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Abstract

Objective: This study explored the mechanism of squamous cervical cancer (SCC) progression.
Methods: Reverse transcription-quantitative polymerase chain reaction and western blotting
were used to evaluate the expression of myosin light chain 9 (MYL9) in SCC tissues and cell lines.
Furthermore, Transwell and Boyden assays were used to assess the function of MYL9 in SCC
progression. In addition, the levels of lactate and aerobic glycolysis were used to explore the
detailed mechanism of MYL9 in SCC.

Results: The mRNA and protein levels of MYL9 were elevated in SCC tissues, and MYL9 knock-
down inhibited the migration and invasion of SCC cell lines. A mechanistic study demonstrated
that MYL9 promotes SCC migration and invasion by enhancing aerobic glycolysis and increasing
the activity of the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3)
pathway.

Conclusions: MYL9 was upregulated in SCC, and it enhanced JAK2/STAT3 pathway activity and
promoted metastasis and glycolysis in SCC.
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Introduction

Cervical cancer is the most common cancer
in developing countries, and squamous cer-
vical cancer (SCC) is the most common
cancer globally."? Although persistent
high-risk human papillomavirus (HPV)
infection is the main risk factor for SCC,*
the detailed molecular mechanisms of migra-
tion/invasion in SCC are unclear. Thus, it is
essential to study the detailed mechanisms
driving the progression of SCC, which
could facilitate the development of effective
targeted therapeutic methods and decrease
the morbidity and mortality of SCC.

Myosin light chain 9 (MYL9) encodes
the regulatory light chain of myosin II
(the most studied member of the myosin
superfamily) and plays a crucial role in
tumor progression and metastases.” !
Accumulating evidence indicates that
MYLY is differentially expressed in various
human tissues. Total MYL9 expression is
lower in colon, gastric, bladder, non-small
cell lung, and prostate cancers'®'?!> than in
the corresponding normal tissues. Conversely,
MYLY is upregulated in ovarian cancer,'®
esophageal squamous cell carcinoma,’ and
glioblastoma,® and its overexpression is cor-
related with poor clinical outcomes. A pre-
vious study demonstrated that MYL9
induced aerobic glycolysis in endometrial
fibroblasts.!” However, to our knowledge,
the detailed mechanism, expression, and
function of MYL9 in SCC have not yet
been reported.

When tumor cells have good oxygen
availability, they utilize glycogen and
undergo aerobic glycolysis (Warburg
effect), thereby generating high levels of lac-
tate. Glycolysis plays an important role in
the occurrence and development of tumors,
but the detailed molecular mechanisms
remain to be clarified. Glucose transporter
(GLUTI), a transmembrane protein, is
responsible for the uptake of glucose
into the cells of many tissues through

facilitative ~ diffusion.'® Hexokinase I
(HK2) is a predominant isoform in
insulin-sensitive tissues, and it is also upre-
gulated in many types of tumors associated
with enhanced aerobic glycolysis.'® Lactate
dehydrogenase A (LDHA) is a glycolysis
enzyme that converts pyruvate to lactate.®

Our research demonstrated that MYL9
is upregulated in SCC, and it promotes
migration and invasion by accelerating gly-
colysis. In addition, MYL9 activates the
Janus kinase 2 (JAK?2)/signal transducer
and activator of transcription 3 (STAT3)
signaling pathway, thereby promoting
tumor progression in SCC.

Materials and methods

Cells and tissues

Human SCC cell lines (Siha, contains inte-
grated copies of HPV-16; Caski, contains
integrated copies of HPV-16 and HPV-18)
were obtained from the Cell Resource
Center, Shanghai Institute of Life
Sciences, Chinese Academy of Sciences
(Shanghai, China). Both cell lines were cul-
tured in high-glucose Dulbecco’s Modified
Eagle’s Medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Cytiva,
Marlborough, MA, USA), and cells were
cultured at 37°C in an atmosphere of 5%
CO,. In addition, 36 pairs of matched SCC
and healthy tissues were acquired from
patients who underwent surgery at the
Integrated Hospital of Traditional Chinese
Medicine, Southern Medical University.
Written informed consent was obtained
from all patients before surgery, and this
research was approved by the hospital’s
ethics committee (No.: NFZXYEC-
201906sb-K1). All procedures performed
in this study followed with the ethical
standards of the institutional research com-
mittee and the 1964 Declaration of Helsinki
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and its later amendments or comparable
ethical standards.

Reverse transcription-quantitative
polymerase chain reaction (RT-gPCR)

The mRNA sequences of clinical tissues or
SCC cells were detected and quantified
using RT-qPCR to better explore MYL9
gene expression. Total RNA was extracted
from SCC tissues or cell lines using TRIzol
(Takara  Bio, Inc., Shiga, Japan).
Complementary DNA (cDNA) was synthe-
sized from lpg of total RNA using
SuperScript Il RT (Thermo  Fisher
Scientific). The PCR mix contained 1pL of
cDNA, 1x SYBR Green (Toyobo, Osaka,
Japan), and specific primers. The primers
were synthesized by IGE Co., Ltd
(Guangzhou, China). The experiments were
conducted more than three times using
LightCycler 480 II  (Roche, Basel,
Switzerland). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA expression
was detected as the internal control. The
expression in each matched fresh peritumoral
tissue sample was set as the control (the
expression of M YL9 in all peritumoral tissues
was set as 1), and the relative expression was
determined by the 2 24¢" method.?! The
thermocycling conditions'’ were 95°C for
10 minutes to activate DNA polymerase, fol-
lowed by 45 cycles of 95°C for 155, 60°C for
15s, and 72°C for 10s. The specificity of
amplification products was confirmed by
melting curve analysis. Independent experi-
ments were performed in triplicate. The
primer sequences used in the polymerase
chain reaction (PCR)'® were as follows:
MYL9 forward, 5-GCCACATCCAATGT
CTTCGC-3; MYL9 reverse, 5-GCGTTGC
GAATCACATCCTC-3'; GAPDH forward,
5-CCATCTTCCAGGAGCGAGAT-3; and
GAPDH reverse, 5-TGCTGATGATCTTG
AGGCTG-3.

Transfection

siRNA targeting MYL9 (siMYL9) was
designed by Guangzhou Ribobio Co., Ltd.
(Guangzhou, China). The specific sequence
of siMYL9 was 5-GCAACATCGTCTTC
AAGAA-3'. SiRNA (concentration: 50 nM,
10 uL) was transfected into Siha and Caski
cells using Lipofectamine® 2000 (Thermo
Fisher Scientific) according to the manufac-
turer’s protocol.

Transwell and Boyden assays

SCC cell migration and invasion assays
were performed using Transwell chambers
(8um, 24-well insert; Corning Inc.,
Corning, NY, USA). For the Transwell
assay, cells (1 x 10°) in serum-free medium
were added to the upper chamber, and
medium containing 20% FBS was added
to the lower chamber. Cells were incubated
for 12 hours at room temperature. For the
Boyden assay, diluted Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA)
was used to pre-coat the insert membrane.
Cells (1 x 10°) were cultured for 36 hours
under the same conditions. Finally, the
cells that migrated to or invaded the lower
chambers were fixed with methanol, stained
with Giemsa or crystal violet, and counted
in six random fields under a microscope
(BDS200, Olympus, Tokyo, Japan).

Lactate production assay

A lactate assay kit (Abcam, Cambridge,
UK) was used to detect lactate production
colorimetrically per the manufacturer’s pro-
tocols. siRNA-transfected SCC cells were
seeded into a 96-well cell culture plate and
incubated overnight at 37°C. The cells were
subsequently starved for 12 hours, and the
supernatant was obtained and used to
detect lactate levels using a microplate
reader (Biotek, Winooski, VT, USA) at
450 nm.
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Western blotting

Flasks containing SCC cells were washed
three times with ice-cold phosphate-buffered
saline, and total protein was harvested using
RIPA lysis buffer (Beyotime Institute of
Biotechnology, Jiangsu, China) containing
phenylmethanesulfonyl fluoride (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and
phosphatase inhibitors (Bio-Rad
Laboratories) at a ratio of 100:1:1. A bicin-
choninic acid protein assay kit (Beyotime
Institute of Biotechnology) was used to deter-
mine the protein concentrations. Proteins
(30 ng) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on
10% gels and transferred to a polyvinylidene
fluoride membrane (Beyotime Institute of
Biotechnology). The membranes were
blocked with 5% bovine serum albumin in
TBS containing Tween-20 (TBST) for
1 hour at 37°C and incubated with primary
antibodies against M Y L9 (mouse, 60233-1-Ig,
Proteintech, Rosemont, IL, USA), GLUTI
(rabbit, 21829-1-AP, Proteintech), HK2
(mouse, 66974-1-Ig, Proteintech), LDHA
(rabbit, 19987-1-AP, Proteintech), B-tubulin
(mouse, Proteintech), and GAPDH (mouse,
CWO0100M, CWBIO, Beijing, China) over-
night at 4°C. Following three washes with
TBST, the membrane was incubated with
horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse IgG antibody at 37°C
for 1 hour. The membranes were visualized
using an electrochemiluminescence chromogen-
ic kit (Beyotime Institute of Biotechnology) in a
dark room, and images were captured with a
ChemiDoc™ Molecular Imager (Bio-Rad
Laboratories). The experiments were repeated
at least three times.

Statistical analysis

All experiments were performed in sets of
three or more, and all data were presented
as the mean +standard deviation.

The differences between the two groups
were analyzed using Student’s f-test, and
graphs were plotted using GraphPad
Prism 7 (GraphPad Software, Inc.,

Table I. The detailed information of 36 patients
with SCC.

Age MYL9 mRNA

Patient (years)  Stage  expression

Patient | 48 B3 3.1380 +0.9234
Patient 2 52 A1 5.1940 + 1.1850
Patient 3 43 1B2 8.3520 + 1.0540
Patient 4 47 A1 0.5990 £+ 0.3972
Patient 5 45 IBI 14.510+ 1.0660
Patient 6 45 B3 0.3807 £ 0.0374
Patient 7 51 1IA2 19.180 + 0.4058
Patient 8 46 1B2 8.2830 + 0.8320
Patient 9 57 A1 0.2337 £ 0.0900
Patient 10 51 A1 6.1160£0.2013
Patient |1 50 1B2 5.8330+£0.1338
Patient 12 49 IB3 3.3220+0.1209
Patient I3 52 B3 5.6870+£0.3392
Patient 14 50 A1 4.5690 +0.3886
Patient I5 46 B3 8.6820 + 0.2989
Patient 16 43 IBI 7.3430 £ 0.4162
Patient 17 47 A1 4.9330+0.6782
Patient 18 54 1B2 6.7750 £ 0.9384
Patient 19 56 11A2 10.080 +0.9134
Patient 20 55 B3 3.6370 +£0.3634
Patient 21 39 B3 6.5810+0.3866
Patient 22 32 IBI 2.6640 + 0.4247
Patient 23 28 1B2 5.3360 £ 0.2440
Patient 24 5] A1 0.1560 £ 0.0243
Patient 25 43 1B2 8.6230+0.2416
Patient 26 42 B3 6.4760 +0.3943
Patient 27 48 B3 3.9330 £ 0.4258
Patient 28 55 A1 7.3530+£0.3752
Patient 29 49 IBI 4.2390 +0.2203
Patient 30 42 1B2 0.2448 + 0.0638
Patient 31 48 B3 6.5170 + 0.4408
Patient 32 57 A1 5.4730 £ 0.3377
Patient 33 59 B3 7.3320+£0.2346
Patient 34 52 1B2 5.5320 £ 0.3985
Patient 35 51 B3 4.9820 +0.2929
Patient 36 53 11A2 5.6160+0.3797

SCC, squamous cervical carcinoma.
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San Diego, CA, USA). P <0.05 was consid-
ered statistically significant.

Results

MYL9 is upregulated in SCC

Using 36 pairs of SCC and peritumoral tis-
sues (Table 1), we observed a significant
difference in the mRNA expression of
MYL9 between tumor and healthy tissue
(P<0.0001, Figure la, b). Additionally,
MYLY9 protein was highly expressed in
SCC cells (Figure Ic).

MYL9 knockdown suppresses in vitro
SCC cell migration and invasion

We performed Transwell and Boyden

assays to detect the role of MYL9 in SCC.
indicated that

Our results SCC cell
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migration and invasion were significantly
suppressed by M YL9 knockdown (Figure 2).

MYL9 promotes JAK2/STAT3 pathway
activity and SCC migration and invasion
by enhancing aerobic glycolysis

Owing to the close correlation between the
progression of cancer cells and aerobic glycol-
ysis, lactate levels were determined, and west-
ern blotting was performed. Interestingly, our
results demonstrated that lactate levels were
lower in the siMYL9 group (Figure 3a), and
GLUTI, HK2, and LDHA protein expres-
sion was significantly inhibited after MYL9
knockdown (Figure 3b). To further explore
the mechanism of MYL9 in aerobic glycolysis
in SCC, western blotting was performed, and
the phosphorylation of JAK2 and STATS3
was significantly reduced in the siMYL9
group (Figure 3c).

MYLY mRNA expression
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Figure I. MYL9 mRNA and protein expression in SCC tissues and cell lines. (a, b) Reverse transcription-
quantitative polymerase chain reaction revealed higher MYL9 mRNA expression in SCC tissues than in
peritumoral tissues and (c) Western blotting illustrated that MYL9 protein was expressed in SCC cells.
MYL9, myosin light chain 9; SCC, squamous cervical cancer.
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Figure 2. Transwell and Boyden assays demonstrated that MYL9 knockdown suppresses SCC cell migra-
tion and invasion. (a) Knockdown of MYL9 reduced the migration of SCC cells in the Transwell assay and
(b) Knockdown of MYL9 reduced cell invasion in SCC cells in the Boyden assay (magnification, x200; scale
bar =50 um). MYL9, myosin light chain 9; SCC, squamous cervical cancer.

Thus, these findings indicated that
MYL9 induces JAK2/STAT3 pathway
activity and promotes SCC migration and
invasion by enhancing aerobic glycolysis.

Discussion

Recent studies illustrated that MYL9 is
weakly expressed in non-small cell lung,
gastric, bladder, colon, and prostate can-
cers.'®!>"15 However, other reports illus-
trated that MYL9 is highly expressed in
ovarian cancer, esophageal squamous cell
carcinoma, and glioblastoma.>®!® To our
knowledge, our study is the first to validate
that MYL9 is highly expressed in SCC

compared with its expression in peritumoral
tissues, and MYL9 protein expression was
also high in SCC cell lines, thus indicating
MYL9 upregulation in SCC. However,
additional studies are required to demon-
strate its exact role in cancer.

Previous reports illustrated that M YL9 par-
ticipates in many physiological and patholog-
ical functions including cell adhesion, polarity,
and motility, and it plays a crucial role in some
human cancers.>®!>'¢ Previous studies also
reported that MYL9 plays a role in tumor
suppression in gastric and colon cancers.'®!?
On the contrary, other studies indicated that
MYL9 has an oncogenic role in melanoma,
glioblastoma, and breast cancer.®*!!
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Figure 3. MYL9 promoted the progression of SCC by enhancing aerobic glycolysis. (a) MYL9 knockdown
decreased the Lactate production of SCC. (b) MYL9 knockdown inhibited the expression of GLUT I, HK2,
and LDHA and (c) MYL9 knockdown inactivated the JAK2/STAT3 pathway. MYL9, myosin light chain 9; SCC,
squamous cervical cancer; GLUTI, glucose transporter |; HK2, hexokinase Il; LDHA, lactate dehydrogenase A.

GLUTI, HK2, and LDHA are key fac-
tors of aerobic glycolysis, and they play
important roles in metabolic reprogram-
ming and cancer progression.”> 2 In this
study, our results revealed that lactate
levels were reduced in the MYL9 knock-
down group compared with that in the con-
trol group, and GLUTI1, HK2, and LDHA
expression in SCC cells was decreased after
the MYL9 gene was suppressed. MYL9
promoted SCC cell migration and invasion
in vitro by enhancing aerobic glycolysis. The
JAK2/STATS3 signaling pathway has been
reported to produce a marked effect on all

types of tumors.?’ *! However, one limita-
tion of the present study was that normal
epithelial cells were not used as a control.
Future studies are warranted to further
demonstrate the detailed role of MYL9
in vivo.

Collectively, our results revealed that
MYL9 was upregulated in SCC tissues
compared with that in peritumoral samples,
and MYL9 knockdown inhibited the migra-
tion and invasion of SCC cells by regulating
aerobic glycolysis and its downstream factors
(including GLUT1, HK2, and LDHA) via the
JAK2/STAT3 pathway. Thus, MYL9 serves
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as a metastasis-related gene in SCC, and it is
a potential biomarker for targeted treatment.
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