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The ability of glioblastoma to disperse through the brain contributes
to its lethality, and blocking this behavior has been an appealing
therapeutic approach. Although a number of proinvasive signaling
pathways are active in glioblastoma, many are redundant, so
targeting one can be overcome by activating another. However,
these pathways converge on nonredundant components of the
cytoskeleton, and we have shown that inhibiting one of these—the
myosin Il family of cytoskeletal motors—blocks glioblastoma inva-
sion even with simultaneous activation of multiple upstream prom-
igratory pathways. Myosin IIA and IIB are the most prevalent
isoforms of myosin Il in glioblastoma, and we now show that code-
leting these myosins markedly impairs tumorigenesis and signifi-
cantly prolongs survival in a rodent model of this disease.
However, while targeting just myosin llA also impairs tumor invasion,
it surprisingly increases tumor proliferation in a manner that depends
on environmental mechanics. On soft surfaces myosin IIA deletion
enhances ERK1/2 activity, while on stiff surfaces it enhances the ac-
tivity of NFkB, not only in glioblastoma but in triple-negative breast
carcinoma and normal keratinocytes as well. We conclude myosin 1A
suppresses tumorigenesis in at least two ways that are modulated by
the mechanics of the tumor and its stroma. Our results also suggest
that inhibiting tumor invasion can enhance tumor proliferation and
that effective therapy requires targeting cellular components that
drive both proliferation and invasion simultaneously.
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lioblastoma (GBM), the most common malignant primary

brain tumor, has remained lethal despite years of in-
vestigation into novel therapeutics (1). Although GBM rarely
spreads outside the central nervous system (CNS), its ability to
diffusely disperse within the CNS contributes to its highly ma-
lignant behavior (2, 3). Brain invasion requires cell motility,
which is stimulated by the many growth factor receptors that are
amplified or dysregulated in GBM (4). Although these receptors
and their second messengers can be targeted with highly specific
drugs, their efficacy in GBM has been limited by signal cascade
redundancy, which allows cells to circumvent blockade of one
pathway by activating another (5-7). A more promising approach
would be to target downstream components where these re-
dundant signaling pathways converge. These targets include
members of the nonmuscle myosin II (NMII) family of molec-
ular motors (8). We had previously shown that while the anti-
invasive effects of EGFR blockade on GBM could be readily
overcome with PDGFRa stimulation, and vice versa, pharma-
cologic inhibition of NMII effectively paralyzes GBM invasion
even when both receptors are stimulated simultaneously (9).
Nevertheless, our in vitro and ex vivo assays do not recapitulate
the complexities of tumor behavior in a living host. This moti-
vated us to determine whether targeting NMII function in vivo
has similar effects. The NMII family consists of three members—
IIA, 1IB, and IIC—each with distinct functions (10-12). While
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their importance in cell motility makes NMII family members
appealing targets to block tumor invasion, nearly all tissues ex-
press at least one member of this family. Hence, a pan-NMII
targeting strategy would likely be toxic. An approach that only
targets one of the three NMII isoform might still be effective and
associated with fewer side effects. However, two reports have
shown that targeting NMIIA induces squamous cell carcinoma in
mice (13, 14). The mechanism underlying this effect remains
unclear. While one report (13) found that NMIIA stabilizes the
tumor suppressor p53, a second did not observe this (14).

In this study, we have examined the effects of targeting NMIIA
and NMIIB together in GBM in vivo and in vitro. We find that
genetic deletion of both NMIIA and NMIIB reduces tumorigen-
esis and impairs tumor proliferation. While a therapeutic ap-
proach that targets NMIIA might be less toxic than a pan-NMII
approach, and while targeting NMIIA does markedly impair GBM
invasion, we also find paradoxically that it enhances GBM growth
and lethality in an in vivo rodent model of the disease. These
effects are not associated with alterations in p53 levels or function.
Instead, they occur hand in hand with enhancement in the activity
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of two signaling molecules, ERK1/2 and NF-B, in a manner that
is modulated by the stiffness of the tumor microenvironment. Our
results indicate that the tumor-suppressive effects of NMIIA are a
reflection of this molecular motor’s roles in shaping cell me-
chanics. In conjunction with previous work (15), they also suggest
that in GBM efforts to target tumor invasion can enhance tumor
proliferation, and vice versa, and that effective therapy of GBM
requires targeting nonredundant cellular components that drive
both of these malignant phenotypes simultaneously.

Results

A Retrovirally Driven Murine Model of GBM Provides a Way to
Observe the Effect of NMII Deletion on Tumor Biology In Vivo. We
have used an immunocompetent murine model of GBM that we
have extensively described (16). It involves injection a bicistronic
retrovirus encoding for PDGF and the cre recombinase into the
white matter of mice with a floxed allele for either PTEN or TP53.
The injected virus integrates into the genome of proliferative,
PDGFRa-expressing glial progenitors (17), and tonic stimulation
with PDGF, combined with cre-mediated deletion of the tumor
suppressor, leads to development of tumors that closely resemble
the proneural subtype of human GBM (16). For the studies de-
scribed below, we have focused on mouse strains containing floxed
alleles for PTEN (Fig. 14). We measured the stoichiometry of the
three NMII isoforms in this GBM model by using liquid chro-
matography and tandem mass spectrometry (LC/MS/MS). NMIIA
is the predominant isoform, accounting for 56% of the total NMII,
while NMIIB accounts for ~35% (SI Appendix, Fig. S14). NMIIC
represents a small fraction (5 to 7%) of the total, and we elected
not to examine this isoform further.

Deleting NMIIA and NMIIB Together in a Murine GBM Model Impairs
Tumor Proliferation and Reduces Tumorigenesis. Our prior studies
(16, 17) demonstrated that pharmacologic inhibition of NMII
abolishes tumor invasion in vitro and in an ex vivo brain slice
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Fig. 1. Deletion of NMIIA and NMIIB in GBM increases survival and reduces
proliferation. (A) Mouse model of GBM. Reprinted with permission, Cleve-
land Clinic Center for Medical Art & Photography © 2019. (B) Kaplan-Meier
curves comparing the survival of retroviral-induced GBMs in mice with floxed
alleles for PTEN (n = 9) and for NMIIA, NMIIB, and PTEN (n = 16). The sig-
nificance of differences in survival were assessed by both log-rank (Mantel-
Cox) test and Gehan-Breslow-Wilcoxon tests and both give a P value
of <0.0001. (C) Western blot demonstrating depletion of NMIIB heavy chain
isoform using shRNA lentivirus from glioma cell lines genetically deleted for
NMIIA with PDGF-IRES-cre retrovirus. (D) Nuclear doubling rate as measured
by nuclear count every 3 h for 5 d, using Histone 2B-RFP—expressing glioma
cells (n = 3). Statistical significance was assessed with a two-tailed t test.
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assay. However, these studies did not examine if prolonged tar-
geting of NMII in vivo enhances survival. We therefore gener-
ated a mouse strain with floxed alleles for PTEN, NMIIA, and
NMIIB. Injecting the PDGF-IRES-cre retrovirus in the white
matter of these mice leads to deletion of PTEN, NMIIA, and
NMIIB in the infected glial progenitor cells. We followed these
mice for survival and results are depicted in Fig. 1B. They
demonstrate that out of 16 NMIIA/NMIIB/PTEN triple-floxed
mice, only 2 (12.5%) succumbed to tumor. Necropsy of the
remaining mice shows no evidence of PDGF+ tumors while
100% of mice with only a PTEN-floxed allele develop tumors
when injected with the same retrovirus (SI Appendix, Fig. S2). To
determine what effect codeletion of NMIIA and NMIIB has on
mitotic function, we injected retrovirus intracerebrally into mice
with floxed alleles for PTEN and NMIIA to generate GBMs
deleted for NMIIA and PTEN (SI Appendix, Fig. S2). Using
LC/MS/MS, we found that NMIIA is barely detectable in these
tumors (SI Appendix, Fig. S14). Both these measurements (S/
Appendix, Fig. S14) as well as Western blots (SI Appendix, Fig.
S1B) reveal that NMIIA deletion does not alter the content of
either NMIIB or NMIIC to a statistically significant degree (P =
0.08 and 0.13, respectively). The PTEN/NMIIA-codeleted tumor
cells are mononuclear, express one pair of y tubulin-positive
centrosomes (SI Appendix, Fig. S3), and undergo normal cytoki-
nesis, as monitored by expression of an H2B-RFP nuclear reporter
(Movie S1). We then suppressed NMIIB in these cells with short
hairpin RNA (shRNA) (Fig. 1C). The resulting cells are multi-
nucleated, contain multiple centrosomes (SI Appendix, Fig. S3),
and are defective in cytokinesis (Movie S2). We measured the rate
of nuclear proliferation by transfecting these cells with H2B-RFP.
Deletion/suppression of NMIIA and NMIIB, respectively, reduces
this rate by ~30% (Fig. 1D). Since cells deleted for both NMITA
and NMIIB are multinucleated, the reduction in cellular pro-
liferation rate is considerably greater than 30%.

Deleting NMIIA in Murine GBM Impairs Tumor Dispersion but Enhances
Tumor Lethality. Since targeting both NMIIA and NMIIB would
likely be toxic, we wondered if targeting only NMIIA might still
prevent GBM dispersion, since it is a minor component of the
NMII in brain (18). We accomplished this by injecting retrovirus
into the white matter of mice with floxed alleles for NMIIA and
PTEN. Since the PDGF encoded by our retrovirus is fused to the
HA epitope, we were able to identify PDGF-expressing tumor
cells within the host brain with aHA immunohistochemistry. Al-
though both NMIIA-intact and -deleted tumor cells are found in
white matter, those deleted for NMIIA were impaired in migrat-
ing through cerebral cortex (Fig. 2 A and B), which contains the
smallest intercellular spaces in the brain (19-21). This implies,
consistent with our prior study (22), that NMII is needed for cells
to insinuate themselves through tight intercellular spaces. We
tested this by examining migration through a 3-um Transwell (Fig.
2 C and D) and found that tumor cells deleted (red) or shRNA-
depleted (gray) for NMIIA were impaired in in vitro invasion.
However, we paradoxically found that NMIIA deletion signifi-
cantly enhances tumor lethality (Fig. 34). Two previous studies
also noted a relationship between NMIIA deletion and tumor
progression (13, 14). One of these (13) concluded that NMIIA is a
tumor suppressor that stabilizes p53. It reported that NMIIA
suppression in normal keratinocytes prevents the physiologic in-
crease in p53 protein levels seen in response to doxorubicin. To
determine if this explains our results, we injected PDGF-IRES-
cre—encoding retrovirus into the white matter of mice with floxed
alleles for only NMIIA and compared survival to those with
TP53 floxed alleles (Fig. 34). As we previously reported (16),
TP53-deleted murine GBM tumors led to mortality within 30 to
40 d after viral injection (Fig. 34, green). By contrast, viral-injected
NMIIA-floxed mice do not develop any signs of morbidity over
3 mo (Fig. 34, blue). We also examined the effect of doxorubicin
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Fig. 2. NMIIA is necessary glioma migration and dispersion. (A) Immuno-
histochemistry of end-stage tumor sections stained for the HA epitope on
infected tumor cells. (B) Higher magnification of A. T indicates tumor and CX
indicates cerebral cortex. While tumors deleted for both PTEN and NMIIA are
able to disperse through white matter, their invasion into the cortex is im-
paired. (C) Migration through 3-um Transwell pore membrane toward 10%
FBS (Scale bar, 200 pm). (D) Mean number of DAPI-stained nuclei per high
power field (n = 8-10) migrating through 3 um Transwells for PTEN-deleted
and PTEN, NMIIA-codeleted tumors, along with corresponding results for
murine PTEN-deleted GBMs where NMIIA expression was suppressed with
shRNA, compared with PTEN-deleted tumor cells transfected with non-
targeting (NT) shRNA. Statistical significance was assessed with a two-tailed
t test.
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treatment on p53 protein expression in PTEN-deleted GBM cells
that are intact or deleted for NMIIA (SI Appendix, Fig. S4 A and
B). As the figure shows, p53 levels do not change appreciably after
doxorubicin treatment in NMIIA-intact cells (n = 6). By contrast,
in NMIIA-deleted cells, p53 levels rise significantly after 2, 3, and
6 h of doxorubicin treatment (n = 6; P < 0.01) and return to
baseline at 12 h. We also tested the functionality of apoptosis by
treating PTEN-deleted and PTEN/NMIIA-codeleted cells with
doxorubicin and measuring expression of cleaved caspase 3. As SI
Appendix, Fig. S4C shows, although cleaved caspase 3 can be de-
tected in both cell lines, this effect is appreciably more robust in
NMIIA-deleted cells. We had previously shown that tumor for-
mation in our model of PTEN-deleted GBM requires subsequent
mutations of p53 or deletion of p53-regulated transcriptional tar-
gets and concluded that loss of pS3 activity is essential for tumor
progression (23). The lack of increase in p53 and the meager rise
in cleaved caspase 3 following doxorubicin treatment of our
PTEN-deleted GBM cells (SI Appendix, Fig. S4) support this. By
contrast, the rise in p53 levels and robust increase in cleaved
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caspase 3 following doxorubicin treatment of PTEN/NMIIA-
codeleted cells leads us to conclude that pS3-mediated apoptosis
is much more functional in PTEN/NMIIA-codeleted tumors and
deletion of NMIIA provides other protumorigenic stimuli that
obviate the need for loss of p53.

NMIIA deletion in our GBM model might instead be en-
hancing tumor proliferation. To test this, we implanted
50,000 luciferase-expressing PTEN-deleted and PTEN/NMIIA-
codeleted tumor cells into the white matter of NSG mice. Lu-
minescence was monitored over the subsequent 54 d, and the
results are depicted in Fig. 3D. For PTEN-deleted tumors (blue),
a plot of luminescence versus time fit two single exponential
growth curves, with a faster phase (dashed blue line) for the first
3 wk converting to a slower phase (solid blue line). By contrast,
PTEN/NMIIA-deleted tumors showed the opposite effect (red
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Fig. 3. Loss of NMIIA decreases survival in GBM and creates larger tumors.

(A) Kaplan-Meier curves of mice bearing retrovirally induced GBMs deleted
for PTEN (black, n = 9), NMIIA and PTEN (red, n = 13), TP53 (green, n = 6),
and NMIIA (blue, n = 8). Median survivals are 79, 62, and 31 d after injection
and not determined, respectively. Log-rank P values are PTEN™~ wvs.
PTEN~"NMIIA~"~ P =0.0003, NMIIA~"~ vs. PTEN”"NMIIA™~ P < 0.0001, p53~/~
vs. PTEN”"NMIIA™~ P < 0.0001, and p53~~ vs. NMIIA™~ P < 0.0001. (B) Anti-
HA immunohistochemistry of brains from mice with floxed alleles for PTEN
or PTEN and NMIIA that were injected 35 d prior with retrovirus encoding a
PDGF-HA fusion protein and the cre recombinase. (C) Area of HA-positive
tumor measured by number of HA-positive pixels for PTEN-deleted (black)
compared with PTEN/MNNIIA codeleted (red) tumors. (D) Fifty thousand
luciferase-expressing PTEN-deleted and PTEN/NMIIA-codeleted tumor cells
were injected into the white matter of NSG mice. Luminescence was moni-
tored over the subsequent 54 d, and photon flux is plotted on a logarithmic
scale versus days after injection. For both tumor types, growth follows a
biphasic relationship. For PTEN-deleted cells (blue), this consists of an initial
fast phase (blue dashed line) which transitions to a slower phase at ~3 wk
after injection. For PTEN/NMIIA-codeleted cells (red), growth fits a single
exponential process that follows an initial lag phase, also lasting about 3 wk.
The single exponential fits to the terminal growth phase describe tumor
doubling times of 10.9 d (PTEN-deleted) and 3.9 d (PTEN/NMIIA-codeleted).
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solid line)—with luminescence fitting a single exponential pro-
cess that follows a lag of approximately 3 wk. Due to the lag,
PTEN/NMIIA-codeleted tumors are initially smaller than the
corresponding PTEN-deleted tumors, but they catch up and then
exceed PTEN-deleted tumors by 60 d. For PTEN-deleted tu-
mors, the fit of the terminal phase describes a doubling time of
10.9 d, while that for the PTEN/NMIIA-codeleted tumors is
3.9 d. Our data thus suggest that tumor growth evolves over time,
and in opposite directions for NMIIA-intact versus -deleted tu-
mors. One explanation is that tumor cells alter the brain over
time in a way that makes growth more favorable for tumors that
are NMIIA-deleted and less so for tumors that are not. One such
alteration may be in the mechanics of the brain microenviron-
ment, which as we will show in the next section has a significant
influence on tumor growth.

Deleting NMIIA in Murine GBM Alters Tumor Cell Morphology and
Mechanics and Shifts the Stiffness Optimum for Proliferation. One
of the roles that NMIIA plays is in driving retrograde actin flow
(24, 25), which counters actin-induced outgrowth of cellular
processes. We examined the consequences of NMIIA suppres-
sion on cell morphology by using a microfabricated 3D invasion
assay that has been previously described (26). This device (SI
Appendix, Fig. S54) maintains a stable chemotactic gradient as
cells crawl through defined micrometer-sized constrictions
formed by polydimethylsiloxane posts. We monitored migration
of GFP-expressing, PTEN-deleted tumor cells that were treated
with nontargeting sShRNA or shRNA directed against NMIIA (S
Appendix, Fig. S5B). Results are depicted in Movies S3 and S4.
Suppression of NMIIA markedly elongates cellular processes
that entangle cells as they migrate toward the chemoattractant.
To quantify this effect, we transfected PTEN-deleted and PTEN/
NMIIA-codeleted GBM cells with H2B-RFP and we found that
NMIIA deletion prolongs nuclear transit time through the 2-pm
constriction by more than fivefold (SI Appendix, Fig. S5C).

NMIIA also can cross-link actin filaments, and it might be
expected to shape cell mechanics. Indeed, pharmacologic in-
hibition of NMII results in a decrease in the apparent Young’s
modulus of fibroblasts (27). We therefore subjected PTEN-
deleted and PTEN/NMIIA-codeleted GBM cells grown on
collagen-coated glass coverslips to atomic force microscopy
(AFM). In our first AFM study, our goal was to compress the
entire tumor cell body (diameter ~10 pm) to generate the global
stress curves depicted in Fig. 44. To accomplish this, we used a 25-
pm probe so that the contact area with the cell would be ap-
proximately flat. We applied a force of 50 nN to ensure that we
would compress the cell by ~50%. The resulting AFM data
demonstrate that NMIIA-deleted GBM cells are less capable of
resisting the probe-induced global deformation, suggesting that
NMIIA deletion reduces actin cross-linking and the internal stress
that leads to stiffening of the actin-based cytoskeleton. In the
second study, we measured the stiffness of the cell cortex by using
a smaller probe (1 pm), lower force (2 nN), and less compression
over 25 positions per cell to calculate an apparent Young’s
modulus as a function of substrate stiffness (Fig. 4B and SI Ap-
pendix, Fig. S6). As this figure shows, the apparent Young’s
modulus for both NMIIA-intact and deleted cells increases—
implying an increase in cortical stiffness—with increasing substrate
stiffness. This feature has also been reported for nontransformed
cells (28, 29). However, on a soft surface (0.3 kPa) the apparent
Young’s modulus for NMIIA-deleted cells is significantly lower
than for NMIIA-intact cells. This difference diminishes on stiffer
surfaces (5 kPa) and reverses on glass (~50 GPa).

We measured the the effect of NMIIA deletion on surface
area, volume, and cell height (SI Appendix, Fig. S7T A-C) by
culturing GFP-expressing PTEN-deleted and PTEN/NMIIA-
codeleted cells on Matrigel-coated polyacrylamide gels of de-
fined stiffness. Over a range of 0.7 to 50 kPa, NMIIA-deleted
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cells consistently have a larger surface area and volume than
NMIIA-intact cells. PTEN/NMIIA-codeleted cells also appear to
be decorated with longer and more numerous cellular processes
over a range of substrate stiffness (SI Appendix, Fig. S8). NMIIA
deletion also significantly flattens GBM cells on substrates of low
(0.7 kPa) and intermediate (4.6 kPa) stiffness relative to NMIIA-
intact cells, but this difference disappears on a stiff substrate
(50 kPa). To ensure that this result is not affected by the complex
matrix composition of Matrigel, we repeated this experiment
using a 96-well plate that contains hydrogels of defined stiffness
(Softwell; Matrigen), which we coated with fibronectin. As
shown in Fig. 4C, we again observe that NMIIA deletion flattens
GBM cells on soft, but not hard, surfaces.

Mih et al. (30) reported that pharmacologic inhibition of
NMII or siRNA suppression of NMIIA enhances proliferation of
fibroblasts on soft (1 kPa) but not on rigid (glass) substrates. To
test this, we measured proliferation of PTEN-deleted and PTEN/
NMIIA-codeleted GBM cells on the same fibronectin-coated
Softwell plates that we used in Fig. 4C. We found that
NMIIA-intact tumor cells (Fig. 4D, blue) show a broad optimum
in proliferation between 1 and 20 kPa. By contrast, NMIIA de-
letion shifts this optimum to softer surfaces (Fig. 4D, red). At
0.2 and 0.5 kPa, NMIIA deletion enhances proliferation by
~50% (P = 0.012 and 0.017, respectively), while at a higher range
of stiffness differences become smaller and not statistically
significant. Likewise, proliferation of NMIIA-deleted cells on
0.5-kPa substrates is significantly faster than that for the same
cells on plastic (P = 0.04), while corresponding differences for
NMIIA-intact cells are not (P = 0.15).

Deleting or Suppressing NMIIA in Murine GBM Alters the Activity of
Signaling Effectors in a Mechanically Sensitive Manner. We won-
dered if the effect of NMIIA deletion on proliferation (Fig. 4D)
reflects changes in intracellular signaling. To test this, we gen-
erated lysates of PTEN-deleted and PTEN/NMIIA-codeleted
cells grown on plastic and on a 0.5-kPa, fibronectin-coated
Softwell substrate and subjected them to a phospho-antibody
array (Cancer System Signaling; Full Moon Biosystems). We
corrected for differences in protein loading by dividing each
signal by the median overall signal. We then divided these signals
by the corresponding total signal for the phosphorylated +
nonphosphorylated species. Finally, we divided this normalized
phosphorylation for NMIIA-deleted cells by that for NMIIA-
intact cells on both soft (0.5 kPa) and plastic surfaces to gener-
ate ratios that reflect how NMIIA deletion alters phosphoryla-
tion as a function of stiffness. Fig. 54, Upper lists the ratios for
signaling components whose phosphorylation in NMIIA-deleted
cells is elevated (>2.0) only on a soft surface relative to NMIIA-
intact cells, and Fig. 54, Lower lists the corresponding ratios that
are elevated only on a hard, plastic surface. Each of the proteins
whose phosphorylation is up-regulated in NMIIA-deleted GBM
cells on a soft surface is connected to the Ras-Raf-MEK-ERK
pathway (31-36). Western blots of these lysates demonstrate that
when grown on a soft (0.5 kPa) substrate, NMIIA-deleted cells
enhance ERK1/2 phosphorylation approximately fourfold com-
pared with NMIIA-intact cells. This enhancement disappears on
a stiff substrate (Fig. 5B). By contrast, AKT (S Appendix, Fig.
S9) does not show any modulation with either NMIIA deletion
or with alteration of substrate stiffness.

If the enhanced growth we see with NMIIA deletion is ERK1/
2-dependent, then an ERK1/2 inhibitor should be selectively
toxic to NMIIA-deleted cells on soft surfaces. We treated
NMIIA-deleted and -intact cells grown on Softwell plates with
the ERK1/2 inhibitor SCH772984. Results are depicted in Fig.
5C. NMIIA-intact cells show no sensitivity to SCH772984 over
the entire range of stiffness (Fig. 5 C, Left), implying little de-
pendence on ERK for viability. By contrast, this drug is toxic to
NMIIA-deleted cells (Fig. 5 C, Middle), and more so on soft
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surfaces. To quantify this effect, we fit the dose-response rela-
tionships to SCH772984 for NMIIA-deleted cells to a set of dose—
response curves, one for each stiffness, and plotted the extrapo-
lated degree of cell kill against substrate stiffness (Fig. 5 C, Right).
As the figure shows, SCH772984 sensitivity drops sharply above
10 kPa, suggesting that NMIIA-deleted cells depend on ERK1/2
for viability over the stiffness range that has been measured in
brain (37-40).

We also performed Western blots for ERK1/2 and phos-
phoERK1/2 in NMIIA-intact and -deleted tumors (SI Appendix,
Fig. S104). These demonstrate that NMIIA deletion is associ-
ated with an approximately twofold increase in ERK1/2 phos-
phorylation in our murine GBM, consistent with our in vitro
results in Fig. 5. ERK1/2 is regulated by other signaling path-
ways, and one that is particularly relevant to cell stiffness sensing
is YAP (41). Dephosphorylation of YAP at serine 127 translo-
cates it to the nucleus, where it induces transcription of a number
of genes. One of these encodes for RHAMM, which is necessary
for ERK1/2 phosphorylation (42, 43). Thus, the enhanced
ERK1/2 phosphorylation that we see in NMIIA-deleted tumors
may be a consequence of reduced YAP phosphorylation. To test

this, we performed Western blots for total YAP and pS127YAP
in NMIIA-intact and -deleted tumors. These show that NMIIA
deletion is associated with a 57% reduction in YAP phosphor-
ylation (P = 0.019; SI Appendix, Fig. S10B), consistent with our
proposal that a soft microenvironment, such as characterizes
brain white matter, induces NMIIA-deleted GBM cells to en-
hance YAP and ERK1/2 signaling.

NMIIA-deleted GBM cells on a hard surface show a twofold or
greater increase in phosphorylation of a number of regulators
(Fig. 5 A, Lower), including MEKI1, whose phosphorylation at
T291 reduces ERK1/2 signaling (44), and two IkB isoforms, IkBa
and IkBe. Phosphorylation of IkB dissociates it from NF-xB, re-
leasing the latter to induce transcription of a wide array of genes
(45-47). To confirm that NMIIA deletion enhances NF-xB ac-
tivity in cells on a hard surface, we transfected GBM cells with a
luciferase gene under control of the NF-kB response element,
along with a mammalian expression vector for f-galactosidase
(pCMV-pgal). Since we were unable to efficiently transfect our
NMIIA-deleted GBM cells with this NF-kB reporter system, we
utilized PTEN-deleted GBM cells infected with nontargeting or
NMIIA targeting shRNA-expressing lentiviruses to knock down
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Fig. 4. NMIIA deletion alters GBM cell mechanics in a manner influenced by the stiffness of the tumor environment. (A) Global cell deformation was
performed using a JPK Nanowizard 4 atomic force microscope equipped with cantilevers of a nominal stiffness of 2.4 N/m with a 25-um-diameter sphere
attached (Novascan). Measurements of cell deformability were made on PTEN-deleted (black) and PTEN/NMIIA-codeleted cells (red) grown on glass coverslips
coated with collagen I. Force versus distance curves were converted into stress versus percentage of unstressed cell height curves with the assumption that
normal stress can be calculated as the ratio of the applied force to the area of deformation. The percent cell height was calculated as the percentage of the
total cell height that underwent indentation at a given force. (B) The local Young’s modulus was calculated from local cell cortex deformation measurements
on PTEN-deleted (blue) and PTEN/NMIIA-codeleted (red) murine GBM cells, cultured on a range of substrate stiffness. Data are plotted as mean + SEM. This
reveals that NMIIA deletion reduces Young’s modulus compared with NMIIA-intact cells on soft surfaces and increases it on hard surfaces. Statistical sig-
nificance was determined with a two-tailed t test. (C) Cell height was measured on NMIIA-intact (blue) and -deleted (red) tumor cells cultured on fibronectin-
coated hydrogels (Softwell; Matrigen) covering a range of stiffness from 0.2 kPa to plastic. NMIIA-deleted cells are shorter than NMIIA-intact ones, and this
difference decreases with increasing stiffness. Cell height for NMIIA-deleted cells on plastic is also significantly increased compared with the same cells grown
on a 1-kPa surface. Statistical significance was determined with a two-tailed t test. (D) Plot of proliferation rate constant versus substrate stiffness for PTEN-
deleted (blue) and PTEN/NMIIA-codeleted (red) tumor cells grown on fibronectin-coated Softwells (Matrigen). Growth kinetics were fit to a single exponential
growth equation to yield rate constants, and each point represents the mean + SEM of five replicates. Differences in rate constants between PTEN-deleted
and PTEN/NMIIA-codeleted were significant on substrates of 0.2 and 0.5 kPa (***P = 0.012; **P = 0.017) using a two-tailed t test. Furthermore, the difference
in rate constant for PTEN/NMIIA-codeleted cells grown on 0.5 kPa and on plastic is also significant (*P = 0.04).
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Fig. 5. NMIIA deletion alters phosphorylation of signaling molecules in a manner that is modulated by substrate stiffness. (4) Ratios of normalized phos-
phorylation signal for PTEN/NMIIA-codeleted to PTEN-deleted tumors. (A, Upper) Phosphoproteins with ratios >2.0 on fibronectin-coated soft (0.5 kPa) but not
hard (plastic) surfaces. (A, Lower) Phosphoproteins with ratios >2.0 on hard but not soft surfaces. (B, Left) Lysates from PTEN/NMIIA-codeleted (PTEN/NMIIA™")
and PTEN-deleted (PTEN™") cells cultured on 0.5-kPa Softwells (Soft) and plastic (Hard) were blotted with antibodies to ERK1/2 and to pT202/pY204 ERK1/2. (B,
Right) Plot of the phospho-ERK/total ERK ratio for PTEN-deleted and PTEN/NMIIA-codeleted cells cultured on 0.5-kPa and plastic substrates (n = 4). Significance
was measured using a two-tailed t test. (C, Left) NMIIA-intact murine GBM cells were plated on 96-well Softwell plates, with substrate stiffness ranging from
0.2 kPa to glass, and treated with a range of concentrations of the ERK1/2 inhibitor SCH772984. Fractional cell viability relative to vehicle (DMSO)-treated cells is
plotted as a function of drug concentration and over the range of substrate stiffness. This shows that SCH772984 has no effect over this stiffness range. (C, Middle)
The corresponding experiment using NMIIA-deleted cells. Data are fit to hyperbolic dose-response relationships for all but the 50-kPa and glass surfaces, and the
fitting defines maximum extrapolated degrees of cell kill. (C, Right) Plot of maximum cell kill versus substrate stiffness from the data in C, Middle.

NMIIA >95% (SI Appendix, Fig. S5B). We also utilized this ap-  Fig. 6 A-C demonstrate, NMIIA suppression enhances NF-«xB
proach to determine if NMIIA suppression similarly alters NF-kB  activity three- to eightfold in our PTEN-deleted murine GBM
activity in a human triple-negative breast carcinoma (MDA-MB-  cells, five- to sevenfold in MDA-MB-231 cells, and five- to sixfold
231) and in a nontransformed primary human keratinocyte line  in human keratinocytes. We also examined whether expression of
cultured on a plastic substrate (SI Appendix, Fig. S5 D and E). As  an shRNA-resistant NMIIA heavy chain could restore baseline
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NF-«B activity. MDA-MB-231 cells that expressed an shRNA
targeting human NMIIA were stably transfected with a shRNA-
resistant human NMIIA-GFP fusion protein. As Fig. 6D demon-
strates, this restores NF-kB activity to near-control levels. We
were not able to perform a similar experiment our PTEN-deleted
GBM cells, as they could not tolerate stable transfection of an
NMIIA-GFP construct. NF-xB plays an important role in the bi-
ology of tumor-initiating cells (48), in part by regulating the ex-
pression of stem cell transcription factors, including Sox2 (49-51),
which is expressed in our murine GBM cell lines (52), and Nanog,
which is expressed in MDA-MB-231 cells (53). We therefore ex-
amined the effect of shRNA-mediated NMIIA suppression on the
activity of these transcription factors, utilizing a luciferase reporter
under the control of either the Sox 2 or the Nanog promoter.
NMIIA depletion increased Sox2 activity six- to eightfold in GBM
cells (Fig. 6E) and Nanog activity 1.5- to twofold in MDA-MB-
231 cells (Fig. 6F). We also examined the effect of targeting
NMIIA on tumorsphere formation—a surrogate marker for tumor
stem cell content—by applying a limiting dilution assay to both our
rodent GBM as well as to human MDA-MB-231 cells (49). As
illustrated in ST Appendix, Fig. S11, deletion or shRNA depletion
of NMIIA increases tumorsphere size and tumorsphere frequency,

A
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implying that targeting NMIIA enhances proliferative and tumor
initiating capacity, respectively.

Discussion

Myosin Il Represents a “Point of Convergence” for Signaling Pathways
That Are Dysregulated in Cancer. We previously showed in an ex vivo
murine model of GBM invasion that the promigratory effects
produced by simultaneously activating EGFR and PDGFR could
be overcome with pharmacologic blockade of NMII (9). However,
tumors can adapt to long-term inhibition of therapeutic targets,
and this motivated us to examine the effect of deleting both
NMIIA and NMIIB in our murine GBM model. We found that
this markedly reduces tumorigenesis and enhances survival (Fig.
1). Tumor cells that are deleted/suppressed for both NMIIA and
NMIIB are polyploid (SI Appendix, Fig. S3), consistent with the
role NMII plays in driving cytokinesis (54). Polyploidy and high
degrees of aneuploidy enhance tumor cell fragility (55-57), and
this effect, combined with the inhibition of tumor cell motility,
explains the pronounced survival advantage that combined de-
letion of NMIIA and IIB provides (Fig. 1B). While dual inhibition
of both NMIIA and IIB would likely be toxic, NMIIA is the
predominant NMII isoform in our GBM model (S Appendix, Fig.
S1A) and is a minor component of the NMII expressed in normal
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Fig. 6. NMIIA deletion enhances the activity of NF-xB, Sox2, and Nanog in cells grown on a stiff substrate. (A) Two PTEN-deleted GBM cell lines were infected
with nontargeting (NT) or NMIIA-targeting shRNA-encoding lentiviruses. They were transiently transfected with a luciferase gene under control of an NF-xB
response element and a mammalian expression vector for f-galactosidase (pCMV-Bgal). NF-kB-dependent luciferase activity is plotted as mean + SEM (n = 12).
(B) NF-xB luciferase reporter assays were performed MDA-MB-231 cells expressing nontargeting or either of two NMIIA-targeting shRNA as above. Data are
plotted as mean + SEM (n = 9). (C) NF-kB luciferase reporter assays were performed on nontransformed keratinocytes that were treated with either NT shRNA or
two different NMIIA-targeting shRNAs. (n = 8). (D) The MDA-MB-231 cells depleted for NMIIA were stably transfected with an shRNA-resistant GFP-NMIIA heavy-
chain fusion protein and sorted for GFP expression. While NF-kB luciferase activity was significantly increased in cells depleted of NMIIA, expression of the GFP-
NMIIA heavy chain returned NF-kB activity to baseline. Data are plotted as mean + SEM (n = 17). (E) GBM cell lines treated with NT or NMIIA-targeting shRNA
were transiently transfected with the Sox2 response element luciferase reporter and normalized luciferase activity was measured (n = 6). (F) MDA-MB-231 cells
were transiently transfected with luciferase reporter construct under the control of Nanog transcriptional response element along with a control vector (pCMV-
Renilla). Promoter activity was measured by luciferase activity. Values were normalized to Renilla activity to correct for transfection efficiency (n = 9). Data were
analyzed with two-tailed t test. Significant at ****P < 0.0001, *** P = 0.0001 to 0.001, and **P = 0.001 to 0.01. Data are presented as the mean + SEM.

15556 | www.pnas.org/cgi/doi/10.1073/pnas.1902847116 Picariello et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902847116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902847116

L T

/

1\

=y

brain (18, 22). This motivated us to examine the consequences of
targeting just NMIIA.

Targeting NMIIA Impairs GBM Invasion but Enhances Tumor Lethality.
We found that while deleting NMIIA effectively blocks GBM
invasion (Fig. 2), it also enhances GBM lethality and pro-
liferation (Fig. 3). Several possibilities may explain this effect.
First, NMIIA deletion could produce a defect in p53-mediated
apoptosis. However, we find that in the presence of doxorubicin,
NMIIA deletion neither prevents up-regulation of p53 nor
blocks cleavage of caspase 3 (SI Appendix, Fig. S4). A second
explanation is that since NMIIA plays a role in cytokinesis, its
deletion might lead to aneuploidy. While severe degrees of an-
euploidy place a metabolic burden that would slow tumor pro-
liferation, lesser degrees can be associated with enhanced
proliferation and malignant behavior (55-57). We therefore ex-
amined G-banded metaphase spreads from 20 PTEN-deleted
and 20 PTEN/NMIIA-codeleted tumor cells (Creative Bio-
array). While normal diploid mouse cells have 40 chromosomes,
we found that 30% of PTEN-deleted cells have 41 to 53 chro-
mosomes and another 50% have >67 chromosomes, with 10%
containing >100. A corresponding analysis of PTEN/NMIIA-
codeleted cells showed that 20% have 41 to 44 chromosomes
and 70% have 72 to 76 chromosomes. Thus, both NMIIA-intact
and -deleted tumor cells are characterized by significant but
similar degrees of aneuploidy. Finally, by reducing tumor in-
vasion we would expect that NMIIA deletion would make GBMs
more compact and nodular (Fig. 2 4 and B). A recent report has
demonstrated that nodular brain tumors generate more local
brain compression, resulting in reduced vascular perfusion and
and increased disability (58). We therefore conclude that the
effects of NMIIA deletion reflect enhanced proliferation in a
tumor that is also more likely to damage normal neurologic
structures because of its impairment in tumor dispersion.

The Roles That NMIIA Plays in Tumor Biology Are Modulated by the
Mechanics of the Tumor Microenvironment. Our data imply that
NMIIA acts as a tumor suppressor by antagonizing ERK1/2 and
NF-kB in a manner regulated by environmental mechanics. We
conclude that ERK1/2 is the major driver of the increase in
proliferation that we see for NMIIA-deleted cells on soft sur-
faces, since this increase can be nearly completely blocked with
an ERKI1/2 inhibitor (Fig. 5 C, Middle and Right). That
SCH772984 is appreciably toxic for NMIIA-deleted cells over a
fairly broad mechanical range (Fig. 5 C, Right) also implies that
ERK activation in these cells is likely to also present over a
similarly broad range of stiffness. Measures of the Young’s
modulus of brain and of GBM both range from 0.1 to 10 kPa
(37-40, 59). Nevertheless, these macroscopic measures do not
necessarily reflect the microscopic mechanical features that in-
dividual cells experience within a tumor—features that could be
dominated by cell processes that are filled with relatively in-
compressible microtubules. Thus, it seems likely that individual
GBM cells could experience a broad range of stiffness in situ.
NMIIA deletion has significant effects on cell morphology,
including height, volume, and surface area (SI Appendix, Figs.
S7 and S8), and prior studies have shown that cellular geometry
correlates with proliferation (30, 60, 61). Three possible mech-
anisms could explain this. First, ERK is well known to be regu-
lated by integrin activity (62), which in turn depends on
engagement with the extracellular matrix (ECM). Consequently,
cells that have a larger surface area and volume might be
expected to have enhanced integrin-ECM attachment with
subsequent increased downstream signaling to ERK. However,
while surface area and volume of NMIIA-deleted cells remain
larger than for NMIIA-intact cells from soft to stiff surfaces
(0.7 to 50 kPa), proliferation is only enhanced on the softest end
of this range (0.2 to 1.0 kPa). Second, both proliferation rate and
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cell height vary with substrate stiffness (Fig. 4 B and C), and a
mechanism that could explain this correlation has been proposed
(63). It argues that phosphorylated second messengers have to
“run a gauntlet” of cytoplasmic phosphatases to reach their
targets, and cell flattening enhances the probability that these
signaling molecules could phosphorylate their targets before
colliding with a phosphatase. This model is consistent with our
observation that cell flattening is most pronounced in NMIIA-
deleted cells on low stiffness substrates, where both proliferation
and ERK1/2 phosphorylation are increased (Figs. 4 B and C and
5B). However, it would also predict that there should be a cor-
responding increase in phosphorylation of other second mes-
sengers, such as AKT, which we do not see (Fig. 5C). Finally, the
Young’s modulus of our GBM cells also varies with substrate
stiffness (Fig. 44) and is lowest on the softest surfaces. We could
therefore explain our results if we argue that the activity of
ERK1/2 is fine-tuned to cortical stiffness, with greater ERK1/2
phosphorylation in cells that are relatively soft. Metastatic tumor
cells typically are softer than nonmetastatic tumor or normal
cells (64, 65), and our results suggest that this softening selects
for ERK1/2-driven tumor proliferation and invasion. This ex-
planation is also consistent with a recent report, which found that
while stretching of the tissue in the Drosophila pupal notum
enhances ERK activity, compaction of this tissue inhibits it (66).

As substrate stiffness increases, the Young’s modulus of
NMIIA-deleted tumor cells correspondingly increases and on
glass it exceeds that of NMIIA-intact cells. A plausible expla-
nation for this effect is that while on soft substrates most cells,
including gliomas, have few actin bundles, these structures in-
crease as substrate stiffness increases. In the more labile and
thinner meshwork of actin bundles seen on soft substrates,
NMIIA would play a dominant role, and so its loss would have a
larger impact on stiffness. Since NMIIB has a dominant role in
ventral stress fibers, the activity of NMIIA would be less im-
portant in determining the stiffness that is now dominated by
contractile actin fibers (67).

On a stiff surface, NMIIA deletion does not activate ERK1/2.
This may reflect the increased phosphorylation of MEKI1 at
threonine 291 (Fig. 5A4), which regulates ERK1/2 activity
through a negative feedback loop (44). However, we do observe
increased phosphorylation of two members of the IkB family,
which explains the enhanced NF-xB transcriptional activity (Fig.
6 A-D). In endothelial cells, the NMII regulatory light chain
tonically suppresses NF-kB activity through its antagonism of
TRAF2 binding to the TNF receptor superfamily (68). In cells
such as GBM, where NMIIA is the major isoform, this would
predict enhanced NF-kB activity with NMIIA deletion over the
entire range of substrate stiffness (Fig. 6). However, in endo-
thelial cells, ERK can block the activation of NF-xB (69). Were
this mechanism active in in our murine GBM cells as well, then
the increased ERK activity that we see on soft surfaces might
explain why we do not see an increase in NF-kB activity under
these conditions. NF-kB has been shown to play a central role in
the maintenance of tumor stem cells (48, 70-73), and this is
consistent with our finding that on a hard surface NMIIA sup-
pression enhances the activity of Sox2 in GBM and Nanog in
breast carcinoma (Fig. 6 E and F). That NMIIA deletion leads to
activation of stem cell transcription factors is consistent with
reports that NMII inhibition enhances survival of pluripotent
stem cells in vitro (74, 75). SI Appendix, Fig. S12 summarizes
these relationships between NMIIA expression, substrate stiff-
ness, and ERK1/2 and NF-kB signaling.

In both neurons and GBM, cell migration varies with substrate
stiffness in a manner that is characterized by a stiffness optimum.
We have previously shown that two factors determine the posi-
tion of this optimum—the internal, retrograde force generated
by myosin motors on actin filaments and the compliance of cell-
ECM attachments (76). Our current data suggest that there is a
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similar optimality in the dependence of growth on substrate
stiffness—one that is also modulated by myosin II (Fig. 4D). The
relevance of microenvironmental mechanics to tumor growth is
also consistent with evidence that enhanced ECM stiffness can
make GBM more aggressive (77).

Tumor invasion, like other forms of cell motility, requires tight
spatial and temporal control of NMII activity, which is regulated
by rho kinase (ROCK)-mediated phosphorylation of the NMII
regulatory light chain. While we have shown that suppression of
NMII activity can block tumor invasion, so too can overexpression
of NMII or of a constitutively active rho kinase (77). Furthermore,
mice bearing orthotopic human GBMs that express a constitu-
tively active form of RhoA survive longer than those with control
GBMs. While transfection with NMII or rho kinase may not be
therapeutically practical, a small-molecule activator of NMIIB and
IIC, 4 hydroxyacetophenone, also blocks invasion of pancreatic
adenocarcinoma (78), suggesting that enhancement of tumor
contractility may have therapeutic potential.

Our results imply that in GBM tumor proliferation and tumor
invasion are linked, and that effective therapy requires targeting
both phenotypes. Our finding that there is a dichotomy between
ERKI1/2 and NF-«B signaling in GBM that is connected to en-
vironmental mechanics is reminiscent of an earlier study (79)
which demonstrated that there is a dichotomy in the behavior of
GBM tumor cells between two phenotypes—one characterized
by high proliferation and the other by high dispersion. This di-
chotomy, referred to as “go or grow,” is associated with corre-
sponding differences in the expression of key transcriptional
factors (15). The proliferation-dominant GBM cells, found in the
core of the tumor, up-regulate several transcription factors that
are downstream of ERK1/2, including MYC, CREB, and CRE-
ATF, while the invasion-dominant GBM cells, found at the tumor/
brain interface, up-regulate NF-kB. Furthermore, prior studies
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with antiangiogenics have found that this antiproliferative therapy
enhances tumor invasion (80, 81). Combined with our results, this
suggests that targeting GBM proliferation may enhance GBM
invasion, and vice versa. If this premise is correct, we would pre-
dict that for a GBM therapy to be effective it must inhibit both
invasion and proliferation simultaneously. Our finding that code-
letion of NMIIA and IIB prevents tumorigenesis supports this
premise. While a pan-NMII targeting approach is likely to be too
toxic to be clinically practical, we note that a number of other
molecular motors, including several mitotic kinesins (82), drive
both tumor proliferation and invasion and may serve as effective
targets for blocking the two defining phenotypes of GBM.

Materials and Methods

Retrovirus production, intracranial injection methods, and establishment of
primary cell lines from our PTEN-deleted and PTEN/NMIIA-codeleted tumors
were performed as described previously (16, 17). The manufacture and use of
migration manifolds was performed as described in ref. 26. Transwell assays
were performed as described in ref. 22. A complete discussion of all
remaining methods, including generation of murine tumors, reporter assays,
tumor invasion assays, and histologic analysis is included in S/ Appendix.

All mouse procedures were performed with adherence to protocols ap-
proved by the Institute Animal Care and Use Committees at the Lerner Re-
search Institute of the Cleveland Clinic and the Mayo Clinic.
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