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Ezrin, a membrane–cytoskeleton linker protein, plays an essential role in cell polarity establishment, cell migration, and division.
Recent studies show that ezrin phosphorylation regulates breast cancer metastasis by promoting cancer cell survivor and promotes
intrahepatic metastasis via cell migration. However, it was less characterized whether there are additional post-translational
modifications and/or post-translational crosstalks on ezrin underlying context-dependent breast cancer cell migration and invasion.
Here we show that ezrin is acetylated by p300/CBP-associated factor (PCAF) in breast cancer cells in response to CCL18 stimulation.
Ezrin physically interacts with PCAF and is a cognate substrate of PCAF. The acetylation site of ezrin was mapped by mass
spectrometric analyses, and dynamic acetylation of ezrin is essential for CCL18-induced breast cancer cell migration and invasion.
Mechanistically, the acetylation reduced the lipid-binding activity of ezrin to ensure a robust and dynamic cycling between the
plasma membrane and cytosol in response to CCL18 stimulation. Biochemical analyses show that ezrin acetylation prevents the
phosphorylation of Thr567. Using atomic force microscopic measurements, our study revealed that acetylation of ezrin induced
its unfolding into a dominant structure, which prevents ezrin phosphorylation at Thr567. Thus, these results present a previously
undefined mechanism by which CCL18-elicited crosstalks between the acetylation and phosphorylation on ezrin control breast
cancer cell migration and invasion. This suggests that targeting PCAF signaling could be a potential therapeutic strategy for
combating hyperactive ezrin-driven cancer progression.
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Introduction
Cell migration plays an important role in a wide variety of

cellular dynamics, such as embryonic development, wound heal-

ing, immune response, and cancer metastasis (Stuelten et al.,
2018). During cell migration, the coordination among membrane
trafficking, actin skeleton remodeling, and formation of new
adhesion complexes is required for protrusive activities at the
leading edges of the migrating cells (Inagaki and Katsuno, 2017).
The members of the ezrin/radixin/moesin (ERM) family proteins
are involved in multiple aspects of cell migration by acting as
cross-linkers between dynamic plasma membrane and the actin
cytoskeleton in polarized secretory cells (Yao et al., 1993, 1995;
Yao and Forte, 2003; Cao et al., 2005; Yao and Smolka, 2019),
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as well as regulators of signaling molecules that are implicated
in cell polarity, adhesion, and migration (Bretscher et al., 2002;
Clucas and Valderrama, 2014).

Ezrin is held inactive in the cytoplasm through an intramolec-
ular interaction between its FERM (four-point-one protein/ezrin/
radixin/moesin) domain and C-ERMAD domain, and this inter-
action blocks its binding sites with plasma membrane and F-
actin (Bretscher et al., 2002; Fehon et al., 2010). The conserved
threonine residue T567 of ezrin can be phosphorylated in a
tissue- and cell-dependent manner by Rho kinase in hepatocel-
lular carcinoma (Chen et al., 2011b), PKCα in breast cancer (Ng
et al., 2001), or MST4 in gastrointestinal epithelial cells (ten
Klooster et al., 2009; Jiang et al., 2015). Our previous study
also showed that ezrin plays an essential role in hepatocellular
carcinoma metastasis through Rho kinase-mediated T567 phos-
phorylation, indicating that ezrin phosphorylation is involved
in a wide variety of signaling pathways (Chen et al., 2011b).
To date, a dominant view has been proposed that activation of
ezrin is in a two-step fashion: (i) the binding with PIP2 induces a
favorable conformational change and partial activation of ezrin
and (ii) C-terminal T567 phosphorylation follows the conforma-
tional change, which made the phosphorylation sites accessible
(Liu et al., 2007). However, whether other post-translational
modifications (PTMs) are also involved in the regulation of ezrin
function, tumor metastasis, or cell migration remains unknown.

In breast cancer cells, acetylation of ezrin is essential for cell
migration, and persistent acetylation will perturb its directional
cell migration. Here we identified four acetylation sites in the
FERM domain of ezrin, which were acetylated by acetyltrans-
ferase p300/CBP-associated factor (PCAF). Ezrin acetylation
attenuates its binding with plasma membrane PIP2, membrane-
associated proteins, and F-actin. Finally, the acetylation of ezrin
causes the unfavorable conformational changes and inactivity.
Our results elucidate a previously unknown mechanism of ezrin
acetylation, regulation, and crosstalk with phosphorylation.

Results
FERM domain of ezrin is acetylated in vivo in response to CCL18
stimulation

Recent study unraveled the importance of ACAP4 protein
acetylation in CCL18-elicited breast cancer metastasis (Fang
et al., 2006; Chen et al., 2011a; Song et al., 2018). Since our
early study revealed the role of ezrin T567 phosphorylation in
promoting intra-hepatocellular metastasis in xenografts (Chen et
al., 2011b) and ezrin interacts with ACAP4 in context-dependent
manner (Ding et al., 2010; Yuan et al., 2017), we sought
to examine if there are context-dependent PTMs of ezrin in
response to CCL18 stimulation in MDA-MB-231 cells. To this
end, endogenous ezrin was isolated from CCL18-stimulated
MDA-MB-231 cells and subjected the immunoisolated ezrin for
western blotting analysis with a pan anti-acetyl-lysine antibody.
As shown in Figure 1A, ezrin isolated from CCL18-stimulated
but not control sample exhibited strong acetylation signal
(lane 2), indicating that ezrin is acetylated in response to CCL18

stimulation. To further confirm that ezrin is acetylated in breast
cancer cells, we carried out acetylome analysis in TSA and
NAM treated MDA-MB-231 cells using anti-acetyllysine agarose
affinity matrix coupled with mass spectrometric identification of
acetylation sites. As a quality control of our experimentation, an
acetylation blot indicated that ezrin is acetylated in response to
the stimulation of CCL18 in vivo (Figure 1A and B; Supplemen-
tary Figure S1B).

To pinpoint the acetylation sites of ezrin in response to CCL18
stimulation, we treated GFP-ezrin transfected MDA-MB-231 cells
with CCL18 in addition to TSA and NAM to perform an immuno-
precipitation using GFP-Trap (Figure 1C). Mass spectrometric
analysis revealed several potential acetylated lysine sites in
the FERM domain in MDA-MB-231 cells (Figure 1D). Some of
the potential acetylation sites on ezrin have also been reported
in previous acetylome databases (Kim et al., 2006; Choudhary
et al., 2009; Zhao et al., 2010). Mass spectrometric analysis
indicated that four evolutionarily conserved sites (K60, K253,
K258, and K263) are reproducibly found in CCL18-stimulated
MDA-MB-231 cells (Supplementary Figure S1). To validate the
acetylation, we introduced wild type (WT) or nonacetylatable
(4KR) ezrin into MDA-MB-231 cells treated with TSA and NAM.
Immunoprecipitation with GFP-Trap was conducted to detect
the ezrin acetylation level by pan-acetylated lysine (pan-acK)
antibody. As show in Figure 1E, WT but not 4KR mutant ezrin was
acetylated, suggesting that these four identified sites represent
major acetylation sites on ezrin. Therefore, we conclude that
ezrin is acetylated in response to CCL18 stimulation in breast
cancer cells.

Ezrin is a novel substrate of acetyltransferase PCAF
Lysine acetylation is an important PTM that regulates breast

cancer recurrence and metastasis (Rios Garcia et al., 2017; Zhao
et al., 2019). Our previous results revealed that Rho kinase-
mediated ezrin T567 phosphorylation is essential in hepatocel-
lular carcinoma metastasis (Chen et al., 2011b). However, there
is no evidence showing the relationship between acetylation and
ezrin in breast cancer cell invasion. The identification of ezrin
acetylation prompted us to identify the upstream acetyltrans-
ferase. To this end, we performed immunoprecipitation assays,
in which HEK293T cells were co-transfected with FLAG-ezrin and
GFP-PCAF or GFP-TIP60. The transfected cells were then lysed and
incubated with the anti-FLAG beads followed by western blotting
analysis. As shown in Figure 2A, the immunoblotting results
with anti-GFP antibody confirmed that ezrin interacts with PCAF
specifically. To further confirm the above interaction, HEK293T
cells were co-transfected with FLAG-PCAF and GFP-ezrin, or GFP
followed by immunoprecipitation. Western blotting analysis ver-
ified the ezrin–PCAF interaction in vivo (Figure 2B).

To confirm that ezrin–PCAF interaction is not cell line oriented
and not due to overexpression of exogenous proteins, we car-
ried out an immunoprecipitation of endogenous ezrin and its
associated proteins from MDA-MB-468 cells. As shown in Sup-
plementary Figure 2A, PCAF but not TIP60 was precipitated by an
anti-ezrin antibody (lane 2). In addition, ACAP4, a component
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Figure 1 CCL18 stimulation induces ezrin acetylation in breast cancer cells. (A) Ezrin is acetylated in response to CCL18 stimulation. Starved
MDA-MB-231 cells were treated with 20 ng/ml CCL18 for 10 min followed by ezrin immunoprecipitation (IP) and subsequent immunoblotting
with pan-acK antibody (acK pan Ab). Note that the ezrin band was reacted by pan-acK antibody. (B) MDA-MB-231 cells were treated with DMSO
or deacetylase inhibitors 1 µM Trichostatin A (TSA) and 10 mM Nicotinamide (NAM) for 4 h. The whole-cell lysates were immunoprecipitated
by anti-acetyllysine agarose. Acetylated ezrin was detected by immunoblotting with ezrin antibody. (C) MDA-MB-231 cells expressing GFP-
tagged ezrin were treated with TSA and NAM for 4 h and subjected to immunoprecipitation with GFP-Trap. The bound proteins were lysed
with SDS sample buffer and separated by SDS–PAGE. (D) Schematic diagram of ezrin and the position of its acetylation sites. The red arrow
indicates the phosphorylation site (T567), which have been reported previously, and the green arrows indicates the acetylation sites, which
are located in the ezrin N-terminal FERM domain. (E) MDA-MB-231 cells expressing GFP-tagged ezrin WT or nonacetylatable mutant (4KR) were
treated with TSA and NAM for 4 h and subjected to immunoprecipitation with GFP-Trap. Acetylation level of ezrin was detected by western
blotting using pan-acK antibody.

of ezrin complex, was also recovered in the precipitates (third
panel; lane 2). Thus, PCAF is a cognate binding protein of ezrin
in breast cancer cells.

To confirm whether the cellular response to CCL18 is not
cell line oriented, we carried out similar characterization using
another triple negative breast cancer cell line MDA-MB-468. As
shown in Supplementary Figure 2B, MDA-MB-468 cells were
serum-deprived for 6 h followed by stimulation (20 ng/ml
CCL18 for 10 min) or control vehicle. Examination of subcellular
localization of endogenous ezrin relative to F-actin revealed
a CCL18 stimulation-elicited remodeling of cytoskeleton–
membrane, as ruffles were readily apparent on the plasma
membrane (bottom panel; arrows).

We next sought to determine whether PCAF directly acetylates
ezrin in vitro. The purified His-ezrinWT or His-ezrin4KR proteins
were incubated with His-PCAF-HAT in the absence or presence
of Ac-CoA as previously described (Xia et al., 2012). Western
blotting using pan-acK antibody confirmed that ezrin is a direct

substrate of PCAF (Figure 2C, lane 3). To further confirm if ezrin
is a substrate of PCAF in cells, MDA-MB-231 cells depleted of
PCAF were transfected with GFP-ezrinWT and immunoprecipitated
with GFP-Trap. Western blotting against PCAF antibody was used
to validate the knockdown efficiency and pan-acK antibody was
used to report ezrin acetylation. As shown in Figure 2D, suppres-
sion of PCAF dramatically reduced the acetylation level of ezrin
(lane 2). Therefore, we conclude that ezrin is a cognate substrate
of PCAF in breast cancer cells.

Acetylation induces the translocation of ezrin from plasma
membrane to cytoplasm

To determine the spatial-temporal distribution of acetylated
ezrin in cells or tumor samples, we generated a site-specific
acetylation antibody for K253, K258, and K263. Unfortunately,
the modification specific antibodies generated exhibited high
cross-reactivity beyond ezrin (data not shown). To solve this
problem, we generated ezrin mutants K60Q/R, 4KQ, 4KR, 6KQ
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Figure 2 Ezrin is a substrate of acetyltransferase PCAF. (A and B) HEK293T cells were transfected with indicated plasmids and immuno-
precipitated with anti-FLAG M2 resin. The immunoprecipitates were detected by GFP blot. (C) His-ezrinWT and His-ezrin4KR proteins were
incubated with His-PCAF-HAT and Ac-CoA at 30◦C for 1 h. EzrinWT was acetylated in the presence of PCAF and Ac-CoA as seen from anti-
acK blot. However, low acetylation level was detected in ezrin4KR. (D) MDA-MB-231 cells depleted of PCAF were transfected with GFP-ezrin
and immunoprecipitated with GFP resin. The immunoprecipitates were analyzed by western blotting using PCAF antibody to validate the
knockdown efficiency and pan-acK antibody to report the suppression of ezrin acetylation.

and 6KR to examine their subcellular distribution in cells
(Supplementary Figure S3). As shown in Figure 3A, GFP-ezrin4KQ

was enriched in the cytosol, while GFP-ezrinWT associates with
the membrane and F-actin, especially in the leading edges
of migrating cells. This is consistent with previous results
that ezrin, as a linker protein between F-actin and plasma
membrane, involved in the regulation of cell morphology and
cytoskeleton–membrane dynamics. The transfected cells were
lysed in homogenization buffer (10 mM HEPES pH 7.4, 1 mM
EDTA, 250 mM sucrose) to separate cytosol and membrane
components by centrifugation at 100000 g for 30 min at 4◦C
(Figure 3B). As a result, ezrin translocated from membrane
to cytosol in cells treated with TSA and NAM (Supplementary
Figure S4A and B) and so did ezrin acetylation-mimicking
mutant and CCL18-elicition (Figure 3C and D; Supplementary
Figure S4C and D). Thus, we conclude that ezrin acetyla-
tion induces its translocation from the plasma membrane
to cytoplasm.

Acetylation of ezrin elicits a conformational change
The open and activated ezrin functions as the membrane–

cytoskeleton linker protein to link plasma membrane and
F-actin, but the closed and inactive ezrin localizes in the
cytoplasm (Bretscher et al., 2002). Therefore, we hypothesize
that the dissociation of acetylated ezrin from membrane was
elicited by the conformational change. To determine the possible
conformational change of ezrin in response to acetylation, we
carried out atomic force microscopic (AFM) analyses of recom-
binant proteins (WT, nonacetylatable ezrin4KR, and acetylation-
mimicking ezrin4KQ) as previously reported (Yu et al., 2014). A
representative AFM image of ezrin4KQ is shown in Figure 3E.

We obtained images of individual recombinant ezrin protein
using scanning AFM as previously described (Liu et al., 2007),
which reveals overall elongated structures with different lengths
and heights. As expected, the open single globular domain
structure of ezrin was enriched in the acetylation-mimicking
mutant, ezrin4KQ (Figure 3F), while ezrinS66D exhibits a linear
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Figure 3 Ezrin acetylation elicits its conformational change and translocation from membrane to cytoplasm. (A) MDA-MB-231 cells were
transfected with GFP-ezrin WT or 4KQ (acetylation-mimicking mutant) for 24 h followed by fixation and actin staining. Scale bar, 10 µm. (B)
The experimental procedure of cell fractionation assay. (C) HEK293T cells were transfected with GFP-ezrin WT and mutants followed by a cell
fractionation assay performed with velocity gradient centrifugation. Cell suspension (S) and pellet (P) were analyzed by western blotting. The
plasma membrane fraction was indicated by Na,K-ATPase. (D) Quantitative analysis of cell fractionation assay in C. Data represent mean ± SE
from three independent experiments. ***P < 0.001. (E) AFM images of ezrin4KQ molecule structures (low magnification of broader view). Image
size, 1000 × 1000 nm. Scale bar, 100 nm in the magnified view of the inset. (F–H) Statistic histogram of single-molecule height of ezrin4KQ,
ezrinS66D, and ezrinWT. Analysis was performed for >200 measurements of three independent preparations.
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structure with globular domains at both ends (Figure 3G) as
reported (Yu et al., 2014), indicating that a conformational
change of ezrin is associated with its acetylation. Given the
heterogeneity, we measured the height of randomly selected
ezrin structures to make unbiased histograms based on the
measurement of >200 ezrin molecule structures. As shown
in Figure 3F, the majority of ezrin4KQ molecules exhibit a
height of 0.60 nm and 0.93 nm (n > 200), whereas ezrin WT
molecules exhibit heights of 0.55 nm and ezrinS66D of 0.51 nm
(Figure 3G and H, n > 200). It was also in accord with our
circular dichroism spectroscopy result (Supplementary Figure
S5A and B). Thus, we proposed that ezrin acetylation enhances
intramolecular N/C-domain association and the three compact
lobes of ezrin and turns the molecular structure of ezrin4KQ to a
closed and inactive conformation.

The crosstalk between ezrin acetylation and phosphorylation
A dominant current view is that ezrin activation occurs in two

steps: PIP2 binding followed by T567 phosphorylation (Zhou et
al., 2005). If the acetylation turns ezrin to be closed and inactive,
the ezrin T567 phosphorylation level and PIP2 binding affinity
would decrease. To testify this hypothesis, we firstly probed
ezrin phosphorylation level in MDA-MB-231 cells expressing
GFP-ezrinWT, GFP-ezrin4KR, or GFP-ezrin4KQ with pT567 and pS66
antibodies (Figure 4A). Consistent with our AFM results, ezrin4KQ

significantly reduced ezrin T567 phosphorylation which is essen-
tial for ezrin activation (Figure 4A and B; Supplementary Figure
S6). In contrast, ezrin acetylation preserved S66 phosphoryla-
tion, which functions in gastric acid secretion (Zhou et al., 2003).
Next, we determined whether ezrin T567 phosphorylation has a
crosstalk with acetylation. The immunoprecipitated GFP-ezrin,
GFP-ezrinT567A, and GFP-ezrinT567D from the transfected HEK293T
cell lysates were subjected to pan-acK immunoblotting analyses.
To our surprise, both phosphomimicking and nonphospho-
rylatable mutants attenuated the acetylation level compared
to ezrin WT. However, the phosphomimicking mutant T567D
exhibited higher acetylation level than the nonphosphorylatable
mutant T567A (Figure 4C and D). The results indicated that in
the T567 phosphorylation state, ezrin is prone to be acetylated
than in the nonphosphorylation state. Taken together, ezrin
acetylation prevented its T567 phosphorylation, showing a
crosstalk between them.

Ezrin acetylation attenuates its binding affinity with PIP2
According to the fact that the acetylation of ezrin could

induce its translocation from plasma membrane to cytoplasm,
we next examined whether the acetylation would regulate the
interaction between ezrin and PIP2, a component of plasma
membrane. Based on the structures of Spodoptera frugiperda
moesin (sfMoesin, PDB ID: 2I1K) (Li et al., 2007) and radixin–
IP3 (PDB ID: 1GC6) (Hamada et al., 2000), we drew a structural
model of ezrin–PIP2 interaction. We found that K253, K258,
and K263 sites locate in the interface of ezrin FERM and C-
ERMAD domain, which are essential for T567 phosphorylation

and ezrin unfolding (Figure 5A). In addition, K60, which locates
at the interface of ezrin and the plasma membrane lipid,
is essential for the first step of ezrin activation (Figure 5B).
Therefore, we speculated that ezrin acetylation perturbed the
association between ezrin and plasma membrane. To test the
direct association of ezrin and PIP2, we conducted PIP strip
assay (Figure 5C) using purified His-ezrin WT and mutants,
which were verified by Coomassie Brilliant Blue (CBB) staining
(Figure 5D). As shown in Figure 5E, ezrinWT interacts with most of
the membrane lipids, whereas the lipid binding affinity of ezrin4KQ

dramatically decreased. In accordance with our hypothesis,
the acetylation and phosphorylation-mimicking double mutant
(ezrin4KQ + T567D) partially rescued the binding affinity. In particular,
the binding activity with PIP2, which is critical in ezrin activation,
was prevented by acetylation (Figure 5E and F). Therefore, we
conclude that ezrin acetylation attenuates the direct association
of ezrin and the plasma membrane lipid PIP2.

Ezrin acetylation reduces its binding with membrane-associated
proteins and F-actin

The membrane association property of ezrin is not only
dependent on its direct binding to plasma membrane via PIP2,
but also mediated by other membrane-associated proteins
indirectly. Ezrin binds to PDZ domain-containing proteins, such
as Na+/H+ exchange regulatory factor 2 and ERM binding
protein 50 kDa (EBP50) (Reczek et al., 1997). It also binds
to transmembrane receptors such as EGFR and PDGFR, and
some co-factors such as CD44, ICAM1, and ICAM2 (Reczek
et al., 1997; Heiska et al., 1998). To evaluate the binding
ability of acetylated ezrin with membrane-associated proteins,
we purified GST-tagged EBP50 C-terminal (GST-EBP50-CT) and
ICAM2 C-terminal (GST-ICAM2-CT), which are responsible for
ezrin binding in vitro. The truncations were used as baits to
pull down His-ezrin WT and mutants. The results showed that
ezrin mutants significantly reduced the binding affinity of ezrin–
ICAM2 (Figure 6A and B) and ezrin–EBP50 (Figure 6C and D).
Ezrin is a membrane–cytoskeleton linker protein, which interacts
with cytoplasm β-actin rather than skeletal α-actin (Yao et al.,
1996). Thus, we also detected the ezrin and F-actin binding by
an actin co-sedimentation assay. The results showed less F-actin
co-sedimentated with ezrin4KQ (Figure 6E and F) compared with
WT and other mutants. Thus, we conclude that acetylation of
ezrin also attenuates its direct binding with F-actin.

The dynamics of ezrin acetylation is essential for directional cell
migration

ERMs are involved in many tumor metastasis processes,
such as cell polarization, cell–cell communication and cell–
extracellular matrix (ECM) communication (Clucas and Valder-
rama, 2014). Loss of ERMs apical structures contributes to tumor
development and metastasis by causing cell depolarization,
loss of contact-dependent inhibition of proliferation, and
increased motility and invasiveness (McClatchey, 2003). In
addition, ezrin is a key component in tumor metastasis as a

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz099#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz099#supplementary-data


430 | Song et al.

Figure 4 Acetylation of ezrin crosstalks with its phosphorylation. (A) HEK293T cells were transfected with GFP-ezrin WT and mutants for 24 h.
Whole-cell lysates were analyzed by western blotting using ezrin pT567 and pS66 antibodies. (B) Quantitative analysis of the relative ezrin
pT567 intensity compared to GFP-ezrin in A. Data represent mean ± SE from three independent experiments. ***P < 0.001. (C) HEK293T
cells were transfected with GFP-ezrin WT and mutants for 24 h and subjected to immunoprecipitation by GFP-Trap. The acetylation level was
detected by anti-acK antibody. (D) Quantitative analysis of the relative ezrin acetylation intensity compared to GFP-ezrin in C. Data represent
mean ± SE from three independent experiments. *P < 0.05, **P < 0.01.

conduit for signals between metastasis-associated cell-surface
molecules and signal transduction components (Hunter, 2004).
PKCα in breast cancer (Ng et al., 2001) and Rho kinase in
hepatocellular carcinoma (Chen et al., 2011b) mediate ezrin
T567 phosphorylation, which promotes tumor metastasis. The
crosstalk between ezrin acetylation and T567 phosphorylation
suggests a role of dynamic ezrin acetylation in cell migration.
To validate this hypothesis, we transfected GFP-ezrinWT, GFP-
ezrin4KR, or GFP-ezrin4KQ into MDA-MB-231 cells depleted of
endogenous ezrin and examined the migration of single cells.
MDA-MB-231 cells were starved and then stimulated with serum.
Acetylation-mimicking mutant ezrin4KQ resulted in defects of
directionally persistent cell migration (Figure 7A, middle panel).

To quantitatively evaluate ezrin acetylation effects on cell
migration, the migration velocity (υT) and directional migration
velocity (υD) of MDA-MB-231 cells were calculated as described
previously (Zhang et al., 2013). υT is the ratio of the total

track distance to the total time, representing the cell migration
velocity. υD is the ratio of the direct distance (from starting
point to ending point) to the total time, representing the
directional migration velocity (Figure 7B). In accordance to
the cell migration tracks, the υT of GFP-ezrin4KR-expressing
cells was similar to that of the GFP-ezrinWT-expressing cells,
but it decreased in GFP-ezrin4KQ-expressing cells (Figure 7C).
To our surprise, υD was dramatically reduced in GFP-ezrin4KQ-
expressing cells (Figure 7D), indicating that dynamic acetylation
of ezrin functions in directional migration of MDA-MB-231 cells.
Thus, we conclude that the dynamics of ezrin acetylation is
required for directionally persistent migration of MDA-MB-231
cells.

Discussion
Ezrin is an important membrane–cytoskeleton linker essential

for cell fate decision. This study reveals that ezrin, which is a
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Figure 5 Acetylation at FERM domain attenuates ezrin–membrane association. (A) Structural analysis of ezrin acetylation sites. The
corresponding acetylation sites in full-length sfMoesin (PDB ID: 2l1K) and the four lysine residues were labelled and highlighted in green to
mimic the ezrin acetylation. The phosphorylation site T567 was labelled in rainbow. For the domain structure, the three-leaf clover domain
structure of the FERM domain (F1 for marine, F2 for blue, and F3 for purple-blue), α helical region (yellow), and C-ERMAD domain (red) was
applied. (B) Schematic representation of the radixin FERM domain bound to IP3 reveals most of the acetylation sites (K60, K253, K258,
and K263) located on the interaction interface of FERM and IP3 (PDB ID: 1GC6). (C) The diagram of Echelon PIP strip and the membrane
was spotted with 15 different biologically active lipids as indicated. (D) His-ezrinWT, His-ezrin4KR, His-ezrin4KQ, and His-ezrin4KQ + T567D proteins
were purified from bacteria. (E) Purified His-ezrin WT and mutants were subjected to PIP strip assay to detect its binding affinity of PIP2. (F)
Quantitative analysis of the binding affinity of ezrin WT and mutants as in E. Data represent mean ± SE from three independent experiments.
***P < 0.001.
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Figure 6 Acetylation of ezrin attenuates its association with plasma membrane and actin. (A) GST-ICAM2-CT was used as affinity matrix to
absorb purified His-tagged ezrin WT or mutants. Binding activity was analyzed by CBB staining. (B) Quantitative analysis of the binding
affinity to ICAM-CT of ezrin WT and mutants as in A. Data represent mean ± SE from three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001. (C) GST-EBP50-CT was used as affinity matrix to absorb purified His-tagged ezrin WT or mutants. Binding activity was analyzed
by CBB staining. (D) Quantitative analysis of the binding affinity to EBP50-CT of ezrin WT and mutants as in C. Data represent mean ± SE from
three independent experiments. ***P < 0.001. (E) Actin co-sedimentation assay of ezrin WT and mutants. Equal volumes of supernatant (S)
and pellet (P) fractions were resolved by SDS–PAGE and visualized by CBB staining. (F) Quantitative analysis of the binding affinity to actin
of ezrin WT and mutants as in E. Data represent mean ± SE from three independent experiments. *P < 0.05, ***P < 0.001, ns indicates not
significant.

cognate substrate of PCAF, is acetylated in response to CCL18
stimulation. This acetylation resides in the FERM domain, which
is critical to ezrin by virtue of its membrane targeting function reg-
ulated by the PI(4,5)P2. The acetylation of ezrin reduces its bind-
ing affinity to PIP2, membrane-associated proteins, and F-actin,
which leads to a dynamic translocation of ezrin from plasma
membrane to the cytosol. Importantly, this acetylation and trans-
lation of ezrin suppressed ezrin phosphorylation at Thr567 via an
intramolecular interaction (Figure 7E). Thus, dynamic acetylation
of ezrin provides a novel link between CCL18 stimulation and
membrane dynamics in directional cell migration and invasion.

PCAF signaling could be a potential therapeutic strategy for com-
bating hyperactive ezrin-driven cancer metastasis.

Lysine acetylation is a conserved protein PTM linking cell
metabolism and cellular signaling to epigenetic modification
(Choudhary et al., 2014). A large number of lysine acetylations
have been identified using large-scale mass spectrometry-based
proteomics. Crosstalks among different PTMs can add another
level of regulation to various cellular processes, in addition to
signaling transduction and proteins’ conformational change.
As acetylation changes the protein charge in some restricted
regions, it can influence protein modification at nearby sites,
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Figure 7 Ezrin acetylation is essential for directional cell migration. (A) MDA-MB-231 cells transfected with GFP-ezrin WT, 4KR (nonacetylatable
mutant), or 4KQ (acetylation-mimicking mutant) were treated as described in ‘Materials and methods’ and then imaged at 10 min intervals.
Migration tracks of cells are shown as red lines. Scale bar, 20 µm. (B) Diagram of migration path length. The total distance between starting
and ending points (T) and the actual trajectory (D) are indicated. Migration velocity (υT) and directional migration velocity (υD) were calculated
as illustrated. υT is the ratio of total track distance to total time, and υD is the ratio of direct distance between starting and ending points
to total time. (C and D) Quantitative analysis of the migration velocity (C) and directional migration velocity (D) of cells expressing GFP-ezrin
WT, 4KR, or 4KQ as in A. Data represent mean ± SE from three independent experiments. *P < 0.05, ***P < 0.001. (E) Working model
accounting for ezrin acetylation in cell migration. Ezrin is activated through PIP2 binding and phosphorylation of Thr567, which reduces the
binding affinity of the N-terminal FERM domain with the C-ERMAD. This open and activated state either anchors to the membrane lipid PIP2 or
binds to membrane-associated proteins, such as ICAM2 and EBP50. Ezrin functions as membrane–cytoskeleton linker protein; therefore,
the open and activated ezrin also binds to F-actin directly. In addition, ezrin is acetylated by the lysine acetyltransferase PCAF, which
elicits a conformational change and a return to the inactivated molecular state. Ezrin acetylation reduces its binding affinity with PIP2 and
other membrane-associated proteins; hence, F-actin finally disassociates from the plasma membrane to cytoplasm. Unlike phosphorylation,
acetylation negatively regulates ezrin function and crosstalks with phosphorylation in a complicated pattern.
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recruit other PTM regulating enzymes, or compete with other
lysine PTMs, such as methylation and ubiquitylation (Lee et
al., 2010). The acetyltransferase, p300, acetylates SMAD7 N-
terminus, preventing its ubiquitylation by the ubiquitin ligase
SMURF1 (Gronroos et al., 2002).

Histone lysine acetylation is essential for regulation of gene
transcription. Nonhistone protein acetylation in cancer cells
involves in cell cycle regulation (Xia et al., 2012), cellular
metabolism (Rios Garcia et al., 2017), and cell migration (Song
et al., 2018). Now we identified that acetylation of ezrin FERM
domain causes its dissociation from plasma membrane and
F-actin cytoskeleton. Our single cell migration tracking assay
revealed its essential role in directional persistent cell migration.
Many regulators involve in directional cell migration, such as
microtubule plus-end tracking protein-mediated microtubule
dynamics, PKCα regulation, Par complex-mediated material
polar transportation, and actin cytoskeleton dynamics-mediated
pseudopodia formation (Petrie et al., 2009). Previous studies
have demonstrated the involvement of microtubule plus-end
tracking protein DDA3 and SKAP in directional cell migration
(Zhang et al., 2013; Cao et al., 2015), and the interaction
of ezrin, Cdc42, and PKCα (Legg et al., 2002; Zhou et al.,
2003). Recent study showed that ezrin stabilizes a multiprotein
complex that maintains active HER2 at the cell surface of breast
cancer cells (Jeong et al., 2019). It would be of great interest to
examine whether ezrin acetylation alters its association with the
aforementioned actin cytoskeleton regulators and destabilizes
HER2 at the plasma membrane.

There is a strong correlation between increased cytoplasmic
ezrin and poor cancer survival in many kinds of primary cancer
cells, such as head and neck cancer, gastric cancer, and breast
carcinomas (Sarrio et al., 2006). Global RNA analysis of head and
neck cancer reveals a positive correlation between cytoplasmic
ezrin and RNA expression, including cell death, proliferation,
invasion, and differentiation (Schlecht et al., 2012). It would
be of great interest, in follow-up studies, to uncover the link
between ezrin acetylation and cancer prognosis.

The newly established organoid system is a cell-derived in
vitro 3D organ model and allows the study of biological pro-
cesses, such as cell behavior, tissue repair, and organ structures
(Sato et al., 2009; Liu et al., 2019). To date, a variety of organoids
derived from epithelial tissue such as breast, have been estab-
lished. Such a preclinical model complies with the urgent need
to efficiently translate basic cancer research into novel treat-
ments for cancer patients. In combination with breast cancer
patient-derived organoids technology (Sachs et al., 2018), the
newly developed adaptive optics lattice light sheet microscopy
technology (AO-LLSM), by which high-resolution live cell images
of subcellular processes and physiologically relevant 3D envi-
ronment within whole transparent organisms were taken (Liu et
al., 2018), promises a new insight into studying the function of
protein PTMs during tumor metastasis in organoids.

The present results demonstrate that acetylation at the FERM
of ezrin regulates the dynamic interaction of ezrin with the
plasma membrane in response to chemokine CCL18 stimulation.

During breast cancer cell migration and invasion, this dynamic
membrane association/dissociation by the ezrin FERM domain
regulates HER2 activity at the plasma membrane and promotes
the directional motility of MDA-MB-231 cells in cell migration
and invasion. Thus, the results provide insights on the regulation
of ezrin signaling in the CCL18 signaling pathway during breast
cancer cell migration. Given the fact that hyperactive ezrin-driven
cancer metastasis is seen in many solid tumors, strategies tar-
geting PCAF signaling could be potential therapeutic strategies
interrogating tumor progression and metastasis.

Materials and methods
Plasmids

EGFP- and FLAG-tagged ezrin plasmids were produced as
described before (Yu et al., 2014). Ezrin was subcloned into pET-
22b (+) (Novagen) to generate His-ezrin. Site-specific mutants
of His- or EGFP-tagged ezrin were generated by PCR-based, site-
directed mutagenesis kit from Vazyme (C212) according to the
manufacturer’s instructions. EBP50 EB domain (amino acids
266–358) and ICAM2 (last 28 amino acids) were subcloned and
inserted into pGEX-6p-1 (GE Healthcare) to generate GST-EBP50-
CT and GST-ICAM2-CT plasmids. PCAF and TIP60 plasmids were
produced as described (Mo et al., 2016). BGI, Sangon Biotech,
General Biosystems, or Tsingke Biological Tech sequenced all of
the plasmids.

Cell culture and transfection
HEK293T and LLC-PK1 cells (American Type Culture Collection)

were maintained as sub-confluent monolayers in advanced
DMEM (Invitrogen) with 10% fetal bovine serum (HyClone),
100 units/ml penicillin and 100 µg/ml streptomycin (Invitrogen)
at 37◦C with 8% CO2. MDA-MB-231 and MDA-MB-468 cells
(American Type Culture Collection) were maintained as sub-
confluent monolayers in L15 medium (Invitrogen) with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 µg/ml
streptomycin at 37◦C without CO2 (Adams Jr et al., 2016).
Cells were transfected with plasmids or siRNA duplex using
Lipofectamine 3000 according to the manufacturer’s protocol
(Invitrogen).

Antibodies and siRNAs
Antibodies against ezrin, ezrin pT567, acetylated-Lysine, and

α-tubulin (DM1A) were purchased from Cell Signaling Technol-
ogy. Anti-Na,K-ATPase and anti-GFP antibodies were purchased
from Santa Cruz Biotechnology. Anti-FLAG-tag (M2) antibody was
from Sigma. Phalloidin was purchased from Invitrogen, and ezrin
pS66 antibody was described before (Yu et al., 2014; Fang et al.,
2017). The PCAF siRNA and ezrin siRNA sequence were described
before (Ding et al., 2010; Xia et al., 2012).

Recombinant protein purification
GST-tagged proteins were produced in Escherichia coli strain

BL21 or Rosetta (DE3) as previously described (Xia et al.,
2012). Briefly, the plasmids were transformed into E. coli
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strain, and protein expression was induced with 0.2 mM
IPTG at 16◦C. Bacterially expressed GST-tagged proteins were
suspended and lysed by sonication in PBS containing 1 µg/ml
phenylmethylsulfonylfluoride (PMSF), followed by incubation
with glutathione-Sepharose 4B (GE Healthcare Life Science)
for 1.5 h at 4◦C. Bacteria expressing His-tagged recombinant
proteins were resuspended and lysed by sonication in lysis
buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM
imidazole) supplemented with 1 µg/ml PMSF. The preparation
was incubated with Ni-NTA resin (Qiagen) for 1.5 h at 4◦C.
The agarose was washed three times in wash buffer (50 mM
NaH2PO4, pH 8.0, 300 mM NaCl, 40 mM imidazole) and eluted
with elution buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,
200 mM imidazole). All purification procedures were performed
at 4◦C, and protease inhibitor cocktail (Sigma) was added to
prevent protein degradation. All purified proteins were analyzed
and confirmed with SDS–PAGE.

Immunoprecipitation
HEK293T cells or MDA-MB-231 cells were collected and lysed

in IP buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM MgCl2,
1 mM EGTA, 0.2% Triton X-100, 1 mM DTT, 10% glycerol) sup-
plemented with Protease Inhibitor Cocktail (Sigma). Cell lysates
were clarified by centrifugation at 12000 rpm for 20 min at 4◦C.
For different purposes, clarified cell lysates were incubated with
acetyl lysine antibody coupled agarose (Immunechem), GFP-Trap
A (Chromotek), and FLAG-M2 resin (Sigma) for 4 h before wash-
ing, respectively. The binding fraction was washed with IP buffer
five times before being resolved by SDS–PAGE and immunoblot-
ted with indicated antibodies.

Pull-down assay
The pull-down assay was performed as previously described

(Akram et al., 2018). Briefly, purified GST-tagged protein-bound
Sepharose beads were used as affinity matrix to incubate with
purified His-tagged proteins. After incubation for 3 h, the beads
were washed three times with PBS containing 0.2% Triton X-100
and one time with PBS and boiled in SDS–PAGE sample buffer.
The samples were separated by SDS–PAGE gel followed by CBB
staining.

Immunofluorescence microscopy
MDA-MB-231 cells grown on coverslips were fixed using PBS

buffer supplemented with 3.7% paraformaldehyde. After block-
ing with PBS with 0.05% Tween-20 (PBST) buffer containing 1%
bovine serum albumin (Sigma) for 45 min at room tempera-
ture, the fixed cells were incubated with primary antibodies in
a humidified chamber for 1 h at room temperature, followed by
secondary antibodies for 1 h. The DNA was stained with 4′,6-
diamidino-2-phenylindole from Sigma. Images were captured
by DeltaVision softWoRx software (Applied Precision) and pro-
cessed by deconvolution and z-stack projection.

Actin co-sedimentation assay
Nonmuscle actin proteins (APHL99, Cytoskeleton, Inc.) were

thawed and centrifuged at 100000 g for 40 min (TLA 100.3

rotor, Beckman Instruments) to remove polymerized or aggre-
gated actin. Aliquots of monomeric actin were incubated with
ezrin wild-type or mutant protein for 2 h at 23◦C in reaction buffer
(5 mM Tris, pH 7.5, 0.5 mM ATP, 2 mM MgCl2, 100 mM KCl,
and 0.2 mM DTT) to promote actin polymerization. Pellets and
supernatants were solubilized in sample buffer and subjected to
electrophoresis to visualize and quantify the actin binding and
the affinity difference.

PIP strip assay
PIP strip assay was performed according to the user’s manual

(Song et al., 2018). His-ezrin WT and mutants were purified as
described above. Proteins in TBS with 0.1% Tween-20 (TBST)
buffer (3 mg in 3 ml) were incubated with each PIP StripTM

membrane (P-6001, Echelon). After 1 h membrane–protein incu-
bation, the membranes were incubated with ezrin antibody.

Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded on a model

J-810 spectropolarimeter (JASCO) using the Spectra Manager
control software package (JASCO). CD spectra were recorded in
NaCl 137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM
(pH 7.4) in 1-mm quartz glass precision cells at room temper-
ature in a wavelength range of 260–200 nm with 1.0 nm band-
width, using the continuous-mode setting, with 1.0 sec response
and a scan speed of 50 nm/min. Three spectra were averaged;
spectra were background-corrected against pure buffer. For nor-
malization, the final protein concentrations were determined by
UV/Vis-spectroscopy using pure buffer for background correc-
tion. Deconvolution of the data was performed using the Jasco
Secondary Structure Estimation software by the reference CD
(Yang-Us).

Atom force microscopy
Purified protein samples were diluted to 10 nM in PBS and

placed on ice. Then 10 µl of protein sample was added onto a
mica surface that had been pretreated with 10 mM spermidine.
After 10 min, the mica surface was gently washed with water
and dried by nitrogen gas. The AFM imaging was performed
on Nanoscope IIIa (Digital Instruments) with a type E scanner
under the Tapping Mode TM in air at room temperature. The AFM
probes made of single silicon crystals with a cantilever length
of 129 µm and a spring constant 33–62 Newtons/m (Olympus)
were used. Images were collected in height mode and stored
in the 512 × 512-pixel format. The images obtained were then
plane fitted and analyzed by the computer program accompany-
ing the imaging module.

For the statistical analysis, 1 × 1 µm images were captured
using the height mode in a 512 × 512 formats. Thus, the AFM
imaging provides images with sub-nanometer resolution. By
measuring a contour length between two peaks of heads, we
were able to measure the length between two heads of a single
molecule. For quantitative analysis, fitted Gaussian curves were
overlaid on the histograms. The peaks of the distributions are
indicated (mean ± SD). In general, >280 molecules per group
were analyzed from three independent preparations.
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Cell migration assay
MDA-MB-231 cells grown on glass-bottom culture dishes

(MatTek) were starved overnight and then stimulated with
20% serum. Images were taken with a DeltaVision microscopy
system (Applied Precision Inc.) at a rate of 1 frame/10 min. Cell
movement was tracked by Image-Pro Plus 6.0. Total migration
velocity (υT) is total track distance divided by total time, and
directional migration velocity (υD) is the direct distance from
starting point to ending point divided by total time.

Sequence alignment and structure modeling
Protein sequence alignment were analyzed by MultAlin web-

site and the Ezrin modeling (PDB ID: 2I1J and 1GC6) was analyzed
and presented by Pymol software.

Data analyses
GraphPad Software was used to perform, evaluate, and deter-

mine significant differences between mean and unpaired Stu-
dent’s t-test assuming unequal variance. Statistical analysis was
considered significant when the two-sided P-value was <0.05.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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