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ARTICLE INFO ABSTRACT

Keywords: Ezrin plays an important role in the development and progression of human esophageal squamous cell carcinoma
Ezrin (ESCQ), providing a link between the cortical actin cytoskeleton and the plasma membrane to govern membrane

HSPB1 structure and protrusions. However, the mechanism by which ezrin is activated still remains unknown in ESCC.
:/[c.tlvat‘lon Here, we identify a novel interaction between ezrin and heat shock protein family B (small) member 1 (HSPB1)
igration

in ESCC cells by mass spectroscopy and co-immunoprecipitation. HSPB1 only interacts with inactive ezrin and
binds to the a-helical coiled coil region of ezrin. Knockdown of HSPB1 resulted to the decline of phosphorylation
at ezrin Thr567, markedly suppressing the ability of ezrin to bind to the actin cytoskeleton and migration of
ESCC cells. Furthermore, neither the constitutively active phosphomimetic ezrin T567D, nor inactivated ezrin
T567A could restore cell migration following HSPB1 knockdown. Low HSPB1 expression was associated with
favorable overall survival of ESCC patients. Taken together, HSPB1, as an important partner, participates in the

Esophageal squamous cell carcinoma (ESCC)

activation of ezrin and merits further evaluation as a novel therapeutic target against human ESCC.

1. Introduction

Ezrin is a member of the ezrin-radixin-moesin (ERM) family of
proteins that act as linkers between the actin cytoskeleton and the
plasma membrane. ERM proteins are highly homologous and share a
similar structure, including an N-terminal FERM (Four point one, ERM)
domain that binds the plasma membrane, a C-terminal ezrin-radixin-
moesin association domain (C-ERMAD) that can attach to actin fila-
ments, and an a-helical region that links the C-ERMAD and the FERM
domain(Gould et al., 1989). The C-ERMAD domain can bind to the
FERM domain of the same molecule to form a monomer, or with an-
other ERM molecule to form a homodimer or heterodimer (Pearson
et al., 2000; Gary and Bretscher, 1995). This reversible head to tail
interaction leads to a closed conformation and the masking of both the
membrane and actin binding sites, resulting in inactivation of the ERM

protein. Activation of ERM proteins requires an open conformation,
which is achieved by binding to phosphatidylinositol 4,5-bisphosphate
(PIP2) to uncouple the C-terminal domain from the FERM domain, and
kinase-mediated phosphorylation at the conserved threonine residues
(T567, T564 and T558, for ezrin, radixin and moesin, respectively)
(Fievet et al., 2004).

Ezrin plays an important role in the development and progression of
various human cancers, regulating cytoskeletal rearrangements, cell
migration, and cell invasion. Our previous studies have found that ezrin
is associated with poor prognosis of patients with esophageal squamous
cell carcinoma (ESCC) (Xie et al., 2011). We also found that the inter-
action of IncRNA EZR-AS1 with SMYD3 enhances transcription of the
EZR gene in ESCC cells (Zhang et al., 2018). However, the mechanism
by which ezrin is activated still remains unknown in ESCC.

Here, we report the discovery of a novel interaction between ezrin
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EGF, epidermal growth factor; ERM, ezrin-radixin-moesin; ESCC, esophageal squamous cell carcinoma; FERM, Four point one ERM; HSPB1, heat shock protein family
B member 1; IHC, immunohistochemistry; OS, overall survival; PBS, phosphate buffer saline; PIP2, phosphatidylinositol 45-bisphosphate; RIPA, radio-im-
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Table 1
Mass spectrometry analysis of ezrin-interacting proteins.
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Protein ID Gene and protein Vector prot_score Ezrin-STrEP prot_score -EGF prot_score +EGF prot_score
1PI100843975 EZR Ezrin 896 1291 2935 3165
1P1100219365 MSN Moesin 312 415 1052 823
1PI100903145 ROX Radixin 305 822 697
IPI100025512 HSPB1 197 121
1P1100893541 PDIA3 110

1PI100419585 PPIA 85 77
IP1100456492 CROCC 72 122
1P1100443909 CNPY2 68

1PI100479997 STMN1 64

1P1100396378 HNRNPA2B1 60

IP1100000874 PRDX1 60

1P1100216318 YWHAB 51

1P1100397801 FLG2 55

and heat shock protein family B (small) member 1 (HSPB1). HSPB1
interacts with inactive ezrin and facilitates ezrin activation to control
cell migration in ESCC. Low expression of HSPB1 is associated with
favorable overall and disease-free survival of ESCC patients, revealing
that HSPB1 is a potential target for future ESCC treatment.

2. Material and methods
2.1. Plasmids and siRNAs

Wild type (WT) HSPB1 was cloned into a plasmid encoding a
3 xFlag epitope, and the coding region of ezrin was amplified and
cloned into the pcDNA3-HA, pcDNA3-VSVg, pcDNA3-StrEP and pEGFP-
N1 vectors. A Fast Mutagenesis System kit (TransGen Biotech, Beijing)
was used to generate site-specific mutations at ezrin K60, S66, K79,
Y146, Y354, T567, K253/254, K262/263 according to the manufac-
turer's manual. Ezrin 1-300aa, ezrin 300-586aa and ezrin 478-586aa
constructs were individually cloned into the pcDNA3-HA vector. All
constructs were confirmed by sequencing. siRNA targeting HSPB1 was
synthesized by GenePharma (Suzhong, Jiangsu, China), and contained
the following sequence: 5’- CCCUGGAUGUCAACCACUUTT-3

2.2. Cell Culture and transfection

Details of cell lines used in this study have been described pre-
viously (Lv et al., 2014). The KYSE150, KYSE140, KYSE510, TE3 and
SHEEC esophageal squamous carcinoma cell lines were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium (HYCLONE,
USA) with 10% fetal bovine serum (Invitrogen Life Technologies).
EC109, KYSE450 and 293 T cells were cultured in Dulbecco's modified
Eagle’s medium (GIBCO) supplemented with 10% new-born bovine
serum (Excell Biology Inc). Plasmid and siRNA transfections were
performed with Lipofectamine 3000 reagent (Invitrogen Life Technol-
ogies) and Lipofectamine® RNAiMAX Transfection Reagent (Invitrogen
Life Technologies), respectively. All cells were incubated at 37 °C in a
humidified atmosphere containing 5% CO,. Cells were tested to ensure
they were mycoplasma-negative.

2.3. Mass spectrometry

Mass spectrometry was performed as described previously (He et al.,
2017). For the active group (+EGF), EC109 cells were starved in
serum-free medium for 11h after transfection with the ezrin-STrEP
plasmid for 48 h, and then treated with epidermal growth factor (EGF,
final concentration 50 ng/mL) for 1 h to activate ezrin. In the starvation
group (-EGF), cells transfected with ezrin-STrEP were starved in serum-
free medium for 12h. In the negative control group, cells were trans-
fected with STrEP and were treated the same as the experimental group.
Total cell lysates were subjected to STrEP-targeted column
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chromatography, and then the target protein was prepared for mass
spectrometry analyses.

2.4. Co-immunoprecipitation

Co-immunoprecipitation assay has been described previously (He
et al., 2017). KYSE150 cells were transfected with or without plasmids
for 48h and then the cells were lysed in radio-immunoprecipitation
assay (RIPA) lysis buffer containing 1x complete protease inhibitor
cocktail (Thermo Fisher). The corresponding antibodies were incubated
with Protein A/G PLUS-Agarose (sc-2003, Santa Cruz) for 1h at 4°C,
and then protein lysate was added and incubated overnight at 4 °C.
After four washes in immunoprecipitation buffer, the im-
munoprecipitates were examined by Western blotting.

2.5. Immunofluorescence and immunohistochemistry

Immunofluorescence was performed as previously described (Zhang
et al., 2018). In detail, KYSE150 cells transfected with or without ezrin-
PEGFP (WT, T567A or T567D) were fixed with 4% paraformaldehyde
for 10 min at room temperature. After washing with cold phosphate
buffer saline (PBS), the cells were permeabilized in 0.1% Triton X-100
in PBS for 8 min on the ice and blocked for 1h in PBS containing 5%
donkey serum at room temperature, and then incubated with primary
antibodies (ezrin, E1281, Sigma, 1:400; pezrin-T567, 37268, Cell Sig-
naling Technology, 1:200) at 4 °C overnight. The cells were incubated
for 1h at room temperature with secondary antibodies (Alexa Fluor®
488-conjugated donkey anti-rabbit IgG (H + L), 711-545-152, Jackson
ImmunoResearch Laboratories, 1:200) or HSP27 antibody (F-4) Alexa
Fluor® 647 (sc-13132 AF647, Santa Cruz, 1:200), followed by washing
with PBS. Nuclei were then counterstained with 4’,6-Diamidino-2-
phenylindole dihydrochloride (DAPI) (D9542, Sigma, 1:2000). Slides
were viewed using a confocal microscope (LSM880, Carl Zeiss Micro-
Imaging) with a 40 X, 1.43 NA, oil-immersion objective lens. Coloca-
lization analysis was performed with Fiji, which was an image proces-
sing package ImageJ (National Institutes of Health, USA). Pearson’s
Correlation Coefficient (above threshold) was showed to examine the
colocalization.

The data set of formalin-fixed, paraffin-embedded tissue specimens
were obtained from ESCC patients undergoing curative resection at the
Shantou Central Hospital, including 265 patients treated during
November 2007 to January 2010. All specimens were confirmed as
ESCC by pathologists in the Clinical Pathology Department of the
hospital. Ethical approval was obtained from the ethical committee of
the Central Hospital of Shantou City and the ethical committee of the
Medical College of Shantou University. Only resected samples from
surgical patients with written informed consent were included.

Tissue microarrays (TMA), immunohistochemistry (IHC) and eva-
luation of IHC variables were performed as described previously (Liu
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Fig. 1. Identification of interaction between ezrin and HSPB1. (A) Ezrin and HSPB1 expression and phosphorylation level in ESCC cells. Western blotting of cell
extracts was used to probe for total ezrin, phosphorylated ezrin (p-ERM (T567)) and HSPB1. The optical density analysis data of ezrin, p-ERM (T567) and HSPB1 were
first quantified by beta-actin, and then normalized by 293 T cells. Quantitative data was displayed below the image. (B) Co-IP identifies the interaction of endogenous
ezrin with HSPB1. After routine culture of KYSE150 cells for 48 h, cells were lysed in RIPA buffer to extract total cellular protein and co-IP experiments were
performed with HSPB1 and ezrin antibodies, respectively. (C) Co-IP shows exogenous HA-ezrin and Flag-HSPB1 interact. KYSE150 cells were co-transfected with HA-
ezrin and Flag-HSPB1 plasmids, and HA and Flag empty plasmids were used as controls. After 48 h following transfection, co-IP experiments were performed using
Flag antibodies and HA antibodies. (D)Typical immunofluorescence images of HSPB1 (red) and ezrin (green) or p-ERM (T567) (green) in KYSE150 cells. Scale bars,
10 um. (E) HSPB1 binds to the alpha-helical region of ezrin. The full-length and truncated plasmids of HA-tagged ezrin were co-transfected with Flag-HSPB1 in
KYSE150 cells, and co-IP experiments were performed using Flag antibody. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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et al., 2018; Xie et al., 2011). Overall survival (OS) was measured from
the date of surgery to death or the latest follow-up. Disease-free survival
(DFS) was measured from the date of surgery to the first occurrence of
any of the following events, including recurrence, distant metastasis or
death from any cause without documentation of a cancer-related event.
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Fig. 2. The effect of ezrin key amino acid sites on the in-
teraction between ezrin and HSPB1. (A) The KYSE150 cell
line was transfected with the mutated plasmids of each key
site in ezrin (phospho-mimicking mutation S66D, Y146D,
Y354D, T567D, non-phosphorylatable S66A, Y146A, Y146F,
Y354A, Y354F, T567A, acetylation mutation K60Q, K79Q,
deacetylation mutation K60A, K60R, K79A, and mutation of
lysines to asparagines K253/254N, K262/263N and K253/
254/262/263 N, which destroyed ezrin FERM domain binding
to PIP2). RIPA was used to extract total protein, and co-IP was
used to identify the interactions. (B) Ezrin-WT/T567A/T567D
plasmids were transfected into the KYSE150 cell line, and the
co-localization with endogenous HSPB1 in each group was
detected by immunofluorescence. R, Pearson’s Correlation
Coefficient, was used to evaluate co-localization of HSPB1 and
ezrin mutants.

We scored the expression of HSPB1 with a newly emerged technology
for extracting the H score automatically. H score was evaluated by an
automated quantitative pathology imaging system (Perkin Elmer,
Waltham, MA, USA), producing a continuous protein expression value
in the range of 0 to 300. According to the expression of HSPB1, X-tile
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Fig. 3. HSPBI facilitates ezrin activation to control cell migration in ESCC. (A) The effect of HSPB1 knockdown on ezrin phosphorylation. Western blot analyzed
the expressions of p-ERM (T567), HSPB1 and B-actin when HSPB1 was knockdown or not. (B and C) Analysis of transwell and wound-healing show that the effect of
HSPB1 knockdown reduces cell migration in KYSE150. (D) A similar amount of total (Tot), soluble (Sol) or insoluble (Ins) cell fractions were analyzed by Western
blotting with ezrin, HSPB1 and B-actin antibodies. The optical density analysis data of ezrin relative to -actin were used to evaluate the percentage of ezrin in
insoluble fraction to total ezrin. (E and F) Overexpression of activated ezrin partially restores the inhibitory effect of HSPB1 knockdown on cell migration. KYSE150
cells were transfected with siHSPB1 and ezrin T567A or T567D. Cell migration was measured by transwell migration and wound healing. (G) Representative
immunoblotted images of ezrin, p-ERM (T567), HSPB1, 3-Actin and ezrin-T567A/T567D (with GFP label) expression in (E) and (F). The unpaired ¢ test was used to
determine the significance of differences between groups and data was obtained in at least three independent experiments in (B), (C), (E) and (F). Average values are

given = SD. *, P < 0.05; ***, P < 0.005.

(Camp et al., 2004) version 3.6.1 was used to find the best cutting point
for dividing the tumors into two subsets (HSPB1 low-expression and
HSPBI1 high-expression).

2.6. Western blot analysis

Western blots were performed as described previously (Xie et al.,
2010). Total cell lysates were prepared from confluent cultures in
Laemmli sample buffer (161-0737, Bio-Rad). Blots were incubated with
primary antibodies against ezrin (MS-661-P, NeoMarkers, 1:1000),
HSPB1 (sc-13132, Santa Cruz, 1:1000), p-ERM (T567) (3726S, Cell
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Signaling Technology, 1:1000), GFP (sc-9996, Santa Cruz, 1:1000), and
B-actin (sc-47778, Santa Cruz, 1:2000). Appropriate HRP-conjugated
secondary antibodies were from Santa Cruz Biotechnology (Santa Cruz,
1:5000). Signals were detected, with luminol reagent, using a Che-
miDoc Touch (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Densi-
tometric analysis was performed with Image Lab software Version 2.0
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.7. Migration assay

Cell migration was assessed using transwell and wound-healing
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Table 2
The correlation between HSPB1 and clinicopathological characteristics in
ESCC.

Variables HSPB1? chi-square value R P
Low High
Age (year)
=58 122 12 1.974 0.060 0.184
> 58 112 19
Gender
Male 46 8 0.638 —0.049 0.476
Female 188 23
Therapies
Only Surgery 129 19 0.605 —0.037 0.895
Postoperative Chemotherapy 31 4
Postoperative Radiotherapy =~ 51 5
Others” 23 3
Tumor size
=3cm 56 7 0.691 -0.021 0.708
3-5cm 111 17
> 5cm 67 7
Tumor location
upper 12 2 0.401 0.017 0.818
middle 104 12
lower 118 17
Histologic grade
G1 33 5 0.223 —0.028 0.894
G2 181 24
G3 20 2
Invasive depth
T1+T2 50 9 0.929 —0.059 0.360
T3+T4 184 22
Lymph node metastasis
NO 124 16 3.048 0.061 0.384
N1 62 5
N2 36 7
N3 12 3
pTNM-stage
I 18 3 0.452 0.011 0.798
I 120 14
111 96 14

* Fisher's Exact Test; P value < 0.05 was considered significant.

2 low, < 255 scores; high, =255 scores.

b Preoperative and Postoperative Chemotherapy (2 cases), Preoperative
Radiochemotherapy (2 cases) and Postoperative Radiochemotherapy (24
cases).

assays, which were performed as described previously (Zeng et al.,
2017). Briefly, KYSE150 cells were transfected with siRNA targeting
HSPB1, or a mixture of siRNA and ezrin-T567A or ezrin-T567D, and
then cells were starved in serum-free medium for 12h after being
transfected for 36 h. For the transwell assay, 5 x 10* cells were added
into the upper transwell chamber (353097; BD Biosciences) in serum-
free medium, while 1640 medium with 10% fetal bovine serum was
added to the lower chamber. The chambers were incubated for 48 h at
37 °C, and subsequently, the cells that had traversed the membrane to
the lower side were fixed with fixative (methanol:acetic acid = 3:1) and
then stained with hematoxylin at room temperature for 30 min. Cells in
the bottom of the chamber were then counted under a microscope
(magnification, x200). In the wound-healing assay, a scratch was
made across the monolayer using a sterile pipette tip. Wound closure
information was imaged at 0, 12 and 24 h with a microscope (magni-
fication, x200), respectively. ImageJ 1.43u (National Institutes of
Health, USA) was used to count the number of cells and wound healing
area. Data obtained from 10 different scans were shown as mean values.
Data obtained from 10 different scans were shown as mean values.
Experiments were repeated twice with similar results.

2.8. Analysis of detergent soluble and insoluble fractions

Analysis of detergent soluble and insoluble fractions was performed

84

International Journal of Biochemistry and Cell Biology 112 (2019) 79-87

A Low-expression High-expression
B HSPB1
1.0
® 0.8
=
z Low-expression(n=234)
=1 0.6
(72}
® 0.4
g
O g0 High-expression(n=31)
=0.044
0.0 "
I T T T T T
.0 20.0 400 60.0 80.0 100.0
Time (months)
No. at risk
Low-expression 234 184 146 110 104 101
High-expression 31 20 11 9 9 Undete-mined
C HSPB1
1.0
g
E 0.8
g Low-expression(n=233)
o 067
g
b -
o 0.4
]
©
3 0.2-1 High-expression(n=31)
= 0.221
00 7
I I [ I I T
.0 20.0 400 60.0 80.0 100.0
Time (months)
No. at risk
Low-expression 233 144 114 103 97 96
High-expression 31 17 11 10 10 Undeter-mined

Fig. 4. Overall and disease-free survival in patients with low expression of
HSPB1 in ESCC. (A) Typical images of immunohistochemistry of low expres-
sion and high expression of HSPB1 in ESCC. A score of less than 255 was de-
fined as a low expression of HSPB1, whereas a score greater than or equal to
255 was considered a high expression. Bars, 50 um. (B) Kaplan-Meier survival
analysis of the relationship between HSPB1 expression and the overall survival
of patients with ESCC. (C) Kaplan-Meier survival analysis of the relationship
between HSPB1 expression and tumor-free survival in patients with ESCC. A p
value of less than 0.05 was considered statistically significant.

as described previously (Fievet et al., 2004; Li et al., 2017). In KYSE150
cells, cellular fractions were obtained from confluent cultures in 6-well
plates. Total cellular fractions were collected with Laemmli buffer at
100 °C. Soluble fractions were prepared by a 1 min extraction with 0.5%
Triton X-100 buffer (50 mM MES, 3mM EGTA, 5mM MgCl2, 0.5%
Triton X-100, pH 6.4) at 20 °C and supplemented with 4 X Laemmli
buffer. The insoluble fractions were extracted with Laemmli buffer at
100 °C. Samples were analyzed by western blot. Densitometric analysis
was performed with Image Lab software Version 2.0 (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA).
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2.9. Statistical analysis

Data analysis of cell migration was performed using GraphPad
Prism 7 software (GraphPad Software, Inc., La Jolla, CA, USA). The
unpaired t test was used to determine the significance of differences
between groups. Data were plotted as mean =+ SD, for at least three
independent experiments. Kaplan-Meier curves were constructed for
overall survival and disease-free survival analysis using a log-rank test
and performed with SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA).
Correlation analysis was performed using the Fisher's exact probability
test. Ap < 0.05 was deemed statistically significant for all tests.

3. Results

3.1. HSPBI interacts with ezrin by binding to the a-helical coiled coil region
of ezrin in ESCC cells

The EC109 human ESCC cell line was transfected with ezrin-STrEP
and treated with EGF to induce ezrin activation. Mass spectrometry
analysis showed that ezrin interacted with several proteins in ESCC
cells (Table 1). Interestingly, we found a novel ezrin-interacting pro-
tein, HSPB1 (heat shock protein family B (small) member 1), which
bound to ezrin at a higher intensity in the absence of EGF addition, i.e.
the interaction between ezrin and HSPB1 was reduced when cells were
treated with EGF to stimulate ezrin activation.

Before further examining the interaction between ezrin and HSPB1,
we detected their expression, as well as phosphorylation, in ESCC cell
lines (Fig. 1A). Western blot analysis showed that HSPB1, total ezrin
and phosphorylation of ezrin T567 site was highly expressed in all ESCC
cell lines, compared with the expression in 293 T cells.

To verify the interaction between ezrin and HSPB1, co-im-
munoprecipitation targeting ezrin or HSPB1 was performed in KYSE150
cells. As predicted, ezrin and HSPB1 co-immunoprecipitated (Fig. 1B),
which was also verified by co-immunoprecipitation targeting HA or
Flag in KYSE150 cells co-transfected with the HA-ezrin and Flag-HSPB1
plasmids (Fig. 1C). Immunofluorescence staining revealed the partial
co-localization of HSPB1 and ezrin in the context region, but there was
no co-localization between activated ezrin (p-ERM) and HSPB1
(Fig. 1D). Co-immunoprecipitation showed that only full-length ezrin
and ezrin 300-587aa, but not ezrin 1-300aa or 478-586aa, interacted
with HSPB1 (Fig. 1E). It can be seen from the schematic diagram of
ezrin structure that both full-length ezrin and ezrin 300-587aa contain
the a-helical region, while ezrin 1-300aa and 478-586aa do not contain
this region. Therefore, we speculated that HSPB1 bound to the a-helical
region of ezrin.

3.2. The interaction between HSPB1 and ezrin affects the activation of ezrin

Ezrin post-translational modification regulated the activation of
ezrin (Adada et al., 2014). To investigate the effect of interaction be-
tween HSPB1 and ezrin on the activation of ezrin, we compared the
binding of phosphorylated (ezrin S66D, Y146D, Y354D, and T567D
mutants) and non-phosphorylatable ezrin (ezrin S66A, Y146A, Y146 F,
Y354A, Y354 F, T567A) to HSPB1. Non-phosphorylatable ezrin T567A,
but not phosphorylated ezrin T567D interacted with HSPB1 (Fig. 2A).
Contrarily, there was no interaction between phosphorylated ezrin
S66D and HSPB1 (Fig. 2A). Ezrin K253/254 and K262/263 are PIP2-
binding sites, which are essential for PIP2-induced release of ezrin
autoinhibition (Ben-Aissa et al., 2012). We constructed ezrin K253/
254N, K262/263 N and K253/254/262/263 N mutant plasmids to de-
stroyed ezrin FERM domain binding to PIP2, and found that these
mutants significantly inhibited the interaction between ezrin and
HSPB1 (Fig. 2A). However, acetylation of ezrin seems to have no effect
on its interaction with HSPB1, since both acetylation (ezrin K60Q,
K79Q) and deacetylation (ezrin K60A, K60R, K79A) of ezrin interacted
with HSPB1 (Fig. 2A).

85

International Journal of Biochemistry and Cell Biology 112 (2019) 79-87

Similar to ezrin WT (wild type), inactivated ezrin (ezrin T567A) and
HSPB1 were colocalized with a high colocalization coefficients
(Pearson’s R value was greater than 0.6), while activated ezrin (ezrin
T567D) did not overlap with HSPB1 (Fig. 2B). These data indicate that
the interaction of HSPB1 with ezrin affects the activation of ezrin, and
only inactive ezrin, but not active ezrin interacts with HSPB1.

3.3. HSPBI facilitates ezrin activation to control cell migration in ESCC
cells

As a membrane-cytoskeleton linker, ezrin plays an important role in
regulation of many cellular processes, such as cancer cell migration.
Our results prompted us to investigate whether HSPB1 facilitates ezrin
activation and alters the biological behavior of ESCC cells. We used
siRNA-mediated knockdown to exogenously manipulate expression of
HSPBL1. Decreasing HSPB1 expression suppressed ezrin phosphorylation
(Fig. 3A), as well as migration of KYSE150 cells (Fig. 3B and C). To
assess the ability of ezrin to associate with the actin cytoskeleton while
HSPB1 was knocked down, Triton X-100 fractionation was used to
preserve the cytoskeleton and cytoskeleton-associated proteins. Quan-
tification after western blot analysis of soluble and insoluble fractions
confirmed that ezrin was less insoluble when HSPB1 was knocked down
(54.6% of ezrin in insoluble fraction in siNC group, and 38.6% in
siHSPB1 group, p < 0.05, Fig. 3D). This indicates that the absence of
HSPB1 weakens the ability of ezrin to bind to the actin cytoskeleton. We
next investigated whether active ezrin could recover migration in
HSPB1 knockdown cells. Transwell and wound-healing assays showed
that, compared to inactivated ezrin (ezrin-T567A), constitutively-active
ezrin (ezrin-T567D) promoted cell migration (comparison between the
siNC + ezrin-T567A vs. siNC + ezrin-T567D groups, Fig. 3E and F).
However, once HSPB1 was knocked down, cell migration was sig-
nificantly inhibited and could not be recovered by either constitutively-
active or inactivated ezrin (comparison between the siNC + ezrin-
T567A vs. siHSPBI +ezrin-T567A groups, as well as siNC + ezrin-
T567D vs. siHSPB1 + ezrin-T567D groups), suggesting that HSPB1 is
necessary for ezrin to promote cell migration. In order to eliminate the
interference of mutations on the results, we transfected plasmid en-
coding wildtype ezrin (ezrin-GFP), and found that, similar to ezrin-
T567A and ezrin-T567D, ezrin WT could not restore cell migration from
HSPB1 knockdown (Supplementary Figure S1). Western blot analysis
showed that HSPB1 knockdown reduced ezrin phosphorylation at T567,
but did not affect the expression of ezrin (Fig. 3G).

3.4. Low expression of HSPBI is associated with better prognosis of ESCC
patients

Our earlier study found that ezrin expression is related to poor
overall survival of ESCC patients, but the clinical significance of HSPB1
remained unknown. We analyzed the gene expression microarrays of
265 ESCC cases, and detected the expression of HSPB1 by im-
munohistochemistry. We investigated the relationship between HSPB1
expression and the clinicopathological characteristics of the ESCC pa-
tients and found the expression of HSPB1 was not related to the his-
tologic grade, invasive depth or other clinicopathological character-
istics (Table 2). Kaplan-Meier analysis were used to evaluate the
relationship between HSPB1 expression and survival of ESCC patients.
We found that low expression of HSPB1 was associated with better
overall survival ((Fig. 4A-C). Patients with low expression of HSPB1
had a 5-year survival of 45.6%, compared with 29.0% for HSPB1-
overexpressing patients (p = 0.044). Similarly, the 5-year disease-free
survival of patients with low expression of HSPB1 was 45.6%, while
that of patients with high expression of HSPb1 was 29.0%, although the
difference was not significant (p = 0.221). These data suggests that
HSPBI is a potential target for future ESCC treatment.
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4. Discussion

The conversion between activated and inactivated states of ezrin is
closely related to the expansion and folding of the a-helical region
(Ben-Aissa et al., 2012). The current most favored model regarding
ERM protein activation is that the binding of ERM to PIP2 results in the
release of C-ERMA from the FERM domain by inducing conformational
changes, thus forming an open ERM monomer. Many studies have
shown that ezrin has a high affinity for PIP2 in vitro (Niggli et al., 1995;
Blin et al., 2008; Yonemura et al., 2002), and several lines of evidence
also suggest the ERM proteins interact with PIP2 in vivo (Yonemura
et al., 2002; Hao et al., 2009). However, how ezrin recruited to PIP2
remains unclear. Ezrin K253/254 and K262/263 are PIP2-binding sites,
which are essential for the conformational activation of ezrin. When
lysine is mutated to asparagine (K253/254N, K262/263N and K253/
254/262/263N), the binding of ezrin to PIP2 is blocked. Our study
showed that 1) HSPB1 bound to the a-helical region of ezrin and only
interacted with inactivated ezrin (T567A), whereas there was no in-
teraction between HSPB1 and the activated ezrin (T567D); 2) HSPB1
interacted with the ezrin binding to PIP2, because ezrin K253/254 N,
K262/263 N and K253/254/262/263 N mutants significantly inhibited
the interaction between ezrin and HSPB1; 3) HSPB1 knockdown in-
hibited ezrin activation (reduced ezrin T567 phosphorylation) and ezrin
binding to F-actin. These data indicate that the interaction between
HSPBI1 and ezrin is important for the binding of ezrin to PIP2 to bring
about the activation of ezrin. Silencing HSPB1 reduces the phosphor-
ylation of ezrin at T567, suggesting that HSPB1 may promote the ac-
tivation of ezrin or maintain the stability of the activated ezrin. The
former is more credible, since HSPB1 only interacts with inactivated
ezrin. We speculate that HSPB1, as a molecular chaperone, assists ezrin
to bind to PIP2 and mediates ezrin activation, and eventually, affects
the binding of ezrin to F-actin and cell migration.

Activated ERM proteins can bind many proteins residing in apical
membranes, such as CD44 (Mori et al., 2008) and EBP50 (Reczek and
Bretscher, 1998). These interactions provide the basis for local re-
cruitment of protein networks and connect these networks with cytos-
keleton to promote the reconstruction of cytoskeleton and membrane,
thereby affecting cell migration. Ezrin knockdown downregulated the
expression of connective tissue growth factor (CTGF) and cysteine-rich
angiogenic inducer 61 (CYR61), which were target genes of TGF-f
pathway, and decrease the phosphorylation of ERK/MAPK pathway,
inhibiting the migration, growth and invasiveness in ESCC cells (Xie
et al., 2009). In this study, we demonstrate that silencing HSPB1 re-
duces the phosphorylation of ezrin at T567, and inhibits the migration
of ESCC cells (Fig. 3A-C, E-G). It is worth noting that the p-ERM (T567)
antibody, which was used to detect the phosphorylation of the ezrin
T567, also recognizes phosphorylation at radixin T564 and moesin
T558. Ezrin, as a member of the ERM protein family, is very similar to
radixin and moesin in structure, activation and function (Sauvanet
et al., 2015). Therefore, HSPB1 knockdown may not only inhibit ezrin
activation but also the activation of radixin and moesin, which would
explain why overexpression of activated ezrin cannot restore cell mi-
gration from HSPB1 knockdown in ESCC cells. In addition, there are
multiple phosphorylation sites in ezrin, such as ezrin S66, which also
regulate cell migration (Li et al., 2017; Mak et al., 2012). The inter-
action of HSPB1 with phosphorylated ezrin at these sites may also affect
cell migration. In sum, the malfunction of activated ezrin in HSPB1
knockdown cells is a result of a variety of factors.

When cells are stimulated by heat or other stresses, HSPB1 is
phosphorylated at S78 and S82 and depolymerizes from a polymer to an
oligomer, binding to cell microfilaments and preventing cells from
undergoing apoptosis (Doshi et al., 2010; Katsogiannou et al., 2014).
Overexpression of HSPB1 has been verified in a variety of tumors, such
as prostatic carcinoma (Miyake et al., 2006) and mammary cancer
(Mischak et al., 2010), promoting tumor formation and metastasis
(Bruey et al., 2000; Garrido et al., 1998; Fanelli et al., 2008; Gibert
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et al., 2012). In this study, we found that patients with low expression
of HSPB1 had higher five-year survival rate, suggesting that HSPB1 may
be a potential therapeutic target and prognostic molecular marker for
ESCC.

In summary, a novel ezrin interacting protein, HSPB1, facilitates the
activation of ezrin by binding to the a-helical region of non-activated
ezrin, thereby promoting movement of ESCC cells. Overexpression of
HSPBL is closely associated with poor prognosis of patients with ESCC.
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