
Neuro-Oncology Advances
3(1), 1–11, 2021 | doi:10.1093/noajnl/vdaa165 | Advance Access date 3 December 2020

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. 
For commercial re-use, please contact journals.permissions@oup.com

© The Author(s) 2020. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Eric A. Horne, Philippe Diaz, Patrick J. Cimino , Erik Jung, Cong Xu, Ernest Hamel, 
Michael Wagenbach, Debra Kumasaka, Nicholas B. Wageling, Daniel D. Azorín, Frank Winkler, 
Linda G. Wordeman, Eric C. Holland, and Nephi Stella

Department of Pharmacology, University of Washington, Seattle, Washington, USA (E.A.H., C.X., N.S.); Stella 
Therapeutics, Inc., Pacific Northwest Research Institute, Seattle, Washington, USA (E.A.H.); Department of Biomedical 
and Pharmaceutical Sciences, University of Montana, Missoula, Montana, USA (P.D.); DermaXon LLC, Missoula, 
Montana, USA (P.D., N.B.W.); Department of Pathology, University of Washington, Seattle, Washington, USA (P.J.C.); 
Neurology Clinic and National Center for Tumor Diseases, University Hospital Heidelberg, Heidelberg, Germany (E.J., 
D.D.A., F.W.); Developmental Therapeutics Program, Frederick National Laboratory for Cancer Research, Frederick, 
Maryland, USA (E.H.); Department of Physiology and Biophysics, University of Washington, Seattle, Washington, 
USA (M.W., L.G.W.); Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington, USA 
(D.K., E.C.H.); Department of Psychiatry and Behavioral Sciences, University of Washington, Seattle, Washington, 
USA (N.S.)

Corresponding Author: Nephi Stella, PhD, Department of Psychiatry and Behavioral Sciences, University of Washington, 1959 NE 
Pacific Street, Seattle, WA 98195-5280, USA (nstella@uw.edu).

Abstract
Background. Glioma is sensitive to microtubule-targeting agents (MTAs), but most MTAs do not cross the blood 
brain barrier (BBB). To address this limitation, we developed the new chemical entity, ST-401, a brain-penetrant 
MTA.
Methods. Synthesis of ST-401. Measures of MT assembly and dynamics. Cell proliferation and viability of patient-
derived (PD) glioma in culture. Measure of tumor microtube (TM) parameters using immunofluorescence analysis 
and machine learning-based workflow. Pharmacokinetics (PK) and experimental toxicity in mice. In vivo antitumor 
activity in the RCAS/tv-a PDGFB-driven glioma (PDGFB-glioma) mouse model.
Results. We discovered that ST-401 disrupts microtubule (MT) function through gentle and reverisible reduction in 
MT assembly that triggers mitotic delay and cell death in interphase. ST-401 inhibits the formation of TMs, MT-rich 
structures that connect glioma to a network that promotes resistance to DNA damage. PK analysis of ST-401 in 
mice shows brain penetration reaching antitumor concentrations, and in vivo testing of ST-401 in a xenograft flank 
tumor mouse model demonstrates significant antitumor activity and no over toxicity in mice. In the PDGFB-glioma 
mouse model, ST-401 enhances the therapeutic efficacies of temozolomide (TMZ) and radiation therapy (RT).
Conclusion. Our study identifies hallmarks of glioma tumorigenesis that are sensitive to MTAs and reports ST-401 
as a promising chemical scaffold to develop brain-penetrant MTAs.

Key Points

 • The microtubule-targeting agent, ST-401, crosses the blood brain barrier and reaches 
antitumor concentrations in brain.

 • ST-401 disrupts glioma tumorigenesis by triggering mitotic delay and cell death in 
interphase, disrupting tumor microtubes and enhancing the therapeutic efficacies of 
standard care treatments.

A brain-penetrant microtubule-targeting agent that 
disrupts hallmarks of glioma tumorigenesis
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Microtubule-targeting agents (MTAs) act by binding to 
either tubulin dimers or assembled microtubule (MT). 
Depending on their mechanism of action (MOA), they dis-
rupt MT assembly, disassembly and dynamics, all of which 
alter fundamental cell functions such as mitosis, cell mi-
gration, vesicle transport and intracellular signaling.1,2 
MTAs trigger cell death by multiple mechanisms, including 
prolonged activation of the spindle assembly checkpoint 
(SAC) during mitosis and by inducing senescence in inter-
phase.3 Multiple lines of evidence suggest that glioma is 
particularly sensitive to MTAs; however most MTAs do not 
cross the blood–brain barrier (BBB) and have limited thera-
peutic value in neuro-oncology.4

Three hallmarks of glioma tumorigenesis are sensitive to 
MTAs. First, this cancer often carries mutations that result 
in altering MT dynamics and increase baseline chromo-
some instability that contributes to tumorigenesis, rend-
ering glioma particularly sensitive to the MT disrupting 
effect of MTA.5 Second, glioma treated with MTAs dies 
through SAC arrest.6 Third, glioma tumorigenesis is fa-
cilitated by intercellular connections, tumor microtubes 
(TMs), that link malignant cells in a syncytium that pro-
motes resistance to standard care therapies by transfer of 
cellular factors and organelles involved in homeostasis and 
self-repair.7–9 Furthermore, TMs are prerequisite neurite-
like protrusions that enable diffuse infiltration of glioma in 
brain parenchyma that is behind an intact BBB.10 Since TMs 
are characterized by a high content of MTs that appear to 
mediate rapid intra-TM transport of factors and organelles, 
it is possible that brain-penetrant MTAs could be highly ef-
fective at curbing glioma tumorigenesis by disrupting this 
cellular syncytium.10 Brain-penetrant MTAs have been re-
cently developed, and patients treated thus far have shown 
good tolerability in a small Phase I/II study.11 Combined, 
these evidence suggest that glioma can be particularly 
sensitive to alterations in MT function and highlights the 
need to develop brain-penetrant MTAs to treat this devas-
tating disease.

There are 6 ligand-binding sites on tubulin that disrupt 
MT function through distinct MOAs: two sites targeted 
by microtubule-stabilizing agents (the taxane and the 
laulimalide/peloruside sites) and four sites targeted by 
microtubule-destabilizing agents (MDA) (the colchicine, 
the vinca, the maytansine, and the pironetin sites).12 In 
previous studies, we developed MDAs (ST-34, ST-360, and 
ST-377) that bind to the colchicine site of tubulin, inhibit MT 
assembly, and kill glioma cells in culture (ie, compounds 
8, 20, and 27 in ref. 13; Figure 1A). Here we leveraged these 

results as the starting point to develop a novel chemical en-
tity, ST-401, and studied its MOA and antitumor activity in 
glioma cells in culture and in the RCAS/tv-a PDGFB-driven 
glioma mouse model.

Methods

Animal Studies

Animal studies followed the guidelines established by 
AAALAC, and were approved by IACUC of the University of 
Washington, the Fred Hutchinson Cancer Research Center 
and the Pacific Northwest Research Institute.

Experimental Toxicity Studies

CD1 mice received 5, 10, 20, 50, 100, or 150 mg/kg ST-401 
i.p., or the corresponding volume of no-drug formula-
tion (vehicle). Mice were monitored for signs of general 
distress, as described.14 Specifics are in Supplementary 
Methods.

Cells in Culture, Xenograft, and RCAS/tv-a 
PDGFB Glioma Mouse Models

Cells in culture, Xenograft and RCAS/tv-a PDGFB glioma 
mouse models were established as described.14,15 Specifics 
are in Supplementary Methods.

[3H]Colchicine Binding to Tubulin, Tubulin 
Assembly, Cell Proliferation and Viability, 
Time-Lapse Microscopy, and Fluorescence 
Immunocytochemistry

[3H]Colchicine binding to tubulin, tubulin assembly, cell 
proliferation and viability, time-lapse microscopy, and fluo-
rescence immunocytochemistry were performed as de-
scribed.14 Specifics are in Supplementary Methods.

Live Cell Imaging of MT Polymerization

HCT116 cells expressing EB1-GFP to label assembling 
MTs were imaged at a single Z-plane at 500-ms intervals 

Importance of the Study

Most cancer therapeutics to not cross the BBB 
and are therefore ineffective in treating glioma. 
We report the developed a brain-penetrant MTA, 
ST-401, and found that it disrupts multiple hall-
marks of glioma tumorigenesis, including the for-
mation of TMs that convey resistance to standard 

of care treatments. In a preclinical mouse model of 
glioma, ST-401 enhances the efficacy of standard 
of care treatments. Brain-penetrant MTAs hold 
breakthrough potential as they harbor preclinical 
characteristics that promise therapeutic benefit 
for the treatment of glioma.
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at on a Deltavision microscope system (Applied Precision, 
Issaquah, WA). MT assembly rates were scored in in-
terphase cells using Fiji TrackMatec.16 Specifics are in 
Supplementary Methods.

TMs Analysis

GFP-expressing, patient-derived S24 and BG5 cells were 
cultured, treated and analyzed as described.7,17 Specifics 
are in Supplementary Methods.

Histological Analysis

Tumors were processed into formalin-fixed paraffin-
embedded tissue blocks and slides as described.18 
Hematoxylin and eosin (H&E)-stained sections were 
blindly reviewed and scored by a board-certified neu-
ropathologist (PJC). Automated immunohistochemical 
staining processing (Discovery, Ventana Medical 
Systems, Inc.). For semi-quantitative IHC analysis, tissue 
sections were analyzed using ImageJ. Specifics are in  
Supplementary Methods.

Statistical analysis

For comparisons between two groups of independent 
datasets, multiple t tests were performed, P value, mean 
and standard error of the mean (SEM) were reported. For 
comparisons among more than two groups (>2), one-way 
or two-way ANOVA were performed, P values and SEM 
were reported; and P values were adjusted by multiple 
testing corrections (Tuckey's post-test) when applicable.

Results

ST-401, a MTA That Reversibly Reduces MT 
Assembly

We developed ST-401 based on ST-34, ST-360, and 
ST-377 that kill glioma cells in culture with IC50 values 
of 268–630  nM.13 ST-401 is a hybrid molecule that com-
bines a secondary alcohol and quinoline in one structure 
(Figure 1B). Its chemical synthesis and analytical data are 
in Supplementary Figure S1. ST-401 competed for 89% of 
[3H]colchicine binding to tubulin, which was comparable 
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Figure 1. Activity of ST-401 and its analogues at the colchicine site of tubulin, and MT assembly and dynamics. (A) Diagram of MTA binding sites 
on tubulin. (B) ST-401 and its analogues are based on an N-ethyl-carbazole moiety (green) linked via a ketone (ST-34, ST-360, red) or a secondary al-
cohol (ST-377, ST-401, purple) to either a quinoline (ST-360, ST-401, blue) or a methyl-naphthalene residue (ST-34, ST-377, orange). (C) ST-compounds 
(5 μM) compete for [3H]colchicine-binding to tubulin. Results are mean ± SD from n = 3 experiments. Dotted line shows vehicle control (5% DMSO). 
(D) ST-compounds inhibit tubulin assembly measured by turbidity development of tubulin solutions. Representative IC50 values from 3 experiments 
with comparable results. (E) ST-401 and ST-360 inhibit tubulin assembly measured in a pelleting assay. Results are mean ± SEM from 3 to 5 experi-
ments. (F) ST-401 and nocodazole (NOC) reversibly inhibit MT assembly rates in HCT116 cells when comparing measures before (I), during (II), and 
after (III) treatment. N = 10–15 individual cells.
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to ST-360 (89%) and greater than ST-377 (70%) and ST-34 
(53%) responses (Figure 1C).13 In a turbidity assay, ST-401 
inhibited tubulin assembly with an IC50 of 1.1  µM, a re-
sponse comparable to the ST-360 response (IC50 = 0.9 µM), 
and more potent than the ST-377 and ST-34 responses 
(IC50s = 1.4 and 1.6 µM, respectively) (Figure 1D). In a pel-
leting assay that measures release of free tubulin, ST-401 
and ST-360 inhibited tubulin assembly with comparable 
IC50 values (3.2 and 4.5 µM, respectively),14 but ST-401 trig-
gered greater MT disassembly (ie, Δ release of free tubulin) 
compared to ST-360 (Figure  1E). These results show that 
ST-401 and ST-360 exhibit comparable binding and phar-
macodynamic properties at the colchicine site of tubulin 
and yet ST-401 triggers more pronounced MT disassembly 
than ST-360.

To study the effect of ST-401 on MT assembly in cells, we 
used live cell imaging to track EB1-GFP on assembling MT 
ends in HCT116 cells in interphase, a model system that has 
been extensively characterized and serves as a reference 
with regard to real-time MT dynamics in cells in culture.19 
Specifically, we used EB1-GFP CRISPR HCT116 cells that 
express the EB1-GFP gene under its endogenous promotor 
to ensure that EB1-GFP expression does not influence 
baseline MT assembly rates and allow highly reproducible 
imaging quantification (Wordeman, unpublished). Here we 
compared MT assembly rates of cells treated with either 
ST-401 or nocodazole (NOC), a MDA that also binds to the 
colchicine site and exhibits a similar IC50 at inhibiting MT 
assembly relative to ST-401 as measured with biochemical 
assays (compare Figure 1E and Cherry et al.14). Figure 1F 
shows dots corresponding to mean MT assembly rates 
measured in individual HCT116 cells imaged at 3 times (be-
fore, during and after treatment). ST-401 (100 nM) triggered 
a milder reduction in MT assembly as compared to NOC 
(100  nM), even though these concentrations are equally 
effective at inhibiting MT assembly in biochemical assays. 
Another difference was that MTs were still visibly intact in 
HCT116 cells treated with 100 nM ST-401 (data not shown). 
This milder response of MTs to ST-401 contrasts with the 
well-known pronounced loss of tubulin polymer triggered 
by NOC.20 Similar to NOC, the ST-401 response was revers-
ible, as indicated by MT assembly reaching their initial 
rates within 15 min after wash-out (see POST, Figure 1F). 
Figure  1F also shows that ST-401 (200  nM) completely 
and reversibly inhibited all MT assembly within 15  min. 
Together, these results reveal a milder but similarly rapid 
onset and fully reversible MT dynamics response triggered 
by ST-401, together suggesting a promising safety feature 
for this new MTA.21

ST-401 Inhibits Multiple Hallmarks of Glioma 
Tumorigenesis

We subjected ST-401 to the NCI-60 cell line panel screening 
platform that includes six human glioma cell lines, and 
compared its response to the response of ST-34, ST-360, 
and ST-377.13 ST-401 and ST-360 exhibited similar antitumor 
activities in the low nanomolar range in most human 
cancer cell lines (data not shown), including the six glioma 
lines (SF-268, SF-295, SF-539, SNB-19, SNB-75, and U251: 
IC50s 23–69  nM) (Figure  2A). ST-34 and ST-377 activities 

were approximately 10-fold less potent in these cancer cell 
lines (IC50s ranged from 239 to 877 nM) (Figure 2A). Thus, 
ST-401 possesses similar antitumor activity as ST-360 in 
human cancer cell lines in culture.

Glioma cell lines do not phenocopy the molecular heter-
ogeneity of human glioma that led to their categorization in 
subtypes, including proneural (PN), mesenchymal (MES), 
and classical (CL) transcriptional subtypes.22 We tested 
the antitumor activity of ST-401 in 3 PD-glioma isolates in 
culture (one of each subtype as in our previous study13), 
as well as in MGG8 cells, PD-glioma isolates that exhibit 
cancer stem cell properties.23 Signficantly, the antitumor 
activity of ST-401 in PD-glioma was in the low nanomolar 
(IC50: 24–47 nM), whereas ST-34, ST-377, and ST-360 were 
all less active (IC50: 316–598 nM) (Figure 2B). These results 
showed that ST-401 exhibits enhanced antitumor activity in 
the low nanomolar range in PD-glioma irrespective of their 
subtype.

To better understand the antitumor activity of ST-401 in 
PD-glioma, we measured two endpoints in MGG8 cells 
treated for 72 h: the overall cell viability using the mito-
chondrial probe, WST-1, and the number of cells that en-
tered S phase using Brd-U incorporation. The human 
glioma cell line, T98G, was used for comparison as it has a 
similar rate of cell proliferation (Supplementary Figure S2) 
and is sensitive to ST-compounds.13 ST-401 reduced overall 
cell viability in MGG8 and T98G cells with comparable IC50s 
(14 and 36 nM, respectively) (Figure 2C). NOC (3 µM) re-
duced MGG8 cell viability by 18% without affecting T98G 
cell viability (Figure  2D). MPS-1 IN, a check point kinase 
monopolar spindle 1 inhibitor involved in SAC initiation,24 
reduced MGG8 and T98G cell viability by 19 and 24%, re-
spectively (Figure 2D). Thus, when measuring overall cell 
viability, MTAs exhibit similar activities in human glioma 
cell lines and PD-glioma. Remarkably, ST-401 reduced the 
number of MGG8 cells in S phase and this response was 
absent in T98G cells (Figure 2E). While MPS-1 IN also re-
duced the number of MGG8 cells in S phase, and was in-
active in T98G cells, NOC (3  μM) was overall less active 
(Figure 2F) These results suggest that PD-glioma in inter-
phase exhibit enhanced sensitivity to the disruption of MT 
function.

To test if ST-401 inhibits TM activity, we selected S24 and 
BG5 PD-glioma isolates that extend TMs and expresses 
GFP to visualize TMs by fluorescence microscopy. Two 
TM parameters were measured (TM number per cell and 
TM length per cell) in a semi-automatic manner using 
immunofluorescence images and machine learning-
based workflow.25 As expected, Y-27632, an inhibitor of 
the actomyosin cytoskeleton regulator p160ROCK, in-
creased the number and length of TM in S24 and BG5 cells 
(Figure  3A–D). Y-27632 did not affect cell viability over 
this short time period (Supplementary Figure S3). Noco 
(300 nM) decreased both the number and length of TMs in 
S24 and only the number of TMs in BG5 cells (Figure 3C–E). 
TMs in S24 were more sensitive to increasing concentra-
tions of ST-401 as indicated by more pronounced reduc-
tions in both the length and number of TMs in S24 cells 
compared to BG5 cells (Figure 3F–I). These results showed 
that ST-401 and Noco differentially decrease TM number in 
PD-glioma and that their ability to reduce TM length varies 
depending on the PD-glioma (here S24 is more sensitive 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa165#supplementary-data
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than BG5). Together, our results showed that ST-401 in-
hibits multiple traits of glioma tumorigenesis measured 
in cell culture model systems, which provided impetus to 
study its in vivo antitumor activity.

ST-401 Dose Range Finding, Pharmacokinetic 
Profile, and Antitumor Activity in a Xenograft 
Flank Model

We developed a stable formulation of ST-401 
(Supplementary Figure S4), and found that the acute 
maximal tolerated dose (MTD) for single i.p. injections 
of ST-401 was 150 mg/kg. Dose range finding (DRF) study 
(one i.p. injection/day, 5 days/week for 4 weeks) showed 
that 20 mg/kg was tolerated as indicated by mice gaining 

weight normally and not showing signs of distress, as well 
as the lack of tissue lesions analyzed in 6 organs (Regimen 
1) (Supplementary Figure S5A–D).

A limiting factor of most current MTAs is their ina-
bility to cross the BBB.26 We injected mice with ST-401 at 
its acute MTD (150  mg/kg) and quantified the amounts 
of ST-401 reached in both plasma and brain by LC–MS 
(Supplementary Figure S6).14 Figure 4A shows that ST-401 
readily reached micromolar concentrations in mouse brain 
(ie, concentrations that are above its antitumor activity in 
culture) with a half-life of approximately 6 h and a brain/
plasma ratio of 2.2 that indicated favorable brain pene-
tration. Treatment with 20 and 5  mg/kg also resulted in 
micromolar concentrations in mouse brain (Figure 4B).

Considering these results, we tested if two injections per 
day of ST-401 at 20 mg/kg (total daily dose 40 mg) would 
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both be safe and increase the drug exposure time. The DRF 
study of bidaily injection of ST-401 (20 mg/kg, 5 days/week 
for 4 weeks) did not trigger adverse effects, mice gained 
weight normally and showed no signs of distress and 
tissue lesions (Regimen 2) (Supplementary Figure S5E–G). 
Bidaily injections of ST-401 at 20 mg/kg resulted in plasma 
blood levels that remained above 250  nM for approxi-
mately 16 h (Figure 4C).

As a first evaluation of the potential in vivo antitumor 
activity of ST-401, we selected the COLO205 xenograft 
mouse model because it reliably forms flank tumors that 
are commonly used as first test of the in vivo antitumor 
activity of novel therapeutics, and because COLO205 cells 
are sensitive to ST-401 (IC50 = 38 nM, data from the NCI-60 
cancer cell panel). Figure 4D shows that COLO205 flank tu-
mors in the vehicle control arm grew rapidly (by 400–550% 
in 20–30 days), resulting in all mice reaching end stage by 
36 days (maximal tumor volume = 1500 mm3). By contrast, 
tumors treated with ST-401 (Regimen 2) grew only half as 
fast (by 200–250% in 20–30 days). Note that approximately 
50% of the treated tumors stopped growing despite ending 
the treatment and that these tumors did not recur before 
an additional 28 d (Figure  4D). Thus, the therapeutic re-
sponse to ST-401 led to doubling of the life-expectancy of 

treated mice (Figure 4E). These results showed that treating 
mice with ST-401 using the regimen that we established 
(Regimen 2) might result in significant antitumor activity 
and provided a foundation to test the antitumor activity 
of ST-401 in an orthotopic and immunocompetent mouse 
model of glioma, as features of the native microenviron-
ment, such as tumor–stroma interactions occurring behind 
the BBB, are critical modulators of tumorigenesis and re-
sponse to standard care treatment.27

ST-401 Enhances the Therapeutic Efficacy of TMZ 
and RT in PDGFB-Glioma Mouse Model

The RCAS/tv-a PDGFB glioma mouse model harbors key 
features: it develops invasive high-grade glioma with his-
topathological features similar to human glioma in an 
incompetent host, and it responds to the TMZ and RT re-
gimens used in human patients.18 Thus, this model system 
provided a more meaningful insight in the antiglioma ac-
tivity of ST-401 to tease apart if and when this drug might 
be useful to treat patients. Our experimental design in-
cluded six treatment arms: (1) control, (2) TMZ (50 mg/kg, 
once per day, 5 days/week for 4 weeks) and (3) RT (upfront 
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single dose of 10-Gy), as previously described,18,28 and (4) 
ST-401 (regimen 2), (5) ST-401 + TMZ, and (6) ST-401 + RT 
(Figure 5A). As expected, both RT and TMZ treatment ex-
tended the average median survival of glioma-baring mice 
by 90% and 50%, respectively (from 20  days to 38  days 
and 30  days, respectively) (Figure  5A). While ST-401 did 
not affect average median survival as single agent treat-
ment, it enhanced the therapeutic efficacy of RT by 66%, 
and the therapeutic efficacy of TMZ by 60% (average sur-
vival in ST-401+RT arm  =  50  days, and in ST-401+TMZ 
arm  =  46  days) (Figure  5A). This result suggested that 
ST-401 acts as a radiosensiting agent that significantly 
enhances the therapeutic efficacy of DNA-damaging 
treatments. Histopathological analysis of PDGFB-glioma 
harvested at end-stage showed the expected increase in 
necrotic area in response to RT, and the unchanged ne-
crotic area when treated with TMZ (Figure  5B–D). There 
was a trend toward ST-401 treatment to increase necrotic 
area and reduce the RT response on necrotic area that 
did not reach significance (Figure 5B). We also found no 

significant difference in apoptosis between treatment 
arms when quantifying cells expressing cleaved caspase-3 
(Supplementary Figure S7).29 One predicted outcome of 
ST-401 treatment was to disrupt glioma cell mitosis, and 
accordingly ST-401-treated PDGFB-glioma exhibited 69% 
more mitotic figures than the control arm, and most mi-
totic figures appeared disrupted (Figure 6A and B).29 The 
genetic construct of PDGFB injected into mouse brains 
to generate glioma contains a hemagglutinin (HA) tag 
that facilitates the histological discrimination between 
oncogene-expressing tumor cells and nontumor stromal 
cells.18 We performed a semi-quantitative IHC analysis of 
the relative area of HA expression in glioma as an index of 
tumor density and found that RT increased tumor density 
by 91% and ST-401 by 54% (Figure 6C–E and Figure S8). 
A similar increase in tumor density was measured when 
analyzing GBM tissue using Olig2 (a nuclear transcription 
factor) (Figure 6F–H and Figure S9). Increase in tumor den-
sity may reflect multiple cellular mechanisms, including 
stalling of round cancer cells in mitosis, shrinkage of dying 
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cancer cells and impaired cell migration, the combination 
of which reduce tumor mass and curbs malignancy.30,31 
Combined, these results showed that ST-401 treatment 
impacts PDGFB-glioma tumorigenesis by disrupting cell 
mitosis and morphology that results in increased tumor 
density, all of which is consistent with the MOA of MTAs.

Discussion

The highly invasive nature of glioma exemplifies the chal-
lenge of overcoming the BBB and achieving adequate 
drug delivery to residual, sometimes extensive, tumor 
remaining after resection as evidenced by the presence 
of infiltrating single glioma cells throughout brain paren-
chyma.32 We report the development of a new chemical 
entity, the brain-penetrant MTA, ST-401, that disrupts mul-
tiple hallmarks of glioma tumorigenesis at nanomolar 
concentrations. ST-401 readily reached the brain of 
healthy mice (with intact BBB), a feature likely dues to its 
physicochemical properties and the absence of an efflux 
mechanism for this compound, thus resulting in brain 
micromolar concentrations that are above its antitumor 
EC50s. Of note, ST-401 triggers a milder, yet rapid onset 
and fully reversible reduction in MT assembly, a response 
that has a more gentle effect on MT function than Noco. 
Noco was not clinically pursued because of its high tox-
icity in hematopoietic tissues.21 The more gentle effect of 

ST-401 on MT dynamics suggests a promising safety pro-
file for this new MTA.

Until recently, MTAs were thought to preferentially kill 
cancer cells because of their high proliferation rate, but we 
now know that the proliferation rate of many MTA-sensitive 
cancers is low and that tumor regression occurs only when 
the cytocidal effects of MTAs is not limited to dividing cells.1,6 
We show that ST-401 kills MGG8 cells in interphase. The dy-
namic behavior of the MT network in glioma in interphase 
represents an excellent target for MTA because its disruption 
will affect the trafficking of multiple factors, including DNA 
damage response proteins required during S phase.30,33 The 
enhanced sensitivity of MGG8 cells in interphase to MTA as 
compared to T98G cells in interphase could be due to mul-
tiple reasons, including differences in mutations that alter in-
terphase MT function and disruption of reliable trafficking of 
S phase factors.4 ST-401 killed PD-glioma cells independent 
of their transcriptional subtype. This broad spectrum of 
antitumor activity addresses a key limitation of therapeutics 
that target oncoproteins and tumor suppressers and do not 
treat the heterogeneous nature glioma. We show that ST-401 
inhibits the formation of TM that interconnect PD-glioma, pro-
viding the first evidence that: (1) TM networks can be inhib-
ited pharmacologically, (2) proper MT function is necessary 
to establish this syncytium, and (3) TM of some PD-glioma 
cells (here S24) are particularly vulnerable to MTAs.7 The dif-
ferential response of S24 and BG5 might reflect their ability 
to form TMs. In general, S24 forms longer TMs compared to 
BG5 (TM length/cell: S24 = 310 μm and BG5 = 278 μm) with 
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similar numbers of TMs per cell indicating longer TMs in S24 
might be more susceptible to MTAs because they depend 
more on functional MT for stabilization. The vulnerability of 
PD-glioma cells in interphase and of PD-glioma TMs to brain-
penetrant MTAs suggest developing treatments for glioma 
that combine brain-penetrant MTAs and DNA-damaging 
therapies to both kill malignant cells in interphase that com-
pose most of the tumor burden, and disrupt their resistance-
generating TM networks.

The lack of ST-401 single agent activity in the PDGFB-
glioma model might be due to several reasons, including 
the presence of a native brain microenvironment that 
recapiluates glioma–stroma interactions occurring behind 
the BBB in the PDGFB-glioma model, and its single driving 
mutation (increased PDGFB activity) versus the mutations 
in PD-glioma isolates and their growing in culture. We 
show that a combination of ST-401 with TMZ and RT nearly 
doubled median survival in the PDGFB-glioma model, 
which represents one of the most pronounced therapeutic 
response measured in the model system, and provides an 
insight under what situation ST-401 might be useful in the 
clinic. Thus, ST-401 is a radiosensitizer that could increase 
the therapeutic efficacy of DNA-damaging treatments most 
likely by disruption interphase MT network and delaying 
DNA repair, and by disrupting TMs that traffick DNA damage 
response proteins between glioma cells.30,33 In fact, the re-
sponse of PDGFB-GBM to ST-401 more closely resemble 
S24/BG5 results in vitro, where the cytotoxic effects were 
attenuated as well. Both models are thought to form net-
works (although not formally shown for PDGFB-GBM), 
whereas most PD-GBM isolates in culture will not typically 
contain TM-connected cells. Another possible mechanism 
for the radiosensitizing mechanism is that the combination 
of ST-401, TMZ or RT might affects BBB functions and allows 
enhanced penetration of brain parenchyma.

An increase of the cellular density in highly diffuse 
PDGFB-glioma in response to ST-401 suggests impaired 
mitosis, cytotoxicity and anti-migratory effects, the com-
bination of which curbs tumorigenesis. An effective anti-
invasive therapy would certainly confer beneficial effects, as 
diffuse brain colonization hinders antitumor therapies, and 
single-infiltrated tumor cells might lead to dysfunction in 
areas distant from the tumor bulk. Anti-migratory effect of 
ST-401 would also inhibit the malignant repair response that 
follows surgeries, which is of potential clinical relevance 
since currently there are no such therapies available.10,34,35 
As such, MT function play a central role in glioma migra-
tion and their dismantling by MTA that disrupt the cell mi-
gration machinery, cell morphology, and overall dynamics 
of growing tumors has emerged as a promising therapeutic 
approach for the treatment of glioma.31

In summary, our study identifies novel traits of glioma tu-
morigenesis that exhibit enhanced sensitivity to MTAs, pro-
vides new rationals to develop brain-penetrant MTAs and 
describes ST-401 as a promising chemical scaffold to de-
velop such neuro-oncology therapeutics. Brain-penetrant 
MTAs hold breakthrough potential as they harbor preclin-
ical characteristics that promise therapeutic benefit for the 
treatment of patients diagnosed with glioma.

Supplementary Data

Supplementary data are available at Neuro-Oncology 
Advances online.
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