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Targeting histone deacetylase 6 (HDAC6) to enhance radiation
therapy in meningiomas in a 2D and 3D in vitro study
Juri Na, Shahana Shaji, and C Oliver Hanemann∗

Peninsula Medical School, Faculty of Health, University of Plymouth, Devon, United Kingdom

Summary
Background External radiation therapy (RT) is often a primary treatment for inoperable meningiomas in the absence
of established chemotherapy. Histone deacetylase 6 (HDAC6) overexpression, commonly found in cancer, is
acknowledged as a driver of cellular growth, and inhibiting HDACs holds promise in improving radiotherapeutic
efficacy. Downregulation of HDAC6 facilitates the degradation of β-catenin. This protein is a key element in the Wnt/
β-catenin signalling pathway, contributing to the progression of meningiomas.

Methods In order to elucidate the associations and therapeutic potential of HDAC6 inhibitors (HDAC6i) in
conjunction with RT, we administered Cay10603, HDAC6i, to both immortalised and patient-derived meningioma
cells prior to RT in this study.

Findings Our findings reveal an increase in HDAC6 expression following exposure to RT, which is effectively
mitigated with pre-treated Cay10603. The combination of Cay10603 with RT resulted in a synergistic augmentation of
cytotoxic effects, as demonstrated through a range of functional assays conducted in both 2D as well as 3D settings;
the latter containing syngeneic tumour microenvironment (TME). Radiation-induced DNA damage was augmented
by pre-treatment with Cay10603, concomitant with the inhibition of β-catenin and minichromosome maintenance
complex component 2 (MCM2) accumulation within the nucleus. This subsequently inhibited c-myc oncogene
expression.

Interpretation Our findings demonstrate the therapeutic potential of Cay10603 to improve the radiosensitisation and
provide rationale for combining HDAC6i with RT for the treatment of meningioma.

Funding This work was funded by Brain Tumour Research Centre of Excellence award to C Oliver Hanemann.
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Introduction
Meningiomas, the most prevalent primary tumours
within the central nervous system, originate from the
dura mater and the outer layer of the arachnoid.1 Ac-
cording to the WHO classification 2021, meningiomas
are categorised into three grades; Benign meningiomas
(grade 1, 80%) are typically associated with a favourable
outcome.2 Atypical meningiomas (grade 2, 15–20%)
have increased mitotic activity and malignant meningi-
omas (grade 3, 3–5%) are associated with the poorest
prognosis.3 DNA-methylation-based classification for
meningioma has been introduced, offering predictive
insights into tumour recurrence.4 Although certain
asymptomatic meningiomas can be managed by moni-
toring without active treatments, surgery remains the
primary treatment modality for symptomatic or
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enlarging tumours. External radiation therapy (RT)
often becomes a first-line treatment for inoperable me-
ningiomas in surgical difficult locations due to the
absence of widely accepted chemotherapeutic approach
for meningioma care.5

Adjuvant radiotherapy, including stereotactic radio-
surgery and fractionated stereotactic radiotherapy, could
be considered for cases of incomplete resection in benign
and atypical meningioma, and it is the standard of care
for malignant meningiomas.6 Despite considerable
research endeavours, recurrence rates for grade 2/3 me-
ningiomas vary. The rate of recurrence range is from 9
to 50% after gross total resection and 36–83% after sub-
total resection.7 Thus, there has been substantial interest
in the development of radiosensitisers to optimise
treatment plans while minimising radiation-induced
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Research in context

Evidence before this study
Meningiomas are the most common primary brain tumour
and there is a need to improve treatment beyond surgery.
Histone deacetylase inhibitors (HDACi) have been identified as
potential radiosensitisers. However, their efficacy has been
limited by the broad spectrum of targets affected by pan-
HDACi, despite the distinct and unique functions attributed to
each specific HDAC.
Abnormal regulation of β-catenin has been associated with
the development of meningioma. The level of β-catenin
deacetylation on K49 can be regulated by HDAC6, a
cytoplasmic enzyme implicated in various cellular processes
related to tumorigenesis.

Added value of this study
The present investigation elucidates that radiation-induced
damage leads to an upregulation of HDAC6 expression.

Pretreatment with the HDAC6 inhibitor, Cay10603, augments
the efficacy of radiotherapy in meningioma. Furthermore, we
demonstrate that the combination treatment of radiation
and Cay10603 leads to a reduced β-catenin accumulation
within the nucleus, consequently resulting in a decrease in the
expression of the c-myc oncogene. This synergistic
combination treatment ultimately leads to inhibited cellular
growth and cell death in meningioma, demonstrated both in
2D and 3D experimental settings.

Implications of all the available evidence
Our findings indicate that inhibition of HDAC6, in
combination with radiation therapy, represent a potential
promising approach for improving the treatment outcomes
of malignant meningioma.
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complications. Histone deacetylase inhibitors (HDACis),
identified as potential radiosensitiser candidates, have
been studied over the past two decades.

The control of HDAC activity has been a hot topic
in the development of anticancer strategies.8 HDACs
restore a condensed chromatin structure through
deacetylation, which maintains highly positive charges
and reduces gene expression by restricting the binding
of transcription factors.9 The radiosensitisation effect
of HDACis on meningiomas remains unexplored.
However, elevated HDAC activity has been observed to
induce a radioresistant phenotype in the breast cancer
cell model.10 Earlier research utilising AR-42, a pan-
HDAC inhibitor, raised the prospect of its therapeu-
tic application in NF2-associated meningiomas.11–13

AR-42, now known as REC-2282 and licensed by
Recursion Pharma, is currently registered for clinical
evaluation at clinicaltrials.gov (NCT05130866).
Notably, several HDACis such as Vorinostat, Belino-
stat, and Romidepsin have received FDA approval for
the treatment of haematological malignancies.14

However, despite the diverse cellular functions asso-
ciated with each subtype of HDACs (encompassing 11
types of classical HDACs and 7 types of sirtuins across
4 different classes), the majority of investigations into
HDACis, including all FDA-approved HDACis and
REC-2282, have been conducted using pan-HDACis.
Consequently, some studies employing pan-HDACis
in conjunction with RT have yielded contentious out-
comes regarding efficacy. Here, we focused on the
efficacy of HDAC6, a functionally and structurally
unique cytoplasmic enzyme that regulates biological
processes involved in tumorigenesis. It is also related
to promoting anchorage-independent proliferation,
metastasis, migration, and contributes to resistance to
the drug and/or radiation treatment in various cancer
types.15,16 Previous research demonstrated that HDAC6
promotes tumour growth across numerous human
cancers.17 Furthermore, HDAC6 plays a crucial role in
facilitating the nuclear localisation of β-catenin, which
is indispensable for the progression of cancers via
transcriptional upregulation of downstream genes.18,19

Abnormal regulation of β-catenin has been identified
as a contributory factor in the development of me-
ningiomas.20 Once β-catenin translocates into the nu-
cleus, it forms complexes with TCF/LEF1 (T cell
factor/lymphoid enhancer factor) transcription factors
targeting genes, primarily oncogenic transcription
factors, associated with c-myc, N-myc, and cyclin D1.21

We show that HDAC6 expression is upregulated in
meningiomas and is further increased by RT, prompt-
ing us further to control the radiation-induced HDAC6
expression using HDACi. Therefore, we applied
Cay10603, a highly potent HDAC6i, to both immortal-
ised cell lines and patient-derived meningiomas to
assess the clinical feasibility of using a selective HDACi
in conjunction with RT. Our study unveiled an
enhancement in radiation-induced DNA double-strand
breaks (DSBs), an increase in G2/M cell cycle arrest,
and a promotion of apoptotic events. These effects were
accompanied by a notable reduction in nuclear accu-
mulation of β-catenin. We observed the role of HDAC6
and HDAC6 inhibition-induced radiosensitivity, not
only in conventional 2D but also in more physiologically
relevant 3D models of meningiomas, aiming to capture
the complexities of the syngeneic tumour microenvi-
ronment (TME). Our data suggests that the targeting of
HDAC6 as a radiosensitiser may represent a promising
therapeutic strategy for the management of
meningiomas.
www.thelancet.com Vol 105 July, 2024
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Methods
Cell culture and ethics
Immortalised meningioma cell lines KT21-MG1,22 and
IOMM-Lee were maintained in high glucose DMEM
(Gibco-Thermo Fisher Scientific, MA) supplemented with
10% FBS (Thermo Fisher, Waltham, MA) without anti-
biotics. Cells were maintained at 37 ◦C and 5% CO2 in a
humidified incubator. Isolation and culture were carried
out as previously described.23 Penicillin-streptomycin (1%)
has been added to the complete media for primary culture
due to the high risk of contamination. IOMM-Lee and
KT21-MG1 cell lines were received from Dr Randy Jensen
(University of Utah) and Dr Long-Sheng Chang (Nation-
wide Children’s Hospital), respectively.13,24 The validation
information for BTB58 cell line is attached in reagent
validation file.

Primary meningiomas were obtained from patients
at the University Hospitals Plymouth NHS Trust and at
Southmead Hospital Bristol. Written informed consent
was obtained for all patients by the care team pre-
operatively. The national Research Ethics Committee
provided ethical approval for the biobank (UK regis-
tered) under the reference numbers REC 19/SC 0267,
IRAS nr 246,667.

Western blotting and immunofluorescence
Western Blotting was carried out as previously described.23

Immunocytochemistry was conducted as previously
described,25 except for some conditions indicated in this
section. Briefly, paraformaldehyde 4% was used for fixa-
tion 30 min after RT (details of timeline in Fig. 3a [right
bottom]). The information of antibodies is listed in
Supplementary Table T1. The validation information for
antibodies are attached in reagent validation file.

Flow cytometry
Cell cycle and apoptosis analysis were performed as
previously described,25 except for some conditions
elaborated in this section. The PI fluorescence signal
was collected by a 585 nm filter using FACS Accuri C6
(BD Biosciences, New Jersey, NY, USA). For Annexin V
apoptosis assay, stained cells were analysed with FACS
Aria II (BD Biosciences, New Jersey, NY, USA) within
1 h of staining. Acquired data were analysed by FlowJo
software (BD Biosciences, New Jersey, NY, USA).

Clonogenic assay
Cells were plated in 6-well plates containing 2 ml of fresh
medium with appropriate numbers (1600 cells for KT21-
MG1, 500 cells for IOMM-Lee for all 0–10 Gy) in tripli-
cate. Irradiation was given 24 h after HDACi treatment and
incubated for 2 weeks without removing the drug. Crystal
violet staining was conducted as previously described.25

Drug treatment
Cay10603 (S7596), SB939 (S1515), TSA (S1045), AR42
(S2244), LAQ824 were purchased from Selleckchem.
www.thelancet.com Vol 105 July, 2024
Hydroxyurea (HU; H8627, Merck) and vorambucil
(Liaoning Kuke Biotechnology, China) were procured from
their respective manufacturers as specified. Cells were
plated 1 day before drug treatment and HDACis were
treated 24 h before RT in all experiments for consistency.

Ionising radiation
Cells were treated with high-energy X-rays (0–10 Gy)
using a linear accelerator (LINAC) (Varian Medical
System, Palo Alto, CA). Radiation was given by qualified
radiophysists, radiotherapy engineers, or clinical scien-
tists in the radiotherapy department at Derriford Hos-
pital, UK (see Acknowledgements).

MTT spectrophotometric assay
Cells were cultured in 96-well plates (3000 cells/well).
MTT (2.5 mg/ml, M6494, Thermo) was added and incu-
bated for 3 h before being dissolved in 100 μl of DMSO.
Data was acquired using Fluostar Omega multi-mode
microplate reader (BMG Labtech, Ortenberg, Germany).

shRNA transfection and establishing stably
knocked-out cell lines
HDAC1, HDAC2, HDAC3, and HDAC6 shRNA lenti-
viral particles (sc-29343-V, sc-29345-V, sc-35538-V, sc-
35544-V) and scramble shRNA lentiviral particles
(SC-108080) were purchased from Santa Cruz Biotech-
nology. All infections were performed according to the
manufacturer’s instructions and cells were mono-
clonally selected on a 96-well plate following puromycin
(2 μg/ml) treatment for 3 days.

Wound healing and boyden chamber migration assay
The cells were plated at a density of 2 × 105 cells/well in
a 6-well plate, treated with Cay10603 the following day,
and treated with radiation a day after. A scratch wound
was generated 1 h after radiation using a sterile pipette
tip. Millicell hanging cell culture insert (PTEP24H48,
Millipore, Burlington, MA) was applied for the Boyden
chamber migration assay following the manufacturer’s
instructions. Media with 10% FBS (700 μl) was filled
each well as a chemoattractant and 30,000 cells in 300 μl
of media without FBS filled chamber. Cells were stained
using crystal violet solution at 20 h post-irradiation to
minimise the confusion by proliferation.

Public datasets
The expression analysis data from patients with cancer
were obtained from Gepia2 (http://gepia2.cancer-pku.cn/
#survival), GEO2R (https://www.ncbi.nlm.nih.gov/geo/
geo2r/), and UCSC Xena (https://xenabrowser.net/).

3D spheroid
The 3D spheroid culture method for meningioma fol-
lowed the previous study.26 Live/dead cell viability assays
(L3224, Thermo Fisher) were conducted as per the
manufacturer’s instructions.
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Statistics
The surviving fraction was calculated based on the
number of colonies on non-irradiated plates. Radiation
survival curves were plotted in GraphPad Prism 10,
using the linear-quadratic model with the equation
SF = exp [– (αD + βD2)], where D is a dose of radiation.
P values for ANOVA multiple comparisons (Dunn’s,
Tukey, or Šídák test) were calculated in GraphPad Prism
10. The levels of variables and correlation of two relative
proteins were compared using a two-way ANOVA
multiple comparison and Pearson correlation coeffi-
cient, respectively, in GraphPad Prism 10. We assumed
Gaussian populations and employed either Bartlett’s test
(if every group has at least five values) or Brown–
Forsythe test for ANOVA, while for the t-test, we uti-
lised the F-test in GraphPad Prism 10. Each analysis
method and sample size are explained in their respec-
tive legend. The results of the normality test are pre-
sented in Supplementary Figure S11. According to Wu
et al.,27 a valid application of western blotting requires
starting with three independent biological replicates in
an accepted standard in this field, which we applied.

Role of funders
The funders (Brain Tumour Research) do not play any
roles in study design, data collection, data analyses,
interpretation, or writing of the report.
Results
Radiation induces HDAC6 expression in
meningioma which positively correlates with
cellular proliferation
Initially, we examined the expression of HDACs
following RT. The extent of damage inflicted by radia-
tion was validated through the rapid degradation of
cyclin D1, a mediator of G1 cell cycle arrest. Notably,
HDAC6 expression increased dose-dependently, while
the expression levels of HDAC1, HDAC2, HDAC3, and
HDAC7 did not increase. The significant upregulation
of HDAC6 expression following radiation led to reduc-
tion in H3K27 acetylation (Fig. 1a and b). Repeated
exposure to radiation provided consistent evidence that
radiation induces a stable upregulation of HDAC6
expression (Fig. 1c). To observe HDAC6 expression
levels in patients included in meningioma and pan-
cancer study, we utilised Gepia2, GEO2R database re-
pository of high throughput gene expression data.
Additionally, we referenced proteomic LC-MS/MS data
from a previous study involving grade 1, 2, and 3 me-
ningioma tissue.28 In TCGA database,29,30 elevated levels
of HDAC6 expression are associated with poorer sur-
vival probability based on the disease-free interval. This
is supported by a hazard ratio of 1.39 with a 95% con-
fidence interval (CI) of 1.23–1.56, indicating a statisti-
cally significant and clinically meaningful decrease in
survival probability for patients with pan-cancer with
high HDAC6 expression (Supplementary Figure S1a).
In meningioma, HDAC6 expression is notably high,
and this is independent of the WHO grade classification
(Fig. 1d and e; Supplementary Figure S1b). To further
validate these findings derived from the database
searches, we conducted a screening of 23 human pri-
mary meningioma cell lysates (Grade 1). In Fig. 1f and
Supplementary Figure S1c, sixteen out of twenty three-
samples of patient-derived meningiomas showed higher
level of HDAC6 expression compared to human
meningeal cells (HMC). Cyclin D1 significantly corre-
lates with HDAC6 expression (Fig. 1f and g,
Supplementary Figure S1d), suggesting that higher level
of HDAC6 expression corresponds to increased cellular
proliferation (Fig. 3f; Supplementary Figure S4c). Pre-
vious studies in colon and ovarian cancer cells have
demonstrated that the downregulation of HDAC6 in-
duces β-catenin degradation via acetylation.19 Intrigu-
ingly, we found that the expressions of HDAC6 and
β-catenin positively correlate in meningioma (Fig. 1h,
Supplementary Figure S1e). Also, we observed that the
expression of HDAC6 is independent of NF2 loss
(Fig. 1i) which is frequently found in meningiomas.
Therefore, we hypothesised that HDAC6 inhibition
could potentially control cell cycle progression and
development of cancer by mediating transcriptional
activity in both NF2 mutated and non-mutated
meningioma.

Cay10603 synergistically reduces cell survival rate
with radiation, accompanied by an increase in
morphological signs of damage
To determine the efficacy of pharmacological HDAC6
inhibition specifically, we determined the IC20 values
for various HDACis and treated cells with each drug at
their respective IC20 concentration (Supplementary
Figure S1f–g). Vorambucil, Cay10603, SB939, and
LAQ824 noticeably induced apoptosis. Among these,
Vorambucil showed the most pronounced increase in
apoptosis. However, it is important to note that Vor-
ambucil did not decrease minichromosome mainte-
nance complex component 2 (MCM2) expression
(Supplementary Figure S1e), which is known as a
marker for the high-grade meningioma molecular
group (MG4) which is found to have shorter times to
recurrence in meningioma according to Nassiri et al.31

HDACis reducing HDAC7 expression were excluded
from consideration, as low HDAC7 expression may lead
to increased levels of c-myc, indicating a potent anti-
oncogenic effect of HDAC7.32 We opted for Cay10603
due to its demonstrated efficiency in inhibiting MCM2,
and HDAC6, accompanying increased cleaved PARP,
for further experiments. Due to the significantly faster
cell doubling time of IOMM-Lee (20.97 h) compared to
KT21-MG1 (30.93 h), a greater proportion of IOMM-Lee
cells were found in the late G2 and mitosis phase, which
represent the most radiosensitive phase of the cell cycle
www.thelancet.com Vol 105 July, 2024
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Fig. 1: RT increases HDAC6 expression and primary lysate screening shows that HDAC6 correlates with cell cycle progression. (a) RT
increases HDAC6 expression dose-dependently, although HDAC1, 2, and 3 expressions were consistent after RT. Cyclin D1 decreases after RT in
the KT21-MG1 meningioma cell line. (b) HDAC6 and H3K27Ace expression depends on various RT doses (n = 3, mean with 95% CI, two-way
ANOVA, Fisher’s LSD). (c) The increased level of HDAC6 was maintained after repeated RT treatment and additional passages. (d–e) HDAC6
expression in patients with meningioma was analysed using Gene Expression Omnibus. (d) Demonstrates heightened HDAC6 expression in
meningioma compared to meningeal cells. (e) Highlights the independence of HDAC6 expression from meningioma grades (mean with SD). (f)
HDAC6, Acetyl H3, β-catenin, NF2, pNF2, and cyclin D1 expressions in human meningioma samples from patients (n = 23). (g) Correlation
between HDAC6 and Cyclin D1. (h) Correlation between HDAC6 and β-catenin. (g–h) The Pearson correlation coefficient (R value) indicates a
positive correlation. The normality assumption was confirmed to be met using the Kolmogorov–Smirnov test. (i) HDAC6 expression is in-
dependent of NF2 deletion (Mean with SD; unpaired t-test, two-tail).
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(Supplementary Figure S2a and b). Hence, the IC50
value for KT21-MG1 (9.2 Gy) was observed to be higher
than that of IOMM-Lee (2.0 Gy). To mitigate the po-
tential confounding effects of excessive dosages of
singular Cay10603 treatment on combination therapy-
induced damages, a cell survival assay was conducted
to ascertain the optimal concentration for achieving
synergistic effect. Notably, an encouraging outcome
was observed at a concentration of 100 nM Cay10603
(Supplementary Figure S2d–f).

Various doses of radiation were applied with pre-
treatment of Cay10603 to observe its cell survival rate
and Cay10603 synergistically reduces cell survival rate
dose-dependently (Fig. 2a and b; Supplementary
Figure S2c). We show the effect of combined treat-
ment on the cell viability, which resulted in significantly
reduced viability in KT21-MG1, but a non-significant
decrease in IOMM-Lee (Fig. 2b; Supplementary
Figure S2f). This discrepancy is hypothesised to arise
from a lack of CDKN2A on 9p21.3 in IOMM-Lee,
thereby enhancing cellular proliferation,33 and poten-
tially obscuring disparities in the number of viable cells.
Next, we tested the effectiveness of the combined
Cay10603 and RT in restraining migration, observing a
synergistic delay in wound closure (Fig. 2c and d;
Supplementary Figure S2g–h). Although cell viability
did not significantly decrease in IOMM-Lee by
Cay10603 + RT combination, the migration assay, which
inherently encompasses aspects of cell viability and
proliferation, indicated suppressed migratory capacity
under the influence of Cay10603 + RT. We next inves-
tigated morphological attributes utilising scanning
electron microscopy (SEM) and bright field imaging
using a conventional microscope (Fig. 2e and f;
Supplementary Figure S2i–j). Notably, a discernible
proportion of nuclei showed shrinkage and detachment
from the cellular body in cells subjected to
Cay10603 + RT-treatment.

Cay10603 synergistically increases DNA damage via
sustained γ-H2AX and suppressed Rad51 over time
Next, we analysed DNA damage. The level of DNA
DSBs marker, γH2AX foci, was unchanged after
100 nM of Cay10603 alone but the combined treat-
ment with RT significantly increased the number of
γH2AX foci compared to RT alone at 30 min post-
irradiation (Fig. 3a; Supplementary Figure S3a). The
proliferation marker, Ki67, did not show significant
differences (Supplementary Figure S3a and b). It is
conceivable that 30 min incubation period post-RT is
conducive for a rapid reaction such as γH2AX, but
perhaps it is too brief timeframe to observe prolifera-
tion considering DNA replication was impeded after
24 h (Fig. 3b). The cleaved form of caspase 3, an
apoptosis marker, along with γH2AX, increased
following combined treatment in comparison to RT or
Cay10603 treatment alone at 24 h post-irradiation
(Fig. 3b). Radiation increases HDAC6 expression
(Fig. 1a), however, in the presence of Cay10603, radi-
ation adversely reduced HDAC6 expression even
further (Fig. 3b). To ascertain the concordance be-
tween DNA DSBs and DNA damage repair regulation,
we measured the radiation-induced Rad51 and γH2AX
expression levels over time (Fig. 3c; Supplementary
Figure S3c). Radiation-induced upregulation of
Rad51, a highly conserved protein that catalyses DNA
repair via homologous recombination (HR), was
attenuated by Cay10603, while increased γH2AX
expression was prolonged by Cay10603. In order to
scrutinise the preferences associated with non-ho-
mologous end joining (NHEJ), we quantified the
expression of 53BP1 during the G1 phase as well as the
S/G2/M phase considering the major NHEJ processes
occurring in the G1 phase (Supplementary Figure S3d
and e). Exposure to RT alone resulted in 52.3% of cells
exhibiting positive 53BP1 expression, while the com-
bined treatment with Cay10603 yielded a slightly
increased proportion of 58%; however, this difference
was not deemed statistically significant.

We found that Cay10603 inhibits not only HDAC6
but also Class I HDAC groups such as HDAC1,
HDAC2, and HDAC3 in a dose-dependent manner,
with HDAC7 remaining largely unaffected (0–5 μM)
(Fig. 3d; Supplementary Figure S3f). Therefore, we
established HDAC6 knockdown (KD) stable cell lines
using shRNA for HDAC6 and selected single clones to
investigate whether the radiosensitising effect was
induced by HDAC6 inhibition (Fig. 3e, Supplementary
Figure S4a and b). Given that there were no signifi-
cant changes in HDAC1, 2, 3, and 7 after shRNA
transfection for HDAC6, we confirmed that HDAC6 KD
using a lentiviral shRNA system was HDAC6 selective
(Fig. 3e). HDAC6 KD delayed cell doubling time and
helped cells to be more radiosensitive in terms of cell
survival rate and viability, although KT21-MG1 HDAC6
KD did not show significant difference in cell survivals
(Fig. 3f and g; Supplementary Figure S4c and e). Alto-
gether, this suggests that both pharmacological and
genetic inhibition of HDAC6 can increase radiosensi-
tivity, with one of the mechanisms involving augmented
prolongation of DNA DSBs while attenuating DNA
repair capability.

HDAC6 inhibition promoted radiation-induced G2/
M cell cycle arrest and cell death in both
immortalised and primary meningioma cells
Next, we allowed varying intervals for DNA repair sub-
sequent to RT, followed by a comprehensive analysis of
cell cycle dynamics. G2/M arrest, an important mecha-
nistic response of cells to RT, indicates that the damage
of intracellular DNA is considerably challenging to be
repaired and it is known that RT induces irreversible
G2/M arrest in meningioma.34 We demonstrate that a
synergistic escalation of G2/M arrest following the
www.thelancet.com Vol 105 July, 2024
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Fig. 2: Cay10603 combination therapy with RT synergistically decreased cell survival and viability in addition to morphological
modification. (a) Representative images for clonogenic assay and its calculation after various doses of RT ± Cay10603 (n = 3). (b) The effect of
RT and/or Cay10603 on cell viability has been shown via MTT assay (n = 3, mean with 95% CI, two-way ANOVA, Šídák). (c–d) Cell migration was
synergistically inhibited in combination treatment shown via both wound healing and Boyden assay (n = 2, mean with SD, one-way ANOVA,
Šídák). (e) SEM imaging after Cay10603 and/or RT treatment. Pyknosis and karyorrhexis (completely shrunken nucleus, marked with black arcs
and removed the nucleus from the cell body, marked with white arcs) were shown in damaged cells indicating cell death. (f) Cell morphology
changes upon various doses of RT. Red arrow; cell swelling, black arrow; cell shrinkage.
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combined administration of Cay10603 and RT, observed
at both 8 h and 24 h post-RT (Fig. 4a; Supplementary
Figure S5a–d). Also, the pattern of cell cycle distribu-
tion over time shows that HDAC6 KD results in
extended radiation-induced G2/M arrest while concur-
rently preserving the G1 and S phases (Fig. 4b;
www.thelancet.com Vol 105 July, 2024
representative images shown in Supplementary
Figure S6a). In HDAC6 KD IOMM-Lee cells, an
observed increase in G2/M arrest was not evident.
Instead, G1 arrest was prominent (Supplementary
Figure S6b). This phenomenon can be attributed to
the deletion of CDKN2A, the gene responsible for
7
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Fig. 3: Cay10603 combination therapy with RT prolonged DNA DSBs whilst DNA repair protein was rapidly degraded over time. (a)
γH2AX foci increased 30 min after RT and this enhanced with pre-treatment of Cay10603 although cell proliferation has not been detected
within 30 min (n = 3, mean with 95% CI, one-way ANOVA, Dunn). (b) Combined therapy increased programmed cell death, DNA DSBs, and
reduced replication. (c) Cay10603 prolongs DNA DSB while decreasing DNA damage repair protein expression (mean with SD, paired t-test,
n = 3). (d) Cay10603, known as HDAC6 specific inhibitor, also regulate other HDACs. (e) Stable cell line establishment after shHDAC6
transfection after monoclononal selection (Details in Supplementary Figure S4a and b). (f) HDAC6 KD cell shows a slower doubling time than
scramble (n = 3). (g) The effect of RT and/or HDAC6 KD on cell viability has been shown via MTT assay (n = 3, mean with 95% CI, two-way
ANOVA, Šídák).
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encoding cell-cycle inhibitor p16/INK4A, in IOMM-Lee
and the downregulation of p16/INK4A induce G1 cell
cycle arrest according to Zhang et al.35 To support the
effect of combination therapy on the cell cycle, we
investigated primary human meningioma cells; BTB0058
(WHO grade 1, meningothelial type from left temporal
convexity, patients with non-NF2; Supplementary
Figure S4f). G2/M arrest was induced in BTB0058,
www.thelancet.com Vol 105 July, 2024
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Fig. 4: Pharmacological inhibition and genetic knockdown of HDAC6 increases RT-induced G2/M arrest in both immortalised and
primary meningioma cells. BTB0058; patient-derived primary meningioma cells. shHDAC6 and scramble were transfected in KT21-MG1
immortalised meningioma cell line. (a) Cell cycle analysis was performed after Cay10603 and/or RT treatment. Cells were harvested 8 h after RT.
Combination treatment with Cay10603 and RT showed significantly increased G2/M arrest compared with that of RT alone samples
(30.10% ± 2.18% vs 35.79% ± 2.51%, 20.59% ± 4.71% vs 26.29% ± 2.14%, in KT21-MG1, and BTB0058, respectively; n = 3, mean with 95% CI,
one-way ANOVA, Tukey). (b) Cell cycle kinetics shows that HDAC6 KD delays the recovery from RT-induced G2/M arrest (n = 3, mean with SD,
one-way ANOVA, Tukey).
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while a minimal proportion of cells were observed in the
S phase, reflective of limited chromosomal replication
(Fig. 4a; Supplementary Figure S5a).

Next, we further assessed cell death levels and ana-
lysed early/late apoptotic and necrotic status. We noticed
a significant augmentation in radiation-induced late
apoptotic cells upon Cay10603 treatment; 2.1-fold in
KT21-MG1, 1.3-fold in BTB0059 and IOMM-Lee to IR
alone (Fig. 5a; Supplementary Figure S7a). The limited
lifespan inherent to primary cells derived from patient
with meningioma (BTB0058) held upregulated late
apoptosis without any treatment, in contrast to immor-
talised cell lines. As shown in Fig. 5b and Supplementary
Figure S7b, HDAC6 KD showed an increase in radiation-
induced early apoptosis while concurrently suppressing
radiation-induced necrosis at 72 h post-RT, albeit there
was no significant difference made by HDAC6 KD at
24 h post-RT. These results collectively suggest that the
synergistic interplay between HDAC6 inhibition and RT
delays the cell cycle progression of meningioma cells by
www.thelancet.com Vol 105 July, 2024
increasing G2/M phase arrest, ultimately contributing to
increased apoptosis.

Combining HDAC6 inhibition with radiation
treatment attenuates nuclear β-catenin
accumulation
Given the correlation between HDAC6 expression and
β-catenin levels (Fig. 1f and h), coupled with Mak
et al.19 indicating the role of HDAC6 in stabilising
β-catenin, we conducted subcellular nucleic/cyto-
plasmic fractionation to ascertain alterations in nuclear
β-catenin accumulation upon Cay10603 and/or RT
(Fig. 6; Supplementary Figure 8). Additionally, we
included an assessment of MCM2 to evaluate our
findings. MCM2 is known to be an interacting partner
of Rad51,36 which showed a significant reduction in
Fig. 3c and Supplementary Figure S3c. Cay10603
treatment with RT resulted in a significant reduction in
both MCM2, and β-catenin protein levels in the nu-
cleus along with suppressed expression of c-myc
9
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Fig. 5: Pharmacological inhibition and genetic knockdown of HDAC6 increases RT-induced late apoptosis in both immortalised and
primary meningioma cells. BTB0058; patient-derived primary meningioma cells. shHDAC6 and scramble were transfected in KT21-MG1
immortalised meningioma cell line. (a) Late apoptosis level increased significantly after Cay10603 and/or RT treatment (24 h post-irradiation,
n = 3, mean with SD, two-way RM ANOVA with Geisser-greenhouse correction, alpha = 0.05). (b) HDAC6 KD and RT increased cell death at 72 h
compared to 24 h. HDAC6 KD was prone to have increased apoptosis and decreased necrosis at 72 h post-irradiation (Bottom left: alive, Bottom
right: early apoptosis, Top right: late apoptosis, Top left: necrosis, n = 3, mean with SD, two-way ANOVA, Fisher’s LSD).
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Fig. 6: Subcellular protein analysis of Cay10603 in combination with radiation confirms inhibited nuclear accumulation of β-catenin. (a,
b) Subcellular fractionation was performed to confirm the localisation of the protein of interest such as HDAC6, H3K27Ace, β-catenin, c-myc,
and MCM2 (n = 3, mean with SD, one-way ANOVA, Tukey). (c) Subcellular fractionation was conducted in HDAC6 KD cell lines.
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oncogene (Fig. 6a and b; Supplementary Figure S8a
and b) which is known to result in reduced cell
growth, survival, and cell cycle progression in various
cancer types.37 However, we did not observe an additive
or synergetic decrease in nuclear β-catenin and MCM2
levels after RT in HDAC6 KD cells, whilst clear KD of
HDAC6 induced by shRNA (Fig. 6c; Supplementary
Figure S8c). Given the study from Li et al.,18 demon-
strating that HDAC6 inactivation impedes epidermal
growth factor-induced β-catenin nuclear localisation in
colon cancer cell models, we postulate that an excessive
level of HDAC6 KD achieved through specific shRNA
and subsequent monoclonal selection might have
www.thelancet.com Vol 105 July, 2024
masked the anticipated radiation effect. This assump-
tion is based on the idea that the complex interactions
between HDAC6 and cellular signalling pathways, as
evidenced in the literature,18,19 may contribute to
nuanced responses to radiation therapy. The synergis-
tic impact of RT with Cay10603 is likely dependent on a
further decrease of HDAC6 induced by combined
treatment. This rational is supported by Fig. 3b, which
shows an additional decrease in HDAC6 expression
following RT in the presence of Cay10603. This in-
dicates that nuclear localisation of β-catenin is dependent
on HDAC6, but independent of RT. Moreover, we
investigated the influence of HDAC1, HDAC2, and
11
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HDAC3 on β-catenin nuclear localisation by individually
knocking down each of these HDACs (Supplementary
Figure S9). Our findings indicated that HDAC2 oper-
ated independently from β-catenin nuclear localisation.
However, knockdown of HDAC1 and HDAC3, which
influenced each other’s expression significantly, led to a
substantial decrease in both HDAC6 and β-catenin
expression. In summary, these results revealed that RT in
combination with HDAC6 inhibition via Cay10603 at-
tenuates nuclear β-catenin accumulation, along with
MCM2 as illustrated in Fig. 7. These concerted actions
led to downregulation of c-myc oncogene, providing an
explanation for the increased cell death along with
decreased proliferation, survival, migration, and cell cycle
progression in meningioma.

3D spheroid models of meningioma replicate the
combined Cay10603 and RT responses observed
from 2D functional assays
While the 2D cultures system is the predominant
model in cancer research, 3D models for culturing
both cell lines or patient-derived cells offer a more valid
representation of crucial aspects akin to the natural
tumour architecture such as cell–cell interaction
including TME,26 an external proliferating zone with an
internal quiescent zone with limited oxygen, nutrient
and growth factor distribution which can reflect real-
istic drug response. Therefore, we conducted mea-
surements of 3D spheroid growth and performed live/
dead assay after treatments with Cay10603 and/or RT,
using both immortalised meningioma cell lines and
early passage (p-3) of patient-derived cells (Fig. 8;
Supplementary Figure S10). The immortalised
Fig. 7: A schematic diagram depicting the mechanism of Cay1060
meningioma cell lines showed markedly reduced
growth and an increase in dead cells following
Cay10603 and RT treatment (Fig. 8a and b;
Supplementary Figure S10a, c). In the case of HDAC6
KD cells, a shallower growth curve was observed,
attributable to diminished DNA replication and
reduced level HDAC1 after RT (Fig. 8c–e;
Supplementary Figure S10b). The reduction in
HDAC1 following HDAC6 KD and RT may result from
the complex regulatory interplay between HDAC6 and
HDAC1, given pivotal role of HDAC1 for cellular
proliferation, analogous to the role of MCM2 in DNA
replication. Patient-derived meningioma (BTB0058)
did not show substantial growth in size-wise, consis-
tent with their limited replicative capacity; however, a
significant increase in the number of dead cells, along
with swelling morphology, was observed after
Cay10603 and RT (Fig. 8b, Supplementary
Figure S10c). Overall, our findings indicate that the
combined HDAC6 inhibition and RT leads to an
augmentation in cell death and a deceleration in
spheroid growth within a 3D context.
Discussion
HDAC6 is frequently overexpressed in various cancer
types,17 and it regulates DNA damage response (DDR)
genes. This has been associated with resistance to both
drugs and radiation in certain cancer types.38 Also, the
inhibition of HDAC6 is known to reduce the expression
of DNA damage repair genes and induce DNA damage
in glioblastoma.39 Here, we observed not only increased
HDAC6 expression in meningioma but an increase in
3-mediated controls towards β-catenin nuclear accumulation.

www.thelancet.com Vol 105 July, 2024
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Fig. 8: RT with HDAC6 inhibition synergistically increased cell death and attenuated the growth of 3D spheroid. (a) Pre-treatment of
Cay10603 synergistically mitigated spheroid growth with RT (n = 3, one-way ANOVA, Tukey). (b) A combination treatment of Cay10603 and
RT significantly increased the number of dead cells per spheroid in KT21-MG1, IOMM-Lee, and patient-derived primary meningioma cells,
BTB0058 (n = 3, mean with SD, one-way ANOVA, Tukey). Red; dead cells (Ethidium homodimer-1), Green; live cells (Calcein AM). (c, d) The RT
treatment applied to HDAC6 KD spheroids resulted in the mitigation of spheroid growth. Panel (c) illustrates the slope of the growth curve,
while panel (d) provides statistical data on the increased surface area after RT (n = 3, mean with SD, one-way ANOVA, Tukey). (e) RT treatment
to HDAC6 KD spheroid decreased HDAC1 expression and DNA replication licensing factor MCM2 (n = 3).
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HDAC6 levels following exposure to RT accompanied
by a reduction in histone H3 acetylation. Elevated
HDAC6 expression in meningioma subsequent to RT
www.thelancet.com Vol 105 July, 2024
suggests its involvement in a compensatory mechanism
against radiation-induced damage, despite the effec-
tiveness of RT in cancer treatment; notably, other types
13
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of HDACs such as HDAC1, 2, 3, and 7 remained un-
changed (Fig. 1a). Although the expression of HDAC6
and Cyclin D1 showed a positive correlation in our
patient-derived meningioma cell lysates (Fig. 1f and g),
the expression of HDAC6 in omic datasets does not
seem to show a significant correlation between HDAC
expression and WHO stage of the meningioma (Fig. 1d
and e; Supplementary Figure S1b). This may be attrib-
uted to factors associated with the prior treatment his-
tory of each patient in these datasets including radiation,
which reduces cyclin D1 (Fig. 1a). We hypothesised that
pre-treatment with an HDAC6i could prevent the
radiation-induced upregulation of HDAC6, enhance the
efficacy of RT and provide a therapeutic benefit in me-
ningioma treatment. We have demonstrated that
Cay10603 inhibited HDAC6 expression in paving the
way for RT, resulting in enhanced therapeutic efficacy to
meningioma 2D and 3D cell models (Figs. 2–3, 8;
Supplementary Figures S2–S4, S8). Our results also
revealed that pre-treatment with Cay10603 enhances
radiation-induced G2/M cell cycle arrest and apoptosis
(Figs. 4 and 5; Supplementary Figures S5–S7). We show
that these cellular responses can be attributed to the
reduced accumulation of nuclear β-catenin, and MCM2
(Figs. 6 and 7).

The importance of HDAC roles in meningioma
biology has been recently reported and their radio-
sensitising effects were explored based on their funda-
mental role in apoptosis induction, modulation of NHEJ
and HR repair gene expression.40,41 One clinical trial
study (phase 1) exploring the combination of pan-
HDACi and RT for glioma and meningioma
(NCT01324635; Panobinostat and RT) was dis-
continued. There are ongoing clinical trials evaluating
the combination of HDACis with RT (eg.
NCT02420613, NCT01236560; Vorinostat and RT for
glioma, NCT02137759; Belinostat and RT for GBM).
However, these HDACi studies are challenging due to
following reasons; 1) Non-selective pan-HDACis are
involved in a broad spectrum of adverse effects which
complicate the interpretation of their mechanism of
action. Thus, HDAC isoform-targeted inhibitors, known
for their enhanced anticancer efficacy, can be promising
over pan-HDACis.42 2) HDACis do not spare normal
cells when administered, potentially leading to side ef-
fects. Therefore, our study has been focused on the role
of specific isoform HDAC6 and using a low concentra-
tion of Cay10603, at a dose that does not escalate the
occurrence of DNA DSBs, to mitigate potential adverse
effects associated with HDAC6 inhibition. Cay10603 is
not solely specific to HDAC6 because it unexpectedly
affects other HDACs. However, despite this, Cay10603
has been described as an HDAC6-specific inhibitor in
another study.43 Our findings also demonstrate that
Cay10603 effectively targets HDAC6, with minimised
effects on HDAC7 compared to other types of HDAC
inhibitors (Fig. 3d, Supplementary Figures S1e, S3f).
We found that pre-treatment of Cay10603 leads to
reduction in Rad51 levels and an extension of γH2AX
persistence following RT indicating DNA damage.
Rad51 plays a crucial role in HR, impeding the MRE11-
mediated degradation and assists replication processing
in response to DNA damage.44 Histone H2AX un-
dergoes rapid phosphorylation during chromatin
modification, facilitating the recruitment of other DDR
protein components.25 Thus, the results above indicate
that Cay10603 effectively mitigated DDR capability
following RT. According to Gorgineni et al.,34 the in-
duction of non-reversible G2/M arrest may hold thera-
peutic promise in the management of meningioma. It is
attributed to the fact that the G2/M checkpoint plays a
vital role in the survival of meningioma cells, rendering
it an essential target for intervention. Although a single
treatment of Cay10603(100 nM) alone sustained cell
cycle without inducing a specific cell cycle arrest, along
with a consistent level of DNA DSBs, combination
treatment of Cay10603 with RT increased G2/M arrest
and DNS DSBs level synergistically. Rad51 is recruited
to the sites of DSBs, facilitating their repair in S/G2
phase cells.44 Therefore, its reduced expression of
Rad51 shown in Fig. 3c; Supplementary Figure S3c
supports synergistically increased G2/M arrest (Fig. 4;
Supplementary Figure S5).

The majority of the functional assay results we con-
ducted in IOMM-Lee cells were concordant with KT21-
MG1 and primary cells BTB0058 in cell survival,
migration, kinetics of γ-H2AX foci and Rad51, cell cycle
arrest, cell death, β-catenin nuclear localisation,
spheroid growth, spheroid cell death, and morphological
changes by the combined treatment of HDAC6 inhibi-
tion and RT. However, the viability assay using
Cay10603 and RT, as well as the G2/M arrest using
HDAC6 shRNA in IOMM-Lee cells did not demonstrate
a synergistic effect following RT as opposed to KT21-
MG1. IOMM-Lee is a distinctive cell line, charac-
terised by the loss of some critical genes (CDKN2A,
CRIPAK), along with a significantly higher number of
mutations.33 Loss of CDKN2A results in abnormal cell
growth which was proven in cell doubling time assays in
our study (20.97 h, shown in Supplementary Figure S2a)
and this may disturb cell viability test and cell cycle
regulation. Also, HDAC6 KD in KT21-MG1 did not
show a synergistic survival rate after RT (Supplementary
Figure S4d). We presume that the absence of a syner-
gistic effect on survival rates following the knockdown
of HDAC6 may be attributed to differences in read-out
methodologies. Notably, the size of colonies was
noticeably smaller in HDAC6 KD cells compared to
scramble cells (Supplementary Figure S4d). Moreover,
the potential presence of several confounding factors,
such as off-target effects, heterogeneity contributing to
variations in radiosensitivity, and compensatory mech-
anisms, could influence the differences observed in
these results.
www.thelancet.com Vol 105 July, 2024
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Our apoptosis assay demonstrated that cell death,
especially late apoptosis, increases after Cay10603 + RT
treatment (Fig. 5). KT21-MG1 cells have more necrotic
cells than IOMM-Lee and BTB0058 cells, which is
potentially related to the radioresistance of KT21-MG1
cells (Supplementary Figure S2b). Also, there was a
higher fraction of necrosis shown in scramble than in
HDAC6 KD (Fig. 5b, Supplementary Figure S7b).
Consistent with our findings, Garcia-Segura et al.45

suggests that the combination of necrosis and brain
invasion serves as a robust predictor of radioresistance
in meningioma.

Dhandapani et al.46 have convincingly demonstrated
that the 3D spheroid model effectively preserves the key
characteristics of TME in breast cancer. To closely
mimic the main features of solid tumours, including
TME and heterogeneity, we used the early passage of
primary human meningioma cells for the 3D spheroid
model. In contrast, Zhang et al.47 faced challenges in
successfully establishing the patient-derived orthotopic
xenograft (PDOX) mouse model for meningioma. Their
work revealed a success rate of only one out of nine
primary tumours, suggesting that meningiomas may
not be particularly amenable to PDOX mouse model-
ling. Moreover, it is important to note that the 3D
spheroid model from primary cells is known to have
high syngeneic immune cell infiltrations,26 which is less
adequately found in PDOX models due to their
compromised immune systems. In our patient-derived
cell 3D model, we observed a significant increase in
the number of dead cells after combination treatment
and this increase in dead cells is separate from
any contributions from a necrotic core (Fig. 8;
Supplementary Figure S10).

Analysing the mechanism of action, we show that
inhibition of HDAC6 promotes the therapeutic effect of
RT through the attenuation of nuclear localisation of
MCM2 and β-catenin. This leads to reduction of onco-
genic c-myc expression, ultimately resulting in inhibited
cell growth. While various signalling pathways such as
Wnt, Rad, EGFR, and FGR are associated in malignancy
in meningioma,48 our focus has been on nuclear accu-
mulation of β-catenin within the Wnt signalling
pathway. The lack of β-catenin is associated with
inability to resolve DNA double-strand breaks after ra-
diation,49 and β-catenin is widely recognised as a marker
of cancer malignancy, driving cancer cell proliferation.
Bukovac et al.50 also recently stated that nuclear trans-
location of β-catenin induces epithelial–mesenchymal
transition and has a role in meningioma progression.
Li et al.51 have previously reported that the knocked-
down MCM2 leads to a reduction in β-catenin expres-
sion, along with its downstream factors such as ZEB1
and c-myc mRNA level in ovarian cancer cells. While it
is widely established that nuclear localisation of β-cat-
enin upregulates c-myc expression,52 the contribution of
www.thelancet.com Vol 105 July, 2024
MCM2 has not received significant attention until now.
In a related context, Sharma et al.48 conducted prote-
omics analysis in meningiomas and revealed the
differentially expressed proteins in various signal
transduction pathways in Wnt/β-catenin signalling
cascade. Skiriute et al.53 also explained the malignancy of
primary and recurrent meningioma depending on N-
myc downstream-regulated gene 2 expression, which is
engaged in Wnt signal by the modulation of β-catenin,
suggesting the critical role of β-catenin in meningioma
progression. The mechanism between HDAC6 and
β-catenin remains unclear. However, it is known that
HDAC6 deacetylates β-catenin at lysine 49, which
frequently mutate in several cancer types resulting in
major defects in embryonic stem cell differentiation.54

The work by Mak et al.19 demonstrated that the deace-
tylase activity of HDAC6 serves to stabilise β-catenin
through its interaction with Prominin 1. Consequently,
the downregulation of HDAC6 results in increased
β-catenin degradation, ultimately contributing to
decreased cell proliferation. Consistent with the find-
ings of Mak et al.,19 here we show that the expression of
HDAC6 in meningioma from human patients had a
positive correlation with not only Cyclin D1 but also
β-catenin expression (Fig. 1f–h).

In this study, the application of 3D model signifi-
cantly strengthens the validity of our findings by
replicating certain features of tumour microenviron-
ment. We highlight the interplay between HDAC6,
β-catenin, and cell cycle regulatory factors in the
context of meningioma. Additionally, Cay10603, a
potent hydroxamic acid-derived HDAC6i, has exhibited
the potential to enhance the sensitivity of meningioma
cells to RT, paving the way for more effective treatment
strategies in the future. Nevertheless, a notable limi-
tation lies in the translational gap from bench to
bedside, which also restricts direct translatability of our
results to the patient. Despite this limitation, this study
contributes to the understanding of HDAC6 role in
meningioma and offers a solid foundation for further
investigation.
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