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Temozolomide-Resistant IDH1 Mutant Glioma Using
High-Throughput Miniaturized Screening on Droplet

Microarray Chip

Haijun Cui, Xueyuan Sun, Marcel Schilling, Christel Herold-Mende, Markus Reischl,

Pavel A. Levkin,* Anna A. Popova,* and Sevin Turcan*

To address the challenge of drug resistance and limited treatment options for
recurrent gliomas with IDH1 mutations, a highly miniaturized screening of
2208 FDA-approved drugs is conducted using a high-throughput droplet
microarray (DMA) platform. Two patient-derived temozolomide-resistant
tumorspheres harboring endogenous IDH1 mutations (IDH1™) are utilized.
Screening identifies over 20 drugs, including verteporfin (VP), that
significantly affected tumorsphere formation and viability. Proteomics analysis
reveals that nuclear pore complex may be a potential VP target, suggesting a
new mechanism of action independent of its known effects on YAP1.
Knockdown experiments exclude YAP1 as a drug target in tumorspheres.
Pathway analysis shows that NUP107 is a potential upstream regulator
associated with VP response. Analysis of publicly available genomic datasets
shows a significant correlation between high NUP107 expression and
decreased survival in IDH1™"! astrocytoma, suggesting NUP107 may be a
potential biomarker for VP response. This study demonstrates a miniaturized
approach for cost-effective drug repurposing using 3D glioma models and
identifies nuclear pore complex as a potential target for drug development.
The findings provide preclinical evidence to support in vivo and clinical
studies of VP and other identified compounds to treat IDH1™" gliomas,
which may ultimately improve clinical outcomes for patients with this
challenging disease.

1. Introduction

Adult diffuse gliomas are classified into
three types: glioblastoma (GBM), oligo-
dendroglioma, and astrocytoma.'l'. Both
oligodendroglioma and astrocytoma are
defined by the presence of mutations in
the isocitrate dehydrogenase (IDH) genes,
IDH1 and IDH2.'**) These tumors are
mostly diagnosed in younger patients, with
a peak incidence in the third decade of
life.57) IDH mutation status is a strong
predictor of both overall survival and
treatment response and is routinely used
to guide clinical decision making in the
management of gliomas.®] The majority
of IDH mutations affect the metabolic en-
zyme IDH1, which catalyzes the conversion
of isocitrate to a-ketoglutarate in the tricar-
boxylic acid (TCA) cycle.!% In IDH1 mu-
tant (IDH1™") gliomas, a single copy of the
gene is mutated, resulting in the enzyme’s
new ability to catalyze the NADPH-
dependent reduction of a-ketoglutarate to 2-
Hydroxyglutarate,[') which induces epige-
netic and transcriptomic alterations.[*11:12]
Standard of care for glioma patients
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Scheme 1. Workflow for high-throughput drug screening and hit validation. The droplet microarray chip uses minimal reagents (200 nL medium, 300
cells per spot) to screen 2208 FDA-approved drugs rapidly and economically. The assay is validated using MTT assays in a standard 96-well plate. On-
and off-target effects are assessed using Western blot and mass spectrometry. Drug target analysis is correlated with patient survival data from the
Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA) databases to facilitate personalized clinical treatment.

includes surgery, radiation, and chemotherapy with either procar-
bazine, lomustine (CCNU), vincristine (PCV), or temozolomide
(TMZ); however, IDH1™" gliomas progress regardless of clin-
ical treatment, and salvage options for progressive disease are
limited.[3] Therefore, alternative effective therapeutic agents are
urgently needed for glioma patients to extend overall survival and
improve quality of life.[1*15]

To date, drug discovery efforts for IDH1™" gliomas have been
limited due to the paucity of preclinical models. Primary IDH1™"
patient-derived tumorspheres (PDTs) are challenging to culture
in vitro, and even if successful, IDH1 mutation may be lost dur-
ing cell culture." As a result, PDTs derived from IDH1™" tu-
mors are rare, and they grow relatively slowly, making it difficult
to obtain enough material for experiments requiring a large num-
ber of cells. This poses a significant challenge to drug screening
efforts for IDH1™ gliomas. Most studies have thus focused on
drugdiscovery in GBMs.['7] However, given the limited treatment
options and research tools, there is a need to develop appropri-
ate in vitro screening platforms for IDH1™" gliomas that enable
the screening of a large number of compounds in physiologically
relevant cell culture models with low cell requirements.

Our recently developed miniaturized Droplet Microarray
(DMA) platform provides a solution for highly miniaturized
high-throughput cell-based screening.!'®23] The DMA platform
is a miniaturized chip with hundreds of nanoliter droplets, where
the droplet volume depends on the size of hydrophilic spots sur-
rounded by superhydrophobic barriers. These droplets can be
used for independent 2D or 3D cell culture experiments, and due
to their small volumes, the DMA can greatly reduce the consump-
tion of cells, drugs, and reagents needed for the experiment.

In this study, we aimed to investigate the effectiveness of the
DMA platform in identifying potential drug candidates for treat-
ing IDH1™" gliomas (Scheme 1). We utilized the DMA chip to
screen 2208 FDA-approved drugs against two IDH1™" glioma
PDTs. To create a single-spheroid array on DMA, we used the
hanging drop method. The 3D cell spheroids were then sub-
jected to high-throughput drug screening. We established an im-
age analysis method based on live/dead fluorescence staining of
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spheroids to discover potential drug candidates capable of pre-
venting the formation and survival of 3D spheroids. The high-
throughput screening resulted in the identification of more than
20 drugs that demonstrated efficacy as inhibitors of IDH1™*
PDT survival. We selected ten drugs for further validation, con-
firming their efficacy in our cell culture models. One of the drug
candidates, verteporfin (VP), was selected for further investiga-
tion of its mechanism of action. Total lysate-mass spectrome-
try (MS) and functional assays revealed that VP was effective
in killing IDH1™" PDTs, potentially by disrupting the nuclear
pore complex, independent of its known function as a YAP1 in-
hibitor. Thus, we have successfully established a workflow for
miniaturized high-throughput screening of IDH1™ PDTs on a
DMA chip and identified potential drug candidates for further
investigation (Scheme 1). Additionally, our mechanistic study on
VP highlights the potential importance of nucleoporin studies in
IDH1™" gliomas.

2. Results and Discussion

2.1. Identification of TMZ-Resistant IDH1™ PDTs

We utilized PDTs isolated from surgical/biopsy material of
patients diagnosed with oligodendroglioma (TS603, SU-AO3,
NCH612) and astrocytoma (NCH1681) (Table S1, Supporting In-
formation). Tumorspheresderived from all four cell lines grew
as suspensions and formed spheroid-like cell aggregates in un-
coated cell culture flasks. We confirmed the presence of the
IDH1 R132Hhotspot mutation in PDTs using Western blotting
(Figure 1A). Compared with GBM PDTs, IDH1™" cells exhibited
slower growth rates (Figure S1A, Supporting Information). Next,
we tested the response of the PDTs to TMZ using colorimetric-
based MTT cell viability assay, which measures the metabolic
activity of the cells. To establish a TMZ concentration gradient,
we seeded an equal number of cells in 100 uL of medium into
each well of a 96-well plate. The following day, we added 50 uL of
medium containing varying amount of TMZ from the 97.2 mm
TMZ stock to each well to achieve the desired final concentra-
tion. After 96 h of incubation, we measured MTT readings and
adjusted them by subtracting the background reading obtained
from wells containing only medium but without cells. We then
normalized the survival percentage of each treatment well to that
of the non-TMZ treated wells based on the adjusted reading.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Identification of TMZ-resistant IDH1™"t PDTs. A) Western blot confirms IDH1™" protein expression in four PDTs. B) MTT viability assay
shows IDH 1Mt PDTs are more resistant to TMZ compared to IDH1WT PDTs and IHAs (n > 3 biological repeats, each with three technical repeats). 1Cso
calculations were made in GraphPad Prism with [inhibitor] vs. response (four parameter). C) The soft agar assay with daily treatment of 100 um TMZ for
4 days, followed by one month of colony growth, indicates that TS603, SU-AO3, and NCH 1681 cells are not responsive to TMZ treatment. 10 000 cells of
TS603 and NCH1681, 15 000 of SU-AO3 were seeded. D) Colony number and size comparison using Image| analysis reveals no significant differences
in colony number between TMZ and DMSO treatment in TS603, SU-AO3, and NCH1681. Unpaired two tailed t test was performed. E) Venn diagrams
demonstrating the overlap of TMZ-driven translational changes with —Log;, (adjusted p ) > 1.5, Log, (fold change <—1.5 and Log, (fold change >1.5
in the 3 IDH1™Yt PDTs. (F) KEGG pathway analysis of down- and up-regulated proteins in NCH612. Pathway analysis were done using Metascape and

plotted using SRplot.

The IC;, values were calculated using the GraphPad Prism
software, based on the [inhibitor] vs response variable slope
(four parameter) equation derived from the dose-response curve.
The results showed that all IDH™" PDTs exhibited a signifi-
cantly higher IC;, compared to GBM PDT and immortalized
human astrocytes (IHAs) (Figure 1B; Table S1, Supporting In-
formation). IHAs and isogenic cells expressing mutant IDH1
(R132H), wild-type IDH1, or neither were well-characterized and
used in our previous studies to investigate the role of mutant
IDH1 in gliomas.[*l Specifically, the ICq values for the IDH1™%
gliomas TS603, SU-AO3, NCH1681, and NCH612 were 211.3,
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205.2,252.2, and 121.5 pm, respectively. The IDH1YT glioma line
L0627 had an ICs, of 71.75 um, while the parental, IDH1™" and
IDH1¥T immortalized human astrocytes (IHAs) had ICq, val-
ues of 10.61, 10.61, and 11.76 pm respectively. It is worth not-
ing that all IDH1™" PDTs had an IC, greater than 100 um
which is the upper limit for in vitro treatment with TMZ[2*]
due to its low clinically relevant dosages,?*! low solubility in
DMSO, and sensitivity of cells to DMSO (Figure S1B, Support-
ing Information). Therefore, we determined that these IDH1™"
PDTs are TMZ-resistant (TMZ-R) based on the MTT cell viability
assay.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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To further investigate the response of the PDTs to TMZ, we
evaluated their anchorage-independent growth using a 3D soft
agar culture system. This system involved seeding the cells in
the middle layer of a three-layer agar culture, consisting of a top
feeding layer, a middle cell layer, and a bottom supporting layer.
After seeding 10 000-15 000 cells in the middle layer, we allowed
the cells to recover for one week before treating them with 100 pm
TMZ, which was administered continuously for four days with
daily drug replacement. After 96 h, fresh drug-free medium
was added, which was replenished weekly according to the cell
growth rate. Approximately one month later, the colonies became
visible to the naked eye, at which point they were stained with
0.005% crystal violet, and images were captured. Colony number
and size were quantified with Image]. As shown (Figure 1C,D),
there was no difference in colony number and size between 0.1%
DMSO control and 100 pm TMZ-treated samples, indicating
that TMZ does not affect the tumorigenic potential of IDH1™"
PDTs. Thus, we further confirmed the TMZ resistance (TMZ-R)
of the three IDH1™" PDTs - TS603, NCH1681, and SU-AO3.
However, NCH612 displayed slightly higher sensitivity to TMZ
compared with the other three IDH1™" PDTs, as observed by
direct cell number counting after 96 h of 100 um TMZ treatment
(Figure S1C, Supporting Information). For this experiment,
cells were seeded in six-well laminin coated plates to facilitate
adherence to the bottom of the plates for easier medium and
drug change. A total of 1 x 10° cells of TS603, NCH1681, and
NCH612, and 2 x 10° cells of SU-AO3 were seeded in a six-well
plate. After the cells adhered to the plate the following day,
100 pm TMZ or 0.1% DMSO was added, and the TMZ was
refreshed daily in 3 mL medium. After 4 days of drug treatment,
cells were harvested and counted using trypan blue staining with
an automated cell counter. In comparison to the 0.1% DMSO
control, NCH612 had lower survival, while TS603, SU-AO3,
and NCH1681 showed no survival difference between TMZ and
DMSO control (Figure S1C, Supporting Information). However,
it remains unclear whether NCH612 is TMZ-sensitive or not,
as the previous MTT assay exhibited an ICg, above 100 pm.
Therefore, we aimed to investigate the transcriptional changes
in the IDH1™" PDTs upon TMZ treatment. We treated TS603,
NCH1681 and NCH612 cells with 100 um TMZ for 96 h with
daily drug refreshing and performed RNA-seq analysis. Among
the 16041 genes measured, genes with Log,,(adjusted p) > 1.5
were considered significant. We considered Log, (fold change) <
—1.5 as downregulated and Log,(fold change) >1.5 as upregu-
lated. Our results indicated that only two genes were altered in
TS603 and four genes were altered in NCH1681, indicating that
their transcriptomes remained stable during TMZ treatment
(Figure 1E; Figure S1D,E, Supporting Information). How-
ever, NCH612 exhibited transcriptional alterations upon TMZ
treatment, with 88 downregulated and 141 upregulated genes,
demonstrating slight TMZ sensitivity compared with the other
two PDT lines (Figure 1E; Figure S1F, Supporting Information).

To explore the altered pathways, we submitted the 88 down-
regulated and 141 upregulated genes in NCH612 for Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway analysis. We
selected the KEGG pathways with —Log;, p > 2 from the database,
and observed that the upregulated pathways showed high en-
richment of p53, MAPK, Rap1, and Ras signaling pathways. The
downregulated pathways were enriched for gastric acid secre-
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tion, protein digestion and absorption, and TGF-f signaling path-
way (Figure 1F). These findings suggest that although all four
IDH1™" PDTs display resistance to TMZ, the degree of transcrip-
tional response varies among them. In summary, we employed
a variety of assays, such as MTT viability, soft agar growth, cell
number counting, and RNA-seq, to evaluate the TMZ-resistant
phenotype of our IDH1™ PDTs. Taken together, our results in-
dicate that TS603, SU-AO3 and NCH1681 are resistant to TMZ
and represent recurrent TMZ-R IDH1™" PDTs.

2.2. 3D High-Throughput Miniaturized Drug Screening on the
DMA Platform

To ensure the suitability of our DMA platform for high-
throughput drug screening on TMZ-R IDH1™" PDTs, we con-
ducted initial experiments to validate the platform’s ability to
maintain 3D tumor growth and mimic the TMZ response in
cultural wells. This section describes the results of these exper-
iments and serves as the foundation for the subsequent high-
throughput screening.

2.2.1. Recapitulation of 3D Tumor Growth and TMZ-R on the
Miniaturized DMA

To recapitulate the 3D growth characteristics of PDTs, we utilized
the hanging drop method to rebuild 3D cell spheroids on the
DMA (Figure 2). The DMA used in this study had 588 square
hydrophilic spots (1 mm x 1 mm), and each slide had a unique
barcode to distinguish between different slides. Prior to cell seed-
ing, we applied an anti-cell adhesion solution to the hydrophilic
spots of DMA to reduce cell adhesion to the surface of the ar-
ray (Figure 2A,B). Next, we printed 200 nL of culture medium
containing 300 cells in the hydrophilic spots of DMA. Using the
hanging drop method (culturing on DMA in inverted position),
we obtained an array containing 588 independent single cell
spheroids. Microscopy analysis showed that both NCH1681 and
TS603 formed spheroids within 24 h of culture (Figure 2C,D).
After 5 days of culture, the cell spheroids had diameters of 101.7
+ 9.3 um and 105.4 + 8.3 um for NCH1681 and TS603 cells, re-
spectively (Figure 2E,F). This indicates that both NCH1681 and
TS603 lines can form 3D spheroids with uniform size and spher-
ical shape on the DMA chip. Moreover, both spheroid lines ex-
hibited resistance to TMZ in this miniaturized format similar to
their response in the 96-well format (Figure 1B; Table S1, Sup-
porting Information). Therefore, we successfully recapitulated
the 3D growth and TMZ-R in nanoliter volumes on the DMA
platform from IDH1™" PDTs.

2.2.2. High-Throughput Screening Identifies Potential Candidates

To identify potential drugs for the treatment of TMZ-R IDH1™"
PDTs, we screened 2208 FDA-approved drugs at a concentration
of 5 um on NCH1681 and TS603 (Scheme 1, Figure 3). Before
seeding the cells, we printed the drugs on the DMA as single
agents in a specific order (Figure S2, Supporting Information).
To determine the formation and viability of drug-treated tumor

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Glioma spheroids on the DMA. A) Typical images of NCH1681 cultured in single droplet with and without an anti-cell adhesion coating. B)
Typical images of TS603 cultured in single droplet with and without an anti-cell adhesion coating. C,D) The images of NCH1681 or TS603 spheroids after
1,3, 5, and 7 days cultivation. The number of cells seeded is 300 cells per droplet, and the size of the spot is T mm x 1 mm. E,F) Plot of the spheroid

diameter of NCH1681 or TS603 over time (n = 50).

spheres, we stained the spheroids with Calcein AM to label live
cells and propidium iodide (PI) fluorescent staining to label
dead cells. Using an automated microscope, we imaged all
the spheroids on the DMA. To efficiently interpret the large
amount of imaging data obtained, we developed a deep learn-
ing approach to obtain accurate segmentation of fluorescence
images!?! (Figure S3, Supporting Information). We quantified
the percent viability of each drug-treated spheroid compared
to the viability of DMSO-treated spheroids and averaged the
percent viability data in five replicates (Figure 3A; Figures S3
and S4, Supporting Information). We considered drugs that
reduced viability to less than 50% compared to DMSO control
as effective compound candidates. Based on this criterion, we
identified 22 hits for TS603 and 29 hits for NCH1681, with ten
hits shared between the two PDTs (Figure 3B).

To test the generality of the drug candidates and exclude
any cell-specific results, we included NCH612 and SU-AO3 and
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tested whether the candidate compounds induced cell killing us-
ing MTT assay in a 96-well format. Out of the ten drugs tested
(Figure 3C; Table S2, Supporting Information), all PDTs showed
sensitivity to the drugs with ICy, below 1 um. Overall, our study
demonstrates the successful application of miniaturized high-
throughput drug screening of 3D spheroid cultures on DMA. We
identified over 20 potential drug candidates for each tested PDTs,
representing a significant step toward the development of effec-
tive treatments for TMZ-R IDH™" glioma.

2.3. Verteporfin as a Potential Therapeutic Target for IDH Mutant
Gliomas
Verteporfin (VP) was selected for further assessment among

the screened candidates due to its ability to cross the blood-
brain barrier (BBB)!#-%] and its involvement in clinical trials for

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Identification and validation of drug candidates through high-throughput screening. A) Viability of TS603 and NCH1681 treated with drug
library hit compounds. Positive hits were defined as those that resulted in over 50% inhibition of spheroid viability. B) Based on the criteria, 22 hits were

identified in TS603 and 29 hits in NCH1681, with 10 hits shared between the

two PDTs. Each dot on the graph represents a drug, with x-axis showing cell

survival in NCH1681 and y-axis showing cell survival in TS603, demonstrating the drug efficacy in each cell line and both. C) The top candidates were

further validated with MTT assay using a range of drug concentrations, whic
1000 cells were seeded, and drug treatment lasted for 96 h, with each dot re

treating GBMs.[273% We further confirmed VP’s anti-tumor effi-
cacy in TS603, NCH1681 and SU-AO3 using CellTiterGlo viabil-
ity (Figure S5A, Supporting Information) and soft agar colony
formation assays (Figure S5B, Supporting Information). VP is
FDA-approved for the treatment of macular degeneration and
has been reported to be a YAP1 (Yes1 Associated Transcriptional
Regulator) inhibitor in many cancer types.l*!*2] Therefore, we in-
vestigated whether VP inhibited YAP1 in our tumor models.

2.3.1. VP Exerts its Anti-Tumor Activity in IDH 1™ PDTs
Independent of YAP1

The transcriptional regulator YAP1 has been implicated in can-
cer initiation and growth.[**} To investigate the role of YAP1 in
the anti-tumor activity of VP in our PDTs, we conducted Western
blot analysis and observed a time- and dose-dependent decrease
in YAP1 protein levels following VP treatment in NCH1681 and
TS603 cells (Figure S5C, Supporting Information). We found that
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h were narrowed down to the concentration gradient shown. For this assay,
presenting the average of three technical repeats.

the PDTs exhibited different levels of endogenous YAP1 protein,
with NCH1681 having the highest levels (Figure 4A). However,
NCH1681 did not exhibit the strongest response to VP treatment,
while SU-AO3, which has undetectable YAP1 levels, displayed
higher sensitivity to VP exposure (Figure 4A; Table S2, Support-
ing Information). This negative correlation between YAP1 pro-
tein levels and IC,, of PDTs to VP suggests that YAP1 may not
be the only target of VP (Figure 4B). To test this hypothesis, we
employed shRNA-mediated knockdown of YAP1 in both TS603
and NCH1681. The two shRNAs resulted in 90% and 50% knock-
down in TS603 (Figure 4C) and 80% and 50% knockdown in
NCH1681 (Figure 4E), respectively. Surprisingly, YAP1 loss did
not affect the colony formation ability of TS603 (Figure S5D,E,
Supporting Information), and cells with or without YAP1 main-
tained their sensitivity to VP treatment (data not shown). How-
ever, we observed that the greatest reduction in YAP1 level led
to increased sensitivity to VP treatment(Figure 4D,F). For exam-
ple, in TS603, shYAP1 1# with 90% of YAP1 knockdown showed
a lower survival percentage to VP at 40 and 80 nm for 96 h
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Figure 4. VP inhibits proliferation of IDH1™ gliomas independently of YAP1. A) Endogenous YAP1 protein levels vary between IDH1™t PDTs. B)
Negative correlation between endogenous YAP1 protein levels and 1Csq of VP (shown in Table S1, Supporting Information) in PDTs. The endogenous
YAP1 level is normalized to actin as shown in the Western blot in (A). C)shRNA-mediated YAP1 knockdown decreases YAPT protein levels in TS603 cell
line. Quantification of YAP1 protein levels is shown below the image. D) TS603 with lower levels of YAP1 shows greater sensitivity to VP in the MTT
assay (n = 3 technical repeats). E) shRNA-mediated YAP1 knockdown decreases YAP1 protein levels in the NCH1681 cell line. Quantification of YAP1
protein levels is shown below the image. (F) NCH1681 with lower YAP1 levels show greater sensitivity to VP in the MTT assay (n = 3 technical repeats).

The data were analyzed using two-way ANOVA, p < 0.001.

treatment compared to shYAP1 2#, which had only 50% YAP1
knockdown. Similarly, in NCH1681, shYAP1 1# with 80% YAP1
knockdown showed higher sensitivity than shYAP1 2#, which
had 50% YAP1 knockdown. These results supported the notion
that YAP1 may not be the sole target of VP in our PDTs. Overall,
our results suggest that VP exerts its mode of action through a
YAP1-independent mechanism in IDH1™ PDTs.

2.3.2. VP Targets the Nucleoporin Family
To identify the target of VP in TMZ-R IDH1™" PDT models,

we performed whole-cell lysate mass spectrometry (MS) anal-
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ysis to examine the global effect of VP on the proteome. We
treated TS603, NCH1681, and SU-AO3 with 1 um VP for 2 h, a
dose at which significant YAP1 reduction was observed by West-
ern blot (Figure S5C, Supporting Information). In total, we mea-
sured 5964 proteins in each PDT. To identify differentially abun-
dant proteins, we applied an absolute Log, (fold change) cutoff
of 2 and a —Log,,(adjusted p) threshold of 2. VP treatment re-
sulted in significant changes in protein expression levels in all
three PDTs. Specifically, 134 proteins were upregulated, and 477
proteins were downregulated in TS603 (Figure S6A, Supporting
Information), 104 proteins were upregulated and 363 proteins
were downregulated in SU-AO3 (Figure S6B, Supporting Infor-
mation), and 92 proteins were upregulated and 372 proteins were
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Figure 5. NUP107 as a response marker for VP in astrocytoma. A) Venn diagrams demonstrating the overlap of VP-driven translational changes
(Log;, (fold change) <—2 or >2 and —Logo(adjusted p ) >2) in the three IDH1™"* PDTs. B) GO and KEGG pathway analysis revealed nucleocytoplasmic
transport as the commonly altered pathway among all tested PDTs, with a corresponding biological process involving the nuclear pore organization. C)
IPA upstream pathway analysis predicted NUP107 as a regulator following VP treatment in all three tested PDTs. D) Western blot confirmed that NUP107
protein levels decreased upon 1 um VP treatment for 1 h in all four tested PDTs. E) Proteasome inhibition using MG132 did not prevent NUP107 degra-
dation upon VP treatment. F) Expression analysis of NUP107 gene obtained from TCGA data showed differential expression between non-tumors and
IDH1™U samples. Data analyzed with one-way ANOVA, p < 0.0001. G) Kaplan-Meier analysis showed that higher NUP107 expression correlated with
shorter overall survival in IDH1™U patients (p = 0.0047, Gehan-Breslow-Wilcoxon test). H) Kaplan-Meier analysis showed no difference in overall survival
between high and low NUP107 expression in IDH1™-codel patients (p = 0.0677, Gehan-Breslow-Wilcoxon test). 1) Kaplan-Meier analysis showed that
higher NUP107 expression correlated with shorter overall survival in IDH1™“t-non-codel (astrocytoma) patients (p < 0.0001, Gehan-Breslow-Wilcoxon
test).

downregulated in NCH1681 (Figure S6C, Supporting Informa-
tion). Each PDT exhibited unique pathways for the up- and down-
regulated proteins, except for the decreased abundance of nucle-
ocytoplasmic transport, which was commonly observed across all
three PDTs (Figure S6D,F,H, Supporting Information).

After analyzing the proteins commonly altered in the three
PDTs, we found that only two proteins were consistently upregu-
lated across all lines, while 59 proteins were commonly downreg-
ulated (Figure 5A). These results suggest that VP treatment leads
to a downregulation of the related pathways in all three IDH1™"
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PDTs. To explore the molecular networks, we submitted iden-
tified 59 proteins to Metascape for KEGG pathway and biologi-
cal process analysis. Based on the —Log;,(p), Z score, gene hits
and enrichment, we extracted the top KEGG pathway and biolog-
ical process (Figure 5B). Our KEGG pathway analysis revealed
a notable enrichment in the nucleocytoplasmic transport path-
way, consistent with the previously analyzed shared pathways be-
tween the three PDTs when we conducted separate analyses for
each PDT. The nuclear pore complex (NPC) was identified as the
primary biological process affected by VP treatment (Figure 5B).
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NPCs play critical roles in the transportation of macromolecules
between the nucleus and cytoplasm and are composed of around
30 nucleoporins (NUPs).3**] Upon further examination of the
NUP family in our dataset, we observed that almost all NUP fam-
ily members were significantly downregulated in all three PDTs
(Figure SGE,G,I, Supporting Information), suggesting a specific
impact of VP on this protein family.

To identify the upstream regulator responsible for the re-
sponse to VP treatment in each PDT, we conducted an Ingenu-
ity Pathway Analysis (IPA) , which predicted NUP107 to be a
common upstream regulator (Figure 5C). To validate this predic-
tion, we performed Western blot analysis and observed a signifi-
cant reduction in NUP107 protein levels following VP treatment
(Figure 5D). These findings suggest that NUP107 may play a cru-
cial role in the response to VP treatment across multiple PDTs.
To further understand the regulation of NUP107 , we tested
whether it is degraded by the proteasome. However, treatment
with MG132, a proteasome inhibitor, failed to rescue NUP107
protein degradation (Figure 5E). This suggests that NUP107 is
degraded through a proteasome-independent pathway. Overall,
our findings suggest that targeting the NUP family through VP
treatment could be a promising therapeutic strategy for suppress-
ing cell survival in IDH1™* PDTs. Furthermore, the downregu-
lation of NUPs highlights the potential importance of the NPCs
in PDT survival and provides new insights into the development
of targeted therapies for this tumor type.

2.3.3. High NUP107 Expression Correlates with Poor Patient
Survival in Astrocytoma

We then investigated the clinical significance of NUP107 in
IDH1™" gliomas by examining whether its expression level
correlated with grade or overall survival in two cancer genomic
data platforms: The Cancer Genome Atlas (TCGA) and the Chi-
nese Glioma Genome Atlas (CGGA). After analyzing the TCGA
dataset, we found that NUP107 expression was significantly
higher in IDH™"-codel and IDH™""-non-codel samples com-
pared to normal tissues (p < 0.0001, ordinary one-way ANOVA),
while there was no significant difference in NUP107 expression
level between these two subtypes of IDH™" glioma (p = 0.3918,
ordinary one-way ANOVA) (Figure 5F). To gather sufficient
data for survival analysis, we utilized the CGGA data set, which
contained survival data from 500 patients with IDH mutant
gliomas. Using the median Log, expression of NUP107 from
IDH™" glioma (3.2585) as a cut-off, we categorized patients as
having high or low NUP107 expression. We found a significant
difference in patient survival between those with high and low
NUP107 expression (median overall survival of 1208 days for
NUP107 high and 1582 days for NUP107 low; p = 0.0047, Gehan-
Breslow-Wilcoxon test) (Figure 5G). Further analysis revealed
no significant difference in survival in IDH™"-codel patients
(median overall survival of 2549 days for NUP107 high and 2097
days for NUP107 low; P = 0.0677, Gehan-Breslow-Wilcoxon
test) (Figure 5H). However, in the group of IDH™"-non-codel
samples, we observed a significant difference in median overall
survival between patients with high NUP107 expression (609
days) and those with low NUP107 expression (1286 days) (p
< 0.0001, Gehan-Breslow-Wilcoxon test) (Figure 5I). This data
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demonstrates that high NUP107 expression is associated with
decreased overall survival in IDH™" glioma, particularly in
the IDH™"-non-codel (astrocytoma) subtype. These results
suggest that NUP107 expression level could potentially serve as
a biomarker for predicting patient response to VP treatment.

3. Conclusion

In this study, we demonstrated the feasibility of building a 3D
glioma spheroid model on the DMA chip for drug screening.
We successfully identified over 20 FDA-approved drugs with
therapeutic potential against TMZ-R IDH1™" gliomas, which
may provide urgently needed solutions for the clinical treatment
of therapy resistant gliomas. We utilized two patient-derived
IDH mutant glioma tumorspheres: TS603 (oligodendroglioma)
and NCH1681 (astrocytoma), to construct a 3D cell spheroid
model on DMA using the hanging drop method. Patient-derived
gliomas typically grown as neurospheres in 3D cultures in stem-
like conditions, which better recapitulate and more closely re-
semble the parental tumor. Therefore, these models are essen-
tial tools for translational research and offer benefits for in vivo
and in vitro drug screening. This tool is especially important for
study IDH1-mutant tumors, which are difficult, slow, and costly
to culture in vitro.

Previously, we developed a Droplet Microarray (DMA) plat-
form, which enables highly miniaturized high-throughput cell-
based screenings in comparison to multiwell plates. This plat-
form is based on hydrophilic-superhydrophobic patterning, and
allows the formation of arrays of nanoliter droplets, each of
which serves as a well for culturing and screening of cells. The
DMA platform increases laboratory efficiency, dramatically re-
duces screening costs (by two to three orders of magnitude), and
scales up the throughput (up to 30 times more wells per area).
The DMA platform was demonstrated for formation of high-
density single-spheroid-arrays, which are compatible with direct
live microscopy-based characterizations. This tool offers a cost-
effective and timely solution for patients, particularly for those
who experience recurrence after standard treatment and have no
available drug options. In the near future, we could obtain pa-
tient samples to conduct an FDA-approved drug screen to find
the best drug or drug combination options for each individual.
This approach can be integrated for the development of person-
alized medicine, enabling the identification of drugs tailored to
each patient’s needs.

Futhermore, we investigated the biological mechanism be-
hind the killing effect of VP. Our findings suggest that nucleo-
porins, rather than YAP1, are the targets of VP, and we identi-
fied NUP107 as a predicted upstream regulator for VP response.
Furthermore, CGGA data suggests that NUP107 may serve as
a molecular marker for VP treatment and correlate with patient
survival. Our study also highlights the potential of nucleopore
complex (NPC) targeting as a novel pathway for the treatment of
IDH1™" gliomas. Our work provides a solid foundation for the
future studies on drug repurposing in a cost-effective and effi-
cient manner, as well as potential biomarkers to guide drug usage
and inform clinical treatment decisions.

In summary, we have demonstrated a novel approach for
identifying FDA-approved drugs with potential therapeutic ben-
efits against TMZ-R IDH1™" PDTs. Our miniaturized on-chip
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compound screening workflow enable us to screen a large num-
ber of drugs in a cost-effective and efficient manner. Through
proteomic analysis, we investigated the mechanism of action of
one of the identified drugs, verteporfin, and found that it targets
the nuclear pore complex rather than the previously assumed tar-
get YAP1 in IDH1™" PDTs. We further identified NUP107 as a
potential biomarker for verteporfin treatment based on its asso-
ciation with patient survival in the CGGA database. Thus, the
presented screening platform is optimal for studying rare dis-
eases or cancers where tissue is sparse or not amenable to in vitro
propagation (e.g., IDH™" gliomas). Repurposing FDA approved
drugs for glioma treatment using on-chip high-throughput drug
screening with 3D spheroids shows great potential and lays the
groundwork for future pharmaceutical interventions to assist tu-
mor treatment in the clinic.

4. Experimental Section

Cell Lines and Cell Culture: Patient-derived IDH mutant glioma lines
TS603, NCH1681, NCH612, SU-AO3 were maintained in Neurocult
Basal Medium with proliferation supplements (Stemcell, Cat. # 05751),
20 ng mL~" EGF (Stemcell, Cat. # 78006.2), 20 ng mL™" basic-FGF (Stem-
cell, Cat. # 78003.2) and 2 pg mL~" Heparin (StemCell, Cat. # 07980).
HEK293TN and NHAs were maintained in DMEM-high glucose (Sigma,
D5796) supplemented with 10% fetal bovine serum (Gibco, A476680).
The patient-derived tumorspheres were obtained as follows: TS603 (oligo-
dendroglioma) from Memorial Sloan Kettering Cancer Center; NCH612
(astrocytoma) and NCH1681 (astrocytoma) from Heidelberg University
Hospital; SU-AO3 (oligodendroglioma) cells were kindly provided by Dr.
Michelle Monje (Stanford University).

Preparation of 3D Glioma Spheroid Array: The cells were harvested
and dissociated into single-cell suspension using Accutase (BiolLegend,
Inc. 423207). The droplet microarray (DMA) slides were purchased from
Aquarray GmbH (catalog, IR005024 1542, Eggenstein-Leopoldshafen, Ger-
many). The DMA had 588 square hydrophilic spots (1mm?) and each slide
had a unique barcode to distinguish between different slides. The spots of
the DMA were coated with anti-adherence rinsing solution (50 nL, cata-
log # 07010, STEMCELL Technologies Inc.) and dried under sterile condi-
tions. Then, using a universal liquid dispenser (I-DOT, Dispendix GmbH,
Germany), 200 nL of cell suspension (cell concentration, 1.5 x 106 mL~")
was dispensed to each spot. The DMA slide was immediately inverted and
cultured in an incubator using the hanging drop method. For both tumor-
spheres, the spheroids were imaged after 1, 3, 5, and 7 days of cultivation
using the microscope (Keyence BZ-X800, Japan).

High-Throughput FDA Compounds Screening on DMA: For high
throughput screening, different drugs were printed in each spot of DMA
in advance before printing the cells (Figure S2, Supporting Informa-
tion). The FDA-approved drug library was purchased from Selleck Chem-
icals LLC and stored as required by suppliers (L1300-Z351463, https:
//www.selleckchem.com/screening/fda-approved-drug-library.html). The
non-contact dispensing system (sciFLEXARRAYER, SCIENION AG. Ger-
many) was used to print 2 nL of the drug solution in DMSO into each spot.
The final drug concentration in droplets with cells was 5 um and there were
five replicates for each drug. Drugs (2208) were printed on total 24 DMA
slides. The outer rows were not used for drug screening because of the
edge effect. Each slide contained 92 drugs and 1 DMSO control group.
The two tumorspheres (NCH1681, TS603) were then seeded on the DMA
in an amount of 300 cells in 200 nL medium per each spot. The slides were
incubated for 3 days using the hanging drop method. Afterward, cells were
stained with Calcein AM (1/2000) and PI (1/2000) for 20 min. The DMA
slide was imaged by automated screening microscope Leica Thunder 3D
Imager (Leica Microsystems, Germany).

Analysis of Screening Results: Upon completion of high-throughput
screening, the images were exported as TIF format (Figure S3, Support-
ing Information). Each spot had two channels, green and red, which rep-
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resent live cells and dead cells respectively. A deep learning system was
developed to obtain the accurate segmentation of fluorescence images.
To distinguish non-cellular fluorescent signals and reduce background in-
terference, a pre-labeling was used to optimize image processing. On this
basis, the area of spheroids in green and red fluorescent channels was ac-
curately obtained, representing live and dead parts of spheroids, respec-
tively. The green area was set as Area (Calcein) and the red area as Area
(PI). The viability of each spheroid was estimated as Area (Calcein) / [Area
(Calcein)+Area (PI)].

MTT Assay:  For cell survival analysis, 3000 cells in 100 uL medium
were seeded in a 96 well plate. The next day, the drugs were diluted in
50 uL of medium with different concentrations and added into the well ac-
cordingly. Ten microliters of 10 mg mL™! MTT (Sigma, Cat. # M5655) were
added in the well after 96 h of drug treatment, after another 2 h of incuba-
tion at 37 °C, 100 pL of solvent (10% SDS in 0.01 M HCl) were added, and
color was measured the next day with Microplate reader infinite 200Pro at
580 nm wavelength with the plate background of 670 nm wavelength. The
intensity of the reading was converted into viability percentage from neg-
ative control, by normalizing the readings to the DMSO control. The fol-
lowing drugs were used for the MTT assay: Verteporfin (Sigma, SML0534-
5mg), Paclitaxel (Sigma, T7191-1mg), Harringtonin (SCBT, sc-204771-
5mg), Epirubicin hydrochloride (Merck, E9406-5mg), Triptonide (SCBT,
sc-200122-1mg), Homoharringtonine (SCBT, sc-202652-1mg), Pyrvinium
(Selleck, s5816-5mg), Auranofin (Selleck, S4307-5mg), Saikosaporin D
(Selleck, S5454-1mg), Berberine Chloride (Selleck, S2271-10mg), Temo-
zolomide (Sigma, T2577-25mg).

CellTiter-Glo Cell Viability Assay: This assay was performed according
to the manufacturer reccommendations (Promega, Cat. #G9241).

Soft Agar Anchorage-Independent Growth Assay: For anchorage-
independent cell survival assay, 100 000 to 150 000 cells were seeded in
0.4% soft agar (Lonza, Cat. # 50101) in six-well plates between 0.6% (top)
and 0.8% (bottom) agar, after 2 weeks of growth with fresh medium, 1T pum
VP or 0.04% DMSO control were added to the media for 1 h treatment. Af-
ter additional 4 weeks of culturing in fresh media, cells were stained with
0.005% crystal violet (Sigma, SML0534) and imaged using the Bio-Rad
ChemiDoc XRS+ imaging system. The colonies were counted by eye or
with Image] software. Soft agar assay for TMZ response: 10 000 cells from
TS603 and NCH1681, 15 000 cells of SU-AO3 are seeded in 12 well plate,
after 1 week of cell growth, 100 um TMZ or 0.1% DMSO were refreshed
daily refreshed continuously for four days, then images were taken after
0.005% crystal violet staining. One month later , colony number and size
comparison between PDTs was analyzed with Image); all colonies were
having the same threshold with removal of background and particle size
between 100 and 200. a

Western Blot:  The cells were pelleted by centrifuging at 900 rpm for 5
min, washed with cold PBS three times, and lysed with 120 pL (per six well
plate) M-PER Extraction reagents (ThermoFisher #78501) containing 1X
Protease Inhibitor Cocktail (Roche, SKU11697498001). The lysates were
sonicated with Sonorex Digitec (Bandelin) for 2 min, incubated on ice for
30 min, centrifuged at 13 000 g for 15 min at 4 °C, and the supernatant
was collected in 1.5 mL microcentrifuge tubes. The protein concentration
was measured with BCA Protein Assay Kit according to manufacturer’s
protocol (ThermoFisher, #23225). For western blotting, 20 pg of protein
was loaded with 4X Laemmli Buffer (BioRad, #1610747) containing 10%
p-mercaptoethanol (Sigma, #M6250) and boiled at 95 °C for 10 min. The
lysates were run on 10% resolving and 5% stacking SDS-PAGE gels for
the electrophoresis. The proteins were blotted on 0.2 um PVDF membrane
(Bio-Rad) using the Mini-PROTEAN Tetra electrophoresis wet blot system
(Bio-Rad) for proteins with molecular weights (MW) > 100 kD or iBLot2
for MWs < 100 kD. The transfer efficacy was checked with Coomassie dye
(Thermal fisher, #20279) gel staining and Ponceau Red (ThermoFisher,
46430) membrane staining. The membrane with Ponceau is washed with
TBST and blocked for 1 h in 5% milk at 4 °C. Primary antibodies were ap-
plied overnight at 4 °Ciin 5% milk. Protein signal was detected using Pierce
ECL Western Blotting Substrate (ThermoFisher, #32109) and ChemiDoc
MP Gel Imaging System (Bio-Rad). To probe the same membrane, the
membranes were stripped with Restore PLUS Western Blot-Stripping-
Buffer (ThermoFisher, #46430) for 15 min twice, and washed with TBST
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and re-blocked in 5% milk before the next immunoprobing experiment.
The antibodies used for the immunoblots were anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (Cell Signaling, #2118), anti-beta
actin (ACTB) (Cell Signaling, #4967) anti-IDH1 R132H (Dianova, #DIA-
HO09), and anti-ACTB (Sigma, #A3854), Alexa Fluor 647 anti-Nuclear Pore
Complex Proteins Antibody (Biolegend, #682203).

Mass Spectrometry Analysis:  Whole cell lysates from three replicates
per condition (drugs and control) from 1 x 10 cells were prepared. Pro-
teomics were performed at the Mass Spectrometry Core Facility at the Ger-
man Cancer Center (DKFZ). Data analysis was carried out by MaxQuant.
Identification FDR cutoffs were 0.01 on peptide level and 0.01 on protein
level. For VP treatment LFQ and iBAQ values were normalized via vari-
ance stabilization normalization. The statistical analysis for LFQ- or re-
spectively iBAQ values was performed with the R-package “limma”. The
p-values were adjusted with the Benjamini-Hochberg method for multi-
ple testing.

Immunofluorescence and Microscopy:  For immunofluorescence analy-
sis, 12 mm coverslips were placed into 12-well dishes, and coated with
10 ug mL~" laminin (Sigma, L2020-1MG) overnight at 4 °C. On the next
day, the coverslips were washed three times with PBS. Cells (1 10°) were
seeded and treated with 1 um VP or 0.04% DMSO in triplicate for 3 h
the next day. After removing the drug, cells were washed with PBS and
fixed with 4% PFA for 20 min at room temperature. PFA was removed and
cells were washed twice using PBS. Cells were permeabilized using 0.1%
of Triton X-100 for 15 min at room temperature, followed by three gen-
tle washes using PBS. For VP subcellular observation 1 drop of anti-fade
mounting medium containing DAPI (VECTASHIELD, H-1200-10) was dis-
pensed onto the microscope slide. The coverslips were mounted with the
cells facing toward the microscope slide. The image z-stacks acquisition
of T-PMT (bright field), Alexa-405 (DAPI), and Alexa-633 (autofluorescence
of VP) was performed with Zeiss LSM710 Confocal microscope, using 63x
(oil) objective, all controlled by ZEISS ZEN microscope software.

Viral Transductions:  YAP1 was knocked down in TS603 and NCH 1681
tumorspheres by viral transduction using two shRNA plasmids (shYAP1
#1, Addgene #42540; shYAP1 #2, Addgene #42541), and scrambled con-
trol plasmid (pLKO.1 puro, Addgene #8453). For virus production, 2 x10°
HEK293TN cells were seeded in six-well plates, transfection mixtures (1pg
target Plasmid + 0.6 ug envelope plasmid (pCMV-VSV-G, Addgene #8454)
+ 0.6 pg packaging plasmid (psPAX2, Addgene #12260) + 6.6 uL FuGene
(Promega, E2311) 4+ OptiMEM media (Gibco, # 31985062) up to a total of
100 L) were added the next day. Cell culture medium was changed after
24 hours and collected for harvesting at 48 and 72 hours after transfection
and filtered through 0.45 pm filters. The filtered cell culture supernatant
was mixed in 3:1 ratio to a lab-made filtered 4 x virus precipitation buffer
(40 g PEG 8000, 7 g NaCl, 10 mL PBS, final pH adjusted to 7.4 with 1
m HCl, filled up to 100 mL with distilled water) and incubated overnight
at 4 °C. Next, the PEG/medium mix was centrifuged at 1600 x g at 4 °C
for 45 min for virus collection. Supernatant was discarded, virus pellets
were resuspended in 250 uL PBS and added to the NCH1681 and TS603
tumorspheres (seeded with density of 3 x 10° cells per six well-plate one
day ahead of transduction) 100 pL a time, and another 100 uL after 24 h.
Transfection efficacy was checked 48 h post-transfection by imaging with
fluorescence microscope and counting the number of fluorescent cells.
Stably transduced cells were selected with fresh complete medium con-
taining 0.5-1 pg mL~" puromycin every 3 to 4 days until drug-resistant
colonies become visible (generally 7-14 days after selection). As selection
control, parental cells were used. HEK293-TN, NCH 1681 and TS603 were
passaged at least two times and less than ten times before transduction
and after thawing from the liquid nitrogen stock.

Statistical Analysis: ~ Student’s t test and 1- or 2-way ANOVA were used,
as appropriate, to calculate significance (“p < 0.05, *p < 0.01, “p <
0.001) in cell culture and imaging studies.
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