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A B S T R A C T

Natural killer (NK) cell killing of melanoma cells involves perforin-mediated delivery of granzymes from NK cells
to cancer cells; however, how melanoma cells die remains poorly characterized. Here, we examined the dying
process of melanoma cells by using time-lapse imaging. Upon contact with NK cells, B16-F10 cells rounded and
most of them showed membrane rupture (98min); however, B16 parent cells showed writhing and delayed
membrane rupture (235min). This morphological difference depended on the expression levels of myosin reg-
ulatory light chain 9 (MYL9) but not activating ligands (CD112, CD155, Rae-1, and MULT-1), SPI, FasL, or PD-
L1. Taken together, our data show that melanoma cells show two distinct types of morphological changes upon
contact with NK cells and suggest that a strategy to decrease MYL9 expression by melanoma cells may improve
the efficacy of NK cell–based immunotherapy.

1. Introduction

Melanoma remains the main cause of mortality in Caucasians and its
incidence rate continuously increases in many countries [1,2]. Mela-
noma resistance to classical chemo- and radio-therapies and its high
immunogenicity prompt the development of immunotherapies in-
cluding T and NK cell therapy [3]. The susceptibility of melanoma to
NK cells might be primarily determined by the expression levels of
activating and inhibitory ligands on melanoma cells and their binding
capacity to respective receptors on NK cells [4]. Melanoma cells express
large amount of activating ligands, such as Rae-1, MULT-1, CD112, and
CD155, which bind to activating receptors, such as NKG2D and DNAM-
1, leading to effective NK cell activation [5]. Melanoma cells have low
levels of the inhibitory ligand MHC-I, which increases melanoma sus-
ceptibility to NK cells [6].

NK cells use granule exocytosis to kill cancer cells, which involves
perforin-mediated delivery of granzymes from NK cells to cancer cells
[7,8]. Once inside the cancer cells, granzyme B, a member of serine
protease family, activates caspase-3, which activates the serine/threo-
nine kinase Rho-associated coiled coil–containing protein kinase
(ROCK) I, an effector of the small GTPase Rho [9–11]. Activated ROCK I
increases the phosphorylation of myosin regulatory light chain and thus

stimulates actomyosin contraction, which is required for apoptotic
membrane blebbing [12]. Ultimately, cancer cells under NK cell attack
show rounding, shrinkage, and membrane rupture, which are classical
morphological changes observed at the onset of apoptosis [12].

Although much has been learned about these morphological
changes, a fundamental question of how melanoma cell death is in-
duced by NK cells remains unanswered. Do all melanoma cell lines
undergo the classical dying process? If not, is there another dying
process? To address this simple issue, we examined the dying of B16
melanoma cell lines under NK cell attack by using time-lapse imaging.
Our data show that B16 lines show two distinct types of morphological
changes under NK cell attack depending on the expression level of
myosin regulatory light chain 9 (MYL9).

2. Materials and methods

2.1. Mice and cells

C57BL/6 mice were purchased from Samtako (Gyeonggi, Korea). NK
cells were isolated from the spleen by negative selection using an NK
isolation kit (Miltenyi Biotec, Auburn, CA, USA). Purified NK cells were
cultured in RPMI 1640 medium supplemented with 3000 U/ml
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recombinant human IL-2 (Bayer HealthCare Pharmaceuticals,
Emeryville, CA, USA), 10% fetal bovine serum, 2mM L-glutamine,
100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μM 2-mercap-
toethanol. Cell purity exceeded 90%. IL-2-activated NK cells were used
from day 9 to 11 [13]. The parent B16 and its variant B16-F10 cell lines
were provided by the Korea Research Institute of Bioscience and Bio-
technology (Chungbuk, Korea) and maintained in DMEM medium
containing 10% fetal bovine serum, 2mM L-glutamine, 100 U/ml pe-
nicillin, and 100 μg/ml streptomycin. B16-F10 cells were more meta-
static than B16 cells because they were selected by 10 successive pas-
sages of lung colonies with in vivo–in vitro selection based on the Fidler's
method [14]. All animal studies were approved by the Chungbuk Na-
tional University Animal Experimentation Ethics Committee and were
carried out in accordance with the approved guidelines.

2.2. Flow cytometry

Cells were stained for 15min at 4 °C with antibodies against mouse
CD3, CD69, ICAM-1, H-2Kb, NK1.1, NKG2D (BD Biosciences, San Jose,
CA, USA), DNAM-1, CD155, CD112, Ly49C/I (BioLegend, San Diego,
CA, USA), LFA-1, Ly49A, KLRG-1, TIGIT, Rae-1, or MULT-1 (R&D
Systems, Minneapolis, MN, USA) [15]. To analyze exocytosis, NK cells
(1× 105) were mixed with B16 or B16-F10 cells (1× 105), centrifuged
at 1000 rpm for 1min, and incubated for 2 h at 37 °C in the presence of
anti-CD107a–FITC antibody (BD Biosciences). The cells were then
stained with anti-NK1.1–APC antibody. Cells were analyzed using a
FACSCalibur flow cytometer (BD Biosciences) and the data were pro-
cessed using Cell Quest Pro software (BD Biosciences).

2.3. Cytotoxicity assay

NK cells were incubated with target cells in 96-well plates at various
effector-to-target cell ratios. After 4-h incubation, the plates were cen-
trifuged and 100 μl of the supernatants was transferred to new 96-well
plates. Target cell death was determined using LDH release assay
(Takara, Shiga, Japan). The percentage of specific lysis was calculated
from LDH content as follows: (experimental release–target spontaneous
release–effector spontaneous release)/(target maximum release–target
spontaneous release)× 100%.

2.4. RT-PCR

Total RNA from B16 and B16-F10 cells was isolated using TRIZOL
Reagent (Life Technologies, Carlsbad, CA, USA). RNA was quantified
using a spectrophotometer and cDNA was synthesized from 3 μg total
RNA using an RT kit (Bioneer, Daejeon, Korea). The primer sequences
were as follows: MYL9, sense, 5′-TCA GGC TTC ATC CAC GAG-3′, an-
tisense, 5′-GGG CAG CTA AGA ACA GCT TAG-3′; ACTA2, sense, 5′-GTC
CCA GAC ATC AGG GAG TAA-3′, antisense, 5′-TCG GAT ACT TCA GCG
TCA GGA-3′; SPP1, sense, 5′-GCC GAG GTG ATA GCT TGG CTT AT-3′,
antisense, 5′-ATG GCT GCC CCT TCC GTT GT-3′; β-actin, sense, 5′-TGG
AAT CCT GTG GCA TCC ATG AAA C-3′, antisense 5′-TAA AAC GCA
GCT CAG TAACAG TCC G-3′. PCR products were separated on 1%
agarose gels and stained with 5 μg/ml ethidium bromide.

2.5. RNA interference

A double-stranded small interfering RNA (siRNA) oligonucleotide
targeting MYL9 (GenBank accession number NM_172118), 5′-GAA GGG
AUC UCU GAC CCU AdTdT-3′, was synthesized by Sigma-Aldrich (St.
Louis, MO, USA). siRNAs against ACTA2 (GenBank accession number
NM_007392), 5′-GCA UAC ACA CGU GCA UGG AdTdT-3′, and SPP1
(NM_001204201), 5′-CUC UUC CAA GCA AUU CCA AdTdT-3′, were
synthesized by Bioneer (Daejeon, Korea). Each siRNA was transfected
into B16 cells (25 pmol per well of a 6-well plate) using Lipofectamine
RNAiMAX (Thermo Fisher Scientific, Waltham, MA, USA) following the

manufacturer's instructions. Cells were incubated with the siRNA–lipid
complex in growth medium without antibiotics for 24 or 48 h. Control
cells were transfected with a negative control siRNA oligonucleotide at
a matching concentration.

2.6. Time-lapse imaging

B16 cells were stained with 1 μM calcein acetoxymethyl ester
(Calcein AM, Thermo Fisher Scientific) in serum-free medium for
30min at 37 °C, and washed twice. B16 cells (5× 104 cells/35mm
dish) were pre-cultured in serum-containing medium for 4 h at 37 °C
and NK cells (1× 105 cells/35mm dish) were added to calcein
AM–labeled target cells. Propidium iodide (PI, 2 μM) was added to the
medium to stain dead cells. Time-lapse imaging was performed with a
Biostation IM-Q microscope equipped with a 20× magnification ob-
jective (numeric aperture 0.5) in an environmental chamber kept at
37 °C and 5% CO2 (Nikon Inc., Melville, NY, USA). Dishes were pre-
incubated for 1 h in the chamber and images were acquired every 2min
for 8 h. PI-stained and calcein AM–leaking B16 cells were considered
dead.

2.7. Statistics

Data represent the mean ± SEM of at least 3 independent experi-
ments each performed in triplicate; p values were calculated using
Student's t-test or one-way ANOVA in GraphPad Prism (GraphPad Prism
Software, San Diego, CA, USA). For NK or target cell counts, p values
were calculated using Mann–Whitney U test in GraphPad Prism soft-
ware.

3. Results

3.1. B16 cells are resistant to NK cell killing

First, we examined the expression levels of cell surface molecules
that affect NK cell cytotoxicity. IL-2-activated NK cells showed typical
expression pattern of the activation receptors, such as NKG2D, NKp46,
DNAM-1, and LFA-1, and the inhibitory receptors, such as Ly49A,
Ly49C/I, and KLRG-1, as previously reported [3–5] (Fig. 1A). B16-F10
and B16 melanoma cells expressed similar levels of DNAM-1 ligands
(CD155 and CD112), but did not express the MHC class I molecule H-
2Kb, which binds to inhibitory receptors Ly49C and/or Ly49I (Fig. 1B).
Only B16 cells expressed NKG2D ligands, such as Rae-1 and MULT-1.
These data imply that NK cells could receive stronger activating signals
from B16 than B16-F10 cells and kill B16 cells better than B16-F10
cells. However, NK cells degranulated similarly upon contacting B16-
F10 and B16 cells for 1, 2, and 3 h (Fig. 1C). Unexpectedly, NK cells
killed B16-F10 cells better than B16 cells (Fig. 1D). Recombinant per-
forin and granzyme B also killed B16-F10 cells better than B16 cells
(Fig. 1E). These data suggest that B16-F10 cells are more sensitive to NK
cell cytotoxicity than B16 cells, despite no expression of activating li-
gands (Rae-1 and MULT-1).

3.2. Resistance of B16 cells depends on MYL9 expression level

Next, we examined why B16 cells are resistant to NK cell cyto-
toxicity. To identify other factors involved in their susceptibility to NK
cell–induced lysis, we analyzed gene expression profiles of B16 and
B16-F10 cells using a cDNA microarray, which detected a total of
41,346 genes. The expression of 313 and 200 genes was increased and
decreased by at least 4-fold in B16 cells relative to B16-F10 cells, re-
spectively (Supplementary Fig. S1). KEGG pathway analysis showed
that the differentially expressed genes were enriched mainly in the
categories of vascular smooth muscle contraction and extracellular
matrix–receptor interaction (Supplementary Table 1). In particular, the
expression levels of ACTA2, MYL9, and SPP1 in B16 cells were much
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higher (53.5-, 10.1-, and 36.9-fold, respectively) than in B16-F10 cells
(Supplementary Table 2). Thus, we examined their role in B16 cell lysis
by NK cells by using siRNAs. NK cells killed B16 cells transfected with
MYL9 siRNA better than B16 cells transfected with negative-control
siRNA (Fig. 2A). Knockdown of MYL9 mRNA level in B16 cells trans-
fected with siRNA was confirmed by RT-PCR (Fig. 2A). ACTA2 and
SPP1 siRNA did not affect the susceptibility of B16 cells to NK cell
cytotoxicity (Fig. 2B and C). Next, we examined the effects of other
well-known factors affecting NK cell cytotoxicity against cancer cells.
Serine protease inhibitor (SPI) inhibits granzyme B [16,17], but SPI
siRNA did not increase B16 cell killing by NK cells (Fig. 2D). Both
melanoma cell lines did not express Fas ligand (FasL; Fig. 2E) and ex-
pressed similar levels of programmed death ligand 1 (PD-L1; Fig. 2F),
which are well-known ligands to inhibit NK cells [18,19]. NK cells
degranulated similarly upon contacting B16 cells transfected with ne-
gative control siRNA or MYL9 siRNA (Fig. 2G). Overall, these data
suggest that the resistance of B16 cells to NK cells depends on MYL9,
but not other proteins we tested.

3.3. Contact dynamics between B16 cells and NK cells

Next, we confirmed the difference in susceptibility of B16 and B16-
F10 cells to NK cells at the single-cell level. We mixed NK cells with
calcein AM–stained B16-F10 cells (Supplementary movie S1), B16 cells
(Supplementary movie S2), or B16 cells transfected with MYL9 siRNA
(Supplementary movie S3) and imaged them by using time-lapse mi-
croscopy. Representative images collected at 2-h intervals for 8 h are
shown in Fig. 3A. NK cells killed more B16-F10 cells than B16 cells
(Fig. 3B). Transfection of B16 cells with MYL9 siRNA increased their
killing by NK cells (Fig. 3B). However, the frequency of NK cell contacts
with the three kinds of target cells was similar, 1 or 2 contacts per

cancer cell over the observation period (Fig. 3C). Next, we analyzed the
migration behavior of NK cells around the target cells. NK cells showed
similar migration speed (5 μm/min, Fig. 3D), similar track length
(Fig. 3E), similar track straightness (Fig. 3F), and similar mean square
displacement (Fig. 3G) in all cases. Overall, these data suggest that
MYL9 affects target cell susceptibility to NK cells, but not the behavior
of NK cells.

3.4. B16 cells show writhing morphological changes

Next, we analyzed the dying process of melanoma cells. Upon
contact with NK cells, B16-F10 cells showed the classical dying process:
they rapidly rounded, detached from the substratum, and were stained
with PI within on average 98min (Supplementary movie S4, Fig. 4A;
referred to hereafter as rounding-type cell death). After 8 h of co-cul-
ture, 60% of B16-F10 cells were stained with PI (Fig. 3B) and most of
the PI-positive cells (88%) underwent rounding-type cell death (Fig. 4C
and D).

In contrast, B16 cells displayed distinct morphological changes:
upon contact with NK cells, B16 cells showed writhing and worm-like
morphology and were stained with PI within on average 235min,
which was much longer than in the case of B16-F10 cells
(Supplementary movie S5, Fig. 4B; referred to hereafter as writhing-
type cell death). After 8 h of co-culture, 30% of B16 cells were stained
with PI (Fig. 3B) and most of the dying cells (73%) underwent writhing-
type cell death (Fig. 4C and D). Similar to B16-F10 cells, most of the
B16 cells transfected with MYL9 siRNA underwent rounding-type cell
death (Fig. 4C and D). Overall, these data suggest that melanoma cells
highly expressing MYL9 show writhing-type cell death, which is distinct
from rounding-type cell death.
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4. Discussion

Our study provides several insights into the dying process of mel-
anoma cells attacked by NK cells. We found that, upon contact with NK
cells, melanoma cells undergo two distinct types of morphological
changes: rounding and writhing. NK cell–sensitive melanoma cells
show rounding and die within 98min, but NK cell–resistant melanoma
cells show writhing and die within 235min. This difference might be
due to the difference in the expression levels of MYL9, but not acti-
vating ligands and other proteins, such as SPI, PD-L1, and FasL.

Our study extends the previous data on the morphological changes
of cancer cells contacting NK cells. Although wild-type NK cells induce
classical rounding-type cell death, NK cells from granzyme B–deficient
mice show slow writhing-type cell death [7]. Granzyme B induces rapid
rounding-type cell death, which includes degradation of cytoskeleton
proteins, such as actin and tubulin, induction of mitochondrial dys-
function, reactive oxygen species generation, and caspase-3 activation
[20]. In contrast, granzyme A induces slow writhing-type cell death,
similar to that in B16 cells in our study, which does not involve mi-
tochondrial damage or caspase-3 activation [7]. These previous data
suggest that NK cells might be able to decide the type of cancer cell
death. In contrast, our data suggest that cancer cells can determine the
type of their death: melanoma cells with low MYL9 expression will die
with rounding, but those with high MYL9 expression will slowly die
with writhing.

The main question posed in this study is how MYL9 affects the
morphological changes and susceptibility of melanoma cells to NK cells.
As cells transform from non-malignant to cancerous, their cytoskeletal
structure changes from an organized to an irregular network, sug-
gesting the close relationship between cytoskeletal structure and cancer

progression [21]. Cell stiffness is regulated by a dynamic network of
structural, cross-linking, and signaling molecules [22]. As one of the
structural proteins, non-muscle myosin II is an actin-binding protein
composed of three pairs of polypeptides: two heavy chains, two reg-
ulatory light chains, and two essential light chains [23]. The action of
non-muscle myosin II is regulated by the regulatory light chains, which
are encoded by the MYL9 gene, which is known to affect cell stiffness
[23]. Our data might suggest that B16 melanoma highly expressing
MYL9 might be relatively stiff, which renders them to be more resistant
to NK cell killing. Interestingly, MYL9 increases adhesion, migration,
and metastasis of several cancer cell types. Cancer patients with high
MYL9 expression in esophageal squamous cell carcinoma have poor
overall survival and recurrence-free survival [24]. Medjkane et al. re-
ported that MYL9 depletion in MDA-MB-231 breast cancer cells and
B16-F2 melanoma cells with siRNA reduced invasion, adhesion, and
lung metastasis and MYL9 overexpression in B16-F0 cells increased
lung metastasis in mice [25]. Based on the previous and our data, we
can presume that MYL9 might render B16 melanoma cells to evade NK
cell attack during the circulation in blood and might render them to
migrate and localize well in the secondary metastatic tissues. Yet, it is
unclear whether MYL9 has dual functions, since all data are originated
from different types of cancer cells. To address this issue, further studies
are required to examine how MYL9 affects the susceptibility to NK cell
cytotoxicity and metastasis of a type of cancer cells.

It is becoming clear that cancer cells might escape NK cell–induced
killing by down-regulating activating ligands and up-regulating in-
hibitory ligands [26]. In addition, suppression of NK cells by soluble
factors, such as prostaglandin E2 and indoleamine 2,3-dioxygenase,
which are secreted by cancer cells and suppressive immune cells in the
tumor microenvironment, contributes to cancer escape from NK cells
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[27]. High expression of SPI, which is detected in cervical carcinoma as
well as lung and prostate cancer cells, is another escape mechanism
from granzyme B–mediated apoptosis induced by NK cells [16,17].
Overexpression of PD-L1 and FasL on the surface of cancer cells inhibits
NK cells via binding to PD-1 and Fas receptors on NK cells, respectively
[18,19]. Our data provide evidence that melanoma cell escape from NK
cells might be independent from the expression levels of activating li-
gands (Rae-1, MULT-1, CD155, and CD112), SPI, FasL, and PD-L1.

In summary, our data show that MYL9 plays an important role in
determination of melanoma cell susceptibility to NK cells and that the
phenotypic heterogeneity of melanoma cells upon contact with NK cells
might be a good prognostic biomarker to predict their susceptibility to
NK cells. In addition, our data suggest that a strategy to decrease MYL9

expression by melanoma cells may improve the efficacy of NK cell–-
based immunotherapy. However, further study will be required to
clarify the molecular mechanisms of the effect of MYL9 on melanoma
cell death. It will be interesting to determine the relationship between
MYL9 and granzyme A, which both are related with writhing mor-
phological changes in cancer cells. It will also be interesting to examine
whether MYL9 affects cytochrome c release from mitochondria, re-
active oxygen species production, mitochondrial transmembrane po-
tential loss, and caspase activation, which are classical events in cancer
cells contacting NK cells [7].

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2018.12.037.
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calculated every 2 h for 8 h (from six movies from three independent experiments). (C) The number of contacts with NK cells required to kill individual target cells
was calculated for 8–h co-culture. (D) Mean speed of NK cells (n= 153, 134, and 91 from the left). (E) Track length of NK cells that migrated for 2 h. (F) Track
straightness of NK cells. (G) Mean square displacement of NK cells (n=153 for B16-F10, 134 for B16, and 91 for B16-siRNA).
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Fig. 4. B16 cells show distinct morphological changes upon contact with NK cells.
(A, B) Representative images of the dying process of (A) B16-F10 cells and (B) B16 cells. Asterisks, NK cells; arrowheads, melanoma cells. (C) Time from contact to PI
uptake (n=69, 7, 12, 25, 38, and 12 from the left). *p < 0.05; **p < 0.01 (Mann–Whitney U test). (D) Percentage of rounding- or writhing-type cell death.
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