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Abstract

Objective

Myosin light chain 9 (MYL9) is necessary for cytoskeletal dynamics and experimental
metastasis, but its expression in esophageal squamous cell carcinoma (ESCC) has not
been addressed. We investigated the expression pattern and clinical significance of MYL9
in patients with ESCC.

Methods

We examined MYL9 expression using quantitative real-time PCR and western blotting in
NE1 immortalized esophageal epithelial cells, ESCC cell lines, and paired ESCC tissues.
MYLO9 protein in 136 primary ESCC tissues and other types of solid tumor was detected
using immunohistochemistry. The association between MYL9 expression and clinical
parameters and survival was evaluated by statistical analysis.

Results

MYL9 was significantly upregulated in the ESCC cell lines as compared with NE1 cells. In
the paired ESCC samples, MYL9 mRNA and protein expression was not significantly differ-
ent between lesion tissues and the matched adjacent noncancerous tissues. In ESCC tis-
sue, both intratumoral and peritumoral stroma were positive for MYL9. In the 136 ESCC
samples, high MYL9 expression in the tumor cells significantly correlated with histological
differentiation (p = 0.028), recurrence (p=0.01), and vital status (p < 0.01). Patients with
high MYL9 expression in the tumor cells had poorer overall survival (OS) and recurrence-
free survival. Multivariate analysis revealed that high MYL9 expression in tumor cells was
an independent and significant risk factor affecting OS after curative treatment (hazard
ratio = 2.254, 95% confidence interval = 1.347-3.771, p=0.002).
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Conclusions

MYL9 expression might be a promising prognostic marker and therapeutic target in ESCC.

Introduction

Esophageal cancer is a major cancer burden; its annual incidence rate is approximately
481,600 and 259,200 cases worldwide and in China, respectively [1, 2]. Histologically, up to
90% of esophageal cancer cases worldwide are esophageal squamous cell carcinoma (ESCC).
Despite the progress in adjuvant chemoradiation, targeted therapy, and surgical treatment, the
5-year survival rate remains less than 25%, largely due to late diagnosis and the propensity for
metastasis [3]. Accumulating evidence shows that a variety of biological abnormalities, includ-
ing altered gene expression, gene mutations, aberrant signaling pathways, and genetic alter-
ations, contribute to ESCC development and progression. However, reliable and reproducible
prognostic markers identifying patients at high risk of ESCC recurrence after surgery have not
been established. A better understanding to the biology of ESCC recurrence is needed to
improve patient care.

Myosins, actin-dependent molecular motors that utilize the energy of adenosine triphos-
phate hydrolysis to generate force, play key roles in regulating tumor progression and metasta-
sis[4]. Myosin superfamily members can enhance or suppress tumor progression [5, 6]. The
first myosin to be studied biochemically was myosin II[7]. Myosin II is a hexameric molecule
consisting of two heavy chains and two sets of paired light chains: the essential light chain and
the regulatory light chain. Myosin II activity is mainly regulated via post-translational phos-
phorylation of myosin light chain 9 (MYLD9, also known as MLC2, MRLC1, or MLC-2C) by
the opposing activities of MLC kinases and a MLC phosphatase [8]. Recently, MYL9 was
shown to be necessary for cytoskeletal dynamics and experimental metastasis [9]. For example,
MYL9 was regulated by the myocardin-related transcription factor-serum response factor
(MRTE-SRF) pathway and was required for tumor cell, megakaryocyte, and tip cell migration
in vivo[9-12]; MYL9 overexpression resulted in invasion-promoting functions of cancer-asso-
ciated fibroblasts [13], and the introduction of exogenous early growth response 1 (EGR1) aug-
mented the metastatic potential of non-metastatic PR9692-E9 cells by activating MYL9[14],
while microRNA-10b overexpression or direct knockdown of syndecan-1 increased cancer
cell migration and Matrigel invasiveness accompanied by MYL9 upregulation[15].

Despite much evidence supporting the promoter role of MYL9 in tumor invasion and
metastasis [9, 10, 14-16], it has been demonstrated that its clinical significance in human tis-
sues differs by tumor type. In bladder cancer, colon cancer, non-small cell lung cancer, and
prostate cancer, total MYL9 expression was downregulated in tumor tissues compared with
normal tissues[17-20]. Low MYL9 expression correlated with poor survival in colon and pros-
tate cancer, suggesting that MYL9 is a favorable prognostic marker [18, 20]. On the other
hand, high MYL9 expression was significantly associated with late tumor-node-metastasis
(TNM) stage and lymphatic metastasis in non-small cell lung cancer[19]. Nevertheless, studies
on the association between MYL9 expression and cancer are rare, and there has been no pub-
lished report on the characteristics of MYL9 expression and its clinical significance in ESCC.

Therefore, we aimed to explore the expression pattern of MYL9 in ESCC cell lines and
ESCC specimens. Further, we investigated the relationship between MYL9 and the clinico-
pathological parameters of ESCC and analyzed its prognostic value based on outcome data.
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Methods
Ethics statement

The research ethics committee of the Sun Yat-sen University Cancer Center (Guangzhou,
China) provided ethical approval for this study, and all patients provided written informed
consent. All specimens were handled and stored anonymously according to ethical and legal
standards.

Patients and specimens

Tumor samples were obtained from patients with pathologically confirmed ESCC (n = 136),
cervical (n = 20), ovarian (n = 20), colorectal (n = 40), and hepatocellular carcinoma (n = 10)
at the Sun Yat-sen University Cancer Center in 2002-2009. No patient had received anti-
tumor therapy before sampling. The clinicopathological parameters of 136 patients with ESCC
were obtained from medical records and pathology reports. ESCC specimens were staged in
accordance with American Joint Cancer Committee/Union International Contre le Cancer
(UICC/AJCC) classification guidelines. The grading and histopathology subtyping of ESCC
specimens was based on World Health Organization criteria. Patient consent was obtained
prior to the use of the clinical materials for research purposes. The Sun Yat-sen University
Cancer Center Institutional Review Board approved the study and it was conducted in accor-
dance with the Declaration of Helsinki. Patients attended follow-up visits regularly. Data were
censored at the last follow-up for patients without recurrence or death. Overall survival (OS)
was defined as the interval between surgery and death or the last observation. Recurrence-free
survival (RFS) was defined as the date of surgery to recurrence, the last follow-up for patients
without recurrence, or death if no recurrence was observed.

Cell lines

The ESCC cell lines KYSE30, KYSE140, KYSE180, KYSE410, KYSE510, and KYSE520 were
obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen, the German
Resource Center for Biological Material[21]. TE1, HKESCI, EC18, and EC109 cells and the
NEI immortalized esophageal epithelial cell line were kept in the State Key Laboratory of
Oncology in South China, Sun Yat-sen University Cancer Center. The cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM,; Life Technologies, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (FBS; Life Technologies) in 5% CO, at 37°C.

RNA isolation and quantitative PCR (qPCR)

Total RNA was isolated from ESCC cell lines using an EasyPure RNA Kit (TransGen Biotech,
Beijing, China) according to the manufacturer’s instructions. RNA (2 ug) was reverse-tran-
scribed using MMLYV reverse transcriptase reagents (Promega, Madison, WI, USA). For the
qPCR assay, complementary DNA was PCR-amplified using a GoTaq qPCR Master Mix (Pro-
mega) in a LightCycler 480 II PCR system (Roche Diagnostics, Rotkreuz, Switzerland). Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control. The MYL9
sense and anti-sense primers were 5'~CACCAGAAGCCAAGATGTCC-3' and 5'-TTGAAAGCC
TCCTTAAACTCC-3, respectively. The GAPDH sense and anti-sense primers were 5'-GAA
GGTGAAGGTCGGAGT-3 and 5'-GAAGATGGTGATGGGATTTC-3/, respectively. Relative
gene expression was presented as the comparative threshold cycle (2*“") values and was rep-
resentative of at least three independent experiments.
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Western blotting

Protein was extracted using a protein extraction kit (KGP250-2100, KeyGen Biotech, Nanjing,
China) according to the manufacturer’s instructions. Protein samples were treated with Dual
Color Protein Loading Buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing
reducing agent at 100°C for 5 minutes, resolved on 10% Tris—HCI polyacrylamide gels, and
transferred to a polyvinylidene fluoride membrane. Overnight incubation (4°C) with primary
antibodies against MYL9 (1:1000; ab191393, Abcam, Cambridge, UK) and GAPDH (Abgent,
San Diego, CA, USA) was followed by incubation (37°C) with horseradish peroxidase (HRP)-
conjugated anti-rabbit (1:1000; Novus Biological, Littleton, CO, USA) or anti-mouse antibody
(1:1000; Novus Biological) and Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore, Billerica, MA, USA) and a Tanon 5200 Luminescent Imaging Workstation (Tanon,
Shanghai, China).

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded samples were cut into 5-pm sections and processed for
IHC. Tissue sections prepared for antigen retrieval by microwave treatment in EDTA buffer
(pH 9.0) were incubated with primary antibodies against MYL9 (1:1000; ab191393, Abcam)
and a-smooth muscle actin (SMA) (1:500; Zhongshan Bio-Tech, Zhongshan, China). Immu-
nostaining was performed using the EnVision System with diaminobenzidine (Dako Cytoma-
tion, Glostrup, Denmark). Images were viewed and assessed using a microscope (Ecilipse 80i,
Nikon, Tokyo, Japan). MYL9 expression in tumor cells was measured via the H-score method.
The H-score was obtained as follows: (3 x percentage of strongly stained tumor cells) + (2 x per-
centage of moderately stained tumor cells) + (percentage of weakly stained tumor cells), yield-
ing an H-score of 0-300. The cut-off value for high and low expression was 40 based on a
measure of heterogeneity with log-rank statistical analysis with respect to OS. MYL9 staining
on the stroma was not taken into account. Staining with isotype antibody was used as the nega-
tive control.

Statistical analysis

Pearson’s ” test or Fisher’s exact test was used to examine the relationship between MYL9
expression and clinicopathological parameters as appropriate. Survival curves were calculated
using the Kaplan-Meier method and analyzed using the log-rank test. Prognostic factors were
examined by univariate and multivariate analyses using the Cox proportional hazards model.
A p-value of less than 0.05 was considered statistically significant. All statistical analyses were
performed using SPSS version 18.0 (SPSS, Chicago, IL, USA).

Results
MYL9 expression in ESCC cell lines and tissues

MYL9 expression levels in the nine ESCC cell lines (KYSE30, KYSE180, KYSE140, KYSE410,
KYSE510, KYSE520, HKESCI, EC18, EC109) were assessed and compared with NE1 cells by
western blotting and qPCR. MYL9 expression was barely detectable in the NE1 cells, whereas
all ESCC cell lines had significantly higher MYL9 mRNA and protein levels (Fig 1A and 1B),
demonstrating that MYL9 is upregulated in ESCC cell lines.

To examine whether MYL9 is also highly expressed in human ESCC clinical samples, we
performed western blotting on eight ESCC tumor samples that were matched with adjacent
noncancerous tissue samples (ANT). MYL9 expression in the tumor samples was higher than
that in the paired ANT, but not very obviously so in some paired samples (Fig 1C). However,
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Fig 1. Western blotting and qPCR analyses of MYL9 expression in ESCC cell lines and tissues. (A)
MYL9 protein and (B) mRNA expression levels in NE1 and ESCC cell lines. Expression levels were normalized
against GAPDH. Error bars represent the standard deviation of the mean (SD), which was calculated from
three parallel experiments. (C) Representative western blots of MYL9 protein expression in eight matched
pairs of ESCC tissues (T) and adjacent noncancerous tissues (ANT). GAPDH was used as the loading control.
(D) Statistical analyses of MYL9 mRNA expression in matched paired T and ANT. N.S., not significant.
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Fig 2. IHC characteristics of MYL9 in ESCC specimens. (A, B) Stromal cells in tumor tissues were positive
for MYL9. Anti—a-SMA staining was used to distinguish stromal regions. (A) Representative staining of high
MYL9 expression in tumor cell cytoplasm (left, x40 magnification; right, x400 magnification). (B) Representative
staining of low MYL9 expression in tumor cell cytoplasm (left, x40 magnification; right, x400 magnification).
Scale bar =50 ym. (C) IHC assay of MYL9 protein expression in eight paired ESCC tissues. Scale bar = 50 ym.

https://doi.org/10.1371/journal.pone.0175280.9002
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initial analysis of 17 paired ESCC samples from NCBI/GEO/GES20347 showed that MYL9
mRNA expression was not significantly different between the ESCC tumor tissues and the
matched ANT (p = 0.5310) (Fig 1D).

IHC staining of MYL9 in ESCC tissues

As the western blotting and qPCR analyses did not reflect MYL9-positive cells in situ, we per-
formed immunohistochemical staining to investigate the expression pattern of MYL9 in a ret-
rospective cohort of 136 ESCC cases. In all samples, the stromal cells, distinguished by anti-o.-
SMA staining, were MYL9-positive in both the intratumoral (Fig 2A and 2B) and peritumoral
regions (S1 Fig). Epithelial cells in the adjacent noncancerous regions were all stained nega-
tively or minimally for MYL9 (Fig 2C). However, MYL9 expression levels in cancer cell cyto-
plasm varied widely among ESCC specimens (Fig 2C). MYL9 expression was often higher in
tumor cells at the edge of the tumor tissue (S2 Fig). Therefore, we focused on aberrant MYL9
expression in tumor cells to investigate its clinical value.

We also explored the MYL9 expression patterns in cervical (n = 20), ovarian (n = 20), colo-
rectal (n = 40), and hepatocellular (n = 10) carcinoma samples. MYL9 immunostaining was
observed mainly in the cytoplasm of stromal cells and some tumor cells (S3 Fig), which was
consistent with the expression pattern in ESCC tissues.

Association between MYL9 expression and ESCC clinicopathological
characteristics

Table 1 summarizes the clinicopathological features of the 136 patients with ESCC. The
median follow-up was 43.9 months (range, 1.6-130.9 months). During the follow-up period,
69 patients (50.1%) died and 79 patients (58.1%) were diagnosed with tumor recurrence. The
median OS and RFS was 44 and 33 months, respectively. Based on MYL9 expression levels in
the tumor cell cytoplasm, the patients were divided into two groups: high MYL9 expression
(high expression in tumor cells; Fig 2A) and low MYL9 expression (low expression in tumor
cells; Fig 2B). MYL9 protein expression was high in 71 of 136 (41.2%) samples.

We analyzed the relationship between MYL9 expression levels in tumor cells and the clini-
copathological characteristics. Table 2 shows that MYL9 protein expression and patient sex,
age, clinical stage, T classification, N classification, and tumor location were not significantly
correlated. However, MYL9 expression was significantly associated with histological differenti-
ation (p = 0.028), recurrence (p = 0.01), and vital status (p < 0.01). Patients with poorly differ-
entiated tumors tended to have higher MYL9 expression (Fig 3A and 3B).

High MYL9 expression in tumor cells predicts poor prognosis

Univariate analysis of MYL9 status and conventional clinicopathological parameters for prog-
nosis showed that high MYL9 expression, advanced clinical stage, and T and N classification
were unfavorable predictors of OS in ESCC (Table 3). Positive MYL9 expression and advanced
clinical stage were independent prognostic factors for ESCC (Table 3).

Kaplan—Meier analysis and the log-rank test showed that patients with high MYL9 expres-
sion had shorter RFS (p = 0.004, Fig 4A) and worse OS (p = 0.001, Fig 4B) than patients with
low MYL9 expression. The 5-year RES and OS rates for the patients with high MYL9 expres-
sion were 50% and 64%, respectively, whereas the rates were 43% and 50%, respectively, for
the patients with low MYL9 expression. We further examined the prognostic value of MYL9
expression in tumor cells in different subgroups of patients with ESCC stratified according to
tumor differentiation, T classification, and lymph node metastasis. OS was significantly shorter
in patients with high MYL9 expression in the moderate/well tumor differentiation subgroup

PLOS ONE | https://doi.org/10.1371/journal.pone.0175280  April 7, 2017 6/13


https://doi.org/10.1371/journal.pone.0175280

®PLOS | one

MYL9 expression and prognostic significance in ESCC

Table 1. Patient clinicopathological characteristics and MYL9 expression in ESCC.

Cases (%)

Sex

Male 94(69.1)

Female 42(30.9)
Age (years)

<60 72(52.9)

>60 64(47.1)
Clinical stage

| 3(2.2)

1A 53(39.0)

1B 19(14.0)

1]l 61(44.8)

v 0(0)
T classification

T 5(3.7)

T2 28(20.6)

T3 96(70.6)

T4 7(5.1)
N classification

NO 67(49.3)

N1 68(50)

N2 1(0.7)
M classification

MO 130(100)

M1 0(0)
Differentiation

Well 29(21.3)

Moderate 70(51.5)

Poor 37(27.2)
Recurrence

No 57(41.9)

Yes 79(58.1)
Vital status (at follow-up)

Alive 67(49.3)

Death (tumor-related) 67(49.3)

Death (tumor-unrelated) 2(1.4)
MYL9 expression

Low 65(47.8)

High 71(52.2)
Location

Upper 10(7.4)

Middle 89(65.4)

Lower 37(27.2)
Therapy

Surgery only 129(94.9)

Surgery + CT or RT or CRT 7(7.6)
Completeness of surgical resection

Yes 136(100)

No 0(0)

Abbreviations: CT, chemotherapy; RT, radiotherapy; CRT, combination of CT and RT (chemoradiotherapy).

https://doi.org/10.1371/journal.pone.0175280.t001
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Table 2. Correlation between MYL9 expression and clinicopathological characteristics of ESCC.

Characteristic MYL9 expression p
Low High
No.cases (%) No.cases (%)

Gender Male 47(72.3) 47(66.2) 0.463
Female 18(27.7) 24(33.8)

Age (years) <60 36(55.4) 36(50.7) 0.61
>60 29(44.6) 35(49.3)

Clinical stage 1-11 37(56.9) 38(53.5) 0.732
LI} 28(43.1) 33(46.5)

T classification T1-T2 15(23.1) 18(25.4) 0.842
T3-T4 50(76.9) 53(74.6)

N classification NO 34(52.3) 33(46.5) 0.607
N1-2 31(47.7) 38(53.5)

Differentiation Well or Moderate 53(81.5) 46(64.8) 0.028
Poor 12(18.5) 25(35.2)

Location Upper 7(10.8) 3(4.2) 0.317
Middle 42(64.6) 47(66.2)
Lower 16(24.6) 21(29.6)

Recurrence No 37(56.9) 20(28.2) 0.01
Yes 28(43.1) 51(71.8)

Vital status Alive 44(67.7) 23(32.4) <0.01

(at follow-up) Death (tumor-related) 21(32.3) 46(64.8)
Death (tumor-unrelated) 0(0) 2(2.8)

Therapy Surgery only 62(95.4) 67(94.4) 0.549
Surgery+CT or RT or CRT 3(4.6) 4(5.6)

p-values were analyzed by x2 test or Fisher's exact test, as appropriate.

Abbreviations: CT, chemotherapy; RT, radiotherapy; CRT, combination of CT and RT (chemoradiotherapy).

https://doi.org/10.1371/journal.pone.0175280.t002

(n =99, p =0.002; Fig 4C), T3+T4 subgroup (n = 103, p = 0.001; Fig 4D), and in patients with-
out lymph node metastasis (n = 67, p = 0.009; Fig 4E). This was not the case for the poor
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Fig 3. Association between MYL9 expression levels and tumor differentiation. Representative staining
of MYL9 expression in adjacent noncancerous tissue (ANT) and in well-, moderately, and poorly differentiated
tumors. Scale bar = 50 um. (B) The average MYL9 staining score was increased from well-differentiated to
poorly differentiated tumors, and was significantly higher than thatin ANT regions. IHC H-scores are
expressed as the mean + SD (bars); *p < 0.05.

https://doi.org/10.1371/journal.pone.0175280.g003
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Table 3. Univariable and multivariable analyses of prognostic parameters in patients with ESCC.

Variable HR (95% CI) p
Univariable analysis

Clinical stage 111710 2.076(1.288-3.345) 0.003
T classification T1-T2/T3-T4 1.948(1.043-3.639) 0.036
N classification NO/N1-2 1.882(1.159-3.056) 0.011
Differentiation Well or Moderate/Poor 1.5650(0.938-2.564) 0.087
Location Upper/Middle/Lower 1.314(0.854-2.022) 0.214
Therapy Surgery only/Surgery+CT or RT or CRT 0.178(0.025-1.280) 0.086
MYL9 expression Negative/Positive 2.307(1.379-3.858) 0.001
Multivariable analysis

Clinical stage 111710 2.307(1.379-3.858) 0.004
MYL9 expression Negative/Positive 2.254(1.347-3.771) 0.002

Univariate analysis, Cox proportional hazards regression model.
Multivariate analysis, Cox proportional hazards regression model. Variables were adopted by univariate analysis.
Abbreviations: HR, hazard ratio; Cl, confidence interval; CT, chemotherapy; RT, radiotherapy; CRT, combination of CT and RT (chemoradiotherapy).

https://doi.org/10.1371/journal.pone.0175280.t003

tumor differentiation subgroup (n = 37, p = 0.507; S4A Fig), the T1+T2 subgroup (n = 33,
p =0.179; S4B Fig), and the lymph node metastasis subgroup (n = 69, p = 0.07; Fig 4F).

Discussion

In this study, we reveal via IHC the frequent aberrant expression of MYL9 in ESCC tissues.
This expression pattern was associated with ESCC histological differentiation. More impor-
tantly, we demonstrate that this MYL9 expression pattern in ESCC tissues was associated with
poor prognosis and recurrence after curative resection. Furthermore, multivariate analyses
revealed that elevated MYL9 expression in tumor cells was an independent and significant risk
factor affecting recurrence and survival after curative resection.

Clinical evidence indicates that MYL9 expression is decreased in patients with bladder can-
cer, colon cancer, non-small cell lung cancer, and prostate cancer [17-20]. MYL9 downregula-
tion is associated with unfavorable prognosis in patients with colon and prostate cancer [18,
20], which is opposite to our result Studies have shown the functional role of myosin II may
differ from cancer to cancer. For example, MYHY, the heavy chain of myosin II, acts as a
tumor suppressor in squamous cell carcinomas of the head and neck [18], while it promotes
invasive behavior in breast tumor cells [9]. The biological role of MYL9 may be specific to dis-
ease. Besides, most of previous studies analyzed MYL9 expression using total mRNA or pro-
tein from human tissues. Here, we examined MYL9 expression based on its presence in the
tumor cell cytoplasm without consideration of stromal portion expression. The different
assessment methods may also contribute to the contradictory results. Even though it has been
reported that MYL9 is present in the nuclei of human colonic circular smooth muscle cells and
acts as a core transcription factor [22], we did not observe significant nuclear staining of
MYL9 in these ESCC tissues.

The poor clinical outcome of patients with ESCC is attributed to the high rates of local inva-
sion and regional lymph node metastasis [23]. MYL9 is involved in regulating breast cancer
invasion [9, 16]. In MDA-MB-231 cells, MYL9 depletion did not affect cell cycle progression
or induce cell death, but significantly reduced invasiveness [9]. In the present study, MYL9
expression levels were often higher in tumor cells at the invasion edge of the ESCC tissues (52
Fig), suggesting that MYL9 may play a role in ESCC invasion. We speculate that MYL9 is a
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Fig 4. Kaplan—-Meier curves of univariate analysis data (log-rank test). (A, B) The RFS (A) and (B) OS of
patients with high versus low MYL9 expression. (C) The OS for moderately/well-differentiated patients with
high versus low MYL9 expression. (D) The OS for patients with T3+T4 classification with high versus low
MYL9 expression. (E, F) The OS for patients without lymph node metastasis (E) and with lymph node
metastasis (F) with high versus low MYL9 expression.

https://doi.org/10.1371/journal.pone.0175280.9004

possible therapeutic target for preventing invasion in patients with ESCC with high MYL9 lev-
els in the primary tumor cells.

Ser19 and/or Ter18 phosphorylation of MYL9 is crucial for its activation[24]. MYL9 activ-
ity, but not total levels of MYL9 protein, correlated with the invasive potential in breast cell
lines [25]. Although treatment protocols that reduce MYL9 phosphorylation are beneficial for
reducing the progression of invasion in hepatoma and ovarian cancer [26, 27], dephosphoryla-
tion of myosin regulatory light chain (MYL9) by Y27632 induced an invasive phenotype in
low invasive lung adenocarcinoma cell lines [28]. Therefore, the effects of MYL9 phosphoryla-
tion appear to depend on the type of cancer cell. In fact, MYL9 phosphorylation levels in pri-
mary tumor tissues, including in ESCC, have not been addressed. Further studies are needed
to investigate its role in the context of tumor progression.

High MYL9 expression is associated with lymphatic metastasis in non-small cell lung can-
cer[19]. However, we observed no correlation between MYL9 expression and regional lymph
node metastasis. MYL9 expression levels were most closely related to tumor differentiation
among the conventional clinicopathological characteristics of ESCC. The Rho/Rho-associated
serine-threonine protein kinase (ROCK) pathway is involved in the differentiation of osteo-
blasts, lung fibroblasts, and other cell types [29, 30]. Inhibiting RhoA and ROCK activity
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partially restoreds osteogenic differentiation by inhibiting Hh-RhoA-Cofilin/MYL9 signaling
[29]. Nevertheless, the effect of MYL9 on tumor cell differentiation has not been investigated.
Additional research regarding MYL9 expression and status for tumor cell differentiation in
ESCC is required.

In conclusion, MYL9 expression is significantly upregulated in ESCC tumor cells compared
to adjacent non-tumor epithelial cells, especially in poorly differentiated tumors. Patients with
high MYL9 expression in tumor cells have poor OS and recurrence-free survival. Our study
suggests that MYL9 expression in tumor cells might be a promising prognostic biomarker and
a potentially viable therapeutic target in ESCC.

Supporting information

S1 Fig. Representative staining of MYL9 and @-SMA in peritumoral regions of ESCC tis-
sues.
(TIF)

S2 Fig. Representative images of MYL9 THC staining at the edge of the tumor tissues.
(TIF)

S3 Fig. Representative images of MYL9 THC staining in cervical, ovarian, colorectal, and
hepatocellular carcinoma.
(TIF)

$4 Fig. Kaplan-Meier curves of patients (A) with poor tumor differentiation and (B) with T1
+T2 classification.
(TIF)

Acknowledgments

The authors thank the Department of Tumor Bank, Sun Yat-sen University Cancer Center for
their support. The authors also thank native English speaking scientists of Elixigen Company
(Huntington Beach, California) for editing our manuscript.

Author Contributions

Conceptualization: ]-HW LZ MZ.

Data curation: LZ S-TH.

Formal analysis: LZ S-TH.

Funding acquisition: MZ.

Investigation: J]-HW LZ S-TH JX YZ X-JY R-ZL Z-SW W-HJ.

Methodology: J-HW.

Project administration: MZ.

Resources: Z-SW W-HJ.

Supervision: MZ.

Validation: MZ.

Writing - original draft: ]-HW LZ.

Writing - review & editing: MZ.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175280  April 7, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175280.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175280.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175280.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175280.s004
https://doi.org/10.1371/journal.pone.0175280

@° PLOS | ONE

MYL9 expression and prognostic significance in ESCC

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer
in 2008: GLOBOCAN 2008. Int J Cancer. 2010; 127(12):2893-917. https://doi.org/10.1002/ijc.25516
PMID: 21351269

Pennathur A, Gibson MK, Jobe BA, Luketich JD. Oesophageal carcinoma. Lancet. 2013; 381
(9864):400—-12. https://doi.org/10.1016/S0140-6736(12)60643-6 PMID: 23374478

van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg EW, van Berge Henegouwen MI, Wijnhoven
BP, et al. Preoperative chemoradiotherapy for esophageal or junctional cancer. N Engl J Med. 2012;
366(22):2074-84. https://doi.org/10.1056/NEJMoa1112088 PMID: 22646630

Ouderkirk JL, Krendel M. Non-muscle myosins in tumor progression, cancer cell invasion, and metasta-
sis. Cytoskeleton (Hoboken). 2014; 71(8):447—63. PubMed Central PMCID: PMCPMC4167922.

Schramek D, Sendoel A, Segal JP, Beronja S, Heller E, Oristian D, et al. Direct in vivo RNAi screen
unveils myosin lla as a tumor suppressor of squamous cell carcinomas. Science. 2014; 343
(6168):309—-13. PubMed Central PMCID: PMCPMC4159249. https://doi.org/10.1126/science.1248627
PMID: 24436421

Cao R, Chen J, Zhang X, Zhai Y, Qing X, Xing W, et al. Elevated expression of myosin X in tumours
contributes to breast cancer aggressiveness and metastasis. Br J Cancer. 2014; 111(3):539-50.
PubMed Central PMCID: PMCPMC4119973. https://doi.org/10.1038/bjc.2014.298 PMID: 24921915

Szent-Gyorgyi AG. The early history of the biochemistry of muscle contraction. J Gen Physiol. 2004;
123(6):631-41. PubMed Central PMCID: PMCPMC2234565. https://doi.org/10.1085/jgp.200409091
PMID: 15173217

Sandquist JC, Swenson Kl, Demali KA, Burridge K, Means AR. Rho kinase differentially regulates phos-
phorylation of nonmuscle myosin Il isoforms A and B during cell rounding and migration. J Biol Chem.
2006; 281(47):35873-83. https://doi.org/10.1074/jbc.M605343200 PMID: 17020881

Medijkane S, Perez-Sanchez C, Gaggioli C, Sahai E, Treisman R. Myocardin-related transcription fac-
tors and SRF are required for cytoskeletal dynamics and experimental metastasis. Nat Cell Biol. 2009;
11(8):257-68. https://doi.org/10.1038/ncb1833 PMID: 19198601

Luo XG, Zhang CL, Zhao WW, Liu ZP, Liu L, Mu A, et al. Histone methyltransferase SMYD3 promotes
MRTF-A-mediated transactivation of MYL9 and migration of MCF-7 breast cancer cells. Cancer Lett.
2014; 344(1):129-37. https://doi.org/10.1016/j.canlet.2013.10.026 PMID: 24189459

Gilles L, Bluteau D, Boukour S, Chang Y, Zhang Y, Robert T, et al. MAL/SRF complex is involved in
platelet formation and megakaryocyte migration by regulating MYL9 (MLC2) and MMP9. Blood. 2009;
114(19):4221-32. https://doi.org/10.1182/blood-2009-03-209932 PMID: 19724058

Franco CA, Blanc J, Parlakian A, Blanco R, Aspalter IM, Kazakova N, et al. SRF selectively controls tip
cell invasive behavior in angiogenesis. Development. 2013; 140(11):2321-33. https://doi.org/10.1242/
dev.091074 PMID: 23674601

Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins RP, Chaudhry Sl, et al. Mechanotransduction
and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-asso-
ciated fibroblasts. Nat Cell Biol. 2013; 15(6):637—46. PubMed Central PMCID: PMCPMC3836234.
https://doi.org/10.1038/ncb2756 PMID: 23708000

Cermak V, Kosla J, Plachy J, Trejbalova K, Hejnar J, Dvorak M. The transcription factor EGR1 regulates
metastatic potential of v-src transformed sarcoma cells. Cell Mol Life Sci. 2010; 67(20):3557—68.
https://doi.org/10.1007/s00018-010-0395-6 PMID: 20505979

Ibrahim SA, Yip GW, Stock C, Pan JW, Neubauer C, Poeter M, et al. Targeting of syndecan-1 by micro-
RNA miR-10b promotes breast cancer cell motility and invasiveness via a Rho-GTPase- and E-cad-
herin-dependent mechanism. Int J Cancer. 2012; 131(6):E884—96. https://doi.org/10.1002/ijc.27629
PMID: 22573479

Jurmeister S, Baumann M, Balwierz A, Keklikoglou I, Ward A, Uhlmann S, et al. MicroRNA-200c
represses migration and invasion of breast cancer cells by targeting actin-regulatory proteins FHOD1
and PPM1F. Mol Cell Biol. 2012; 32(3):633-51. PubMed Central PMCID: PMCPMC3266604. https://
doi.org/10.1128/MCB.06212-11 PMID: 22144583

LuY, Liu P, Wen W, Grubbs CJ, Townsend RR, Malone JP, et al. Cross-species comparison of ortholo-
gous gene expression in human bladder cancer and carcinogen-induced rodent models. Am J Transl|
Res. 2010; 3(1):8—-27. PubMed Central PMCID: PMCPMC2981423. PMID: 21139803

Yan Z, LiJ, Xiong Y, Xu W, Zheng G. Identification of candidate colon cancer biomarkers by applying a
random forest approach on microarray data. Oncol Rep. 2012; 28(3):1036—42. https://doi.org/10.3892/
or.2012.1891 PMID: 22752057

PLOS ONE | https://doi.org/10.1371/journal.pone.0175280  April 7, 2017 12/13


https://doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
https://doi.org/10.1016/S0140-6736(12)60643-6
http://www.ncbi.nlm.nih.gov/pubmed/23374478
https://doi.org/10.1056/NEJMoa1112088
http://www.ncbi.nlm.nih.gov/pubmed/22646630
https://doi.org/10.1126/science.1248627
http://www.ncbi.nlm.nih.gov/pubmed/24436421
https://doi.org/10.1038/bjc.2014.298
http://www.ncbi.nlm.nih.gov/pubmed/24921915
https://doi.org/10.1085/jgp.200409091
http://www.ncbi.nlm.nih.gov/pubmed/15173217
https://doi.org/10.1074/jbc.M605343200
http://www.ncbi.nlm.nih.gov/pubmed/17020881
https://doi.org/10.1038/ncb1833
http://www.ncbi.nlm.nih.gov/pubmed/19198601
https://doi.org/10.1016/j.canlet.2013.10.026
http://www.ncbi.nlm.nih.gov/pubmed/24189459
https://doi.org/10.1182/blood-2009-03-209932
http://www.ncbi.nlm.nih.gov/pubmed/19724058
https://doi.org/10.1242/dev.091074
https://doi.org/10.1242/dev.091074
http://www.ncbi.nlm.nih.gov/pubmed/23674601
https://doi.org/10.1038/ncb2756
http://www.ncbi.nlm.nih.gov/pubmed/23708000
https://doi.org/10.1007/s00018-010-0395-6
http://www.ncbi.nlm.nih.gov/pubmed/20505979
https://doi.org/10.1002/ijc.27629
http://www.ncbi.nlm.nih.gov/pubmed/22573479
https://doi.org/10.1128/MCB.06212-11
https://doi.org/10.1128/MCB.06212-11
http://www.ncbi.nlm.nih.gov/pubmed/22144583
http://www.ncbi.nlm.nih.gov/pubmed/21139803
https://doi.org/10.3892/or.2012.1891
https://doi.org/10.3892/or.2012.1891
http://www.ncbi.nlm.nih.gov/pubmed/22752057
https://doi.org/10.1371/journal.pone.0175280

@° PLOS | ONE

MYL9 expression and prognostic significance in ESCC

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Tan X, Chen M. MYLK and MYL9 expression in non-small cell lung cancer identified by bioinformatics
analysis of public expression data. Tumour Biol. 2014; 35(12):12189-200. https://doi.org/10.1007/
s13277-014-2527-3 PMID: 25179839

Huang YQ, Han ZD, Liang YX, Lin ZY, Ling XH, Fu X, et al. Decreased expression of myosin light chain
MYL9 in stroma predicts malignant progression and poor biochemical recurrence-free survival in pros-
tate cancer. Med Oncol. 2014; 31(1):820. https://doi.org/10.1007/s12032-013-0820-4 PMID: 24338276

Shimada Y, Imamura M, Wagata T, Yamaguchi N, Tobe T. Characterization of 21 newly established
esophageal cancer cell lines. Cancer. 1992; 69(2):277-84. PMID: 1728357

Li Q, Sarna SK. Nuclear myosin Il regulates the assembly of preinitiation complex for ICAM-1 gene tran-
scription. Gastroenterology. 2009; 137(3):1051-60, 60 e1-3. PubMed Central PMCID:
PMCPMC2736361. https://doi.org/10.1053/j.gastro.2009.03.040 PMID: 19328794

LiuL, Lin C, Liang W, Wu S, Liu A, Wu J, et al. TBL1XR1 promotes lymphangiogenesis and lymphatic
metastasis in esophageal squamous cell carcinoma. Gut. 2015; 64(1):26—36. https://doi.org/10.1136/
gutjnl-2013-306388 PMID: 24667177

Takashima S. Phosphorylation of myosin regulatory light chain by myosin light chain kinase, and mus-
cle contraction. Circ J. 2009; 73(2):208—13. PMID: 19110504

Gilkes DM, Xiang L, Lee SJ, Chaturvedi P, Hubbi ME, Wirtz D, et al. Hypoxia-inducible factors mediate
coordinated RhoA-ROCK1 expression and signaling in breast cancer cells. Proc Natl Acad Sci U S A.
2014; 111(3):E384-93. PubMed Central PMCID: PMCPMC3903228. https://doi.org/10.1073/pnas.
1321510111 PMID: 24324133

Itoh K, Yoshioka K, Akedo H, Uehata M, Ishizaki T, Narumiya S. An essential part for Rho-associated
kinase in the transcellular invasion of tumor cells. Nat Med. 1999; 5(2):221-5. https://doi.org/10.1038/
5587 PMID: 9930872

Ogata S, Morishige K, Sawada K, Hashimoto K, Mabuchi S, Kawase C, et al. Fasudil inhibits lysopho-
sphatidic acid-induced invasiveness of human ovarian cancer cells. Int J Gynecol Cancer. 2009; 19
(9):1473-80. https://doi.org/10.1111/IGC.0b013e3181c03909 PMID: 19955921

Ishihara S, Yasuda M, Nishioka T, Mizutani T, Kawabata K, Shirato H, et al. Irradiation-tolerant lung
cancer cells acquire invasive ability dependent on dephosphorylation of the myosin regulatory light
chain. FEBS Lett. 2013; 587(6):732—6. https://doi.org/10.1016/j.febslet.2013.01.055 PMID: 23391761

Yuan X, Cao J, He X, Serra R, Qu J, Cao X, et al. Ciliary IFT80 balances canonical versus non-canoni-
cal hedgehog signalling for osteoblast differentiation. Nat Commun. 2016; 7:11024. PubMed Central
PMCID: PMCPMC4802171. https://doi.org/10.1038/ncomms 11024 PMID: 26996322

JiH, Tang H, Lin H, Mao J, Gao L, Liu J, et al. Rho/Rock cross-talks with transforming growth factor-
beta/Smad pathway participates in lung fibroblast-myofibroblast differentiation. Biomed Rep. 2014; 2
(6):787—92. PubMed Central PMCID: PMCPMC4179758. https://doi.org/10.3892/br.2014.323 PMID:
25279146

PLOS ONE | https://doi.org/10.1371/journal.pone.0175280  April 7, 2017 13/13


https://doi.org/10.1007/s13277-014-2527-3
https://doi.org/10.1007/s13277-014-2527-3
http://www.ncbi.nlm.nih.gov/pubmed/25179839
https://doi.org/10.1007/s12032-013-0820-4
http://www.ncbi.nlm.nih.gov/pubmed/24338276
http://www.ncbi.nlm.nih.gov/pubmed/1728357
https://doi.org/10.1053/j.gastro.2009.03.040
http://www.ncbi.nlm.nih.gov/pubmed/19328794
https://doi.org/10.1136/gutjnl-2013-306388
https://doi.org/10.1136/gutjnl-2013-306388
http://www.ncbi.nlm.nih.gov/pubmed/24667177
http://www.ncbi.nlm.nih.gov/pubmed/19110504
https://doi.org/10.1073/pnas.1321510111
https://doi.org/10.1073/pnas.1321510111
http://www.ncbi.nlm.nih.gov/pubmed/24324133
https://doi.org/10.1038/5587
https://doi.org/10.1038/5587
http://www.ncbi.nlm.nih.gov/pubmed/9930872
https://doi.org/10.1111/IGC.0b013e3181c03909
http://www.ncbi.nlm.nih.gov/pubmed/19955921
https://doi.org/10.1016/j.febslet.2013.01.055
http://www.ncbi.nlm.nih.gov/pubmed/23391761
https://doi.org/10.1038/ncomms11024
http://www.ncbi.nlm.nih.gov/pubmed/26996322
https://doi.org/10.3892/br.2014.323
http://www.ncbi.nlm.nih.gov/pubmed/25279146
https://doi.org/10.1371/journal.pone.0175280

