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Effector-mediated ERM activation locally inhibits
RhoA activity to shape the apical cell domain

Riasat Zaman*®, Andrew Lombardo*®, Cécile Sauvanet®, Raghuvir Viswanatha, Valerie Awad, Locke Ezra-Ros Bonomo, David McDermitt, and
Anthony Bretscher®

Activated ezrin-radixin-moesin (ERM) proteins link the plasma membrane to the actin cytoskeleton to generate apical
structures, including microvilli. Among many kinases implicated in ERM activation are the homologues LOK and SLK. CRISPR/
Cas9 was used to knock out all ERM proteins or LOK/SLK in human cells. LOK/SLK knockout eliminates all ERM-activating
phosphorylation. The apical domains of cells lacking LOK/SLK or ERMs are strikingly similar and selectively altered, with loss
of microvilli and with junctional actin replaced by ectopic myosin-ll-containing apical contractile structures. Constitutively
active ezrin can reverse the phenotypes of either ERM or LOK/SLK knockouts, indicating that a central function of LOK/SLK is
to activate ERMs. Both knockout lines have elevated active RhoA with concomitant enhanced myosin light chain
phosphorylation, revealing that active ERMs are negative regulators of RhoA. As RhoA-GTP activates LOK/SLK to activate ERM
proteins, the ability of active ERMs to negatively regulate RhoA-GTP represents a novel local feedback loop necessary for the

proper apical morphology of epithelial cells.

Introduction

Essentially all eukaryotic cells are, or have the potential to be-
come, polarized. This requires local regulation to define the
morphology and composition of each domain. A well-studied
case is the polarized epithelial cell with an apical domain dis-
playing abundant microvilli and having a protein and lipid
composition distinct from the basolateral membrane. While
much is known about extrinsic cues that instruct cell polariza-
tion (Rodriguez-Boulan and Macara, 2014), less is known about
how the morphology of the individual domains is regulated. To
address this, we have studied how the apical domain is regulated
to assemble bundles of actin filaments that support the plasma
membrane of microvilli.

The structural integrity of apical microvilli requires active
ezrin-radixin-moesin (ERM) proteins (Fehon et al., 2010).
These proteins exist in a cytoplasmic closed state and an active
open conformation where the N-terminal FERM (4.1 protein
ERM) domain binds the plasma membrane and the C-terminal
F-actin binding domain binds the underlying actin filaments
(Gary and Bretscher, 1995). Activation requires phosphoryl-
ation of a conserved threonine, T567, in ezrin (Hayashi et al.,
1999; Matsui et al., 1998). Among the many kinases suggested
to be responsible for ERM phosphorylation are Rho-associated

protein kinase (ROCK; Matsui et al., 1998; Tran Quang et al.,
2000; Haas et al,, 2007), PKCa (Ng et al., 2001), PKCS
(Pietromonaco et al., 1998), MST4 (Gloerich et al., 2012; ten
Klooster et al., 2009), NcK-interacting kinase (Baumgartner
et al., 2006), and lymphocyte-oriented kinase (LOK; Belkina
et al., 2009; Viswanatha et al., 2012). More recent evidence
has suggested that the related LOK and STE20-like serine/
threonine-protein kinase (SLK) are major vertebrate kinase
activators for ERM phosphorylation (Viswanatha et al., 2012).
LOK and SLK are the homologues of the fly Drosophila mela-
nogaster kinase Slik (Sterile20-like kinase) that is responsible for
phosphorylating the single fly ERM, moesin (Hipfner et al.,
2004). Both LOK-GFP and SLK-GFP have been shown to target
to the apical membrane where ERMs are activated (Viswanatha
et al.,, 2012). LOK and SLK belong to the germinal center-like
kinase V subfamily (Kuramochi et al., 1997). They consist of a
conserved N-terminal kinase domain, a less-conserved inter-
mediate region, and a moderately conserved C-terminal domain
(CTD). The LOK CTD inhibits the kinase activity of LOK in cells,
most likely through a cis interaction, as well as targeting LOK to
the apical membrane (Pelaseyed et al., 2017; Viswanatha et al.,
2012). Constitutively active ezrin is unable to maintain apical
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restriction because ezrin has to undergo phosphorylation/dephos-
phorylation cycles in which it is locally phosphorylated and subject
to dephosphorylation by delocalized myosin phosphatase target
subunit 1/protein phosphatase 1 (Myptl/PPL; Jin et al., 2006).

The Rho family of small GTP-binding proteins are major regu-
lators of microfilaments (Hall and Nobes, 2000). In early work,
Speck et al. (2003) found that defects in fly moesin could be coun-
teracted by antagonizing Rho activity, suggesting that ERM proteins
might be able to regulate contractility in some manner. Additionally,
they found that expression of a dominant negative ezrin resulted in
elevated active RhoA levels in cultured porcine cells. Active RhoA
binds a diverse range of effectors that influence the reorganization of
actin into contractile fibers and focal adhesions (Hall, 1998). Among
these, the effector ROCK modulates microfilament organization and
function in at least two distinct ways. First, it activates myosin-II by
directly phosphorylating the myosin regulatory light chain (Amano
et al., 1996) and inactivating Myptl/PP1 (Kimura et al., 1996). Second,
ROCK stabilizes F-actin by phosphorylating LIM kinase to abrogate
its inhibitory activity toward cofilin, an F-actin destabilizing factor
(Arber et al., 1998; Maekawa et al., 1999; Yang et al., 1998). The net
effect results in an increase of cortical tension that can drive cellular
contraction. ERM proteins have long been suggested to be down-
stream targets of ROCK, first as direct targets and then as indirect
targets through Rho activation of phosphatidylinositol 4-phosphate
5-kinase (Matsui et al., 1998, 1999).

Recently, a BioID screen for regulators and effectors of RhoA
in cultured cells identified SLK and LOK as effectors of RhoA
(Bagci et al., 2020). RhoA-GTP binds the CTD of SLK, the cor-
responding domain that negatively regulates the kinase activity
and targets LOK to the apical domain (Bagci et al., 2020).
Moreover, active RhoA can activate SLK in its ability to phos-
phorylate ezrin. Thus, a direct pathway exists from RhoA-GTP to
its effector LOK/SLK to ERM protein activation.

Further uncovering the functions and exploring signaling
pathways related to ERM proteins and LOK and SLK in cultured
cells has been hampered by redundancy and the possibility that
they perform essential functions. Here we describe the generation
of cultured cells lacking all ERM proteins and cells lacking both LOK
and SLK. Surprisingly, cells lacking LOK and SLK have a strikingly
similar phenotype to cells lacking ERM proteins. Our results es-
tablish that LOK and SLK are the major, and possibly only, kinases
that phosphorylate the conserved threonine of ERM proteins in
epithelial cells. Further, rescue experiments indicate that ERM
proteins are the major substrates of LOK and SLK that regulate cell
morphology. Moreover, loss of either LOK/SLK or ERM proteins
elevates RhoA signaling to redistribute actin from microvilli and
junctions to generate ectopic apical contractile fibers. We propose
that LOK/SLK and ERM proteins function as a module that defines
apical morphology of epithelial cells in a process that involves a
negative feedback loop to locally downregulate Rho activity.

Results

Jeg-3 cells lacking ERM proteins or LOK/SLK are viable and lack
microvilli

We have described human cells modified by CRISPR/Cas9 to lack
expression of LOK (Pelaseyed et al., 2017), but so far no cultured

Zaman et al.
Activated ERMs regulate local RhoA

TR
(: k(J
IV

cells have been described that genetically lack specific ERM
proteins. We set out to determine if cells lacking all ERM pro-
teins, or lacking both LOK and SLK, are viable and, if so, what
phenotypes were conferred. We used Jeg-3 epithelial cells de-
rived from a human choriocarcinoma as they exhibit abundant
apical microvilli (Pakkanen et al., 1987). Of the ERM proteins,
Jeg-3 cells express ezrin and radixin, but not moesin (Fig. 1 A).
We first used CRISPR/Cas9 to isolate single-knockout cells
lacking either ezrin, radixin, LOK, or SLK (Fig. 1 A). These
single-knockout lines showed no significant compensation in
the levels of the remaining ERMs or LOK/SLK kinase (Fig. S1 A).
We then generated pairs of double-knockout cells lacking all
detectable ezrin and radixin or LOK and SLK (Fig. 1 A). Impor-
tantly, moesin was not expressed in the Jeg-3 ezrin~/~ radixin~/-
cells, which can be identified as moesin being expressed in HeLa
cells (Fig. 1 A, lane 1). Thus, Jeg-3 cells lacking all ERM proteins
or both LOK and SLK are viable but grow slower than their wild-
type counterparts (Fig. S1 B).

As ERM proteins and LOK and SLK have been implicated in the
formation of microvilli, we examined whether single- and double-
knockout cells retained microvilli. To assess the presence of micro-
villi, we could not use the traditional ERM proteins as markers, so
we used labeled wheat germ agglutinin (WGA) that binds to plasma
membrane glycoproteins and allows the identification of cell surface
structures. In wild-type cells, WGA colocalizes with ezrin in surface
microvilli (Fig. 1 B). Consistent with earlier reports, individual re-
duction of ezrin or genetic loss of LOK resulted in a reduced number
of cells with apical microvilli, whereas loss of radixin or SLK had
little phenotype (Fig. 1 C and Fig. S1 C; Bonilha et al., 1999; Pelaseyed
et al,, 2017). Strikingly, ezrin~/~ radixin~/- and LOK~/~ SLK~/- cells
totally lack microvilli, with WGA staining mostly associated with
membrane ruffles that form above membrane contact sites (Fig. 1 B,
arrows). Ezrin is cytosolic in LOK~/~ SLK~/~ cells, consistent with
phosphorylation by LOK/SLK being required to activate it. Stable
expression of ezrin in ezrin~/~ radixin™/~ cells and LOK in LOK~/-/
SLK~/- cells (Fig. S1 D) restored the presence of microvilli to the cell
surface (Fig. 1 B). We also examined the localization of the interactor
of active ezrin, ERM-binding phosphoprotein of 50 kD (EBP50)/
NHERF1. Whereas EBP50 was present in microvilli in wild-type
cells, in both double-knockout cell lines, EBP50 was cytosolic
(Fig. 1 D). An ERM protein and LOK or SLK are therefore necessary
for the presence of apical microvilli.

LOK/SLK are the major kinases for ERM phosphorylation

ERM proteins undergo activation by C-terminal phosphoryla-
tion to exhibit their membrane-cytoskeleton linking function
(Nakamura et al., 1995; Pearson et al., 2000). The identity of the
relevant kinase has been controversial, so we assessed the
contribution of LOK and SLK to ERM phosphorylation in LOK~/~
SLK~/~ cells. As reported for expressed LOK-GFP (Viswanatha
et al., 2012), endogenous LOK is apically localized, with en-
richment in microvilli (Fig. 2 A). Using an antibody that detects
the relevant phospho-epitope on all ERM proteins (phospho-
rylation of T567 in ezrin, T564 in radixin, and T558 in moesin),
we found that LOK~/~ SLK~/~ cells appeared devoid of ERM
phosphorylation (Fig. 2 B). However, because the phosphory-
lated ERM (pERM) antibody produces a small background
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Figure 1. Jeg-3 cells lacking ERM proteins or LOK/SLK are viable and lack microvilli. (A) Protein expression using the indicated antibodies in Western
blots of ERM proteins and LOK and SLK in Jeg-3 CRISPR cell lysates. HeLa cell lysate was used as a control for expression of moesin, which is not present in Jeg-
3. Tubulin expression was used as a loading control. (B) Jeg-3 cell lines lacking ERM expression or LOK and SLK expression were stained with WGA, ezrin, and
actin. Yellow arrowheads indicate strong membrane ruffles. (C) Percentage of cells expressing microvilli. Bars represents mean + SEM; n = 3. P values were
calculated with Welch’s t test (*, P < 0.05; ***, P < 0.001). (D) Staining of cells with EBP50, ezrin, and actin in the indicated cells. Scale bars, 10 pm unless

otherwise noted. Vertical sections were expanded threefold for clarity.

staining to unphosphorylated ezrin (Pelaseyed et al., 2017), we
repeated the experiment using Phos-tag gels in which pERMs
migrate slower than their unphosphorylated counterparts.
Again, we were unable to detect any pERM proteins in the
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absence of LOK and SLK (Fig. 2 C), so LOK and SLK are the only
significant ERM kinases in Jeg-3 cells.

To explore if this is true in other cells, we generated LOK™/~
SLK~/~ knockouts in HeLa cells. While these cells survived clonal
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isolation and lysate collection, they grew very slowly and could
not be maintained. Nevertheless, analysis of cell lysates revealed
that in HeLa cells LOK and SLK are the major ERM kinases (Fig. 2
B). As shown later in the results (see Fig. 8), knockout of LOK/
SLK in intestinal DLD-1 cells also showed that LOK/SLK are the
major ERM kinases. Further, we tried to knock out LOK and SLK
in epithelial Caco-2 cells, which proved inviable past clonal se-
lection, indicating the importance of these kinases. Likewise, we
tried to isolate HeLa and Caco-2 cells lacking ezrin. Although we
nursed the growth of enough cells to demonstrate loss of ezrin,
they could not be passaged. These results suggest that ERM
proteins are more important for viability in HeLa and Caco-
2 cells than in Jeg-3 cells. It was fortuitous that we started
with Jeg-3 cells as it allowed us to use the double knockouts to
explore the phenotypes conferred by loss of these proteins.

In transfection-based experiments, expression of LOK-GFP-
Flag was able to restore both apical microvilli and ERM phos-
phorylation to LOK~/~ SLK~/~ cells (Fig. , B and C; and Fig. 2 D).
LOK contains an N-terminal kinase domain and a CTD respon-
sible for both regulating and localizing the kinase (Pelaseyed
et al,, 2017). As expected, expression of a K65R kinase-inactive
variant of LOK was unable to restore phosphorylation or mi-
crovilli (Fig. 2, D and E).

Absence of activated ERM proteins induces the formation of
apical actin/myosin-1l bundles and alters cell-cell junctions of
epithelial cells
To explore novel phenotypes that might be associated with
the loss of ERM proteins or their activating kinases, we exam-
ined other aspects of the apical domain, notably cell junctions. A
characteristic feature of wild-type epithelial cells is their ability
to form strong apical cell-to-cell contact sites, with relatively
straight tight junctions marked by ZO-1 and actin and
E-cadherin associated with adherens junctions (Fig. 3, A and B;
and Fig. S2 A). In contrast, ezrin”/~ radixin/~ and LOK~/~
SLK~/~ cells had a remarkably similar phenotype. The cells have
uneven contact sites, occasionally with breaks in their ZO-
1 staining, and have greatly reduced junctional actin staining,
whereas basal actin is largely unchanged (Fig. 3, A and B). By
determining the ratio between the contour length and shortest
distance in ZO-1 staining from a three-cell junction to the next,
we quantified the straightness of the tight junctions (Fig. 3 C).
This measurement of tortuosity was slightly above 1.0 for wild-
type cells, reflecting their almost linear nature. For either
ezrin~/~ or LOK /-, this rose to 1.15, and for ezrin~/- radixin~/-
and LOK~/~/SLK~/~ cells to ~1.2, indicating greater distortion/
waviness of the interface. As with loss of microvilli, loss of just
ezrin or LOK is more severe than loss of just radixin or SLK, and
both double mutants exhibit the most severe phenotype. This
tortuosity of the junctions was rescued by expressing ezrin in
the ezrin/- radixin~/- cells and LOK-GFP in the LOK~/~ SLK~/~
cells (Fig. 3, A and C). By following expressed ZO-1-GFP in di-
viding cells, the uneven ZO-1 localization in both ezrin~/-
radixin~/~ and LOK~/~/SLK~/- cells was found to develop shortly
after cell division (Fig. S2 B and Video 1).

We also noticed a striking effect on the actin distribution,
with more F-actin spanning the apical domain in the double-
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knockout cells compared with their wild-type counterpart.
Therefore, we examined the F-actin distribution in the basal and
apical regions of the cells separately. ZO-1 localization is found
near the apical region of both wild-type and knockout cells, so
we split confocal planes into those containing ZO-1 staining and
above (the apical domain) and those below ZO-1 staining (the
basolateral domain). Whereas the wild-type cells display actin in
microvilli and along the cell junctions, both ezrin~/- radixin~/-
and LOK~/~ SLK~/~ cells had actin bundles extending across the
apical domain that correlated with the uneven contour of the
tight junctions (Fig. 3, A and C). We quantified this difference by
measuring the ratio of the actin intensity at the apical versus the
basal side of the cells (Fig. 3 D). Both knockout cells were found
to have an increase in apical actin compared with wild-type cells
(Fig. 3, A and D). The aberrant apical actin bundles are rescued
by introduction of ezrin into ezrin~/~ radixin™/~ and of LOK-GFP
into LOK~/~ SLK~/~ cells (Fig. 3, A, B, and D).

The apical actin bundles seen in knockout cells appear similar
to stress fibers. The expression level of the stress fiber markers
myosin-II and a-actinin and focal adhesion marker vinculin, and
the basal localization of paxillin and vinculin, were unchanged
in the knockout cells (Fig. S2, C-E). We next explored if the
apical bundles could have contractile properties by imaging
nonmuscle myosin-IIB (myo-IIB) using super-resolution struc-
tured illumination microscopy (SIM). While striated bundles of
myo-IIB and actin were not completely absent in the apical re-
gion of wild-type cells, a stronger intensity and more frequent
clusters of myo-IIB spanned the apical domain of ezrin/-
radixin™/~ cells and LOK~/~ SLK~/~ cells (Fig. 4, A and B). A
similar result was found when myo-IIA was imaged (Fig. S3 A).
Imaging the midregion in ezrin~/- radixin~/~ cells showed con-
tractile bundles apparently pulling on junctional actin to gen-
erate the uneven junctions (Fig. 4 C). Together, our results show
that lack of activated ERMs, due to loss of either the proteins or
their activating kinases, selectively redistributes actin in the
apical domain into contractile bundles. To see if inhibition of
contractility restored normal junctions, we treated cells with the
myosin-II inhibitor blebbistatin. This treatment yielded similar
phenotypes for wild-type and knockout cells, but the interpre-
tation is complicated by the effect that blebbistatin has on the
wild-type controls (Figs. S3, B and C).

To assess how the actin redistribution might affect the me-
chanics of the apical surface, we used atomic force microscopy
(AFM) to measure cells’ stiffness. Cells were grown to a con-
fluent monolayer and then indented to a maximum force of 1 nN
(Fig. 4 D, inset). The resulting force versus distance curves were
then used to identify the initial AFM probe tip contact point,
allowing us to fit to a Hertz equation to calculate the Young’s
modulus (E) stiffness parameter (Huth et al., 2019). Indentations
from each condition were then averaged to produce a mean
curve for wild-type, ezrin~/~ radixin~/-, and LOK~/~ SLK~/~ cells
(Fig. 4 D). Of the 1,091 total force indentations performed, both
LOK~/~ SLK~/~ (E = 260 * 45 kPa mean * SD) and ezrin™/~
radixin™/~ (E = 166 + 52 kPa) cells were significantly stiffer than
wild-type cells (E = 117 + 65 kPa; Fig. 4 E). The finding that
LOK~/~ SLK~/~ cells are more rigid than ezrin-/- radixin=/~ cells
is consistent with the enhanced levels of contractile bundles
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apical surface of Jeg-3 cells labeled with anti-myo-11B, phalloidin, and DAPI. Scale bars, 5 um. (B) Line scans of the actin intensity across the center of the apical
surface of each cell type shown as dotted yellow lines in A. (C) Example stacked SIM Z-slices from the middle of Ezr/-Rdx~/~ cells labeled with anti-myo-1IB
and Alexa Fluor 647 phalloidin. Zoom-in highlighting the attachment of the apical contractile fibers to the cell-cell junctions. Scale bars, 5 pm; inset, 2 pm.
(D) Averaged force indentation curves for wild-type Jeg-3 (blue), Ezr/~ Rdx~/~ (green), and LOK~/~ SLK~/~ (magenta); semitransparent area around each line
represents the SEM of the data. A steeper curve indicates a stiffer cell. (E) Young’s modulus stiffness parameters. Black line indicates each condition’s mean
value (wild type, n = 356; Ezr~/~ Rdx™/~, n = 304; LOK~/~ SLK™/~, n = 431). Both knockout conditions were significantly stiffer than wild-type cells (***, P <
0.0001, Kolmogorov-Smirnov test). AU, arbitrary units.
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seen in the apical domain of LOK~/~ SLK™/~ cells. Together, these
results indicate that activated ERM proteins suppress the for-
mation of apical actin bundles to affect the mechanical proper-
ties of the apical domain.

Enhanced actin assembly in the apical domain is responsible
for the junctional defects of knockout cells

In wild-type cells, apical actin in the microvilli treadmills con-
tinuously resulted in turnover in ~2-10 min (Loomis et al., 2003;
Meenderink et al., 2019). We investigated the possibility that the
abnormal actin bundles seen in knockout cells might arise in
part from reduced actin turnover in the apical domain. To test
this, we treated wild-type cells with the actin-stabilizing drug
jasplakinolide to reduce actin turnover. Remarkably, treatment
of wild-type cells with 500 nM jasplakinolide for 30 min both
induced the formation of actin bundles in the apical domain and
increased the tortuosity of the tight junctions (Fig. 5, A and B) in
a manner closely resembling the phenotype of ezrin~/- radixin=/~
or LOK~/~ SLK~/- cells (Fig. 3 A). The addition of jasplakinolide in
all three cell lines further increased the abundance of apical
F-actin networks across each cell, correlating with the increased
tight junction tortuosity and breaks between neighboring cells
(Fig. 5 A, magenta arrows; and Fig. 5 C).

If enhanced actin assembly in the double-knockout cells is
responsible for the observed tortuosity of the junctions, in-
creasing depolymerization in these cells might rescue this phe-
notype. Upon treatment of either of the double-knockout cells
with the actin-depolymerizing drug latrunculin B or actin plus-
end-capping drug cytochalasin D, tight junction tortuosity ratios
in the knockout cells were restored to levels comparable to wild-
type cells (Fig. 5, A and B; and Fig. S4 A). Interestingly, la-
trunculin B treatment of cells did not completely restore the
balance of F-actin between the apical and basolateral domains to
wild-type levels (Fig. 5 C). Analysis of the apical/basolateral
actin distribution after these drug treatments was complicated
by the finding that apical actin appears to be more resistant
to disassembly by latrunculin B than its basolateral counterpart
(Fig. S4 B). Nonetheless, in contrast to jasplakinolide-treated
cells, latrunculin B treatment results in reorganization of ac-
tin toward junctions (Fig. 5 A, blue arrows) and relief of
junctional defects (Fig. 5 B). Meanwhile, stabilization by jas-
plakinolide redistributes actin away from the junctions
and across the cell, promoting junctional defects (Fig. 5, A and
B). In summary, our data show that ezrin~/~ radixin~/~ and
LOK/~ SLK™/~ cells become more similar to wild-type cells
when treated with latrunculin B, while wild-type cells become
more like the knockout cells when treated with jasplakinolide.
Therefore, in the absence of active ERMs, excessive actin as-
sembly generates contractile bundles that provide forces per-
pendicular to junctions.

Activated ezrin rescues both ezrin~/- radixin~/- and LOK~/~
SLK~/~ cells

The phenotypic similarity of the ezrin~/~ radixin~/~ and LOK~/~
SLK~/~ cells suggested that essentially all the phenotypes of
LOK™/~ SLK™/~ cells are due to the lack of ERM phosphorylation.
If this is the case, introduction of mutationally activated ezrin in
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either of the double-knockout cells should rescue them in a
similar manner. We therefore introduced the constitutively
active phosphomimetic ezrin-T567D mutant into both ezrin/-
radixin™/~ and LOK~/~ SLK~/~ cells. Remarkably, phosphomi-
metic ezrin suppressed both equally with restoration of micro-
villi (Fig. 6, A and B). The rescue isn’t perfect, as constitutively
active ezrin is localized both apically and basolaterally because
restriction to the apical domain requires ezrin phosphocycling
(Viswanatha et al., 2012). Expression of constitutively active
phosphomimetic ezrin-T567D is able to suppress tight junction
defects and the excess apical actin bundles seen in knockout
cells, implying that active ezrin can regulate actin at the cortex
(Fig. 6, A-E). These results suggest that a primary role for LOK
and SLK in Jeg-3 cells is to phosphorylate ERMs.

pPERM proteins regulate myosin-Il activity through RhoA
activation

The appearance of apical contractile cables in cells lacking acti-
vated ERMs is suggestive of local enhanced RhoA activity. ROCK is
a major effector of RhoA-GTP that can activate myosin-II by di-
rectly phosphorylating myosin light chain 2 (MLC2), and this is
counteracted by the phosphatase PP1 using the Myptl subunit.
Total nonmuscle myosin-II expression showed no differences
between wild-type and LOK~/~ SLK™/~ or ezrin™/~ radixin™/~ cells
(Fig. S2 C). The level of endogenous MLC2 phosphorylation was
very low in wild-type cells and enhanced in both ezrin~/-
radixin~/~ and LOK~/~ SLK~/~ cells. This signal was sensitive to the
ROCK inhibitor Y-27632 (Fig. 7, A and B). To enhance the level of
phosphorylation, we treated cells briefly with calyculin A to in-
hibit the phosphatase PP1. Treatment of wild-type cells with ca-
lyculin A enhanced the level of MLC2 phosphorylation and greatly
enhanced the level seen in both of the knockout lines, again being
sensitive to the ROCK inhibitor (Fig. 7, A and B). Localization of
apical phospho-MLC parallels these results: There is an enhanced
level in both knockout cell lines, which is increased upon calyculin
A treatment and abolished by Y-27632 treatment (Fig. 7 C). These
results reveal that activated ERM proteins negatively regulate
ROCK-mediated phosphorylation of MLC2.

We next assessed the level of endogenous RhoA-GTP by
passing total cell lysates over rhotekin-GST beads and measur-
ing the relative levels of RhoA retained. Both ezrin™/~ radixin~/-
and LOK~/~ SLK/~ cells were found to have about a threefold
higher level of endogenous active RhoA than wild-type cells
(Fig. 7, D and E). This enhanced level of active RhoA seen in the
knockout cells is partially insensitive to Y-27632, with the
knockout cells containing higher levels of active RhoA than
wild-type cells in the presence of Y-27632 (Fig. 7, D and E). Thus,
the absence of activated ERM proteins elevates levels of active
RhoA in a pathway independent of ROCK (Fig. 7 G). Additionally,
in all the cells, the level of active RhoA was enhanced by the
presence of Y-27632, indicating that ROCK itself can negatively
regulate the level of active RhoA in an unknown pathway in-
dependent of active ERMs. In addition to regulating MLC2
phosphorylation, ROCK also regulates actin dynamics through
the LIM kinase/cofilin pathway (Arber et al., 1998; Maekawa
et al., 1999; Yang et al., 1998), which may explain in part the
altered actin dynamics discussed earlier.
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arrowheads point to actin gaps at junctions, while blue arrowheads represent actin present at cell junctions. Scale bars, 10 um. (B) Quantification of tortuosity
between tight junction markers as described in Fig. 3. Jasplakinolide (Jas) treatment increases tortuosity values, while latrunculin B (LatB) rescues tortuosity to
wild-type levels. n > 10 cells per condition. Lines represent mean + SEM. (C) Comparison of actin levels between apical and basolateral regions after treatment
with drugs as visualized in A. n = 21 cells per condition. Bars show mean = SEM. P values were calculated with Welch’s t test (¥, P < 0.05; **, P < 0.0L; ***, P <

0.001).

A recent report showed that active RhoA binds directly to the
CTD of SLK and that this promotes its ability to phosphorylate
ERM proteins (Bagci et al., 2020). Earlier work showed that
expression of the C-terminal region of LOK (LOK-CTD-GFP-Flag)
acts as a potent dominant negative to strongly inhibit phospho-
rylation of ERM proteins (Viswanatha et al., 2012). To explore if
this region of LOK binds to RhoA, we expressed LOK-CTD-GFP-
Flag either alone or with constitutively active HA-RhoA-L30 and
immunoprecipitated with Flag antibodies in wild-type Jeg-3 cells
(Fig. 7 F). RhoA was recovered in the Flag immunoprecipitates,
indicating an interaction between the two. Therefore, both LOK
and SLK are effectors of RhoA.

Collectively, these results suggest a model in which RhoA
selectively regulates the apical domain of epithelial cells in a
negative feedback loop involving active ERM proteins (Fig. 7 G).
RhoA activates both the kinases LOK/SLK and ROCK to mediate
phosphorylation of ERM proteins and MLC2, respectively. ROCK
also negatively regulates PP1, the phosphatase that dephos-
phorylates both phospho-MLC (pMLC) and pERMs. pERMs lo-
calized exclusively in the apical domain regulate RhoA in a
negative feedback loop.

A prediction of this model is that a difference in contractile
force should exist between wild-type and knockout cells.
Cultured cells treated with calyculin A to elevate the level of
myosin-1I activity will ultimately contract (Ishihara et al., 1989).
Therefore, we examined the contraction of spread LOK~/~ SLK~/~
and ezrin™/~ radixin™/~ cells compared with wild-type cells in the
presence of 10 nM calyculin A. When wild-type cells were treated
with 10 nM calyculin A for 1 h, a few cells showed rounding and
detachment from the plate. In a dramatic difference, LOK~/~
SLK~/~ and ezrin™/~ radixin/~ cells showed significant rounding
and detachment from neighboring cells in under 30 min (Fig. S5
A and Video 2). This contractility is a result of enhanced myosin-
II activity, as the calyculin A-induced contraction was prevented
by inclusion of the myosin-II inhibitor blebbistatin, which
showed no rounding or contraction in any cell type after 1 h (Fig.
S5 B and Video 3). These results are in agreement with Fig. 7, A
and B, documenting an increased level of MLC phosphorylation in
the knockout cells in the presence of calyculin A. However, ca-
lyculin A also results in enhanced phosphorylation of ERMs
(Viswanatha et al,, 2012), so we wished to examine if the con-
tractility difference induced by calyculin A was present in cells
where the level of active ezrin was unchanged. To achieve this,
we stably expressed the active phosphomimetic ezrin-T567E in
double-knockout cells. The contraction induced by calyculin A
was greatly reduced in both LOK~/~ SLK™/~ and ezrin~/~ radixin~/~
cells expressing ezrin-T567E (Fig. S5 B and Video 4). This implies
that it is the loss of active ERMs, and not the loss of LOK and SLK
independent of ERMs, that regulates the contractility due to en-
hanced RhoA-GTP.
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The colon-derived DLD-1 cells also show loss of apical
organization and upregulation of active RhoA when ERM or
LOK/SLK is knocked out

To explore if the results obtained with the placentally derived
epithelial Jeg-3 cells are applicable to other epithelial cells, we
made use of the human pseudo-diploid colorectal carcinoma
DLD-1 line that has been engineered for inducible expression of
Cas9 (McKinley and Cheeseman, 2017). Like Jeg-3 cells, DLD-1
cells express LOK, SLK, ezrin, and radixin, but not moesin (Fig. 8
A). They form a polarized epithelium with apical ezrin, orga-
nized tight junctional ZO-1, and actin enrichment at the level of
junctions (Fig. 8 B). Transfection of DLD-1 cells to express gRNAs
to knock down either ezrin and radixin or LOK and SLK unex-
pectedly resulted in a mixed population of cells in which many
of the cells already exhibited protein loss, presumably due to a
low level of Cas9 expression (Fig. 8 A). In these mixed pop-
ulations, the level of pERMs was greatly diminished (Fig. 8 A).
Moreover, microscopic analysis showed dramatic differences
between wild-type cells and the mixed knockout populations. In
cells lacking ezrin and radixin or LOK and SLK, there is a lack of
organized junctional ZO-1 staining, and actin is less organized
and not circling the cell at the level of adherens junctions (Fig. 8
B). Examination of the actin staining at higher magnification
suggests complete disorganization of the adherens junctions
(Fig. 8, B and C), presumably because the induced contractile
bundles have torn them apart. As in Jeg-3 cells, active RhoA is
enhanced in the knockout cells (Fig. 8, D and E). Thus, as in Jeg-3
cells, loss of active ERMs results in the elevation of RhoA-GTP
and disorganization of the apical domain.

Discussion

In this study, we investigated the phenotypes conferred by loss
of ERM proteins or their activators, LOK and SLK. In some cells,
loss of LOK and SLK, or in fact just ezrin in HeLa or Caco-2 cells,
is too unhealthy to maintain, indicating that ERM proteins and
their activating kinases can be almost essential. This is consis-
tent in mice, flies, and the nematode worm, where loss of ezrin
or the single ERM protein (flies and worm) is lethal (Jankovics
et al., 2002; Saotome et al., 2004; van Furden et al., 2004; Gobel
etal,, 2004). Additionally, the loss of SLK in mouse or the single
homologue Slik in the fly is also lethal (Al-Zahrani et al., 2013;
Hipfner and Cohen, 2003). Loss of just LOK in the mouse has a
more modest phenotype (Belkina et al., 2009), presumably due
to the presence of SLK. We were fortunate to start with a cell
line, Jeg-3, that can tolerate loss of either all ERM proteins or
both LOK and SLK, as this allowed us to study their phenotypes.
As far as we are aware, there are the first vertebrate cells iso-
lated genetically lacking either all ERM proteins or the kinases
LOK and SLK.
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Figure 6. Constitutively active ezrin rescues apical actin distribution in knockout cells. (A) Jeg-3-knockout cells expressing empty pCDH vector control,
wild-type ezrin, or T567 phosphomimetic were stained for ezrin and actin. Maximum-intensity projections and vertical cross-sections (expanded fourfold for
clarity) are shown. (B) Percentage of cells expressing microvilli-like structures. Bars represent mean + SEM; n = 3. (C) Comparison of Z0O-1and actin between
basolateral and apical confocal slices between Jeg-3-knockout cells expressing phosphomimetic ezrin-T567D. Apical Z-slices were determined by the presence
of ZO-1. Yellow boxes indicate the region of the image that was expanded on the right. (D) Quantification of tight junction tortuosity using ZO-1 staining. n > 10
cells per condition. Center lines show mean + SEM. (E) The ratios of relative mean actin intensity values per cell between apical and basolateral cross-sections.
n = 15 cells per condition. Bars show mean + SEM. P values were calculated against wild type with Welch'’s t test (**, P < 0.01; ***, P < 0.001). Scale bars, 10 pm
unless otherwise noted in magnified images.
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blot. (G) Model of RhoA signaling negatively regulated by pERMs (dotted blue line).
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Figure 8. Loss of ezrin/radixin or LOK/SLK in DLD-1 colon epithelial cells. (A) Protein expression using the indicated antibodies in Western blots of DLD-
1 mixed knockout cell lysates. In DLD-1 LOK~/~ SLK~/~ cells, pERM is undetected. HeLa cell lysate was used as a control for expression of moesin, which is not
present in DLD-1 cells. Tubulin expression was used as a loading control. (B) DLD-1 wild-type and mixed knockout populations of Ezr~/~ Rdx~/~ cells and LOK~/~
SLK~~ cells stained with ezrin, ZO-1, and actin at 40x magnification. (C) DLD-1 wild-type and mixed knockout populations of Ezr~/~ Rdx~/~ cells and LOK~/~
SLK~/= cells stained with ezrin and actin at 100x magnification. Vertical projections were expanded fourfold for clarity. Magnified insets highlight major
differences between actin organization in wild-type and knockout cells. (D) Representative Western blot of active RhoA-GTP pull-down results in DLD-1 cells.
Upper row: RhoA blot of the active fraction of RhoA-GTP pulled down by rhotekin beads. Lower row: Blot of RhoA of 5% of input lysate. (E) Quantification of
pull-down represented in D. Mean + SEM; n = 6 (t test; *, P < 0.05). Scale bars, 10 pm.
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Previous studies have shown that wild-type epithelial cells
maintain ~50% of their ezrin in the active, phosphorylated state
with cycling between active and inactive states occurring on the
scale of ~2 min (Viswanatha et al., 2012). This balanced system is
critical for maintaining a polarized morphology (Viswanatha
et al, 2012) and is consistent with mislocalization, over-
expression, and hyperphosphorylation of ezrin found in types of
human cancers (reviewed in Clucas and Valderrama, 2014). Our
finding that loss of LOK and SLK results in ablation of all de-
tectable ezrin-T567 phosphorylation is consistent with LOK and
SLK being the major, if not only, kinases that can phosphorylate
the ERM regulatory threonine (T567 in ezrin). This result is in
agreement with earlier descriptions that Slik is solely respon-
sible for the activation of fly moesin (Hipfner et al., 2004).

A remarkable aspect of our results is that cells lacking either
all ERM proteins or LOK and SLK are phenotypically very sim-
ilar. Both grow slower, have lost all apical microvilli, have
greatly reduced junctional actin but also an aberrantly high level
of apical F-actin and myosin, have wavy cell junctions, have a
stiffer apical domain, contract abnormally in the presence of the
phosphatase calyculin A, and have elevated levels of Rho-GTP.
This raises the question whether the ERM proteins are the sole
substrate of LOK/SLK. An intricate multistep mechanism is in-
volved in phosphorylation of ezrin by LOK. It requires priming
of ezrin by phosphatidylinositol 4,5-bisphosphate, then inser-
tion of the C-terminal region of LOK between the ezrin FERM
and C-terminal F-actin binding domain, which gives access for
the kinase domain to bind a recognition site and ultimately
phosphorylate T567 (Pelaseyed et al., 2017). This mechanism,
together with the strong preference for tyrosine two residues
upstream of the targeted threonine (Belkina et al., 2009), makes
phosphorylation of ERM proteins highly selective. This selec-
tivity coupled with the ability of mutationally active ezrin (ez-
rin-T567D) to suppress the phenotype of LOK/SLK cells strongly
supports the notion that ERM proteins are the major functional
substrates. Using a phosphoproteomics approach in unpublished
work, we sought to identify additional LOK/SLK substrates.
While we encountered many phosphopeptides whose level was
elevated in wild-type cells compared with LOK/SLK-knockout
cells, none had the appropriate LOK/SLK consensus sequence.
Therefore, LOK/SLK and ERM proteins appear to work together
as a functional unit. Although we were not able to identify ad-
ditional LOK/SLK substrates, technical limitations may have
obscured them from our analysis. In support of this possibility,
the phenotypes of LOK/SLK cells enumerated above were almost
always more severe than in the ERM-knockout cells. Thus, the
possibility remains that there is another minor substrate of
LOK/SLK performing a function redundant with ERM proteins.

While we expected to see loss of microvilli in cells lacking
ERM proteins, we were surprised to encounter an extensive
actin/myosin-II network in the apical domain replacing the
junctional and microvillar actin. This phenotype was also seen in
LOK/SLK-knockout cells, implying that active ERM proteins can
regulate the myosin and actin distribution in the apical domain.
RhoA-GTP is known to positively regulate nonmuscle myosin-II
activity through ROCK as well as F-actin turnover through LIM
kinase and cofilin. Since both actin turnover and myosin
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contractility are altered in the absence of pERMs, we then
considered a possible overactivation of RhoA in the knockout
cells. Indeed, the level of RhoA-GTP was significantly elevated in
both ERM- and LOK/SLK-knockout cells. Thus, active ERMs are
negative regulators of RhoA (Fig. 7 G).

There have been several indications of a connection between
ERM protein function and RhoA. First, ROCK1 was reported as
the kinase that phosphorylates ERM proteins, in part because
ROCKI1 overexpression resulted in formation of microvilli in cos-
7 cells and its reported ability to phosphorylate radixin in vitro
(Matsui et al., 1998; Oshiro et al., 1998). With the findings that
Myptl/PP1is the phosphatase responsible for dephosphorylating
ERM proteins (Fukata et al., 1998) and that Myptl/PP1 is nega-
tively regulated by ROCK1 (Velasco et al., 2002), the earlier re-
sult can be explained. In the fly, phenotypes resulting from loss
of moesin can be rescued by reducing the level of RhoA (Speck
et al., 2003). Recent work has shown that RhoA-GTP directly
dimerizes and activates SLK (Bagci et al., 2020). In the work of
Bagci et al., the appearance of increased apical contractile fibers
was not observed following the single knockdown of either LOK
or SLK, in concurrence with our finding that only double
knockout of both kinases resulted in the most severe observed
phenotypes. As pERM proteins act as negative regulators of
RhoA-GTP, a local feedback cycle exists in which RhoA-GTP and
PERMs regulate each other’s activity specifically across the ap-
ical domain (Fig. 7 G).

RhoA is a well-recognized spatial regulator of the adherens
junctions between epithelial cells (reviewed in Hartsock and
Nelson, 2008; Marjoram et al., 2014; McCormack et al., 2013).
Active RhoA is highly enriched at junctions through the action of
various regulators, including the RhoA-GEFs (RhoA guanine
nucleotide exchange factors) pl14RhoGEF and ECT2, and indi-
rectly through active myo-IIA recruitment of ROCKI1 to phos-
phorylate and inactivate the ability of Rnd3 to recruit p190B
RhoA-GAP (RhoA GTPase-activating protein; Ratheesh et al.,
2012; Reyes et al., 2014; Terry et al., 2011; Priya et al., 2015;
Lecuit and Yap, 2015). Misregulation of RhoA can affect the
mechanical tension between junctions of neighboring epithelial
cells (Zihni et al., 2014). Indeed, this is what we observed by
knocking out active ERMs. As a consequence of removing active
ERMs, F-actin bundles are redistributed away from the junc-
tions and into actomyosin networks across the apical terminal
web. This state can be mimicked in wild-type epithelial cells by
introducing an actin-stabilizing drug such as jasplakinolide.
Conversely, the actin in knockout cells can be redirected back
toward junctions by adding actin-depolymerizing drug la-
trunculin B. A similar phenomenon is seen when anillin is ma-
nipulated in epithelial cells, where anillin-knockdown cells
produce low tensile forces and overexpression produces high
tensile forces due to misregulation of medial-apical F-actin
(Arnold et al., 2019). Thus, local spatial regulation of proteins
like ERMs and anillin can influence the RhoA-dependent actin
turnover at the apical domain and junctions of epithelial cells. As
LOK is an effector of active RhoA and is located in the microvilli,
and not the cell-cell junctions, a subpopulation of RhoA must be
specifically regulated across the apical surface of epithelial cells.
The activity of this local RhoA subpopulation is negatively
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regulated by pERM proteins, presumably through either a Rho-
GEF or a Rho-GAP. In the fly Rho-GAP, Conundrum has been
shown to bind moesin and act as a negative regulator of Rhol.
However, since deletion of Conundrum has no obvious pheno-
type, there is likely functional redundancy with another Rho-
GAP (Neisch et al., 2013). Our future work will be aimed at
identifying the factor(s) that allow active ERMs to mediate local
negative regulation of RhoA-GTP.

The negative signaling pathway from active ERMs to RhoA
that we have uncovered in the placentally derived Jeg-3 cells
appears to also operate in the epithelial colon-derived DLD-
1 cells, as loss of ERMs or LOK/SLK from these cells also results
in elevated RhoA-GTP levels and a highly disrupted apical
domain. Therefore, the negative regulation of RhoA in the
apical domain by active ERMs is likely a common feature of
epithelial cells.

In summary, ERM proteins and their activators LOK/SLK
function in the same pathway as a unit to build microvilli on the
apical surface of epithelial cells and locally modulate the level of
RhoA-GTP in a feedback inhibition cycle. The next challenge will
be to understand how this feedback loop is regulated and re-
stricted to the apical domain.

Materials and methods

Reagents and cDNAs

Ezrin antibodies were either a mouse anti-ezrin antibody
(CPTC-ezrin-1 supernatant concentrate obtained from the De-
velopmental Studies Hybridoma Bank; catalog no. CPTC-Ezrin-1;
Research Resource Identification AB_2100318) used at 1:1,250
(Western blot) or 1:100 (immunofluorescence) or a previously
characterized rabbit polyclonal antibody raised against full-
length human ezrin (Bretscher, 1989) and used at 1:1,000
(Western blot) or 1:200 (immunofluorescence). Rabbit anti-
EBP50 was also a previously characterized antibody (Reczek
et al, 1997) and was used at 1:50 (immunofluorescence).
Mouse anti-Z0O-1 (BD Biosciences; catalog no. 610966) was used
at 1:100 (immunofluorescence). Rabbit anti-radixin (Cell Sig-
naling Technology; catalog no. C4G7) was used at 1:1,000
(Western blot) to blot for both radixin (80 kD) and moesin (75
kD). Rabbit anti-pERM (raised against recombinant phospho-
peptide) was used at 1:1,000 (Western blot). Rabbit anti-LOK
(catalog no. A300-400A) used at 1:500 (Western blot) and rab-
bit anti-SLK (catalog no. A300-500A) used at 1:100 (Western
blot) were purchased from Bethyl Laboratories, Inc. For im-
munofluorescence of LOK, a homemade rabbit polyclonal anti-
body raised against LOK-586-stop (Pocono Rabbit Farm) was
used at 1:50. Mouse anti-Flag (Sigma-Aldrich; catalog no. F1804)
was used at 1:5,000 (Western blot), and mouse anti-tubulin
(Sigma-Aldrich; catalog no. T5168) was used at 1:5,000 (West-
ern blot). Mouse anti-GFP used at 1:100 (immunofluorescence)
was obtained from Santa Cruz Biotechnology, Inc. (catalog no.
SC-9996). Rabbit antibodies for anti-MLC2 (catalog no. 3672) and
anti-phospho-MLC2 (raised against phospho-Thrl8/Serl9; cat-
alog no. 3674) were purchased from Cell Signaling Technology
and used at 1:500 (Western blot) and 1:50 (immunofluores-
cence). Mouse anti-E-cadherin mAb was purchased from BD
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Transduction Laboratories (catalog no. 610181) and used at 1:100
for immunofluorescence. Mouse anti-RhoA antibody (Cyto-
skeleton Inc.; catalog no. ARHO5) was obtained through Cyto-
skeleton Inc., and the RhoA Activation Assay Biochem Kit was
used at 1:500. Rabbit antibody for anti-nonmuscle myo-IIB from
BioLegend (catalog no. 909902) and nonmuscle myo-IIA (BioL-
egend; catalog no. 909802) were used at 1:100 (Western blot and
immunofluorescence). Rabbit polyclonal antibodies raised by
standard procedures against vinculin, brush border myosin-II,
and a-actinin purified from chicken gizzard were used at 1:
2,000, 1:200, or 1:200, respectively, for Western blotting (Fig.
S2). The myosin antibody was described in Bretscher (1989). The
vinculin and a-actinin antibodies were described in Franck et al.
(1990). For actin staining, Alexa Fluor 488 (Invitrogen; catalog
no. A12379) or Alexa Fluor 647 phalloidin (Invitrogen; catalog no.
A30107) was used at 1:250. WGA conjugated to Alexa Fluor 488
(Invitrogen; catalog no. W11261) was used at 1:300 to stain cell
membranes.

Phos-tag was purchased from Wako Chemicals. Jasplakino-
lide (catalog no. 11705) and Y-27632 (catalog no. 100005583-5)
were purchased from Cayman Chemicals. DMSO (catalog no.
D2650), latrunculin B (catalog no. L5288), and cytochalasin D
(catalog no. C8273) were purchased from Sigma-Aldrich. Caly-
culin A (catalog no. BML-EI92-0100) was purchased from Enzo
Life Sciences, and blebbistatin (catalog no. B592500) was pur-
chased from Toronto Research Chemicals.

Ezrin point mutants T567E and T567A were previously gen-
erated as described in Viswanatha et al. (2012). Sequences for
LOK-GFP-Flag, LOK-CTD-GFP-Flag, and LOK-K65R-GFP-Flag
were previously generated in the laboratory (Pelaseyed et al.,
2017; Viswanatha et al., 2012). To generate stable cell lines, ezrin
and LOK cDNAs were subcloned into pCDH lentivector (System
Biosciences). The puromycin gene in pCDH was then substituted
for blasticidin using Gibson assembly. The lentivectors were
then transfected with psPAX2 and pCMV-VSV-G before virus
collection and transduction into Jeg-3 cells. Cells were then
grown under blasticidin selection at 5.0 pg/ml for 1-2 wk before
immunofluorescence experiments. Stable expression for ezrin
was validated using either an ezrin antibody for ezrin constructs
or GFP expression for LOK constructs.

Cell culture
Jeg-3, HeLa, and Caco-2 cells (American Type Culture Collection)
were maintained in a 5% CO, humidified chamber at 37°C. Jeg-3
cells were maintained in MEM with 10% FBS, penicillin/strep-
tomycin, and GlutaMAX (Thermo Fisher Scientific). Cells were
cultured on Corning 100 x 20-mm cell culture polystyrene
dishes. HeLa and Caco-2 cells were maintained in DMEM with
10% FBS and penicillin/streptomycin. Knockout cell lines were
maintained with additional 2.0 pg/ml puromycin (Sigma-Al-
drich) selection. Transient transfections were done using either
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions or polyethylenimine reagent (PolyPlus) as previously
described (Viswanatha et al., 2012).

Single-guide RNAs (sgRNAs) were designed using CRISPR
analysis tools on Benchling and cloned into puromycin-resistant
pLenti-CRISPRV2 (Addgene; catalog no. 49535) or pLenti-sgRNA
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(a gift from the Cheeseman laboratory; Whitehead Institute,
Cambridge, MA) as described in Sanjana et al. (2014) and Shalem
et al. (2014). The following sgRNA sequences were used: 5'-GCA
ATGTCCGAGTTACCACCA-3' (ezrin), 5'-AGAAGCAGAACGACT
TGAAA-3' (radixin), 5-CAGTGTGCGTGTGACCACCA-3' (moe-
sin), 5'-GTAAGACTCACCCAGCATGA-3’ (LOK), and 5'-GCAGTA
CGAACACGTGAAGA-3' (SLK). Each lentiviral construct was then
transfected into 293TN cells with psPAX3 and pCMV-VSV-G (a
gift from Jan Lammerding, Weill Institute for Cell and Molecular
Biology, Cornell University, Ithaca, NY) for 48-72 h before virus
collection. Target cells (Jeg-3, Hela, or Caco-2) were then
transduced with either one or two lentiviruses in order to
generate a mixed population of single- and double-knockout
cells. Cells were sorted into single cells and then expanded in
puromycin selection before screening by immunofluorescence
and Western blotting.

Growth curves of Jeg-3 cells were performed by plating cells
on low-evaporation-lid, flat-bottom, 96-well plates (Corning;
catalog no. 3595). Once plated, cells were seeded at 3,000 cells
per well. Plates were then imaged once per hour for 100 h using
a 20x objective using an Incucyte ZOOM v2016 (Essen BioSci-
ence) kept in standard cell incubation chamber conditions. Raw
data images were collected and analyzed using Incucyte. Graphs
were assembled and exported using GraphPad Prism (version 8).

Statistical methods

The statistical tests applied, the number of independent data
points (n), and the definition of error bars are described in the
figure legends specific to the tested data. Additional analysis is
described in the Materials and methods sections pertaining to
specific techniques. All t tests were performed as two-tailed
tests. For parametric tests, data distributions were assumed to
be normal, but this was not formally tested.

Western blotting and immunoprecipitation

Western blot analysis of cell lysates was done using 6-12% split
SDS-PAGE gels, while 6% gel was used for Phos-tag experiments.
Phos-tag reagent was added at a final concentration of 50 uM to
a standard Tris-glycine-SDS polyacrylamide gel according to the
manufacturer’s recommendations. Gels were transferred to a
polyvinylidene difluoride (PVDF) membrane and blocked with
5% milk in TBS + 0.5% Tween-20. Primary antibodies were in-
cubated with the membrane in 5% BSA either for 1 h at room
temperature or overnight at 4°C. Bands were detected with HRP
(Thermo Fisher Scientific; catalog no. 31460) or infrared fluor-
escent secondary antibodies (Invitrogen or LI-COR Biosciences;
catalog nos. 926-32221 and 926-32210). Membranes were imaged
using a scanner (Odyssey; LI-COR Biosciences). Blots imaged
using HRP were imaged using a Bio-Rad ChemiDoc. Band in-
tensities were calculated using ImageJ’s gels toolkit. GraphPad
Prism was used for statistical analysis of gel band intensity
quantification.

For detecting MLC and pMLC, 16% or split 7.5-17.5% SDS-
PAGE gels were used and transferred to PVDF membranes
with 0.2-pm pore size (EMD Millipore; Immobilon-PSQ). The
membrane was then blocked with Immobilon Block-PO
phosphoprotein-blocking buffer (EMD Millipore; catalog no.
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WBAVDPO0O01) and incubated with primary antibody solution
overnight before developing with chemiluminescent reagents
(Radiance Q Plus, catalog no. AC2101; Azure Biosystems) on a
Bio-Rad ChemiDoc imaging system. Relative band intensities
were calculated in Image] and normalized to a loading control
and exported to GraphPad Prism for statistical analysis. Ca-
lyculin A treatments for MLC blotting were performed by
incubating the drug with cells for 10 min at 37°C before lysis.
Lysis of cells for MLC blotting was performed with warm
(70°C) Laemmli sample buffer, followed by immediate scrap-
ing and boiling.

To determine an interaction between LOK and constitutively
active RhoA-L30, cells were transiently cotransfected with LOK-
CTD-GFP-Flag and HA-RhoA-L30 (a kind gift from the Cerione
laboratory, Cornell University, Ithaca, NY). After 24 h, cells were
lysed and then solubilized in cold immunoprecipitation buffer
(25 mM Tris, pH 7.4, 5% glycerol, 150 mM NaCl, 50 mM NaF,
0.1 mM NazVO,, 10 mM B-glycerol phosphate, 8.7 mg/ml para-
nitrophenylphosphate, 0.5% Triton X-100, 0.1 uM calyculin A,
and protease inhibitor tablet [Roche]) and immunoprecipitated
for 2 h using Flag M2 affinity gel (Sigma-Aldrich; catalog no.
F2426). Immunoprecipitates were then extensively washed in
immunoprecipitation wash buffer (25 mM Tris, PH 7.4, 5%
glycerol, 150 mM NaCl, 50 mM NaF, and 0.2% Triton X-100) and
then eluted in 200 pg/ml 3x Flag peptide, denatured in Laemmli
buffer, resolved by SDS-PAGE, transferred to PVDF, and devel-
oped with HRP Western blot detection.

Active RhoA pull-down assay

For GTP-RhoA pull-down assay, the Rho Activation Assay Bio-
chem Kit (Cytoskeleton Inc.; catalog no. BK036) was used as
described in the product manual. In summary, wild-type Jeg-3 or
knockout cell lines were plated and grown for 3 d on Corning
100 x 20-mm cell culture polystyrene dishes. An optimal con-
fluency of 70-80% was used, as higher confluences can result in
partial loss of a monolayer and disruption of apical morphology
in Jeg-3 cells. For Y-27632 drug treatments, drug was diluted to a
100x stock in water and then stored in experimental sized ali-
quots at -20°C. Prior to drug treatment, Y27632 was diluted into
media and added to the cells to a final concentration of 1 ug/ml
for 1h at 37°C. After 1 h, both drug-treated and untreated cells
were placed on ice and washed three times with ice-cold PBS.
Cells were lysed using the kit lysis buffer and protease inhibitor
cocktail, then clarified at 10,000 x g at 4°C for 1 min. The lysate
was then snap frozen in liquid nitrogen as quickly as possible to
reduce RhoA-GTP hydrolysis. Frozen lysates were then stored at
-80°C. Protein concentrations were measured using the Brad-
ford reagent and absorption at 595 nm. Upon thawing aliquots,
lysate protein concentration was then normalized to a uniform
protein concentration using kit lysis buffer. Equal concentrations
of lysate were then passed on 100 pg rhotekin Rho-binding do-
main beads and incubated at 4°C for 1 h under agitation. The beads
were then washed, pelleted, and finally boiled with 20 pul Laemmli
sample buffer. Positive and negative controls using wild-type Jeg-3
lysate were incubated with either GTPys or GDP for 15 min before
passing over the rhotekin Rho-binding domain beads. These
controls were used to confirm the detectable range of Western blot
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detection, RhoA hydrolysis activity, and rhotekin bead binding
capacity. Samples were run on a 7.5-17.5% split SDS-PAGE gel and
blotted for RhoA; Monoclonal Mouse anti-RhoA antibody (Cyto-
skeleton Inc.; catalog no. ARHO5) was used at 1:500 dilution in TBS
with Tween overnight, and anti-mouse HRP secondary antibody
was used at 1:10,000. Western blots were analyzed using the
Image] gel analysis toolkit. Pull-down intensity values were
normalized to their respective input or loading band intensity,
averaged across replicates, then reported as a ratio relative to the
wild-type to no-treatment condition. SEM was calculated by
propagation of error using the A method for this transformation
to an average normalized ratio. For statistical significance analysis,
an unpaired t test was used.

Time-lapse microscopy, immunofluorescence, and image
analysis

Cells were treated to a final concentration of 10 nM calyculin A
diluted into cell media plus 10 mM Hepes at the start of time-
lapse imaging. Phase-contrast images for time-course videos
were taken every 4 min for 1 h using a 20x objective on a Zeiss
AXIO widefield inverted microscope fitted with a 37°C temper-
ature environmental chamber. For blebbistatin experiments,
blebbistatin was added to the media to a final concentration of
25 uM 30 min before addition of calyculin A. For calyculin A
treatment time-course videos and still frames, imaging was
started immediately before addition of calyculin A, and time O
was defined as the first captured frame after calyculin A
addition.

Prior to fixation for immunofluorescence, Jeg-3 cells grown
on coverslips were washed with PBS and prestained with WGA
at 1:300 for 30 min. For actin turnover experiments in Fig. 5 A,
Jeg-3 cells were treated with either DMSO, 500 nM jasplakino-
lide, or 100 ng/ml latrunculin B for 30 min before fixation. For
detecting endogenous localization of LOK, cells were fixed for
10 min in 3.7% formalin in a cytoskeletal stabilizing buffer (S
Buffer: 0.1 M PIPES, 5 mM EGTA, 4% poly ethylene glycol, pH
6.9) supplemented with 250 nM calyculin A. After fixation, cells
were permeabilized in 0.2% Triton X-100 in S Buffer, blocked
with immunofluorescence buffer (cytoskeletal stabilizing buffer
+ 0.5% BSA + 0.5% goat serum + 0.1% Triton X-100) for 10 min.
Otherwise, for all other immunofluorescent experiments, cells
grown on glass coverslips were fixed in 3.7% formalin/PBS for
15 min at room temperature. Cells were then washed with PBS
and blocked with immunofluorescence buffer (PBS + 0.5% BSA +
0.5% goat serum + 0.1% Triton X-100) for 10 min. Primary and
secondary antibodies were then applied in immunofluorescence
buffer containing 2% FBS. Alexa Fluor-conjugated phalloidin
was added to the secondary. The cells were mounted in Slow-
Fade Diamond Antifade (Thermo Fisher Scientific) and imaged
using a spinning-disk (Yokogawa CSU-XI; Intelligent Imaging
Innovations) Leica DMi600B microscope with a spherical aber-
ration correction device and a 100x/1.46 NA or 40x/1.30 NA
Leica objective. All fixed-cell imaging was done at room tem-
perature (23°C). Images were acquired with a metal-oxide
semiconductor device Hamamatsu ORCA-Flash 4.0 camera
(scientific complementary metal-oxide-semiconductor), and
image slices were assembled using SlideBook 6 software
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(Intelligent Imaging Innovations). Maximum- or summed-
intensity projections were assembled in SlideBook 6 and exported
to Illustrator software (Adobe). For clarity, side projections were
vertically expanded using Ilustrator. Line scan analysis was per-
formed within Image] using the Plot Profile toolkit. Intensity values
were then imported into either GraphPad Prism or RStudio for
graphing. An 8-pixel sliding window average and normalization of
intensity to the minimum-intensity value was applied to line scans
of actin SIM imaging to reduce noise and allow comparison be-
tween conditions.

Live-cell imaging of ZO-1-GFP (Addgene; catalog no. 30313)
was performed by transiently transfecting Jeg-3 cells 24 h before
imaging. Immediately before imaging, cell medium was changed
to FluoroBrite DMEM (Thermo Fischer Scientific; catalog no.
A1896701) with 10% FBS, and cells were kept in a 5% CO, hu-
midified environmental chamber at 37°C throughout imaging.
Cells were imaged every 10 min for >15 h using an inverted Leica
DMi8 widefield microscope equipped with a Leica 40x/0.95 NA
air objective, a Leica DFC 9000 GTC camera, Leica Application
Suite X THUNDER deconvolution software, and Leica adaptive
focus control. Deconvolution images of myo-IIA were performed
on the above Leica DMi8 widefield microscope, Leica Applica-
tion Suite X THUNDER deconvolution software, and Leica
adaptive focus control. Default small sample Leica THUNDER
deconvolution settings were used, except for adjustment of
structure size to 1,000 nm and reduction of the deconvolution
strength to 30%.

SIM was performed on a Zeiss Elyra super-resolution in-
verted Axio Observer.Z1 microscope through the Cornell Insti-
tute of Biotechnology Imaging Facility. Illumination was
performed using 405-, 488-, 561-, and 640-nm lasers though a
63x/1.4 NA oil objective and captured on a pco.edge 5.5m
camera. Exposure time was sample and channel dependent to
optimize SIM reconstruction but ranged from 50 to 400 ms.
Z-slice steps were set to the optimized minimum for each il-
lumination channel calculated through the ZEN black software.
Grating for SIM was set to five rotations in all conditions, and
processing was done though the automatic SIM processing
toolset within the ZEN software using default settings. Color
channels were corrected for chromatic aberration by applying
the built-in color alignment ZEN software to a Z-stack of im-
ages of the 100-nm multicolor beads from an Invitrogen Mo-
lecular Probes TetraSpeck Fluorescent Microspheres Size Kit
(catalog no. T14792).

The presence or absence of microvilli was scored as described
previously (Garbett et al.,, 2010; Hanono et al., 2006; LaLonde et al.,
2010; Pelaseyed et al., 2017; Sauvanet et al., 2015). More than 50
cells per replicate were stained using the WGA, ezrin, and phal-
loidin and binned into two categories: microvilli and no microvilli.
Microvilli above cell-cell junctions were ignored in the scoring.

For calculating tortuosity among tight junctions and relative
apical and lateral actin intensities, cells were stained with a ZO-
1 antibody and phalloidin and imaged on a spinning-disk micro-
scope as described earlier. To analyze tortuosity, the ZO-1 channel
was skeletonized into 1-pixel line widths using Image]. Between
two consecutive intersection points, a straight-line length was
measured, and the average of two manually traced line lengths (to
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account for human variability) along the skeletonized line was also
measured. From there, the ratio of the actual line length to the
expected line length (straight length) was calculated and exported
into GraphPad Prism for statistical analysis. For comparing actin
intensities between apical and lateral regions, Max-Z projections
were divided between ZO-1-positive (apical) and ZO-1-negative
(Iateral) staining. From there, outlines of each cell were traced and
measured for their relative mean intensity value in the apical
stacks versus the lateral stacks. The ratios between the apical and
lateral values were then calculated, plotted, and analyzed for
statistical significance (Welch’s t test) in GraphPad Prism.

AFM

AFM experiments were performed using an MFP-3D-BIO atomic
force microscope (Asylum Research) mounted on an Olympus
IX71 inverted microscope residing on a Herzan AVI 350-S Active
Vibration Isolation Table totally enclosed in an airtight BCH-45
Large Acoustic Isolation Hood. Software modules were written
in Igor Pro by Wavemetrics. Cells were plated onto a WillCo-dish
glass-bottom dish (size 50 x 7 mm, glass 30 mm, class 1.5, 0.17
mm, product no. GWST-5030; Willco Wells). Pyramidal-shaped
probe tips (PNP-TR-20) from Asylum Research (804.NW.PNP-
TR) were used and calibrated using an in-air calculation of the
spring constant. Individual cells within monolayers were se-
lected using phase-contrast live imaging with the probe tip lo-
cation simultaneously illuminated onto the field of view. Probe
tips were lowered onto a cell at a velocity of 1,000 nm/s to a
trigger point of 1 nN. Individual cells were force mapped by in-
denting 100 times over a square 20 x 20-um area. Simultaneous
force indentation and membrane retraction measurements were
made by first incubating probe tips with 3.0 mg/ml concanavalin
A in PBS buffer for 1.5 h at room temperature. Deflection and
z-probe position data were exported into MATLAB and then
analyzed using the open access software from Huth et al. (2019),
modified for a pyramidal-shaped probe tip. Force indentation
traces were filtered for single force peaks, then chi-value good-
ness fit to the Hertz model. Young's modulus statistical analysis
and graphing of AFM data were performed in GraphPad Prism.

Online supplemental material

Fig. S1 shows single-knockout phenotypes in Jeg-3 cells. Fig. S2
shows tight junction formation and adherence junction pheno-
types, including still frames from Video 1, and basal or focal
contact protein images and expression in Jeg-3 wild-type and
knockout cells. Fig. S3 shows myo-IIA localization and the effect
of myosin-II inhibition by blebbistatin on tight junctions. Fig. S4
shows the effects of actin, cytochalasin D, latrunculin B, and
jasplakinolide on Jeg-3 wild-type and knockout cells. Fig. S5
shows still frames from Videos 2, 3, and 4 supporting the indi-
cation that pERMs negatively regulate myosin contractility.
Video 1 shows a time-course movie of live Jeg-3 wild-type, Ezr~/~
Rdx~/~, and LOK~/~ SLK~/~ cells transfected with ZO-1-GFP tight
junction marker. Video 2 shows a time-course movie of Jeg-3
wild-type, Ezr~/~ Rdx~/~, and LOK~/~ SLK~/~ cells treated with 10
nM calyculin A over 1 h. Video 3 shows a time-course movie of
Jeg-3 wild-type, Ezr~/~ Rdx™/~, and LOK/~ SLK™/~ cells treated
with 10 nM calyculin A and 25 uM blebbistatin over 1 h. Video 4
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shows a time-course movie of Ezr~/~ Rdx~/~ and LOK~/~ SLK™/~
cells transfected with phosphomimetic ezrin (ezrin-T567E)
treated with 10 nM calyculin A over 1 h.
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Figure S1.  Single-knockout phenotypes in Jeg-3 cells. (A) Analysis of protein expression of ERM proteins and LOK/SLK kinases in Jeg-3 single and double
CRISPR cell lines. Analysis was based on Western blots using specific primary antibodies for LOK, SLK, radixin, and ezrin. Band intensity measurements were
calculated in Image) and normalized to tubulin loading control. No significant differences between protein expression were found, suggesting that there is no
upregulation of individual ERMs or LOK/SLK kinases in the absence of each. n = 3. (B) Growth curve wild-type (gray) versus Ezr/~ Rdx~/~ (blue) and LOK~/~
SLK~/~ cells (orange). n = 15 wells of cells shown, wild type; n = 15, Ezr~/~ Rdx~/~; n = 15, LOK~/~ SLK~/~. 3,000 cells were seeded per well on 96-well plates and
imaged every hour using the Incucyte live-cell analysis system. Each point represents cell confluence, measured by Incucyte over time per hour from 0 to 100 h.
Error bars, SEM. (C) Representative immunofluorescence staining of microvilli in single-knockout cells used for microvilli quantification and assessment of
partial defects. Scale bars, 10 um. (D) Western blots showing expression of ezrin and LOK constructs in Jeg-3 cells. Asterisk indicates the presence of a

nonspecific band.
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Figure S2. Tight junction structure and formation and basal contact comparison between Jeg-3 wild-type and knockout cells. (A) Apical Z-projections
of Jeg-3 wild-type and knockout cells stained with E-cadherin and actin. (B) Still frames from Video 1 of Jeg-3 cells transfected with ZO-1-GFP showing the
development of tight junctions. Following cell division, new junctions are formed that look similar between wild-type and knockout cells (yellow arrowheads;
1 h after division). Over time (2.5 h after division), these same junctions (yellow arrowheads) increase in tortuosity in the knockout cells but are maintained as
relatively straight (low tortuosity) in the wild-type cells. (C) Western blotting of nonmuscle myosin-Il, vinculin, a-actinin, and tubulin in Jeg-3 wild-type and
double-knockout cells show similar levels of expression. (D) Immunofluorescence staining of paxillin focal adhesion marker and actin shows similar organi-
zation. (E) Immunofluorescence staining of actin and vinculin indicates that localization of vinculin is similar between knockout cells and Jeg-3 wild-type cells.
Scale bars, 10 pm in A, 20 um in B, 10 pm in D, 5 pm in E.
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Figure S3. Imaging of junctional and apical defects with myo-lIA localization and inhibition by blebbistatin. (A) Deconvolution immunofluorescence
staining of myo-IIA shows a similar organization to myo-IIB (Fig. 4). Nonmuscle myo-IIA and myo-IIB are localized to aberrant apical contractile fibers. (B) Jeg-3
wild-type and knockout cells were treated with 25 pM blebbistatin for 30 min before immunofluorescence staining of ZO-1 and actin. Images are maximum-
intensity projections of apical Z-slices as determined by ZO-1 signal. (C) Quantification of tight junction tortuosity using ZO-1 staining. Each point represents
the tortuosity from one tight junction intersection to the next intersection. Center lines represent mean + SEM; n > 13. Scale bars, 5 pm in A, 10 um in B.
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Figure S4. Effects of actin-polymerizing drugs on Jeg-3 epithelial cells. (A) Jeg-3 cells treated with 1 ug/ml cytochalasin D for 30 min before fixation and
staining with ZO-1 and actin. (B) Actin staining of apical and basolateral slices from maximum-intensity projection images in Fig. 5 A. Notably, latrunculin B
treatment favors disassembly of basolateral actin over apical actin while maintaining a strong presence of junctional actin. Scale bars, 10 um.
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Figure S5. pERMs negatively regulate myosin contractility. (A) Representative phase-contrast still images from Video 2 showing the effect of 10 nM
calyculin A on wild-type or knockout cells. (B) Same as A, except for 30-min treatment with 25 uM blebbistatin (Video 3) or transfection to express phos-
phomimetic ezrin-T567E (Video 4) before calyculin A treatment. Scale bars, 100 pm.
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Video 1. Development of ZO-1 junctions in Jeg-3 cells. 15-h time-course movie of Jeg-3 wild-type, Ezr~/~ Rdx~/-, and LOK~/~ SLK~/~ cells transfected with
Z0-1-GFP. Forces from neighboring cells are applied to the cell-cell contacts. Following division, the development of new tight junctions occurs. Over time, the
forces applied to these junctions distort the ZO-1 organization in the knockout cells, but less so in the wild-type cells. Playback speed, 10 frames per second.
Scale bars, 20 pm.

Video 2. Time-course movie of Jeg-3 wild-type, Ezr-/- Rdx~/-, and LOK~/~ SLK~/~ cells treated with 10 nM calyculin A over 1 h. Playback speed, 10
frames per second. Scale bars, 100 um.

Video 3. Time-course movie of Jeg-3 wild-type, Ezr~/~ Rdx~/-, and LOK~/~ SLK~/ cells treated with 10 nM calyculin A and 25 pM blebbistatin over 1 h.
Blebbistatin treatment was added 30 min before video start. Playback speed, 5 frames per second. Scale bars, 100 pm.

Video 4. Time-course movie of Ezr-/~ Rdx/~ and LOK~/~ SLK-/~ cells transfected with phosphomimetic ezrin (ezrin-T567E) treated with 10 nM
calyculin A over 1 h. Playback speed, 5 frames per second. Scale bars, 100 pm.
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