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Metastases are the cause of the vast majority of cancer deaths. In
the metastatic process, cells migrate to the vasculature, intra-
vasate, extravasate, and establish metastatic colonies. This pattern
of spread requires the cancer cells to change shape and to
navigate tissue barriers. Approaches that block this mechanical
program represent new therapeutic avenues. We show that
4-hydroxyacetophenone (4-HAP) inhibits colon cancer cell adhe-
sion, invasion, and migration in vitro and reduces the metastatic
burden in an in vivo model of colon cancer metastasis to the liver.
Treatment with 4-HAP activates nonmuscle myosin-2C (NM2C)
(MYH14) to alter actin organization, inhibiting the mechanical pro-
gram of metastasis. We identify NM2C as a specific therapeutic
target. Pharmacological control of myosin isoforms is a promising
approach to address metastatic disease, one that may be readily
combined with other therapeutic strategies.

colorectal cancer | nonmuscle myosin 2C | 4-hydroxyacetophenone |
ex vivo motility | metastasis

etastatic disease contributes to 90% of cancer related

deaths (1, 2). Treatment strategies for metastatic cancer
vary depending on the histological type, extent, and aggressive-
ness of disease. In one treatment paradigm, metastatic disease is
prevented and micrometastatic disease eliminated through ad-
juvant therapy following treatment of the primary tumor. In
patients who develop or present with limited metastatic disease,
localized ablative therapies, such as surgery or radiation may be
curative (3). However, most patients require systemic treatment
with chemotherapy, immunotherapy, hormonal therapy, or treat-
ment with small molecule inhibitors. Regardless of the therapeutic
regimen, progression of disease may occur, either from seeding of
new metastasis by established metastatic colonies, or recurrence of
the primary tumor from local growth or reseeding by circulating
tumor cells (4, 5). Therefore, new treatment strategies that target
the initial development of metastatic disease and the progression
of metastatic disease are needed (6).

Cell migration to favored environments is an evolutionarily
conserved behavior that can be observed in single cells, devel-
opmental processes in model organisms, and in patterns of
metastatic cancer progression (7). Malignant cells that gain
metastatic potential develop a more motile and invasive phe-
notype, allowing for disease progression (8-10). For cells to
disseminate from the primary tumor and undergo intravasation
to the systemic circulation, they must remodel their actomyosin
cytoskeleton and increase their deformability (11). Cells must
also tolerate shear stress encountered while circulating to end
organs, before arresting and adhering to a distant vessel. Even-
tually, cells again adopt a deformable conformation to extrava-
sate, invade, and migrate to establish a distant metastatic colony
(11-13). Pharmacologic targeting of this mechanical program is,
therefore, of great interest (6, 14).

WWww.pnas.org/cgi/doi/10.1073/pnas.2014639117

Attempts to inhibit upstream regulatory pathways that control
actomyosin contractility have failed to generate clinically effective
therapies. Actomyosin regulation involves multiple redundant
signaling pathways that provide routes for therapy resistance
(15-17). A promising approach to circumvent development of
resistance is to target the final outputs of the signaling pathway,
such as the molecular machines themselves (14, 18). Nonmuscle
myosin-2 (NM2) is one such machine that establishes cellular di-
rectional polarity, mediates integrin-associated adhesion, and is
key in the maturation and elongation of cellular protrusions
(lamellipodia) that drive migration (19-22). Importantly, NM2 lies
at the endpoint of multiple upstream signaling pathways, primarily
Rho-associated GTPases, and represents a specific target for
therapy as indicated in a glioma model system (18).

The small molecule 4’-hydroxyacetophenone (4-HAP) acti-
vates nonmuscle myosin-2B (NM2B, Myh10) and -2C (NM2C,
Myhl14) by promoting their assemblies (23). Here, we demon-
strate that 4-HAP decreases metastatic burden in an in vivo
model system of colorectal cancer liver metastases. Treatment
with 4-HAP remodels actin through a M2C-dependent process
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and ultimately blocks the ability of the cells to polarize, dis-
seminate, and invade. A recent report by Surcel shows that
4-HAP has similar effects on metastasis in pancreatic cancer
model systems (24). Because the pancreatic cancer cells express
only NM2C while the colon cancer cells express both NM2B and
NM2C, our work in this colon cancer model shows that NM2C is
the major target for 4-HAP’s antimetastatic activity (24). To-
gether, these data demonstrate that modulation of the actomy-
osin cytoskeleton is a viable target for future cancer therapeutics
in the context of suppressing metastatic spread and could be
combined with current therapeutics.

Results

4-HAP Limits Cell Adhesion, Invasion, and Migration. We evaluated
the effect of 4-HAP on the human colorectal cancer cell line
HCT116. We performed proliferation assays, demonstrating a
modest dose-dependent decrease in cellular proliferation in the
presence of 4-HAP from 0 to 4 pM. At all concentrations, cell
division continues to occur, however, at lower rates with higher
concentrations of 4-HAP. After 72 h at the highest concentration
of 4 uM, the cell count as measured by a fluorescence assay de-
creases by 23% (Fig. 14). Taken together, these experiments
suggest that, at low pM concentrations, 4-HAP is not cytotoxic.
We next performed cell adhesion, invasion, and migration assays
in the presence of increasing concentrations of 4-HAP, again using
a maximum concentration of 4 puM. Wild type HCT116 cells
treated with all concentrations of 4-HAP show a significant dose-
dependent decrease in adhesion, invasion, and migration, with
migration the most strongly inhibited of the three (Fig. 1 B-D).
Our prior work has shown that 4-HAP affects the assembly of
NM2B and NM2C (23). We, therefore, measured the concentration
of NM2s in our HCT116 cells using quantitative Western analysis.
NM2A (MYHY) is the dominant isoform, but NM2B (MYH10) and
NM2C (MYH14) (23) are both present at 4-6% of the total (S/
Appendix, Fig. S14). Next, we generated a HCT116 cell line in
which NM2C expression was reduced by 60% (short hairpin NM2C
[shNM2C], see SI Appendix, Fig. S1B) using lentiviral-based RNA
interference. We repeated the proliferation experiments on the
shNM2C cells and found that the shNM2C grew more slowly than
wild type and that the growth rate was insensitive to 4-HAP
(Fig. 1E). We repeated the adhesion, invasion, and migration assays
with shNM2C knockdown cells and found that all three cell be-
haviors are largely unaffected by 4-HAP (Fig. 1 F~H). From these
knockdown experiments, we conclude that 4-HAP inhibits in vitro
adhesion, invasion, and migration largely through NM2C activity.

4-HAP Limits the Development and Spread of Metastases In Vivo.
Using a previously described model of liver metastasis, we per-
formed splenic injections with HCT116 cells, dual labeled with
TdTomato and luciferase (25). By injecting the spleen, the portal
circulation feeding the liver was seeded with 1.5 x 10° tumor cells,
establishing liver tumor colonies and simulating metastases. Mice
underwent pretreatment with 1 mg/kg 4-HAP (treatment) or
phosphate-buffered saline (PBS) (control) for 3 d prior to splenic
injection with daily redosing for 4 wk. Using bioluminescent
imaging, we monitored tumor growth in the mice over a period of
4 wk. Treatment with 4-HAP halves the tumor growth rate from
6.0 + 1.2/wk to 3.0 + 0.8/wk (Fig. 2. A-C, + SE, y* [1] = 7.65, P =
0.006). When the experiment was repeated with shNM2C
knockdown HCT116 cells, liver metastases grow at 6.8 + 2.6/wk,
and the rate is not significantly altered in the mice treated with
4-HAP (Fig. 2 D-F, + SE, *[1] = 0.20, P = 0.65). This unchanged
rate is consistent with 4-HAP acting through NM2C.

Because 4-HAP treatment reduces the mechanical processes of
adhesion, invasion, and migration in vitro and metastatic load
in vivo, we next investigated the mechanism by which 4-HAP af-
fects cell mechanics. As 4-HAP is a M2 activator and is expected
to contract actin filaments, we focused our attention on cellular

22424 | www.pnas.org/cgi/doi/10.1073/pnas.2014639117

A 250009 4-

HAP (uM) E 25000{ 4-HAP (um)
20000 : 9 20000 : 9
— 1 — 1
S o] 2 ol
2 15000 2 15000
[2] [2]
C c
& 10000 & 10000
° °
O 5000 O 5000
0 0
0 20 40 60 0 20 40 60
Time (h) Time (h)
B 125 F 125
1.00 1.00 o/'/‘\.
€ <
< <
@ 0.75 @ 0.75
< <
2 2
. 0.50 . 0.50
(&} (s}
Y Y
U025 L 025
0.00 0.00
0 1 2 3 4 0 1 2 3 4
4-HAP Concentration (uM) 4-HAP Concentration (uM)
C 125 G 125
1.00 1.00
kel el
3 S
8075 S 075
> >
£ £
& 0.50 & 0.50
o ©
[T [T
0.25 0.25
0.00 0.00
0 1 2 3 4 0 1 2 3 4
4-HAP Concentration (uM) 4-HAP Concentration (uM)
D 125 H 125
1.00 1.00 G\'\._/_‘
© ©
L 2
© 0.75 © 0.75
2 o
= =
s 0.50 S 0.50
© ©
Y025 Y025
0.00 0.00

0 1 2 3 4 0 1 2 3 4
4-HAP Concentration (uM) 4-HAP Concentration (uM)

Fig. 1. The compound 4-HAP limits cellular adhesion, invasion, and migra-
tion in a dose-dependent fashion. (A) Treatment with 4-uM 4-HAP leads to a
modest 23% decrease in cell density at 72 h. The dose-dependent prolifer-
ation defect as determined by the interaction of time and concentration is
statistically significant (P = 0.001). We observe a statistically significant dose-
dependent decrease in (B) adhesion (P = 0.03), (C) invasion (P = 0.0002), and
(D) migration (P = 0.002). In HCT116 cells knocked down for myosin NM2C,
we found no significant dose-dependent differences in (E) proliferation (P =
0.3), (F) adhesion (P = 0.6), (G) invasion (P = 0.06), or (H) migration (P = 0.4).
For all panels, each point represents the mean of three technical replicates,
and each line represents an independent biological replicate. We used linear
regression of the biological replicates to obtain P values for zero slopes or
interactions using an o level of 0.05 to determine significance.

stiffness and actin filament density and organization. In these
mechanistic studies, we seek effects that are mediated by NM2C
because NM2C has the dominant role in the metastatic events
shown in Figs. 1 and 2.

Treatment with 4-HAP Increases Cortical Tension of HCT116 Cells but
Not through NM2C. One useful global measure of the cell me-
chanics is the cortical tension (Teg), which defines an energetic
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Fig. 2. Treatment with 4-HAP limits the development and spread of me-
tastases in vivo. At the end of 4 wk, tumor burden in (A) athymic nude mice
injected with HCT116 cells was greater than in (B) mice treated with 4-HAP.
(C) Intensity traces of the individuals shown in (A and B) over the 4-wk pe-
riod. Trend lines show exponential growth modeled as a fixed rate across
each treatment with individual (random effect) intercepts for each subject
(conditional R? = 0.86). Treatment with 4-HAP significantly decreases the
apparent tumor growth rate from 6.0 + 1.2/wk to 3.0 + 0.8/wk («SE, 32 [1] =
7.65, and P = 0.006). Mice injected with shNM2C knockdown HCT116 cells
(D and E) demonstrated no significant difference in exponential tumor growth
rate when treated with 4-HAP (F, 6.8 + 2.6/wk, +SE, y* [1] = 0.20, P = 0.65,
and conditional R? = 0.81). Note that these mice start at a lower initial tumor
mass compared to those injected with wild type HCT116 cells, which likely
reflects a seeding defect from the NM2C knockdown itself.

the cell’s surface area. The cortical tension in-
ive cytoskeleton-
embly and M2-

cost of increasing

mediated contractility. Because motile cells continuously adjust
their shapes, this energic cost for shape deformation can impede
motility.

We measured the cortical tension of untreated and 4-HAP-treated
HCT116 cells using micropipette aspiration where pressure is
externally applied to measure deformability. Example images of
the aspirated cells are shown in Fig. 34. The untreated cells have
a moderate cortical tension of 0.5 nN/um (Fig. 3B), which is
comparable with many other cell types including HL-60 cells (0.3
nN/pum) and Dictyostelium discoideum cells (0.8—-1 nN/pm) (23,
26). When treated with 500-nM 4-HAP, the HCT116 cells would
often bleb into the pipette before they distort by a measurable
amount (Fig. 34, arrow). When such blebbing occurs, Tes cannot
be measured due to the dissociation of the plasma membrane
from the actomyosin cytoskeleton. We compensated by reducing
the rate at which the cells were aspirated, which suppressed this
blebbing phenomenon. Treatment with 4-HAP increases the
cortical tension by ~0.1 nN/pum in wild type short hairpin control
(shCtrl) cells (Fig. 3B). Knockdown of NM2C reduced the cortical
tension, however, the increase in tension upon 4-HAP treatment
was the same ~0.1 nN/um (Fig. 3B). Thus, 4-HAP increases cortical
tension through a different target, which is likely NM2B rather
than NM2C.

HCT116 Cells Have Numerous Actin Projections but No Stress Fibers.
Having excluded increased cortical tension as the explanation for
4-HAP’s antimestatic activity, we next turned to a detailed ex-
amination of the actin architecture in HCT116 cells. In general,
motors, such as M2 construct and operate on actin structures a
mixed filament polarity so that bipolar filaments of NM2 can reel
in the pointed ends of actin into a stable load-bearing structure.
One common example of a contractile actin structure in non-
muscle cells are the stress fibers, which are long bundles of ac-
tomyosin and associated cytoskeletal proteins (27). Cortical actin
at the plasma membrane is also of mixed polarity and contracts
due to the motor activity of embedded NMs. In other regions of
uniform actin polarity in the cell, bipolar filaments move along
the actin without contraction of the actin itself (28).

To identify contractile actin structures, we imaged HCT116
cells on polylysine-coated coverslips and stained with tethrame-
thylrhodamine (TMR)-phalloidin for actin and immunostained for
NM2C (Fig. 3C). The HCT116 cells are uniformly round with
numerous thin projections at the periphery that resemble filopodia
and lack stress fibers (27). The NM2C appears in a punctate
pattern across the actin cortex with more NM2C in the central
zone, although a few NM2C puncta are observed in the apparent
filopodial structures. Cells treated with 4-HAP have a similar
overall actin architecture, lacking obvious contractile structures,
such as stress fibers. Moreover, treatment with 4-HAP does not
grossly affect the localization of NM2C in single HCT116 cells.

Myosin Motor Tracking Reveals Mixed Polarity Actin Networks. Be-
cause conventional epifluorescence microscopy cannot resolve
individual actin filaments, we next turned to a high-resolution
functional imaging approach to map the organization of the actin
networks in these cells. In our ex vivo motility assay (29), we
track fluorescent-labeled processive myosin motors as in con-
ventional in vitro motility, but instead of using purified actin
filaments as tracks, we expose the actin networks in cultured cells
by opening them with detergent (30). We, then, apply fluorescent
myosin molecules, track single myosins as they travel along the
cellular actin, and record a map of the myosin trajectories. We
use two processive motors, the barbed-end-directed myosin-5
(M5) and pointed-end-directed myosin-6 (M6), which allows us
to assess the overall organization of actin filament orientation.
Furthermore, these two myosins differ in their actin track pref-
erences. For example, M5 travels farther and lands at a higher rate
on young actin filaments, while M6 has the opposite preference
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Fig. 3. NM2C activated with 4-HAP does not contribute to cortical tension and does not redistribute in HCT116 cells. (A) Micrographs showing micropipette
aspiration of HCT116 cells. Wild type (shCtrl) or NM2C knockdown cells (shNM2C) were aspirated +500 nM 4-HAP. Under standard aspiration rates, shCtrl cells
treated with 4-HAP stiffened to an extent that the membrane-cortex connection ruptures and the cells form blebs in the pipette (arrow). We, therefore,
reduced the aspiration rate for shCtrl cells to prevent this blebbing. (B) Cortical tension measurements. Cortical tension increased by 0.09 + 0.03 nN/pm upon
treatment with 4-HAP (+SE, F[1, 60] = 8.27, and P =0.006) and decreased by 0.1 + 0.03 nN/um in shNM2C cells (+SE, F[1, 60] = 11.0, and P = 0.002). However, no
significant interaction was observed between treatment and strain (F[1, 59] = 0.006 and P = 0.94). This lack of interaction suggests that 4-HAP modulates
cortical tension through a different target in HCT116 cells, likely NM2B. (C) Treatment with 4-HAP does not affect NM2C localization. Total internal reflection
fluorescence microscopy images of HCT116 cells stained for NM2C (green) and actin (red) show a punctate NM2C staining pattern. The NM2C is found
uniformly distributed in the central region of the cell behind an actin-rich band containing many apparent filopodia, although a few NM2C puncta appear in
the filopodia as well. As expected, fewer NM2C puncta are seen in the shNM2C cells. (Scale bars, 5 pm.)

for old actin filaments (31). Because actin subunit age within a
filament is recorded by its nucleotide state, and because we pre-
serve that nucleotide state by adding phalloidin to stabilize the
actin (31), we use both M5 and M6 to assess the organization of
both young and old actin filaments in the extracted cells.

In total, we observed 208,000 M5 paths and 134,000 M6 paths
over 325 separate HCT116 cells (SI Appendix, Table S1 and
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Movies S1-S4). By tracking single myosin molecules, we identify
where M5 and M6 motors land at the start of their path along the
cellular actin. We mark these landing sites in green, and the
intensity of the green color reflects the frequency of landing
events in that area (Fig. 44 and see SI Appendix, Fig. S34). For
both motors, landing occurs throughout the cellular actin with
some regional hot spots. We also plot the paths directly, which
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Fig. 4. Adherent HCT116 cells display mixed polarity actin filament networks. (A) Ex vivo motility using M5 and M6 on untreated HCT116 and 1-uM
4-HAP-treated HCT116 cells. Magenta shows the actin network visualized with TMR-phalloidin; green shows the myosin landing intensity, a kernel-density
estimate of all trajectory starting points. Adherent HCT116 cells are round with numerous thin projections resembling filopodia and are apparently devoid of
stress fibers. (B) Maps of myosin paths for the cells in (A), colored by their run heading relative to the cell center. On average, M5 runs out (angle 0°/360°,
blue), and M6 runs in (angle 180°, red). These directions are expected for these two myosins, which travel in opposite directions along actin. However, a close
inspection of the projections in untreated (C) and treated (D) cells (corresponding to the boxed regions in B) shows that many of the projections have mixed
actin filament polarity as apparent from the presence of both red and blue trajectories for each myosin. We detected n = 1,200-1,600 runs in the cells shown
here (Scale bars, 5 pm.)

22426 | www.pnas.org/cgi/doi/10.1073/pnas.2014639117

Bryan et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014639117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014639117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014639117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014639117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2014639117

Downloaded at Palestinian Territory, occupied on November 27, 2021

produces a map of traffic along the underlying actin filaments.  hold: MS5’s persistence drops as does M6’s but to a lesser extent.
For each path, we calculate several metrics that characterize the ~ Moreover, when we deplete NM2C, we abolish the 4-HAP re-
motility. Here, we focus on one of these metrics, the path “head-  sponse for M5 and reduce the response for M6 (Fig. 5B and see
ing,” which reports the direction of the processive run (Fig. 4 B and ST Appendix, Fig. S4). Because NM2C is only ~5% of the total
C and see SI Appendix, Fig. S3B). We color the path shades of blue  NM2 in the cell, its activation through 4-HAP affects only a small
when the path travels away from the cell center and shades of red  fraction of the total actin, but we are still able to detect that small
when the path runs toward the cell center according to the heading  fraction here. We conclude that activation of NM2C by 4-HAP
value. M5 is a barbed-end-directed myosin (32), and because the promotes the formation of mixed-polarity actin networks. As
barbed ends of actin are typically oriented toward the cell periphery,  part of this process, we hypothesize that NM2C slides filaments
most of the M5 paths are directed outward (blue, see SI Appendix,  yntil it mechanically stalls where it would remain attached to
Fig. S2). M6 runs in reverse, toward the pointed end of actin (33),  actin. Therefore, these regions of mixed polarity would tend to

and therefore the M6 paths are largely directed inward (red, see ST {rap the activated NM2C in scattered locations around the cell.
Appendix, Fig. S2). Even though the apparent filopodial projections

at the cell periphery follow these trends, a close examination reveals  Discussion

that some of these projections contain stretches with mixed filament ~ Tpe actomyosin cytoskeleton plays a pivotal role in the process

polarity (Fig. 4C). This mixed filament polarity is atypical for filo-  of metastatic development and has been identified as a potential
podia, which contain actin nucleators and crosslinkers that enforce a target for novel therapeutics (36-38). Cells undergo complex

uniform barbed-end-outward-directed arrangement. Thus, even shape changes that are both in response to, and effectors of,

g;’ough ge do.nothsee obwk(’)us contralcltlle sltlmctgris, sugh 2}5 st.ress metastatic pathways (39, 40). Malignant metastatic cells must
ers, the actin that we observe at the cell periphery 1s of mixe adapt to a variety of mechanical environments and deform

I&(ﬁgg aniid is contsistent with contractile actin networks where during migration through the dense surrounding matrix (11, 41,
couid operate. 42). NM2 controls cell shape through actin remodeling and is a

4-HAP Acts through NM2C to Enhance Mixed-Polarity Actin Networks. key downstream player in the mediation of cellular polarity,

As noted above, active NM2C condenses and contracts mixed adhesive, and contractile properties, and the development of
polarity actin. Therefore, actin filament polarity is one indicator ~ Proinvasive cellular protrusions, such as invadopodia (21). Here,
of where NM2C is operating. A related indicator that we can ~ We show that 4-HAP inhibits adhesion, invasion, and migration,
detect using ex vivo motility is the path “persistence,” which is a  Significantly limiting the development of distant metastases in an
measure of the tendency of a single myosin path to reverse di- 11 VIVO model. This 1nh1b1t'10n primarily occurs thr(?ugh NM2C as
rection. A straight-line path has a high persistence, while a path ~ determined through a series of knockdown experiments. )
with many reversals will have a low persistence. We expect that Aberrant cytoskeletal regulation is a prominent feature in
persistence values will decrease on condensed mixed-polarity ~ cancer (43, 44). Colon cancer HCT116 cells have a mutation
networks because myosin motors can switch from one actin fil- (G13D) in one of the two alleles of the K-RAS oncogene, pro-
ament to another at actin filament intersections (34, 35). ducing a constitutively active variant (45). Such activating

Our example cell maps of myosin persistence show that per- K-RAS mutations are also found in ~40% of colon cancers (46).
sistence values drop upon 4-HAP treatment, an effect that is A major consequence of K-RAS activation is that it blocks NM2
stronger for M5 than for M6 (Fig. 54; note the shift from yellow  activation and stress fiber formation, even in the presence of
toward blue upon 4-HAP treatment). When we collect persis-  active Rho signaling (45). Thus, the HCT116 cells have reduced
tence values over all observed cells, we find that both trends actomyosin activity.
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Fig. 5. Treatment with 4-HAP enhances mixed polarity actin networks required for contractility and depends on NM2C. (A) Maps of myosin paths of the cells
in Fig. 4A, colored by their persistence scores. Persistence is defined as the end-to-end distance divided by the contour length of each path. The persistence
value is one for a straight path and approaches zero for paths with many bends or reversals. Such reversals indicate that the myosin switched actin filaments
within its run and is an indicator of mixed-polarity networks. Note the increase in the number of blue low persistence paths in the 4-HAP-treated cells. (B) Path
persistence distributions for all 340,000 myosin paths. Treatment with 4-HAP reduces the persistence of both M5 (Kruskal-Wallis P = 0 and Dunn test P <
0.0001) and, to a lesser extent, M6 (Kruskal-Wallis P = 0 and Dunn test P < 0.0001) paths in wild type cells (top row). When NM2C is depleted (bottom row),
M5 path persistence distributions are insensitive to 4-HAP treatment (Dunn test P = 0.07), and M6 persistence differences +4-HAP are reduced relative to wild
type (Dunn test P < 0.0001). We conclude that 4-HAP treatment causes actin remodeling with an increased density of mixed-polarity regions in the actin
network. Our M5 and M6 probes detect these mixed-polarity regions by changing direction in a processive run, which reduces the path persistence. The
activity of NM2C is the primary source of 4-HAP-dependent actin remodeling. An « level of 0.05 determined significance (Scale bars, 5 pm.)
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By applying 4-HAP, NM2C condenses cortical actin into an-
tiparallel networks. We detect these 4-HAP-mediated antipar-
allel networks by tracking processive myosins in the ex vivo
motility assay, which is sensitive to changes in actin filament
polarity and density. Remarkably, we could identify actin rear-
rangements from a targeted treatment that activates only 5% of
the total NM2. Compared to NM2A, the NM2B and NM2C
myosin isoforms spend a greater fraction of the ATPase cycle
bound to actin and have load-sensitive ADP release kinetics, and
are, thus, adapted to stall and remain in the rigor state on actin
filaments (47-49). As a result, NM2B and NM2C may have
greater contributions to cell mechanics than suggested by their
abundance relative to NM2A.

One way to inhibit metastasis is to alter global mechanical
properties of the cell, such as cortical tension. For example, a
treatment that globally stiffens cells might overwhelm the ma-
chinery required for tumor cell invasion and migration. However,
because 4-HAP’s antimigration and antimetastatic activities
operate through NM2C (Figs. 1 and 2) while 4-HAP’s tension
modulation does not (Fig. 3), we expect a more elaborate
mechanism is operating in this metastasis model system. One
possibility is that 4-HAP prevents dynamic relocalization of
NM2C to sites where it is needed to drive cell migration. Acti-
vating NM2C traps it in scattered locations around the cell,
blocking its ability to respond to chemical and mechanical signals
that direct localization and assembly during metastasis. In sup-
port of this notion, Surcel has observed that 4-HAP blocks
NM2C’s mechanosensitive accumulation at a micropipette as-
piration site in pancreatic cancer cells (24). Note that NM2A is
mechanosensitive in these aspiration assays but is unaffected by
4-HAP, while NM2B is not mechanosensitive but is activated by
4-HAP (24). Thus, NM2C is the only M2 isoform which is both
mechanosensitive and activated by 4-HAP. As we show here,
NM2C is also the major target for 4-HAP’s antimetastatic ac-
tivity. We, therefore, propose that 4-HAP treatment of HCT116
cells reduces the cytoskeletal plasticity of NM2C required for
migratory and invasive behaviors.

NMs have been attractive targets for numerous clinical appli-
cations, including tumor chemotherapy, neuropathy, and fibrosis
(50). However, the majority of these interventions have focused on
myosin inhibition strategies, largely through the small molecule
blebbistatin. Here, we show that an alternative approach, targeted
activation of NM2C, is effective against metastasis. This approach
is a biomedical application to target NM2C (50). We expect that
any malignant tumor expressing NM2C, even at low levels, would
be susceptible to 4-HAP treatment.

Compounds, such as 4-HAP might be more effective anti-
metastatic agents than those previously investigated because they
act on direct effector mechanisms that drive invasion and mi-
gration (14, 18). Here, correcting the K-RAS-induced cytoskel-
etal defects do not require inhibiting K-RAS itself (51). In this
way, it may be possible to take advantage of biomechanical dif-
ferences between cancer cells and their normal counterparts.
Note that even the most effective anticancer strategy that targets
the cytoskeleton is likely to be most effective when combined
with therapies that help to achieve local control and decrease
disease burden. Indeed, further research is needed to investigate
multimodal therapy that pairs 4-HAP treatment with surgery,
radiation, immunotherapy, and cytotoxic agents.
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Materials and Methods

Cell Lines and Reagents. The HCT116 cell line was from the American Type
Culture Collection and maintained in McCoy’s 5A medium (Gibco) supple-
mented with 10% fetal bovine serum (Atlanta Biologicals), 100-U/mL peni-
cillin, and 0.1-mg/mL streptomycin (Gibco). The shNM2C HCT116 cell line was
generated by lentiviral infection (see S/ Appendix, SI Materials and Meth-
ods). The 4-hydroxyacetophenone was from Sigma-Aldrich.

Proliferation, Adhesion, Invasion, and Migration Assays. Proliferation assays
were performed in triplicate in 96-well plates. HCT116 cells (wild type and
shNM2C) in Dulbecco’s modified Eagle’s medium (DMEM) were plated at a
concentration of 5,000 cells per well. After 12 h, 4-HAP was added at 0, 1, 2,
and 4 pM. After 24-, 48-, and 72-h incubation, media was aspirated, and
CellTiter-Blue (Promega, Madison, USA) was added to the wells. After 1 h,
absorbance was read at 590 nm. Adhesion assays were performed in 96-well
plates coated with MatriGel Matrix (Corning). HCT116 cells in DMEM were
plated at 50,000 cells per well with 4-HAP added immediately at 0, 1, 2, and
4 uM. After 8 h, media was aspirated, and CellTiter-Blue was added to the
wells. After 1 h, absorbance was read at 590 nm. Invasion and migration
assays were performed using Corning 8-uM pore transwell membrane inserts
coated with MatriGel (invasion) or type | collagen (migration). HCT116 cells
were plated at a concentration of 200,000 cells per well in the presence of 0-,
1-, 2-, and 4-uM 4-HAP. After 24 h, the transwell membranes were removed,
fixed with 4% paraformaldehyde, and stained with Hoechst dye. Invaded
and migrated cells were counted by fluorescence imaging.

Animal Models. Mice (6-8-wk-old female, athymic, nude mice) were from
Envigo. The mice (n = 5 per group) underwent daily intraperitoneal (i.p.)
injections with 1-mg/kg 4-HAP for 3 d. On day three, mice underwent
intrasplenic injection of 1.5 x 10° HCT116 cells in 100-uL PBS, followed by
splenectomy after 5 min. Cells were labeled with both TdTomato and lu-
ciferase. Mice continued to receive daily i.p. injections of 1-mg/kg 4-HAP. We
performed weekly in vivo bioluminescent imaging to track development of
liver metastases. All animal procedures were approved by the Institutional
Animal Care and Use Committee at The University of Chicago and per-
formed under sterile conditions.

Cortical Tension Measurements. Cells were treated with 500-nM 4-HAP diluted
in PBS or PBS alone for 1 h, then trypsinized, and resuspended in media with
or without 4-HAP. Cells were aspirated with a glass pipette, radius (Rp,) of 5 to
6 um to the equilibrium pressure (AP) where the length of the cell inside the
pipette (L,) was equal to Ry. Because shCtrl cells treated with 4-HAP were
susceptible to blebbing, we reduced the rate of the pressure ramp for both
untreated and treated cells to allow distortion of the cell cortex without
blebbing. The effective cortical tension (Tes) was calculated by applying the
Young-Laplace equation: AP = 2T (1/R, — 1/R) where R is the radius of
the cell and AP is the equilibrium pressure when L, = R,. Images were col-
lected with an Olympus IX81 microscope equipped with MetaMorph soft-
ware and analyzed using ImagelJ (https://imagej.nih.gov/ij/).

Ex Vivo Motility. HCT116 cells were plated on polylysine-coated glass cover-
slips, extracted with detergent to remove the plasma membrane and im-
aged with myosin motors in a single-molecule format as described by
Brawley et al. (29) with modifications described in the S/ Appendix, SI Ma-
terials and Methods. Myosin tracking was automated using custom software
(SI Appendix).

For additional experimental details for all experiments, see the S/ Ap-
pendix, SI Materials and Methods.

Data Availability. All study data are included in the article and S/ Appendix.
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