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Mutations of the tumor suppressor TP53 are present in many forms of human cancer and are associated with
increased tumor cell invasion and metastasis. Several mechanisms have been identified for promoting dis-
semination of cancer cells with TP53 mutations, including increased targeting of integrins to the plasma mem-
brane. Here, we demonstrate a role for the filopodia-inducing motor protein Myosin-X (Myo10) in mutant
p53-driven cancer invasion. Analysis of gene expression profiles from 2 breast cancer data sets revealed that
MYO10 was highly expressed in aggressive cancer subtypes. Myo10 was required for breast cancer cell invasion
and dissemination in multiple cancer cell lines and murine models of cancer metastasis. Evaluation of a Myo10
mutant without the integrin-binding domain revealed that the ability of Myo10 to transport f; integrins to
the filopodia tip is required for invasion. Introduction of mutant p53 promoted Myo10 expression in cancer
cells and pancreatic ductal adenocarcinoma in mice, whereas suppression of endogenous mutant p53 attenu-
ated Myo10 levels and cell invasion. In clinical breast carcinomas, Myo10 was predominantly expressed at the
invasive edges and correlated with the presence of TP53 mutations and poor prognosis. These data indicate
that Myo10 upregulation in mutant p53-driven cancers is necessary for invasion and that plasma-membrane

protrusions, such as filopodia, may serve as specialized metastatic engines.

Introduction

Understanding the genesis of motile cancer cells capable of invad-
ing the surrounding stroma and disseminating into distant organs
is of key importance, since metastases are the main cause of death
of patients with cancer (1). Gene expression signatures of both
primary cancers and metastatic cells have been defined for many
cancer types (2-4), but how the genes linked with the metastatic
genotypes drive metastasis remains largely unknown.

Filopodia are slender actin-containing plasma membrane pro-
trusions. Their role in cell migration is well established in many
important physiological processes, such as embryonic develop-
ment, wound healing, and angiogenesis (5-7). Filopodia contain
integrins and other cell-surface receptors as well as actin-nucleating
proteins. Filopodia and filopodial proteins are required to form
basement membrane-traversing actin protrusions called invadopo-
dia (8). Fascin is actin-bundling and filopodia-promoting protein
(9, 10) that has been linked to poor prognosis of patients with can-
cer (11, 12). Myo10 is a filopodia-inducing, unconventional, actin-
based motor protein (13-15) with ubiquitous expression in various
mammalian tissues (14, 16). It transports integrins to the filopodia
tips and thus regulates filopodia stability (15). Although integrins

Authorship note: Antti Arjonen and Riina Kaukonen contributed equally to this work.
Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: ] Clin Invest. 2014;124(3):1069-1082. doi:10.1172/JC167280.

The Journal of Clinical Investigation

http://www.jci.org

are established mediators of cell motility and invasion, the role of
Myo10 in cancer dissemination remains unknown.

Mutations of the TP53 tumor-suppressor gene are among the
most frequent genetic alterations in human cancer. A majority of
TP53 mutations not only impair the ability of p53 to bind WT
pS3-responsive elements on DNA, but the mutated protein may
also gain new functions (17). A large body of evidence indicates
that mutant p53 promotes cell migration, epithelial-to-mesenchy-
mal transition, and metastasis (18-23). Interestingly, one of the
mechanisms involved with metastasis downstream of mutant p53
is accelerated recycling of cell-adhesion receptors, §; integrins, to
the plasma membrane (19), suggesting that the integrins are nec-
essary components for mutant p53-driven invasion.

Here we present evidence for a mutant p53-initiated, Myo10-
dependent cell-invasion cascade. We show that Myo10 is frequently
highly expressed in breast cancers and mediates adhesion, migra-
tion, invasion, and metastasis of breast cancer cells in vitro and in
vivo. Our results indicate that targeting of integrins to the filo-
podia tips is critical for their proinvasive capability and that high
Myo10 expression correlates with poor prognosis of patients with
breast cancer. Expression of Myo10 is associated with expression
of mutant pS53 in clinical breast tumor samples and is required
for mutant p53-driven cell invasion and metastasis. Overall, we
describe a clinically important invasion cascade that mightlead to
new therapeutic interventions.
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Results

Myosin-Xis upregulated in basal-like and HER2-enriched breast carcinoma.
To investigate a possible link between filopodia and cancer inva-
siveness, we focused on breast cancer and searched for filopodia-

1070

Figure 1

Myo10 is upregulated in breast cancer. (A) The
expression levels of MYO70 mRNA in 109 (GEO
GSE3985/GSE19783) and 251 (GEO GSE3494)
clinical breast tumor samples are shown as
the log. expression ratio. Clinical tumor clas-
sification, number of samples, and statistical
significance are indicated below the box plots.
(B) Western blot of Myo10 in the indicated breast
cancer cell lines. Tubulin is shown for loading
control. (C) Immunofluorescence staining of
Myo10 in MDA-MB-231 cells. Right panel shows
ROI (10 um x 10 um). Arrowheads point to filo-
podial, and arrows point to lamellipodial Myo10
localization. Scale bar: 10 um. (D) Total internal
reflection fluorescence microscope (TIRFM)
image of MDA-MB-231 cell expressing EGFP-
Myo10. Scale bar: 10 um.

related genes that are upregulated in carci-
nomas (24, 25). An in silico analysis of gene
expression profiles of 2 independent breast
cancer data sets (GEO GSE3494, 251 patients,
ref. 25; and GEO GSE3985/GSE10783, 104
patients, ref. 4) revealed an intriguing can-
didate, MYO10. Expression of MYO10 was
high in 2 aggressive and often metastatic
breast cancer subtypes, basal-like and HER2-
enriched cancer, as compared with the less
aggressive subtypes (normal breast-like can-
cer and the luminal types A and B) (Figure
1A and Supplemental Figure 1; supplemen-
tal material available online with this article;
doi:10.1172/JCI167280DS1).

The MDA-MB-231 cell line is a widely used
model for basal-like breast cancer (26, 27). In
line with the in silico analysis, the Myo10 pro-
tein was highly expressed in these cells com-
pared with the less aggressive and luminal-
like MCF7 cell line (27) or to nontumorigenic
breast epithelial MCF10A cells (ref. 28 and
Figure 1B). The MDA-MB-231 cells display
variable morphology in vitro, and endog-
enous Myo10 was found to be present in sev-
eral types of protrusive structures including
the tips of filopodia (Figure 1C, arrowheads)
and in microspikes along the lamellipodia
(Figure 1C, arrows). Importantly, the Myo10-
positive protrusions were strongly associated
with the matrix, since the Myo10-containing
structures were readily visible when examined
with total internal reflection fluorescence
microscopy (Figure 1D).

Myo10 is required for breast cancer cell adbesion,
migration, and invasion in vitro. Since Myo10
is expressed in the protrusive structures of

highly migratory breast cancer cells, we investigated the functional
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consequences of loss of Myo10. We observed that siRNA-mediated
silencing of MYO10 in MDA-MB-231 cells induced slightly round-
er cell morphology (Supplemental Figure 2, A and B) and signifi-

March 2014



research article

A - o« B shControl shMyo10 25001 NS

g ¢ 5 2000 _— —
g £ Q { \ * \p. < 15001
i=] k=] ' —

T o o \\ \ “ ' g 10004

£ % B / f < 5001

® % @ Blot: F ‘ shControl ~ shMyo10

250 KDa vl

Myo10 o *‘, * -‘!—' o __
2ooKDa - alin \ (\ -~ 041 p-0.0001
150 kDa IE ;Iintegrin l\\ \j ..*} ) g; —

0.14

0.0 T .
50100 {@ o o] Tubu ShCorol Shiyot0

Roundness

C D shControl
15000 1 — shcontrol P <0001
— shMyo10 P<0.01 512000 P =0.0045
2 10000 4 P <005 % o
g @
o © 8000 _
= 5000 - &
_ 24000
]
=
0+ T T T T 1 £
0 5 10 15 20 25 shControl shMyo10
Time (h)
E F  3500- ~£=00008 G Actively spreading cells (60min)
% o o ;§45_
o J P <0.0001 e T
= P = 0.0006 2 7 2 - .
— 8 100 ® 1500 - __ E— i
° T 5 £..] P <0.0001
£ 8 50| =— s _ | s 1
g Z 500 - o 1
£ 0 8 g -
. v 0 T T T T T T
EGFP EGFP- shControl  shMyo10  shcontrol  shMyo10 shControl shMyo10
Myo10 30 min 60 min
H Actively spreading cells (60min)
shControl shMyo10
- RS
L
Figure 2

Myo10 regulates spreading, migration, and invasion. (A) shMyo10—expressing MDA-MB-231 cell clones analyzed by Western blot for expression of
Myo10, Talin-1, 34 integrin, and tubulin. (B) Morphology of shRNA-expressing cells on Matrigel. Shown are cell outlines, calculated cell area, and
roundness (inverse of major axis/minor axis). Area units are pixels. n = 25 (shControl); n = 26 (shMyo010). Scale bar: 20 um. (C) Random migration
of shMyo10-expressing (pooled clones no. 1 and no. 2) MDA-MB-231 cells on Matrigel. Cumulative mean square displacement of tracked cells is
shown. n =75 (shControl) and n = 85 (shMyo10). (D) Invasion of shMyo10-expressing (pooled clones no. 1 and no. 2) MDA-MB-231 cells into Matri-
gel (4 days). Images show side views of invasion. Column graph shows mean invasion areas, and arrows indicate the direction of invasion.n = 10
(shControl); n = 14 (shMyo10) fields of view with x20 objective. (E) Invasion of MCF-7 cells transfected with EGFP alone or EGFP-Myo10. Column
graph shows the percentage of invaded GFP-positive cells from all GFP-positive cells. n = 10 (shControl); n = 8 (shMyo10) fields of view with x20
objective. (F) Adhesion of shMyo10-expressing (pooled clones no. 1 and no. 2) MDA-MB-231 cells on fibronectin (5 ug/ml) was analyzed at 30- and
60-minute time points as 3 independent experiments. (G) Filopodial phenotype of shMyo10-expressing (pooled clones no. 1 and no. 2) MDA-MB-231
cells spreading actively on fibronectin (5 ug/ml). The number of cells expressing clear filopodial phenotype is shown. n = 21 (shControl); n = 25
(shMyo10). (H) Images show examples of the filopodia phenotype. Scale bar: 20 um. Mean + SEM and Mann-Whitney test P values are provided.
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Figure 3

Myo10-mediated targeting of integrin to the filopodia tip is critical for
invasion. (A) Cells expressing EGFP-Myo10 (green) stained with fluo-
rescently labeled B+ integrin antibody (red). Time-lapse images of filo-
podia dynamics acquired at 10-second intervals. Still images of Myo10
moving back and forth along filopodia are shown. $1 Integrin is mostly
seen at the filopodia tip. Scale bar: 5 um. (B) MDA-MB-231 cells trans-
fected with EGFP-Myo10 and EGFP-Myo10AFERM2 and analyzed
for filopodia localization. Images show confocal slices at the bottom
and the top of the cells. Graph shows the number of dorsal filopodia.
Scale bar: 10 um. (C) MDA-MB-231 cells transfected with EGFP-Myo10
(green) and treated with 1 integrin function—blocking (mAb13) and —
activating (12G10) antibodies and stained for filamentous actin. Filo-
podia lengths were measured along filopodia shafts. Scale bar: 10 um.
(D) Myo10 shRNA—expressing MDA-MB-231 cells (pooled clones no. 1
and no. 2; shMyo10) transfected as indicated and imaged for local-
ization of B4 integrin at the filopodia tips. Representative images are
shown. Scale bar: 5 um. (E, F) shMyo10 cells transfected with EGFP-
Myo10 or EGFP-Myo10AFERM2 (green) to reconstitute Myo10 expres-
sion. Invasion into Matrigel (4 days) was analyzed by detecting all cells
with Syto60 staining (white in the merged image) and the transfected
cells by EGFP. Images show side view z-stacks. Arrows indicate the
direction of invasion. The noninvaded cells at the bottom of the wells
are below the red line. n = 6 (EGFP-Myo10) and n = 9 (EGFP-MYO10
AFERM) fields of view with x20 objective. Mean + SEM and Mann-
Whitney test P values are provided.

cantly inhibited cell migration on the extracellular matrix (Matri-
gel; Supplemental Figure 2C). siRNA-mediated downregulation
of Myo10 inhibited invasion of these cells through 3D Matrigel
toward chemoattractants (an increasing serum gradient; Supple-
mental Figure 2D) without affecting proliferation or apoptosis
(Supplemental Figure 3, A and B).

To validate these transient RNAI transfection-based data, we
generated stable Myo10-silenced MDA-MB-231 clones using
shRNA plasmids. Transfection of the Myo10-targeting shRNA
reduced cell Myo10 levels, but did not downregulate important
cell adhesion-related proteins f3; integrin and talin (Figure 2A) or
influence proliferation or apoptosis (Supplemental Figure 3, C
and D). Myo10 stable knockdown cell lines also displayed signifi-
cantly rounder cell morphology (Figure 2B) and had reduced cell
migration on Matrigel (Figure 2C) and attenuated invasion into
Matrigel (Figure 2D). Conversely, overexpression of GFP-Myo10
in the Myo10-negative MCF7 cells significantly induced invasion
of these poorly invasive cells into Matrigel (Figure 2E). Myo10 was
also essential for adhesion and spreading on MDA-MB-231 cells.
The Myo10-silenced cells adhered more slowly to fibronectin as
compared with unmodified cells (Figure 2F), and most Myo10-
silenced cells lacked endogenous filopodia (Figure 2G). These data
demonstrate a previously unrecognized requirement of Myo10 for
migration and invasion of breast cancer cells.

Myol0-mediated targeting of integrin to the tips of filopodia is required for
cell invasion. These findings linked the expression of Myo10 to adhe-
sion-dependent functions that are regulated by integrins. Live-cell
imaging of enhanced GFP-tagged (EGFP-tagged) Myo10-express-
ing cells labeled with a fluorescent f; integrin antibody revealed
cooperation of integrins and the motor protein Myo10 in filopo-
dia maintenance. Integrins localize to the tip of the filopodia and
remain stationary, presumably mediating adhesion of the tip (Fig-
ure 3A). In contrast, Myo10 moves back and forth along the filo-
podia and briefly overlaps with the integrins at the tip (Figure 3A
and Supplemental Video 1).
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We then employed a deletion mutant of Myo10 that is unable to
bind integrins (Myol0AFERM?2) but retains all other functional
domains (15). Both WT and mutant Myo10 efficiently induced
filopodia in cells. However, the filopodia induced by the WT
Myo10 predominantly localized to the matrix-facing side of the
cells, whereas Myo10AFERM2 induced more dorsal filopodia that
did not adhere to the matrix (Figure 3B). Moreover, when cells
expressing the WT EGFP-Myo10 were treated with an integrin
function-blocking antibody (Mab13) (29), they displayed short-
ened and distorted filopodia as compared with the same cells treat-
ed with an integrin-activating antibody (12G10; Figure 3C and ref.
30). This underlines the requirement of integrin-mediated adhe-
sion at the filopodia tip for stabilization of the filopodia. Accord-
ingly, a5 integrin was transported efficiently to the tips of filopo-
dia with WT Myo10 (Figure 3D, arrowheads), but failed to localize
to the tips of the shorter and more distorted Myol0AFERM2-
induced filopodia (ref. 15 and Figure 3D). Myo10 also colo-
calized more frequently with the active integrin close to the
matrix compared with Myol0AFERM2 (Supplemental Figure 4,
arrowheads). Finally, shMyo10 cells that reexpressed the WT
Myo10 were more invasive than the same cells that reexpressed the
Myo10AFERM2 construct (Figure 3E). Thus, the ability of Myo10
to mediate cell invasion is linked to its function as a transporter of
integrin adhesion receptors to the filopodia tip.

Mpyo10 regulates dissemination of breast cancer cells in vivo. Since the
in vitro results suggested that Myo10 is an important regulator
of cell adhesion and motility, we tested whether Myo10 is needed
for dissemination of malignant cells in vivo using a tumor model
in which zebrafish embryos (31) were implanted with human
tumor cells. Control and Myo10-knockdown MDA-MB-231 cells
were fluorescently labeled in vitro and injected into the perivitel-
line cavity of embryos 48 hours after fertilization. In agreement
with previous data (32), the control cells disseminated widely
and formed metastasis at 4 days after injection (Figure 4A), with
multiple cells metastasizing through the vasculature into the tail
region (Figure 4B). Remarkably, neither of the 2 independent
Myo10-knockdown cell clones showed any significant invasion
or metastasis (Figure 4, A and B). Metastases of the transiently
siRNA-silenced MDA-MB-231 cells were also strongly suppressed
in the same model (Supplemental Figure SA).

To further investigate the requirement of Myo10 for cancer inva-
siveness in vivo, we first investigated the effect of Myo10 in the
extravasation step of metastasis. We injected control and shMyo10
cells i.v. into nude mice. The 2 cell populations were first stained
red (control cells) or green (shMyo10 cells) with live cell dyes,
following which they were coinjected in equal numbers into the
same animal. This experiment suggested that Myo10 is required
for extravasation of cancer cells into the lungs, as significantly
reduced numbers of shMyo10 cells were detected in the lungs at
2 days after injection (Figure 4C). Similar results were obtained
when Myo10 was transiently silenced in 2 other breast cancer
cell lines harboring endogenous mutant p53 (MDA-MB-468 and
BT-474, ref. 33; Figure 4D and Supplemental Figure 5SB). We also
observed that the Myo10-positive cells (shControl) were able to
colonize in lungs and generate clearly visible metastases in mouse
lungs when allowed to grow for 4 weeks after i.v. injection. How-
ever, the numbers of metastatic cells and visible metastatic lesions
were significantly reduced in mice injected with shMyo10 cells ana-
lyzed by immunohistochemistry of lung sections (Figure 4E and
Supplemental Figure 5C) and by flow cytometry of cells isolated
Volume 124 March 2014
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Figure 4

Myo10 regulates invasion and metastasis in vivo. (A and B) Labeled
shControl and shMyo10 MDA-MB-231 cells were microinjected into
zebrafish embryos, and dissemination (yellow arrowheads) was
observed 4 days after implantation. Top panels show higher magnifica-
tion regions of head-trunk and tail areas. Scale bars 500 um (top pan-
els); 100 um (bottom panels). (C and D) Extravasation of shControl and
shMyo10 MDA-MB-231 cells (C) or siMyo10 and siControl-transfected
MDA-MB-468 and BT-474 breast cancer cells (D) into mouse lungs was
studied in vivo. shMyo10/siMyo10 cells (green) and shControl/siControl
cells (red) were coinjected (1:1) into the tail vein. After 48 hours, extrav-
asated cells (arrowheads) were analyzed from lung sections visually
(C) (12 sections/mouse) or by flow cytometry (D). Shown are repre-
sentative lung sections stained with dapi. Scale bar: 300 um (C and D).
Area containing extravasated shControl cells is indicated with a dashed
line. (E and F) Lung colonization of tail vein—injected unstained shCon-
trol and shMyo10 cells (4 weeks after injection). Shown are represen-
tative H&E stainings of lung tissue sections (E) (metastases indicated
with asterisks) and FACS analysis of the human HLA or human vimen-
tin—positive cells (%) of all the cells isolated from lungs (F). Scale bar:
100 um. (G) Systemic spreading of shMyo10 or shControl cells injected
orthotopically to mammary fat pads of nude mice was assessed after
6 weeks from frozen contralateral lymph nodes with vimentin staining,
and primary tumors were stained for reference. Quantitation shows the
number of mice with metastasis in the lymph nodes. Scale bar: 300 um.
Mean + SEM and Mann Whitney test P values; n = 10 mice.

from the lungs (Figure 4F) Finally, we investigated the require-
ment for Myo10 in breast cancer metastasis using orthotopic
implantation of shControl and shMyo10 cells into the mammary
fat pads of nude mice. In line with previous publications (22), we
failed to detect lung metastasis of MDA-MB-231 cells. However,
in 42% of the mice injected with shControl cells, metastasis was
detected in the contralateral lymph nodes (indicative of systemic
spread, ref. 22), while no metastasis were observed in the shMyo10
mice (Figure 4G and Supplemental Figure 5D). Taken together,
these data demonstrate a functional requirement of Myo10 in dis-
semination of breast cancer cells in vivo.

High Myo10 expression correlates with poor prognosis in breast cancer. The
evidence for Myo10-dependent cell invasion and metastasis using
the MDA-MB-231 cell model prompted us to investigate the clini-
cal significance of Myo10. An analysis of MYO10 mRNA expression
in the breast tumors of women included in the Oslo MicMa cohort
(24) (109 patients) revealed that patients with high tumor MYOI0
expression had less favorable survival compared with patients whose
tumors expressed a low level of MYO10 (P = 0.011; Figure SA).

To investigate Myo10 at the protein level, we stained 31 human
breast cancers for Myo10 using immunohistochemistry. Myo10
expression was higher at the invasive edge of the breast carcino-
mas as compared with the central parts of the tumors (P = 0.004,
n = 31; Figure 5B), which is in line with the proinvasive function of
Myo10. Overall, Myo10 expression was heterogeneous, and staining
of the tumor edge regions ranged from strongly positive to nega-
tive. When metastatic lymph nodes from the same patients were
immunostained, moderate Myo10 expression was detected in the
metastases with the highest expression detected at the sites where
cancer invaded into the surrounding axillary tissue (Figure 5C).

We next stained Myo10 with immunohistochemistry on a large
human breast cancer tissue microarray (TMA) containing tumor
tissue samples from 1,326 breast cancers diagnosed in Finland and
categorized the tumors either as negative (-) or low to intermedi-
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ate (+) or highly (++) positive with respect to Myo10 expression
(Figure 5D). A Kaplan-Meier survival analysis showed a significant
(P =0.018) association between high tumor Myo10 expression and
unfavorable breast cancer-specific survival (Figure SE). Since the
highest Myo10 expression occurred at the tumor edge, Myo10-
expressing cells may have been underrepresented in the TMA.
Despite this, for the subset of patients who had metastatic axillary
lymph nodes at the time of the diagnosis (pN*, 580 or 43.7% out of
the 1,326 patients), high tumor Myo10 expression was very signifi-
cantly associated with unfavorable breast cancer-specific survival
(P=0.002; Figure SF).

Myo10 and mutant pS3 are coexpressed in breast cancer. TP53 muta-
tions, such as the R280K mutation present in the MDA-MB-231
cell line (34), result in a highly stable protein that accumulates in
cancer cells and has gain-of-function properties (35). In general,
presence of strong p53 immunostaining is associated with the
presence of mutant TP53 (36, 37). The association between the
TP53 gene mutation status and p53 immunostaining could not
be studied in the current series, but in line with previous studies
(36,37), we found a strong positive correlation (P < 0.001) between
the presence of mutated TP53 and positive p53 immunostaining
in another series consisting of 649 primary breast cancers (38).
Interestingly, we detected a strong association between positive
p53 immunostaining and a high tumor expression of Myo10 in
a microarray with tissue from 1,326 breast cancers (Figure SG
and Table 1). This finding was validated in the MicMa Oslo breast
cancer cohort (4), where the presence of TP53 mutations was con-
firmed with DNA sequencing. MYOI10 mRNA expression was sig-
nificantly higher in breast tumors with mutant p53 (P < 0.0001;
Figure SH). Taken together, these data suggest that Myo10 could be
functioning as a proinvasive protein that is often highly expressed
in cancers that harbor mutant TP53 (20).

Endogenous mutant pS3 regulates Myol0 expression. These clinical
data suggested a previously unknown link between mutant TP53
and Myo10 expression in human breast cancer. In line with these
data, Myo10 was highly expressed in endogenous mutant p53-
expressing MDA-MB-231 cells compared with MCF7 and MCF10A
cells that harbor WT p53 (Figure 6A). Several cell adhesion and
matrix-linked genes are upregulated upon loss of WT p53 (39).
However, loss of WT p53 did not strongly induce Myo10 expres-
sion, since Myo10 levels were low and nearly identical in HCT116
cells that expressed WT p53 and their p53-null counterparts (Sup-
plemental Figure 6A). This suggests that the link between Myo10
and p53 is unrelated to loss of functional p53. In contrast, expres-
sion of mutant TP53 (R175H and R273H mutations frequently
found in human cancer, IARC TPS3 database [http://pS3.iarc.fr/]
and Supplemental Figure 6B) in p53-null MCF7 breast cancer
cells and HCT116 cells (R273H) increased Myo10 levels, suggest-
ing that Myo10 upregulation may be linked with the mutant p53
gain-of-function properties (Figure 6B).

To investigate whether mutant TP53 regulates Myo10 also in
another cancer type in vivo, the expression of Myo10 was inves-
tigated within a series of different pancreatic ductal adenocar-
cinoma (PDAC) cancer mouse models. TP53 mutation occurs in
50%-75% of human PDACs. Furthermore, earlier work has shown
that expression of mutant p53 (R172H), as compared with genetic
loss of TP53, specifically promotes metastasis (40). Thus, investi-
gation of the putative mutant p53-induced Myo10 expression is
particularly relevant in this cancer type. First, expression of Myo10
was examined using the murine affymetrix HG_U133 Plus 2.0 chip
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High Myo10 expression in clinical breast cancer samples. (A) MYO10 expression and survival (Kaplan-Meier curves) were analyzed in 104 patients
with early breast cancer (GEO GSE3985/GSE 19783 series; ref. 4). log-rank test P value, P = 0.011. (B) Myo10 protein immunostaining from the mid-
dle and at the invasive edges of the primary breast carcinomas. Scale bar: 200 um. (C) Expression of Myo10 in a lymph node metastasis from the
primary tumor shown in B. Scale bar: 100 um (original magnification, x10); 400 um (original magnification, x40). (D) Examples of immunostaining,
and scoring of different Myo10 expression levels in TMA samples. Scale bar: 100 um. (E) Survival of 1,326 Finnish patients with early breast cancer
and high Myo10 expression (red) or low-intermediate/negative Myo10 expression (blue). log-rank test, P = 0.018. (F) Survival of the subset of 482
patients with regional lymph node—positive breast cancer (pN+) as in E. (G) Comparison of tumor Myo10 and p53 staining from adjacent TMA
slices from a tumor with negative and positive Myo10 and p53 expression. Scale bar: 200 um. (H) Analysis of MYO70 mRNA expression (log, scale,
P value, Student’s t test) and p53 mutations in breast cancer (n = 109; GEO GSE3985/GSE19783 series; ref. 4).
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Table 1
High Myo10 expression correlates with increased staining p53
in clinical breast cancer samples

Myo10 staining

0-1 2

p53  Negative 89% 1% P <0.0001
(<20%) (n=771) (n=96)

Positive 75% 25% P <0.0001
(>20%) (n=155) (n="52)

The association between tumor Myo10 and p53 expression is shown in
a 2 x 2 frequency table (x?2 test).

and was found to be significantly upregulated only in mutant p53-
expressing pancreatic cancers as compared with the other types of
pancreatic tumors investigated, which had either lost pS3 function
or had other mutations that drive PDAC formation in the mouse
(Supplemental Figure 6C and refs. 41, 42). Myo10 was upregulated
in PDACs when compared with primary pancreatic ductal epithe-
lial cells (PDEC) from WT mice (5.46, 1.57, and 1.32-fold for the
3 probes tested). To confirm these observations, quantitative RT-
PCR (qRT-PCR) was performed on a subset of these murine PDACs.
Myol0 mRNA was higher in the tumors carrying mutant p53
(R175H) as compared with p53 loss-of-function and PTEN-deleted
PDACs (Supplemental Figure 6D). Strong Myo10 immunostaining
was also detected in PDAC tissue sections from mice expressing
mutant p53 (pS3R172H) compared with p53-deleted mice (Fig-
ure 6C). Furthermore, increased Myo10 labeling correlated with
pS53 accumulation in late pancreatic intraepithelial neoplasia (late
PanIN) and PDAC, whereas little Myo10 expression was detected
in the p53-negative early PanIN tissue samples (Figure 6D). In line
with these in vivo data, we observed a similar correlation between
pS3 gain-of-function mutations and Myo10 expression also in
human PDAC cell lines (Figure 6E).

To study the role of mutant p53 in driving Myo10 expression
in more detail, we silenced endogenous mutant p53 (R280K) in
MDA-MB-231 cells. Efficient knockdown of p53 using shRNA
resulted in significant downregulation of Myo10 as detected by
Western blot (Figure 6F), and similar results were obtained with 3
independent p53-targeting siRNA oligonucleotides (Supplemental
Figure 7A). Importantly, reintroduction of a different p53 mutant
(RNAi-resistant R175H) to short hairpin p53 (shp53) expressing
MDA-MB-231 cells fully restored Myo10 expression while reintro-
duction of RNAI resistant WT p53 had no effect on Myo10 levels
(Figure 6F), further validating the functional link between mutant
pS53 status and Myo10 expression. Interestingly, the effect of silenc-
ing of mutant p53 on Myo10 expression was more prominent at
the protein level, with a 42% to 55% reduction of the Myo10 pro-
tein, than on the mRNA level, with 10% to 45% reduction of the
MYO10 mRNA (Supplemental Figure 7B), suggesting that Myo10 is
regulated by mutant p53 on both protein and mRNA levels. In line
with this, pulse-chase experiments using control and pS3-silenced
MDA-MB-231 cells revealed that in the absence of mutant pS3, the
Myo10 protein is less stable (Supplemental Figure 7C).

Next, we investigated the possible mechanism of mutant p53-
dependent MYOI0 mRNA regulation. Mutant p53 expression cor-
relates with elevated MAPK/ERK pathway activity (ref. 43 and Sup-
plemental Figure 7D) and increased levels of EGR1 transcription
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factor (44), which modifies expression of several genes involved in
cytoskeletal regulation and filopodia formation (45). We observed
that inhibition of the MAPK/ERK pathway efficiently reduced
EGR1 and Myo10 in p53 mutant MDA-MB-231 cells but not pS3
WT MCF10A cells (Figure 7A). Similar correlation between ERK
activity and Myo10 expression was also detected in human PDAC
cells with mutant p53 (Supplemental Figure 7E). In line with this
observation, silencing of ERK1 and ERK2 kinases in MDA-MB-231
cells significantly inhibited invasion (Supplemental Figure 7F). We
also observed that silencing of mutant p53 using 2 independent
siRNAs significantly reduced both EGRI and MYOI10 mRNA levels
(Figure 7B) and that EGRI silencing alone was sufficient to signifi-
cantly reduce MYO10 mRNA levels in MDA-MB-231 cells (Figure
7C and Supplemental Figure 8A). Finally, in line with the UCSC
Genome Browser database prediction (http://genome.ucsc.edu/),
we observed direct binding of EGR1 to the MYO10 promoter in
MDA-MB-231 cells using ChIP (Figure 7D). Taken together, these
data suggest that mutant p53 regulates MYOI10 mRNA levels via
an MAPK/ERK- and EGR1-dependent pathway.

Depletion of mutant p53 from MDA-MB-231 cells inhibits TGF-f3-,
serum-, and EGF-induced cell invasion into Matrigel (19, 22), and
the present data link mutant p53 to expression of Myo10 and
cancer invasion. This prompted us to investigate the link between
Myo10 and mutant p53-driven cancer invasion. We observed a
significant reduction in the invasion of shControl MDA-MB-231
cells upon p53 siRNA transfection. Interestingly, silencing of
mutant pS3 failed to inhibit the residual invasion of the Myo10
knockdown MDA-MB-231 cells (Figure 7E and Supplemental
Figure 8B), and silencing of Myo10 in murine PDACs carrying
mutant p53 (R175H) significantly inhibited invasion into Matri-
gel (Figure 7F and Supplemental Figure 8C), suggesting a role for
Myo10 in mutant p53-driven invasion. These data were support-
ed by the finding that mutant p53 expression not only induced
Myo10 expression (Figure 6B), but also enhanced invasion of p53
WT MCF7 breast cancer cells (Figure 7G). Furthermore, overex-
pression of WT EGFP-Myo10 increased the invasive capacity of
mutant p53-silenced MDA-MB-231 cells by 33%, whereas control
transfection (EGFP alone) had no effect (Figure 7H and Supple-
mental Figure 8, D and E). Taken together, these results support
the conclusion that Myo10 is a necessary component for mutant
pS3-driven cancer invasion.

Discussion
We describe what we believe is a previously unknown role for Myo10
in mutant p53-driven cancer invasion and metastasis. Myo10 was
upregulated in breast carcinomas, mouse PDACs expressing mutant
p53, and cancer cell lines with mutant p53. Myo10 promoted breast
cancer invasion in vitro and metastasis in vivo. In addition, high
Myo10 expression was associated with poor survival among patients
with primary and lymph node-positive breast cancer. Mechanisti-
cally, Myo10-induced cell adhesion, migration, and invasion were
dependent on stabilization of filopodia that protrude into the
matrix using the cell adhesion receptor f; integrin. Engaging in per-
turbation of the link between integrin and Myo10 by inducing a
mutation (Myol0AFERM2) that makes Myo10 unable to bind the
B1 integrin tail abolishes Myo10-driven cell invasion and filopodia
stability. In line with the proinvasive activity of Myo10, high Myo10
staining was present at the invasive edges of breast carcinomas.
Finally, Myo10 was found to be a necessary downstream component
for mutant p53-driven invasion in breast cancer and PDAC cells.
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Mutant p53 regulates Myo10 expression. (A) Western blot of Myo10, p53, and actin (loading control) in the indicated cell lines. (B) Western
blot of mutant p53—transfected (R175H or R273H) MCF-7 and in HCT-116 p53-- cells stably expressing mutant p53 (R273H). The number of
experiments (n) and the quantification of Myo10 levels relative to the control are shown. (C) PDAC sections from mice expressing mutant p53
(p53R172H) and mice with deleted p53 (p53flox) were stained and quantified (Slidepath software, pixel count) for Myo10 expression. Scale bar:
100 um. (P = 0.047, Mann Whitney test, n = 5 tumors). (D) Early PanIN (top panels), late PanIN (middle panels), and PDAC (bottom panels)
sections were stained for Myo10 and mutant p53 expression. Scale bars: 100 um. (E) Western blotting of Myo10, p53, and tubulin in human
pancreatic cancer cell lines. (F, G) Myo10 expression in MDA-MB-231 cells upon shRNA-mediated mutant p53 silencing and reexpression of
shRNA-insensitive R175H p53 or WT p53 (mean + SEM, n = 4, Mann Whitney test).
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Myo10 is necessary for mutant p53—driven invasion. (A) Western blot of MCF10A and MDA-MB-231 cells treated 16 hours with DMSO or MEK
inhibitor (UO126, 10 uM). NT, non-treated. (B)TagMan qRT-PCR of MYO70 and EGR71 mRNA levels in MDA-MB-231 cells silenced with 2 differ-
ent p53 targeting oligos. n = 2 (sip53_13); n = 4 (sip53_3). (C) Western blot and TagMan qRT-PCR showing Myo10 expression upon silencing of
EGR1 for 48 hours. (D) ChIP analysis of mutant p53 or EGR1 binding to MYO10 promoter by PCR using Myo10 promoter—specific primers. IgG
antibody was used as negative control. (E) Matrigel invasion of shMyo10 cells upon silencing of TP53 (areas of invasion, n = 10, x20 objective).
(F) Invasion of murine PDAC cells transfected with siMyo10 or siArpc2 (Arp2/3 component, positive control) into Matrigel-overlaid wounds. (G)
MCEF-7 cells were transfected as indicated, and invasion was analyzed as in E. (H) Invasion of p53-silenced MDA-MB-231 cells transfected as
indicated (percentage of invaded/all GFP-positive cells; n = 9-14; x20 objective. (I) Model of mutant p53—driven, integrin-dependent invasion.
(a) Mutant p53 induces Myo10 that contributes to mutant p53—driven invasion by transporting integrin to filopodia tips. (b) Mutant p53 increases
integrin and EGFR recycling to the plasma membrane (19) providing integrins to be transported to filopodia tips by Myo10. (c) Mutant p53 drives
Myo10 by increasing EGR1 transcription directly and via MAPK/ERK signaling. (d) Increased integrin-EGFR recycling elevates PIP3 levels via
PI3K/Akt pathway (19) and activates Myo10 (48). Mean + SEM and Mann-Whitney test P values are shown.
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Myo10 in cell migration and invasion. Migratory cells polarize and
form a defined front by activating Rac and PI3K at the leading
edge following a directional cue (46). Formation and binding of
PI(3,4,5)P3 activate Myo10, thereby allowing it to move along
actin bundles that are parallel to the plasma membrane (47, 48).
Activated Myo10 is targeted to fascin-containing microspikes that
project outwards (49, 50) to induce formation of long filopodia in
different cell types. Thus, the role of Myo10 in filopodia forma-
tion is well established, but little is known about the requirement
of Myo10 for cell motility. In endothelial cells, Myo10 is required
for bone morphogenetic protein-dependent migration (51), and it
functions in the cranial neural crest cells during Xenopus embryo-
genesis (52, 53). However, evidence for a role of Myo10 in cancer cell
motility has been lacking. We demonstrate a promigratory role for
Myo10 in breast cancer cells. Silencing of Myo10 in MDA-MB-231
adenocarcinoma cells reduces cell migration and results in a round-
er cell phenotype, probably indicating loss of front-rear polarity.
We also demonstrate that silencing of Myo10 inhibits cell invasion
in breast cancer and PDAC cells and that loss of Myo10 inhibits
breast cancer cell extravasation from the vasculature to the lungs as
well as lung colonization and systemic metastasis of orthotopically
implanted breast cancer cells. Based on these findings, we conclude
that Myo10-induced filopodia and plasma-membrane protrusions
may be important in several distinct steps of the metastatic cascade,
namely local invasion, intravasation, and extravasion. The identifi-
cation of these cancer-relevant functions of Myo10 suggests that
the induction of filopodia is a promigratory process that contrib-
utes to metastasis formation in human cancer.

Mutant pS3—driven invasion and Myol0. Mutant p53 drives metas-
tasis in an integrin-dependent manner (19) and via mechanisms
involving inhibition of p63-mediated transcriptional repression
(22). However, p53 most likely plays many roles in cancer pro-
gression with several different molecular mechanisms (20, 54).
For example, in some breast epithelial cells, expression of mutant
pS53 induces cell invasion, but loss of p63 induces cell detachment
and death (19), indicating that mutant p53 also drives invasion
via processes that are not dependent on blocking p63-mediated
control of transcription. We found that Myo10 is upregulated
in cells expressing mutant p53 (using 3 distinct TP53 mutations
and exogenous and endogenous mutant p53 expression) and that
in clinical breast cancer tissue samples, high Myo10 expression
markedly correlates with the presence of mutant pS3. This link
between mutant p53-driven invasion and filopodia is new. Filo-
podia-inducing gene fascin associates with poor survival in breast
and colorectal cancer and with the basal-like phenotype in breast
cancer (12, 55, 56). Fascin expression does not, however, correlate
with the presence of mutant p53 in breast cancer (56), which sug-
gests different molecular mechanisms for upregulation of fascin
and Myo10 in cancer invasion.

There appears to be at least 2 levels of regulation in mutant p53-
induced Myo10 expression, since silencing of mutant p53 reduces
Myo10 levels more on the protein level than on the mRNA level. We
found that in mutant p53 cells, inhibition of ERK activity reduced
EGRI1 expression. Furthermore, EGR1 expression was necessary
for Myo10 induction, and EGR1 directly bound to the Myo10 pro-
moter. Thus, it is very likely that the mutant p53-induced tran-
scriptional control of Myo10 involves this ERK/EGR1 pathway.
However, this may be limited to mutant p53-expressing cells, since
EGR1 overexpression is not sufficient to induce Myo10 expression
in p53 WT MCF7 cells (not shown). Thus, EGR1 alone is not suf-
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ficient to drive Myo10 expression in breast cancer cells. This may
be due to the fact that mutant p53 also induces the stability of
the Myo10 protein, which could be related to diversion of Myo10
from a degradation route to the plasma membrane. Alternatively,
mutant p53 may act together with EGR1 to induce Myo10 tran-
scription by an unknown mechanism. Taken together, both tran-
scriptional control and regulation at the protein level contribute
to the cellular expression levels of Myo10.

PI3K-produced PI(3,4,5)P3 activates Myo10 and in the absence of
PI(3,4,5)P3, Myo10 is monomeric, folded in an inactive conforma-
tion, and targeted to the Rab7-lysosomal pathway (48, 57). Mutant
p53-dependent increased recycling of the EGFR-rab-coupling pro-
tein-integrin (EGFR-RCP-integrin) complex or the Met receptor
(19, 43) to the plasma membrane provides the cell with increased
numbers of cell-surface adhesion receptors and constitutively acti-
vates EGFR signaling to the PI3K/Akt pathway (19) and induces
cellular ERK activity (43). Based on the data presented here and
elsewhere (19), a model for the integrin-dependent component
of mutant p53-driven invasion emerges (Figure 7I). Mutant p53
induces Myo10 expression via the ERK/EGR1 pathway. In addition,
PI3K-produced PIP3 activates Myo10 motor protein, which trans-
ports the recycled and increasingly plasma membrane-targeted inte-
grins to an invasive membrane protrusion to drive cell migration. In
conclusion, mutant p53 has many activities that are critical for can-
cer progression (17), and the present study describes a new mutant
pS53-associated molecular mechanism that facilitates breast cancer
invasion and dissemination. These data suggest that Myo10 may
be an important new and potentially druggable therapeutic target,
since myosin inhibitors are currently under development (58, 59).

Methods
Cell culture, reagents, DNA constructs, and siRNA transfections. MDA-MB-231,
MCF10A, MCF7, BT-474, MDA-MB-468, and HCT116-p53 (-/-) cells were
cultured as described in Supplemental Experimental Procedures. To gen-
erate stable Myo10-silenced cell lines, MDA-MB-231 cells were transfected
overnight with 2 ug of shMyo10 (sc-43241-SH; Santa Cruz Biotechnology
Inc.) plasmid with Lipofectamine 2000 (Invitrogen), as described in Sup-
plemental Experimental Procedures, and single cell clones were generated.
Cloning of EGFP-Myo10 and EGFP-Myo10AFERM2 constructs have been
described previously (15). The p53-R273H construct was cloned as described
(60) and the cloning of EGR1 as described (61). The use of shRNAs and
sRNAs is described in Supplemental Experimental Procedures.

qRT-PCR. qRT-PCR using the Real-Time PCR HT7900 (Applied Biosys-
tems) was performed as described in Supplemental Experimental Procedures.

Microscopy and image analysis. Staining of the cells, image analysis, and
microscopy specifications are described in ref. 62. “Roundness” is an
Image] shape descriptor and is calculated as 4 x area(;m x major axis?) or as
the inverse of the aspect ratio (major axis/minor axis).

Cell migration, adbesion, and spreading assays. Time-lapse microscopy was used
to follow the migration of siRNA- and shRNA-mediated silencing of Myo10
as described in Supplemental Experimental Procedures. Cell adhesion assay is
previously described in ref. 63 and in Supplemental Experimental Procedures.
Cell spreading assay is described in Supplemental Experimental Procedures.

Matrigel invasion assay. Fifty thousand cells were plated on a well of Ibidi
8-well microslides (Integrated Biodiagnostics). siRNA or plasmid transfections
were done the next day. After 24 hours of transfection (8 hours in the case of
plasmids), the assay was continued as described by Hognis et al. (64). Invasion
of EGFP and EGFP-Myo10 transfected cells was analyzed by measuring the
ratio between invaded EGFP-transfected and noninvaded EGFP-transfected
cells using Image]. Analysis was performed in a double-blind manner.
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Proliferation and apoptosis assays. The effect of Myo10 on cancer cell prolif-
eration and apoptosis was studied in siMyo10 and shMyo10 MDA-MB-231
cells (2 individual shMyo10 clones and 2 different Myo10 targeting oligos).
5 x 103 cells were plated on 96-well plates. Proliferation was analyzed by
cell proliferation reagent WST-1 reagent (Roche) according to the manu-
facturer’s instructions and with measuring the absorbance at 450 nm after
1 hour incubation at +37°C. Absorbance was measured every 24 hours for
4 days. Apoptosis was analyzed by measuring the caspase-3/7 activity by
CellPlayer 96-Well Kinetic Caspase-3/7 Apoptosis Assay Kit (Essen BioSci-
ence). Cells were plated as in proliferation assay. DEVD-NucViewTM488
reagent was added to a final concentration of S nM, and the number of
fluorescent cells was analyzed by Incuyte FLR.

Zebrafish invasion assay. Zebrafish tumor models and the invasion assay
are fully described in ref. 32 and in Supplemental Experimental Procedures.

Mouse lung extravasation and colonization assays. Myo10 and control
shRNA-transfected MDA-MB-231 (or siMyo10 transfected MDA-MB-468
and BT-474) cells were stained with live cell dyes (shControl/siControl, red
CMTPX; shMyo10/siMyo10, green CMFDA) according to the manufactur-
er’s instructions, followed by a lung extravasation assay that was performed
as previously described (26, 65). The number of CellTracker-stained cells
was analyzed by counting the cells from frozen lung tissue sections (MDA-
MB-231) or by flow cytometry (MDA-MB-468 and BT-474). Lung colo-
nization assay was done as described (26, 59) with small modifications.
Unstained shControl or shMyo10 MDA-MB-231 cells (3 x 105 cells to each
mouse; 10 mice were used for both groups) were injected into tail veins
and allowed to proliferate for 4 weeks. Left lungs were formalin fixed, and
cells were isolated from the right lung and analyzed by flow cytometry as
described in Supplemental Experimental Procedures.

Orthotopic breast cancer model. In order to study breast cancer metasta-
sis, shControl or shMyo10 MDA-MB-231 cells (8 x 105 cells/mouse) were
injected into the mammary fat pads of nude female mice. After 3 weeks,
primary tumors were removed. Assay was continued up to 6 weeks. Ani-
mals were sacrificed and examined for metastases to contralateral lymph
nodes as described in Supplemental Experimental Procedures.

Mouse pancreatic cancer samples. RNA was extracted using standard tech-
niques from murine tumors that have arisen from the following genotypes:
PDXCRE KRAS¢12D P§3R172H/+ PDXCRE KRASC12P P53/, PDXCRE KRASC12P
PTEN"* PDXCRE KRAS%"?P LKB1//* PDXCRE KRASG2P Apd/* (40-42). We
and others have previously shown that the WT allele of p53 is lost on both
the P53%/* and P53R172H/* tumors (40). Immunohistochemistry was per-
formed on formalin-fixed mouse pancreatic samples. Antigen retrieval was
carried out by boiling samples in sodium citrate buffer (10 mmol/I; pH 6.0)
for 4 minutes using a pressure cooker. Anti-Myosin 10 (Novus Biologicals
#22430002) was used at a 1 in 2,000 dilution and incubated at 4°C over-
night. IHC slides were scanned using an Aperio slide scanner and positive
pixel counts quantitated using Slidepath software.

Clinical studies. Samples from a Finnish nationwide population-based
breast cancer series were collected, and molecular breast cancer subtypes
were defined as described (66, 67). A total of 1,326 patients were included
in the series. Breast cancer TMA blocks were constructed as described (66).
Immunohistochemical staining was performed as described in the Supple-
mental Experimental Procedures.
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In silico data analysis. The breast cancer raw data sets (GEO GSE3494, ref.
25; and GEO GSE3985/GSE19783, ref. 4) were downloaded for the pub-
lic source GEO data repository (68). Annotation, normalization, and data
analysis were done as described in Supplemental Experimental Procedures.

Western blotting. Standard Western blotting techniques, the Odyssey LICOR
imaging system, and Amersham ECL Plus Western blotting reagent were used.
Cell lysates were collected using SDS sample buffer and scraping. Antibodies
for Western blotting are described in Supplemental Experimental Procedures.

Statistics. Frequency tables were analyzed using the 2 test. Continuous dis-
tributions were compared with either the Mann-Whitney test or Student’s
t test (2-tailed). Breast cancer-specific survival was calculated from the date
of the diagnosis to the date of death from breast cancer. Patients who were
alive or who died from causes other than breast cancer were censored on the
last date when known to be alive or the date of death. Survival was analyzed
using the Kaplan-Meier life table method, and survival between groups was
compared with the log-rank test. All P values are 2-sided, and a P value of
less than 0.05 was considered significant. In box-and-whisker plots, the box
outline indicates the 95% CI, the line inside the box is the median, and the
whiskers indicate the minimum and maximum values.

Study approval. Permission to use breast tumor tissue for the study was
provided by the Ministry of Health, Finland 15/12/1997 (as per legislation;
permission 123/08/97). Animal experiments were performed under a valid
animal permit (license number ESAVI/7522/04.10.03/2012). Permissions
for animal experiments were received from the National Animal Experiment
Board of Finland as required by the Finnish Act on Animal Experimentation.
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