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Abstract 

DNA methylation is a fundamental feature of genomes and is a candidate for pharmacological 
manipulation that might have important therapeutic advantage. Thus, DNA methyltransferases 
(DNMTs) appear to be ideal targets for drug intervention.  
By focusing on interactions existing between DNMT3A and DNMT3A-binding protein (D3A-BP), 
our work identifies the DNMT3A/ISGF3γ interaction such as a biomarker whose the presence 
level is associated with a poor survival prognosis and with a poor prognosis of response to the 
conventional chemotherapeutic treatment of glioblastoma multiforme (radiation plus 
temozolomide). Our data also demonstrates that the disruption of DNMT3A/ISGF3γ interactions 
increases the efficiency of chemotherapeutic treatment on established tumors in mice. 
Thus, our data opens a promising and innovative alternative to the development of specific DNMT 
inhibitors. 
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Introduction 
DNA methylation patterns are frequently 

aberrant in cancer cells [1]. Thus, hypomethylation of 
intergenic regions can occur, leading to tumorigenesis 
via the activation of transposable elements and 
increased genomic instability [2-4]. Local 
hypomethylation of genes promoters can promote 
oncogene expression, while local hypermethylation of 
the genes promoters can lead to loss of tumor 
suppressor function in cancer cells [5]. Based on this 
last point, drug development has focused on DNA 
methylation inhibitors with the goal of activating 
tumor suppressor genes (TSG) silenced by DNA 

methylation. But in absence of specificity, a DNMT 
inhibitor can promote the demethylation of TSG but 
also of oncogenes and transposable elements. Thus, 
the use of unspecific DNMT inhibitors can be 
anti-tumorigenic or pro-tumorigenic. Besides, this last 
point is illustrated in several articles. Indeed, 
literature reports that 5-aza-2'-deoxycytidine 
treatment (an unspecific DNMT inhibitor) increased 
the invasiveness of non-invasive breast cancer cell 
lines MCF-7 cells and ZR-75-1 and dramatically 
induced pro-metastatic genes [6]. 5-aza-2'- 
deoxycytidine treatment is also reported as an inducer 
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of glioma from astrocytes and as an enhancer of 
tumorigenic property of glioma cells [7, 8]. 
Nevertheless, 5-aza-2'-deoxycytidine is approved by 
the Food and Drug Administration of the United 
States for the myelodysplastic syndrome treatment, 
where it demonstrates significant, although usually 
transient, improvement in patient survival [9]. 
Despite this undoubtable clinical utility, the dual 
effect of the use of unspecific DNMT inhibitors 
provides evidence for the development of specific 
DNMT inhibitors. In addition, specific DNMT 
inhibitors could also allow targeting of tumors 
harboring an aberrant functionality of a particular 
DNMT. The development of specific DNMT 
inhibitors could also reduce off-target effects 
associated with the use of unspecific DNMT 
inhibitors. 

At present, several molecules are developed to 
specifically target a particular DNMT. Thus, DNMT1 
can be inhibited by using RG108, MG98 or 
Procainamide, DNMT3A while DNMT3B can be 
specifically inhibited by using Theaflavin 3, 
3'-digallate or NanaomycinA, respectively [10-14]. To 
identify these specific DNMT inhibitors, several 
strategies are developed: the docking-based virtual 
screening methods, the screening of natural products, 
the design and generation of derivatives of DNMT 
inhibitors already known, the molecular modeling of 
DNMT inhibitors by using crystal structure studies of 
DNMTs, or the design of siRNA targeting DNMTs 
[11, 15-19]. In a recent article, we demonstrated that 
DNMT inhibitors can be also addressed against a 
specific DNMT/protein-x interaction [7]. 

In the present study, we asked the question to 
know whether the presence of interaction existing 
between DNMT3A and a DNMT3A-binding protein 
(D3A-BP) permit to identify a subpopulation of 
patients suffering from glioblastoma multiformes 
(GBM) harboring a shorter overall survival time and 
whose the glioma cells presented a resistance 
phenotype to the temozolomide/irradiation 
treatment. Then, we wanted to know whether it's 
possible to develop a strategy aiming to specifically 
inhibit the DNMT3A/D3A-BP interaction associated 
with a poor prognosis of survival and/or response to 
the temozolomide/irradiation treatment in order to 
increase the percentage of the temozolomide+ 
irradiation-induced cell death, and the sensitivity of 
TMZ in a mice model of gliomagenesis. 

Materials and Methods 
Patient characteristics. 

Overall survival was measured from the date of 
surgical resection to the death. In each tumor grade, 

all patients included in this study had similar 
management and similar treatment (including 
temozolomide (TMZ) for GBM). Patient material as 
well as records (diagnosis, age, sex, date of death, 
Karnofsky performance score (KPS)) was used with 
confidentiality according to French laws and 
recommendations of the French National Committee 
of Ethic.  

Primary cultured tumor cells (PCTC). 
Fresh brain tumor tissues obtained from the 

neurosurgery service of the Laennec Hospital 
(Nantes/Saint-Herblain, France) were collected and 
processed within 30 min after resection. The clinical 
protocol was approved by the French laws of ethics 
with informed consent obtained from all subjects. The 
primary cultured tumor cells were obtained after 
mechanical dissociation according to the technique 
previously described [20]. Briefly, tumor tissue was 
cut into pieces of 1–5 mm3 and plated in a 60 mm2 
tissue culture dish with DMEM with 10% FBS and 
antibiotics. Additionally and in parallel, minced 
pieces of tumor were incubated with 200 U/ml 
collagenase I (Sigma, France) and 500 U/ml DNaseI 
(Sigma, France) in PBS during 1 hr at 37 °C with 
vigorous constant agitation. The single-cell 
suspension was filtered through a 70 mm cell strainer 
(BD Falcon, France), washed with PBS, and 
suspended in DMEM-10% FBS. Cell cultures were 
subsequently split 1:2 when confluent and 
experiments were done before passage 3–5. 

Proximity Ligation In Situ Assay (P-LISA). 
Cells were cultured for 24h on cover slip. Cells 

were then fixed with 4% paraformaldehyde in PBS 
pH7.4 for 15min at room temperature. 
Permeabilization is performed with PBS containing 
0.5% Triton X-100 for 20min at room temperature. 
Blocking, staining, hybridization, ligation, 
amplification and detection steps were realized 
according to manufacturer’s instructions (Olink 
Bioscience, Sweden). All incubations were performed 
in a humidity chamber. Amplification and detection 
steps were performed in dark room. Fluorescence was 
visualized by using the Axiovert 200M microscopy 
system (Zeiss, Le Pecq, France) with ApoTome 
module (X63 and numerial aperture 1.4). Preparations 
were mounted by using ProLong Gold antifade 
reagent with DAPI (Life Technologies, France). 
Pictures acquisition was realized in structured 
illumination microscopy [21]. After decovolving (3.5 
Huygens Essential software (SVI)), 3D view was 
obtained by using Amira.4.1.1 program. Finally, the 
images were analyzed by using the freeware 
“BlobFinder” available for download from 
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www.cb.uu.se/~amin/BlobFinder. Thus, we 
obtained either number of signals per nuclei since 
nuclei can be automatically identified.  

Epitope mapping. 
Peptides were spotted on an 

Amino-PEG500-UC540 membrane using a MultiPep 
peptide synthesizer (Intavis AG, Cologne, Germany) 
at a loading capacity of 400 nmol/cm2. After synthesis 
the membrane was dried then the capped side-chains 
were deprotected by cleavage for 1h with a cocktail 
containing 95% trifluoroacetic acid, 3% tri-isopropyl, 
2% H2O. The trifluoroacetic acid was removed and 
the membrane rinsed with dichloromethane, followed 
by dimethylformaldehyde and then ethanol. The 
membrane was saturated before incubation with the 
considered recombinant protein for 2h at room 
temperature. After which, it was washed three times, 
positive peptides were revealed using antibodies 
coupled to a fluorochrome. Typhoon (GE Healthcare, 
France) was used to determine fluorescence. The 
binding intensities of the considered recombinant 
protein for the spotted peptides were determined by 
quantification using ImageJ software and converted to 
sequence-specific normalized units. The intensities 
obtained for each peptide covering a given amino acid 
were added and divided by the number of peptides.  

Pull-down assay. 
Pull-down assays were performed by using the 

GST/His Tagged-Protein Interaction Pull-Down 
Kits (Thermo Scientific, France). Briefly, 100µg of bait 
protein were immobilized on column via an 
incubation at 4°C for 1h with gentle mixing. After 
washing, 1µg of prey protein was added for 1h at 4°C 
with gentle rocking motion on a rotating platform. 
After washes and elution, the “bait-prey” interaction 
was analyzed by SDS-PAGE and Western blot 
methods. Competitive pull-down experimentations 
were realized by pre-incubating considered peptides 
for 1h at 37°C.  

Western blot analysis. 
In brief, proteins were size fractionated by 

sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. Proteins were transferred onto 
nitrocellulose or PVDF membrane. Saturation and 
blotting were realized by using SNAP i.d Protein 
Detection System (Millipore, France). The detection of 
proteins was performed using ECL(Amersham 
Biosciences, France) and/or SuperSignal west femto 
Maximum Sensitivity (Thermo Scientific, France) 
chemilumenscence reagents. The detection of proteins 
was performed using the FusionX7 Imager (Fisher 
Scientific, France). 

Transfer of peptides into cells via 
electroporation. 

For electroporation, NLS sequence was added to 
peptides. Cells were harvested during the exponential 
growth phase by trypsinization and were 
resuspended in their original media. They were 
washed in PBS, pH 7.2 (0.14 M NaCl, 2 mM KCl, 8 
mM Na2HPO4 and 1.5 mM NaH2PO4) and 
resuspended at a concentration of 0.6x106 cells/ml in 
original culture medium. Next, 0.8 ml of the cell 
suspension was mixed with the peptides (50µg/ml), 
allowed to stand at room temperature for 10 min and 
added to a disposable 0.4 cm Bio-Rad electroporation 
cuvette (Bio-Rad, France). An equivalent volume of 
DMSO was added to a cell suspension without 
peptide for use as a control (also named untreated). 
Electroporation efficiency for each cell line was 
initially determined by flow cytometry by uptake of 
the fluorescent dye, lucifer yellow (Sigma, France). 
Electroporation was carried out in a Gene-Pulser 
(Bio-Rad, France) with cells exposed to one pulse. The 
following parameters were used: cuvette gap 0.4 cm, 
voltage 0.3 kV, time constant 35 ms, and capacitor 960 
µF. Following electroporation, cells were allowed to 
recover by standing at room temperature for 10 min, 
then removed from the electroporation chamber, 
washed twice in PBS and resuspended in 2 ml of 
original culture medium. 

Measure of global DNA methylation. 
DNA was extracted by using the QiaAmp DNA 

mini Kit (Qiagen, France).  Next, global DNA 
methylation was estimated by quantifying the 
presence of 5-methylcytosine using Methylamp 
Global DNA methylation Quantification kit 
(Euromedex-Epigentek, France) according to the 
manufacturers’s instructions. 

Measure of Cell Death. 
Percentages of cell death were evaluated by 

using a Trypan Blue Stain 0.4%, and the Countess® 
Automated Cell Counter (Life Technologies, France). 
Cell death was induced using temozolomide (25µM) 
and irradtiation (2 Gy) such as previously described 
[7]. 

Proliferation assay and doubling time. 
Doubling time (i.e. the period of time required 

for a quantity to double in size) was calculated by 
using the Doubling Time Online Calculator website 
(Roth V. 2006, http://www.doubling-time.com/ 
compute.php) and counting the proliferation of 103 
cells over 120 hours. Cell number was determined, 
every 24h over 120h, using the Countess Automated 
Cell Counter (Life Technologies, France).  
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Migration assay – Scratch test. 
Cell migration assay was performed using a 

scratch technique. Cells were plated in 6-well plates at 
80-90%, and were treated with 10 μg/ml mitomycin C 
(Sigma, Farnce) for 2 hours (in order to remove the 
influence of cell proliferation). Cells were then 
scratched. Cell migration was monitored by 
microscopy. The images acquired for each sample 
were analyzed quantitatively. For each image, 
distances between one side of scratch and the other 
were measured. By comparing the images from time 0 
to the last time point (24 hours), we obtain the 
distance of each scratch closure on the basis of the 
distances that are measured. 

Invasion Assay. 
All of the procedures were followed according to 

the manufacturer’s instructions (QCM 24-Well 
Collagen-Based Cell Invasion Assay, Millipore, 
France). In brief, 200 μl serum-free medium 
containing 2×105 cells were seeded into the invasion 
chamber and placed into the 24 well plate containing 
500 μl complete medium. After 72 h incubation at 
37°C, media was removed from the chamber, and cells 
were stained by putting the chamber in staining 
solution for 20 min at room temperature. 
Non-invaded cells were carefully removed from the 
top-side of the chamber. Stained chamber was 
inserted into a clean well containing 200 μl of 
extraction buffer for 15 min at room temperature. 100 
μl extracted stained solution from the chamber was 
transferred into the 96 well plate and optical density 
was measured at 560 nm with a spectrophotometer. 

Tumorigenicity assay. 
Cultured cells were harvested by trypsinization, 

washed and resuspended in saline buffer. Cell 
suspensions were injected s.c. as 2.106 cells in 0.05 ml 
of PBS with equal volume of matrigel matrix (Becton 
Dickinson, France) in the flank of 7/8-week-old Nude 
NMRI-nu female mice (Janvier, France). After tumor 
establishment, mice were treated with temozolomide 
and/or peptides via intra-tumor injection (it). To 
obtain tumor weigh, each tumor was surgically 
removed and is weighed. All experimental 
procedures using animals were realized in accordance 
with the guidelines of Institutional Animal Care and 
the French National Committee of Ethics.  

Statistical analysis. 
All experiments were done at least in triplicates. 

Significance of the differences in means was 
calculated using Student-t test. Survival curves were 
plotted according to Kaplan-Meier method and 
compared by the Cox proportional hazards survival 

regression analysis (such as indicated on the 
corresponding figures). Significance of correlation 
between two parameters was calculated using 
Pearson’s test. 

Results 

A high level of DNMT3A/ISGF3γ interaction 
correlates with a poor level of sensitivity to 
temozolomide/irradiation-induced cell death. 

To determine whether the presence of interaction 
between DNMT3A and a DNMT3A-binding protein 
(D3ABP) could permit to identify a subpopulation of 
GBM patients whose the glioma cells harbor a 
phenotype of resistance to the temozolomide/ 
irradiation treatment, we have established 31 primary 
cultured tumor cells (PCTCs) from patient-derived 
biopsies. Then, these PCTC were used to evaluate the 
putative correlation between the number of certain 
DNMT3A/D3A-BP interactions and the 
temozolomide/irradiation-induced (TMZ/IR- 
induced) cell death percentage (Figure 1A). In our 
study, we focused on the DNMT3A/HDAC1, 
DNMT3A/AP2α, DNMT3A/GATA1 and 
DNMT3A/ISGF3γ interaction since we and other 
have already demonstrated their existence [22, 23]. 
Proximity Ligation In Situ Assay (P-LISA) was used to 
monitor the interaction of interest. The 
TMZ/IR-induced cell death percentage was estimated 
by using trypan blue method (Figure 1B). The number 
of DNMT3A/D3A-BP interactions of interest and the 
TMZ/IR-induced cell death percentage were plotted 
against each other (Figure 1C). Statistical analysis 
using Pearson’s correlation test showed a significant 
and inverse correlation only between the number of 
DNMT3A/ISGF3γ interactions and the 
TMZ/IR-induced cell death percentage (p=0.002) 
(Figure 1C). These results suggested that 
DNMT3A/ISGF3γ could play a crucial role in the 
poor response prognosis of glioma cells to the 
TMZ/IR treatment.  

A high level of DNMT3A/ISGF3γ interaction is 
a poor prognosis factor. 

The 31 patients were divided into two groups 
based on the DNMT3A/ISGF3γ interaction levels 
found on their tumor biopsies. Tumors from 15 
patients expressed high levels of DNMT3A/ISGF3γ 
interaction (higher than the median of 
DNMT3A/ISGF3γ interaction, 12.5), while 16 patients 
had a DNMT3A/ISGF3γ interaction equal to or lower 
than 12.5. Overall survival curves were estimated by 
the Kaplan-Meier method and compared with the Cox 
Proportional Hazards Survival Regression Analysis 
(Figure 2A). A significant difference was observed in 
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overall survival (p=0.0092) between patients whose 
tumors had high levels of DNMT3A/ISGF3γ 
interaction and those whose tumors did not. These 

data indicate that a high level of DNMT3A/ISGF3γ 
interaction is a poor prognosis factor.  

 

 
Figure 1. A high level of DNMT3A/ISGF3γ interaction correlates with a poor level of sensitivity to temozolomide/irradiation-induced cell death. A. Graph 
illustrates the correlation existing between the overall survival (OS) of 31 GBM patients and the percentage of temozolomide/irradiation-induced cell death (TMZ/Irrad-induced 
cell death) of primary cultured tumor cells (PCTC) issue to the corresponding GBM. A circle represents a couple patient/PCTC issues from the considered patient. p and r values 
were obtained by performing a Pearson’s test. B. Schematic representation of the temozolomide/irradiation-induced cell death. C. Graph illustrates the existing correlation 
between the percentage of temozolomide/irradiation-induced cell death and the number of DNMT3A/D3A-BP interaction of interest. The number of DNMT3A/D3A-BP 
interaction was estimated by P-LISA. A circle represents a PCTC. p and r values were obtained by performing a Pearson’s test. 

 
Figure 2. A high level of DNMT3A/ISGF3g interaction is a poor prognosis factor. Kaplan-Meier curves illustrate the difference of overall survival (OS) between 
patient with high (H) and low (L) levels of DNMT3A/ISGF3γ interaction. p value is obtained by performing a Cox Proportional Hazards Survival Regression test. 
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Specific disruption of DNMT3A/ISGF3γ 
interaction. 

The double fact that high level of 
DNMT3a/ISGF3γ interaction was associated with a 
poor  response prognosis to the temozolomide/ 
irradiation treatment and was associated with of poor 
prognosis of overall survival, suggest that 
DNMT3A/ISGF3γ interaction could be used as a 
therapeutic target. 

To develop a therapeutic strategy aiming to 
inhibit the DNMT3A/ISGF3γ interaction, we 
performed a set of experiments aiming to characterize 
the DNMT3A/ISGF3γ interaction. In this set of 
experiments, epitope mapping analysis was 
performed to identify the amino acids region of 
DNMT3A interaction with ISGF3γ. Thus, the primary 
sequence of DNMT3A was decomposed into 12-mer 
peptides overlapping by 10 residues covalently bound 
to a nitrocellulose membrane. Two negative controls 
were performed to observe that neither the incubation 
of GST protein (2µg) nor the use of antibodies against 
ISGF3γ induced the detection of positive peptides 
(Figure S1). Then, 2µg of GST-ISGF3γ protein were 
incubated with the membrane. The positive peptides 
for an interaction with GST-ISGF3γ were then 
detected by using Thyphoon and antibodies directed 
against ISGF3γ (Figure S1). After fluorescence 
quantification, the sequences of amino acids of 
DNMT3A interacting with GST-ISGF3γ were 
determined (Figure 3A). Thus, we observed that the 
sequences 85-99, 103-129, 178-207, 235-246, 256-273, 
331-360, 409-433 and 547-574 were implicated in the 
DNMT3A/ISGF3γ interaction. 

To validate the implication of these amino acid 
domains on the DNMT3A/ISGF3γ interaction, we 
derived peptides from these domains in order to test 
the ability of these peptides to inhibit the 
DNMT3A/ISGF3γ interaction in a pull-down assay 
(Figure 3A). We thus noted that only P1 inhibited the 
DNMT3A/ISGF3γ interaction (Figure 3B). The 
efficiency of P1 to inhibit the DNMT3A/ISGF3γ 
interaction was also reinforced by the fact that 1) a 
mutated P1 peptide (P1mut) does not inhibit the 
DNMT3A/ISGF3γ interaction (Figure 3B) and 2) 
DNMT3A/ISGF3γ interaction decreased in presence 
of increasing concentration of P1 peptide (Figure 3C). 

Proximity Ligation In Situ Assays (P-LISA) were 
next used to monitor the DNMT3A/ISGF3γ 
interactions in cells. For these experiments, we used a 
PCTC (named PCTC#1). Electroporation was used to 
transfect P1 in cells. P-LISA were performed 12 hr 
after electroporation. Thus, we noted that red dots 
representing the DNMT3A/ISGF3γ interactions 

decreased when cells were treated with the P1 and not 
in presence of P1mut (Figure 3D).  

All these results indicated that P1 peptide 
induced the disruption of DNMT3A/ISGF3γ 
interactions. 

Specific effect of P1 peptide. 
P1 was designed to inhibit the DNMT3A/ISGF3γ 

interactions. However, P1 could also affect other 
interaction existing between DNMT3 and a D3A-BP. 
To investigate this point, we analyzed the effect of P1 
on the DNMT3A/D3A-BP interactions of interest. As 
illustrated by the figure 4A, we noted that P1 has no 
effect on the integrity of the DNMT3A/GATA1, 
DNMT3A/AP2α and DNMT3A/HDAC1 interactions 
in PCTC#1. 

The analysis of all interactions being impossible, 
we postulated that if P1 inhibited a large number of 
DNMT3A/D3A-BP interactions, an hypomethylation 
phenotype would be observable. To observe the 
putative P1-induced DNA hypomethylation, PCTC#1 
were treated during 30days with P1 (Figure 4B). 
Other DNMT inhibitors (5-aza-2-deoxycytidine 
(5-aza), theaflavin 3,3 digallate (a DNMT3A inhibitor 
[14], hereafter called TFD), or peptides (UP peptide, a 
peptide inhibiting the DNMT1/PCNA/UHRF1 
interactions, [3])) were also used as control conditions. 
ELISA monitoring the global level of 
5-methylcytosine revealed that P1 had not effect on 
the global level of 5-methylcytosine, while the 5-aza, 
TFD and UP treatments decreased the global level of 
DNA methylation (Figure 4B). 

Based on these data, we conclude that P1 seems 
to be specific for disrupting the DNMT3A/ISGF3γ 
interaction and without promoting global DNA 
hypomethylation. 

Impact of P1 peptide on cancer 
hallmarks/phenotypes. 

We then determined the impact of the 
P1-induced disruption of the DNMT3A/ISGF3γ 
interactions on several cancer hallmarks/phenotypes 
including proliferation level, invasion, migration and 
evasion of apoptosis (or more particularly the 
sensitivity of apoptosis induced by a therapeutic 
treatment). For this purpose, cells were treated by P1 
and TDF such as previously described in figure 4B.  

To evaluate the impact of the P1-induced 
disruption of the DNMT3A/ISGF3γ interactions on 
the sensitivity of apoptosis induced by a therapeutic 
treatment, we measured the percentage of 
temozolomide+irradiation-induced cell death since 
temozolomide (TMZ) and irradiation are conjugated 
in anti-GBM treatment [7, 24]. Figure 5A shows that 
the percentage of cell death of P1 and TDF treated 
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cells increased, and the percentage of cell death of 
P1treated cells was higher than the one obtained 
withTDF. 

To estimate the impact of the P1-induced 
disruption of DNMT3A/ISGF3γ interactions on 
proliferation, we calculated the doubling time. We 
found that both P1 and TFD treatments have no effect 

on the doubling time of cells (Figure 5A). 
Impact of the P1-induced disruption of the 

DNMT3A/ISGF3γ interactions on migration 
capability was next estimated by performing a scratch 
test assay. Figure 5A indicates that P1 treatment 
decreased cell migration while TFD treatments had no 
effect on cell migration. 

 

 
Figure 3. Specific disruption of DNMT3a/ISGF3γ interaction. A. Graph illustrates the binding intensities of GST-ISGF3γ for DNMT3A-derived peptides after 
quantification using ImageJ software as described in material and methods section and in figure S1. The binding regions were shown on the schematic representation of the 
DNMT3A protein. The sequence of DNMT3A-derived peptides used to challenge the DNMT3A /ISGF3γ interactions was here shown. B and C. Impact of peptides miming the 
DNMT3A/ISGF3γ binding regions on the DNMT3A/ISGF3γ interaction. Pictures and graphs are representatives of three independent pull-down experiments. I: input. Sequences 
of DNMT3A-derived peptides are shown in figure 3A. p values were obtained by performing a t test. D. Impact of peptides miming the DNMT3A/ISGF3γ binding regions on the 
DNMT3A/ISGF3γ interaction. Pictures and graphs are representatives of three independent P-LISA experiments. Red dots represent the DNMT3A/ISGF3γ interactions or close 
proximity. Graph illustrates three independent experiments. p values were obtained by performing a t test. 
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Figure 4. Specific effect of P1. A. Graph illustrates the fact that P1 did not affect the DNMT3A/AP2α, DNMT3A/GATA1 and DNΜΤ3Α/HDAC1 interactions. p values were 
obtained by performing a t test. B. Representation of the dose-schedule of treatments (left). Graph (right) illustrates the fact that P1 did not affect the global DNA methylation 
level. Global DNA methylation level was monitored by ELISA using Methylamp Global DNA methylation Quantification kit (Euromedex-Epigentek, France). p values were 
obtained by performing a t test. 

 
Impact of the P1 and TFD treatments on cell 

invasion was next estimated by performing a 
collagen-based cell invasion assay. Figure 5A 
indicates that P1 unmodified the cell invasion 
characteristic, while TDF treatment promoted the cell 
invasion. 

To summarize these data, we created and 
calculated the Score of Modulation of Cancer 
Hallmarks (SMoCH) by attributing -1 when the 
peptide/treatment enhanced a cancer hallmark, 0 
when peptide/treatment did not modify a cancer 
hallmark and +1 when the peptide/treatment 
inhibited a cancer hallmark. Thus, a positive SMoCH 
suggests that the considered peptide/treatment 
inhibits more cancer hallmarks than it promotes them, 
so the benefit/risk balance is favorable for using the 
considered peptide/treatment in anticancer therapy. 
Figure 5B indicating that P1 treatment is in this 
situation, we concluded that P1 treatment could be 
efficient in anti-cancer therapy. 

Effect of a treatment associating P1 peptide 
with TMZ in a swiss nude mice model of 
established tumors. 

Standard anti-GBM treatment using 
temozolomide as chemotherapeutic agent, we next 
investigated the effect of a treatment associating P1 
peptide with TMZ in a swiss nude mice model of 
established tumors [24]. For this purpose, 16 swiss 

Nude mice were injected subcutaneouly by 2.106 
glioma cells (having high level of 
DNMT3A/ISGF3γ interactions (Figure 6A). Next, 
when the tumor volume was equal to 100mm3, 4 mice 
were randomly untreated, treated with TMZ, 
TMZ+P1, TMZ+P1mut or P1 (called T1 and T5 
respectively). After 3 weeks of treatment, we noted 
that TMZ treatment was inefficient to limit tumor 
growth since no statistical difference was observed 
between untreated mice and mice treated with TMZ 
only, and between untrated mice and mice treated 
with P1 (Figure 6B). More interestingly, we noted that 
the TMZ+P1 treatment reduced tumors volumes, 
while the TMZ+P1mut treatment is inefficient to reduce 
tumor growth. Thus, our data indicated that the use of 
P1 with TMZ promoted the TMZ-induced reduction 
of tumor growth. 

The use of P1 peptide does not promote global 
DNA hypomethylation and MGMT 
demethylation. 

In glioma, MGMT methylation is associated with 
a good responsive of anti-glioma treatment including 
TMZ and irradiation [25, 26]. Thus, we have analyzed 
whether the use of P1 could modulate the methylation 
level of MGMT.  qMSP experiment indicated that the 
methylation level of MGMT remains unchanged when 
cells were treated with P1 (Figure 7A and 7B.) 
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Figure 5. Impact of P1 on cancer hallmarks/phenotypes. A. Schematic representation of the temozolomide/irradiation-induced cell death. Percentages of cell death were 
evaluated by using a Trypan Blue Stain 0.4%, and the Countess® Automated Cell Counter (Life Technology, France). p values were obtained by performing a t test. B. Doubling 
time (i.e. the period of time required for a quantity to double in size) was calculated by using the http://www.doubling-time.com/compute.php website and counting the 
proliferation of 103 cells during 120 hours. Migration index was calculated by performing a scratch test. Invasion index was estimated by using cell invasion assay according to the 
manufacturer’s instructions (Millipore, France). Graphs illustrate the average±SD of 3 independent experiments. p values were obtained by performing a t test. C. Score of 
Modulation of Cancer Hallmarks (SMoCH) was calculated by attributing -1 when the peptide/treatment enhanced a cancer hallmark, 0 when peptide/treatment did not modify 
a cancer hallmark and +1 when the peptide/treatment inhibited a cancer hallmark. By taking into consideration 4 cancer hallmarks/phenotypes, a worst anticancer treatment 
theoretically obtains SMoCH=-4, while an ideal anticancer treatment theoretically obtains SMoCH=+4.  

 

Discussion 
Recent reports focused on the DNMT inhibitors 

(DNMTi) identification have provided meaningful 
progress in the strategy used to design, synthesize 
and use DNMTi [27-30]. Indeed, the inhibition of 
DNA methyltransferases (DNMT) represent an 
interesting therapeutic challenge since aberrant 
hypermethylation of tumor suppressor genes can be 
reverted by inhibition of DNMTs. However, the 
inadequate use of DNMTi can also induce the 
demethylation of oncogenes, of genes involved in 
therapeutic resistance, or promote the phenotype of 
global DNA hypomethylation that several 
publications defined as being an oncogenic event. 

Despite the undoubtable effect of certain global 
DNMTi in certain cancer, the unspecific action and the 
dual targeting of DNMTi (tumor suppressor genes 
and oncogenes) asked the question of the strategy to 
design it. Recently, we and others have begun to 
unveil that the use of DNMTi could promote 
tumorigenicity from non tumor cells and/or increase 
the tumorigenicity of tumor cells [6-8]. Thus, an ideal 
DNMTi must be targeted against a DNMT-including 
complex 1) involved in the hypermethylation of 
tumor suppressor genes without being involved the 
hypermethylation of oncogenes and DNA repeat 
elements (i.e. in two methylation signatures whose the 
loss promotes the tumorigenesis), or 2) whose the 
presence is associated with a pejorative prognosis of 
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survival or response to an anti-cancer therapy.  The 
identification, in this study, of the DNMT3A/ISGF3γ 
complex answers to this last point and introduce the 
development of DNMTi in a theranostic approach. 
Concerning our study, the development of DNMTi in 
a theranostic approach provides P1 as a therapeutic 
tool and the DNMT3A/ISGF3γ interaction level as a 
biomarker for diagnosis and/or patient stratification. 

Among the four DNMT3A/D3A-BP interactions 
monitored in our study, only the DNMT3A/ISGF3γ 
was identified as being a biomarker associated with a 
poor response prognosis to TMZ-IR treatment. 
Consequently, this result could suggest that levels of 

DNMT3A/HDAC1, DNMT3A/AP2α, and 
DNMT3A/GATA1 interactions are not associated 
with the poor response of TMZ-IR-induced cell death. 
Our results also suggest that 
DNMT3A/ISGF3γ-including complex are involved in 
the epigenetic regulation of genes encoding for 
protein directly or indirectly implicated in the 
phenotype of resistance to the TMZ-IR-induced cell 
death. Preliminary data indicated that 
DNMT3A/ISGF3γ-including complexes are involved, 
in certain cells, in the hypermethylation-induced 
silencing of bax (data not shown) [31].  

 

 
Figure 6. Effect of a treatment associating the P1 peptide with TMZ in a swiss nude mice model of established tumors. A. Design of the experiment. Tumor 
establishment indicates that 2.106 PCTC-GBM were injected to form a tumor of which the volume was equal to 100mm3±33.3. Then, mice were treated with indicated treatment. 
D: day, w: week, it: intra-tumoral, ip: Intraperitoneal. B. Graph illustrates the impact of the 4 considered treatments on tumor weight of established tumors. Open circles 
represent mice. Black circles represent the average±standard deviation obtained for each treatment. p values were obtained by performing a t test. 
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Figure 7. Impact of P1 treatment on MGMT methylation. Cells were treated with P1 as described in figure 4. qMSP were next performed to analyze the MGMT 
methylation status as described previously. p values were obtained by performing a t test. 

 
In glioma, the global DNA hypomethylation 

level is associated with tumor grade (i.e. the 
aggressiveness) and poor survival, and MGMT 
methylation is associated with a good responsive of 
anti-glioma treatment including TMZ and irradiation 
[3, 25, 26, 32, 33]. Consequently, DNMTi promoting 
global DNA hypomethylation and/or MGMT 
demethylation appear unsuited to treat glioma. Our 
data indicated that P1 did not affect the global DNA 
and MGMT methylation status. Thus, conjugated with 
the fact that P1 did not promote or enhance cancer 
hallmark, it appears that P1 is an interesting 
compound to treat glioma.  More interestingly, our 
data underline the fact that GBM patients whose 
PCTC have high level of DNMT3A/ISGF3γ 
interaction level are GBM patients having an 
unmethylated MGMT gene i.e. GBM patients having a 
poor predisposition to favorably reply to the 
TMZ/irradiation treatment (since it is GBM patients 
characterized by a methylated MGMT gene that are 
predisposed to reply to the TMZ/irradiation 
treatment). Thus, the use of P1 in therapy treating 
patients characterized by an unmethylated MGMT 
gene appears as a promising alternative to increase 
the sensitivity of this sub-group of patients to the 
TMZ/irradiation treatment. 

Among the distinct strategies aiming to develop 

anti-GBM treatment, we have focused our work on 
the development of peptides able to disrupt/inhibit 
specific interaction existing between DNMT3A and a 
D3A-BP, and whose the high presence in glioma is 
associated with a poor survival and response 
prognosis to anti-glioma therapy. By establishing this 
strategy of DNMTi development, we are aware that 
this requires the identification of specific 
DNMT/D-BP interactions whose the presence in 
tumor (here, in GBM) was associated with an 
unfavorable prognosis for survival i.e. intensive work 
of translational research. However, this approach has 
the advantage to register in the context of 
personalized medicine in which the detection of the 
DNMT/D-BP interactions identifies a patient for a 
specific therapeutic prescription (P1 and TMZ, as 
example). Thus, better than the development of 
DNMT inhibitors using crystallographic structure of 
DNMT, molecular modeling and virtual screening of 
DNMT inhibitors, the synthesis of DNMTi derivates 
already existing, the monitoring of natural products, 
or the use/design of siRNA targeting DNMTs, our 
approach take into consideration rational biomarker 
issue to a pathology of interest [15-19, 28, 34, 35]. For 
all these reasons, the development of DNMTi based 
on the inhibition/disruption of interaction existing 
between a DNMT and a DNMT-binding protein 
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appears as a promising approach to design successful 
therapeutic protocols based on rational molecular 
targeting and on personalized medicine. 

Supplementary Material  
Supplementary tables and figures.  
http://www.thno.org/v06p1988s1.pdf   
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