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Notwithstanding current multimodal treatment, including surgery, radiotherapy and chemotherapy with
temozolomide (TMZ), median survival of glioblastoma (GBM) patients is about 14 months, due to the rapid emergence
of cell clones resistant to treatment. Therefore, understanding the mechanisms underlying chemoresistance is
mandatory to improve treatments’ outcome. We generated TMZ resistant cells (TMZ-R) from a GBM cell line and from
cancer stem cell-enriched cultures isolated from human GBMs. We demonstrated that TMZ resistance is partially
reverted by “drug wash-out” suggesting the contribution of epigenetic mechanisms in drug resistance and supporting
the possibility of TMZ rechallenge in GBM patients after prior drug exposure. The expression of histone lysine
demethylase genes (KDMs) was increased in TMZ-R cells compared to parental cells, and TMZ resistance or restored
sensitivity was mimicked by over-expressing or inactivating KDM5A. Methylation and expression of O6-methylguanine-
DNA methyltransferase (MGMT) and drug efflux mechanisms were not altered in TMZ-R cells compared to parental TMZ
sensitive cells. TMZ-R cells transiently acquired morphologic and molecular characteristics of differentiated tumor cells,
features that were lost after drug wash-out. In conclusion, we demonstrated that treatment-induced TMZ resistance in
GBM involves epigenetic mechanisms in a subset of slow-cycling and transiently partially differentiated cells that
escape drug cytotoxicity, overcome G2 checkpoint and sustain clonal growth. We found that TMZ-R cells are sensitive
to histone deacethylase inhibitors (HDACi) that synergize with TMZ. This strong synergism could be exploited to

develop novel combined adjuvant therapies for this rapidly progressing and invariably lethal cancer.

Introduction

Glioblastoma (GBM) contains, within the tumor mass, small
cell populations with distinct phenotypic and molecular charac-
teristics, diverse differentiation potential and unique properties
of invasiveness, proliferation, self-renewing and resistance to ther-
alpy.1 These cells, identified as cancer stem cells (CSC), or tumor-
initiating cells, are considered responsible for tumor recurrence
and therapeutic failure.”*

The emergence of radio- and chemo-resistant cells, along with
the resistance of GBM cells to apoptosis, are key factors leading
to tumor recurrence; therefore, understanding the mechanisms
underlying the intrinsic or acquired resistance to treatment in
GBM has relevant clinical implications." For many years GBM
has been mainly treated with surgery and radiotherapy, being
considered intrinsically chemoresistant. However, adjuvant treat-
ment with the alkylating agent temozolomide (TMZ) induced a
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limited but significant improvement of survival, in comparison
to previous protocols, particularly in patients with an epigeneti-
cally-silenced MGMT gene.>®

Epigenetics is a driving mechanism for interindividual varia-
tions of drug resistance and epigenetic modifications, because of
their dynamic and reversible nature, are exploited as possible tar-
gets for innovative therapies in several tumors including GBM.”
Beside MGMT methylation other epigenetic and genetic mecha-
nisms are thought to be involved in TMZ resistance in GBM.
Among these, mutation and inactivation of the Mismatch Repair
mechanism,*'® miRNA modulation of signaling pathways.'"'*
and alteration of the extracellular matrix."? or of the drug efflux
mechanisms.'"'* Histone methylation and demethylation gained
a particular interest in drug resistance because of the central role
of these modifications in many aspects of cell physiology and
pathology.'>™"” Lysine histone demethylases (KDMs) are a com-
plex class of proteins, subdivided into amine oxidase (LSD1/2)
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and the Jumonji domain-containing protein family, which
includes 28 members, structurally organized into 7 classes.'” His-
tone demethylases are involved in many diseases, and some of
them act as putative oncogenes o tumor suppressor genes and
may determine the response to anticancer drugs.'>'**° In partic-
ular, KDM1A (LSD1) has been proposed as therapeutic target
for GBM.*!

Along this line we aimed to determine whether other epige-
netic factors, besides MGMT methylation, could regulate TMZ
sensitivity in GBM, focusing on histone demethylase genes. In
this study we demonstrate that TMZ resistance is partially revers-
ible and that both the transient overexpression of KDM genes, in
particular KDM5A, and the appearance of a transient partially dif-
ferentiated phenotype characterize TMZ-R cells and contribute to
the induction of resistance in GBM cultures enriched in CSCs.

Results

Generation and characterization of TMZ-resistant GBM
cells

In the attempt to understand the mechanisms of drug resis-
tance, GBM cells were grown under conditions that, mimicking
an “acute response” to TMZ, rapidly kill TMZ-sensitive cells
and favor the selection of cells that either are already resistant to
TMZ or that rapidly develop resistance.*

We selected TMZ-resistant (TMZ-R) cell clones from a con-
tinuous GBM cell line (A172) and 2 GBM CSC cultures (GBM
3, MGMT methylated, and GBM 5, MGMT unmethylated), by
growth in medium containing 100 — 600 pM TMZ (Fig. 1A).
Within 7-10 days, only sparse cells survived in culture and, after
approximately 20-30 days, small colonies of TMZ-R cells
appeared. This acute treatment efficiently induced apoptosis, in a
dose- and time-dependent manner, clearly evident after 72 h, as
shown by annexin V staining (Fig. 1B) and caspase activation
(Fig. S1A). Typically, TMZ-R cells were slow-growing, in com-
parison to parental (WT) cells, and accumulated in the G2/M
phase (66.3% wvs. 19.6% of WT cells). During TMZ treatment,
the percentage of cells arrested in G2/M progressively reduced to
40.3%, indicating that TMZ-R cells partially escaped the G2
checkpoint and resumed tumor growth (Fig. 1C).

Differently from A172 WT cells, forming sparse and small
colonies when grown in TMZ-containing medium, A172 resis-
tant cells showed sustained clonal growth (Fig. S1).

To determine whether TMZ resistance is a dynamic process,
we cultivated TMZ-R cells, in drug-free medium for 30 days
and the resulting washed-out cells (TMZ-WO, Fig. 1A) were re-
challenged with TMZ. Proliferative activity, evaluated in TMZ-
WO sub-cultures derived from GBM 3 and GBM 5 cells
(Fig. 1D), showed that drug sensitivity was restored, at least in
part, after “drug holiday.” The ICsy values at 72 hrs were
98 pM, >1000 pM and 277 pM for GBM3 WT, TMZ-R and
WO cells, respectively. The ICso of GBM5 WT cells was, as
expected from the MGMT methylation status, considerably
higher than that of GBM3 WT (634 wM), nevertheless treat-
ment with TMZ further increased drug resistance to 1115 pM
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and after wash-out ICsq lowered to 715 wM. Differences in
TMZ sensitivity between WT, TMZ-R and WO cells were
highly significant, as shown in Table S1, Panel A. The partial
reversibility of TMZ resistance was confirmed in a biologically
distinct TMZ-R cell subpopulation obtained from GBM3 cells
exposed to 200 pM TMZ (GBM3A) and assayed for TMZ-
induced apoptosis (Fig. S1C). Overall these data suggest that epi-
genetic mechanisms contribute to the reversible drug resistance in
GBM cells and, importantly, in GBM stem cell subsets.

Expression of KDM genes in GBM cells

Several studies pinpoint the role of histone demethylase genes
in cancer development and in drug resistance.®'®%° To deter-
mine whether histone demethylases contribute to TMZ resistance,
we selected 5 KDM genes on the basis of their potential role in
GBM (KDM1A)*" or in other tumors (KDM4A, KDM4B and
KDMS5B)">?** or in drug resistance (KDM. 54).20:23:24

We measured the expression of these genes in 2 native CSC-
enriched cultures from primary tumors (GBM3 and GBM5) and
in their TMZ-R and TMZ-WO counterparts. As shown in
Figure 2A, induction of TMZ resistance was accompanied by a
marked increase in the expression of KDMI1A, KDM5A and, at a
lesser extent, of KDM4A in TMZ-R cells from both GBMs.
KDM5B expression increased only in GBM5 TMZ-R cells, while
KDM4B level was essentially unmodified in resistant cells.
Importantly, the expression of these genes returned to baseline
levels after drug wash-out.

We investigated 77 silico the expression of KDM4A, 4B and
KDM5A and 5B in a subset of 530 primary GBMs and 10 unaf-
fected brain samples from the TCGA database (http://cancerge
nome.nih.gov/) udilizing the UCSC Cancer Genome Browser
(https://genome-cancer.soe.ucsc.edu/).”> The platform utilized
for this screening (Affymetrix U133a) did not include KDM 1A
whose expression was analyzed, along with that of KDM5A4, on
the Illumina HiSeq 2000 array on a dataset of 154 primary
GBM, 12 recurrent GBM and 5 normal brain samples. As shown
in Figure S2A, the expression of KDMI1A, 4A, 4B, 5A and 5B
was widely variable in GBM samples. However, within the limits
given by the small number of control non-tumor brain samples
available in the TCGA database, the mean level of expression in
the GBM samples was significantly higher than that of the nor-
mal brain tissue for all 5 KDM genes (Fig. 2B and C). For
KDM5A the mean expression difference between GBM and nor-
mal brain remained strongly significant also utilizing a different
platform (Fig. 2C). The expression of KDMIA did not signifi-
cantly differ between recurrent GBM and normal brain whereas
the level of KDM5A expression in recurrent samples was mini-
mally but not significantly higher than that of primary tumors,
but significantly higher than that of normal brain samples, likely
supporting its implication in GBM relapse.

KDM5A is a determinant for TMZ resistance in GBM

In view of previous reports,”*** we focused our study on
KDMS5A. To evaluate the role of this gene in the resistance of
GBM cells to TMZ, we first stably transfected A172 and GBM3

cells with KDM5A gene under the control of the CMV
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promoter.”® In Figure S3A, is
in KDM5
enzymatic activity in A172 cells
that  exogenously  over-express
KDM5A. Transfection of Al72
WT and GBM3 WT with
KDM5A was accompanied by the
acquisition of TMZ resistance in
both cells (Fig. 3A and B).

In a distinct set of experiments
we evaluated TMZ-induced apo-
ptosis in A172 WT cells tran-
siently transfected with KDMS5A.
In agreement with MTT cell via-
bility assays performed in stably
transfected A172, the transient
transfection of KDM5A signifi-
cantly inhibited the TMZ-induced
apoptosis in comparison with the
cells transfected with the empty
vector (Fig. 3C).

Selective inhibitors of KDM5A
activity are not yet available; there-

shown the increase

fore, to confirm the role of
KDMS5A in TMZ resistance, we
knocked down the expression of
this gene by shRNA and exposed
the cells to TMZ. KDM5A is
required for normal cell function-
ality and we observed that its
stable inhibition is not compatible
with  cell Therefore,
we transiently transfected an
shKDM5A construct in GBM3
TMZ-R cells and determined that
KDM5A is selectively and specifi-
cally inhibited by expression of
shKDMS5A but not by the control
shRNA (Fig. S3B). To monitor
the biological effects of KDM5A

inhibition  we

survival.

measured  the
apoptotic activity of TMZ in
GBM3 TMZ-R and in Al72
TMZ-R cells transfected with the
shKDMS5A construct. As shown
in Figure 3D, knocking down
KDM5A induced the recovery of
TMZ pro-apoptotic effects in
drug-resistant cells.

Acquired TMZ-resistance,
MGMT methylation and

expression and functionality of drug efflux transporters
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Figure 1. Generation and characterization of TMZ-resistant GBM cells. (A) Flowchart for the generation of
TMZ-resistant and wash out GBM cells. (B) Induction of apoptosis by TMZ in the A172 cell line. Apoptosis
induced by TMZ cells was determined by annexin V staining. No, or negligible apoptosis was detected after
24 hrs (data not shown) whereas apoptosis was detectable at 48 and 72 hrs. This panel reports the results
after 72 hrs. (C) Cell cycle analysis in A172 WT and A172 TMZ R cells. Cells were seeded in 6-well culture
plates at a density of 5 x 10° cells/well and grown for 48 hrs in the presence of 200 WM TMZ or without
drug (A172 WT only). The result of this analysis shows that 66.3% of the WT and 40.3 % of the TMZ R cells
accumulate at G2/M upon treatment with TMZ. This indicates that TMZ R cells are a slow-cycling population
that can eventually escape the G2 checkpoint. (D) Drug holiday partially restores TMZ sensitivity in GBM
TMZ-R cells. GBM3 and GBM5 TMZ-resistant cells were grown in drug-free medium for at least 30 days
(GBM3 and GBM5 WO) and then challenged with TMZ. Cell viability was measured by MTT assay 72 hrs. after
treatment. The significance of the difference between WT, TMZR and WO cells is reported in Table S1E:
Reversibility of apoptosis resistance in the TMZR GBM 3A cells after TMZ challenge, measured by annexin V
staining. GBM 3 TMZR (Panel A) and GBM 3A TMZR were obtained from the same parental culture (GBM3) in
2 biologically distinct experiments of induction of drug resistance with different TMZ concentrations
(400 wM for GBM 3 and 200 M for GBM 3A). Apoptosis was measured after 72 hrs. The observed differen-
ces were significant at P < 0.05 (*) or P < 0.01 (**) (Bonferroni post-hoc).

status of MGMT and the functionality of drug efflux transporters

To verify the involvement of different mechanisms in TMZ
resistance concomitant to KDM5A epigenetic regulation, we uti-
lized GBM CSCs as in vitro model to analyze the methylation
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before and after the induction of TMZ resistance and after drug
holiday. We analyzed GBM CSCs that either are natively hyper-
methylated (GBM3: 90%) or unmethylated (GBM5: 5%). The
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database and found evidence of
weak, but significant, inverse cor-
relation between the expression
of these 2 genes (r = —0.2064:
P < 0.0001) (Fig. 4D).

Aberrant expression of the ATP-
binding cassette (ABC) transport-

mcam3a ers induces active drug efflux and is

mGems thought to be central to the acqui-
sition of multi-drug resistance in
GBM cells.'"!* We thus investi-
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TMZ resistance also involves the
5 ; 2 expression of ABC transporters
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with reduced sensitivity to doxoru-
bicin (DOX), whose membrane
transport is dependent on ABC
function. ICsq values of DOX tox-
icity in A172 WT and TMZ-R
cells, obtained from dose-response
curves (range 0-1 uwM), were

=

T T T T
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129.4 nM and 140.6 nM, respec-

tively, showing that both cell types
were equally sensitive to DOX

Figure 2. KDM genes expression in GBM CSC cells and tumors. (A) Expression of KDM genes in 2 TMZ-resis-
tant GBM CSC cells analyzed by gPCR in WT GBM3, GBM5 and in their TMZ-R and WO derived cultures. Fold
change is relative to the expression of the WT parental cells. (B) Comparison of the mean expression levels
of KDM4A, 4B, 5A and 5B in GBM and normal brain. (C) Comparison of the mean expression levels of
KDM1A and KDM5A in primary GBM, recurrent GBM and normal brain. In Panels B and C the box represents
the 10-90 percentile and whiskers the min-max level of expression. Significance of the mean differences

(Fig. 4F). We next determined the
intracellular DOX localization and
accumulation in A172 WT and
TMZ-R cells by immunofluores-
cence, and we observed that most

was evaluated by t-test and ANOVA.

A172 WT and TMZ-R cells accu-

mean methylation level of the MGMT promoter/enhancer in
these 2 CSC cultures cither after induction of TMZ resistance or
after drug withdrawal, remained essentially unaltered (Table S2).
Unsurprisingly MGMT expression was at the limit of detection
of qPCR in hypermethylated GBM3 (Ct value > 35) but was
readily detected in the unmethylated GBM5 cells (Fig. 4A). In
GBM3 the induction of drug resistance by TMZ treatment was
accompanied by the transient expression of MGMT that was
completely reverted by drug wash-out. However, in GBM3 cells
made resistant to TMZ by transfection with KDM5A, MGMT
expression remained at baseline levels (Fig. 4B). In GBM5 cells,
MGMT expression did not change after induction of TMZ resis-
tance or after wash-out (Fig. 4C).

We next examined the expression of MGMT in relation to
that of KDM5A in a 483-patients data set taken from the TCGA
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mulated DOX in their nuclei, with
similar doxorubicin-related fluorescent intensity (Fig. 4F). Com-
parable DOX accumulation, consistent with the superimposable
efficacy of the drug in both A172 cell types, indicate that under
our experimental conditions, TMZ did not significantly modu-
late ABC transporter activity and that TMZ chemoresistant phe-
notype is not mediated by alteration of the expression and
function of ABC transporters. Collectively, these data suggest the
predominant role of KDM-mediated mechanisms of TMZ resis-
tance in GBM cells.

HDAC inhibitors synergize with TMZ to kill TMZ-R GBM
cells

It is known that HDAC inhibitors indirectly target KDM
genes.'””” and reduce proliferation of CSC-enriched GBM
cultures.”® As shown in Figure 5A, A172 TMZ-R cells are
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tive (Fig. 5C and D). On the con-

trary, SAHA exerted limited or no

effects on A172 WT, indicating that this HDAC inhibitor preva-
lently targets TMZ-R cells (Fig. 5D and E).

Stemness and TMZ resistance in GBM

It is commonly accepted that sustained tumor growth and
drug resistance depend on a cell subset with biological character-
istics of stemness.’! The induction of i vitro differentiation of
GBM CSCs, by culture in serum-containing medium, results in
a dramatic increased expression of astrocytic and neuronal
markers (GFAP and f-tubulin III, respectively) and in the coor-
dinate down-modulation of the stem cell markers Olig2 and
SOX2 (Fig. $4).7*7

In the attempt to provide insights into the relation between
TMZ resistance and GBM cell differentiation status, we per-
formed cell viability assays on 4 GBM stem cell cultures, grown
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under stem-permissive conditions or shifted to serum-driven dif-
ferentiation. In preliminary experiments we determined that the
activity of TMZ is not influenced by the presence of fetal calf
serum, by measuring the pro-apoptotic activity of TMZ in A172
TMZ-R cells grown either in serum-containing or in stem-per-
missive medium (Fig. S5A). Evaluation of cell viability by MTT
assay confirmed that TMZ exerts significant cytotoxic effects in
all 4 GBM CSC cultures analyzed (GBM3-5-19-23) although
with different sensitivity among individual cultures (Fig. 6A).
Conversely, cells grown under differentiating conditions were sig-
nificantly less sensitive to TMZ compared to their corresponding
stem cultures (Fig. 6A). Similarly, the sensitivity to the HDAC
inhibitor TSA was significantly lower in differentiated cells as
compared to their stem counterpart, at all the concentration
tested (range 0.001-1 pM) (Fig. S5B). Next, we examined the
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sion levels of ABCB1, ABCC1 and ABCG2 in A172 WT and TMZ R cells as determined by qPCR. Fold change is
relative to the expression of TMZ WT cells. (F) Cytotoxic effect of doxorubicin on A172 WT and TMZ-R cells.
Cells were treated with doxorubicin (0-1 M) for 48h and viability was determined by MTT assays. (G) Immu-
nofluorescence images of subcellular doxorubicin distribution in A172 WT and TMZ R. Cells were treated
with autofluorescent DOX (red) for 24h, nuclei and cell membranes were counterstained with DAPI (blue)
and DiO (green), respectively. Overlay of images shows the predominant nuclear localization (pink) of DOX
in most cells of both A172 cultures (original magnification 40X).

expression of the ATP binding cassette transporters and of
KDMS5A in GBM3 cells grown under stem or differentiated con-
ditions. By RT-PCR analysis we found that both ABCC1 and
KDMS5A were strongly over-expressed in differentiated cells
(Fig. 6B).
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From a morphologic standpoint,
GBM3 TMZ-R cells acquired a dif-
ferentiated-like phenotype, showing
neuronal- or astrocytic-like mor-
phologies that were largely lost after
wash-out (Fig. 7A). To substantiate
this observation and link TMZ
resistance to the differentiated phe-
notype, we determined the expres-
sion of stemness and differentiation
markers in GBM3 WT, TMZ-R
and WO CSCs by immunocyto-
fluorescence quantification. TMZ
resistance  significantly associated
with  the
expression of the differentiation
markers GFAP and {3-tubulin III
and by the decrease of the stemness
markers SOX2 and Olig2 (Fig. 7B;
Fig. S6A and B; Table S1B). The
increased expression of KDM5A
observed in TMZ-R cells does not
seem responsible by itself of the

coordinate  increased

acquisition of the differentiated
phenotype, since the expression of
GFAP and SOX2 did not change in
GBM3  cells  over-expressing
KDM>5A, when compared to WT
cells (Fig. 7C).

Overall these results
that the expression of differentia-
markers is

showed
tion and stemness
deeply perturbed in cells resistant
to TMZ and that, when drug sen-
sitivity is restored after a period of
“drug holiday,” the expression pat-
tern of these markers returns to
baseline levels.

Discussion

GBM is a tumor in which epige-
netic factors play important roles in
disease development and response
to therapy."®**%® The MGMT
gene can repair most of the cyto-
toxic ~ damage  induced by
TMZ,*>* and the inactivation of
MGMT by hypermethylation sensi-
tizes GBM cells to the action of

TMZ, providing patients with a small, but significant, clinical
advantage.®* MGMT activity is not the only mechanism leading to
TMZ resistance in GBM. Post-treatment mutations and reduced
expression of the Mismatch Repair genes were demonstrated in
vitro and in recurrent GBM, however they occur approximately in
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only 20% of the patients and cannot be considered a general
mechanism of acquired TMZ resistance.>'® The complexity of
the mechanisms of acquisition of drug resistance in GBM was
highlighted in an 77 vivo model showing that the TMZ resistance
follows both MGMT-dependent and independent pathways unre-
lated to the MGMT methylation status of the original tumor, a
finding consistent with the development of heterogeneous mecha-
nisms of drug resistance within the same tumor.*!

The present study reports that the treatment of GBM cells
with TMZ rapidly induces a drug-resistant phenotype that is
largely reversible, therefore strongly suggesting the intervention
of epigenetic mechanisms.

Previous studies showed that

that the histone demethylase KDM5A is expressed at high levels
not only in drug resistant cells derived from an established human
GBM cell line but also in GBM CSCs primary cultures derived
from human tumors, and that the exogenous expression and inacti-
vation of KDM5A mimics drug resistance and sensitivity, respec-
tively. The central role of KDM5A in the establishment of drug
resistance in our GBM model early after TMZ treatment, is further
suggested by the reversibility of KDM5A expression that returns to
(or nearly to) baseline levels after “drug holiday,” in parallel with
the reversal of the drug resistant phenotype. KDM5A is not the
unique KDM gene to be modulated during the acquisition of drug
resistance. Indeed, also 3 other KDM genes (KDM 1A, 4A and 5B)

“drug tolerant” cells can be gener-
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Only few reports have longitudi-
nally examined the variations of
MGMT methylaton status during
the course of GBM progression.42’44
The results of these studies were
contradictory and their interpreta-
tion was made difficult by the dif-
ferent technical approaches utilized
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sufficient to induce TMZ resis-
tance, without altering MGMT
methylation or expression. This
result suggests that MGMT meth-
ylation and  expression and
KDM5A expression are part of dis-
tinct pathways leading to TMZ
resistance. In this respect the analy-
sis of the TCGA data set supports
this conclusion since we found that
MGMT and KDM5A expression
are not correlated in GBM tumors.

B Stem
Bl Diff

Our results confirm and extend

those obtained in an iz vivo model

grown under stem-permissive conditions determined by quantitative PCR.

Figure 6. Relation between stemness and TMZ sensitivity. (A) Sensitivity to TMZ of GBM CSCs grown under
stem or differentiated conditions. The P values were determined by ANOVA with the Tukey's test and are
indicated for each significant point (*: P < 0.05; **: P < 0.01; *** P < 0.001 vs differentiated cells). (B) mRNA
expression levels of ABCB1, ABCC1, ABCG2 and KDM5A in GBM3 differentiated cells relative to the same cells

of GBM where methylation-inde-
pendent up-regulation of MGMT
was linked to the development of
TMZ resistance.”’ In that model
only 2 out of 10 TMZ-R xeno-

out of the 5 tested, are transiently expressed at high levels upon
induction of TMZ resistance and their expression returns nearly to
baseline levels upon drug wash out. It is possible that the over
expression of these other histone demethylases also contribute to
the resistance to TMZ and that multiple epigenetic modifier genes
participate in this mechanism. In this respect, the capacity of
GBM cells to rapidly respond to drug treatment could be consid-
ered the result of an “epigenetic-driven resilient mechanism” as a
consequence of the epigenetic plasticity of the cells. The in silico
analysis of a large TCGA dataset showed that the expression of all
the KDM genes taken into consideration in our study, and particu-
larly that of KDM5A, is significantly higher in tumors compared
to normal brain. It is tempting to speculate that the high expression
of KDM5A may be related to the intrinsic high resistance to ther-
apy of GBM.
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grafts showed elevated MGMT

expression compared to controls,
indicating the existence of MGMT-independent mechanisms of
drug resistance Along that line, in our model we have identified
KDM5A as a possible previously unknown determinant for drug
resistance in GBM.

It is generally agreed that CSCs capable of multilineage dif-
ferentiation exist within GBM and that this subpopulation is
the only one exhibiting tumor-initiating activity and resistance
to radio- and chemo-therapy;' " indeed, a stem cell signa-
ture were associated with resistance to TMZ.?" and hyperme-
thylation of HOXA9 and 10 was associated to a better
outcome.”” Furthermore, it has been recently shown that the
upregulation of BCL2, mediated by HOXA9, promoted
human astrocytes immortalization and TMZ resistance.”’
However, a conflicting report demonstrated that TMZ prefer-
entially depletes CSCs in GBM, leading to the concept
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that escaping chemotherapy could
be a property of a different cell
phenotype.*¢

Our experimental model offered the
opportunity to test the relationship
between stemness and drug resistance.
The expression of differentiation and
stemness markers transiently changes in

GBM cells resistant to TMZ. TMZ-R

cells acquire phenotypic characteristics

GBM3WT

I

GBM 3 TMZR GBM 3 WO

of differentiated cells (shift from stem B
cell-related to neuronal/glial marker
expression and morphology) that, after
drug holiday, are rapidly lost, returning
stem-like phenotype, similar,
although not identical, to that of the
parental cells. Importantly, both differ-
entiated and resistant GBM cells over-
express KDM5A and it is tempting to
speculate that this gene contributes to
the higher chemoresistance of differenti-
ated versus CSCs observed in our study.
How does our model reconcile with
other models of drug resistance and with

100+
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the clinical findings? Our working
hypothesis is based on the concept that
few cells resistant to chemotherapeutic
drugs are already present in the tumor
bulk or, more likely, acquire resistance
rapidly after treatment by shifting to a
slow-growing more differentiated phe-
notype and overexpressing MGMT,
KDM5A and other epigenetic modifier
genes. Eventually these cells acquire
genetic alterations that render TMZ
resistance irreversible.

Overall our results suggest that TMZ

Fold Change Expression

GFAP Sox2

resistance in GBM initially is a partially

reversible phenomenon that develops
rapidly after treatment and is restricted
to a subset of slow-growing cells capable
of transient partial differendation. Tar-
geting these cells early, after the bulk of
TMZ-sensitive cells are killed by the

Figure 7. Stem and differentiation markers in GBM3 WT cells and in TMZ-R and WO cultures. (A)
Bright field images of GBM 3 WT culture before treatment, and of TMZ R and WO cultures. (B) Expres-
sion of stem and differentiation markers evaluated by immunofluorescence in WT, TMZ R and WO
conditions. Results are expressed as % mean of marker-positive cells from 3 independent experiments
and bar represents standard deviations of mean. (C) Real time PCR analysis of GFAP and SOX2 expres-
sion in GBM3 WT cells and in GBM3 cells transfected with the pcDNA3/HA-FLAG-RBP2 construct.

treatment, might provide a clinical bene-

fit in GBM patients. In this respect, the high sensitivity of TMZ-
resistant cells to HDAC inhibitors, and the synergism with
TMZ, could be exploited to develop novel combined adjuvant
therapies for this rapidly progressing and invariably lethal cancer.

Methods
Cell lines, GBM CSC cultures and drugs

The human GBM cell line A172 was obtained from the
Biological Bank and Cell Factory of IRCCS AOU San
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Martino - IST (www.iclc.it) and was grown in DMEM sup-
plemented with 10% FBS and 2 mM L-Glutamine. The
authenticity of the cells was certified by the Biological Bank
utilizing 8 highly polymorphic STR loci plus amelogenin
(Cell IDTM, Promega).

Cultures enriched in human GBM cancer stem cells (CSCs)
were derived from primary GBM cultures grown under stem-per-
missive conditions in serum-free medium, containing bFGF and
EGF as previously described in details.*>*>*"° Four of these
cell cultures (GBM 3, 5,19 and 23) were utilized in the present
study. Cell differentiation was carried out by shifting GBM
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CSCs in serum-containing medium (10% FBS) for at least
15 days.

TMZ resistance was induced exposing A172, GBM3 and
GBMS5 cells to constant concentrations of TMZ. TMZ-contain-
ing medium was changed every 48 hrs until the appearance of
clones of TMZ-resistant (TMZ-R) cells. TMZ concentrations
utilized for selection were: 400 wM for A172 and GBMS5 cells,
while 400 and 200 wM were used for GBM3 (GBM3 TMZ-R
and GBM3A TMZ-R derived from the selection with 400 and
200 pM TMZ, respectively).

Temozolomide (TMZ), trichostatin A (TSA), N-hydroxy-N’-
phenyl-octanediamide (SAHA, Vorinostat) and doxorubicin
(DOX) were obtained from Sigma-Aldrich (Milano, Italy).

KDMS5A expression vectors, shRNA and transfection into
GBM cells

To overexpress KDM5A, A172 cell line was stably transfected
by electroporation with the pcDNA3/HA-FLAG-RBP2 con-
struct.”® (kindly provided by W. Kaelin through Addgene, www.
addgene.org). After G418 selection, we isolated clones expressing
high levels of KDMS5 activity. selected by screening nuclear
extracts prepared from 107 cells utilizing the Nuclear Extract kit
from Active Motif (Carlsbad CA, USA). KDMS5 activity was
determined with the JARID Demethylase Activity Assay Kit
from Epigenase (Farmingdale, N.Y. USA). The same protocol
was applied for transient transfection except that the cells, after
24 h recovery, were treated without G418 selection.

KDM5A expression was silenced in GBM 3 and 17 cells
and in A172 cell line by transient transfection with lentiviral
vectors shRNA-KDM5A  pLKO1  construct  (clone ID:
TRCNO0000329797; Sigma Aldrich).”® and shRNA-GFP
pLKO1 (control vector; Sigma Aldrich) by electroporation using
The Neon® Transfection System and the Neon 100 .l kit (Life
Technologies).

Cell survival analysis

Mitochondrial function, as an index of cell viability, was eval-
uated utilizing the Cell Proliferation Kit I (MTT, Roche, Monza
Italy) following the manufacturer instructions. Clonogenic assay
was performed as described by Franken et al.”

Apoptosis and cell cycle analyses

Cell cycle analysis and apoptosis (measured by annexin V
staining and caspase 1 and 3-9 activation) were determined uti-
lizing a Muse Cell Analyzer and the dedicated kits (Millipore-
Merck, Vimodrone MI, Italy) following the manufacturer
instructions.

Analysis of drug interaction

Drug interaction experiments were conducted by testing the
activity of TMZ and SAHA combined together at various con-
centrations. The Combination Index (C.1.) that allows a quanti-
tative determination of drug interactions, was calculated
according to the Chou-Talalay algorithm utilizing the Compu-
Syn software (www.combosyn.com).*’
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Doxorubicin (DOX) uptake and intracellular distribution
assay

A172 WT and A172 TMZ R cells were seeded in 35mm
Glass Base dishes (Iwaki, Japan) and allowed to grow overnight.
The cells were then exposed to 0.5 and 1uM DOX for 24hrs.
Cells were counterstained with the lipophilic membrane stain
Vybrant DiO Cell-Labeling Solution (Molecular Probes, Life
Technologies, Monza, Italy), washed to remove non-associated
drug, and fixed for 15 min at room temperature with 4% para-
formaldehyde, then nuclei were counterstained with DAPI
(Sigma-Aldrich), and coverslips were mounted with Mowiol
(Sigma-Aldrich). Images were captured by a DM2500 micro-
scope (Leica Microsystems, Wetzlar, Germany) equipped with a
DFC350FX digital camera (Leica Microsystems).

Quantitative real-time reverse transcription-PCR

Total RNA was reverse-transcribed by QuantiTect Reverse
Transcription kit (Qiagen, Milano, Italy) according to the man-
ufacturer’s instructions. All qPCR reactions were performed in
triplicate using Maxima SYBR Green qPCR Master Mix (Fer-
mentas, St Leon-Rot, Germany) and 300 nM of each primer in a
final volume of 10 pL using Ep Realplex Mastercycler (Eppen-
dorf, Milano, Italy). Reactions were assembled using an Ep
Motion 5070 liquid handling station (Eppendorf, Milano, Italy).
Primers for human KDM5A, KDMIA (LSDI), KDMA4A,
KDM4B, KDM5B, MGMT, ABCB1, ABCCI, ABCG2, SOX2
and GFAP were chosen from a public database (http://medgen.
ugent.be/rtprimerdb/) or were designed by us or were obtained
from published reports.51 (Table S3). A standard 2-step amplifi-
cation with 60°C annealing temperature was used. Relative quan-
tification of each target gene transcript was obtained using
comparative Ct method. Reference genes (A7P5b, SDHAI, and
CYCI) were selected using GeNorm (PrimerDesign Ltd,
Southampton, UK). For each ¢cDNA, the duplicate Ct values
were averaged and normalized (geometric mean). The copy
number was expressed relative to a calibrator sample using the

2—(AACt =+ SD) method.

MGMT methylation analysis

MGMT methylation analysis was conducted by pyrosequenc-
ing to precisely measure the extent of methylation at 11 CpG
doublets at the 3’ end of exon 1 and within the MGMT enhancer
element whose methylation is sufficient to completely abolish
MGMT transcription.”>

DNA was modified with sodium bisulfite with the EpiTect
Bisulfite kit of Qiagen (Milano, Italy) following the manufacturer
instructions.

The MGMT primer sets for the pyrosequencing methylation
assays (Table S3) were designed with the Pyrosequencing Assay
Design software (Biotage, Uppsala, SW). The PCR reactions and
pyrosequencing analysis was performed as described for other

genes in previous publications.y’ss’55

Immunofluorescence

To determine the expression of different markers of stemness
and differentiation in GBM cultures, cells were plated onto
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Matrigel-coated glass coverslips and then fixed with 4% parafor-
maldehyde for 15 min at room temperature. Cells were incu-
bated with primary antibodies as follows: rabbit anti-Olig2
(1:500; Millipore, #AB9610), rabbit anti-Sox2 (1:500; produced
by our laboratory),”® rabbit anti-GFAP (1:10:000; DAKO,
#70334), and mouse ant- Tubulin III (1:10000; Sigma
Aldrich, #18660). Immunocomplexes were detected with sec-
ondary fluorescent antibodies as DyLight 488 goat anti-mouse
IgG and DyLight 459-goat anti-rabbit IgG (Jackson ImmunoRe-
search, #111-485-003 and #111-505-003). Cells were counter-
stained with Hoechst 33342 dye (Sigma-Aldrich, #14533) to
identify all nuclei. Images were acquired by automated Zeiss Axi-
olmager M2 equipped with an Axiocam MRM (Zeiss). Results
are showed as percentage of stained cells from randomly selected

fields.

Statistical analysis

Statistical significance was determined by analysis of variance
(ANOVA) or the Student’s t-test and post-hoc analyses were con-
ducted using either Tukey’s test or Bonferroni correction. The
relation between the expression of genes was computed by Pear-
son and non-parametric Spearman correlation. The accepted val-
ues of significance were 0.05. All statistical analyses were
performed using Graph Pad Prism software (GraphPad Software,
San Diego CA, USA).
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