Medical Oncology (2020) 37:88
https://doi.org/10.1007/512032-020-01413-6

ORIGINAL PAPER q

Check for
updates

MYH9 suppresses melanoma tumorigenesis, metastasis and regulates
tumor microenvironment

Satyendra Kumar Singh' - Sunita Sinha' - Jyotirmayee Padhan' - Nitish Jangde’ - Rashmi Ray' - Vivek Rai'

Received: 10 June 2020 / Accepted: 22 August 2020 / Published online: 9 September 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Non-muscle myosin ITA heavy chain (MYH9) has been implicated in many physiological and pathological functions including
cell adhesion, polarity, motility to cancer. However, its role in melanoma remains unexplored. The aim of our study was to
evaluate the role of MYH9 in melanoma tumor development and metastasis and further to find out the potential underlying
mechanisms. In this study, we evaluated the in vitro migratory and invasive properties and in vivo tumor development and
metastasis in C57BL/6 mice by silencing MYH9 in B16F10 melanoma cells. Knocking down MYH9 enhanced migration and
invasiveness of B16F10 cells in vitro. Furthermore, MYH9 silencing accelerated tumor growth and metastasis in melanoma
subcutaneous and intravenous mouse models. Next, oncogenes analysis revealed epithelial-mesenchymal transition and Erk
signaling pathway are being regulated with MYH9 expression. Finally, MYHO silencing in B16F10 cells modulates the tumor
microenvironment by manipulating the leukocytes and macrophages infiltration in tumors. These findings established the
opposing role of MYH9 as a tumor suppressor in melanoma suggesting specific MYH9 based approaches in therapeutics.
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Introduction [3]. Cancer cells metastasis is a complex and multistep pro-

cess that involves the penetration of cancer cells through

Melanoma is a highly aggressive cancer originates in mel-
anocytes (pigment producing cells), primarily resides in the
skin. Melanoma represents around 4% of all skin cancers;
however, it contributes most to skin cancer-related mortal-
ity (approximately 80%). Melanoma can metastasize in any
organ such as lung, liver, lymph nodes and gastrointesti-
nal tract [1, 2]. Tumor metastasis/spread of cancer cells to
different organs throughout the body is one pf the primary
cause of cancer-related deaths (estimated ~90%) worldwide
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the basement membranes and extracellular matrix to invade
adjacent tissues and metastasize via the circulatory system
to extravasate, attach, proliferate and form a new tumor in
distant tissue [4, 5].

Non-muscle-myosin-II (NMII) is one of the members of
myosin superfamily that is represented by fifteen different
classes. NMII is the conventional two-headed myosin, which
is found to involved in the regulation of several cellular func-
tions such as cell division, locomotion, polarity, adhesion
and morphology in various non-muscle cells. Vertebrates
express three non-muscle myosin II heavy chain isoforms.
viz., myosin-IIA, -IIB and -IIC. Non-muscle myosin ITA
heavy chains are also known as Myosin-9 (MYH9) [6,
7]. Besides the identified role of MYHO in cell division,
adhesion and migration, it is also found to contribute to the
regulation of cancer cells tumorigenic properties [8—11].
Highly invasive ER positive breast cancer cells MCF-7 and
-6 showed a higher MYH9 level compared to non-invasive
cells. These invasive properties were downregulated by
blebbistatin and MYH9 silencing treatment in MCF7/6 cells
[12] and in MDA MB-231 cells, MYH9 silencing reduces
spreading and migration [13] which indicate MYH9 as
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tumor inducer in breast cancer. In human non-small cell
lung cancer (NSCLC), immunohistochemical evaluation of
MYHO9 indicates its correlation with adenocarcinoma dif-
ferentiation and invasion [14]. Another study indicated that
NSCLC (adenocarcinoma) cases lacking expression of either
MYHO9 or vimentin showed good recovery even without
adjuvant chemotherapy with uracil-tegafur [15].

Despite the reports in other cancers, the role of MYH9 in
melanoma development and metastasis is unclear. Under-
standing the role of MYHO in regulating tumor cell pro-
liferation migration, invasion, and colonies formation at a
distant site could provide a better insight into melanoma
development and metastasis. Data from the present study
show that MYHO suppress tumorigenesis and metastasis in
murine melanoma cells tumorigenesis.

Materials and methods
Animals

All animal protocols were approved by the Institute of Life
Sciences Animal Ethics Committee. All animals used in the
experiments were of C57BL/6 background and 6-8 weeks
of age.

Cell lines and culture

B16F10 were maintained in DMEM medium supplemented
with 10% FBS (Origin: United States) (Gibco), streptomycin
(100 pg/ml) and penicillin (100 pg/ml). Cells were main-
tained in an incubator with a humidified atmosphere contain-
ing 5% CO, at 37 °C.

MYHO lentiviral infection

High-titer MYHO lentiviral particles from Sigma
(TRCNO0000310913) were used for MYHO silencing in
B16F10 cells cultured in 96 well plates were infected with
control ShARNA, MYH9 shRNA in DMEM. shRNA infected
cells were left overnight at 37 °C and 5% CO,. The medium
was changed next day and was replaced with fresh medium
for 24 h. After 24 h of resting MYHO transfected cells colo-
nies were selected from cells grown in growth medium with
1 pg/ml puromycin. The puromycin selected colonies were
evaluated for MYHS9 silencing using western blotting and
qPCR for MYHO expression.

Cell invasion assay
The cell invasion assay was performed using 6-well tran-

swell units (Costar) with an 8-pum pore size polycarbon-
ate filter. The transwells were coated with 20 ug/ml type
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I collagen and incubated at 4 °C overnight. After washing
with PBS, the wells were seeded with 2x 10° cells/ml in
incomplete DMEM medium and the bottom chambers were
filled with 500 ul DMEM containing 5% FBS. Cells migrate
for overnight at 37 °C and 5% CO, and cells on the bottom
side of the membrane were stained with 0.5% crystal vio-
let dye in 10% formalin for 30 min and air dried. Migrated
cells were counted using a Carl Zeiss inverted microscope
(Carl Zeiss, Germany). Six independent areas per filter
were counted, and the mean number of migrated cells was
calculated.

Cell proliferation assay

Cell viability assay was performed to check the proliferation
rate of B16F10 cells and cells were seeded in 96-well cell
culture plastic plates at a density of 5x 10° cells/well. After
incubation for 48 h, 100 pl of 3-(4,5-Dimethylthiazol-2-Y1)-
2,5-Diphenyltetrazolium Bromide (5 mg/ml) was added for
4 h and farmazan crystals were dissolved by adding dis-
solving solution (DMSO: isopropanol; 1:1) for 30 min. The
absorbance of each well was acquired at 570 nm with the
help of ELISA plate reader.

Clonogenic assay

B16F10 cells clonogenic assay was performed to measure
the growth ability of single B16F10 cell to grow into a col-
ony in vitro. Briefly, after transfecting B16F10 cells with
MYH9 shRNA or scrambled control cells were seeded in
complete DMEM media at a density of 1x 10? cells in six
well plates. The plates were incubated for 2 weeks at 37 °C
and then stained with 0.1% crystal violet. Colonies with
> 50 cells were counted manually.

Wound healing assays

Cell migration ability of B16F10 cells on 5% FBS treatment
was detected by scratch assay. Cells were seeded in 12 well
plates at the density of 3 x 10° cells/well and starved for
6-8 h at 90-100% confluency. Further, a straight scratch was
created with 200 pl sterile pipette tip and then supplemented
with DMEM medium alone and with 5% FBS for 24 h at
37 °C. Migration images were captured using an inverted
microscope (CarlZeiss, Germany). The scratch wound
widths were measured under a microscope and the relative
percentage of wound closure was determined by comparing
to control cells.

Quantitative PCR

Total RNA was isolated using Trizol (Invitrogen) and
further purified by pure link RNA Mini Kit (Ambion life
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technologies) from cells. Further, 2 pg of RNA was reverse
transcribed and cDNA was synthesized using a High-Capac-
ity cDNA Reverse Transcription Kit (Applied biosystems).
Real-time PCR amplification was performed using SYBR
green (Applied biosystems) and QuantStudio 6 Flex Real-
Time PCR (Applied Biosystem). A complete list of PCR
primers is shown in Supplementary Table S1. All data were
normalized to the housekeeping gene GAPDH.

Immunoblot analysis

Total protein was extracted using RIPA buffer (Cell Signal-
ing) with protease buffer and 40 pg protein was separated
on 10% SDS-PAGE. Resolved proteins were transferred to
nitrocellulose membranes and blocked with 5% non-fat milk
in TBS-T, followed by overnight incubation with diluted
antibody (Supplementary Table S2) in blocking buffer at
4 °C. After washing with TBST, the membrane was incu-
bated at room temperature for 1 h with secondary antibodies
conjugated to HRP (Amersham). Membranes were visual-
ized with enhanced chemiluminescence, followed by expo-
sure to film.

PCR array

Changes in the expression of mouse oncogenes and tumor
suppressor genes (Supplementary Table S3) were detected
using RT?2 Profiler Mouse oncogenes and tumor suppres-
sor PCR Array (PAMM-502ZA; Qiagen). Total RNA was
extracted by Trizol method as mentioned in the previous sec-
tion. cDNA was synthesized using the RT2 First Strand Kit
(Qiagen). RT2 SYBR Green gPCR Master Mix (Qiagen) was
used for the reaction following the manufacturer’s instruc-
tions. Amplification and real-time analysis were performed
by QuantStudio 6 Flex Real-Time PCR (Applied Biosystem).

In vivo tumorigenesis

C57BL/6 mice (4—6-week-old) were maintained in specific
pathogen-free conditions. All experimental protocols were
approved by the Animal Ethics Committee of the Institute of
Life Sciences and all experiments were performed in accord-
ance with the approved guidelines and regulations. For the
subcutaneous tumor model, B16FO0 cells transfected with
MYH9 shRNA or control shRNA suspended with PBS at
a concentration of 2 x 10° cells/200 pl and subcutaneously
injected into C57BL/6 mice (n=35 for each group) and the
mice were observed for 2 weeks. The tumor volume was
measured at the experimental endpoint.

For lung metastasis study, cells suspended in PBS at a
concentration of 1x 10° cells/200 pl and injected intrave-
nously into C57BL/6 mice (n =4 for each group). At the end
of the experiment (after 3 weeks), mice were euthanized, and

the tumor was collected. The B16F10 tumor specimen was
fixed in 10% formalin, embedded in paraffin and sectioned
at 5 um for further histopathological studies.

Immunohistochemistry

Tumor tissue samples were fixed in 10% formaldehyde solu-
tion before being embedded in paraffin wax. Sections of
5 um were mounted on positively charged slides. For immu-
nohistochemical assay, 3% hydrogen peroxide in methanol
was used for endogenous peroxidases blocking. These sec-
tions were probed with Ki-67, CD34, CD45 and F4/80 pri-
mary antibody (Supplementary Table S2) overnight at 4 °C.
Tumor tissue sections slides were subsequently incubated
with HRP tagged secondary antibody. Staining was visual-
ized with DAB and counterstained with hematoxylin. The
images were taken using a Leica microscope.

Hematoxylin and eosin (H&E) staining

Tumor tissue samples were fixed in 10% formaldehyde
solution before being embedded in paraffine wax. Sec-
tion of 5 pm were mounted on positively charged slides.
Briefly, sections were deparaffinised in xylene and further
rehydrated. Next, sections were stained in hematoxylin and
differentiate in 1% acid alcohol. Further, eosin staining was
done followed by dehydration and mounting. Staining was
visualized and images were taken using Leica microscope.

Statistical analyses

All experiments were performed in triplicate. Data are
presented as mean =+ standard deviation (SD) and analyzed
using Microsoft Excel and Graphpad Prism6.0 (GraphPad
Software, La Jolla, CA). Statistical analyses were conducted
between the controls and the treated experimental groups
using Student’s 7-test assuming two-tailed distributions, and
differences were considered to be statistically with P <0.05.

Results

MYH9 knocking down induces migration
and invasion in B16F10 cells in vitro

To study the role of MYH9 in B16F10 cell migration and
invasion, we silenced MYH9 in B16F10 cells and our result
showed reduction of MYH9 (Fig. 1a). Our results showed
increased invasion through collagen in transwell chamber
and migration in MYH9 shRNA transfected cells com-
pared to control shRNA transfected B16F10 cells (Fig. 1b,
c). Further, we evaluated colony formation and cell prolif-
eration capacity and a decreased number of colonies and
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Fig.1 MYHO9 silencing regulates migration and invasion of mouse
melanoma cells in vitro. a Relative mRNA and immunoblot expres-
sion showing the level of MYHO in control shRNA and MYH9
shRNA transfected B16F10 cells. b Invasion assay showing the num-
ber of invading cells through transwell chamber 12 h after stimula-

proliferation were observed in MYHO9 silenced B16F10 cells
compared to control (Supplementary Fig. 1a, b) suggesting
the critical function of MYHY in migration, invasion and
colony formation of B16F10 cells.

MYH9 regulates oncogenes, EMT marker
and downstream signaling molecules in B16F10
cells

The in vitro tumorigenesis and metastasis are regulated by
various oncogenes, epithelial and mesenchymal markers. As
in vitro assays revealed the increased migration and invasion
in MYHO silenced B16F10 cells. Next, we investigated the
effect of MYH9 knocking down on the expression of dif-
ferent oncogenes involved with epithelial-to-mesenchymal
transition (EMT) markers and signaling pathways. Increased
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tion with 5% FBS. ¢ wound healing/migration assay at 0 h, 12 h and
24 h post wounding and percentage wound closure in control and
MYH9 shRNA transfected B16F10 cells. All data are represented
as mean=+SD. Student’s t-test was used for all statistical analyses
(***P<0.001; **P<0.01)

expression of oncogenes (cyclin-D1 and cMyc) and mesen-
chymal markers (slug and twist), epithelial marker (E-cad-
herin) and decreased level of mesenchymal markers (snail
and MMP9) was found in MYH9 silenced B16F10 cells than
control (Fig. 2a, b).

Furthermore, we performed PCR array assay to explore
the role of MYHO silencing in B16F10 cells on the expres-
sion profile of different oncogenes and tumor suppressor
makers. Our results showed a higher expression of onco-
genes (Bcl2, Egf, Erbb2, JunD, Kras, Mdm?2, Mos, Mycn,
Rafl, Ret, Tnf, S100a4 and Ccndl) and tumor suppres-
sor genes (Hicl, Cdhl, Mgmt, Nf2 and Trp73) in MYH9
silenced B16F10 cells compared to control cells. However,
lower expression of oncogenes (Met, Menl and Rosl) and
tumor suppressor genes (Runx3, Serpinb5 and Wtl) was
observed in MYH9 silenced B16F10 cells compared to



Medical Oncology (2020) 37:88

Page50f10 88

A

= E-cadherin Cyclin D1
K<) *k ke) .
< 6 S 15
=0 [0)
B2 4 2810
© g 85
<6 2 S £05
pd <Zt°
% 0<< 4 0.0<<
zZ Z £ > >
X o
< < x o
fg )
= - O
T -
= S
Slug
ke} ok T
ﬁ el
= .qz)cu
© "D
© °8
< < ©
pd b
1 < < h'd
€ Zz Z =
X
 C
» un
EQ
O
=

135 kDa -| = = = %| E cadherin 42/44 kDa -

42/44 kDa -

57 kDa - | ussmmms s | \/imentin

29 kDa - Snail

E = GAPDH

37 kDa - |

Ctrl shRNA
MYH9 shRNA

Fig.2 MYHY silencing regulates oncogenes and EMT mark-
ers expression in B16F10 cells. a qPCR showing the expression of
oncogenes and EMT markers in control shRNA and MYH9 shRNA
treated B16F10 cells. b Immunoblot showing the level of various
oncogenes and EMT markers in control shRNA and MYH9 shRNA
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treated B16F10 cells. ¢ Heat map showing changes in expression of
oncogenes genes in MYH9 shRNA treated and control shRNA treated
B16F10 cells. All data are represented as mean =+ SD. Student’s 7-test
was used for all statistical analyses (**P <0.01, *P <0.05). n.s. not
significant
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control cells (Fig. 2¢), indicating MYH9 as tumor suppres-
sor in B16F10 cells tumorigenesis.

Next, to find out the associated possible mechanism, we
assessed the phosphorylation of Erk signaling pathways and
found increased activation of Erk in MYHO silenced B16F10
cells compared to control cells, suggesting its involvement
with MYHO signaling (Fig. 2b).

MYHO9 silencing promotes murine melanoma cell
tumor formation and lung metastasis in vivo

To further investigate the role of MYH9 in melanoma

tumor formation in vivo, we injected control shRNA and
MYHO9 shRNA transfected B16F10 cells subcutaneously

A Ctrl shRNA

MYH9 shRNA

MYH9 shRNA

i i i

L

el
_ae ¥

Ki67

CD34

Fig.3 MYH9 knockdown in mouse melanoma cells induce tumor
development and modulate tumor microenvironment in vivo. a, b
Representative images showing size and volume of tumors, ¢ hema-
toxylin & eosin staining images (H&E) in C57BL/6 mice injected
with control and transfected B16F10 cells subcutaneously. d Immu-
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in C57BL/6 mice. After 15 days, mice were euthanized
and our results showed increased tumor size with MYH9
silenced B16F10 cells compared to control (Fig. 3a—c)
suggesting MYHO as a tumor suppressor in melanoma.

Next, to identify the role of MYH9 in melanoma cells
lung metastasis, we injected control and MYH9 shRNA
transfected B16F10 cells intravenously through tail vein in
C57BL/6 mice and after 21 days mice injected with MYH9
shRNA B16F10 cells showed a large number of tumor foci
in the lung compared to control (Fig. 4a, b) establishing
the inhibitory role of MYH9 in melanoma metastasis.
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metastasis and modulate associated tumor microenvironment in vivo.
a Representative images showing tumors, b hematoxylin & eosin
staining images (H&E) in the lung after intravenous injection of
control and transfected B16F10 cells. ¢ Immunohistochemical anal-

MYH?9 silencing promotes proliferation,
angiogenesis and modulates tumor
microenvironment in melanoma cell tumors

The tumor microenvironment includes tumor cells and
non-tumor cells such as infiltrating immune cells; and
mutual interaction between these cells reprogram the tumor
development. Therefore, we explored the role of MYH9 in
immune cells infiltrating in melanoma tumors. In this study
immunohistochemical analysis of subcutaneous tumor sec-
tions displayed that the MYH9 knocking down induces
cell proliferation (Ki-67), tumor angiogenesis (CD34) and
inflammatory cell recruitment (CD45) and macrophage
(F4/80) than shRNA control tumors (Fig. 3d, e).

Similarly, in the metastasis study, lung tumor sections
also showed high expressions of cell proliferation and
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ysis for proliferation (Ki-67), angiogenesis (CD34) and d leukocyte
(CD45) and macrophage (F4/80) infiltration in intravenous tumors
from C57BL/6 mice after injecting control and shRNA transfected
B16F10 cells. e Schematic representation of MYHO role in melanoma
tumorigenesis

angiogenesis markers. Further, leukocytes and macrophage
infiltration were also high in MYH9 silenced B16F10 cell
tumors compared to control tumors (Fig. 4c, d). Together,
these results indicate the inhibitory role of MYH9 in B16F10
cells tumorigenesis by manipulating the tumor microenvi-
ronment in metastasis (Fig. 4e).

Discussion

MYHY has various physiological and pathological func-
tions; however, it’s role in melanoma is not known. In the
present study, we showed for the first time that MYH9
acts as a tumor suppressor in melanoma. In detail, MYH9
silencing promotes various in vitro tumorigenic properties
of B16F10 cells. Further, oncogenic and EMT markers were
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also upregulated in MYH9 silenced melanoma cells. Fur-
thermore, large size of tumors in subcutaneous and large
numbers of tumor foci in lung metastasis was observed
with increase infiltration of leukocytes and macrophages
in MYH9 silenced B16F10 tumors that indicated a criti-
cal role of MYHY in the modulation of tumor microenvi-
ronment. Together, our findings demonstrated MYH9 as a
tumor suppressor in mouse melanoma tumor development
and metastasis.

MYH9 has many physiological functions such as cell
adhesion, polarity, and motility as skeletal muscle devel-
opment and differentiation, smooth muscle tension mainte-
nance as a skeleton protein, podocyte cytoskeletal structure,
and various motorized functions require the involvement of
MYHO [16, 17]. Besides these properties, it also modulates
the invasion and metastasis of various cancers [13, 14, 18,
19]. To date, the role of MYH9 in cancer development is
controversial; however, its role in tumorigenesis may depend
on various cancer cell types. Various studies have shown
that in vitro tumorigenic properties including cell prolif-
eration, migration and invasion are mainly connected to
cancer progression and metastasis in in vivo tumorigenesis
[20-23]. In the present study, MYH9 knockdown in B16F10
mouse melanoma cells induced cell migration and invasion
in vitro. MYHO role in cancer is context dependent and act
both as tumor promotor and suppressor in different cancers,
our result is consistent with head and neck cancer where
MYHO silencing increase cell invasion [24]. Further, PCR
array analysis showed higher expression of oncogenes Bcl2,
Egf, Erbb2, JunD, Kras, Mdm?2, Mos, Mycn, Rafl, Ret, Tnf,
S100a4 and Ccend1 in MYHO silenced B16F10 cells indi-
cates a tumor-suppressive role of MYH9 in melanoma cells.
Interestingly, our results showed the expression of E-cad-
herin; a tumor suppressor gene is found to be associated
with higher migration and invasion in B16F10 cells. Vari-
ous studies showed that the invasive and metastatic cancers
including breast cancer, prostate cancer, brain cancer and
ovarian cancer express higher level of E-cadherin, indicating
role of E-cadherin in induction metastasis in some cancers
rather than inhibiting cancer progression [25-30].

Further, we investigated the mechanism involved in
MYHO9 mediated suppression of in vitro tumorigenesis. In
this study, we found higher activation of Erk. Next, to vali-
date in vitro findings, we injected MYH9 silenced B16F10
cells subcutaneously and intravenously to check the role of
MYHO9 in tumor formation and metastasis. MYHO silenced
cells formed a large size of the tumor and a higher number
of tumor foci in the lung that showed the tumor-suppressive
role of MYH9 in melanoma. Similarly, in head and neck can-
cer, p53 expression was associated with MYH9 expression
and MYHY silencing induced tumor formation [24] and in
another study, MYHO silencing triggers invasive squamous
cell carcinomas development [18].

@ Springer

To further find out the association of MYH9 in the modu-
lation of the establishment of the tumor microenvironment,
we evaluated tumor microenvironment in MYH9 silenced
tumors and found higher proliferation, angiogenesis and
infiltration of higher leukocytes and macrophages in MYH9
silenced B16F10 cells tumors. Tumor microenvironment
plays a critical role in tumor establishment as the mutual
communication between tumor and non-tumor cells provide
a favorable environment to tumor cells growth [31-34]. In
this study, MYH9 silenced melanoma cells promote the
leucocytes and macrophages migration in tumor milieu
that leads to the large size of tumor development and lung
metastasis. Previous studies showed the role of macrophages
in tumor invasion and metastasis of tumor cells [35, 36].
Certainly, these findings indicate that MYH9 suppresses
tumorigenesis by manipulating the tumor microenvironment.

In conclusion, this study showed MYH9 silencing
induces in vitro tumor cell properties and in vivo melanoma
cells tumorigenesis and metastasis. Further, MYHO regulates
EMT-markers and the shaping of tumor microenvironment.
However, further studies are required to elaborate on the
MYH9 mediated tumor microenvironment manipulation
and tumor formation. Collectively, our study indicates that
MYHSY could be a promising therapeutic candidate for con-
trolling the progression and metastasis of melanoma.
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