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Small-molecule agonists of mammalian 
Diaphanous–related (mDia) formins reveal an 
effective glioblastoma anti-invasion strategy

ABSTRACT  The extensive invasive capacity of glioblastoma (GBM) makes it resistant to sur-
gery, radiotherapy, and chemotherapy and thus makes it lethal. In vivo, GBM invasion is medi-
ated by Rho GTPases through unidentified downstream effectors. Mammalian Diaphanous 
(mDia) family formins are Rho-directed effectors that regulate the F-actin cytoskeleton to 
support tumor cell motility. Historically, anti-invasion strategies focused upon mDia inhibition, 
whereas activation remained unexplored. The recent development of small molecules di-
rectly inhibiting or activating mDia-driven F-actin assembly that supports motility allows for 
exploration of their role in GBM. We used the formin inhibitor SMIFH2 and mDia agonists 
IMM-01/-02 and mDia2-DAD peptides, which disrupt autoinhibition, to examine the roles of 
mDia inactivation versus activation in GBM cell migration and invasion in vitro and in an ex 
vivo brain slice invasion model. Inhibiting mDia suppressed directional migration and spher-
oid invasion while preserving intrinsic random migration. mDia agonism abrogated both ran-
dom intrinsic and directional migration and halted U87 spheroid invasion in ex vivo brain 
slices. Thus mDia agonism is a superior GBM anti-invasion strategy. We conclude that formin 
agonism impedes the most dangerous GBM component—tumor spread into surrounding 
healthy tissue. Formin activation impairs novel aspects of transformed cells and informs the 
development of anti-GBM invasion strategies.

INTRODUCTION
Glioblastoma (GBM) is the most frequently diagnosed primary ma-
lignant brain tumor in adults (Dolecek et al., 2012). Standard therapy 
of surgical resection followed by temozolomide and radiation ex-
tends survival by only months (Grossman et  al., 2010). Individual 
cells migrate up to several centimeters from the primary tumor 

(Giese et  al., 1996) and compromise essential CNS function 
(Batchelor et al., 2013). Because tumors lack an easily defined mar-
gin, complete surgical resection is impossible and precise radiother-
apy is difficult (Berens and Giese, 1999). Refractory cells escape, in-
vade, and give rise to recurrent disease (Giese et al., 2003; Lefranc 
et al., 2005). In addition, invasive GBM cells are more resistant to 
radiotherapy (Milano et al., 2010) and chemotherapy (Nakada et al., 
2007) than noninvasive counterparts. An inverse correlation be-
tween cell motility and proliferation exists, in that genes driving pro-
liferation are down-regulated in migrating GBM cells (Mariani et al., 
2001). Therefore inhibiting invasion would not only limit the spread 
of disease, but it also might sensitize cells to conventional therapies 
(Berens and Giese, 1999).

Tumor cell invasion relies upon coordinated assembly and disas-
sembly of the actin cytoskeleton that physically supports cell struc-
tures. Mammalian Diaphanous (mDia)–related formins (mDia1, 2, 
and 3) are effectors for Rho GTP-binding proteins in establishing and 
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enriched areas on the cell periphery (Figure 1, D and E). mDia2 
exhibited nuclear and cytoplasmic localization. This is consistent with 
previous reports in a host of tumor and nontumor cell types (Peng 
et al., 2003; Eisenmann et al., 2007b; Gupton et al., 2007; Watanabe 
et al., 2008; Gorelik et al., 2011; Pettee et al., 2014).

Requirement for mDia in U251 persistent migration
To evaluate mDia’s role in GBM migration in two dimensions, we 
performed scratch assays (Figure 2A) and tracked individual cell mi-
gratory paths for 24 h postscratch (Supplemental Figure S1). We 
calculated the total distance cells moved (T), the net distance or the 
portion of total distance migrated that moves a cell toward the 
scratch center (D), cell velocity (T/time in hours), and the persistence 
(D/T) (Figure 2, B–G).

We tracked the migration paths of U251 cells expressing domi-
nant-negative yellow fluorescent protein (YFP)–mDia1-FH2ΔN, 
which interferes with both mDia1- and mDia2-driven F-actin assem-
bly (Copeland and Treisman, 2002; Eisenmann et al., 2007b; Figure 
2D confirms plasmid expression). Cells were also treated with 
SMIFH2, a small-molecule mDia formin inhibitor (Rizvi et al., 2009), 
or were transfected with mDia1 or mDia2 small interfering RNA 
(siRNA; Supplemental Figure S2).

To initially assess functional inhibition of mDia in SMIFH2-treated 
U251 cells, we used an SRE-lacZ reporter assay (Figure 2H; Alberts 
et  al., 1998b). Of interest, serum response factor (SRF) activation 
was unaffected by SMIFH2 treatment in the presence of serum. The 
inability of formin inhibition by SMIFH2 to effectively block SRF acti-
vation is not altogether surprising. SRF senses changes in actin 
monomer content created by changes in assembly and disassembly 
by multiple mechanisms. For example, LIM-kinase, which stabilizes 
F-actin by inactivating F-actin severing by cofilin, is a potent activa-
tor of SRF. Similarly, vasodilatator-stimulated phosphoprotein and 
Wiskott–Aldrich syndrome protein–activated Arp2/3 alteration of G-
actin pools activates SRF (Sotiropoulos et al., 1999; Geneste et al., 
2002; Grosse et al., 2003). Each of these activities constitutes es-
sential processes needed to create cell structure components by 
SRF (α, β, γ-actin) during cellular replication and regeneration, and 
so biology has created multiple avenues in addition to formins to 
affect new gene expression in the nucleus. However, functional 
readouts of cellular F-actin content and microtubule stability re-
vealed that SMIFH2 treatment was affecting both F-actin and micro-
tubule dynamics (Supplemental Figures S3–S5, respectively). To as-
sess whether changes in microtubule dynamics were equally 
influenced by SMIFH2, we treated U251 monolayers with SMIFH2 
and assessed global levels of β-tubulin as well as microtubule stabi-
lization through Western blotting for detyrosinated tubulin (Supple-
mental Figure S5). Short-term (1–2 h) SMIFH2 treatment negatively 
affected both β-tubulin levels and detyrosination, suggesting that 
the mechanism of action for SMIFH2 could be twofold, affecting 
both microtubule and F-actin dynamics. Longer-term incubation of 
cells with SMIFH2 did not reveal similar effects, perhaps due to drug 
stability, as previously postulated (Isogai et al., 2015).

Loss of mDia expression/activity did not dramatically affect the 
total distance migrated by U251 cells over 24 h (Figure 2C). The total 
distance migrated was modestly reduced in cells expressing YFP-
mDia1-FH2ΔN (by 12%) or mDia2 siRNA (17%) and in SMIFH2-treated 
cells (15%). In contrast, net distance was significantly and dramatically 
reduced by 62, 50, and 59%, respectively (Figure 2E). Of interest, cell 
velocities were unaffected by mDia suppression (Figure 2F). Finally, 
mDia depletion or functional inhibition revealed significantly reduced 
persistence, likely attributed to wandering paths of still relatively mo-
tile individual cells (Figure 2F and Supplemental Figure S1).

maintaining polarized cell adhesion, migration, and division in both 
normal and malignant cells (Chesarone et al., 2010). The gene/pro-
tein nomenclature is complicated; human mDia proteins are also 
referred to as Dia, DIAPH, hDia, or Drf and are encoded by the 
DIAPH/DRF genes. For example, human mDia2 protein is encoded 
by the DIAPH3/DRF3 gene, whereas mDia1 protein is encoded by 
DIAPH1/DRF1. For simplicity, we will refer to the original mDia1 and 
mDia2 genes and proteins under study here (Watanabe et al., 1997; 
Alberts et al., 1998a). GTP-bound Rho proteins bind to and allosteri-
cally disrupt an autoinhibition mechanism between the Dia-inhibi-
tory and Dia-autoregulatory domains (DID and DAD, respectively) 
that flank the formin homology-1 and -2 (FH1 and FH2) domains 
(Lammers et al., 2005; Nezami et al., 2006). The FH2 domain gener-
ates linear actin filaments through a processive elongation mecha-
nism (Wallar and Alberts, 2003; Harris et  al., 2006; Kovar, 2006; 
Baarlink et al., 2010; DeWard et al., 2010). Although several small 
molecules inhibiting mDia formins exist, solubility issues limit the use 
of most reagents in cell culture. Only the small-molecule inhibitor 
SMIFH2 affects mDia-mediated functions in living cells, including 
cell motility (Gauvin et al., 2009). Conversely, the small molecules 
intramimic-01 (IMM-01) and IMM-02 activate mDia2 by disrupting 
the autoinhibitory DID-DAD interaction and function as mDia ago-
nists (Lash et al., 2013). IMM-01 and -02 induce F-actin assembly and 
stabilize microtubules in cells and as a consequence cause cell-cycle 
arrest, apoptosis and impair tumorigenesis from xenografted tumor 
cells implanted into immune-deficient mice (Lash et al., 2013).

Owing to their critical roles in regulating tumor cell migration 
and invasion, we evaluated mDia inhibition and activation to deter-
mine whether either strategy has potential as a clinical intervention 
in GBM treatment. We showed that either functional inhibition or 
suppression of mDia expression negatively affected persistent mi-
gration in two dimensions, yet the cells remained motile. Con-
versely, activation through dominant-active mDia2 expression or 
IMM-01/02 incubation dramatically suppressed both net migration 
and total distance migrated. In both Transwell and spheroid invasion 
assays, mDia activation was superior to inactivation in blocking inva-
sion. Finally, IMM-mediated mDia2 agonism blocked GBM spheroid 
cellular invasion in a rat brain slice invasion model. These findings 
indicate that agonism may represent an effective and clinically rele-
vant GBM therapeutic strategy.

RESULTS
mDia expression in GBM clinical samples 
and invasive cell lines
To explore a possible role for mDia formins in GBM, we examined 
their expression in clinical samples. Expression of DIAPH1 and 
DIAPH3 (encoding mDia1 and mDia2, respectively) was assessed in 
noncancerous human brain and grades I–IV glioma by analyzing 
previously published Affymetrix whole-genome expression array 
data using probes corresponding to the mDia1 and mDia2 FH2 do-
mains (Gravendeel et al., 2009). DIAPH1 expression in high-grade 
glioma was equivalent to nonglioma controls, although it was 
slightly elevated in grade II and reduced in grade I glioma (Figure 1A). 
In contrast, DIAPH3 expression was elevated in grades II, III, and IV 
glioma relative to normal brain and to grade I glioma (Figure 1B).

Next we examined a panel of human GBM cell lines for mDia 
protein expression. All cell lines expressed mDia1 and mDia2, al-
though levels varied (Figure 1C). Our remaining studies were con-
ducted with invasive U251 or U87 cell lines (Strojnik et  al., 2006; 
Radaelli et al., 2009; Hsieh et al., 2012). We evaluated the spatial 
localization of endogenous mDia proteins, and in both cell lines 
mDia1 was diffusely cytoplasmic, with some colocalization in F-actin–
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the migration of cells expressing YFP-mDia2-ΔGBD (Tominaga 
et al., 2000) and cells treated with the agonist IMM-01 or IMM-02 
(Supplemental Figure S1). IMM drugs were previously shown to 
agonize mDia2 and play a role in both F-actin dynamics (by block-
ing mDia DID-DAD binding) and microtubule stabilization in NIH 
3T3 and, to a lesser extent, SW480 cells (Lash et  al., 2013). As 

mDia activation blocks U251 cell motility
We next examined the effects of constitutive mDia activation on 
U251 directionality and the total distance migrated. mDia activation 
can act to stabilize both the F-actin and microtubule cytoskeletons 
(Alberts, 2001; Palazzo et al., 2001; Lash et al., 2013), preventing 
turnover of motility structures necessary for migration. We tracked 

FIGURE 1:  mDia formin expression in human glioma and glioblastoma cell lines. (A, B) Expression of DIAPH1, encoding 
mDia1 (A), and DIAPH3, encoding mDia2 (B), in normal human brain and glioma samples as assessed by Affymetrix 
whole-genome expression array (Gravendeel et al., 2009). p values are indicated below the graphs. Error bars indicate 
SD. (C) mDia1 and mDia2 protein expression in a panel of human glioblastoma cell lines as assessed by Western blot 
and immunoprecipitation, respectively. (D, E), mDia1 and mDia2 expression and localization in U251 (D) and U87 (E) cells 
as assessed by immunofluorescence.
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FIGURE 2:  mDia formins are required for persistent U251 glioblastoma cell migration. (A) Wound-healing assays using 
U251 cells plated to confluence. Scratches were introduced and imaged every 30 min for 24 h. Representative 
10× images. (B) U251 cells were transfected with YFP, dominant-negative YFP-mDia YFP-FH2ΔN, or constitutively active 
YFP-ΔGBD; or cells were treated with 40 μM SMIFH2; or transfected with siRNA against mDia1 or mDia2. Persistent 
migration was calculated by measuring the net distance, D, between the cell start (point A) and finish (point B) and 
dividing by the total distance migrated, T. (C) A minimum of 20 cells per condition was tracked. p values are relative to 
YFP (*), transfection reagent controls ($), or DMSO (#). *,$,#p < 0.05; **,$$,##p < 0.0001. Error bars indicate SD. (D) U251 
cells were transfected with lipid or with YFP, YFP-FH2ΔN, or YFP-ΔGBD, and lysates were collected after 24 h. 
Overexpression was assessed by Western blotting. (E–G) Values of D, velocity (T/time in hours), and persistence 
(D/T) were calculated for a minimum of 20 cells tracked per condition. Each experiment was performed at least 
thrice. (H) U251 cells were microinjected with reporter plasmid encoding SRE-LacZ, and Texas red as a marker for 
microinjection. After 1 h, cells were treated for 4 h with 10% (vol/vol) FBS, DMSO, 40 μM SMIFH2, or 100 μM IMM-01 or 
IMM-02, alone or in combination as indicated. Bars represent mean ± SD from three experiments in which 20–40 cells 
were microinjected for each condition.
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Altered mDia functional activity affects 
Golgi polarity in migrating U251 cells
Changes in formin functional activity were 
previously linked to defects in Golgi polarity 
(Zaoui et al., 2008; Ang et al., 2010; Colon-
Franco et al., 2011; Zilberman et al., 2011; 
Isogai et  al., 2015) in U2OS, HCT116, and 
other cell lines. We therefore assessed 
whether the Golgi failed to align in the direc-
tion of U251 migration in a scratch assay. 
During cell migration, the Golgi typically 
aligns in front of the nucleus in the direction 
of migration. We visualized the Golgi in mi-
grating cells by staining with anti-gm130 
Golgi marker antibodies and quantified 
Golgi polarity in the direction of a wound. 
Indeed, whereas the Golgi was visualized as 
a large punctate structure aligned in the front 
of the nucleus in the direction of the wound 
in 30–40% of untreated or dimethyl sulfoxide 
(DMSO)–treated cells (Figure 3, A and B; 
dashed green line indicates wound), cells 
treated with SMIFH2 for 1 h had a significant 
reduction in the percentage of cells with a 
polarized Golgi. This was overcome over lon-
ger treatments (through 3 h), potentially due 
to drug stability (Isogai et al., 2015). These 
results indicate a role for mDia-mediated F-
actin dynamics in establishing Golgi polarity, 
which is critical for cell migration, and these 
findings agree with previous reports in U2OS 
and HCT116 cells using mDia dominant-
negative expression or SMIFH2 treatment 
(Zilberman et al., 2011; Isogai et al., 2015). 
Of interest, there was no increase in Golgi 
polarity in IMM-01–treated cells relative to 
controls. Although there was a ∼25% in-
crease in Golgi polarity due to IMM-02 treat-
ment relative to DMSO controls, this was not 
statistically significant.

Altered mDia activity reduces 
chemotactic single-cell invasion
We next sought to determine whether 
mDia activation or suppression affected in-
vasion through Matrigel. U87 (Figure 4, 
A–C) cells were treated with SMIFH2, IMM-

01, or IMM-02, and Transwell invasion assays were performed. 
Whereas DMSO-treated cells invaded toward fetal bovine serum 
(FBS) relative to serum-free controls, both mDia inhibition and ac-
tivation significantly inhibited invasion (Figure 3, A–C). Similar re-
sults were achieved in U251 cells (Supplemental Figure S6).

mDia inhibition and/or depletion reduces spheroid invasion
Whereas both inhibition and activation impaired single-cell chemo-
taxis through Transwells, these assays are an incomplete representa-
tion of GBM invasion compared with a primary tumor. Therefore we 
assessed invasion using a spheroid invasion assay, which measures 
the invasive capacity of a multicellular mass in three-dimensional 
(3D) space, which is more representative of in vivo conditions 
(Del Duca et al., 2004). U87 and U251 spheroids were formed, em-
bedded in Matrigel, and invaded for 48 h. Spheroid invasion was 

shown in Figure 2H, IMM drugs induced SRF activity in a reporter 
system in U251 cells, indicating enhanced actin dynamics. Increases 
in cellular F-actin content were also observed in the time frames 
tested (Supplemental Figures S3 and S4). Of interest, we failed to 
see increases in either β-tubulin levels or detyrosination in response 
to IMM through 2 h, whereas incubation with Taxol dramatically en-
hanced microtubule stabilization. These data indicated that in U251 
cells, IMMs were primarily affecting F-actin dynamics. Functional 
activation of mDia proteins significantly inhibited both total dis-
tance and net distance and dramatically reduced cell velocities 
(Figure 2, C, E, and F). YFP-mDia2-ΔGBD expression and IMM-02 
treatment were the most potent inhibitors of persistent migration; 
IMM-01 treatment effects were less dramatic, but this was attrib-
uted to the relatively equal inhibition of both variables used in the 
persistent migration calculation.

FIGURE 3:  Altered mDia functional activity affects Golgi polarity and morphology in migrating 
U251 cells. (A) Confluent U251 cells were scratched and simultaneously treated with DMSO, 
100 μM IMM-01, 100 μM IMM-02, or 40 μM SMIFH2 and were allowed to migrate for 1–3 h. 
Cells were stained with gm130 antibodies (red) to visualize the Golgi and DAPI (blue). At least 
30 cells from at least two independent experiments were imaged for >60 cells counted per 
condition. Quadrants were drawn on cells, with the plus quadrant facing the wound. Positive (+) 
cells had gm130 staining falling in the front quadrant. Negative cells (–) had gm130 staining 
falling in one or more of the adjacent quadrants. Values are represented as averages ± SD. 
(B) Representative 40× images.
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invaded for 48 h; this corresponded to 
120–168 h after siRNA treatment, when 
mDia expression was completely sup-
pressed (Supplemental Figure S2, C and D, 
and Figure 6A). Both mDia1 and mDia2 de-
pletion significantly impaired spheroid inva-
sion at both 24 and 48 h after embedding 
(Figure 6, B and C), comparable to SMIFH2 
treatment. This confirms that mDia loss 
slows but does not block invasion.

mDia activation inhibits 
spheroid invasion
We next determined whether mDia activa-
tion is more effective than mDia inhibition at 
suppressing spheroid invasion. U87 spher-
oids were pretreated with 100 μM IMM-01 
or IMM-02 or DMSO for 24 h before em-
bedding. Spheroids invaded for 48 h either 
in the absence of drug (“pre-trx”) or with 
continuous 100 μM IMM-01 or IMM-02 
(“contin.”) treatment. IMM-01 pretreatment 
significantly reduced invasion at 24 but not 
48 h; this is likely because the IMM-01 phar-
macodynamic profile requires frequent dos-

ing to maintain continuous mDia agonism (Figure 7A). In contrast, 
IMM-02 pretreatment significantly reduced invasion (Figure 7A). 
However, continuous IMM-01 or IMM-02 treatment was most effec-
tive at blocking spheroid invasion (Figure 7A).

Unlike control and SMIFH2-treated spheroids, on whose edges 
protrusive cells invade away from the core, spheroids treated with 
IMM-01 or IMM-02 have smooth, noninvasive edges (Figure 7, B 
and C, and Supplemental Movie S3). Washout experiments and 
DRAQ7 viability staining (Figures 7C and Supplemental Figure S9) 
confirmed that this lack of invasion was not the consequence of re-
duced cell viability but was the result of diminished invasive capac-
ity. Whereas IMM-01 and -02 continuous treatments blocked inva-
sion through 48 h, upon removal of either compound, spheroid 
invasion resumed (Supplemental Figure S9). This was confirmed in 
flow-cytometric cell cycle analysis: monolayers treated for 24–120 h 

measured by drawing a region of interest around the perimeter of 
the invasive front. Spheroids were measured upon embedding (T0) 
(Supplemental Figure S7) and after 24 and 48 h. SMIFH2 treatment 
significantly inhibited U87 (Figure 5) and U251 (Supplemental Figure 
S8) spheroid invasion relative to controls, although SMIFH2-treated 
spheroids were still invasive. Cells on the periphery of SMIFH2-
treated spheroids exhibited an invasive phenotype similar to control 
spheroids (Supplemental Movies S1 and S2). Thus loss of mDia ac-
tivity slowed spheroid invasion but was not sufficient to completely 
inhibit it.

To determine whether the effects of SMIFH2 were mediated 
through inhibition of mDia1, mDia2, or both, we assessed U87 
spheroid invasion after mDia1 and mDia2 depletion (Supplemental 
Figure S2). After siRNA treatment of monolayers for 48 h, spheroids 
were formed for 72 h. Spheroids were embedded in Matrigel and 

FIGURE 4:  Both mDia inhibition and agonism inhibit GBM Transwell invasion. (A, B), U87 cells 
treated with 40 μM SMIFH2 or 100 μM IMM-01 or IMM-02 invaded for 48 h through Transwells 
coated with GFR Matrigel. Values are expressed as RFUs. p values are relative to DMSO. 
*p <0.05; **p < 0.001. Error bars indicate SD. (C) Representative 10× images after 48-h invasion.

FIGURE 5:  mDia inhibition diminishes GBM spheroid invasion. (A) U87 spheroids were formed for 72 h and embedded 
in GFR Matrigel. Spheroids were treated with DMSO or 40 μM SMIFH2. To quantify invasion, spheroids were imaged 0, 
24, and 48 h after embedding, and the change in surface area was measured. p values are relative to DMSO control. 
**p < 0.001. All data are expressed as average ± SD. (B) Representative 4× bright-field images after 48-h invasion.
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tion prevents binding to and activation of full-length mDia (Alberts, 
2001). GST-DAD transfection significantly inhibited spheroid inva-
sion relative to glutathione S-transferase (GST) and GST-DAD-
M1041A, especially after 24 h (Supplemental Figure S11, A and B). 
This is not surprising; it is reasonable to expect recombinant pro-
teins to be less stable and therefore less effective at activating en-
dogenous mDia over time.

mDia activation inhibits spheroid invasion in an ex vivo 
brain-slice invasion model
Although these assays examined 3D invasion, they could not 
account for stromal and brain microenvironment influences. We 
therefore examined the effects of SMIFH2, IMM-01, and IMM-02 
on spheroid invasion within live cultured rat brain slices. YFP-U87 
spheroids were pretreated with DMSO, 40 μM SMIFH2, or 100 μM 
IMM-01 or IMM-02 for 24 h before placement on 400-μm rat brain 
slices. Spheroids were maintained in drugs and invaded for 3 or 
48 h before confocal imaging. The 3-h time point allowed spher-
oids to adhere to the brain-slice surface without detectable inva-
sion (Figure 8, A and C).

with DMSO, IMM-01, or IMM-02 did not induce a subdiploid popu-
lation (Supplemental Figure S10). Cell counting confirmed that con-
tinuous IMM treatment of U251 cells did not dramatically affect cell 
proliferation through 3 d of treatment, whereas SMIFH2-treated 
cells showed both reduced cell proliferation after 2 d of treatment 
and marked inhibition at 3 d of treatment (Supplemental Figure S10). 
Of interest, IMM compounds also had a minimal effect on nuclear 
morphologies/phenotypes, with only minor increase in multinuclear 
cells (Supplemental Figure S10). In contrast, SMIFH2 induced an in-
crease in both fragmented apoptotic nuclei and multinucleation 
(Supplemental Figure S10). These results are consistent with a re-
cent role proposed for mDia formins in regulating p53 expression, 
cell proliferation, and nuclear morphologies in response to SMIFH2 
treatment (Isogai et al., 2015).

To verify that IMM-01/02-mediated inhibition of spheroid inva-
sion resulted from mDia activation, we introduced recombinant 
DAD peptide into U87 spheroids via direct protein transfection. 
DAD expression increases mDia activation, resulting in both in-
creased actin fiber formation and SRF-regulated gene expression 
(Alberts, 2001). GST-DAD-M1041A served as a control; this muta-

FIGURE 6:  mDia1 and mDia2 depletion reduces spheroid invasion. (A) Western blotting of lysates collected 144 h after 
siRNA treatment (corresponding to 24 h after spheroid embedding) confirmed mDia1 and mDia2 depletion. (B) YFP-U87 
spheroids were formed 24 h after treatment with siRNA; 72 h after spheroid formation (96 h after siRNA treatment), 
spheroids were embedded in Matrigel. Spheroids were imaged at 0, 24, and 48 h. Data are expressed as increases in 
spheroid area from 0-h area. Experiments were performed in triplicate, and results are shown as increase in surface area 
relative to 0-h spheroid area. Data are expressed as average ± SD. p values are relative to untreated (untrx) control. 
**p < 0.001. (C) Representative 4× bright-field images. Scale bar, 1000 μm.
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FIGURE 7:  Spheroid invasion is inhibited by mDia agonism. (A) U87 spheroids were formed for 72 h, embedded in 
Matrigel, and treated with DMSO or 100 μM IMM-01 or IMM-02. Spheroids were imaged 0, 24, and 48 h 
postembedding. Data are expressed as increases in spheroid area from the area at 0 h. Here, “pre-trx” indicates 
spheroids treated with the indicated compound for 24 h before embedding; “contin.” indicates spheroids treated with 
100 μM of the indicated compound from 24 h before embedding and throughout the invasion assay. p values are 
relative to DMSO. *p < 0.05; **p < 0.001. All data are expressed as average ± SD. (B) Representative 4× bright-field 
images after 48-h invasion. Scale bars, 1000 μm. (C) U87 spheroids were formed for 72 h and embedded in GFR 
Matrigel. Spheroids were invaded for 48 h while being treated with DMSO (control), 40 μM SMIFH2, 100 μM IMM-01, 
100 μM IMM-02, or a 50% mixture of ethanol (EtOH):medium (positive control for viability). Spheroids were also treated 
with DRAQ7 to visualize apoptotic nuclei. Fixed spheroids were stained for F-actin and imaged using confocal 
microscopy with 2.5-μm Z-stacks at 20× images with a 2.25 digital zoom. Representative 3D projections.
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FIGURE 8:  Ex vivo rat brain-slice spheroid invasion is inhibited by mDia agonism. (A, B) U87 spheroids were formed for 
72 h and pretreated with DMSO, 40 μM SMIFH2, 100 μM IMM-01, or 100 μM IMM-02 for 24 h before being placed on 
the surfaces of brain slices for invasion assays. Spheroids and brain slices were fixed after 3 (A) or 48 (B) h. Invasion was 
assessed by confocal microscopy with 10-μm Z-stacks and calculating the relative YFP-positive area (which corresponds 
to glioma cells) for each successive depth. Data are plotted as percentage of maximum surface area corresponding to 
the surface area of spheroids at the brain-slice surface. Invasion depth was calculated by finding the depth where YFP 
area equaled 50% of the maximum surface area at the brain-slice surface; p values are relative to DMSO. *p < 0.05. 
Experiments were performed in duplicate, and data are shown from a representative experiment. (C, D) Three-
dimensional projections were created from confocal images, and the YFP-positive projection area for spheroids fixed 
after 3 (C) or 48 (D) h was calculated to measure cell invasion on the xy-axis. p values are relative to DMSO. *p < 0.05. 
(E) Representative 10× YFP 3D projections after 3 or 48 h of invasion.
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mental Figure S5, B and D). The former result is consistent with 
SMIFH2 treatment in U206 and HCT116 cells (where rapid polymer-
ization/depolymerization cycles were seen, but detyrosination was 
not assessed; Isogai et al., 2015). Furthermore, SMIFH2 treatment in 
an Arabidopsis model disrupted formin-mediated F-actin dynamics 
while decreasing microtubule density (Rosero et al., 2013). Collec-
tively these results indicate that the effects of SMIFH2 on microtu-
bule dynamics in response to suppression of formin-mediated F-
actin assembly are indeed complex in different models and among 
formins themselves (Rizvi et al., 2009; Gaillard et al., 2011).

Unexpectedly, IMM treatment failed to stabilize the microtubule 
array, in contrast to Taxol (Supplemental Figure S5). This was surpris-
ing and in contrast with previous results using IMMs in SW480 and 
NIH3T3 cells, which showed that IMMs led to modest stabilization/
detyrosination of microtubules (Lash et  al., 2013); the effect was 
more profound in NIH3T3 fibroblasts maintained before treatment 
in the absence of serum. Under these conditions, the cells have little 
or no detyrosinated microtubules, or the stable microtubules “dis-
solve” or are eliminated. The responses here were similar to what 
was previously shown in SW480 colon cancer cells; cancer cells may 
have sufficient “innate” signals that leave a large pool of detyros-
inated/stable microtubules present before mDia stimulation with 
IMMs. Therefore the effects of IMMs on the MT arrays of cancer cells 
do not appear to be as striking as with the serum-deprived NIH 3T3s 
stimulated with IMMs.

Future studies should be devoted to establishing a full under-
standing of the role of formins and their inhibition and activation in 
the later stages of cell division that precede cytokinesis in tumor 
cells, where formins have critical roles in abscission (Gopinath et al., 
2007; Watanabe et al., 2008). This is important because Taxol kills 
tumor cells specifically in anaphase by triggering a poorly under-
stood programmed-cell-death response as cells disassemble micro-
tubules to pull apart chromatids. Knowledge of cell death or cyto-
toxic responses to Taxol and IMMs or formin inhibition in specific 
tumor cell types needs to be clarified. If IMMs and formin are to be 
used therapeutically either alone or with Taxol, the mechanism of 
apoptosis or cell cycle arrest will dictate when they might be most 
effective as an anticancer strategy. This is important because migra-
tion/metastasis and cell division/anaphase are mutually exclusive 
events.

Alterations in mDia-driven F-actin dynamics via SMIFH2 or IMM 
treatment, siRNA-mediated depletion, or expression of functional 
mutants affect U251 GBM cell migration. In the case of formin inhi-
bition through SMIFH2 treatment, this is accompanied by altera-
tions in Golgi polarity in the direction of migration (SMIFH2 treat-
ment, 1 h—the optimal treatment window as previously suggested; 
Isogai et al., 2015; Figure 3). Juxtanuclear positioning of Golgi is a 
critical feature of cell migration (Kupfer et al., 1982; Nobes and Hall, 
1999). Indeed, F-actin dynamics critically modulates Golgi polarity 
during cell migration and extension of actin-enriched protrusions 
(Magdalena et al., 2003; Quassollo et al., 2015). Therefore defects 
in Golgi polarity may contribute to failure of cells to persistently 
migrate toward the scratch center (Figure 2 and Supplemental 
Figure S1). Indeed, a role for mDia formins in establishing Golgi 
structure and polarity in migratory cancer cells has been postulated 
(Colon-Franco et  al., 2011; Ramabhadran et  al., 2011; Zilberman 
et al., 2011; Isogai et al., 2015). In the case of IMM treatment and 
formin agonism, Golgi polarization toward the direction of migra-
tion was not diminished. Indeed, IMM-02 treatment led to an in-
crease in Golgi polarization toward the wound, albeit not statistically 
significant relative to controls. It is possible that the increase in 
F-actin content reduced dynamic Golgi positioning in response to 

Vehicle-treated spheroids substantially invaded within brain 
slices by 48 h (Figure 8B), and invasive cells were detected 
>150 μm below the slice surface; SMIFH2 significantly reduced 
spheroid invasion (Figure 8B). The depth of invasion for SMIFH2-
treated spheroids was 62.2 μm. This differed from the result for 
DMSO-treated spheroids (85.7 μm). In contrast, IMM-01 or IMM-
02 treatment more dramatically inhibited invasion, with depths of 
invasion of 39.9 and 31.2 μm, respectively (Figure 8B).

We then assessed how mDia regulation affects GBM cell inva-
sion away from the spheroid and into the brain slice along the x- 
and y-axes by measuring the YFP-positive surface area of 3D pro-
jections (Figure 8, C and D). Whereas the YFP-positive surface 
areas of treated spheroids (3 h) were equivalent (Figure 8C), IMM-
02 inhibited invasion in x- and y-axes relative to DMSO, and 
SMIFH2 and IMM-01 did not (Figure 8D). Protrusive cells invade 
away from the DMSO- and SMIFH2-treated spheroid cores, 
whereas fewer protrusions were seen in IMM-01– and IMM-02–
treated spheroids. DRAQ7 was included during the invasion assay 
for dynamic visualization of nonviable cells. SMIFH2, IMM-01, and 
IMM-02 treatments resulted in minimal toxicity to brain slices rela-
tive to DMSO-treated or ethanol-treated brain slices (Figure 8E). 
These data indicate that mDia agonism blocks invasion under 
physiologically relevant conditions and that IMM-01 and IMM-02 
do not negatively affect the surrounding brain tissue viability.

DISCUSSION
The inability of current therapeutics to provide more substantial 
survival benefits for GBM patients is due, in part, to the invasive 
capacities of tumor cells. Here we delineate the role of mDia 
formins in GBM cell motility. We reveal a role for mDia in persistent 
migration (i.e., cell motility in a single direction): loss of mDia func-
tion/expression inhibited persistent migration in scratch assays 
without affecting random migration (i.e., cellular migration with low 
intrinsic directionality). Conversely, mDia activation through domi-
nant active mDia expression constructs or IMM small-molecule 
treatment inhibited both intrinsic directional and random migration 
in scratch assays. In Transwell invasion assays, both mDia inhibition 
and agonism inhibited chemotactic, single-cell tumor invasion. 
However, in spheroid invasion assays, mDia inhibition slowed GBM 
invasion and mDia agonism completely blocked it.

Our findings that mDia inhibition reduced directionally persis-
tent but not random migration points to a role for mDia in the 
maintenance of glioma cell intrinsic directionality. This is not sur-
prising because Rho small GTP-binding proteins regulate the for-
mation and stabilization of persistent actin-rich protrusions that 
drive directional migration (Petrie et  al., 2009). Decreased Rac1 
activity through expression of mutants failing to interact with β1 
integrin–promoted directional migration, whereas higher Rac1 ac-
tivity converted cells into a wandering type of stochastic motility 
(Pankov et al., 2005). This likely involves downstream effectors, as 
Rho GTPases work through effectors to stabilize microtubules and 
polymerize F-actin, thereby promoting cell polarity and directional 
migration (Fukata et al., 2003). mDia1 was crucial in neutrophil direc-
tionally persistent chemotactic migration (Shi et  al., 2009). mDia-
mediated F-actin assembly supporting the lamella facilitates migra-
tion (Gupton et al., 2007); furthermore, mDia can selectively stabilize 
a subset of microtubules through posttranslational modifications 
(i.e., acetylation, detyrosination) to promote cell polarity (Fukata 
et al., 2003) by polarizing the microtubule pool itself (Wen et al., 
2004; Gundersen et al., 2005; Eng et al., 2006; Morris et al., 2014).

We found that short-term SMIFH2 treatment inhibited both 
global β-tubulin expression and microtubule stabilization (Supple-
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In summary, our results offer compelling evidence for mDia ago-
nism through enhanced F-actin dynamics as an effective GBM thera-
peutic strategy. Our results suggest that mDia inhibition is not an 
optimal GBM anti-invasive strategy, as it permits cellular motility of 
low intrinsic directionality through mDia-independent mechanisms. 
In contrast, mDia agonism blocks motility and is not easily overcome 
by adaptive mechanisms. Finally, although these results indicate a 
promising role for mDia formins in blocking GBM spheroid invasion 
in both in vitro and ex vivo models of invasion, it will be necessary in 
the immediate future to determine the specific contributions of indi-
vidual FH2 domain–containing formins (and their isoforms) through 
knockdown, as the specificity of small-molecule mDia formin ago-
nists and antagonists remains unexplored.

MATERIALS AND METHODS
Cell culture, transfection, plasmids, and time-lapse imaging
U87, U343, U118, T98G, SNF19, SF295, LN229, and A172 glioblas-
toma cells were a kind gift from William Maltese and Jean Over-
meyer (University of Toledo). U251 cells were a kind gift from Marthe 
Howard (University of Toledo).

Cells were maintained in DMEM (Life Technologies, Grand 
Island, NY) with 10% FBS (vol/vol), 100 U/ml penicillin, and 
100 mg/ml streptomycin in a 37°C incubator with 5% CO2. For plas-
mid transfections, U251 cells were transfected with Lipofectamine 
LTX with Plus reagent (Invitrogen, Grand Island, NY) per the manu-
facturer’s specifications. For siRNA transfection in U251 and U87 
cells, Dharmafect ON-TARGETplus SMART-pools (Thermo Scien-
tific, Grand Island, NY) against human DRF1 (mDia1) or DRF3 
(mDia2) were used at 50 nM with Dharmafect-1 reagent.

Cell lysates were made using lysis buffer (0.5 M Tris-HCl, pH 6.8, 
glycerol, 10% [wt/vol] SDS, 0.1% [wt/vol] bromophenol blue) sup-
plemented with dithiothreitol (DTT). Immunoprecipitation lysates 
were prepared in lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 
1% NP-40, 10% glycerol) containing 0.1 M each sodium vanadate, 
aprotinin, pepstatin, leupeptin, dithiothreitol, and phenylmethylsul-
fonyl fluoride (PMSF), and immunoprecipitations were performed as 
described (Eisenmann et  al., 2007a). Rabbit anti-mDia1 (Protein-
Tech, Chicago, IL) and mouse anti-mDia2 (AbCam, Cambridge, MA) 
antibodies were used. Anti–acetylated tubulin antibodies (Glu-tub) 
were a kind gift from Greg Gundersen (Columbia University). Time-
lapse images were acquired with an Olympus IX-81 microscope, 
Olympus UPlanFL 0.30 NA lens, and environmental chamber that 
maintained cells at 37°C in a 5% CO2. Images were acquired at 30-
min intervals.

siRNA sequences
siRNAs against human sequences were from Thermoscientific as fol-
lows: DIAPH1 pool (LQ-010347); DIAPH3 pool (LQ-018997); indi-
vidual siRNA for DIAPH3-7 (J-018997-07); and glyceraldehyde-
3-phosphate dehydrogenase pool (D-001830).

Immunofluorescence
Cells were fixed with 4% paraformaldehyde (PFA)/phosphate-buff-
ered saline (PBS), permeabilized with 0.2% Triton X-100 (TX100), 
washed, and incubated with the indicated primary antibody over-
night at 4°C. Cells were incubated with Alexa Fluor–labeled second-
ary antibody (Alexa 488, 546, or 647) and phalloidin (Molecular 
Probes, Grand Island, NY). Coverslips were mounted onto glass 
slides with Fluoromount-G (Southern Biotech, Birmingham, AL).

For 3D immunofluorescence, cells were resuspended in GFR-
Matrigel (BD Biosciences, San Jose, CA) for 45 min at 37°C be-
fore addition of complete medium. Cells were fixed using 4% 

migratory cues, but further studies are required to fully understand 
the exact mechanism and kinetics by which IMM treatment affects 
Golgi positioning in migrating GBM cells.

We propose that mDia agonism and inhibition differentially af-
fect persistent migration by confounding the cellular steering mech-
anism, or “compass.” In cells with balanced mDia activity, direc-
tional persistence is maintained through establishment of a single 
polar leading edge (one compass) with mDia-directed, F-actin–en-
riched lamellae (Gupton et al., 2007). mDia also directs microtubule 
tethering, stabilization, and vesicle trafficking at the leading edge to 
control polarity (Wallar et al., 2007; Zaoui et al., 2008; Daou et al., 
2014). mDia agonism would cause migrating cells to lose polarity/
persistence by establishing multiple cellular compasses. Sustained 
mDia agonism disrupts F-actin dynamics and cellular rigidity through 
enhanced stress fiber production and formation of F-actin–enriched 
membrane protrusions (Alberts, 2001; Peng et al., 2003; Lash et al., 
2013). Thus both persistent and random migration would be af-
fected through loss of net intrinsic asymmetry in the actin- and mi-
crotubule-directed migration machinery.

When activated, mDia proteins are believed to interact with 
barbed ends of F-actin, thereby interfering with dynamic treadmill-
ing associated with filament assembly and vesicle trafficking (Wallar 
et al., 2007). Disrupting vesicle trafficking to the leading edge could 
impair persistent migration. In contrast, mDia suppression or func-
tional inhibition drives an apolar cell type lacking a cellular compass 
or persistent leading edge. Random migration is possible if cells 
maintain a low intrinsic directionality due to incomplete formin sup-
pression. Random migration also occurs if cells lacking formin activ-
ity lose cellular steering mechanisms by negatively affecting recruit-
ment or delivery of signaling proteins driving migration (i.e., Src, Erk) 
to the leading edge (Tominaga et al., 2000; Gasman et al., 2003; 
Wallar et al., 2007; Hager et al., 2012). Therefore the impaired per-
sistent migration upon loss of mDia expression/function could result 
from disrupted cell polarity, altered formation of leading edge struc-
tures, or both.

Although Transwell assays simply and effectively screen for inva-
sive behavior, they fail to accurately model in vivo conditions, in 
which heterogeneous and multicellular cell populations invade in 
three dimensions (Quail et al., 2012). Because spheroids mimic in 
vivo growth pattern, histology, and 3D microenvironment, they 
serve as more accurate models for both invasion and drug screening 
(Mikhail et al., 2013). Although both SMIFH2 and IMM-01/02 treat-
ments inhibit Transwell invasion, spheroid invasion assays revealed 
substantial differences between treatments. Transwell invasion was 
presumably equivalent after mDia inhibition or agonism because 
the end result (invasion through matrix and accumulation under the 
membrane) requires directional migration. Therefore, if invasion 
were assessed through Transwells alone, both strategies would be 
considered anti-invasive.

IMM-mediated mDia agonism also affects proliferation and in-
duces apoptosis in a colon cancer model (Lash et al., 2013). We 
failed to detect an increase in apoptosis in two-dimensional U87 
monolayers treated with IMM compounds through 120 h, and cell 
proliferation was only modestly affected through 72 h of treat-
ment, perhaps indicating increased dependence on FH2 domain–
containing formins in mediating cell proliferation in SW480 colon 
cancer and NIH 3T3 cells (Lash et al., 2013). Therefore the effects 
of IMMs in GBM models may be restricted to anti-invasive activi-
ties, a primary therapeutic challenge in GBM treatment. Our cur-
rent experiments are exploring longer-time GBM spheroid treat-
ment in 3D matrices and in vivo GBM models to definitively test 
this hypothesis.
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was applied to inserts. We applied 50,000 cells in DMEM containing 
0.1% FBS to inserts and placed 10% FBS in the lower chamber. 
Inserts were stained for 15 min with 0.5 mg/ml calcein AM–fluores-
cein isothiocyanate (FITC; Invitrogen) in PBS and FITC measured 
using a fluorescence plate reader at 488 excitation/535 emission. 
Representative images were acquired using an EVOS-fl digital 
inverted microscope with an Olympus 10× UPlanFL N 0.30 PhP 
objective lens. Experiments were performed in triplicate.

For spheroid invasion assays, experiments were performed in 
triplicate. A thin layer of GFR-Matrigel (6.7 mg/ml) was polymerized 
in an eight-well chamberglass (Thermoscientific). Spheroids were 
added, together with an additional layer of Matrigel. Gels were po-
lymerized for 45 min before addition of DMEM containing 20% FBS. 
Spheroids were imaged using an EVOS-fl digital inverted micro-
scope with an Olympus 4× UPlanFL N 0.13 PhP objective lens at 
0–48 h after embedding. MetaMorph software was used to quantify 
invasion: a region of interest was drawn around each spheroid’s in-
vasive front for each time point, and the extent of invasion was cal-
culated as the change in area from 0 h. Representative movies of 
spheroid invasion were acquired using an IX81 inverted microscope. 
Images were acquired every 15 min through 48 h with an Olympus 
4× UPlanFL 0.13NA objective lens.

Statistical analysis
The total cellular distance migrated and the directional migration 
components were calculated for at least 20 cells/condition. These 
values were averaged and expressed as mean ± SD. Spheroid inva-
sion was expressed as the average percentage increase in area 
relative to 0 h ± SD. Transwell invasion was performed in triplicate 
and expressed as average relative fluorescence units (RFUs) ± SD. 
A one-tailed t test was performed to evaluate statistical signifi-
cance with a 95% confidence interval. p < 0.05 was considered 
statistically significant. All error bars are expressed as SD from the 
experimental mean performed in triplicate, unless otherwise noted. 
Graphs and statistics were generated in GraphPad Prism software.

Expression and purification of GST-fusion peptides
Rosetta cells (EMD Chemical) expressing pGex-KT fusion con-
structs were grown overnight in Luria broth (50 μg/ml ampicillin) 
at 37°C. Expression was induced by adding 0.5 mM isopropyl β-d-
1-thiogalactopyranoside with 50 μg/ml ampicillin and incubating 
overnight at 25°C. The cells were centrifuged at 3000 rpm for 
15min at 4°C, resuspended, and sonicated in lysis buffer (TNM 
buffer: 25 mM Tris, 100 mM NaCl, and 10 mM MgCl2, pH 7.2–7.4) 
containing 1 mM each PMSF and DTT (Thermoscientific). After 
centrifugation at 10,000 rpm for 15 min at 4°C, 300 μl of glutathi-
one-agarose (Pharmacia Biotech, Piscataway, NJ) was added to 
the supernatant and incubated for 5 h at 4°C. After centrifugation 
at 2000 rpm for 1 min at 4°C, the pellet was washed thrice with 
TNM buffer containing PMSF and DTT and thrice with TNM buffer 
without protease inhibitors. The GST-fusion proteins were eluted 
with 25 mM reduced glutathione (Sigma-Aldrich) TNM buffer for 
30 min at 4°C. Glutathione was removed through incubation with 
40 μg of GST-agarose (Santa Cruz Biotechnology) for 4 h at 4°C.

Protein transfection
Xfect Protein Transfection Reagent (Clontech, Mountain View, CA) 
was used per the manufacturer’s instructions. For each U87 spher-
oid, 0.25 μg of recombinant protein was incubated with 5 μl of Xfect 
protein buffer and 1.5 μl of the Xfect transfection reagent. These 
were incubated for 30 min, added to the spheroids in 40 μl of se-
rum-free medium, and incubated at 37°C for 24 h.

PFA, permeabilized using 0.2% TX100, and incubated with pri-
mary antibodies overnight at 4°C with fluorescence-labeled sec-
ondary antibodies and phalloidin for 3 h at 37°C. A TCS SP5 mul-
tiphoton laser-scanning confocal microscope (Leica Microsystems, 
Buffalo Grove, IL) with a Leica HC PL APO 40X/1.25-0.75 oil CS 
objective lens generated Z-stack images (0.5-μm optical sec-
tions), and the Leica AFM acquisition/analytical software suite 
was used to construct 3D projections.

For 3D spheroid invasion, samples were fixed with 4% para-
formaldehyde, permeabilized with 0.2% TX100, and incubated with 
phalloidin 3h at 37°C. Confocal microscopy was with a Leica 20× 
HCX PL APO CS Dry UV 0.70NA objective lens to generate Z-stack 
images (2.5 μm optical sections).

Migration
To calculate the total distance migrated and the directional migra-
tion, U251 cells were plated to confluence on a fibronectin-coated 
glass surface. A scratch was introduced using a sterile pipette tip, 
and scratch closure was monitored using an inverted IX81 micro-
scope with environmental chamber at 37°C in a 5% CO2. Acquisi-
tion and analysis were performed using MetaMorph software suite. 
Images of single migrating cells were acquired every 30 min for 
24 h. At least 20 cells from at least two independent experiments 
were tracked individually for each condition. Persistence was calcu-
lated as shown in Figure 2, as previously described (Pankov et al., 
2005).

Quantifying Golgi polarization
Golgi visualization was performed as described (Etienne-Manneville 
and Hall, 2001; Fidalgo et al., 2010). Briefly, U251 cells were plated 
on glass coverslips. Once confluent, coverslips were scratched. 
Cells were then treated for 1–3 h with DMSO, IMM01, IMM02, or 
SMIFH2 and allowed to migrate for the duration of the treatment. 
Cells were fixed and permeabilized as described. Golgi were visual-
ized by staining with anti-gm130 in PBS overnight at 4°C. Cells were 
then stained for 1.5 h with 1:100 Alexa Fluor–phalloidin 488 in PBS 
at 37°C, washed thrice, and stained with 20 nM 4′,6-diamidino-
2-phenylindole (DAPI) in PBS. Coverslips were then mounted on 
glass slides using FluoromountG, and cells at the frontmost first cell 
layer of the wound were visualized on an EVOS fluorescence micro-
scope using an Olympus UPlan Apo 40×/1.00 Oil objective lens. At 
least 30 cells per treatment from at least two independent experi-
ments were imaged. Quadrants were drawn in Photoshop on each 
cell such that the frontmost quadrant was facing the direction of the 
scratch. Positive cells were those whose gm130 staining fell within 
the frontmost quadrant facing the scratch.

Spheroid formation
U87 spheroids were formed by centrifuging cell suspensions in 0.5% 
poly-HEMA–coated plates as described (Ivascu and Kubbies, 2006). 
We resuspended 1000 cells/well in full medium supplemented with 
2.5% of 50 μl/ml Matrigel and centrifuged them (1000 × g, 10 min). 
Spheroids were compacted for 72 h at 37°C before use.

U251 spheroids were formed via the hanging-drop method. 
Cells were resuspended to 10,000 cells/ml, and 50 μl of drops was 
applied to the lids of 10-cm dishes. Lids were inverted over plates 
filled with full medium, and spheroids were formed for 72 h at 37°C 
before use.

Invasion assays
Fluoroblock Transwell inserts with 8-μm pores (BD Biosciences) were 
coated with fibronectin, after which a gel of 2.5 mg/ml GFR-Matrigel 
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Potapova et al., 2011; McCloy et al., 2014). Briefly, cells were treated 
for 1–3 h with the indicated treatments and fixed and permeabilized 
as described. Cells were stained with 1:200 phalloidin–Alexa Fluor 
546 for 45 min at 37°C. Coverslips were washed thrice and stained 
with 20 nM DAPI in PBS. Coverslips were then mounted on glass 
slides using FluoromountG, and cells were visualized on an EVOS 
fluorescence microscope using an Olympus UPlan Apo 40×/1.00 Oil 
objective lens. Cells were then traced using ImageJ, and corrected 
total cell fluorescence values were calculated as described (Burgess 
et al., 2010; Gavet and Pines, 2010; Potapova et al., 2011; McCloy 
et al., 2014). At least 30 cells per coverslip were counted, and the 
experiment was repeated at least twice.

Microarray data acquisition and analysis
DIAPH1and DIAPH3 expression were assessed in normal human 
brain and human glioma samples by analyzing publically available 
Affymetrix whole-genome expression array data from GSE16011 
data (Gravendeel et al., 2009; www.ncbi.nlm.nih.gov/geo/query/ac​
c.cgi?acc=GSE16011). DIAPH1 and DIAPH3 expression levels were 
normalized to the respective values of these genes in normal human 
brain.

Rat brain-slice invasion
All animal experimentation was conducted in accordance with the 
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals using protocols approved by the University of Toledo 
Institutional Animal Use and Care Committee. Ex vivo brain-slice 
invasion assays were performed as described previously (Jung et al., 
2002; Valster et al., 2005). The 400-μm-thick slices were placed in 
the upper chamber of 0.4-μm–pore size Transwell inserts, which 
were fed with 2 ml of medium containing 600 U/ml penicillin and 
600 μg/ml streptomycin (Life Technologies) plus DMSO or 40 μM 
SMIFH2 or 100 μM IMM-01 or IMM-02 in the lower chamber and 
500 μl in upper chambers. YFP-U87 spheroids were pretreated with 
DMSO or 40 μM SMIFH2 or 100 μM IMM-01 or IMM-02, placed on 
the centers of brain slices, and allowed to invade for 3 or 48 h. Drug-
containing medium was replaced at 24 h plus 1.5 μM DRAQ7 
(Abcam) to assess viability. Brain slices were fixed overnight in 4% 
paraformaldehyde at 4°C.

To quantify the extent of invasion, Transwell membranes were 
cut, and brain slices were transferred to glass coverslips before im-
aging with confocal microscopy. Samples were imaged using a Leica 
10× HC PL APO CS Dry UV 0.40NA objective and 3D projections 
constructed. Slices were imaged for YFP to visualize spheroid inva-
sion into brain slices and DRAQ7 to assess brain slice viability. YFP 
pixel intensity for 10-μm optical slices was determined, and the ex-
tent of invasion into the brain slice was calculated as described 
(Matsumura et al., 2000), where the area of each successive optical 
slice was normalized to the maximum area of invasive cells at the 
brain-slice surface. Invasion depth was calculated as the depth (mi-
crometers) showing half the maximum area of invasive cells.

Cell cycle analysis
Cell cycle analysis using propidium iodide (Sigma-Aldrich) was per-
formed as described (Peng et al., 2007). Whenever possible, a mini-
mum of 10,000 events was collected by flow cytometry (BD FACS-
Calibur). Data were analyzed using BD CellQuest Pro software, 
version 6.0.

SRE-LacZ reporter assay
U251 cells were plated on glass-bottom dishes, maintained 14 h in 
0.5% fetal calf serum, and then microinjected with an pSRE-lacZ re-
porter plasmid (0.1 mg/ml) along with 0.1 mg/ml Texas red–coupled 
dextran (5 kDa) as described previously (Alberts et al., 1998b). After 
1 h, cells were treated with 10% (vol/vol) FBS, DMSO, 40 μM 
SMIFH2, or 100 μM IMM-01 or IMM-02, alone or in combination as 
indicated. Four hours later, cells were fixed and incubated with X-
Gal for 12 h. Blue X-Gal–stained, Texas red–positive cells were 
counted from three separate experiments in which 20–40 cells were 
microinjected for each condition.

F-actin quantification by ImageJ
Cellular F-actin was quantified in U251 plated on glass coverslips by 
measuring fluorescence from phalloidin–Alexa Fluor 546 as de-
scribed previously (Burgess et  al., 2010; Gavet and Pines, 2010; 
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