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Combined inhibition of EZH2 and CDK4/6
perturbs endoplasmic reticulum-
mitochondrial homeostasis and increases
antitumor activity against glioblastoma
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Florian Gessler4, Christian Junghanss1 & Claudia Maletzki 1

Here, we show that combined use of the EZH2 inhibitor GSK126 and theCDK4/6 inhibitor abemaciclib
synergistically enhances antitumoral effects in preclinical GBM models. Dual blockade led to HIF1α
upregulation and CalR translocation, accompanied bymassive impairment of mitochondrial function.
Basal oxygen consumption rate, ATP synthesis, and maximal mitochondrial respiration decreased,
confirming disrupted endoplasmic reticulum-mitochondrial homeostasis. This was paralleled by
mitochondrial depolarization and upregulation of the UPR sensors PERK, ATF6α, and IRE1α. Notably,
dual EZH2/CDK4/6 blockade also reduced 3D-spheroid invasion, partially inhibited tumor growth in
ovo, and led to impaired viability of patient-derived organoids. Mechanistically, this was due to
transcriptional changes in genes involved in mitotic aberrations/spindle assembly (Rb, PLK1, RRM2,
PRC1, CENPF, TPX2), histone modification (HIST1H1B, HIST1H3G), DNA damage/replication stress
events (TOP2A, ATF4), immuno-oncology (DEPDC1), EMT-counterregulation (PCDH1) and a shift in
the stemness profile towards a more differentiated state. We propose a dual EZH2/CDK4/6 blockade
for further investigation.

Central Nervous System WHO grade 4 glioblastoma (GBM), is a
highly malignant brain tumor with a poor prognosis1–3. This is attri-
butable to intratumoral heterogeneity, epigenetic modifications, cell
cycle dysregulation, and stemness, among other factors. Although
heterogeneity and stemness are undruggable targets, epigenetic

modifications and cell cycle dysregulation have gained increasing
attention.

The epigeneticmodifier Enhancer of zeste homolog 2 (EZH2) is part of
polycomb repressor-complex 2 (PRC2). PRC2 is responsible for inducing
epigenetic changes in the DNA via trimethylation of lysine 27 at histone 3
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(H3K27me3), resulting in gene silencing and heterochromatin formation.
This process contributes to the regulation of genes that are critical for the
control of cell cycle checkpoints, differentiation, and adhesion. EZH2 plays
an essential role in stemness, invasion, and temozolomide resistance in
GBM4,5. The proposed mechanism includes binding to Heterochromatin
Protein 1 Binding Protein 3 (HP1BP3) and epigenetic co-activation ofWnt
Family Member 7B WNT7B6. Moreover, EZH2-mediated suppression of
PTEN leads toAKT/mTORsignaling activation and increased proliferation
andmigration ofGBMcells7. Cumulatively, these findings highlight the role
of EZH2 as a relevant oncogene whose expression correlates with poor
patient outcomes5,8. Theobservationof relatively homogenous expressionof
EZH2 inGBM9 renders this oncogene a potential therapeutic target. Indeed,
several preclinical studies have confirmed successful targeting of GBM cells
by specific EZH2 inhibition10–13. These agents either inhibit the EZH2
methyltransferase activity ordisrupt theprotein-protein interactions among
the PRC2 subunits14. GSK126, just like the FDA-approved Tazemetostat,
belongs to the S-adenosylmethionine competitive small-molecule inhibitors
of the methyltransferase activity. GSK126, in particular, is highly selective
against EZH2 compared to othermethyltransferases and effectively reduces
GBM cell self-renewal and invasiveness5,15–17. Dysregulation of the cell cycle
is another hallmark of GBM that leads to hyperproliferation. In fact, the
CDK4/6-Retinoblastoma axis is dysregulated in ~80% of all GBM cases18.
CDKN2A is of particular interest owing to its crucial role in cell cycle
regulation. It encodes the CDK4/6 inhibitor p16INK4a which guides the
transition into the S-phase, andp14ARF protein,which enhances p53 activity.
In GBM, CDKN2A is often deleted or dysfunctional19,20. Accordingly, the
pharmacological targeting of CDKs is a focus of ongoing research. In our
previous studies, we confirmed the therapeutic activity of the CDK inhibi-
tors, dinaciclib and abemaciclib21,22. Abemaciclib is a CDK4/6 inhibitor
approved by the FDA and EMA for the treatment of advanced HR-positive
breast cancer23,24. It binds to the ATP cleft of the target CDKs with greater
selectivity for CDK4 than for CDK6. Abemaciclib also has activity against
other kinases, including glycogen synthase kinase 3α/β and calmodulin-
dependent protein kinase II α/β/γ25. Antitumoral effects against glio-
blastoma include mitochondrial dysfunction, impaired invasiveness, and
induction of the DNA damage response21,22.

Given the relevance of epigenetic modifications and cell cycle dysre-
gulation in GBM, we applied an integrative treatment approach involving
multiple preclinical models here. We focused on EZH2 and CDK4/6 as
druggable targets. Our results demonstrated a massive impairment of via-
bility and invasion of 2D- and 3D-GBM cultures upon dual EZH2 and
CDK4/6 blockade with the two blood-brain barrier penetrating agents
GSK126 and abemaciclib10,26. Mechanistically, we identified altered gene
expression, reversal of stem-like characteristics, induction of cell stress via
impaired mitochondrial function, and disruption of the endoplasmic reti-
culum (ER)-mitochondrial homeostasis. These effects cumulatively
enhance cell death in patient-derived GBM models in vitro and in ovo.

Results
EZH2 is overexpressed in GBM and combined EZH2/CDK4/6
inhibition synergistically boosts cell death in GBM cells
The gene expression profile ofEZH2was first studied in primary tumors
and patient-derived cell lines (Fig. 1A). EZH2 transcripts were detected
in all primary tumors, and their expression was preserved after in vitro
culture (Fig. 1A, left). FISH analysis of four freshly establishedGBMcell
lines demonstrated amplification of EZH2 in GBM03, 06, and 15 (Fig.
1A, right). The only exception was GBM14, in which EZH2 was not
amplified (Fig. 1A, right). High EZH2 expression was confirmed at the
protein level. No cell-line-specific differences were observed (Fig. 1B),
hence, in GBM14, we found a slight discrepancy between gene and
protein expression. The cells were further subjected to basic char-
acterization by molecular pathology for potential correlation analysis
with the mutational profile of classic tumor suppressor genes (i.e. TP53,
PIK3CA, and PTEN, Table 1). Sensitivity to the EZH2 inhibitor GSK126
was investigated (Fig. 1C).

GBM cells were incubated with GSK126 for either a single 72-h period
or for two consecutive 72-h cycles. Although slightly varying responses to
GSK126were observed between individual cell lines (Fig. 1C), therewere no
significant differences between single and double applications. Overall,
GBM14 cells were less sensitive toGSK126 than the other cell lines. This cell
line had no EZH2 amplification (Fig. 1A, right) and harbored a missense
mutation in PTEN (D252Y, Table 1), which was not detected in other cases.

Next, we focused on combination strategies using the CDK4/6 inhi-
bitor abemaciclib as a combination partner (Fig. 1D, E). Cyto-FISH and
sequencing analysis identified CDK4 amplification in three of four cases
(GBM03/06/15) andapartialCDKN2Adeletion inGBM06 (Supplementary
Fig. 1), thus providing a for using this compound as a combination
approach.

Both compounds were used at clinically relevant15,27,28 concentrations,
referring to ~IC20 values (10 µM GSK126, 1 µM abemaciclib, except:
GBM15, because of a higher sensitivity to abemaciclib), and administered
twice (2 × 72 h). This co-administration enhanced the antitumor activity of
eachmonotherapy (Fig. 1D).Notably, inGBM06, less than 2%of viable cells
were detected after the combination treatment (p < 0.0001 vs. control). In
GBM03, GBM14, and GBM15 the effects were less pronounced; however,
synergism was still achieved, as determined by the Bliss Independence
model (Fig. 1D, E).

Dual EZH2/CDK4/6 blockade affects target protein abundance
and induces cell-line-specific changes in morphology
We then examined the effect of EZH2 and CDK4/6 blockade on target
protein abundance and the cytoskeleton in residual cells (Fig. 2).

GSK126 resulted in a slight reduction in EZH2 protein levels in
GBM03, GBM06, and GBM15 cells. An inverse trend was observed in
GBM14, in which EZH2 protein levels were higher after treatment (Fig.
2A, B). Interestingly, abemaciclib alone had the opposite effect, with higher
EZH2 levels in three of the four cell lines. In combination treatment, no
changes were observed, except for GBM03. In this cell line, abemaciclib
alone induced thehighest level of EZH2whichwas only partially reversedby
the combination.

The abemaciclib target protein CDK4 was slightly higher in GBM03,
regardless of treatment (Fig. 2C, D), most likely because of CDK4 gene
amplification (see Supplementary Fig. 1). Similarly, abemaciclib led to the
accumulation of CDK4 in residual GBM06 and GBM15 cells. This com-
pensatory effect was abolished by the combination in two out of four cases
(GBM06, GBM14).

Assessment of cell morphology revealed dramatic changes upon
treatment, which were particularly evident in the combination (Fig. 2A, C).
Residual cells showed a flattened (GBM03, GBM14) and occasionally
spindle-shaped structures (GBM03 and GBM15), with perinuclear stress
fibers (GBM15), suggesting increased cell stress (Fig. 2A, C). Cell shrinkage,
accompanied by lamellipodia/filopodia formation, was also observed in
GBM06 and GBM15.

Combined EZH2/CDK4/6 inhibition boosts cell stress and
reverses stemness characteristics in GBM cells
To further analyze the underlying mechanisms of the response in more
detail, GBM03, GBM06, and GBM15 cells were included in a multi-
parameterflowcytometric analysis (Fig. 3 andSupplementaryFigs. 2 and3).
GBM14was excluded due to the lower sensitivity to treatment. The analysis
wasdoneafter 1 ×72 h treatment.Thegating strategy is illustrated inFig. 3B.
In some cases, immunofluorescence was done after 2 × 72 h to study effects
after repeated treatment. The results are described below.

In all cell lines, the number of pH3+ cells was higher after GSK126
mono- and combination treatment (GBM03: p < 0.05 vs. control; GBM15:
p < 0.01 vs. control), indicating mitosis and cell cycle arrest in the G2/M
phase. Similarly, calreticulin (CalR) translocation was more abundantly
detected in the combination (GBM15: p < 0.05 vs. the control and abema-
ciclib). However, effects on autophagy were cell-line-specific. In GBM03
cells, all treatments reduced the number of autophagocytotic cells (defined
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as Cyto-ID+LC3b+), whereas in GBM15 cells, only GSK126 enhanced
autophagocytosis compared to controls. After 2 × 72 h treatment, the effects
on autophagocytosis increased in this cell line (Fig. 3D, E). As can be seen in
Fig. 3D (upper part), LC3B levels were significantly elevated after EZH2
inhibition and remained high in the combination (p < 0.0001 vs. ctrl, Fig.
3E). Thus, double treatment enhanced autophagocytosis, which was pri-
marily driven by GSK126. Autophagic flux was then examined with and
without the addition of bafilomycin A1 followed by SQSTM1 staining
(Supplementary Fig. 4). SQSTM1 levels increased after GSK126mono- and
combination treatment (p < 0.05 and p < 0.001 vs. ctrl, respectively), con-
firming EZH2 inhibitor-driven autophagocytosis. Autophagic flux inhibi-
tion by bafilomycin A1 slightly decreased SQSTM1 levels. However,
SQSTM1 levels remained high in cells treated with GSK126, indicating
complex stress responses after EZH2 blockade29. Indeed, apoptosis- and
autophagy-independent cell death methuosis (defined as LAMP1+Rab7a+)
was strongly induced. In GBM03 and GBM15 cells, the numbers of
LAMP1+Rab7a+ cells increased upon GSK126 exposure (GBM03: p < 0.05
vs. ctrl). ForGBM06, the treatments hadno effect onmethuosis. Still, the cell
stress-associated protein HIF-1α was higher after treatment in all cell lines,
and even significantly increased in GBM03 by the combination (p < 0.0001
vs. GSK126, p < 0.05 vs. abemaciclib). Co-expressionwithBCL-2was higher
exclusively in GBM03 after abemaciclib monotherapy and combination
treatment (abemaciclib: p < 0.05 vs. ctrl; combination: p < 0.05 vs. GSK126),
whereas it tended to decrease in GBM06 and GBM15 (Fig. 3C and Sup-
plementary Fig. 2A).

In addition, the impact of both treatment strategies on cellular stem-
ness was investigated.We focused onNANOG,OCT3/4, and SOX2, which
are associated with treatment resistance, cell regulation, and inhibition of
differentiation30–32. In GBM03, abemaciclib led to a significant increase in
NANOG+ and SOX2+ cells, which was counter-regulated by the combi-
nation (p < 0.01 and p < 0.05 vs. abemaciclib, respectively), mainly due to
GSK126.Asimilar trendwasobserved forOCT3/4, although it didnot reach
statistical significance. No clear changes were seen in GBM06 cells (Sup-
plementary Fig. 2A). However, GSK126 combined with abemaciclib tended
to reduce stemnessmarkers comparedwith the controls. Similar effectswere
observed inGBM15,where the combination resulted in reducednumbers of
stem-like cells (NANOG: p < 0.05, SOX2: p < 0.001 vs. abemaciclib,
respectively). In all cases, this combination effect was driven byGSK126. To
further confirm this, immunofluorescence was performed with GBM15
cells after 2 × 72 h and thus prolonged treatment (Fig. 3D, E, and Supple-
mentary Fig. 2B, C). OCT3/4 significantly increased after abemaciclib
(p < 0.0001 vs. ctrl). The combination reduced OCT3/4 expression to levels
equivalent to GSK126 monotherapy (p < 0.01 vs. abemaciclib, Fig. 3D, E).
The presence of A2B5, a highly specific marker of stemness and glioma
initiation that is widely expressed among individual GBM subtypes33,34, was
then examined. Of note, in GBM15, A5B5 expression was significantly
upregulated by abemaciclib alone (p < 0.05 vs. ctrl), but downregulated by
the combination (Supplementary Fig. 2B, C). A comparable pattern was
seen inGBM06 (Supplementary Fig. 2C) that confirms the reversal of stem-
like features in residualGBMcells after combinedEZH2/CDK4/6 blockade.
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Fig. 1 | EZH2 as a target in glioblastoma. A EZH2 expression levels (qPCR) in
primary tumors and patient-derived GBM cell lines (left) (ns not significant), as well
as FISH analysis (right) to detect EZH2 in GBM cells. FISH was performed using the
ZytoLight FISH Cytology implementation Kit according to the manufacturer’s
protocol using the following probes: ZytoLight SPEC CUX1 (green)/EZH2 (red)/
CEN 7 (blue) Triple Color Probe. The criteria for gene amplification were defined as
the presence of either four (or more) gene signals or more than 2.5 times as many
gene signals as centromere signals of the related chromosome. B protein abundance
in four patient-derived GBM cell lines. Representative immunofluorescence images
are shown. Nuclei were stained with DAPI (blue), actin filaments with Phalloidin
green (green), EZH2 using an Alexa Fluor® 647-conjugated secondary antibody
(red). Single-channel and merged fluorescence are presented (scale bar: 20 μm).

C–E Influence of GSK126 alone and in combination with abemaciclib on the via-
bility of GBM cells. C Concentration-response relationships to GSK126 for one
(72 h) and two (2 × 72 h) treatment cycles to determine the IC20 and IC50 con-
centrations. D Presented is the response to GSK126 (10 µM), abemaciclib (1 µM)
and the combination (C, D) of both after 2 treatment cycles with 72 h each; n = 3,
mean ± s.d. One-way ANOVA (Tukey’s multiple comparisons test); *p < 0.05;
**p < 0.01; ****p < 0.0001 (comparison between control and test group); #p < 0.05;
##p < 0.001; ####p < 0.0001 (comparison between testing groups). E The Bliss inde-
pendence model was used to assess additive or synergistic effects in the combination
compared to each monotherapy after 2 × 72 h of treatment. Created with
Biorender.com.
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Besides, a classical colony formation assay with GBM06 and
GBM15 showed impaired colony-forming ability of residual cells in the
combination (Supplementary Fig. 2D). Additional quantification of the
EMT markers E-cadherin, N-cadherin, vimentin, and SNAI/Slug revealed
no significant effect of either treatment on any of these markers, suggesting
that EMT is of minor relevance, at least after 1× 72 h short-term treatment.
In support of this, the EMT-related E-cadherin “switch”was only observed
in GBM03, but not in the other cell lines (Supplementary Fig. 3). Con-
sidering that the E-cadherin switch may not be essential in GBM35, and to
test whether prolonged treatment triggers the transition, GBM15 and
GBM06 cells were stained for the mesenchymal marker vimentin (Sup-
plementary Fig. 3B, C). With this analysis, we indeed identified increased
vimentin levels only after abemaciclib monotherapy (GBM06: p < 0.001 vs.
ctrl; GBM15p < 0.0001 vs. ctrl). GSK126 had no effect on thismesenchymal
marker and successfully counteracted the abemaciclib-induced upregula-
tion in the combination.

To sum up these findings, the addition of GSK126 to abemaciclib (I)
enhances the beneficial cytotoxic effects of CDK4/6 blockade and (II)
neutralizes its undesirable “side” effects, i.e. stemness and EMT.

Combined EZH2/CDK4/6 inhibition disrupts endoplasmatic
reticulum-mitochondrial homeostasis
The above data indicated increased cellular stress following the dual
blockade of EZH2 andCDK4/6withGSK126 and abemaciclib. Since EZH2
is essential for the regulation of spindle assembly and CDKs are involved in
mitochondrial function, we investigated whether these important cellular
mechanisms were also affected by both treatments (Fig. 4).

First, the unfolded protein response (UPR), which is activated under
conditions of endoplasmic reticulum (ER) stress, was examined (Fig. 4A,B).
This was observed in three out of four cell lines after treatment with abe-
maciclib or the combination, as indicated by an increase in ER-Tracker
fluorescence intensity in the ER compared to controls (Fig. 4A). Con-
currently, the number of lysosomes increased after treatment, notably in all
treatment groups (i.e. monotherapy and combination compared to con-
trols) which was likely because of lysosomal accumulation in cellular vesi-
cles. In GBM15, the effects weremore pronounced, reaching significance in
the combination group (p < 0.05 vs. ctrl).

After treatment, a peculiar mitochondrial “chain-like” network was
observed in individual residual cells, indicating impaired mitochondrial
function. This was primarily driven by abemaciclib and partly offset by the
combination (please see Fig. 4A, GBM06: white box). The only exception
was GBM15, where the number of mitotracker-positive cells increased,
suggesting increased membrane potential compared to the controls
(Fig. 4A, B).

Toobtainmoredetailed informationon the effects of the treatments on
mitochondrial respiration and glycolysis, a Seahorse Extracellular Flux
(XF24) analyzer was used with GBM15 cells (Fig. 4C–E). Following treat-
ment with abemaciclib, GSK126, or their combination, both OCR and
ECAR exhibited a significant reduction compared to the controls (p < 0.05
vs. ctrl; Fig. 4C). This decline reveals a metabolic shift towards a less ener-
getically favorable state.

Employing a Mito Stress test enabled the characterization of basal
respiration and ATP production-dependent respiration (Fig. 4D). Spare
respiratory capacity, defined as the difference between maximal and basal
respiration, suggestive of the cellular ability to respond to stress andadjust its
energy demand, was significantly inhibited by both compounds (p < 0.0001
vs. ctrl; p < 0.05 vs. GSK126, and p < 0.01 vs. abemaciclib Fig. 4D). Notably,
the combined application of these compounds exhibited an even more
pronounced impact on the spare respiratory capacity parameter, under-
scoring a synergistic effect in modulating the cellular stress response and
energy adaptation (Fig. 4E). This was also confirmed by the JC-10 fluor-
escent mitochondrial membrane potential assay (Fig. 4F). Mitochondrial
membrane potential was significantly increased inGBM cells 03, 06, and 14
after dual EZH2/CDK4/6 blockade, confirming impaired mitochondria
(Fig. 4F). To track the spatial and temporal occurrence of mitochondrialT
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impairment, MitoSOX™ staining was performed on GBM06 and GBM15
cells after 1× and 2× 72 h incubation (Fig. 5A, B). Elevated levels of mito-
chondrial ROSwere already detectable after a single treatmentwithGSK126
and abemaciclib (GBM15: p < 0.0001 vs. ctrl andGSK126 and abemaciclib).
After two treatment cycles, mitochondrial ROS production was further
enhanced (GBM06: p < 0.01 vs. ctrl; GBM15: p < 0.0001 vs. ctrl and
GSK126). Likewise, levels of ATF4, themain effector of the integrated stress
response (ISR), significantly increased in GBM15 cells (Fig. 5C, D). To
confirm the above findings of a UPR under treatment and an associated ER
stress, detailed analysis was then done for the three ER-resident sensors,
inositol-requiring protein 1α (IRE1α), activating transcription factor 6α
(ATF6α), and PRKR-like endoplasmic reticulum kinase (PERK, Fig. 5E, F).
PERK and IRE1α were barely detectable in untreated controls, but protein
levels increased significantly after mono- and combination treatment.
ATF6α levels also increased after treatment and were again highest in the
combination. Hence, the UPRwas confirmed in GBM06 and GBM15 cells.
Cumulatively, these data point to disrupted ER-mitochondrial homeostasis
as the leading cause of GBM cell death following dual EZH2 and CDK4/6
blockade with GSK126 and abemaciclib.

Combined EZH2/CDK4/6 inhibition reduces the invasion cap-
ability in GBM spheroids
To analyze whether the observed effects could be transferred to a more
clinically relevant model, we generated 3D spheroids and monitored their
ability to invade theMatrigel over a period of 10 days. The spheroid sizewas
measured relative to the size of the controls on each day (Fig. 6 and Sup-
plementary Fig. 5).

After 10 days, nearly all GBM control spheroids exhibited strong
invasive behavior, albeit to varyingdegrees. Theonly exceptionwasGBM03,

in which spheroids, neither control nor treated, barely invaded the sur-
rounding matrix. In the other cell lines, invasive ability was reduced by all
treatments, with the most pronounced inhibition observed in the combi-
nation treatment. Accordingly, synergistic anti-invasive effects were con-
firmed mathematically (Fig. 6C).

Thus, the dual blockade of EZH2 and CDK4/6 effectively inhibited
cellular invasion in a clinically relevant spheroid model.

Combined EZH2/CDK4/6 inhibition alters gene expression in
GBM15 spheroids
Treatment-related changes at the molecular level were determined by gene
expression and functional enrichment analyses. GBM15 spheroids were
used for analyses. The gene expression datasets were filtered with an
adjusted false discovery rate p-value of <0.01 and an FC ± >2 to obtain
differentially expressed genes (DEGs, Fig. 7A).

GSK126 treatment had no significant effect on gene expression,
whereas abemaciclib treatment resulted in 318 DEGs, of which 34 were
upregulated and 284 were downregulated. Key downregulated DEGs
included TOP2A, ANLN, PLK1, RRM2, PRC1, and histone-related genes
(H1-5, H3C15, H2BC14, H3C8, andH3C2), with fold changes ranging from
−101 to −336. Functional enrichment analysis revealed two clusters of
downregulated genes (Fig. 7), highlighting pathways such as mitotic pro-
metaphase (NCAPH, NCAPG, PLK1, CENPF), Polo-like kinase mediated
events (PLK1, CENPF), and mitosis (PLK1, TOP2A).

The combination treatment had the most substantial impact, identi-
fying 419 DEGs (93 upregulated and 326 downregulated) (Fig. 7B). Hence,
the synergistic effect of dual EZH2/CDK4/6 blockade was confirmed on a
transcriptional level. Downregulated genes included essential mediators of
cell proliferation, including TOP2A, ANLN, PLK1, RRM2, MKI67, and
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Fig. 2 | Treatment-induced changes in the EZH2 and CDK4 protein expression.
Immunofluorescence for assessment ofA, B EZH2 and C,DCDK4 protein levels in
2D cell cultures with or without treatment (GSK126 10 µM, abemaciclib 1 µM,
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Phalloidin green (green), EZH2/CDK4 using an Alexa Fluor® 647-conjugated sec-
ondary antibody (red). B, D The quantification is presented as the x-fold change
(integrated density) relative to the control (DMSO), which was set to =1 (dotted
line); n = 3, mean ± s.d. Kruskal–Wallis test (Dunn’s multiple comparisons test).
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histone-related genes, with fold changes between−344 and−86 (Fig. 7A).
Two clusters (Fig. 7C) were identified in the protein-protein interaction
network of downregulated genes, sharing similarities with the abemaciclib-
treated cell cluster. The enriched pathways included PLK-mediated events
and the mitotic cell cycle. The second cluster comprised histone proteins
enriched in different pathways.

Overall, 237 DEGs were shared between single abemaciclib- and
combination-treated spheroids (Fig. 7D, Jaccard index: 0.66, =moderate to
high similarity between these two gene sets). Exclusive alterations in the
combination included genes such asGPC4, SLC14A1, and genes involved in
matrix stiffening, immunosuppression, and invasion (e.g., COL12A1,
MMP9, CSF1, and PDGFRB). The massive downregulation of invasion-
associated genes confirms our above finding of a suppressed EMT pheno-
type after dual EZH2/CDK4/6 inhibition. Knowing that multiple genes are
involved in this complex process, we further analyzed EMT-related gene
signatures (Supplementary Fig. 3D). Among the EMT-related genes,matrix
metallopeptidase 9, ITGA6, and its associated downstream target FOXM1,
were themost significantlydownregulatedgenes.Protocadherin1 (PCDH1),
which binds to SMAD3 and acts as a tumor suppressor, was significantly
upregulated (p < 0.0001 vs. ctrl). ITGA6 and FOXM1 are of particular
interest because of their dual roles in GBM, i.e. induction of EMT and
support of stemness. Therefore, we analyzed the effect on stemness inmore

detail using the StemChecker online tool36. A direct comparison between
abemaciclib monotherapy and combination therapy revealed a shift in the
stemness profile (Fig. 7E). We identified 84 exclusively downregulated
DEGs, with 29 of which were associated with cancer stem cells. A more
detailed analysis of the gene expression profile identified a switch in tran-
scription factor-associated DEGs from NANOG to Smad molecules. The
downregulated genes were primarily associated with the NANOG tran-
scription factor, whereas the upregulated genes were associated with the
Smad familymembers 2, 3, and4, indicative of a loss of pluripotency in favor
of a more differentiated state and correspondingly less invasive behavior.
Finally, essential genes of the Wnt/β-catenin pathway, i.e. CTNNB1, TCF,
and PLAU were significantly downregulated by the combination (Supple-
mentary Fig. 2E).

CombinedEZH2/CDK4/6 inhibition slightly impairs tumorgrowth
in the CAMmodel
Then, the semi in vivo CAMmodel was applied toGBM06, GBM14, and
GBM15 (Fig. 8). GBM03 was excluded due to its reduced 3D-
invasiveness and poor in ovo xenograft engraftment. In two of the
three cases (GBM14, GBM15), the combination therapy slightly
reduced the relative tumor size within the treatment period (Fig. 8B, C).
However, in GBM06, tumor size was comparable between the control
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and treatment groups. Despite this, an alleged reduction in tumor
vascularization was observed under treatment compared to that in the
control, suggesting a potential impact on tumor angiogenesis and
vasculature (Fig. 8B, D). All the chicks were alive after the experiment.
This could be considered an indirect indication that the inhibitors were
not lethal at the concentrations and over the time period tested. In
summary, we have confirmed the therapeutic potential of dual EZH2
and CDK4/6 blockade in clinically relevant GBM models.

Improved treatment response in preclinical PDOmodels
Patient-derived organoids (PDOs)were next established from frozen tumor
material of five individual patients and exposed to GSK126, abemaciclib, or
a combination of both (Fig. 9A). As we only hadmaterial fromGBM06 and
GBM15, but not from GBM03 and GBM14, tumor material from three
additional cases with histologically proven GBM was included (clinical
information is provided in Table 1).

The response to GSK126, abemaciclib or its combination was indi-
vidual between the PDOs, but the overall response rates could be con-
firmed in these clinically relevant primary tumor models (Fig. 9B, C). In
GBM06, we obtained essentially the same synergistic effect after dual
EZH2/CDK4/6 blockade as obtained before in the cell line (p < 0.05 vs.
ctrl). In GBM15, antitumoral effects in the combination were mainly
attributable to GSK126, while abemaciclib alone had no cytotoxic effect.
Instead, PDOs tended to bemore viable.However, this negative effect was
antagonized in the combination and viability significantly decreased
(p < 0.05 vs. ctrl). In the additional three cases not previously tested but
included in this preclinicalmini-ex vivo study, amixed responsewas seen.
GBM26 was sensitive to either EZH2 or CDK4/6 blockade, but, no
enhanced effect was seen with the combination. In GBM31, viability
decreased to <1% in the combination (p < 0.0001 vs. ctrl and abemaci-
clib). PDOs from GBM37 were less sensitive, but dual EZH2/CDK4/6
blockade reduced viability to approximately 50%.
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Fig. 4 | Impact on ER stress, lysosomes, mitochondria, and extracellular flux
analysis. A, B ER stress (ER-tracker), acidic compartments (LysoTracker), and
mitochondrial function (Mitotracker) were examined in 2D-cultured GBM cells
with or without treatment (GSK126 10 µM, abemaciclib 1 µM, combination, 2×
72 h) by immunofluorescence staining as described in the “Methods” section (ER-
[blue], Lyso- [green], and Mitotracker [red]). A Single-channel and merged fluor-
escence are presented (representative images are shown, scale bar A: 20 μm, n = 3).
BQuantification determined as the x-fold change (integrated density) in relation to
the control, which was set to be =1 (dotted line); Kruskal–Wallis test (Dunn’s
multiple comparisons test); *p < 0.05; **p < 0.01 (comparison between control and
test group); ##p < 0.01 (comparison between testing groups); Complex cellular stress
responses were seen in all cell lines, with individual effects of the treatments.
C–E The oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of GBM15 cells were measured using a Seahorse XFe24 Analyzer. C OCR
andECARdecreased after treatmentwithGSK126 (10 µM), abemaciclib (1 µM), or a

combination of both. One-way ANOVA (Tukey’s multiple comparisons test);
*p < 0.05 (comparison between control and test group).DMitochondrial stress test
was applied with injection of 1.5 µM oligomycin, 1.5 µM FCCP, and 0.5 µM anti-
mycin A and rotenone, each. Kruskal–Wallis test (Dunn’s multiple comparisons
test); ***p < 0.001 (comparison between control and test group); #p < 0.05;
##p < 0.01 (comparison between testing groups).ETodetermine the basal respiration
(basal), ATP-dependent respiration (ATP), Spare respiratory capacity (spare), and
proton leak (leak) were determined. One-way ANOVA (Tukey’s multiple com-
parisons test); **p < 0.01;***p < 0.001 (comparison between control and test
group). Reduction of basal OCR and spare respiratory capacity was shown, indi-
cating massively reduced cellular fitness. F JC-10 Mitochondrion Membrane
Potential Assay. One-way ANOVA (Tukey’s multiple comparisons test); *p < 0.05
(comparison between control and test group); #p < 0.05 (comparison between test-
ing groups); B–F n = 4; mean ± s.d. All experiments were done after 2 × 72 h
treatment with GSK126 (10 µM), abemaciclib (1 µM), or the combination of both.
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Taken together, these data confirm the successful application of two
different targeted agents, i.e. GSK126 and abemaciclib, in preclinical GBM
models and provide further evidence for the potential of dual EZH2/CDK4/
6 blockade to control this disease.

Applicationof theFDA-approvedEZH2i tazemetostat andeffects
in combination with abemaciclib
Finally, we decided to transfer our concept of dual EZH2/CDK4/6 blockade
to the FDA-approved EZH2 inhibitor tazemetostat, which is currently used
in several clinical trials in different clinical settings. Single-agent application
at different doses identified a dose-response pattern similar to GSK126,
with, however, higher IC50 values (>10 µM; Supplementary Fig. 6A). The
addition of abemaciclib as a combination partner to GBM06 and GBM15

was synergistic, but the antitumor effects were lower compared to the
GSK126/abemaciclib combination (Supplementary Fig. 6B). We applied
tazemetostat at 10 µMwhich corresponds to the doses ofGSK126.Although
this dose was insufficient to yield substantial GBM cell death, cell stressmay
be induced and was studied here. As ROS production and ER stress were
identified as themain reasons forGSK126/abemaciclib-mediated cell death,
we also focused on these mechanisms. In line with our previous findings,
mitochondrial ROS production increased after two rounds of treatment,
and reached significance in the combination (GBM06: p < 0.05; GBM15:
p < 0.01 vs. control; Supplementary Fig. 6C, D). ER stress, as indicated by
higher ER-tracker fluorescence intensity, also increased compared to con-
trols and monotherapies. The same effects were seen on mitochondria
(Supplementary Fig. 6E, F). This suggests that the responsemechanisms are

Fig. 5 | Immunofluorescence for analysis of the unfolded protein response and
mitochondrial impairment. A, BMitoSOX™ red was used as an indicator of ROS
production in GBM cells. Cells were counterstained with Calcein AM [green] for the
spatial distribution. A Single-channel and merged fluorescence are presented
(representative images forGBM15 are shown, scale barA: 20 μm).Analysis was done
after 1× and 2 × 72 h treatment with GSK126 (10 µM), abemaciclib (1 µM), or a
combination of both. B Quantification determined as the x-fold change (integrated
density) in relation to the control, which was set to be =1 (dotted line); n = 3,
mean ± s.d. Kruskal–Wallis test (Dunn’s multiple comparisons test); **p < 0.01;
****p < 0.0001 (comparison between control and test group); ####p < 0.0001 (com-
parison between testing groups); There was a significant time-dependent increase in
ROS production when GBM cells were exposed to the GSK126/abemaciclib com-
bination. C, D ATF4 immunofluorescence for detection of the integrated stress
response in GBM cells (GBM06, GBM15). C Single-channel and merged fluores-
cence are presented (representative images for GBM15 are shown, scale bar A:
20 μm). Analysis was done after 2× 72 h treatment with GSK126 (10 µM), abema-
ciclib (1 µM), or a combination of both. Nuclei were stained withDAPI (blue), ATF4
was detected by using an Alexa Fluor® 647 anti-ATF4 antibody. D The

quantification is presented as the x-fold change (integrated density) relative to the
control (DMSO), which was set to =1 (dotted line); n = 3, mean ± s.d. One-way
ANOVA (Tukey’s multiple comparisons test); **p < 0.01; ***p < 0.001 (compar-
ison between control and test group); ##p < 0.01 (comparison between testing
groups). E, F Immunofluorescence for detection of the unfolded protein response in
GBM cells (GBM06, GBM15). E Single-channel and merged fluorescence is pre-
sented (representative images for GBM15 are shown, scale bar A: 20 μm). Analysis
was done after 2× 72 h treatment with GSK126 (10 µM), abemaciclib (1 µM), or a
combination of both. Nuclei were stained with DAPI (blue), antibody staining
included the following: Alexa Fluor® 488 anti-ATF6α, Alexa Fluor® 546 anti-PERK,
Alexa Fluor® 647 anti-IRE1α. F The quantification is presented as the x-fold change
(integrated density) relative to the control (DMSO), which was set to =1 (dotted
line); n = 4, mean ± s.d. One-way ANOVA (Tukey’s multiple comparisons test);
**p < 0.01; ***p < 0.001 (comparison between control and test group); #p < 0.05;
##p < 0.01; (comparison between testing groups). Combined treatment with GSK126
and abemaciclib enhanced cellular PERK and IRE1α levels and confirmed the
induction of a UPR in GBM cells.
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similar for both compounds (GSK126, tazemetostat). Still, the weaker
cytotoxic activity in combination with tazemetostat compared to
GSK126 suggests a delayed effect of the FDA-approved EZH2 inhibitor.

Discussion
In this study, we targeted epigenetic alterations and the dysregulated cell
cycle in glioblastoma. Therefore, we applied an integrative treatment
approach to a panel of 2D, 3D, in ovo, and PDO models to identify the
mechanisms underlying dual EZH2 and CDK4/6 inhibition. EZH2 is
overexpressed in GBM and associated with treatment resistance, stemness,
and poor outcomes37. Several preclinical studies have already confirmed the
antitumor activity of EZH2 inhibitors, including tazemetostat andGSK126,
which inhibit the methyltransferase activity5,10,13,16,38,39. In addition, S-phase
perturbations and G2/M transitions controlled by CDKs are common in
GBM; however, single targeting with specific inhibitors is usually
ineffective40, making combinations of different agents inevitable. Abema-
ciclib demonstrated efficacy in our previous studies, where we reported the
formation of small vacuoles andmyelin figures, the induction ofmethuosis-
like processes, and mitochondrial dysfunction in GBM models21,22.

In the first part of this study, we confirmed the expression and
amplification of EZH2 in patient tumor samples and patient-derived cell
lines. In one case (GBM14), the gene expression status was slightly different
fromtheprotein level.Nogene amplificationwasdetected, butprotein levels
were as high as in the other GBM cell lines. We speculate that decreased
internalization and turnover of the EZH2 protein may explain this dis-
crepancy, which was already shown for other cancer-specific oncogenes41.
Molecular analysis revealed alterations in the cell cycle control genes CDK4
and CDKN2A. In 2D cell cultures, we demonstrated that GSK126 and
abemaciclib alone impaired the viability of our newly established GBM
cultures. Notably, the combination of the two agents synergistically
enhanced the effects of monotherapies and significantly impaired cell via-
bility. EZH2was largelyunaffected byGSK126 in three out of four cases, and
an even higher protein level was detected after treatment in GBM14, which
supports the hypothesis of a decreased protein internalization, and even-
tually other, so far unknown, intrinsic mechanisms that stabilize EZH2 in

these cells. Also, the relatively low sensitivity to GSK126 is not unexpected.
Another study ofHer2-amplified breast cancer showed less benefit of Her2-
directed therapy when the tumors showed this heterogeneity or mismatch
between gene amplification and protein overexpression41. In addition, the
minor impact of GSK126 on EZH2 protein abundance seems puzzling at
first; however, knowing that GSK126 inhibits the enzyme activity of EZH2
without affecting its expression at the transcriptional level explains this
finding. EZH2 levels are dependent on different signaling pathways,
including Wnt/β-Catenin, which plays a crucial role in regulating cell
proliferation and differentiation6,42. Activation of the Wnt/β-Catenin
pathway can increase EZH2 expression, contributing to the regulation of
genes involved in the cell cycle and stem cell properties.

CDK4 amplification and/or CDKN2A loss are reliable biomarkers of
CDK inhibitors43–45. Here, CDK4 amplification, accompanied by partial
CDKN2A loss was detected in three of four cases, resulting in high basal
protein abundance,whichwas not reduced after CDK4/6 blockade. Still, the
combinationofGSK126 and abemaciclib slightly reduced theCDK4protein
levels in the remaining cells.

The enhanced cytotoxic effects of the combination were cell-line-
specific. The cell-line GBM06 responded best, as only a few residual cells
were observed after dual EZH2/CDK4/6 blockade, notably in 2D-, 3D-
spheroid, and clinically relevant PDOmodels.Molecularly, GBM06was the
only tumor with MGMT promoter methylation and a PIK3CA I391M
mutation, which does not alter kinase activity, but eventually increases cell
proliferation and viability46. WhetherMGMT promoter methylation serves
as a biomarker for dual EZH2/CDK4/6 blockade is currently unknown.
Since EZH2 overexpression is frequently associated with a lack of response
to adjuvant chemo-radiotherapy47 and a predictor of poor outcome, this
may provide a strategy to identify patients likely to benefit from this
approach. To date, this conclusion is speculative and must be confirmed
using a larger patient cohort. In addition, the lack of effect on key cellular
characteristics after a single 72-h treatment requires prospective con-
sideration, as the primary cause of cell death in the few remaining cells of
GBM06has been incompletely characterized. So far,we speculate that a very
rare subpopulation within the bulk cells was less sensitive to treatment.
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Although the bulk tumor cell mass was effectively killed by dual EZH2/
CDK4/6 blockade, our flow cytometric approach may have missed or
unidentified potential effects on this rare subpopulation.

The PTEN status is another marker to consider, as H3K27me3, which
is activated by EZH2, blocks PTEN transcriptional activation48. Conversely,
targeting EZH2 impairs mTORC1 activity through an indirect mechanism
that upregulates PTEN expression in breast cancer patients49. In our study, a
missense mutation was detected in GBM14, which is the least sensitive cell
line here.

The concept of a combined EZH2/CDK blockade is not completely
new50. In a previous study, the HOTAIR - EZH2 inhibitor AQB and the
CDK4/6 inhibitor palbociclib inducedG1-arrest inGBMcells and inhibited
Wnt/β-catenin signaling more effectively than single drugs50. In support of
this, we identified accelerated cell stress, G2-arrest, decreased cell invasion,
and a shift in the stemness profile upon dual EZH2/CDK4/6 blockade. The
mitochondrial fitness was severely impaired. This was confirmed via (I)
increased ROS production; (II) mitochondrial hyperpolarization; and (III)
activation of the ISR and UPR signaling. Thus, the blockade of essential
target molecules destroyed the mitochondrial reserve capacity as they were
no longer able to respond toadditional energydemands. This contributed to
the ATP crisis, accelerated HIF-1α-mediated cell stress, CalR translocation,

and ultimately cell death. Accordingly, ATF4, the main effector of the ISR,
was significantly upregulated. Although ATF4 can act as both an activator
and an inhibitor of transcription, we interpret this finding as a consequence
of the massive activation of ISR for a prolonged period (i.e. 2× 72 h) that
leads to cell death. In support of this, dual EZH2/CDK4/6 blockade-induced
essential proteins of the UPR, including IRE1α, PERK, and ATF6α.

SQSTM1, which functions as a cargo protein involved in misfolded
protein degradation via selective autophagy29, increased after EZH2mono-
and combination treatment. Expression levels were slightly affected by
treatment with bafilomycin A1, a specific inhibitor of vacuolar H+-ATPase
that prevents late-stage autophagy by inhibiting autophagosome/lysosome
fusion51. Thus, autophagy is a consequence of sustained ER stress in our
study. These data cumulatively identify disrupted ER-mitochondrial
homeostasis as the leading cause of GBM cell death following GSK126
and abemaciclib combination treatment. Notably, these harmful effects on
themito-ERaxiswere seen across all cell lines– irrespective of the individual
differences seen in terms of cell viability and cell death.

Another important finding of our study was the reversal of
abemaciclib-induced upregulation of the stemness markers NANOG and
OCT3/4 and the EMT markers N-cadherin and vimentin by the combi-
nation. This beneficial counterregulatory mechanism was primarily
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orchestrated by GSK126 and supports previous reports of an EZH2
inhibitor-mediated suppression of EMTand stemness through inhibition of
H2K27-trimethylation of genes encoding EMT-regulating transcription
factors52. Adding to this, we identified ITGA6 and FOXM1 as targets after
the dual EZH2/CDK4/6 blockade. Both genes orchestrate themesenchymal
transition, promote GBM proliferation, invasion, and stemness, and were
suppressed by the combination53. In contrast, the tumor suppressor proto-
cadherin 1, which binds to SMAD3 and inhibits TGF-β1 signaling, was
significantly upregulated, highlighting the therapeutic potential of this
approach. In ¾ of the cell lines, we also observed an upregulation of EZH2
after abemaciclib monotherapy, which we interpret as an additional indi-
cator of increased stemness in residual cells4,5. Therefore, the addition of an
EZH2 inhibitor to abemaciclib (i) enhances the beneficial cytotoxic effects of
CDK4/6 blockade and (ii) neutralizes its unwanted “side effects”, i.e.
stemness and EMT. RNAprofiling of GBM15 spheroids identified a switch
in transcription factor-associatedDEGs fromNANOG to Smadmolecules.
Smad proteins are part of the TGFβ cascade, responsible for cell differ-
entiation and development54. The altered expression profile indicates a loss
of pluripotency in favor of a more differentiated state and correspondingly
less invasive behavior. It also suggests changes in signaling pathways, i.e.
cells in a Smad-dominated state may be less susceptible to certain growth
signals or even more sensitive to therapies that directly or indirectly target
these pathways. Hence, although GSK126 alone had no significant impact
on the gene expression profile, its addition to abemaciclib dramatically
altered the transcript levels of essential genes in a synergistic manner.
Additionally to the described positive effects on EMT and stemness, an
influence on DNA methylation and nucleosome accessibility (just like
HIST1H1B, HIST1H3G) can be anticipated.

Hypoxia increases the expression of CDK2 and EZH2 by HIF-1α-
dependent transcriptional activation. Finally, these global changes trigger a
glycolytic shift, proteasome, and mitochondrial dysfunction55,56. Indeed,
dual EZH2/CDK4/6 inhibition had global effects on genes primarily
involved inmitotic aberrations/spindle formation (Rb, PLK1, RRM2, PRC1,
CENPF, TPX2), DNA damage/replication stress events (TOP2A, ATF4),

and immuno-oncology (DEPDC1). Notably, RRM2 is associated with
metabolic adaptation to temozolomide by facilitating dNTP availability,
particularly in glioma stem-like cells, which contributes to chemoresistance
and recurrence57,58. Inhibiting this molecule resulted in sensitization to
radiation and synthetic lethality of GBM cells when combined with CHK
inhibition59. Similar mechanisms are conceivable in our study asRRM2was
dramatically downregulated after dual EZH2/CDK4/6 blockade. Besides,
TOP2A-mediated transcriptional activity of β-catenin was abrogated in
GBMcells and effectively preventedWnt/β-catenin signaling activation and
ultimately cell invasion60. In support of this, essential genes of the Wnt/
β-catenin pathway, i.e. CTNNB1, TCF, and PLAU were significantly
downregulated by the combination.

Additional effects after dual EZH2/CDK4/6 blockade include tran-
scription of genes involved in migration, matrix remodeling, immunosup-
pression, and invasion (e.g. COL12A1,MMP9, TSPAN11, CSF1, PLK4, and
PDGFRB)61,62. In particular, CSF1 and/or PLK4 inhibition can increase the
number of tumor-infiltrating M1 macrophages in GBM63,64, thereby
reversing immunosuppression. Specifically, CD163+ infiltration in CDK4
amplified GBM65 may be reduced by this strategy, contributing to the
rebalancing of immunogenicity. Also, genes involved in lipid metabolism
(SCD), suppressionofNF-κBsignaling66 (RCAN1), and invasion inhibitors67

(RND3) were highly upregulated, revealing the mechanisms underlying the
increased cell death upon dual EZH2 and CDK4/6 inhibition. Finally, we
partially confirmed enhanced antitumor effects in short-term treatment in
ovo and in the clinically relevant PDO models. In the latter, extensive dis-
integration of the dense and heterogeneous PDO structure was observed in
4/5 cases, and viability was dramatically reduced. The most pronounced
effects were again observed in the combination.

In conclusion, our study supports the potential of dual EZH2 and
CDK4/6 blockade as a promising therapeutic strategy for GBM, demon-
strating superior efficacy compared to individual monotherapies across
various models via perturbation of ER-mitochondrial homeostasis. These
findings provide insights into the molecular mechanisms underlying the
synergistic effects, suggestingpotential biomarkers, suchas alterations in the
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expression of EZH2 and CDK4/6, MGMT promoter methylation status,
activity levels of signaling pathways (e.g., Wnt/β-Catenin and PI3K/Akt),
expression of mitotic genes (e.g., Rb, PLK1, TPX2), DNA repair genes (e.g.,
EXO1 and CKAP2L), and changes in stemness markers (e.g., NANOG and
OCT3/4) toward a more differentiated state, ultimately influencing GBM
invasiveness. Thesemarkers could be used for patient stratification in future
clinical applications. Finally, the synergistic effects observed following the
combination of two FDA-approved agents, i.e. tazemetostat and abemaci-
clib, warrant further validation in larger cohorts of patients for subsequent
translation into a clinical trial setting.

Methods
Patient samples, biobanking, establishment of 2D and 3D
cultures
GBM tumor samples were obtained frompatients during 5-Aminolevulinic
acid (5-ALA) fluorescence-guided microsurgical resection at the Depart-
ment of Neurosurgery of the RostockUniversityMedical Center, Germany.
Written informed consent was obtained from all patients. All procedures
involving patients were approved by the local Ethics Committee (Rostock
University Medical Center, Ethics Registration ID: A2018-0167). The
research related to human use has been complied with all relevant ethical
regulations including the Declaration of Helsinki. The clinical patient
information is listed in Table 1. The tumor specimenswere processed under
sterile conditions after resection. In brief, tumor pieces (3 × 3 × 3mm)were

viable cryopreserved (FCS, 10% DMSO) in liquid nitrogen. The remaining
tumor fragments were snap-frozen formolecular analysis andwere used for
cell culture. Therefore, tumor pieces were homogenized using a cell strainer
(100 µm) and seeded in 6-well plates containing DMEM/Hams F12 med-
ium, supplemented with 20% FCS, 6mM L-glutamine, and 1% penicillin/
streptomycin (all from PAN-Biotech, Aidenbach, Germany) and incubated
at 37 °C in a humidified atmosphere of 5% CO2. Continually growing cell
cultures were serially passaged and regularly stored at low passages. For
these experiments, we used four patient-derived cell lines: GBM03,GBM06,
GBM14, and GBM15.

EZH2 expression
RNA isolation was performed using the RNeasy® kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions and 1 µg of RNA was
reverse transcribed into cDNA using a RandomHexamer Primer (50 ng in
20 µl). RT buffer complete, dNTPMix, and reverase™ (Bioron, Römerberg,
Germany)were added tofinalize the transcriptionprocess.Afterward, 25 ng
of cDNAwasmixedwith 0.65 µLof predesignedTaqmanTMgene expression
assays 6-FAM-3ʹBHQ-1 EZH2 (Applied Biosystems, Darmstadt, Ger-
many), 0.65 µL of in-house 5-VIC-3ʹBHQ-1 GAPDH for normalization,
6.5 µL ofmastermix, and 3.2 µLofwater. The reactionwas performed in the
light cycler Viia7 (Applied Biosystems), as described previously68. The
expression level of each sample was determined by calculating the 2−ΔCT

(ΔCt = CtTarget – CtHousekeeping gene).
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Concentration-response curves
Cells (5000 cells/well) were seeded in 96-well plates (Greiner Bio-One,
Kremsmünster, Austria) and incubated overnight. The test substances were
dissolved in DMSO, and the stock solutions were diluted with DPBS. The
final solvent concentration per compound used in the cell incubates was
0.1% (v/v) DMSO. Even when multiple test substances were added to the
cells, the final concentration of DMSO in the incubates did not exceed 0.3%
(v/v) DMSO. In all experiments, the incubation media of the vehicle- and
substance-treated cells contained the sameamountof solvent. Subsequently,
100 µL of medium containing increasing concentrations of GSK126 or
abemaciclib was added and incubated for 72 h or two times 72 h. In some
experiments, tazemetostat was used as a combination partner in doses
equivalent to GSK126 (i.e. 10 µM). Cells were quantified after crystal violet
staining using a Tecan reader Infinite M Plex (Tecan Group AG, Män-
nerdorf, Switzerland, wavelength, 570 nm; reference: 620 nm).

Immunofluorescence
3000 cells/well were seeded in µ-slides 18 wells (ibidi, Gräfelfing, Germany)
and subjected to two consecutive 72-h treatments. Permeabilization and
blocking were performed for 60min using 0.5%Triton®X-100 and 2%BSA,
respectively. Specific antibody (Ab) staining was done at RT using anti-
human EZH2 (Cat# 14-9867-82) or anti-human CDK4 (Cat# MA5-41178,
both from Thermo Fisher Scientific, stock: 1mg/mL, 1:50, 2 h), followed by
washing and incubation with the secondary antibody (Cat# 405322, anti-
rabbit IgG (H+ L), F(ab’)2 Fragment Alexa Fluor® 647, Biolegend, San
Diego,CA,USA, 1:250, 60min).Afterwashing, phalloidin green stainingwas
performed (Flash Phalloidin™ Green 488, Cat# 424201, BioLegend, 1:50,
20min). Additionally, stemness and EMTmarkers were studied. Therefore,
cells were incubated with monoclonal Abs: PE anti-human Nestin (Cat#
656805, Biolegend, 1:50, overnight), Alexa Fluor® 488 anti-human GFAP
(Cat# 837508, Biolegend, 1:200, overnight), Alexa Fluor® 647 anti-human
A2B5 (Cat# 150704, Biolegend, 1:200, overnight), Alexa Fluor® 594 anti-
humanVimentin (Cat#677804,Biolegend, 1:200,overnight), orAlexaFluor®
647 anti-human OCT3/4 (Cat# 653710, Biolegend, 1:1000, overnight). To
address the unfolded protein response, we used the following monoclonal
Abs: Alexa Fluor® 647 anti-human ATF4 (Cat# sc-390063, Santa Cruz),
Alexa Fluor® 488 anti-human ATF6α (Cat# sc-166659, Santa Cruz), Alexa
Fluor® 546 anti-human PERK (Cat# sc-377400, Santa Cruz), and Alexa
Fluor® 647 anti-human IRE1α (Cat# sc-390960, Santa Cruz), all 1:50, over-
night. Nuclear staining was performed using DAPI (stock: 1.75mg/mL;
Thermo Fisher Scientific, 1:1750, 2min), followed by microscopic exam-
ination (AxiovertA.1, Zeiss, Jena, Germany). In some experiments, bafilo-
mycin A1was used (5 nM inDMSO) as an autophagy inhibitor, followed by
p62/sequestosome 1 (SQSTM1) staining using anti-p62 Alexa Fluor® 488
antibody (Cat# sc-28359, Santa Cruz, 1:50, overnight) as described above.

Cellular stress response analysis using endoplasmic reticulum
(ER) tracker, mitotracker, lysotracker & mitochondrial super-
oxide indicator
The experimental schedule was carried out in a manner similar to the pre-
vious immunofluorescence staining. Subsequently, MitoTracker Red
CMXRos (Cell Signaling Technology, Danvers, Massachusetts, USA), Lyso-
Tracker ™ Green DND-26, and ER-Tracker™ Blue-White DPX (both from
Thermo Fisher Scientific, Waltham, Massachusetts, USA) were stained
according to the manufacturer’s instructions. Also, cells were stained with
MitoSOX™ red (ThermoFisher Scientific, 4 µM,Ex/Em396 nm/610 nm)and
counterstained with Calcein AM (SigmaAldrich, 4 µM) to detect superoxide
production as an indicator of cell stress. Images were obtained using a
fluorescence microscope (AxiovertA.1, Zeiss, Oberkochen, Germany).

Invasion & colony formation assay
10,000 cells/well were seeded into 96-well ultra-low attachment (ULA)
plates (Greiner Bio-One, Kremsmünster, Austria) and all subsequent steps
were done as previously described21. The colony formation assay was done
as described21.

Molecular analyses
Genomic alterations were analyzed using the Illumina Cancer Hotspot
Panel (Illumina, Berlin, Germany) and Focus Panel, as described
previously69. Gene-specific amplifications were studied by fluorescence in-
situ hybridization (FISH) on fixed cells on a coated cytoslide (THARMAC
cellspin,Wiesbaden, Germany) using the SHANDON cytospin3 centrifuge
cell preparation system. FISH was performed using the ZytoLight FISH
Cytology implementation Kit (ZytoVision, Bremerhaven, Germany)
according to the manufacturer’s protocol using the following probes (all
ZytoVision): ZytoLight SPEC CDKN2A/CEN 9 Dual Color Probe, Zyto-
Light SPEC CDK4/CEN 12 Dual Color Probe and ZytoLight SPEC CUX1/
EZH2/CEN 7 Triple Color Probe. After hybridization and washing the
sections were counterstained with DAPI/DuraText solution (ZytoVision)
and analyzed using an Olympus BX53 fluorescence microscope system
(Olympus, Hamburg, Germany) equipped with corresponding filter sets.
The criteria for gene amplificationweredefinedas thepresenceof either four
(or more) gene signals or more than 2.5 times as many gene signals as
centromere signals of the related chromosome.

Microarray analysis
The total RNA of GBM15 spheroids was extracted, quantified, and
expressionprofilingwasperformedusingAppliedBiosystemTMClariomTMS
arrays (formerly Affymetrix, Thermo Fisher Scientific) as described
previously22,70. The gene expression datasets were filtered with an adjusted
p-value < 0.01 and an FC ± >2 to identify differentially expressed
genes (DEGs).

Functional enrichment analysis
For enrichment and pathway analysis, differentially regulated genes were
analyzed separately, as described previously71. To identify more specific
biological pathways and processes72, the top 20 upregulated and down-
regulated genes were used to identify subgroups of correlated genes. Gene
clusters were identified using STRING database version 12.0
(RRID:SCR_005223)73 and associated pathways and biological processes
were assessed in each subgroup. Gene names were converted to Ensembl
Gene IDs using the g:profiler g:Convert function74 prior to enrichment
analysis.

Spectral flow cytometry
Spectral flow cytometry was performed using three in-house multicolor
panels as previously described75,76. Panel 1 was used to study prolifera-
tion and autophagy. Panel 2 examines viability, methuosis, and immune
regulation, and Panel 3 provides information on immunogenic cell
death, EMT, and stemness. Briefly, staining with antibodies, either tar-
geting either extra- or intracellular antigens was done from 0.2 × 106

cells. All procedures were performed using staining buffer (PBS, 2 mM
EDTA, 2% BSA). The staining protocols for Panels 1 and 2 have been
previously described75. Panel 3: Extracellular staining: Alexa Fluor405
mouse anti-human CalR (Cat# IC38981V-100UG, R&D Systems,
Wiesbaden, Germany, 1:40), PE/Cyanine7 mouse anti-human CD325
(N-Cadherin, Cat# 350812, BioLegend, 1:25), APC-Vio770 mouse anti-
human CD324 (E-Cadherin, Cat# 130-111-842, Miltenyi Biotec, Ber-
gisch-Gladbach, Germany, 1:15), PerCP/Cyanine5.5 anti-human
CD274 (PD-L1, Cat# 329738, BioLegend, 1:62.5). Cells were incubated
for 20 min at room temperature, followed by permeabilization (BD
Transcription Factor Buffer Set, BD Biosciences, New Jersey, USA, 1×
Fix concentrate, 45 min, 4 °C) and antibody staining: VioB515REA anti-
human Vimentin (Cat# 130-129-207, Miltenyi Biotec, 1:31), PE mouse
anti-human SNAI2/Slug (Cat# 564615, BD Biosciences, 1:50), BV421
anti-human SOX2 (Cat# 656114, BioLegend, 1:50), BV510 anti-human
OCT3/4 (Cat# 563524, BDBiosciences, 1:50), andAlexa Fluor® 488 anti-
human NANOG (Cat# 674206, BioLegend, 1:25). All subsequent steps
were similar to those described previously75.

Measurements were done using a spectral flow cytometer (3L-CytekTM

Aurora). The data were analyzed using SpectroFlo™ Version 3.2.1. and
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FlowJo™ Version 10.6.1, respectively. A detailed gating strategy for each
analyzed marker is given in Supplementary Fig. 7.

Cellular metabolic analysis
The oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR)weremeasured at the Seahorse BioscienceXFe24 Extracellular Flux
Analyzer (Agilent Technologies, Inc., Waldbronn, Germany) according to
the manufacturer’s instructions and as previously described21.

Briefly, cells were seeded in Seahorse 24XFe plates at a density of 10,000
cells/well and treated as described above. One hour before Seahorse XFe
analysis, cells werewashed and themediumwas changed toXF basemedium
(pH 7.4) containing 10mM glucose, 1mM pyruvate, and 2mM glutamine.
Themitochondrial functionwas assessed by sequential injections of Seahorse
XFCellMito StressTestKit compounds (AgilentTechnologies, Inc.): via port
A oligomycin (final concentration: 1.5 µM), port B FCCP (1.5 µM), and port
C rotenone and antimycin A (0.5 µM), respectively. Basal respiration, ATP
production-based respiration, proton leak, and spare capacitywere calculated
using the Seahorse XF Cell Mito Stress Test Report Generator (Agilent
Technologies, Inc.). To normalize the data, the amount of protein/well was
determined using the BCA Protein Assay Kit (Thermo Fisher Scientific).
Lysates were generated with lysis buffer (50mM HEPES, 150mM NaCl,
1mM EDTA, 1% [v/v] Triton® X-100, 10% [v/v] glycerol).

JC-10 assay
The JC-10 Mitochondrion Membrane Potential Assay Kit (AAT Bioquest,
Pleasanton, USA) was used. Therefore, 5000 cells per well were seeded in a
96-well microplate and treated as described previously, with each condition
tested in triplicate. Afterward, cells werewashed oncewith 100 µlwarmPBS
and 100 µl of DMEM containing 10 µM JC-10 was added. The cells were
incubated for 45min at 37 °C and 5% CO2. The supernatant was removed,
and a wash step with 100 µl of PBS was performed. Next, fluorescence
intensity (FI) was measured using a TECAN Plate Reader Infinite 200 Pro
with excitation/emission wavelengths set at 490/525 and 540/590 nm. For
data analysis, the fluorescence intensity of the blanks (cells without JC-10)
was subtracted from the measured values. Then, the ratio Em 590/525 was
calculated. Finally, the percentage increase in damaged mitochondria
compared to the control was determined, and the mean values from the
triplicates were calculated.

Patient-derived organoids
All procedures involving patient-derived organoids (PDOs) were approved
by the local Ethics Committee (Rostock University Medical Center, Ethics
Registration ID: A2018-0167). Written informed consent was obtained
from all patients. The experiments complied with all relevant ethical reg-
ulations including the Declaration of Helsinki. PDOswere established from
n = 5 individual patients (Table 1) according to a protocol originally
describedby Jacob et al.withminormodifications77. Briefly, the tumor tissue
was washed with ice-cold DPBS and transferred into Glioblastoma Dis-
section Medium (Hibernate A, 1% penicillin/streptomycin, 1% L-gluta-
mine). Vital tumor tissue was separated from necrosis, hemorrhage, and
normal brain tissue and dissected into small pieces (0.5–1mm) using fine-
spring dissection scissors. After lysing red blood cells and washing, tumor
pieces were cultured in GBO medium (DMEM/F12, Neurobasal medium
(1:1), 1× MEM-NEAAs solution, 1× N2 supplement, penicillin/strepto-
mycin, L-glutamine, 1× NCS21 supplement, human insulin solution) on a
12-well suspension cell plate. The plate was incubated at 37 °C and 5%CO2

on an orbital shaker at 150 rpm. Themedia was replaced every three to four
days. PDOs were used for subsequent experiments once they reached a
rounded shape.

The viability of PDOs was assessed by staining with Calcein AM
(4 µM)andanalyzing themusing aZeissElyra7Confocal LaserMicroscope.
The viability was verified using the CellTiter 3D Glo Kit (Promega, Wall-
dorf, Germany) in accordance with the manufacturer’s instructions. The
luminescence signalwasmeasuredusing theTecanPlateReader Infinite 200
Pro, with an integration time set to 1 s.

Chorioallantoic membrane (CAM) assay
One million GBM06, GBM14, and GBM15 cells were transplanted onto the
CAM of one-week-fertilized chicken eggs (LSL Rhein-Main, Dieburg, Ger-
many). The cells were mixed 1:1 with serum-free medium andMatrigel (BD
Biosciences, Franklin Lakes, NJ, USA). 24 h after transplantation, the treat-
ment was started twice daily for 3 consecutive days. Substances were applied
topically on the tumor area with 5 µL containing 5.0 µM GSK126, 0.5 µM
abemaciclib, or the combination, with DMSO used as a control. After treat-
ment, the tumor and surrounding CAM were extracted, embedded in par-
affin, and cut into sections. The sectionswere stainedwithhematoxylin/eosin.

Image processing
Image quantification was done by using the FIJI-ImageJ software as
follows: Images were split into respective channels via ZEN software
(Zeiss, Oberkochen, Germany). Staining intensity was then deter-
mined by integrated density profiles of the same size. For spheroid
invasion, the total area was considered.

Statistics
All values are presented as mean ± s.d. Statistical evaluation was performed
using GraphPad PRISM software, version 8.0.2 (GraphPad Software, San
Diego, CA, USA; RRID:SCR_002798). The criterion for significance was set
at p < 0.05. All experiments were performed in biological triplicates, with
two to three technical replicates. After proving the assumption of normality
(Shapiro–Wilk test), one-way ANOVA (Dunnett’s or Holm-Sidak’s mul-
tiple comparisons test), two-way ANOVA (Tukey’s multiple comparisons
test), or t-test was performed. If the normality test failed, theKruskal–Wallis
(Dunnett’s multiple comparisons test) or U-Test was performed. The fol-
lowing symbols were used: * vs. ctrl; # vs. monotherapy (GSK126, taze-
metostat, or abemaciclib). The Bliss independence model was employed to
evaluate the impact of combination effects. The analysis involved com-
paring the observed combination response with the predicted response,
which was calculated based on the assumption of probabilistic indepen-
dence. The Bliss independence interaction index was calculated to evaluate
the synergistic or antagonistic effects of the drug combination.

Data availability
Gene expression datawere loaded on theGene ExpressionOmnibus (GEO)
repository. The accession number is GSE268563.

Code availability
Gene expression data were loaded on Gene Expression Omnibus (GEO)
repository. The accession number is GSE268563 and the the code provides
access to all data, without any restrictions (release date: Jun 01, 2024). The
data were analyzed using Transcriptome Analysis Console TAC v4.0.3.
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