exam-
ple, in astrocytes. Scrib recruits β-PIX to the leading edge to facilitate 

localized Cdc42 activity (Osmani et al., 
2006). Similarly, in response to directional 
cues, MCF-10A epithelial cells require Scrib 
to recruit Rac1 and Cdc42 to the leading 
edge to form stable lamellipodial protru-
sions (Dow et al., 2007). Fibroblasts and epi-
thelial cells deficient in β-PIX move slower 
and exhibit a defect in directed cell migra-
tion (Audebert et al., 2004; Cau and Hall, 
2005; ten Klooster et al., 2006; Nola et al., 
2008; Yu et al., 2015). Furthermore, β-PIX is 
required for lamellipodial formation, cell 
shape changes, and Rac1 activity induced 
by inhibition of NMII (Kuo et al., 2011). We 
propose that Scrib affects cell migration 
through the β-PIX-Rac1/Cdc42 pathway 
(Figure 7A). Thus, in cells depleted of Scrib, 
β-PIX is not localized at the leading edge of 
migrating cells on directional cues, leading 
to the absence of Rac1 activation in that re-
gion and to inhibition of lamellipodial ex-
tension and cell migration. Therefore, Scrib 
affects polarized cell migration through 
regulation of β-PIX cellular localization, a 
mechanism that is independent of Lgl1.

Through β-PIX, Scrib may also affect fo-
cal adhesion dynamics (Figure 7A). Screen-
ing of the proteome of focal adhesions re-
covered Scrib as one of many proteins 
enriched in these complexes (Humphries et 
al., 2009). β-PIX also accumulates in assem-
bling nascent adhesions in the absence of 
NMII contractility, and it dissociates from fo-
cal adhesions during NMII-meditated focal 
adhesion maturation (Kuo et al., 2011). In 
fibroblasts, astrocytes, and certain epithelial 
cells, β-PIX is a negative regulator of focal 
adhesion maturation (Zhao et al., 2000; Kuo 
et al., 2011), and loss of β-PIX inhibits focal 
adhesion disassembly (Kuo et al., 2011; 
Hiroyasu et al., 2017). Indeed, cells de-

pleted for Scrib exhibit large continuous focal adhesions, and we 
propose that β-PIX in these cells is inactive, leading to aberrant focal 
adhesion dynamics because of the inhibition of focal adhesion 
disassembly. In addition to its role in Rho GTPase regulation, Scrib 
has also been shown to promote directed migration of endothelial 
cells by regulating the turnover of integrin α5 at focal adhesions 
(Michaelis et al., 2013).

MATERIALS AND METHODS
Cell culture and growth conditions
MDA-MB-231 and HEK293T cell lines were maintained in high glu-
cose DMEM (Sigma-Aldrich) supplemented with 2 mM l-glutamine, 
10% fetal calf serum, and antibiotics (100 U/ml penicillin, 100 mg/ml 
streptomycin, and 1∶100 Biomyc3 anti-mycoplasma antibiotic solu-
tion; Biological Industries, Beit HaEmek, Israel). Cells were grown at 
37°C in a humidified atmosphere of 5% CO2 and 95% air.

Antibodies
Goat polyclonal and mouse monoclonal anti-human Scrib (sc-11049) 
and (sc-55532, sc-55543), respectively, and mouse monoclonal anti-
aPKCζ (sc-17781) were from Santa Cruz Biotechnology. Antibodies 
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specific for the N- and C-terminal region of Lgl1 were generated in 
rabbits (Dahan et al., 2012). Recombinant GFP antibodies were 
prepared in rabbits (Rosenberg and Ravid, 2006). Mouse monoclo-
nal β-actin antibody (A5441) was from Sigma-Aldrich. Antibodies 
specific for the C-terminal region of human NMIIA and NMIIB were 
generated in rabbits according to the method of (Phillips et al., 
1995). Mouse monoclonal anti-NMIIB (ab684) and rabbit polyclonal 
mCherry antibody (ab167453) were from Abcam. Mouse monoclo-
nal anti-paxillin (P13520) was purchased from BD Transduction 
Laboratories. Rabbit polyclonal anti-Lgl1 (D2B5A) was from Cell Sig-
naling Technology. Horseradish peroxidase–conjugated secondary 
antibodies, donkey anti-mouse conjugated to Rhodamine, donkey 
anti-goat conjugated to Alexa Fluor 488, and goat anti-rabbit conju-
gated to Cy5 were from Jackson ImmunoResearch Laboratories. All 
antibodies were diluted 1:1000 for Western blot and 1:100 for 
immunofluorescence.

Preparation of plasmids
All restriction enzymes were from New England Biolabs. All PCR 
reactions were preformed using KAPA HiFi PCR Kit (KAPA Biosys-
tems) or Phusion High-Fidelity DNA polymerase (ThermoFisher 
Scientific) according to manufacturer instructions. Primers used for 
plasmid constructions are shown in Table 1. To create mCherry-
Lgl1, pGFP-Lgl1 (Dahan et al., 2012) was digested with BamHI and 
the fragment was ligated into pm-Cherry plasmid digested with 
BamHI. To create EGFP-Scrib-N (aa 1–700) and EGFP-Scrib-C (aa 
701–1630), EGFP-Scrib was subjected to PCR with primers #1 and 
#2, #3 and #4, respectively. PCR fragments were digested with 
BamHI and EcoRI, and the fragments were ligated into GFP-C2 
plasmid digested with EcoRI and BamHI. To create GFP-Scrib-LRR 
(1–381), GFP-Scrib-N was subjected to PCR with primers #1 and 
#5. The PCR fragment was digested with BamHI and EcoRI and li-
gated into EGFP-C2 plasmid digested with EcoRI and BamHI. To 
create mCherry-Scrib-N, GFP-Scrib-N was subjected to PCR with 

primers #6 and #2. The PCR fragment was digested with BamHI 
and EcoRI and ligated into pm-Cherry digested with EcoRI and 
BamHI. To create Tet-plko-shScrib and Tet-plko-shLgl1, oligonu-
cleotides forward and reverse for both shScrib and shLgl1 (Table 2) 
were annealed to form dsDNA encoding shRNA sequences target-
ing Scrib and Lgl1, respectively. The dsDNA fragments were li-
gated into Tet-pLKO-puro (Addgene) digested with AgeI and 
EcoRI. pLenti-neon was a gift from Alex Rouvinski’s lab. To create 
Lenti-Neon-Scrib and Lenti-Neon-Lgl1, GFP-Scrib and GFP-Lgl1 
were subjected to PCR with primers #7 and #4, #8 and #9, respec-
tively. PCR fragments were digested with BamHI and ligated into 
pLenti-neon plasmid digested with BamHI.

Generation of Scrib and Lgl1 depletion cell lines
HEK293T cells grown to 90% confluency were transfected with 
pGag pol, pMPG-VSVG, and shScramble (TRC1/1.5 Sigma- 
Aldrich) or shScrib (TRCN0000004458 Sigma-Aldrich) or shLgl1 
(TRCN0000117137 Sigma-Aldrich) using polyethylenimine (PEI). 
At 8 h posttransfection, the medium was replaced with fresh me-
dium, and at 24 and 48 h posttransfection, the supernatant was 
collected. The supernatant was centrifuged for 30 min at 500 × g, 
filtered with a 0.45-mm filter, aliquoted, and used directly or stored 
at –80°C. MDA-MB-231 cells were infected with the viruses con-
taining the shRNA-Scramble or shRNA-Scrib or shRNA-Lgl1; 24 h 
postinfection, the medium was replaced with fresh medium. At 
48 h postinfection, fresh medium containing 2 μg/ml Puromycin 
(Sigma-Aldrich) was added. Knockdown of Scrib or Lgl1 was veri-
fied by Western blot.

Generation of inducible Scrib and Lgl1 depletion cell lines
HEK293T cells grown to 90% confluency were transfected with pRev, 
pPM2, pTat, pVSVG, and tet-pLKO-shScrib or tet-pLKO-shLgl1 using 
PEI; 8 h posttransfection, the medium was replaced with a fresh me-
dium. At 24 and 48 h posttransfection, the supernatant was collected 
and filtered with a 0.45-μm filter, and 4 μg/ml Polybrene was added. 
MDA-MB-231 cells were infected with the viruses containing tet-
pLKO-shscrib or tet-pLKO-shLgl1; 24 h postinfection, the medium 
was replaced with fresh medium and 48 h postinfection, fresh me-
dium containing 2 μg/ml Puromycin (Sigma-Aldrich) was added to 
the infected and control cells. Once the control cells died, knock-
down of Scrib or Lgl1 was induced with 1 μg/ml Dox; 95% of Scrib 
and Lgl1 knockdown was detected 72 and 24 h after Dox addition by 
Western blot (Supplemental Figure S2B).

Generation of rescue Neon-Scrib and Neon-Lgl1 cell lines
HEK293T cells grown to 90% confluency were transfected with 
pRev, pPM2, pTat, pVSVG, and Lenti-Neon-Scrib or Lenti-Neon-
Lgl1 using PEI; 8 h posttransfection, the medium was replaced with 
a fresh medium. At 24 and 48 h posttransfectio, the supernatant was 
collected and filtered with a 0.45 μm filter, and 4 mg/ml Polybrene 
was added. MDA-MB-231 shScrib or shLgl1 cells were infected with 
the viruses containing Lenti-Neon-Scrib or Lenti-Neon-Lgl1, respec-
tively; 24 h postinfection, the medium was replaced with fresh 

Oligonucleotides Sequence 5′–3′

Forward oligo tet-shScrib CCGGCTGGCCTGTGACTAACTAACTCTCGAGAGTTAGTTAGTCACAGGCCAGTTTTTG

Reverse oligo tet-shScrib AATTCAAAAACTGGCCTGTGACTAACTAACTCTCGAGAGTTAGTTAGTCACAGGCCAG

Forward oligo tet-shLgl1 CCGGCCCTCACTTTGCAGAGTATTTCTCGAGAAATACTCTGCAAAGTGAGGGTTTTTG

Reverse oligo tet-shLgl1 AATTCAAAAACCCTCACTTTGCAGAGTATTTCTCGAGAAATACTCTGCAAAGTGAGGG

TABLE 2: Oligonucleotides used to create Tet-plko-shScrib and Tet-plko-shLgl1.

Primer Sequence 5′–3′

1 GCA TCG AAT TCA TGC TCA AGT GCA TCC CGC 
TGT GG

2 GGT CGG ATC CCT AAG AAA CCA CGG CCC C

3 GCT CAG AAT TCG CGC CCT CTG TCA AGG GAG 
TTT CG

4 CCT GAG GAT CCC TAG GAG GGC ACA GGG 
CCC

5 GGA TCC TCA ATT GAG GTG GGT GAG CGC

6 GGC CGG AAT TCT AAT GC TCAA GTG CAT CCC G

7 TCA GCA GGA TCC ATG CTC AAG TGC ATC CCG

8 TCA GCA GGA TCC ATG ATG AAG TTT CGG TTC

9 CTT GGA TCC TCA GCC CAG AAA ATC CTT C

TABLE 1: Primers used for plasmid constructions.
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medium. Neon positive cells were isolated by sorting using BD 
FACSAria III.

Immunoprecipitation assay of endogenous proteins
MDA-MB-231 cells were grown in a 100-mm dish to 90% confluency. 
Cells were harvested with 800 μl NP-40 buffer (20 mM Tris, pH = 8.0, 
150–200 mM NaCl, 0.5 mM EDTA, 1% NP-40, 1 mM DTT, 5% Glyc-
erol and Protease inhibitor cocktail; Sigma-Aldrich). Cell extracts 
were sonicated and centrifuged at 4°C for 15 min at 16,000 × g. The 
appropriate antibodies were incubated with cell lysate on a rotator at 
4°C for 2 h. The lysate-antibodies mix was added to A/G beads or 
protein L beads (for IP with anti-Scrib) (Santa Cruz Biotechnologies) 
prewashed with 300 μl NP-40 buffer and incubated on a rotator at 
4°C for 2 h. Then, the mix was washed three times with NP-40 Buffer 
and SDS-sample buffer was added. Samples were dissolved on SDS–
PAGE and analyzed by Western blot. Proteins from Western blots 
were detected using the EZ-ECL Chemiluminescence Detection kit 
(Biological Industries) and the band intensity was analyzed using Bio-
Rad Gel dox CR Luminescent Image Analyzer and Fujifilm Image 
Gauge Ver. 3.46 software (Fujifilm, Tokyo, Japan). The ImageGauge 
software detects saturation ensuring the linearity of the signal.

Coimmunoprecipitation assay
HEK293T cells were grown in a 60-mm dish to 90% confluency. After 
18 h, cells were transfected with 6 μg DNA per plate, mixed with 36 
μg PEI in DMEM. Cells were harvested at 24–48 h posttransfection 
with 300 μl NP-40 Buffer (20 mM Tris pH = 8.0, 150–200 mM NaCl, 
0.5 mM EDTA, 1% NP-40, 1 mM DTT, 5% Glycerol and Protease in-
hibitor cocktail; Sigama-Aldrich). Cell extracts were sonicated and 
centrifuged at 4°C for 15 min at 16,000 × g. The appropriate 
antibodies were incubated with protein A/G beads (Santa Cruz Bio-
technologies) prewashed with 300 μl NP-40 buffer on a rotator at 
4°C for 1.5–2 h. The beads-antibodies mix was washed three times 
with NP-40 buffer. The cell extracts were added to the bead-anti-
body mix and incubated on rotator at 4°C for 2 h. Then, the mix was 
washed three times with NP-40 buffer and SDS-sample buffer was 
added. Samples were dissolved on SDS–PAGE and analyzed by 
Western blot.

Wound scratch assay and immunofluorescence
Cells were seeded on coverslips coated with Collagen type I (Sigma-
Aldrich). After 14 h, cells were washed once with fresh medium and 
three parallel scratches were performed using a small pipette tip. 
Cells were washed with phosphate-buffered saline (PBS and fresh 
medium was added, incubated for 4 h at 37°C in a humidified 
atmosphere of 5% CO2 and 95% air. Then, cells were fixed with 4% 
formaldehyde in PBS for 15 min, washed three time with PBS, and 
permeabilized for 3 min with PBS containing 0.2% Triton X-100 and 
0.5% bovine serum albumin (BSA). Cells were washed three times 
and blocked with horse serum diluted 1:50 for 35 min at 37°C. Cells 
were washed and incubated with primary antibodies in PBS contain-
ing 0.1% BSA for 2 h at 37°C or overnight at 4°C. Coverslips were 
washed three times and incubated with secondary antibodies in PBS 
containing 0.1% BSA for 1 h at RT. For DAPI staining, cells were incu-
bated for 5 min at RT with 300 nM DAPI (Sigma-Aldrich). For Golgi 
apparatus staining, cells were incubated for 1 h with wheat germ 
agglutinin (Invitrogene) followed by staining with Alexa Fluor 555 
conjugate (1:4000) (Invitrogen) as described above. Cover slips were 
mounted on slides (Thermo-Scientific) using Vectachield mounting 
medium (Vector Laboratories). Confocal images were obtained with 
Nikon Yokogawa W1 Spinning Disk. Line scans of Scrib, Lgl1, NMIIB, 
and aPKCζ were measured with ImageJ software package (National 

Institutes of Health, Bethesda, MD). For colocalization analysis, the 
PCC was calculated between the intensity profiles of Scrib, Lgl1, 
NMIIB, and aPKCz at the cell leading edge and at the lamella. The 
PCC was calculated using Excel (Microsoft) and Prism 6 (GraphPad). 
Statistical analysis was done using Prism 6. For Golgi polarization 
analysis, statistical analysis was done using Prism 6. Data were exam-
ined by ANOVA with a post hoc test between the groups.

For live imaging, 5 × 105 cells were seeded on μ-Slide 4 well-
coated chamber (ibidi), one parallel scratch was performed in each 
well and after 3 h live cell imaging was carried out at 37°C with 5% 
CO2. Live images were taken every 10 min using Nikon Ti with Ob-
jective Plan-Apochromat 40×/1.40 Oil DIC M27. Movies were pro-
cessed using ImageJ, and the paths of 10 randomly chosen cells 
were plotted for each experimental group. Speed and persistence 
of migration were extracted from the track plots. Statistical analysis 
was done using Prism 6. Data were examined by ANOVA with a post 
hoc test between the groups.

TX-100 solubility assay
The 1 × 106 cells were seeded on 30-mm dishes. After cell attach-
ment, eight horizontal and eight vertical scratches were performed 
using a small pipette tip and the cells were incubated for 4 h. PEM 
buffer (200 μl; 100 mM PIPES, pH 6.9, 1 mM MgCl2, 1 mM EGTA, 
1% TX-100, and protease inhibitor mix cocktail; Sigma-Aldrich) was 
added to each plate and incubated on rotator for 15 min at 4°C. 
Triton soluble fractions were collected and centrifuged for 5 min at 
16,000 × g to remove the remnants of the insoluble fraction. Then 
the supernatants were transferred to fresh tubes and SDS–PAGE 
sample buffer was added. The insoluble fractions were washed with 
300 μl ice-cold PEM buffer and dissolved in 150 μl SDS–PAGE sam-
ple buffer. All samples were incubated for 5 min at 90 °C and then 
separated on 8% SDS–PAGE and analyzed with Western blotting, 
and band intensity was analyzed as described above. To calculate 
the percentage of the proteins in the TX–100-insoluble fraction, the 
intensity of proteins in the Triton-soluble fraction was divided by the 
sum of the intensities of the proteins in the Triton-soluble and -in-
soluble fractions.

Adhesion assay
The 1.5 × 105 cells were seeded on 30-mm plates. At 1 h postseed-
ing, cells were washed gently with PBS and high-glucose DMEM 
medium was added to the dishes .Phase-contrast images of ran-
domly chosen fields were taken with Nikon Eclipse Ts2 at ×20. The 
percentage of adhered cells relative to total cells in each field was 
quantified using Excel and Prism 6. Statistical analysis was done us-
ing Prism 6. Data were examined by ANOVA with a post hoc test 
between the groups.

Polarity index
The 1 × 106 cells were seeded in a 6-well plate and wound scratch 
assay was performed as described above. After 4 h, phase-contrast 
images of randomly chosen fields were taken with Nikon Eclipse Ts2 
at ×20. For each cell line, the PI was calculated by dividing the 
length of the migration axis (which denotes the direction of migra-
tion) by the length of the perpendicular axis passes by the centroid 
of the cell. Measurements were analyzed using ImageJ. Statistical 
analysis was done using Prism 6. Data were examined by two-tailed 
Student’s t test between each group.

Focal adhesions and Immunofluorescence
The 1 × 106 cells were subjected to wound scratch assay, fixed, per-
meabilized, and blocked as described above. Cells were incubated 
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with anti-Paxillin antibodies in PBS containing 0.1% BSA overnight 
at 4°C. Cover slips were washed three times with PBS and Donkey 
anti-mouse conjugated to Cy3 was added and incubated for 1 h at 
RT. Cover slips were mounted as described above. Confocal images 
were obtained with Yokogawa W1 Nikon Spinning Disk 60×. Size of 
focal adhesions was analyzed using ImageJ (Horzum et al., 2014) 
and Excel. Statistical analysis was done using Prism 6. Data were 
examined by ANOVA with a post hoc test between the groups.

Wound closure assay
Cells were subjected to wound scratch assay as described above. 
Images of the wound area were taken directly after wound was per-
formed (0 h), after 6 h, and after 15 h with Nikon Eclipse Ts2 at ×4. 
The exact location of the image within the monolayer was marked 
to identify the same gap over the next 15 h. Images were analyzed 
using ImageJ, gap distances of the scratch between one side 
and the other were measured alongside the wound at 10 different 
points per gap. The mean of the measured distances was then cal-
culated and compared with the mean distance of the gap at the 
starting time point of the experiment. Statistical analysis was done 
using Excel and Prism 6. Data were examined by ANOVA with a 
post hoc test between the groups.
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