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Abstract: Important tumor biomarkers, therapeutic targets, and mechanisms of tumorigenesis were discovered 
in animal models. Mouse models of malignant gliomas were represented by transplantable, chemically-
induced, and genetically-engineered cells. The aim of the study was to investigate the morphological, 
molecular, and immunological characteristics of two original glioblastoma (GB) strains, M2 and M6. These are 
new, chemically-induced, transplantable tissue models of malignant diffuse mouse glioma. Tissues from M2 
GB and M6 GB were transplanted into immunocompetent C57BL/6 mice. The clinical manifestations of M2 GB 
and M6 GB growth in mice include motility disorders, cachexia, and priapism. Morphologically, M2 GB and 
M6 GB are characterized by diffuse proliferation, cellular and nuclear polymorphism, high mitotic activity, and 
pathological forms of mitosis due to the aggressive nature of these tumors. Flow cytometry showed that CD3+ 
T lymphocytes (~32%) and F4/80+ macrophages (~28-50%) highly infiltrated both tumors. M2 GB had higher 
levels of F4/80+ macrophages than M6 GB. Cdkn2a, S100b, Mki67, Pten, Vegfa, Hif1a, Sox2, Abcb1, and Gfap genes 
were overexpressed in both tumors. Cd133, Tp53, and Pdgfra expression was increased in M2 GB. High 
expression of Pi3k and Gdnf was observed in M6 GB. Expression of Cd44, Pi3k, Hif1a, Gdnf and Egfr was higher 
in the M6 GB tissues compared to M2 GB, while Cdkn2a, Tp53, Cd133 and Pdgfra were higher in the M2 GB 
tissue compared to M6 GB. The transplantable M2 GB and M6 GB tissue models have intratumor immune 
responses, clinical and morphological features similar to human GB, as well as gene expression patterns that 
are important for further studies on tumorigenesis. These models can be used to develop diagnostic and 
therapeutic procedures and study carcinogenesis. 

Keywords: glioblastoma mouse model; morphology; gene expression; intratumor immune response 
 

1. Introduction 

Glioblastoma (GB) is the most aggressive tumor in the central nervous system. Currently, there 
is no effective treatment, and tumors often recur [1]. Understanding the mechanisms of tumor 
initiation, progression, and evolution is critical for developing therapeutic approaches. Preclinical 
models such as GB are essential for this research. The mouse model is one of the most utilized in 
biomedical preclinical research [2]. Allogeneic, xenograft, and genetically engineered mouse tumor 
models are common, each with its own advantages and limitations. Genetically engineered models 
are expensive and time-consuming to create, and gene expression may be suppressed in later 
generations of animals [3]. Xenografts do not reflect early stochastic carcinogenesis, and the 
molecular biological characteristics of the host organism and tumor differ. Xenografts model does 
not allow for the assessment of the immune system's impact on carcinogenesis, therapy including 
immunotherapy [4]. Allogeneic models do not replicate human tumors with all the characteristic 
molecular abnormalities [5]. The ideal GB model would share the same biological characteristics as 
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human tumors, including clinical data, morphology, systemic and tumor tissue immune response, 
and molecular profile. The response of the GB model to treatments should be the same as in humans, 
and the tumor should be chemoresistant and radioresistant. Although no models accurately replicate 
human GB, each has unique characteristics that must be considered when designing experiments [6]. 
Some models are difficult and expensive to obtain and cannot be used in a large series of experiments. 
The failure to successfully transfer the results of effective preclinical treatments to the clinic 
underscores the importance of the correct choice of experimental models and the interpretation of 
the obtained data [2,7–9]. In our study, we characterized transplantable tissue models of M2 GB and 
M6 GB. According to our study, transplantable tumor tissue models have advantages over widely 
used cellular models: they have a heterogeneous cellular composition and gene expression more 
similar to human tumors [10,11].  

2. Materials and Methods 

This study was performed using 54 male C57BL/6 mice (20-22 g) obtained from 'Stolbovaya' 
(Russia). Animals were housed in cages with a 12-hour (h) light/dark cycle, access to food and water 
ad libitum throughout the study. All surgical procedures were in an aseptic environment. Animals 
exhibiting the first clinical signs of tumor growth (decreased activity, paralysis, weight loss, weakness 
and lethargy) were euthanized [12]. All experimental procedures involving animals were conducted 
in accordance with the Declaration of Helsinki guidelines and were approved by the Bioethics 
Commission (Protocol No. 29(5) dated November 8, 2021) of the Avtsyn Research Institute of Human 
Morphology of FSBSI 'Petrovsky National Research Centre of Surgery', Russia.  

Tissues samples M2 GB and M6 GB are cataloged and managed by the 'Collection of 
Experimental Tumors of the Nervous System' (https://ckp-rf.ru/catalog/usu/498710/ public access 
07.05.2024). Tumors were induced in the mouse brain (Mus. musculus) by multiple intracerebral 
transplantation of primary tumor tissue. Primary tumor tissues, designated M2 GB and M6 GB, were 
obtained by implanting the solid carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) at a dose of 1 
mg into the right hemisphere of the brain of different mice. After 8–10 consecutive transplantations 
of M2 GB and M6 GB, tissue morphology was methodically analyzed and the average latent period 
preceding the manifestation of clinical symptoms was documented. Once consistent morphological 
features and latencies were observed without noticeable variation between groups, the models were 
considered stable for further study. 

Prior to the main study, tumor tissues were revitalized. Ampoules containing strains M2 and 
M6 GB, retrieved from cryostorage, were submerged in a container with warm water at 39°C for rapid 
thawing. The samples were then centrifuged for 5-7 minutes at 1,000-2,000 rpm (equivalent to 250 g). 
After centrifugation, the supernatant was discarded, and the pellet was resuspended. Using a syringe 
equipped with a wide-bore needle, 7-10 μl of the cell suspension, 7-10 μl of the cell suspension, 
containing approximately 4 x 10^5 cells, was injected intracranially into each animal (n=14). Tissue 
samples from mature tumors were transplanted into experimental animals as described below. 

M2 GB (n=6) and M6 GB (n=6) tissue (mechanically crushed tissue ~7-10 μl, ~4×10∧5 cells) were 
implanted into the mouse brain under intraperitoneal anesthesia with Zoletil 100 (Virbac, France) 
0.25 mg/animal and Xylanit (Nita-Pharm LLC, Russia) 0.5 mg/animal. The viability of cells within 
tumor tissue samples (n=12), ~7 -10 μl, was quantified post-mechanical dissociation via pipetting. A 
trypan blue exclusion assay (Servicebio, China) was employed to assess cell viability, utilizing a 
Goryaev chamber (MiniMed, Russia) and conducted under a light microscope by Carl Zeiss, 
Germany. 

Tumor transplantation was performed as previously described, except that the tumor was 
transplanted into the brain 2 mm to the right of the sagittal suture (Sutura sagittalis) and 2 mm caudal 
to the coronal suture (Sutura coronalis), to a depth of 2 mm in the striatum region [13]. Implantation 
coordinates into the right striatum were AP: +1 mm; ML: +2.0 mm lateral to bregma; and DV: -2.0 mm 
relative to the skull surface (RWD, China). The injection rate was 7~10 μl /10 seconds for both 
experimental models. Samples of each GB strain were collected from at least 6 male mice.  
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Morphological studies on the brains of animals afflicted with glioblastoma (GB) were conducted 
during the terminal stages of tumor growth, specifically for M2 GB at 17-19 days and M6 GB at 24-26 
days post-implantation. These time frames correspond to the onset of the first clinical symptoms in 
rats. For euthanasia, animals were given an overdosed (10 mg/kg) of Zoletil 100 (Virbac, France). 
Intact brain (n=6) and brain with GB (n=12) were fixed in 10% buffered formalin (BioVitrum, Russia), 
and tissue sections of 7 μm were prepared on a Microm HM 340 microtome (Thermo Scientific, 
Germany) and stained with hematoxylin and eosin (BioVitrum, Russia). The completed histological 
sections were meticulously analyzed under a light microscope to identify cellular structures and 
assess pathological changes (Carl Zeiss, Germany).  

Gene expression was analyzed via real-time polymerase chain reaction (PCR). Total RNA was 
isolated from 6 samples of M2 GB, 6 samples of M6 GB and from 6 intact brain, each weighing 30 mg, 
which were preserved in RNA-later solution. The isolation was performed using the RNeasy Plus 
Mini Kit (Qiagen, USA). The mRNA content and its quality were assessed using a NanoPhotometer 
N50 spectrophotometer (Implen, Germany). The mRNA content was more than 300 ng/μl. Synthesis 
of cDNA from a total RNA template was carried out using a ready-made reagent kit MMLV RT kit 
(Evrogen, Russia). PCR was carried out with the resulting cDNAs using the qPCRmix-HS SYBR 
reagent kit containing the fluorescent intercalating dye SYBR Green I (Evrogen, Russia). The design 
of primers for PCR was carried out using the Primer-BLAST online resource, following generally 
accepted requirements. Selected primers (Table 1) were synthesized by Evrogen. To analyze gene 
expression, we used the threshold cycle (Ct) method and calculation of relative gene expression by 
method [14] taking into account recommendations [15]. The Gapdh gene was used as a control. 
Comparisons of mRNA expression were made between the M2 GB and M6 GB tumor samples and 
intact brain tissues. The mRNA expression levels in the tumor samples were quantified and 
contrasted with those in the normal brain tissue to assess the relative upregulation or downregulation 
of specific genes. 

Table 1. Sequence of primers used to determine the expression level of the corresponding gene. 

Gene  Forward primer Reverse primer 
Cd44 AGAAGGGACAACTGCTTCGG  TTGGAGCTGCAGTAGGCTG 
Cdkn2a  TGGTCACTGTGAGGATTCAGC  TGCCCATCATCATCACCTGG 
Pi3k  CCGCTCAGGGAGAGGAGTA  CCACTCTCAGCTTCACCTCC 
S100b  GATGTCCGAGCTGGAGAAGG  CCTGCTCCTTGATTTCCTCCA  
Tp53  TTCTCCGAAGACTGGATGACTG  CTGCTCCTTGATTTCCTCCA  
Mki67  CCTGCCTGTTTGGAAGGAGT  AAGGAGCGGTCAATGATGGTT 
Pten GGACCAGAGACAAAAAGGGAGT  CCTTTAGCTGGCAGACCACA  
Vegfa TCCACCATGCCAAGTGGTC  AGATGTCCACCAGGGTCTCA 
Hif1a  GATGTCCGAGCTGGAGAAGG  CTGTCTAGACCACCGGCATC 
Cd133  GGAGCAGTACACCAACACCA  GTCTGTTTGATGGCTGTCGC 
Sox2  AGGAAAGGGTTCTTGCTGGG GGTCTTGCCAGTACTTGCTCT 
Pdgfra  GTGCTAGCGCGGAACCT  CATAGCTCCTGAGACCCGC 
Gdnf  GACCGGATCCGAGGTGC  GAGGGAGTGGTCTTCAGCG 
Mgmt  GACCGGATCCGAGGTGC  GAGGGAGTGGTCTTCAGCG  
Abcb1  CTCTTGAAGCCGTAAGAGGCT  AACTCCATCACCACCTCACG 
Gfap GGCTGCGTATAGACAGGAGG CCAGGCTGGTTTCTCGGAT 

The relative numbers of lymphocytes and macrophages in the tumor tissue homogenate were 
assessed using the flow cytometer Cytomics FC 500 device (Beckman Coulter, USA). For each type of 
tumor strain, the number of samples was at least 5. The number of cells in the sample was 1x10∧6. 
Tumor samples were lysed using OptiLyse C (eBioscience, USA) and incubated with CD3-FITC 
(eBioscience, USA) and anti-mouse F4/80-PE (Miltenyi Biotec, Germany) antibody for at least 30 
minutes at room temperature. For the control of autofluorescence, assessment was conducted using 
a sample devoid of antibodies.  
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Statistical data processing was performed using STATISTICA 10.0 (StatSoft, Inc. USA). 
Experimental data were characterized by median (Me) and interquartile range (25%;75%). Statistical 
differences were analyzed with Dunn's Kruskal-Wallis multiple comparisons test. 

3. Results and Discussion  

After injecting 7-10 μl of crushed tissue (~ 4 x 10∧5 cells) into the brain, the tumor formation rate 
was 95-100 %. The mean asymptomatic period for animals with intracranial M2 GB was 17-35 days 
(mean 20 days) and for M6 GB – 23-34 days (mean 27 days). Animal lifespans were 1-2 days longer 
than the latency period. 

The clinical manifestations of M2 GB and M6 GB growth at the final stage included decreased 
activity, paralysis, weight loss, and priapism, indicating a terminal state and imminent death. These 
symptoms are associated with metabolic changes – cachexia, coagulopathy, ischemic brain damage – 
priapism, and motor deficits, which can also be in patients with brain tumors [16–19]. Similar 
symptoms are observed in models of brain tumor [20–22].  

In histological sections stained with hematoxylin and eosin, M2 GB (n=6) was large and extended 
into the cortex and subcortex of the brain. M2 GB were characterized by high cellularity and mitotic 
activity (Figure 1D). Cells were polymorphic, atypical, and had large nuclei, with a significant 
number of multinuclear giant cells (Figure 1C, D). About 2% of mitosis, including pathological ones, 
and about 2% of dying cells with fragmented nuclei in the form of apoptotic bodies were found in 
the tumor. This corresponded to two or more mitoses per 100 tumor cells. Many neuropathologists 
use a cutoff of two or more mitoses in the entire specimen or one mitosis in a small biopsy [23], which 
is consistent with our data of M2 GB tissue with high mitotic activity and a high tumor grade. At the 
border of the tumor and the brain, an accumulation of astroglia and peritumoral edema were 
observed. Necrosis and hemorrhage were detected in the tumor (Figure 1A). Perivascular and 
perineural infiltrative growth was observed at the border between tumor and brain tissue (Figure 
1B). Rosette-like clusters of tumor cells (Figure 1E), and the presence of these structures is a diagnostic 
sign of several tumors, including medulloblastoma and neuroblastoma. 
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Figure 1. Histology of M2 glioblastoma. A – extensive necrosis and hemorrhage (arrow); B – 
infiltrative growth into brain tissue; C – dying tumor cells and mitotic cells, hemorrhage; D – 
hyperpigmented, polymorphic, multinucleate (arrows), mitotic cells (circles) in the tumor; E – some 
tumor cells form rosettes. Hematoxylin and eosin. 

In M6 GB (n=6), tumor cells are polymorphic, with narrow edges of cytoplasm, predominantly 
giant cells with multiple nuclei (Figure 2A, D). Mitoses in tumor cells, including pathological forms 
of mitoses, account for about 3% of cells (Figure 2A). Tumor cells dying in the form of apoptotic 
bodies account for about 3%. This corresponded to 3 or more mitoses per 100 tumor cells. These 
findings are consistent with those of neurologists who recognize tumors as highly malignant when 
there are two or more mitoses in the entire specimen or one mitosis in a small biopsy [23]. Within the 
tumor, numerous vessels with deformed lumens, microvascular proliferation, and hemorrhages were 
observed (Figure 2B, C, D). Several areas of necrosis were detected. Tumor growth was infiltrative, 
perineural, and perivascular. 
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Figure 2. Histology of M6 glioblastoma. A – polymorphic cells and nuclei, giant multinucleated cell 
(arrow), numerous mitoses (circle); А-D – hypercellularity; B, C – numerous vessels in the tumor 
(arrows); D – hyperpigmented, polymorphic cells and nuclei in the tumor. Hematoxylin and eosin. 

GB is an immunosuppressive tumor, and the persistence of locally and systemically impaired 
immune responses limits the potential for immunotherapy. Immature bone marrow-derived cells 
and macrophages may limit T cell infiltration and activation in gliomas [24]. M2 GB and M6 GB 
tissues were infiltrated with CD3+ T lymphocytes and F4/80+ macrophages. The relative numbers of 
T lymphocytes and macrophages in M6 GB (n=5) were 32.01% (8.9-33.6) and 28.4% (14.8-28.4), 
respectively. In M2 GB samples (n=5), macrophages were statistically significantly (p=0.04) higher – 
50.3% (49.4-51.2) than in M6 GB – 28.4% (14.8-28.4). F4/80+ accounts for up to one-third of human GB 
with protumor and antitumor phenotypes. Glioma cells and infiltrating immune cells escape immune 
surveillance by secreting suppressive cytokines – IL 6, IL 10, TGF-β, prostaglandin E-2, etc., and their 
expression is dependent on growth factors secreted by tumor cells [25]. Perhaps the difference in the 
number of T lymphocytes and macrophages in the M2 GB and M6 GB models is determined by the 
higher secretion of anti-inflammatory cytokines by the M2 GB cells. Greater immunosuppression is 
exerted by tumor-infiltrating stroma cells, including macrophages/microglia, than by the tumor cells 
themselves. Immunosuppression forms a clonal composition of tumor cells and regulates gene 
expression within the tumor [26]. An increased content of T lymphocytes in the tumor indicates its 
inflammatory status, and a high number of F4/80+ indicates an immunosuppressive background in 
the tumor [27]. This condition is typical of HIV-infected patients. HIV-mediated immunosuppression 
is associated with an increased incidence of gliomas and the progression of low-grade glioma to GB 
[28], suggesting a significant contribution of the immunosuppressive microenvironment to glioma 
progression. Patients with GB and mice with GB have CD4 T-lymphocyte counts in the blood 
consistent with AIDS, and lymphoid organs with T-cell deficiency. Instead, the missing naïve T cells 
are found in large numbers in the bone marrow. This phenomenon is typical not only for headaches, 
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but also for other types of tumors, but only when they grow intracranial [29]. Compared to the M2 
GB and M6 GB tissue models, populations of macrophages in cell tumor model - mouse glioma GL261 
are low (mean 5.6%) [30]. According to other data, the GL261 glioma mouse cell model is highly 
infiltrated with immune cells, although there are fewer of them in human GB [31]. Maire et al. found 
that the highest expression of immune response-related genes in a GB animal model was observed 
during the initial phase of tumor growth. TAM, CD3+, and CD8+ T cell infiltration initially increased 
and decreased after mice became symptomatic. This illustrates the concept of immune editing and 
immune escape [32]. 

The presence of CD3+ T cells in glioblastoma (GB) samples signifies an immune response to the 
tumor, which is pivotal for the development of immunotherapy. Notably, higher pretreatment 
intratumoral CD3 T cell levels have been positively correlated with patient survival. While the 
majority of human GBs exhibit low CD3 infiltration, aligning with the characteristic 'cold' tumor 
profile, approximately 25% of GBs in humans demonstrate intermediate to high CD3 infiltration, 
similar to the M6 GB model. This model can be used to develop immunotherapy for such patients 
[33]. Following radiation therapy, neoantigens are released, and the number of CD3+ cells increases 
significantly. It has been suggested that, during relapse, GB cells limit T cell responses due to a lack 
of antigens. According to some data, the number of intratumoral CD3 cells before treatment is 
positively associated with patient survival [33], but according to others, it is not associated [34]. 
Compared to primary human GB, where immunosuppressive cells are 'cold tumors', tumor 
recurrence, intracranial metastasis of melanoma, lung, and kidney tumors are 'hot tumors', more 
enriched in T cells and tumor cells have no immunosuppression. Increased Treg content in GB 
correlates with decreased cytotoxicity of T cells [35,36]. In response to therapy, the volume of GL261 
tumor decreased, and the number of T cells and macrophages increased [37]. In both mouse GB and 
human GB, the pool of macrophages consists of microglial cells with a pro-inflammatory profile and 
peripheral monocytes with genes linked to wound healing [38]. Most tumor-associated macrophages 
(TAM) are CD68 and F4/80 positive, but more F4/80 than CD68 are found on the periphery of the 
tumor and in areas where it grows. F4/80+/CD68 cells are rarely found in the core of the tumor [38]. 
F4/80+ cells are the dominant population in neurospheres derived from M7 and O61 mouse tumors 
[39]. 

Transplanted tumor tissue is more tumorigenic and shows more aggressive growth and faster 
macrophage polarization to the M2 anti-inflammatory phenotype compared to cell lines and 
chemically induced primary tumors. The majority of immunosuppressive cytokines, enzymes, 
checkpoint ligands, cell surface molecules, and signaling pathways are overexpressed in glioma 
stroma cells and macrophages/microglia but not in tumor cells [32]. The fact that M6 GB and M2 GB 
are highly infiltrated with tumor-associated lymphocytes and macrophages begs the question: What 
is the expression of the genes directly examined in the tumor cells of M2 GB and M6 GB, and which 
belong to the surrounding immune cells? We plan to study this in our next experiments. 

Compared to the intact mouse brain, the mRNA expression of Cdkn2a, Mki67, Hif1a, Sox2, Pdgfra, 
Abcb1, Cd133, Tp53, S100b, Pten and Vegfa was increased in M2 GB tissue, with no differences in the 
other investigated genes (Table 2). Compared to the intact brain, the expression of Cdkn2a, S100b, 
Mki67, Vegfa, Hif1a, Sox2, Abcb1, Pi3k, Gfap, Gdnf, and Pten was statistically significantly higher in M6 
GB tissue, with no differences in the other investigated genes. In addition, differences in expression 
levels of many genes were detected between M2 GB and M6 GB: thus, expression of Cd44, Pi3k, Hif1a, 
Gdnf and Egfr was higher in M6 GB than in M2 GB, and Cdkn2a, Tp53, Cd133, and Pdgfra were higher 
in M2 GB than M6. Mgmt expression did not differ between tumor and intact brain tissue (Table 2). 

In human GB tissues, literature indicates a differential expression pattern of several key genes. 
The expression levels of CD44, S100B, PI3K, VEGFA, HIF1A, PDGFRA, GDNF, MGMT, EGFR and 
GFAP are reported to be increased [40–43,48,51–53,55–56]. Conversely, the expression of CDKN2A, 
PTEN, and SOX2 is observed to be decreased [44,47,49]. 
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Table 2. mRNA expression levels in intact mouse brain and tissue strains of mouse M2 GB and M6 
GB. Data are shown in Me (25%-75%), Kruskal-Walli’s test. (*– brain and M2 GB; ** – brain and M6 
GB; *** – M2 GB and M6 GB. GB – glioblastoma; ↑ or ↓ – upregulation or downregulation of gene 
expression correlates with low survival; - no prognostic significance). 

Gene  Function 
Brain tissue 

(n=6) 
М2 GB tissue 

(n=6) 
М6 GB tissue 

(n=6) 

Statistical 
significance: 

 

Human 
GB, 

 References 
 

Cd44 Cell adhesion, 
neurotrophic 

factor 

9 
(4; 32) 

7 
(6; 11) 

39 
(36; 55) 

0.002*** ↑[40] 

S100b 
126 

(49; 897) 
9155 

(6851; 1429) 
1742 

(1204; 3406) 
0.000*; 0.041** ↑[41] 

Pi3k Angiogenesis, 
differentiation, 
transcription 

45 
(35; 70) 

105 
(87; 155) 

301 
(229; 900) 

0.000**; 0.007*** ↑[42] 

Vegfa 
51 

(36; 423) 
2109 

(1242; 4244) 
8269 

(8; 11877) 
0.033*; 0.015** ↑[43] 

Cdkn2a 
Cell cycle, 
apoptosis, 

transcription, lipid 
metabolism, 
neurogenesis 

19 
(3; 38) 

68721 
(43328; 84452) 

10496 
(9155; 15291) 

0.000*; 0.047**; 
0.010*** 

↓[44] 

Tp53 
1141 

(770; 1458) 
93397 

(5336; 22744) 
40 

(25; 201) 
0.004*; 0.000*** - [45]  

Mki67 9 
(2; 16) 

4410 
(1972; 7018) 

747 
(539; 1285) 

0.000*; 0.032** - [46]  

Pten 
424 

(272; 1011) 
5301 

(2633; 6966) 
6736 

(4548; 16931) 
0.000*; 0.000** ↓[47] 

Hif1a 
Transcription 

245 
(133; 375) 

2269 
(1402; 2725) 

5876 
(4951; 7018 

0.006*; 0.000**; 
0.046*** 

↑[48] 

Sox2 
1029 

(358; 2219) 
5876 

(3967; 7018) 
12060 

(10322; 17055) 
0.009*; 0.000** ↓[49] 

Cd133 
Differentiation, 
proliferation, 

apoptosis 

82 
(35; 88) 

168 
(137; 218) 

36 
(25; 42) 

0.020*; 0.000***  - [50] 

Pdgfra 
Growth factor, 

chemotaxis 
71 

(30; 296) 
505 

(276; 773) 
43 

(29; 68) 
0.009*; 0.000*** ↑[51] 

Gdnf Growth factor 
3 

(2; 5) 
16 

(9; 26) 
1065 

(586; 1376) 
0.000**; 0.001*** ↑[52] 

Mgmt 
DNA 

damage/repair 
23 

(2; 96) 
30 

(9; 73) 
31 

(16; 47) 
> 0.05 ↑[53] 

Abcb1 Cellular transport 
33 

(27; 53) 
302 

(245; 426) 
596 

(523; 968) 
0.002*; 0.000** - [54]  

Gfap Glioma-associated 
281 

(35; 1554) 
2702 

(1051; 5301) 
6736 

(4548; 12104) 
0.05*; 0.000** ↑[55] 

Egfr Proliferation 
14 

(5; 26) 
1 

(0.4; 1) 
27 

(5; 110) 
0.011*** ↑ [56]  

Mutations in Hras, Pten, Pi3k, Mdm2, Tp63, Esr, Pgr, and Her2, loss of Cdkn2a, Igf, Akt, and 
phosphorylation of MYC were found in DMBA-induced breast, blood, and skin tumor models [57–
59]. These tumors are also characterized by activation of EGFR and Ki-67, wild-type p53, low levels 
of CDKN1A and PTEN mRNA and protein, as well as decreased expression and activity of the 
IDH1/2 enzyme, one of the main markers of gliomas. Decreased IDH1 expression correlates with 
tumor progression and DMBA-induced oxidative stress may contribute to IDH1 inactivation [60]. It 
is possible that M2 and M6 GB induced by DMBA may be IDH1/2 mutant, which requires verification. 

Human GB is characterized by IDH wild type, activation of EGFR occurs in almost 57% of GB 
cases, but mutations in the TERT promoter are rare. Activation of EGFR is rarely observed in giant 
cell GB and gliosarcoma. We have shown that M2 GB consists of a significant number of giant cells 
and an unchangeable expression of EGFR. Compared to GB, IDH-mutant astrocytomas are often 
wild-type EGFR and PTEN, as well as the presence of MGMT promoter methylation, TP53, ATRX 
and TERT promoter mutations [61,62]. Discrepancies between the methylation status of the MGMT 
promoter and the response to treatment in some patients may be due to a mismatch between MGMT 
methylation and expression levels in GB [63]. 
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Cells of aggressive tumors, especially poorly differentiated ones [64,65], activate exocytosis with 
P-glycoprotein (P-gp) [66], which is expressed on the plasma membrane of endothelial cells in the 
blood-brain barrier. Overexpression of ABCB1 is correlated with low survival in patients with GB 
[67,68], and other data trace the correlation to longer survival in patients with high expression of 
ABCB1, but its prognostic significance hasn’t been identified [69]. Interestingly, in pancreatic and 
renal tumors, high expression of ABCB1 is a favorable prognostic factor. In M2 GB and M6 GB, the 
Abcb1 was overexpressed. It is possible that the increased expression of P-gp is caused in response to 
prolonged exposure of the carcinogen DMBA to cells in order to eliminate it [70]. P-gp expression is 
regulated by a number of signaling pathways, including PI3K/Akt. According to our data, Pi3k is 
overexpressed in M2 GB. Alterations in this gene have been detected in 17% of human GB [71]. 
Dysregulation of PI3K transforms tumors into more aggressive or recurrent disease, and this has been 
confirmed at the morphological level: malignant morphology and rapid growth in M2 GB are 
relatively higher than in M6 GB, which is a PI3K wild-type. 

Expression levels of the Tp53 gene, encoding p53, a tumor suppressor and transcription factor 
that regulates P-gp expression and cell cycle, were elevated in M2 GB compared to intact brains, and 
conversely decreased in M6 GB. Low expression of the tumor suppressor gene Tp53 and increased 
expression of the Pi3k oncogene in M6 GB may be associated with a pronounced increase in the 
expression of Hif1a, Vegfa, Gdnf and Egfr. Loss of p53 promotes tumorigenesis in several CNS tumors, 
including GB (25-37%). In the giant cell type of GB, inactivating mutations in TP53 are more common, 
while Tp53 was overexpressed in M2 GB with giant cell morphology. Inactivating mutations in TP53 
are also found in over 50% of IDH mutant astrocytoma and large cell medulloblastoma. Human 
H3K27M mutant diffuse midline gliomas are characterized by a high incidence of wild-type IDH, 
TP53 and ATRX mutations, and PDGFRA amplification compared to GB, while TERT promoter 
mutations and EGFR amplification are rare [61].  

Mutations in the TP53 gene associated with loss p53 are associated with the development of 
various types of tumors [72]. Thus, missense mutations in TP53 are characteristic of gliomas with 
IDH mutations, resulting in the synthesis of proteins with altered structure and function, although 
the mutations may not affect the protein [61]. The gene for tumor suppressor, cell cycle regulator, p53 
activator, and transcription factor – Cdkn2a is overexpressed in M2 GB and M6 GB. However, in 
contrast to our results, GB and grade 4 human astrocytoma are characterized by the presence of 
homozygous deletions of CDKN2A, which correlates with high proliferative activity of tumor cells 
and poor prognosis [73]. It has been reported that when non-tumor mouse cells are exposed to 
carcinogens, the levels of the tumor suppressor p53 increase [74]. Prion aggregation decreases p53 
expression and may be associated with tumorigenesis [78]. It is speculated that the mutant p53 
protein also has prion-like properties, folding into large aggregates, oligomers, and amyloid-like 
fibers that aggregate with the wild-type protein and lose their tumor suppressor function [76]. Lower 
levels of p53 promote stem cell formation and proliferation, whereas higher levels and activity of p53 
promote stem cell differentiation [77]. Additionally, M6 GB may be a more differentiated tumor than 
M2 GB. Furthermore, the interaction of p53 with mitochondrial PPIF (Peptidylprolyl Isomerase F) 
has been shown to cause cell death through a necrosis [78], supporting our morphological studies in 
which necrosis was more pronounced and extensive in M2 GB than in M6 GB. 

M2 GB and M6 GB have increased expression of the Sox2 gene, a stem cell transcription factor 
and marker of undifferentiated cells. Its overexpression is characteristic of various types of poorly 
differentiated tumors, including GB [79]. SOX2 has been shown to activate cell migration and 
chemotherapy resistance [80]. However, knockdown of SOX2 also leads to tumor invasion and 
treatment resistance. Sox2 is highly expressed in the neuroepithelium of the developing CNS and has 
been shown to function in neural stem cells. SOX2 is a well-studied pluripotency factor that is 
essential for stem cell self-renewal, reprogramming, and homeostasis [81]. GB and low-grade 
gliomas, like neural stem cells, have a cluster of SOX2 enhancers accessible and have a unique pattern 
of chromatin, which explains the high levels of tumor cell proliferation [82].  

The tumor suppressor gene Pten is overexpressed in the M2 GB and M6 GB models. More than 
half of human GB cases [71] and 100% of cases of Cowden syndrome with pediatric brain tumors [61] 
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are characterized by deficiency of PTEN. Overexpression of PTEN reduces the survival of human 
glioma cells, activates apoptosis, and impairs mitochondrial function [83]. Other data has shown that 
PTEN overexpression correlates with increased motility and an altered tumor cell phenotype related 
to stems [84], and is associated with increased motility in M2 GB and M6 GB, as confirmed by 
increased expression of Cd44 and Sox2 in M6 GB. Other studies have reported that overexpression of 
PTEN may enhance the effect of chemotherapy [85]. Despite the fact that the main mechanisms 
determining carcinogenesis are related to the suppression of tumor suppressor gene expression and 
activation of oncogenes, several studies have shown that overexpression of tumor suppressors can 
cause various types of tumors, including colorectal, breast, lymphoma, ovarian, and head and neck 
cancers, to progress and correlates with reduced survival [86,87], and these genes can be considered 
oncogenes. Overexpression of tumor suppressors in tumor cells is believed to be aimed at inhibiting 
their growth, causing the cells to return to a more differentiated state and tend to self-destruct [70]. 
PTEN suppresses the PI3K/AKT/mTOR signaling cascade that promotes tumor cell growth, however, 
in M2 GB and M6 GB we observe Pi3k activation in response to Pten overexpression. In melanoma, 
PTEN is often mutated with protein loss and correlates with decreased tumor T cell infiltration, 
resistance to targeted therapies, and immunotherapy, so PI3K inhibition may be effective [88]. In our 
study, however, M2 GB and M6 GB Pten was overexpressed, and tumor infiltration by T cells was 
pronounced. 

Expression levels of the Mki67 gene, which encodes a nuclear protein associated with cell 
proliferation, were elevated in M2 GB and M6 GB, which correlated with the marked mitotic activity 
of the tumor cells. Methylation of the MGMT promoter inhibits the expression of genes encoding 
DNA repair enzymes, which is prognostically important in the treatment of GB with alkylating 
agents [61]. In M2 GB and M6 GB models, Mgmt expression was unaltered, suggesting a poor 
response to the alkylating cytotoxic agents. Thus, these GB models can be used to study the issue of 
resistance to alkylating agents and to develop effective antitumor therapies.  

Vegfa and Hif1 are overexpressed in the M2 GB and M6 GB models, which is common in many 
tumor types. VEGFA is a growth factor, angiogenesis-promoting and angiogenesis-suppressing 
factor, involved in physiological and pathological angiogenesis, endothelial cell proliferation, and a 
vascular permeability and inflammation inducers [89]. Hif1 is used to predict tumor response to 
therapy. Receptors for many growth factors are usually constitutively active in tumors and are active 
even if the factor itself is basic and at low levels. Increased expression or activation of growth factor 
membrane receptors or their tyrosine kinase cascades in tumors is erroneously considered a 
stimulator of tumor growth. Although erroneously thought of as a factor, in reality, cells, thus 
'attempt' to restore impaired regulation, leading to differentiation or death of dysregulated tumor 
cells [70].  

GDNF is a neurotrophic factor of dopaminergic neurons, and its gene is overexpressed in M6 
GB. The GDNF gene encodes a TGF-β ligand involved in the activation of the transcription factor 
SMAD, a cell cycle regulator [90]. Cd133, a marker of proliferating tumor stem cells in various solid 
tumors, was overexpressed in M2 GB. Literature indicates that the high number of CD133+ cells in a 
tumor correlates with resistance to chemotherapy and radiation therapy and poor survival [91]. 
Differentiated cells may also express CD133+ and CD133 negative cells may initiate tumor 
development [92]. 

Pdgfra was overexpressed in M2 GB. PDGFRA phosphorylates PIK3R1, resulting in cytosolic 
Ca2+ mobilization, activation of protein kinase C, AKT1, HRAS/MAPK/ERK, and STAT signaling 
pathways [93].  

Protein S100b is a neurotrophic factor and one of the most abundant soluble proteins in the brain 
[94], its gene was overexpressed in M2 GB and M6 GB. S100b promotes astrocytosis and axon growth, 
binds weakly to Ca2+ but strongly to Zn2+. It is a potent regulator of many physiological and 
pathological processes. High serum S100b levels in glioma patients are a prognostic marker, and the 
S100 family regulates glioma stem cells and mediates epithelial-to-mesenchymal transition in GB [95]. 

All the genes we studied encode different protein isoforms. Alternative splicing of genes and 
the use of alternative promoters lead to an increase in transcript variants and isoforms [96,97]. Gene 
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activity is affected by epigenetic changes, and post-translational modifications – phosphorylation, 
acetylation, methylation, hydroxymethylation, etc. [98]. Even with relatively high mRNA expression 
in tumor cells, post-transcriptional repression does not alter the protein at all [99]. Thus, future 
studies should reveal the composition of the proteins encoded by the genes we studied. 

Thus, the carcinogen DMBA causes changes in brain tissue, initiates tumorigenesis through the 
formation of DNA adducts, alters the expression of genes related to angiogenesis, proliferation, 
invasion, development and differentiation, transcription factors and tumorigenesis, apoptosis, DNA 
replication, cytoskeleton, metabolism and cell-cell interactions [100], contributing to genomic 
instability and tumor progression. Subsequently, transplantation of tumor-associated macrophages 
and other microenvironments factors and cells into DMBA-induced tumor tissue may alter the 
genetic landscape of the tumor and contribute to malignant progression. According to gene 
expression profiles examined in M2 GB and M6 GB, tumor suppressor genes Pten, Cdkn2a, and in M2 
GB Tp53 were over-activated. The changes in gene expression and the resultant tumor development 
suggest that the cells' compensatory response exposed to the carcinogen DMBA was unsuccessful. 
This compensatory response is intended to restore DNA integrity, inhibit the adverse effects of the 
carcinogen, inhibit cell proliferation, remove the carcinogen, and cause the abnormal tumor cells to 
die. The initial stages of chemical DMBA-induced tumorigenesis are characterized by 
nonproliferative changes, particularly the phenomenon of capsule formation [101], which is 
associated with the body's protective response to isolate itself from carcinogens. Tumor cells are cells 
of the body with impaired self-regulation that have the same remnants of genomic regulation as 
healthy cells. Most of the genes altered in tumors may be an adaptive response to carcinogenesis and 
an attempt to repair defects in DNA replication. Rather than striving for survival and replication, 
tumor cells use all of their retained capacity for DNA repair and self-induced death [70].  

The use of intracerebral tissue models, such as M2 GB and M6 GB in immunocompetent mice, 
will allow us to obtain new data on carcinogenesis, diagnosis, and therapy of tumors. These models, 
along with the GB 101.8 rat tissue model from our collection, are pivotal in developing diagnostic 
tools [102–104], therapeutic strategies [105], and understanding the intricacies of carcinogenesis [106]. 

In our subsequent studies, we recommend examining the dynamics of tumor growth, 
conducting MRI studies, investigating the biology at the early stages of tumor development, 
assessing the impact of brain injury during tumor transplantation, studying gender and age 
characteristics, as well as observing changes in cellular composition during different periods of 
development. Separate expression of tumor cells and their microenvironmental cells. Compare the 
biology of our GB tissue models with standard GB cell models. 

4. Conclusions 

Experimental tissue models of M2 GB and M6 GB mimic tumorigenesis in humans, according to 
clinical data on this disease – cachexy, metabolic disturbances, tumor-associated coagulopathy; 
morphology: invasive aggressive growth, nuclear and cellular polymorphism, high mitotic activity, 
marked vascularization and necrosis. The marked infiltration of tumors by immune cells, which 
account for 50% of tumor tissue, and the altered expression of genes involved in tumorigenesis make 
them suitable models for further studies of carcinogenesis and anti-tumor therapy. Overexpression 
of the tumor suppressor genes – Cdkn2a and Pten, cellular transport – Abcb1, proliferation – Mki67, 
transcription factors – Hif1a, Sox2, neurotrophic factor – S100b, angiogenesis – Vegfa was found in 
both M2 GB and M6 GB. M6 GB showed increased expression of the gene of growth factor – Pdgfra, 
the differentiation factor – Cd133, and the tumor suppressor – Tp53, while M2 GB showed increased 
expression of the angiogenesis and differentiation factors – Pi3k, the glioma-association protein – 
Gfap, and the growth factor – Gdnf. In addition, mRNA expression of Cd44 – cell adhesion, Pi3k, Hif1a, 
Gdnf, and Egfr – proliferation differed between M2 GB and M6 GB, with higher expression in M6 GB 
than M2 GB, and lower expression of Cdkn2a, Tp53, Cd133 – differentiation, proliferation, apoptosis, 
and receptor of growth factor – Pdgfra in M6 GB than M2 GB. 
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