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ABSTRACT

The most widely accepted hypothesis for glioblastoma development posits that glioblastoma stem-like cells (GSCs) play a central role in tumor initiation, recurrence,
and resistance to both chemotherapy and radiotherapy. We and others previously showed the importance of Mesenchyme Homeobox 2 (MEOX2) in supporting GSC
survival and metabolism. In the present work, we demonstrate that MEOX2 also promotes DNA damage repair and contributes to resistance against genotoxic
therapies in GSCs. Using a GLICO (GLioblastoma Cerebral Organoid) model, we show that MEOX2 knockdown impairs tumor growth and increases sensitivity to
temozolomide (TMZ). Mechanistically, we find that MEOX2 depletion in 2D culture systems compromises genomic stability and impairs DNA repair. Co-
immunoprecipitation and mass spectrometry analyses identified poly ADP-ribose polymerase 1 (PARP1) as a novel MEOX2 interactor. Consistent with this,
MEOX2-depleted cells exhibit reduced PARylation levels and increased sensitivity to the PARP1 inhibitor Talazoparib, highlighting a potential therapeutic
vulnerability.

Altogether, our findings reveal a previously unrecognized role for MEOX2 in the DNA damage response of GSCs, particularly in promoting survival and recovery
after chemotherapy and ionizing radiation. These results also suggest that MEOX2 functions as a partner of PARP1 and may represent a promising therapeutic target
in GBM.

MEOX2 is strongly enriched in glioma stem-like cells (GSCs) [3,4], a
therapy-refractory subpopulation responsible for tumor initiation,
resistance to standard therapy, and recurrence [5]. In GSCs, MEOX2 is
essential for maintaining self-renewal and viability, positioning it as a
key regulator of GBM malignancy.

In the present work, we investigated the contribution of Meox2 to the
repair of therapy-induced DNA damage in GSCs and in glioblastoma
cerebral organoids. By co-immunoprecipitation and mass spectrometry,
we searched for protein interactors of Meox2 that may be involved in
DNA damage sensing and repair, and found PARP1, a major sensor of
DNA double-strand breaks and a recruiter of repair proteins [6].
Consistently, we revealed an increased sensitivity of MEOX2 KD GSCs to

1. Introduction

Glioblastoma (GBM) is a highly aggressive and currently incurable
brain tumor, characterized by limited treatment options and dismal
patient outcomes, despite the aggressive standard of care therapy,
consisting of maximal surgical resection, fractionated radiotherapy, and
chemotherapy with the DNA-alkylating agent, temozolomide (TMZ) [1].

Mesenchyme homeobox 2 (MEOX2), a transcription factor involved
in mesodermal development, is markedly overexpressed in GBM, with
elevated levels correlating with reduced survival, particularly in
radiotherapy-resistant cases [2]. We and others previously showed that
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Abbreviations:

DDR DNA damage response
GFP green fluorescent protein
co-IP co-immunoprecipitation
GBM glioblastoma

GLICO  glioblastoma cerebral organoid
GSC glioma stem-like cells

MEOX2 mesenchyme homeobox 2

1B immunoblot

1P immunoprecipitation

IR ionizing radiation

PARP1  poly ADP-ribose polymerasel

PARylation poly-ADP-ribosylation
TMZ temozolomide

the PARP1 inhibitor Talazoparib, thus highlighting a potential thera-
peutic vulnerability.

2. Materials and methods

All materials and methods employed to perform this study are
described in detail in the Supplementary data.

3. Results and discussion

To further strengthen the biological relevance of our findings, we
investigated MEOX2 function in the GLioblastoma Cerebral Organoid
(GLICO) model — human embryonic stem cell-derived cerebral organoids
containing GBM tumor cells. These advanced 3D models recapitulate
early human brain development and provide a physiologically relevant
context in which GBM cells phenocopy patient tumors [7,8].

We generated green fluorescent protein (GFP)-expressing GSCs with
or without MEOX2 knockdown (shMEOX2 vs. shC) and confirmed a
significant reduction in sShMEOX2 cell viability under 2D culture con-
ditions, consistent with prior results (Fig. S1A) [3]. Subsequently, we
co-cultured shMEOX2 and shC cells with cerebral organoids. To evaluate
invasion and tumor growth, we performed immunofluorescence mi-
croscopy for GFP and quantified the corrected total cell fluorescence in
each organoid at Days 9 and 12. While no differences in invasion were
observed at Day 9, clear differences emerged at Day 12 (Fig. 1A). These
findings suggest that both control and sShMEOX2 cells invade the orga-
noids at comparable rates initially, but sShMEOX2 cells fail to sustain
growth over time.

Since a major challenge in GBM treatment is temozolomide (TMZ)
resistance, we assessed TMZ sensitivity of shC and sShMEOX2 cells in
GLICO models (Fig. 1B). We observed that at 7 days post-treatment, TMZ
significantly reduced the tumor growth of shMEOX2 GLICO model,
whereas the growth of shC tumors was not significantly affected, indi-
cating that MEOX2 can contribute to TMZ resistance. To assess TMZ-
induced DNA damage [9], we quantified YH2AX/53BP1 co-localized
foci via immunofluorescence in shC and shMEOX2 cells, with or
without treatment. Co-localization was used to improve DNA damage
response specificity, as YH2AX alone may appear in contexts unrelated
to double-strand breaks [10,11]. As shown in Fig. 1C and Fig. S1B and
24 hours of TMZ treatment (100 pM) did not significantly increase the
number of YH2AX/53BP1 foci in shC cells, whereas it led to a marked
increase in the number of foci in ShMEOX2 cells. At 48 h of treatment,
the number of foci increased, compared to untreated cells, in both shC
and shMEOX2 cells, and the difference between untreated and treated
cells was greater in sShMEOX2 compared to shC cells. Interestingly, the
quantification of yH2AX/53BP1 foci reveals a trend toward an endog-
enous DNA damage in non-treated sShMEOX2 cells, implicating MEOX2
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in genome stability. In agreement with the lack of DNA damage at this
dosage of TMZ, in shC cells we did not observe the G2/M cell cycle arrest
typically associated with TMZ-induced DNA damage [11]. Conversely,
in shMEOX2 cells, the increased DNA damage induced by TMZ was
flanked by a significant arrest in G2/M (Fig. 1D-S1C). Thus, at doses
where TMZ alone fails to induce DNA damage and the related cell cycle
arrest, MEOX2 knockdown enables this response. Of note, our choice of
this dosage (100 pM) of TMZ stems from our observations about the
resistance of the selected GSC models to lower concentrations of this
drug (Fig. S1D). This concentration of TMZ was previously defined by
other groups as the dose able to distinguish sensitive vs resistant GSC
cultures [12,13]. The expression levels of the main known TMZ resis-
tance factor, MGMT—as assessed by RNA-seq (ref. [3])—are either ab-
sent or extremely low in our GSC models (Suppl. Table 1) and therefore
do not correlate with TMZ sensitivity. Nonetheless, it is well established
that, following TMZ treatment, GBM cells, and particularly GSCs, can
activate alternative drug resistance mechanisms [14,15], which may
account for the pronounced resistance observed in our models. A key
aspect which contributes to cancer stem cell malignancy is their extreme
ability to recover from DNA damage. We then utilized a higher dosage of
TMZ (500 pM) to ensure efficient induction of DNA breaks in both shC
and shMEOX2 cells, and performed alkaline comet assays to measure the
ability of cells to repair DNA. Indeed, immediately after exposure to
TMZ, DNA damage was observed in both shC and shMEOX2 cells, and
the effect was significantly more pronounced in shMEOX2 cells, con-
firming our previous findings about the increased sensitivity of MEOX2
KD cells (Fig. 1E and Fig. S1E). At 24 h post-treatment, comet tail lengths
in shC cells returned to baseline levels, comparable to untreated con-
ditions, indicating efficient DNA repair. In contrast, SIMEOX2 cells
exhibited persistently longer DNA tails at the same time point, sug-
gesting unresolved DNA damage and a defect in DNA repair mecha-
nisms. We then asked if this defect in DNA repair of MEOX2 KD cells
could be observed after ionizing radiation (IR) treatment too. We
exposed shMEOX2 and shC cells to 2 Gy, collected them after 24h and
48h, checked the efficient induction of DNA damage in both shC and
shMEOX2 cells (as shown by phospho-KAP1 increase, and subsequent
decrease, Fig. S1F), and assessed DNA repair by quantifying for
yH2AX/53BP1 co-localized foci. As evident from Fig. 1F, we detected
more foci per cell at 24 h than at 48 h, indicating that the DNA repair
processes were still active between these two times in both shC and
shMEOX2 cells. However, at both time points, we found more foci in
shMEOX2 cells compared to shC and, even more interestingly, after 48 h,
shMEOX2 cells still showed a high number of foci, while shC cells
returned to the basal level. Thus, DNA damage was still present in
shMEOX2 cells, whose repair ability is reduced.

To better understand Meox2 function and the molecular mechanisms
in which it is involved, we assessed the Meox2 protein interactome by
co-immunoprecipitation (co-IP) experiments followed by mass spec-
trometry analysis. By immunoprecipitating endogenous Meox2 in
BT273 GSCs, we found that one of the principal interactors is poly ADP-
ribose polymerasel (PARP1), a member of the PARP family. PARP1 is
involved in maintenance of genome integrity and the repair of DNA
damage [6]. After confirming the Meox2-PARP1 interaction in three
additional GSC lines via co-IP of the endogenous proteins (Fig. 2A,
Fig. S2A), we further validated this interaction by performing the
reverse co-IP by immunoprecipitating PARP1 and searching for Meox2
(Fig. 2B). We corroborated this finding by using the
AlphaFold2-multimer prediction tool, which estimated the likely
involvement of the PADR1 domain of PARP1 (PARP1225-359) in the
interaction with Meox2 homeodomain (Fig. 2C). We therefore compared
the ability of recombinant wild-type Meox2 and a mutant form of Meox2
lacking the homeobox domain [16], to bind PARP1. We transfected
HEK293T cells, which do not express endogenous MEOX2, with the two
constructs and carried out co-IP experiments. These experiments showed
that the homeobox domain is required for the interaction (Fig. 2D). As
the homeobox works as a DNA-binding domain, we reasoned that a
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Fig. 1. MEOX2 Knockdown Impairs Tumour Growth, Enhances DNA Damage, and Sensitizes GSCs to TMZ-Induced G2/M Arrest

(A) Representative fluorescent microscopic images of control (shC) and MEOX2 knock-down (shMEOX2) tumor growth (left), and quantification (right) of GFP-
expressing BT379 cells [3] in GLICO models after 12 days of growth; green, GFP; n = 6 organoids; scale bar, 500 pm

(B) Representative fluorescent microscopic images (left), and quantification (right) of GFP-expressing shC and shMEOX2 BT379 cells in GLICO models treated with
100 pM of TMZ; n = 6 organoids per group; scale bar, 500 pm

(C) Representative fluorescent microscopic images of shC and shMEOX2 BT379 cells treated with 100 pM of TMZ for 24h and subsequently analyzed for
phospho-H2AX and 53BP1 foci by immunofluorescent staining with anti-53BP1 (red) and anti-Phospho-H2AX (Ser139, green) antibodies. Bar graphs show the
number of yH2AX/53BP1 foci per nucleus counted on >80 cells. DAPI was used for nuclear staining. The co-localization of the two antibodies was used to measure
DNA double-strand breaks counted on >80 cells (bar graph).

(D) Cell cycle analysis of shC and shMEOX2 BT379 cells after 24h TMZ treatment (100 uM). DAPI staining shows G2/M accumulation in shMEOX2 after TMZ
treatment compared to shC control.

(E) Representative images of alkaline comet assay in shC and shMEOX2 BT379 cells treated with 500 pM of TMZ for 24h, followed by 24h recovery in fresh medium
without drug. DNA damage was quantified via the percentage DNA in tails (bar graph).

(F) Representative immunofluorescence images of shC and shMEOX2 BT273 cells 24h after IR (2 Gy) treatment. DNA damage was evaluated as in (C) by yH2AX and
53BP1 co-staining. Bar graphs show the number of YH2AX/53BP1 foci per nucleus counted on >100 cells, at 24h and 48h after treatment.

Results were verified from three independent experiments and analyzed using GraphPad Prism 10. mean + SD. A-B two-tailed Student's t-test. C-F two-way ANOVA
test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. Meox2 interacts with PARP1 and promotes Talazoparib Resistance in Glioblastoma Stem Cells

(A) Cell lysates from BT379 (Input) were analyzed by IP using antibodies against Meox2, then subjected to IB analysis to verify the interaction between Meox2 and
PARP1. IgG was used as the isotype negative control.

(B) Cell lysates from BT273 (Input) were analyzed by IP using antibodies against PARP1, then subjected to IB analysis as in A.

(C) The computational model illustrates the interaction between a selected segment of PARP1 (residues 1-780, representing the full-length protein devoid of its
catalytic domain, depicted in blue) and the homeodomain of Meox2 (residues 187-262, shown in green). The prediction corroborates the involvement of the PADR1
domain of PARP1 (PARP12%°~3%) and a precise interacting sequence, i.e. CSTNDLKELLIFNK, was identified (PARP?*%2%9, pink domain on the zoom view). Each
protein was distinguished by coloration. Protein-protein interaction was determined using Modify/Around/Atoms within 4 A.

(D) Two constructs—one harboring the recombinant wild-type MEOX2 (Meox2) and the other a mutant MEOX2 lacking the homeobox domain (AHB)—were
transfected into HEK-293T cells (Input). Cell lysates were subjected to IP using anti-Meox2 antibodies, with or without DNase treatment, followed by IB analysis.
(E) Representative image of IB analysis of recombinant wild-type Meox2 (Meox2) or a mutant Meox2 lacking the homeobox domain (AHB) present in nuclear and
chromatin fractions of HEK-293T cells. Lamin B represents the nuclear fraction marker while histone H3 represents the chromatin fraction marker. Ectopic expression
experiments were performed by transient transfections, and analyzed at 48h post-transfection. Results were verified from three independent experiments.

(F) Cell lysates from shC and shMEOX2 BT379 cells were analyzed by IB using antibodies against the indicated antibodies.

(G) shC and shMEOX2 BT379 cells were treated for 72 h h with increasing concentrations of Talazoparib. Cell viability was assessed using the fluorescein diacetate
(FDA) staining and analyzed by flow cytometry.

(H) Chromatin-associated proteins from BT379 cells, treated or untreated with 100 pM TMZ, were immunoprecipitated with Meox2 antibodies and analyzed by
immunoblotting to detect Meox2-PARP1 interaction. IgG was used as a negative control.

Results were verified from three independent experiments. mean =+ SD. two-way ANOVA test. ***p < 0.001, ****p < 0.0001. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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protein interaction which involves the homeodomain, likely involves
DNA to occur. In line with this hypothesis, DNase I treatment of the
samples in the co-IP experiments almost abolished the interaction of
PARP1 and Meox2 (Fig. 2D). Indeed, the Meox2 homeodomain is needed
for DNA binding by Meox2, as confirmed by the fact that we found the
wild-type form of Meox2 in the chromatin fraction but not the mutant
form (Fig. 2E).

Since PARP1 enzymatic activity is critical for DNA damage repair via
poly-ADP-ribosylation, we examined whether MEOX2 knockdown af-
fects this PARP1 function. In shMEOX2 cells, we found a marked
decrease in overall cellular PARylation (Fig. 2F, Fig. S2B), indicating
reduced PARP1 activity. These findings suggested to us that MEOX2 KD,
through reducing PARP1 PARylation activity, might sensitize cells to
PARP1 inhibition. When we compared the overall survival of shC and
shMEOX2 cells treated with the PARP1 inhibitor Talazoparib, MEOX2
knockdown significantly enhanced the drug's cytotoxic effect. Notably,
this increased sensitivity was evident at drug concentrations that could
not affect the viability of shC cells (Fig. 2G, Fig. S2C). Thus, as for TMZ,
the reduction of MEOX2 renders GSCs more sensitive to drug dosages
which do not affect control cells. Our results unveil a totally new role for
Meox2 in GSCs, which are considered responsible for initiation and
above all for therapy resistance of glioblastoma. We provide novel in-
sights about Meox2 involvement in the ability of GSCs to repair DNA
damage upon chemo- (TMZ) and radiotherapy. By demonstrating the
functional interaction with PARP1, we uncover a new mechanism
through which Meox2 works as a critical regulator of DNA repair and
therapeutic resistance in GSCs. We believe that our findings may, at least
in part, explain observations reported in several studies that analyzed
MEOX2 expression in public glioblastoma datasets (TCGA and CGGA).
These studies identified MEOX2 as an important prognostic factor [17,
18], consistently showing its overexpression across all glioma subtypes
compared with healthy brain tissue, a negative correlation between
MEOX2 expression and patient survival, and an enrichment of MEOX2
expression in GBM patients who do not respond to radiotherapy [2,15,
18,19]. In addition, our results shed a mechanistic light onto some
previous observations linking MEOX2 not merely to glioblastoma
growth, but specifically to the response to chemotherapy via alkylating
agents and to radiotherapy [2,20]. This of course does not exclude that
Meox2 may act, in some GSC types, also via additional mechanisms,
such as the transcriptional regulation of genes whose products are
engaged in DNA repair. Nonetheless, we think that this does not change
the novelty and potential importance of our present work.

From a mechanistic point of view, our findings raise the question
about how Meox2-PARP1 interaction works in modulating DNA dam-
age. When we measured PARP1 stability in a cycloheximide chase assay,
we did not detect any difference between shMEOX2 and shC cells
(Fig. S2D), suggesting that Meox2 does not work merely by stabilizing
PARP1. In light of our data, showing a reduction of parylation activity
upon Meox2 KD, an intriguing hypothesis might be that Meox2 helps
PARPI in its recruitment to DNA damage sites. Our structural prediction
pointing at the chromatin binding PADR domain of PARP1 as the likely
interaction site with Meox2, might be in agreement with a model where
Meox2 contributes to PARP1 binding to damaged DNA. In agreement
with this hypothesis, when we immunoprecipitated Meox2 specifically
in the chromatin fraction, and searched for PARP1 in either untreated or
TMZ (100 pM) treated cells, we found that TMZ induced an increased
amount of PARP1 co-immunopreciptating with Meox2 (Fig. 2H).

The physical and functional link with PARP1 also raises the
intriguing possibility that reducing MEOX2 might help overcome the
resistance to PARP1 inhibitors often shown by glioblastomas, particu-
larly in their recurrence.

A limitation of our present work is the lack of experiments with
tumor xenografts. However, by this study, we aim at providing the proof
of principle about Meox2 involvement in DNA damage repair in GBM,
while we believe that a larger, dedicated work needs to be performed in
the much more complex conditions of orthotopic xenografts, where the
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interactions with microenvironment might modulate the results we are
now showing.

While we acknowledge that the TMZ doses we employed in our ex-
periments are above the <50 pM range requested in a real clinical
setting, we highlight the mechanistic value of the results we obtained, as
we think they may set the premises for perspective studies aimed at
determining if targeting the MEOX2-PARP1 axis may represent a
promising strategy to sensitize resistant GSCs and improve therapeutic
responses in GBM.
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