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Abstract

Background. Residual disease of glioblastoma (GBM) causes recurrence. However, targeting residual cells has
failed, due to their inaccessibility and our lack of understanding of their survival mechanisms to radiation therapy.
Here we deciphered a residual cell-specific survival mechanism essential for GBM relapse.

Methods. Therapy resistant residual (RR) cells were captured from primary patient samples and cell line models
mimicking clinical scenario of radiation resistance. Molecular signaling of resistance in RR cells was identified
using RNA sequencing, genetic and pharmacological perturbations, overexpression systems, and molecular and
biochemical assays. Findings were validated in patient samples and an orthotopic mouse model.

Results. RR cells form more aggressive tumors than the parental cells in an orthotopic mouse model. Upon
radiation-induced damage, RR cells preferentially activated a nonhomologous end joining (NHEJ) repair pathway,
upregulating Ku80 and Artemis while downregulating meiotic recombination 11 (Mre11) at protein but not RNA
levels. Mechanistically, RR cells upregulate the Su(var)3-9/enhancer-of-zeste/trithorax (SET) domain and mar-
iner transposase fusion gene (SETMAR), mediating high levels of H3K36me2 and global euchromatization. High
H3K36me2 leads to efficiently recruiting NHEJ proteins. Conditional knockdown of SETMAR in RR cells induced
irreversible senescence partly mediated by reduced H3K36me2. RR cells expressing mutant H3K36A could not re-
tain Ku80 at double-strand breaks, thus compromising NHEJ repair, leading to apoptosis and abrogation of tumor-
igenicity in vitro and in vivo. Pharmacological inhibition of the NHEJ pathway phenocopied H3K36 mutation effect,
confirming dependency of RR cells on the NHEJ pathway for their survival.

Conclusions. We demonstrate that the SETMAR-NHEJ regulatory axis is essential for the survival of clinically rel-
evant radiation RR cells, abrogation of which prevents recurrence in GBM.

Key Points
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Importance of the Study

GBM recurrence remains a clinical challenge due to
poor knowledge of survival strategies of therapy re-
fractory RR cells. We developed a radiation resistant
cellular model from clinically relevant patient samples
that recapitulate clinical scenarios of GBM resistance
and recurrence. Here, we demonstrate that post radi-
otherapy temporal recruitment of NHEJ repair protein
Ku80 via SETMAR mediated H3K36me2 is indispensable
for DNA repair and survival of RR cells. Accordingly,
conditional knockdown of SETMAR specifically in RR

Glioblastoma (GBM) is a highly malignant brain tumor as-
sociated with poor overall survival contributed by the treat-
ment refractory cells. Lack of accessibility of these cells from
tumors has prevented our understanding of their survival
mechanisms. Using cellular radiation resistant models, we
showed that in heterogeneous GBM, a subpopulation of in-
herently resistant residual (RR) cells survives radiation ex-
posure by overexpressing multiple survival pathways and
is significantly associated with poor patient survival.'*
DNA double-strand breaks (DSBs) are the most toxic lesion
generated by ionizing radiation used in cancer treatment®®
and are inevitably repaired to maintain chromosomal in-
tegrity and prevent cell death. DSB repair is brought about
by 2 major pathways: homologous recombination (HR) and
nonhomologous end joining (NHEJ). Compared with the
error-prone NHEJ,” HR repairs DNA in an error-free manner
predominantly in S and G2 phases of the cell cycle.?
Chromatin plays an important role in DNA repair by con-
trolling accessibility of DNA repair factors to the DNA le-
sions. Histone methylations including H3K4me2, H3K36me2,
H3K79me2, H3K9me2, and H3K27me2 have been associated
with the transcription of active euchromatin, transcriptional
repression, DNA repair (via NHEJ pathway), and recombi-
nation.®'®* However, the above-mentioned modulations of
DNA repair are very context dependent. Therefore, here we
aimed to investigate the regulation of DSB repair in radia-
tion resistant cells of GBM. We demonstrate the dependency
of RR cells on the NHEJ repair pathway. Mechanistically, we
show that following radiation exposure, RR cells undergo
global chromatin decompaction mediated by SETMAR, a his-
tone methyltransferase that induces histone methylations
H3K36me2 and H3K4me2 to facilitate efficient NHEJ repair
via enhanced recruitment of NHEJ repair proteins. Mutant
H3K36 and pharmacological inhibition of the NHEJ pathway
induces apoptosis, while genetic knockdown of Su(var)3-9/
enhancer-of-zeste/ trithorax (SET) domain and mariner
transposase fusion gene (SETMAR) causes irreversible se-
nescence in RR cells, thus preventing recurrence in GBM.

Materials and Methods

Detailed methods are provided in the Supplementary
Material.

cells reduces Ku80 recruitment leading to irreversible
senescence of these cells. Furthermore, H3.3K36A mu-
tation or inhibition of the NHEJ repair pathway induces
complete death of RR cells in vitro and in vivo in an
orthotopic mouse model. This study demonstrates the
dependency of therapy refractory RR disease cells on
the NHEJ repair pathway and identifies SETMAR and
the NHEJ pathway as molecular targets for selective
elimination of residual disease, thus preventing GBM
relapse.

Statistical Methods

In Figures 1-6, all data are represented as means + standard
error means (SEMs). P-value of <0.05 in a paired 2-sided
nonparametric t-test was used to test for statistically sig-
nificant differences. Results in bar and line graphs are
the composite data from 3 independent experiments
(mean £ SEM); **P<0.01; ***P< 0.001.

Results

Residual Cells Display Residual DNA Damage
and Euchromatization

Here, we captured RR cells from 8 primary cultures de-
veloped from naive GBM patient samples, as shown
in Figure 1A and reported previously,’ and 2 cell lines
(UB7MG and SF268). Alpha thalassemia/mental re-
tardation syndrome X-linked (ATRX), p53, and O°S-
methylguanine-DNA methyltransferase promoter
methylation status of cell lines'*" and patient sam-
ples are given in Supplementary Table 2. Similar re-
sults were obtained with fractionated dose of radiation
(Supplementary Figure 1A-D) and when the cells were
cultured as glioma spheres (Supplementary Figure 2A-C).
Using the orthotopic mouse model, we observed that the
RR cells from U87MG and patient derived culture dis-
play higher tumorigenic potential than the parental cells
as determined by the tumor volume calculated from the
microCT images taken at days 32 and 13, respectively,
post injection (Figure 1B and Supplementary Figure
2D). RR cells not only showed tumorigenic potential in
vivo, they formed more aggressive tumors with higher
volume (41 +7.09 mm?3) compared with the parent cells
(20.83 + 6.043 mm?3) (Figure 1B). Further, we wanted to
confirm if the residual cells escape radiation-induced DNA
damage or are able to survive the damage. As expected,
residual cells showed significantly high DNA damage as
assessed by gamma-H2A histone family member X pos-
itivity and comet assay (Figure 1C and Supplementary
Figure 3). Interestingly, electron microscopy revealed in-
creased euchromatin in RR cells, which was further con-
firmed by reduction in the intensity of heterochromatin
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Fig.1 Residual cells show euchromatization and tumorigenic in vivo. (A) Schematic representation of the in vitro cellular model developed using primary
brain tumor samples and cell lines. (B) CT images (upper panel) of mouse brain orthotopically injected with parent and RR cells. 3D reconstruction (lower
panel) of the CT images. Graph represents quantitation of tumor volume as calculated from CT images from mice (n =3). (C) Immunofluorescence of
gamma-H2AX (green) and nuclei counterstained with 4',6"-diamidino-2-phenylindole (DAPI) in U87MG and SF268 cells at different time points as indicated
post irradiation. NR, non-radiated. Graphs represent % of cells with foci from each population (scale bar = 5 um). (D) Transmission electron micrograph
of control and RR cells of U87MG and SF268 showing euchromatin and heterochromatin (dark staining). Bar graph quantifies % heterochromatin from
electron microscope images. (E) Immunofluorescence of HP1 alpha (green) in parent and RR cells of indicated cell lines. Nuclei were counter stained with
DAPI (blue). Scale bar 5 um. Bar graph shows mean fluorescence intensity of HP1 alpha staining in at least 50 cells. Intensities were calculated by ImageJ
software. All data are represented as means + SEMs. P-value of <0.05 in a paired 2-sided nonparametric t-test was used to test for statistically significant
differences. Results in bar graph are the composite data from 3independent experiments (mean + SEM); *P < 0.05, **P < 0.01, and ***P< 0.001.
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protein 1 (HP1) alpha immunostaining in RR cells com-
pared with the parent population (Figure 1D, E).

RR Cells Undergo NHEJ Driven DSB Repair

Since the chromatin organization is known to influence
DNA repair pathways by regulating the recruitment of var-
ious DNA repair proteins, we examined the expression and
recruitment of Ku80 (NHEJ) and phosphorylated breast
cancer 1 (pBRCA1) (HR) proteins in the RR cells. The radi-
ation resistant cells generated from cell lines and patient-
derived primary cultures (n=5) demonstrated higher
recruitment of Ku80 compared with pBRCA1 (Figure 2A).
When checked for the total protein levels, interestingly
RR cells from U87MG, SF268, and patient samples also
exhibited higher protein levels of Ku80 compared with
pBRCAT1 (Figure 2B). Additionally, Artemis, another NHEJ
repair pathway protein, was also upregulated while mei-
otic recombination 11 (Mre11) (HR pathway protein) was
downregulated in RR cells compared with parent cells and
no differential expression of Nijmegen breakage syndrome
1 was observed (Figure 2C), indicating that RR cells prefer-
entially upregulate NHEJ proteins. In an independent ex-
periment, we performed total RNA sequencing of RR cells
from U87MG, SF268, and patient samples 1 and 2 (PS1,
PS2). An unbiased analysis of transcripts of DNA repair
pathway genes showed no particular pattern or preference
for differential expression of NHEJ or HR pathway genes in
RR cells, suggesting that it is at the protein levels that the
DNA damage response (DDR) repair proteins were regu-
lated (Supplementary Figure 4). These results indicate that
RR cells preferentially stabilize NHEJ but not HR pathway
proteins for the repair of their DSBs.

To ascertain that higher expression and recruitment
of NHEJ protein translates into higher NHEJ repair effi-
ciency in RR cells, we measured HR and NHEJ activity in
vivo using |-Scel based green fluorescent protein (GFP)
assay.'® Average NHEJ repair efficiency in US7MG parent
was 31.42%, while in RR cells it was 51.09%. In SF268
parent cells, it was observed to be 30.74%, while in RR
cells it was 53.74%. No significant difference in the HR re-
pair efficiency was observed in parent and RR cells, which
was in the range of 25-33%. Indeed, we observed that RR
cells showed enhanced NHEJ repair compared with the HR
pathway (Figure 2D).

RR Cells Show Higher H3K36me2 and H3K4me2
Modifications

We then wanted to understand what could influence the
DDR pathway choice in residual cells. Histone methylations
prominently influence the choice of NHEJ or HR repair
pathway as well as chromatin architecture.'?° Thus, we
screened histone methylations (H3K36me2, H3K4me2,
H3K9me2, H3K27me2, and H3K79me2) with reported DDR
association.?'?2 Data from parent and RR cells of cell lines
revealed that H3K36me2 and H3K4me2 were upregulated
in RR cells (Figure 3A). Interestingly, these histone marks
are involved in mediating euchromatization, which was
also observed in RR cells (Figure 1D). Furthermore,

H3K9me2 levels were lower in RR cells, a histone mark that
interacts with HP1 to induce heterochromatin, again cor-
roborating our earlier findings of RR cell euchromatization.
H3K27me2 remained unchanged, while H3K79me2 showed
variable results. Since we found enhanced H3K36me2 and
H3K4me2 in the RR cells, we went ahead to examine the
status of these modifications in the RR cells generated from
primary patient cultures (N = 8). As shown in Figure 3B, in-
deed, 6 out of the 8 patient samples (75%) showed higher
H3K36me2, while dimethylation of H3K4 was observed to
be high in 4/8 samples (50%). We also evaluated expres-
sion of some of the histone trimethylations involved in
DDR such as H3K4me3, H3K9me3, H3K27me3, H3K79me3,
and H3K36me3 in the parent and RR cells of U87MG and
SF268 cells. However, no significant differences were seen
among these histone marks (Supplementary Figure 4B).
Independently, we also screened parent and RR cells
from cell lines and 8 primary cultures of patient samples for
the expression of methyltransferases that mediate H3K36
and H3K4 dimethylations (SETMAR and nuclear receptor
binding SET domain protein 1 [NSD1]). Transcript levels of
SETMAR as determined using quantitative real-time PCR
were found to be significantly upregulated in 7/10 RR cells
(Figure 3C), correlating with the expression of H3K36me2
(Figure 3B), while the transcript levels of NSD1 were
upregulated in 2/10 samples (Figure 3D) compared with
the parent cells. We also analyzed the expression of other
methyltransferases (enhancer of zeste homolog 2 [EZH2],
suppressor of variegation 3-9 homolog 2 [SUV39H2],
and disruptor of telomeric silencing 1-like [DoT1L]). Of
these, EZH2 and SUV39H2 were downregulated in the RR
cell lines. Although DoT1L transcripts were significantly
upregulated, the corresponding differential change in the
levels of major histone modification (H3K79) mediated by
DoT1L (Supplementary Figure 4A and B) was not observed.
Furthermore, among all the epigenetic factors probed in
the transcriptome dataset, 2-way unsupervised clustering
based on Pearson coefficient criteria identified SETMAR
as the top-ranked gene based on the average upregulation
among PS1 and PS2 samples (Supplementary Figure 5C).

SETMAR Knockdown Induces Premature
Senescence in RR Cells

Since significant number of samples overexpressed
SETMAR transcripts and corresponding histone modifica-
tion of H3K36me2 in RR cells, we wanted to investigate the
role of SETMAR and H3K36me2 in RR cells. For this, we
adopted 2 strategies: (i) knockdown of SETMAR in RR cells
and (ii) mutation of lysine 36 residue to alanine in H3.3.
SETMAR was knocked down in U87MG and SF268 by short
hairpin (sh)RNAs (sh1) (cloned under the tetracycline-
inducible promoter) and mixture of 3 small interfering
(si)RNAs. Upon induction with 2.5 ng/mL doxycycline,
sh1, showed 70-76% and 82-90% reduction of SETMAR
transcripts and siRNA showed about 70% reduction in
SETMAR transcripts in parent and RR cells, respectively
(Supplementary Figure 6A-C). As shown in Figure 4A, B,
shRNA (sh1) or siRNA (mixture of 3 siRNAs) mediated
knockdown of SETMAR initially induced cell death of
RR cells; however, eventually (12 days post induction of
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Fig.2 Residual cells show preferential recruitment and activation of NHEJ repair. (A) Representative inmunofluorescence images of parent and
RR cells stained for Ku80 and pBRCA1 and nuclei counterstained with DAPI in U87MG, SF268, and primary cultures of patient samples (PS). Graph
represents % of cells with Ku80 and pBRCA1 foci from each sample as indicated. (B) Western blot for pBRCA1, total BRCA1, and Ku80 in parent
and RR cells of indicated cell lines and patient samples. Actin was used as loading control. Graphs shows the densitometric analysis for Ku80 and
pBRCA1 proteins in parent and RR cells lines. (C) Western blot for NBS1, Mre11, and Artemis in parent and RR cells of U87MG and SF268 cell lines.
Actin was used as loading control. Graphs shows the densitometric analysis for NBS1, Mre11, and Artemis proteins in parent and RR cells lines. (D)
HR and NHEJ vector reactivation assay performed in parent and RR cells of U87MG and SF268 cells. Upper panel shows the transfection of HR and
NHEJ vectors. Flow cytometry for the percentage of GFP and TdRed cells 72 h post transfection. Percentage of dual positive and GFP positive cells
isindicated in the respective quadrants. (Scale bar = 5 pm.) All data are represented as means + SEMs. P-value of <0.05 in a paired 2-sided nonpa-
rametric t-test was used to test for statistically significant differences. Results in bar graph are the composite data from 3 independent experiments
(mean + SEM); *P < 0.05, **P < 0.01, and ***P < 0.001.
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shRNA and 10-day post siRNA treatment) the cells ceased
to grow and became senescent (Figure 4E, F). Importantly,
SETMAR knockdown did not alter the growth pattern of
parent cells but specifically halted the proliferation of RR
cells, highlighting the dependency of RR cells on SETMAR
to escape from senescence. A significant reduction in the
H3K36me2 was observed in SETMAR knockdown cells
(Figure 4G). Similar results were found in primary cultures
of patient sample (Supplementary Figure 6D-F). Since

SETMAR mediated H3K36me2 modification promotes DSB
repair via the NHEJ pathway,?® and we also observed the
NHEJ pathway preference in RR cells, we asked whether
SETMAR is involved in aiding the NHEJ pathway in the ra-
diation RR cells of GBM. For this, we examined Ku80 re-
cruitment in RR cells with SETMAR knockdown and found,
indeed, that SETMAR knockdown significantly reduced
Ku80 recruitment (Figure 4H), demonstrating that SETMAR
knockdown reduces H3K36me2 levels and recruitment of
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NHEJ proteins, and highlighting that SETMAR knockdown
is sufficient to render RR cells senescent, so as not to in-
duce apoptosis.

H3K36me?2 Is Essential for Ku80 Retention and
Residual Cell Survival

To understand the direct effect of H3K36me2, we mutated
H3K36 to alanine (Supplementary Figure 7A) and trans-
fected U87MG and SF268 cells with construct. Western
blot analysis showed that RR cells with mutant H3K36
showed no or very low levels of H3K36me2 modification,
which was further confirmed by immunofluorescence for
H3K36me2 (Figure 5A, B). Unexpectedly, the parent cells
expressing mutant H3.3 showed reduced expression of
Ku80 compared with cells expressing wild type H3.3, sug-
gesting H3K36me2 involvement in regulation of Ku80 pro-
tein levels in the cells with high stress; however, these
results require further investigation. Accordingly, there
was marginal expression of Ku80 in RR cells expressing
H3.3K36 mutation. Furthermore, compared with the wild-
type cells, cells expressing mutant H3.3 exhibited loss of
total BRCA1 expression at later time points post radiation
(Figure 5C, D). Accordingly, in RR cells expressing mutant
H3.3 compared with wild-type H3.3, there was reduced
NHEJ or HR activity as assessed by NHEJ and HR vec-
tors (Supplementary Figure 8). DNA repair protein levels
are cell cycle dependent, therefore we analyzed cell cycle
distribution of cells expressing mutant H3. We found sim-
ilar distribution of cells in S and G2-M population in both
wild-type and mutant expressing cells (Supplementary
Figure 9), ruling out the cell cycle changes as the cause of
differential protein levels in wild-type and mutant cells.The
observed differences could be due to the continuous apop-
tosis in the mutant cells or regulation via H3K36me2; how-
ever, this requires experimental confirmation.

H3K36me2 has been shown to be essential for the re-
cruitment of Ku80.2% In order to examine this, parent cells
were treated with a lethal dose of ionizing radiation (IR)
and the recruitment of Ku80 as well as pBRCA1 was de-
termined at different time points till the generation of RR
cells. No difference was seen in the initial (till 14 h post
radiation) recruitment of Ku80 in H3.3 wild-type and H3.3
mutant expressing cells. However, at a later time point
post radiation, the retention of Ku80 was affected spe-
cifically in mutant H3.3 expressing cells. Further, no dif-
ference in pBRCA1 recruitment kinetics was observed in
mutant and wild-type expressing cells at DSBs (Figure 6A,
B). Together, these data demonstrate that H3K36me2 is re-
quired for retention of Ku80 at the site of DSBs generated
post radiation. Since the H3.3 mutant cells could not re-
cruit DDR proteins at DSBs, we examined the growth ki-
netics of the non-irradiated and irradiated wild and mutant
H3.3 expressing cells. As shown in Figure 5E, F, cells ex-
pressing H3K36A showed reduced cell proliferation.To un-
derstand if the RR cells with mutant H3.3 were undergoing
apoptosis, annexin V staining was performed in RR cells
of U87MG cell with wild-type and mutant H3.3. As seen
from Supplementary Figure 7B, mutant RR cells showed
significant increase in apoptosis compared with cells
with wild-type H3.3. Furthermore, orthotopic injections of

wild-type and cells containing mutant H3K36A in mouse
brain showed that the wild-type cells formed large tumors
at day 26 post injection, while no tumors were seen with
the cells expressing mutant H3K36 (Figure 5G), thus con-
firming that H3K36me2 is required for survival and relapse
of residual cell disease in vitro and in vivo.

We also analyzed the levels of SETMAR transcripts,
H3K36me2 modification, and recruitment of Ku80 before
and after irradiation in the newly diagnosed primary (PS
A and PS B) and recurrent (RS A and RS B) patient sam-
ples. Although there was increase in the SETMAR tran-
script levels and H3K36me2 modification post irradiation
in primary and recurrent samples, the differences were not
significant (Supplementary Figure 10A, B). We did not find
any differences in the Ku80 recruitment in primary and re-
current cells post irradiation (Supplementary Figure 10C).

Residual Cells Dependent on NHEJ Repair for
Survival and Relapse In Vitro and In Vivo

We reasoned if the apoptosis induced in H3K36 mutant
cells was due to impaired NHEJ repair, then the inhibi-
tion of the NHEJ repair pathway should phenocopy the
effect of H3K36 mutation in GBM cells. To test this hypoth-
esis, we determined the clonogenic capacity of RR cells
treated with 10 pM NHEJ inhibitor (NU7026). Similar to
mutant RR cells, clonal ability of RR was completely abol-
ished with NHEJ inhibitor (Figure 6C, D). To confirm the ef-
fect of NU7026 treatment on the tumorigenic potential of
RR cells in vivo, we treated U87MG luciferase-expressing
cells with the NU7026 inhibitor (10 pM) for 8 days following
the formation of the RR population. Appropriate controls
(untreated, vehicle treated, radiation alone, and inhibitor
alone treated cells) were taken at the same time. Cells were
injected intracranially in nude mice and tumor growth
was monitored by bioluminescence. As seen from the
graph, tumorigenicity of parent cells treated with vehicle
(dimethyl sulfoxide [DMSO]) and NU7026 was not signifi-
cantly different compared with the untreated parent cells
(Figure 6E, F). Also, untreated and vehicle (DMSO) treated
RR cells showed similar tumorigenicity. However, RR cells
treated with NU7026 showed significantly reduced tumors,
confirming the dependency of RR cells to survive and form
tumors but not of parent cells on the NHEJ repair pathway
in vivo.

Discussion

GBM is the most common and lethal primary brain tumor.
Despite multimodal therapy, recurrence remains inev-
itable with the dismal median survival of 14.5 months.
Although clinical importance of the residual disease is
known, molecular mechanisms leading to their survival
and recurrence remain elusive. This is primarily due to in-
accessibility of residual disease cells as biopsies are not
available post therapy. To overcome this problem and to
study the residual disease we have previously developed
a cellular model of therapy resistance and recurrence from
fresh primary naive GBM patient samples and cell lines
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that recapitulate the clinical scenario of disease recur-
rence, thus providing us with the opportunity to capture
residual cells.

We analyzed residual cells generated from primary
cultures of patient samples and cell lines after sub-
jecting them to radiation as previously reported." As
expected, residual cells had significantly high levels of
DNA DSBs. However, importantly, unlike the bulk tumor
cells, residual cells not only survived DNA damage but
recurred in vitro as well as in vivo. We thus wanted to
understand how residual cells repair their DSBs. Several
reports suggest heterochromatin architecture inhibits
DNA repair processes,?*?® thus we hypothesized that
global chromatin decompaction would make damaged
DNA sites accessible to repair proteins. Indeed, RR
cells exhibit global decompaction and higher recruit of
NHEJ protein Ku80 compared with HR protein BRCA1.
The NHEJ pathway is shown to be a highly deleterious
mode of DNA repair process that enhances genomic in-
stability, eventually leading to carcinogenesis.?® Indeed,
in multiple cancer types, NHEJ factors are observed to
be altered.?’-30 Additionally, overexpression or enhanced
NHEJ repair activity has been associated with therapy
resistance, including GBM.3'-34

Furthermore, these cells displayed high levels of H3K36
and H3K4 dimethylation and overexpression of their cor-
responding histone methylase enzyme—SETMAR. These
findings were specific to radiation and not a generic
stress response as shown in Supplementary Figure 11 .
Temozolomide treatment (10 uM) alone showed delayed
cell growth in U87MG and PS1, but the effects were sig-
nificant only with radiation alone and temozolomide + ra-
diation. These combinations also showed significantly
higher number of multinucleated giant cell formation
(Supplementary Figure 11A-D). Further, only IR alone or
temozolomide + IR treatment enhanced SETMAR tran-
script levels; H3K36me2, Ku80, and, as expected, pBRCA1
were not activated even after the combination treatment
(Supplementary Figure 11E-H).

High H3K36me2 is shown to initiate oncogenic pro-
gramming influencing myeloma pathogenesis®® and is
associated with poorly differentiated squamous cell carci-
noma of the head and neck.3® SETMAR is overexpressed
in acute myeloid leukemia and breast cancer, mediating
resistance to the DNA damaging drug etoposide and
adriamycin, respectively.??3 Additionally, SETMAR me-
diates dimethylation of H3K36 adjacent to DSB site, re-
cruiting and retaining Ku and Mre11-Rad50-NBS1 complex
at DSBs leading to enhanced DSB repair via the NHEJ
pathway.?® Accordingly, upon SETMAR knockdown in RR
cells, we observed significant reduction in H3K36me2
levels. However, complete loss of H3K36me2 was not
seen possible because of incomplete SETMAR knockdown
or the redundancy of other methyltransferases with sim-
ilar function. Furthermore, knockdown of SETMAR in RR
cells leads to reduced Ku80 recruitment and induction of
senescence. It has been previously shown that functions
of DNA repair proteins are controlled by epigenetic pro-
cesses including DNA methylation and histone modifica-
tions.3? Importantly, SETMAR knockdown did not affect cell
proliferation of parent cells, highlighting the dependency
of residual cells on SETMAR for DNA repair and regrowth.

Loss of H3K36me2 in H3K36A-expressing cells completely
abolished the growth capacity of residual cells, causing ap-
optosis in vitro and in vivo similar to the effect observed
with NHEJ inhibitor.

This is the first study providing insights into the crosstalk
between pathways governing proliferation, senescence,
and apoptosis in the innately radiation resistant residual
GBM cells (Figure 6G). We show that radiation RR disease
cells but not bulk GBM cells preferentially undergo NHEJ
repair, regulated by the SETMAR-mediated H3K36me2.
Importantly, we demonstrate that targeting SETMAR and
the NHEJ repair pathway can prevent GBM recurrence by
inducing premature senescence and apoptosis, respec-
tively, in the RR cells. Thus, drugs targeting SETMAR may
enable specific eradication of residual disease cells without
impacting normal cells.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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