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Abstract

Background. Glioblastoma (GBM) is the most aggressive primary brain tumor. Its cellular composition is very
heterogeneous, with cells exhibiting stem-cell characteristics (GSCs) that co-determine therapy resistance and
tumor recurrence. Bone Morphogenetic Protein (BMP)-4 promotes astroglial and suppresses oligodendrocyte dif-
ferentiation in GSCs, processes associated with superior patient prognosis. We characterized variability in cell
viability of patient-derived GBM cultures in response to BMP4 and, based on single-cell transcriptome profiling,
propose predictive positive and early-response markers for sensitivity to BMP4.

Methods. Cell viability was assessed in 17 BMP4-treated patient-derived GBM cultures. In two cultures, one highly-
sensitive to BMP4 (high therapeutic efficacy) and one with low-sensitivity, response to treatment with BMP4 was
characterized. We applied single-cell RNA-sequencing, analyzed the relative abundance of cell clusters, searched
for and identified the aforementioned two marker types, and validated these results in all 17 cultures.

Results. High variation in cell viability was observed after treatment with BMP4. In three cultures with highest sen-
sitivity for BMP4, a substantial new cell subpopulation formed. These cells displayed decreased cell proliferation
and increased apoptosis. Neuronal differentiation was reduced most in cultures with little sensitivity for BMP4.
OLIG1/2 levels were found predictive for high sensitivity to BMP4. Activation of ribosomal translation (RPL27A,
RPS27) was up-regulated within one day in cultures that were very sensitive to BMP4.

Conclusion. The changes in composition of patient-derived GBM cultures obtained after treatment with BMP4 cor-
relate with treatment efficacy. OLIG1/2 expression can predict this efficacy, and upregulation of RPL27A and RPS27
are useful early-response markers.
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Importance of the Study

Failure of making progress in the treatment of glioblas-
toma is mainly due to resistance of tumor cells to cur-
rent therapies. Since almost two decades no new agent
against glioblastoma has been approved in Europe.
This is predominantly due to insufficient understanding
of glioma tumor biology and lack of patient stratifica-
tion. BMP4 recently entered the clinic in a Phase-| trial
and, if deemed safe, will likely be tested in a Phase-II
trial. More biological knowledge on inter- and intra-
tumoral differences in therapy sensitivity and potential

Patients diagnosed with glioblastoma (GBM) and submitted
to standard therapy, a combination of surgical resection and
chemoradiation with temozolomide (TMZ), have a median
life expectancy of 18 months. High intra-tumoral cell hete-
rogeneity and plasticity downsize therapeutic effectiveness,
together with resistance to therapy, which results in tumor
recurrence and lethal progression.'?The glioblastoma stem
cell-like cells (GSCs) are a major factor in both acquisition
of chemoradiation resistance and tumor recurrence.® GSCs
are a self-renewing, small subpopulation of GBM cells, ex-
press stemness marker genes and can differentiate in vitro
to several neural lineages.*®Their progeny constitutes novel
subpopulations of tumor cells able to resist treatment or
survive environmental changes.®’” Hence, GSCs are con-
sidered as important targets for therapy.8°

During embryogenesis, BMP actions must be antagon-
ized first for enabling central nervous system (CNS) for-
mation. However, at later stages BMPs co-stimulate cell
differentiation along the astroglial lineage.'®™ In vitro and
in vivo studies have shown that BMP4 promotes astroglial
differentiation of GSCs, which depletes the GSC pool.'?
Furthermore, an orthotopic GBM model in mice, upon ad-
ministration of BMP4, had a significantly better survival
rate than withTMZ."3

Novel therapeutic anti-glioma agents are often as-
sessed first in cell cultures.'*"® The readout of such as-
says is generally done at cell-population, not single-cell
level. Incomplete understanding of tumor cell responses
to targeted treatments at such high-resolution contri-
butes to translational gaps for glioma.'” Effective applica-
tion of novel therapies, such as administration of BMP4
(which recently entered a first-in-human Phase-l trial for
GBM'8) requires thorough understanding of its intra-
tumoral biological effects. Here we provide an analysis
at single-cell resolution of differently responding cultures
to differentiation-inducing cues and highlight novel resis-
tance mechanisms to directed differentiation therapies. As
GBM tumors also have high inter-tumoral heterogeneity,
patient stratification will be essential in defining effective-
ness of any other new therapeutic strategy. Hence, we
wanted to gain novel insight into inter-tumoral and intra-
tumoral variability, starting from cell viability monitoring
after treatment with BMP4 and applying single-cell RNA-
sequencing (scRNA-seq). This combinatorial strategy en-
abled us to identify both predictive markers and markers
of early-therapeutic efficacy.
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markers for patient stratification then become rele-
vant. Understanding of the heterogeneous response to
differentiation cues also helps development of other
pro-differentiation therapies. For this, we performed a
high-resolution analysis of 17 patient-derived GBM cul-
tures. We found a specific cluster of cells that, upon
treatment with BMP4, was formed only in cultures with
high sensitivity, and identified OLIG1 and OLIG2 as po-
tential predictive markers for therapeutic efficacy of
BMP4.

Materials and Methods
Cell Culture

Tumors were collected by the Department of Neurosurgery,
Erasmus University Medical Center (Rotterdam) after re-
ceiving patient’s informed consent and in accordance with
protocols approved by the institutional review board. All
cultures were routinely tested for mycoplasma and were
authenticated with either SNP-array or whole-exome
sequencing in the used passages. Further details are men-
tioned in Supplementary Methods.

Cell Viability Assay

Seven days after treatment with 0.75-180 ng BMP4/ml
BMP4, using three-fold serial dilutions, cell viability was
measured (CellTiter-Glo kit, Promega). See details in
Supplementary Methods .

Apoptosis Assay

The AnnexinV-iFluor 555 Apoptosis Staining/Detection Kit
(Abcam) was used to assess apoptosis after 4 days of treatment
with 60 ng BMP4/ml. See details in Supplementary Methods .

Proliferation Assay

5-Ethynyl-2’-deoxyuridine (EdU) incorporation was con-
ducted using the EdU Staining Proliferation Kit (iFluor 647),
according to the manufacturer’s protocol (Abcam). See de-
tails in Supplementary Methods .

Indirect Immunofluorescence
Indirect immunofluorescence was performed using antibodies

and concentrations as described in Supplementary Methods.

Flow Cytometry

Dissociated cells were incubated for 30 min at 24°C with
conjugated antibodies (Supplementary Table 3). Cells were
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then washed with and diluted in PBS. Samples were ana-
lyzed using a BD LSRFortessa, raw data was analyzed with
FlowJo™ v10.6.2.

Self-Renewal Assay

The self-renewal assay was performed in soft-agar.’ For
further details see Supplementary Methods.

Quantitative PCR

Total RNA was isolated with TRIzol reagent??; cDNA was
synthesized using RevertAid (both Thermo Scientific).
For primers, see Supplementary Table 4. Real-time PCR
was done using the Bio-Rad CFX96 system. All qPCR
experiments were done as biological and technical
triplicates.

Western Blots

Cell lysates supplemented with phosphatase/protease in-
hibitors were separated by gel electrophoreses. Specifics
are described in Supplementary Methods .

Single-Molecule RNA FISH

Cells seeded on coverslips were treated with BMP4
and fixed according to the manufacturer’s protocol. The
RNAscope® Multiplex Fluorescent Reagent Kit v2 Assay
was used for hybridization and visualization of probes of
interest. See Supplementary Methods for further details.

Sample Preparation for scRNA-seq

At passage 7, cells were seeded at 200,000 cells/well in six-
well plates, one day before treatment with BMP4 (60 ng
BMP4/ml, 24 h). Cells were harvested after detachment with
Accutase (Invitrogen) and dissolved in PBS-1% Dispase
(ThermoFisher). The Controller and v3 Library and Gel Bead
kit (all 10xGenomics) were used to obtain single-cell emul-
sions. The Chromium 3" v3 protocol was used to gene-
rate libraries for RNA-seq, which were sequenced using a
NovaSeq6000 (lllumina). Information with regard to data
analysis and classification is described in Supplementary
Methods.

Integration Public Dataset

The Seurat anchorpoints method compared the GBM cells
cultured as serum-free monolayer with freshly resected
tumor.2'22 Cells were annotated using unsupervised anno-
tation (scCATCH).2®

Availability of Data and Materials

The scRNA-seq files were deposited with NCBI-GEO (ac-
cession number GSE148196).

Statistical Analysis

Descriptive statistics were calculated in Graphpad Prism
8.2.1. Means of two sets of data were compared by
student’s t-test.

Results

Patient-Derived Monolayer Cultures Self-Renew
and Activate BMP-SMAD Signaling

Seventeen patient-derived cultures were assessed for their
cell self-renewal, and all formed neurospheres, albeit with
high variation between tumors (Supplementary Fig. 1A,B).
After 24 h of treatment with 60 ng BMP4/ml, activation of
BMP-SMADs [indicated as pSMAD1/5] was detected in 16
cultures (and was very weak in GS630) (Supplementary
Fig. 2A,B). In addition, SMAD1 steady-state mRNA
levels did not change drastically upon addition of BMP4
(Supplementary Fig. 2C). SMAD1/5 activation resulted
in upregulation of ID family genes and SMAD?7, acknowl-
edged direct targets of BMP-pSMADs, in all 17 patient-
derived cultures (Supplementary Fig. 2D).

Cell Viability After Treatment with BMP4 is
Highly Variable in Patient-Derived GBM Cultures

The effect of BMP4 on GBM cell viability has been a matter
of controversy.?*2” We first assessed the variation in sensi-
tivity to BMP4 in the 17 GBM cultures (their characteristics
are summarized in SupplementaryTable 1). We used three-
fold dilutions (from 180 ng down to 0.74 ng BMP4/ml) to
determine the dose that best allowed discrimination for
therapeutic efficacy (Supplementary Figure 3A). This was
60 ng/ml, a classic dose of BMPs for stimulation of mul-
tiple cell types in culture. Treatment for 7 days at 60 ng/ml
resulted in decreased cell viability for 16 cultures (Figure
1A). The remaining cell viability after BMP4 ranged from
28% (GS636) up to 87% (GS502) compared to the respec-
tive untreated cultures, whereas in GS612 the cell viability
increased by 35%. Cell viability reduction after BMP treat-
ment of monolayers correlated significantly with its ef-
fects in neurosphere cultures (Supplementary Figure 3B).
We interpret this reduction in cell viability as a guide for in
vitro therapeutic efficacy and accordingly stratified our cul-
ture panel into two groups. We define therapeutic efficacy
as high-sensitive (i.e. viability in the presence of BMP4
decreased to <50% of non-treated cells) or low-sensitive
(>50% remaining viability) (Figure 1B).

The differences in post-BMP4 cell viability can result
from changes in survival versus apoptosis, and prolifera-
tion versus differentiation. In all cultures the cell prolifer-
ation decreased by adding BMP4 (Figure 1C). However,
the median decrease in EdU+ (i.e. proliferating) cells
was 12.5% in the highly and 6% in the low-sensitive cul-
tures (Figure 1D) (P = 0.05). Measurement of the apoptotic
(Annexin+) cells in each culture revealed that BMP4 gener-
ally promoted apoptosis, independent of its in vitro ther-
apeutic efficacy. Upon additional analysis BMP4 induced
limited necrosis and therefore we disregarded it in further

2135
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Fig. 1. Cell viability after treatment with BMP4. (A) Average cell viability with standard deviation 7 days post-treatment with 60 ng BMP4/m|

normalized to untreated (NT) cells (n = 3). Cultures used for single-cell analysis are in bold. (B) Flow-chart of stratification into the ‘highly sensitive
or the “little sensitive” cultures. (C) Mean percentage with standard deviation of EdU-positive (EdU+) cells after 2 days of 60 ng BMP/ml (n = 3).
(D) Mean difference in EdU+ cells after treatment with BMP4. (F) Mean percentage with standard deviation of Annexin-V+ cells after 4 days of
60 ng BMP4/ml (n = 3). (G) Mean difference of Annexin+ cells after treatment. ns = Not-significant. In E and F, the orange and blue square indi-

cate single-cell sequenced tumors GS832 and GS612.

analyses (Supplementary Figure 3C-E). Nonetheless, in 3
cultures with low-sensitivity (GS916, GS799 and GS612),
apoptosis was reduced by BMP4 (Figure 1E). The variability
in apoptosis resulting from BMP4 was larger in cultures
with low-sensitivity to BMP4 (ranging from -3.4 to +6.4%)
compared to those with high-sensitivity (+0.2 to +7.6%)
(Figure 1F).Taken together, therapeutic efficacy of BMP4 in
patient-derived GBM cultures has a stronger association
with the proliferation rate than level of apoptosis.

Single-Cell Transcriptomic Profiling Reveals Cell
Clusters and Cell Types Commonly Found in
Primary GBM

To further investigate the effects of BMP4 we proceeded
to scRNA-seq, with focus on the comparison between a
highly (i.e. GS832) and a low-sensitive culture (i.e. GS612).
GS612 was selected because it is the only culture in which

BMP4 increased the viability (see Figure 1A). GS636,
GS784 and GS832 were each highly-sensitive; we selected
GS832 based on three assumed favorable features: its high
sphere-forming capacity, comparable to GS612; a clear dif-
ference in proliferation after adding BMP4; and limited ap-
optosis in untreated cells (see Figure 1E).

We clustered our datasets to focus on transcriptional
dynamics in the cultures and assessed transcriptomic re-
sponses to BMP4 (Figure 2A). Based on known marker
genes we annotated 13 cell clusters (Figure 2A, B). Two of
these (i.e. unannotated (UA) 1/2; Figure 2A) did not have
signatures indicative for a given cell state or type, a previ-
ously observed common characteristic of GBM.282° Gene
transcription and cell proliferation (TP1/2) signatures were
marked by upregulated TOP2A and H1-2, 3 and 5 (Figure
2B),%% and split in two clusters based on genes relating to
extracellular matrix, COL3A17 and COL1AZ2 (for TP2, Figure
2B).3" Both clusters were enriched for proliferative/pro-
genitor cells as classified according to Garofano et al.
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Fig. 2. Single-cell transcriptomes of BMP4 treated patient-derived cultures. (A) UMAP embedding of single cells from two (un)treated GBM
cultures. Clusters of transcriptionally similar cells are colored and labeled by ontology. (B) Heatmap of top-5 uniquely expressed genes per
cluster. TR = Transcription regulation, G/G = G, to G,, Pl = Pro-inflammation, CR = Chemotaxis/regeneration, TP = Transcription/proliferation,
UA = Unannotated, G/S = G, to S, FOS = FOS signaling, Mit = Mitosis, Neu = Neuronal, CA = Cell-cycle arrest. (C) UMAP colored by sample. (D)
Heatmap of the representation of each sample per cluster as determined by hypergeometric testing. (E) Proportion of each subpopulation per

sample before and after treatment with BMP4 in GS832 (top panel) and

GS612 (bottom panel). (F) Percentage of cells belonging to UAT in the

RNA-scope analysis before (NT) and after treatment with BMP4. ns = Not-significant (G) Enriched KEGG pathways of upregulated (orange) and
downregulated genes (purple) in UA1. (H) Ingenuity Pathway Analysis of enriched biological functions ordered by adjusted P-value and filled ac-

cording to z-score (activation) of UA1.

(Supplementary Figure 4B).32The FOS cluster was marked
by upregulated expression of FOS and C1orf61 (Figure
2B),*% while MCM3 and MCM6 marked G1 to S phase tran-
sition (G/S, Figure 2B).%3

Gene-set enrichment analysis (GSEA) annotated one
cluster (CR) as chemotaxis and regeneration (ANGPT2 and

LGAL) (Figure 2B). The FOS, G1/S and CR clusters display
upregulated PTPRZ1 and FABP7, markers of radial glial
cells (Supplementary Figure 4A; Supplementary Table 2).28
We identified DCX, MAP2 and NHLH1 positive (+) neuronal
cells (Figure 2A, B; Supplementary Figure 4B).3* These
same cells were also annotated as neuronal cells after
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classification according to Neftel et al. (Supplementary
Figure 4A).?° The proportion of DCX+ cells per sample
followed the same trend in scRNA-seq and RNAscope
(Supplementary Figure 5A, B). CDKN1A+ marked those
cellsin cell-cycle arrest (CA) (Figure 2B)%®; these were found
enriched in untreated GS612 in scRNA-seq and RNAscope
(Supplementary Figure 5C, D).

We also examined to what extent the RNA-seq pro-
filed cultures resemble freshly resected GBM, so cross-
referenced our scRNA-seq datasets to those of freshly
resected glioma tumors published by Wang et al.??
Unsupervised annotation of this merged dataset revealed
an array of expected cell types (Supplementary Figure 6A).
All neural subtypes found previously in freshly resected
tissue could also be identified in our model. However, our
cultures were enriched for cells with GSC-profile compared
to previously published freshly resected tumors.?? Cell
types that were not present in our dataset were macro-
phages and microglia (Supplementary Figure 6B, C).

Treatment with BMP4 Depletes Neuronal and
Pro-inflammatory Subpopulations of Cells in a
Highly-Sensitive Culture

Exposure to BMP4 may influence the distribution
of the RNA-seq-defined cell clusters. Prior to treat-
ment, this distribution differed between GS832 and
GS612 (Figure 2C, D). Cells in G, to G, transition (the
G/G cluster) were more frequent in GS612, while pro-
inflammatory (PI) cells (with upregulated HLA-DRA,
CLU and NEATT1) were over-represented in the highly-
sensitive culture (GS832). COL1A1 was prominently
expressed in the G/G cluster. RNAscope validated the
over-representation of these cells in untreated GS612
(Supplementary Figure 5E, F). The TP1 cluster (H4C3+)
in GS832 showed a clear decrease upon exposure to
BMP4 both in scRNA-seq and RNAscope (see Figure
2C, D; Supplementary Figure 5E, G).

In GS832, a profound change was noted in the distribu-
tion of two specific clusters: the Pl cluster decreased by
~50% of its original size, while UA1 emerged and eventu-
ally constituted almost 33% of the culture (Figure 2E, top
graph; Supplementary Table 2). Validation by RNAscope
of the six most and least BMP4-sensitive cultures re-
vealed that the UA1 (PGF_hi, UNC5b_hi, IGFBP5_low and
MCM3_low) cluster always arose in the high-sensitive,
and sporadically in low-sensitive cultures (Figure 2F;
Supplementary Figure 8). The cells in UA1 displayed,
in relative terms, upregulated pathways regulating
pluripotency states of stem cells (i.e. BMP, Hippo) (Figure
2G). Furthermore, ingenuity pathway analysis marked de-
creased migration and increased cell-death associated
genes (Figure 2H). Although the PI cluster shrank with
BMP4 in GS832, itis one of the two clusters, together with
the population of neuronal cells (Neu), that expanded
most in the low-sensitive GS612. This trend is also
present after classification as described by Neftel et al.
and Garofano et al. (Supplementary Figure 4C-F).2%32
Thus, BMP4 causes a shift in cell state/type composition
in both cultured tumors, but most significantly for the
highly-sensitive GS832 (Figure 2C-E).

Treatment with BMP4 Reduces Plasticity
Between Cell States in Highly-Sensitive Cultures

We used RNA-velocity analysis to assess the transcrip-
tional dynamics upon BMP4 addition. Untreated GS832
cells followed the trajectory from unannotated to mitotic
cells (CCNB1+ and DLGAP5+) towards cells involved in
transcription regulation (HMGA1+) (red arrow, Figure 3A).
Upon treatment with BMP4, the RNA-velocity generally
decreased in all GS832 cells (Figure 3B). GS612 cells were
moving at high velocity towards cell-cycle arrest (Figure
3C), which is halted after addition of BMP4 (Figure 3D).The
cells followed the same trajectory as in GS832, but ended
not only with annotated transcription regulation, but also
with G, to G, cell-cycle transition, especially when exposed
to BMP4.

Post-BMP4 MAP2 Expression is Discriminative
for in Vitro Therapy Efficacy

BMP4 as therapeutic agent in GBM became of interest
following the report of its ability to induce astroglial
differentiation in GSCs.?® Therefore, we documented
upregulation of astroglial and downregulation of stemness
marker genes (SOX2, CD44, CD133) after BMP4 addition
(Figure 4). SOX2 and CD133 were downregulated after
stimulation with BMP4, irrespective of therapeutic effi-
cacy (Figure 4A, B, Supplementary Figures 9, 10A). After
24-h treatment, the low-sensitive cultures had enhanced
downregulation of CD133 compared to high-sensitive
cultures (Supplementary Figure 10B). BMP4 induced the
upregulation of GSC marker CD44 (Figure 4A, right panels,
Supplementary Figure 10C, D).

The astrocyte marker GFAP was expressed in few
subpopulations, although more of these gained its ex-
pression after BMP4 was added (left panels, Figure 4C).
Upon treatment with BMP4 the percentage GFAP+ cells
increased in all cultures, regardless BMP4-sensitivity
(Figure 4D, E). The other astrocyte marker gene,
S100B, was downregulated after treatment, especially
in GS832.

Neuronal marker genes DCX and MAP2 were ex-
pressed by GS612 and GS832. BMP4 only caused their
downregulation in GS832 (Figure 4F). In a previous study,
in which scRNA-seq was done for one BMP4-treated GBM
culture, diminished proliferation of treated GBM cells was
associated with neuronal cell-type genes.®® In our set of 17
cultures there was a trend (P = 0.067) of reduced expres-
sion of MAP2 in low-sensitive cultures compared to high-
sensitive ones over the first 24 h (Figure 4G, H).

BMP4 has a Higher Therapeutic Efficacy in
Cultures with an Oligodendrocyte Signature

Most cells in GS832 were OLIG1+ and OLIG2+ before
treatment, unlike those in GS612 (Figure 5A, B) and
adding BMP4 caused loss of both. Validation by immu-
nofluorescence in our 17-tumor panel confirmed that
upon BMP4 addition almost no OLIG2+ cells were ob-
served after 24 h (Figure 5C, D; Supplementary Figure 11).
A low percentage of OLIG2+ cells within a cell culture was


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac143#supplementary-data

Verploegh et al. Single-cell RNA-seq of BMP4-treated glioblastoma

GS832 NT

. Transcription
*+ _ regulation

ARR
R oww

R
PR L P

LT
e

-

FrP77AAse.
)

2

.....

GS832 BMP4

GS612 BMP4

ahd
> 5>
L3335
R e
yeending

R Ll
EETER]

UMAP_1

Fig.3. UMAP embedding of (un)treated GBM cells with the black arrows showing RNA velocities and red arrows highlighting the main trajec-
tories in untreated (A) treated (B) BMP4 highly-sensitive GS832 and of untreated (C) and treated (D) little-sensitive GS612.

significantly (P =0.022) associated with little sensitivity to
BMP4 (Figure 5E).

As OLIG1/2 positivity relates to oligodendrocyte (pre-
cursor) cells we hypothesized that it is the cellular state,
rather than these specific genes, that is associated with
sensitivity to BMP4.Therefore, we performed a differential
gene expression (DEG) analysis and Metascape GSEA on
OLIG1/2-positive and OLIG1/2-negative cells. Indeed, all
cells identified as OLIG1/2+ expressed the oligodendrocyte
signature (Figure 5F, G).

Activation of Ribosomal Translation Signaling is
an Early Marker for BMP4-Sensitivity

We also investigated the effect of treatment with BMP4
within each individual cell cluster. Most DEGs after treat-
ment were similar within both cultures and most clusters

therein (Figure 6A). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway mapping revealed that the
TGFB/BMP family signaling pathway was enriched in the
upregulated gene sets (Figure 6B, left panels). In GS832,
also axon guidance and interaction of ECM and ECM re-
ceptors were enriched, while in GS612 Hippo signaling
and focal adhesion were. In GS612, the response between
clusters was more heterogeneous than in GS832, although
the clusters generally showed similar trends in pathway
mapping. In the highly-sensitive GS832 culture ribosomal
translation was one of the prominent pathways, unlike in
GS612 where we found it was not (Figure 6B, left panels).
To validate the latter finding we performed RT-gPCR on
the three most common DEGs in this pathway (RPL17A,
RPS27 and RPL13A). We correlated the relative expres-
sion of these genes after 24 h of BMP4 treatment with the
cell viability after 7 days of treatment (Figure 6D). Only the
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first two genes had a significantly higher expression in
cultures with high compared to those with low-sensitivity
to BMP4 (Figure 6D; for RPL17A P = 0.05, RPS27 P = 0.03).
Interestingly, the glioma signature decreased in the culture
with high therapeutic efficacy, i.e. GS832 (Figure 6C, top
panel). Also, several clusters of GS612 had decreased ap-
optosis after treatment with BMP4, which can explain the
increased viability measured after treatment (Figure 6C,
bottom panel).

Several other genes that could influence therapeutic ef-
ficacy of BMP4 are those encoding the BMP-antagonists
NOG, GREM1 and GREM2, the TGFp-family receptors
or the hypoxia associated gene HIF1A.3” BMPR2, NOG
and HIF1A were expressed in the untreated samples of
GS832 and GS612, but not enriched in the latter (Figure 6E,
Supplementary Figure 12).

Since decreased proliferation rate was significantly as-
sociated with low viability after treatment with BMP4 we
further assessed the gene signature associated with this
phenotype. We defined proliferating cells as MKI67+ and
TOP2A+. The cells that continue proliferating with BMP4
expressed marker genes for epigenetic control (H2AZ1,
H4C3) and DNA-configuration (HMGB2, SMC4) (Figure
6F). We hypothesized that those cells are likely near-non-
responsive to BMP4 (i.e. do not upregulate /D1/2). Those
“non-responsive” cells were rare, but still enriched in the

CA cluster of cells (Figure 6G). The only gene that showed
a negative correlation to upregulation of ID1/2 with BMP4
was the DNA-repair gene GADD45A (Figure 6H).

Discussion

In the search for transcriptional profiles that serve pre-
diction of response to BMP4 in patient-derived cultures
of GBM we found that scRNA-seq was the approach that
yielded most useful results. This technique might not (yet)
be the ideal candidate for near-routine clinical implemen-
tation, but it is very informative for further deciphering the
underlying biology and future prediction of experimental
BMP administration.

We show large inter-tumoral differences in sensitivity to
in vitro treatment with BMP4 in line with published differ-
ential effects of BMP4 on glioma tumors.8?> BMP4 effects
on cell viability were found to be predominantly attributed
to the rate of proliferation and not by degree of apoptosis.
Cells with unaffected proliferation after exposure to BMP4
had upregulated genes involved in epigenetic regulation.
Those undergoing cell-cycle arrest do not upregulate ID1/2,
but GADD45A. This gene can confer pluripotency, while
BMP4 induces differentiation.3® Consistently, upregulation
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of CDKN1A was found associated with a cytoprotective and
quiescence-inducing effect of BMP4 on glioma cells.® In
our RNA-velocity analysis (Figure 3) we find decreased ve-
locity after treatment with BMP4, which suggests induced
quiescence as described by Sachdeva et al.*® However, as
CDKN1A is only expressed in a limited number of cells in
our population, it is unlikely that this gene can solely ex-
plain this response. Our least-sensitive culture GS612 had
the most heterogeneous response to BMP4, which can

partially explain the differences in sensitivity.34% As some
differences in gene expression were relatively subtle, one
could argue that these are caused by stochasticity of gene
expression in cell cultures over time. Therefore, we have
repeated each experiment in multiple passages and dif-
ferent cultures, which allowed us to discriminate unambig-
uously the BMP-driven effects.

Contrary to our expectation, the stemness marker
CD44 is upregulated after stimulation with BMP4. CD44 is
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produced by astrocyte-progenitor neural stem cells,*' so CD44
upregulation is likely one of the first changes in astroglial dif-
ferentiation. The astrocyte marker S700B is downregulated in
GS832 after treatment with BMP4. As S700B marks both astro-
cytes and CSPG4+ oligodendrocytes,*? this downregulation
is likely caused by depletion of oligodendrocytes by BMP4.
In agreement with Videla et al., we also confirm that with
BMP4* GSCs either undergo astroglial or neuronal differenti-
ation, as revealed by GFAPvs. MAP2 expression, although we
also observed that these were not mutually exclusive. Dalmo
et al.* recently reported that, in a panel of 40 primary GBM
cultures, decreased expression of SOX2 would be predictive
for decreased proliferation after treatment with BMP4. Indeed,
in our panel we do see this trend as well. However, our least
BMP4-sensitive culture still has a relatively high expression of
SOX2. Therefore, we decided to address other, novel predic-
tive markers for BMP4-therapy response.

We found that OLIG1/2 are potential predictive markers for
therapeutic efficacy, irrespective of the genetic background.
IDH-mutant gliomas with high OLIG1/2 expression are highly
dependent on GSCs and specifically downregulate BMP4 ex-
pression.**#6This dependency on GSCc might also explain the
sensitivity to BMP4 we observed in OLIG1/2+ GBM cells. We
also discovered that genes involved in ribosomal translation
(RPL27A and RPS27) can be used as markers for early-response
to BMP4. Ribosome translation signaling is known to become
upregulated concomitant with stress response in GBM.*4¢ As
discussed above, GBM is characterized by a large inter-tumoral
heterogeneity. Therefore, neither predictive nor response
marker identified in this study will be solely able to predict or
explain the differential response, with regard to cell viability in
the presence of BMP4. Thus, we recommend to strive at cre-
ating further a multi-factorial model, with the least possible
variables, to aid clinicians in stratifying their patients instead of
expecting to perform one-marker based stratification.

We find that scRNA-seq of patient-derived cultures can
improve our understanding of the mechanism of action
of novel therapeutic agents in general, as well as provide
a start for predictive models at an early stage of therapy
selection. It would also help to clarify possible pitfalls and
resistance mechanisms, such as the induction of novel
cell entities by such treatment, as we demonstrate here
with cluster UA1. Furthermore, based on found markers,
patients could be stratified alternatively in novel clinical
trials, contributing to precision medicine in the long run.
For BMP4, markers as OLIG1/2 could be further investi-
gated in clinical setting. Early-response markers can then
be used for monitoring effectiveness.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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