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Abstract 18 

Glioblastoma (GB) is a devastating primary brain malignancy. Recurrence of GB is inevitable despite 19 

the standard treatment of surgery, chemotherapy, and radiation, and the median survival is limited to 20 

around 15 months. Barriers to treatment include the complex interactions among the different cellular 21 

components inhabitant of the tumor microenvironment. These challenges are further compounded by 22 

extensive inter- and intra-tumor heterogeneity and by the dynamic plasticity of GB cells. The complex 23 

heterogeneous nature of GB cells is helped by the local inflammatory tumor microenvironment, 24 

which mostly induces tumor aggressiveness and drug resistance. More effective therapy development 25 

heavily depends on higher resolution molecular subtype signatures. All cellular components of a GB 26 

tumor are subjected to a continuous pressure inducing proliferation that might favor the accumulat ion 27 

of genetic mutations. Understanding the genetic background of several cellular components 28 

belonging to a GB microenvironment could give insights into tumor behavior and progression. In the 29 

present study by using fluorescent multiple labeling and DEPArray cell separator, we recovered 30 

several single cells or groups of single cells from populations of different origins from IDH-WT GB 31 

samples.  From each GB sample, we collected astrocytes (GFAP+), microglia (IBA+), stem cells 32 

(CD133+), and endothelial cells (CD105+) and performed Copy Number Aberration (CNA) analys is 33 

with a low sequencing depth. The same tumors were subjected to a bulk CNA analysis. The tumor 34 

partition in its single components allowed single-cell molecular subtyping which revealed new 35 

aspects of GB altered genetic background. Nowadays, single-cell approaches are leading to a new 36 

understanding of GB physiology and disease. Moreover, single-cell CNAs resource will permit new 37 

insights into genome heterogeneity, mutational processes, and clonal evolution in malignant tissues. 38 

 39 
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1 Introduction 40 

Glioblastoma (GB) is the most aggressive and deadly primary tumor of the central nervous system in 41 

adults with overall survival of fewer than 15 months (1). The GB impressive poor prognosis, despite 42 

the development in recent decades of new and innovative therapies, is enhanced by the resistance 43 

developed towards radio and chemotherapy (2). In this tumor, as well as in other cancer types, the 44 

tumor microenvironment (TME) plays a pivotal role in treatment resistance (2). GB 45 

microenvironment is composed of a massive of different cells, and besides malignant astrocytes and  46 

cancer stem cells, stromal, endothelial cells, pericytes and a huge number of immune cells are present 47 

(3).  Moreover, intratumoral heterogeneity (ITH), which is one of the major features of GB tumor,  is 48 

also hugely involved in anticancer treatments resistance (4)(5) and is critical to promote tumoral 49 

growth and aggressiveness (6). In support of this last remark, it has recently been demonstrated in 50 

GB that within the same tumor co-exist different sub-clones that respond differently to the drug 51 

therapy (7). These sub-populations of cells show distinct genomic profiles that reveal an individua l 52 

behavior peculiar from the whole cell population (8). Indeed currently, the single-cell approach in 53 

GB is becoming increasingly popular. The single-cell isolation allows the selection of a specific cell 54 

population that comprises <1% of the total cells (9,10). Reaching single-cell resolution enables 55 

avoiding the averaging of bulk analysis and capturing the heterogeneity of cells. Copy number 56 

aberration (CNA) is one of the most important somatic alterations in cancer (11) (12) meant as 57 

somatic changes to chromosome structure such as gain and deletion of a particular DNA segment (> 58 

1 kb) (13).  The most common CNAs in GB include loss, or partial loss, of chromosomes 9 and 10; 59 

gain of chromosomes 7, 19, and 20; focal deletion of CDKN2A/B locus (9p21.3); and focal high-60 

level amplification of EGFR locus (7p11.2) (14) (16). In particular, it is well known that CNAs 61 

targeting chromosomes 7 and 10 are some of the earliest events in GB tumor evolution. The analys is 62 

of these aberrations is interesting because CNAs are detected with much greater accuracy than 63 

individual mutations and are associated with ITH in most cancers. Moreover, the aggregation of cells 64 

sharing the same CNA profiles allows improving the phylogenetic analysis at single nucleotide levels 65 

(16).  66 

In this work, we collected three human GB tumors and after dissociation, a single-cell molecular 67 

characterization was carried out, with particular attention on four cell populations: astrocytes, 68 

microglia cells, endothelial cells, and stem cells.  We collected a certain number of single and groups 69 

of single cells belonging to the populations mentioned above using a high throughput selective sorting 70 

technology and we investigated the genomic aberrations (CNA analysis) in these different types of 71 

tumor cells. The whole parental tumors were subjected to a bulk CNA analysis, as well, to compare 72 

their molecular profile with single cell results. The tumor partition in its single components allowed 73 

single-cell molecular profiling which revealed new aspects of GB altered genetic background. Our 74 

work demonstrates that the single-cell approach is more representative and detailed than the bulk 75 

analysis, which contributes to a deeper insight into the basic molecular mechanisms of glioblastoma.  76 

 77 

2 Materials and Methods 78 

2.1 Human glioblastoma tissue collection 79 

The study has been performed according to the declaration of Helsinki and the sample’s collection 80 

protocol was approved by the Ethics Committee of the University Hospital of Pisa (787/2015). Tumor 81 

tissues were obtained from patients who underwent surgical resection of histologically confirmed GB 82 

after informed consent. Samples were obtained from the Unit of Neurosurgery of Livorno Civil 83 

Hospital. Three patient cases (GB01, GB02 and GB03) were included in the present study, the clinica l 84 

and demographic data and the pathological and therapeutical information are summarized in Table 1. 85 

All cases had a diagnosis of GB with no previous history of any brain neoplasia and were not carrying 86 

R132 IDH1 or R172 IDH2 mutations.  87 
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Surgically resected tumors were collected and stored in MACS tissue storage solution (Miltenyi 88 

Biotec, Bergisch Gladbach, Germany) at 4◦C for 234 hours. Each tumor sample was washed with 89 

Dulbecco's phosphate-buffered saline (DPBS) in a sterile dish and portioned with a scalpel into about 90 

0.5-2 cm2 pieces under a biological hood. Afterward, they were vital frozen at -140°C in 90% fetal 91 

bovine serum (FBS) and 1% dimethyl sulfoxide (DMSO) for further analyses. 92 

 93 

 94 
Table 1. Patient clinical, demographic, pathological, and therapeutical data. 95 

 96 

2.2 Tumor dissociation to single-cell suspensions 97 

Frozen GB tissues were defrosted in a water bath at 37°C, were washed with DPBS in a sterile dish 98 

and cut with a scalpel into small pieces. These finely minced tumor chunks were transferred in a C-99 

tube (Miltenyi Biotec) with the appropriate volume of buffer X following the protocol (Brain Tumor 100 

Dissociation Kit, Miltenyi Biotec) for the tumor dissociation with the gentleMACs Dissociator 101 

(Miltenyi Biotec). 102 

 103 

2.3 Immunofluorescence of single-cell suspensions 104 

The cell suspensions obtained were transferred in 1.5 ml LoBind tubes and washed three times with 105 

DPBS. After centrifugation at 300g for 10 minutes at room temperature, the supernatant was removed 106 

and the cells resuspended with 400 µl of Running Buffer composed of MACS BSA stock solution 107 

(Miltenyi Biotec) 1:20 with autoMACS Rinsing Solution (Miltenyi Biotec). The cells were fixed 108 

adding 400 µl of Paraformaldehyde 4%. Fixation solution was incubated for 20 minutes at room 109 

temperature. To stop the reaction, the sample tubes were filled with DPBS and centrifuged at 400g 110 

for 5 minutes at room temperature. Afterward, we performed two washes with DPBS to the sample 111 

tubes and then we incubated the pellet with blocking solution for 10 minutes at room temperature 112 

(BSA 3% in DPBS). The blocking reaction was stopped filling the tube with DPBS and centrifuged 113 

at 400g for 5 minutes at room temperature. The cells were resuspended in Running Buffer and counted 114 

with Luna Automated Cell Counter (Logos Biosystems, Gyeonggi-do 14055, South Korea). For the 115 

immunofluorescence, a maximum of 100.000 fixed cells was used for the staining. The antibodies 116 

chosen for the staining were: anti-GFAP APC (130-124-040, Miltenyi Biotec) for astrocytes, anti-117 

Iba1 PE (ab209942, Abcam, Cambridge, UK) for microglia cells, anti-CD105 PerCP/Cy5.5 118 

(ab234265, Abcam, Cambridge, UK) for endothelial cells, anti-CD133 FITC (11-1339-42, 119 

eBioscience, San Diego, CA, USA) for stem cells and Hoechst 33342 (62249, Thermofisher 120 

Scientific, Waltham, MA, USA) for nuclei.  Twenty µl of anti-CD105 and 25 µl of anti-CD133 were 121 

added to the cell suspensions and mixed by gently pipetting. The samples were incubated for 15 122 

minutes in the dark at 4 °C. The reaction was stopped by adding 1 ml of Running Buffer and mixed 123 

by gently pipetting. Then the sample tubes were centrifuged at 400g for 10 minutes at room 124 

temperature, the supernatant was removed and the cells were resuspended with 100 µl of Inside Perm 125 

Buffer (Inside Stain Kit, Miltenyi Biotec). Eight µl of anti-GFAP and 2.5 µl of anti-Iba1 were added 126 

to the cell suspensions and mixed by gently pipetting. The samples were incubated for 20 minutes in 127 

Cases Age Sex
Primary/Recurrent 

GB
Brain Location IDH1/IDH2 Pathology Report

Therapy 

Administered

GB01 30 M Primary parietal lobe WT
Glioblastoma (Grade IV WHO) 

(GFAP+, MKI67-20%)

Levetiracetam, 

Soldesam, 

Lansoprazole

GB02 47 M Primary right temporal lobe WT
Glioblastoma (Grade IV WHO) 

(GFAP+, MKI67-30%)

Levetiracetam, 

Dexamethasone, 

Omeprazole

GB03 65 M Primary right frontal lobe WT
Glioblastoma (Grade IV WHO) 

(GFAP+, MKI67-20%)

Levetiracetam, 

Lansoprazole, 

Dexamethasone 

(Mannitol  pre-op)
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the dark at room temperature. The reaction was stopped by adding 1 ml of Inside Perm Buffer and 128 

mixed by gently pipetting. Then the sample tubes were centrifuged at 400g for 10 minutes at room 129 

temperature, the supernatant was removed and the cells were resuspended with 1 ml of Running 130 

Buffer. One µl of Hoechst (1mg/ml) was added to the sample tubes and mixed by gently pipetting. 131 

The samples were incubated for 5 minutes in the dark at room temperature. Then the sample tubes 132 

were centrifuged at 400g for 10 minutes at room temperature and resuspended in 200 µl of Running 133 

Buffer. 134 

2.4 Single  135 

cell Isolation by DEPArrayTM NxT  136 

Single cells were isolated and sorted with DEPArray NxT (Menarini, Silicon Biosystems, Bologna, 137 

Italy). After the immunofluorescence of the single cell suspensions, the cells were counted, we used 138 

a maximum of 24.000 cells to load the DEPArray NxT Cartridge. The samples were washed two 139 

times with 1 ml of SB115 Buffer (Menarini, Silicon Biosystems) and the cells were loaded on the 140 

DEPArray NxT cartridge following the protocol instructions.  CellBrowser™ analysis software, 141 

integrated into the DEPArray™ system, allows to view and to select cells from the particle database 142 

according to multiple criteria, based on qualitative and quantitative marker evaluation and cell 143 

morphology. This software enables to create populations and sub-populations of cells using some 144 

analysis tools as scatter plots, histograms, and image panels.  Cells become un-routable based on their 145 

positions, when these are out of the cage it is no longer possible to move them and therefore complete 146 

the recovery. First of all, we excluded clusters of two or three cells, clumps, and spurious events and 147 

focused only on single cells with the desired fluorescence analyzing only the <centered= DAPI cells 148 

in the cage. The single cells were selected manually based on fluorescence labeling and morphology. 149 

About 20 different single cells were recovered for each tumor patient and volume reduction was 150 

performed with VRNxT-Volume Reduction Instrument (Menarini, Silicon Biosystems) according to 151 

the instruction manual. The isolated cells were stored at −20 °C until later downstream analyses. 152 

 153 

2.5 DNA Extraction from fresh tissues 154 

Genomic DNA was extracted directly from up to 50 mg of fresh tissue of GB01, GB02 and GB03 155 

using the Maxwell® 16 Instrument with the Maxwell®  16 Tissue DNA Purification Kit (Promega, 156 

Madison, WI). DNA concentration was determined using the Qubit Fluorometer (Life Technologies, 157 

Carlsbad, CA) and the quality was assessed using the Agilent 2200 Tapestation (Agilent 158 

Technologies, Santa Clara, CA) system. 159 

 160 

2.6 Ampli1™ whole genome amplification and Low Pass Analysis 161 

Whole-genome amplification on all recovered single cells was performed using the Ampli1™ WGA 162 

Kit version 02 (Menarini, Silicon Biosystems) following the manufacturer’s instructions. The same 163 

procedure was adjusted for the DNA obtained from fresh tissues starting from 1 µl of 1 ng/ µl. 164 

Afterward, the WGA product was cleaned up with SPRIselect Beads (Beckman Coulter, Brea, CA, 165 

USA) and sequencing-ready libraries were prepared with Ampli ™ LowPass Kit (Menarini, Silicon 166 

Biosystems) to detect chromosomal aneuploidies and copy number aberrations (CNAs) with a low 167 

sequencing depth. To sequence our libraries, we used Ion 520/530-OT2 kit (Ion Torrent, Life 168 

Technologies, Grand Island, NY) with the Ion 530 Chip (Ion Torrent). The runs were run on the Ion 169 

S5 system (Ion Torrent). 170 

2.7 CNA calling 171 

The data obtained from low-pass whole genome sequencing were processed with IchorCNA tool (17). 172 

The CNV segmented number profiles obtained from IchorCNA were processed with the CNApp tool 173 

(18) with default cutoffs.  174 

 175 

 176 

3 Results 177 
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3.1 Isolation of single-cells from GB fresh tissues with DEPArray TM NxT 178 

Three GB fresh tissues obtained from the Unit of Neurosurgery of Livorno Civil Hospital were 179 

analyzed with DEPArrayTM NxT, the overview of the procedure is shown in Figure 1 in which also 180 

H&E images for each tumor tissue are present. After the DEPArray NxT Cartridge loading, we 181 

selected the routable cells using the CellBrowser™ analysis software. In detail, for GB01, 2880 182 

routable cells, for GB02, 17378 routable cells, and for GB03, 4788 routable cells, were observed. 183 

After that, we performed the exclusion of cell clusters obtaining single and routable cells: 2654, 9535 184 

and 4278 cells respectively for GB01, GB02 and GB03. Afterward, we identified four main 185 

populations (astrocytes, microglia cells, endothelial cells and stem cells) and several cells with double 186 

fluorescence staining. An example of the main populations is shown in Figure 2. In Figure 3, 187 

percentages of the main populations, found in the 3 samples, are summarized, while in Supplementary 188 

Materials (Figure 1S) double fluorescence stained cells and no labeled cells are shown.   189 

We recovered both single cells and groups of a maximum of 5 single cells with the same 190 

characteristics.  191 

Picked cells for the 3 samples are summarized in Figure 4. In particular, for GB01 we selected 20 192 

cells: 3 single astrocytes, 3 groups of astrocytes, 4 microglia single cells, 2 groups of microglia cells, 193 

1 group of endothelial cells, 1 single stem cell, 2 single astrocytes/microglia cells (positive both for 194 

GFAP and IBA1), 3 single cells and 1 group of single cells without labeling (positive to Hoechst 195 

33342 only). For GB02, recovered cells were 26: 6 single astrocytes, 5 microglia single cells, 5 single 196 

endothelial cells, 3 groups of endothelial cells, 5 single stem/endothelial cells (positive both for 197 

CD133 and CD105), 1 group of stem/endothelial cells (positive both for CD133 and CD105) and 1 198 

single cell without labeling (only Hoechst 33342 signal). Finally, for GB03 the cells selected were 199 

17: 6 single astrocytes, 5 single microglia cells and 6 single endothelial cells.  200 

 201 

3.2 Copy Number Aberrations (CNAs) Analysis  202 

The cellular genomic profiling was performed on selected cells using the Ampli1™ LowPass kit to 203 

identify genome-wide CNAs at the single-cell level and to obtain information on ITH. The same 204 

analysis was carried out also on DNA obtained from tumor fresh tissues (GB01, GB02 and GB03) , 205 

to compare the bulk molecular profile to the one derived from single cells.  206 

In Figure 5 the CNA pattern of the fresh GB tissues is shown: as expected, each sample has a different 207 

CNA configuration due to GB ITH. However, all three samples presented chromosome 10q deletion 208 

and GB01 and GB02 also chromosome 7 amplification, which represents typical GB alterations. 209 

Consequently, for each sample, tumors in bulk and single cells CNAs were compared. The description 210 

of these results is summarized in Tables 2-3-4.  211 

In GB01, we found a group of wild type endothelial cells; of 6 microglia cells (4 single cells and 2 212 

groups of cells) 2 were wild type (one single cell and one group of cells), 1 cell showed chr 19 deletion 213 

only and the other cells showed different alterations sharing chr 10 deletion, and chr 7, 9q and 17q 214 

amplification; 6 astrocytes (3 single cells and 3 groups of cells) were altered sharing chr 10 deletion, 215 

and chr 7, 9q and 17q amplification; one stem cell with chr 1p and 10 deletion and chr 7, 9, 17q and 216 

19q amplification. In GB01, moreover, 2 cells with double staining (GFAP and IBA1) were found 217 

with the same alterations, chr 1p and 10 deletions and chr 7, 9, 17q and 19q amplification. Finally, 3 218 

out of 4 not stained cells (3 single and 1 group of cells) were wild type and 1 with  chr 1p, 10 and 17p 219 

deletion and chr 7, 9q, 17q and 19q amplification. 220 

In GB02 we found 8 endothelial cells (5 single and 3 groups of cells), 2 were wild type and the others 221 

carried chr 19 deletion except for only one having chr 9p, 10, 13q, 14q and 22q deletion. Then of 6 222 

single astrocytes, 1 was wild type, 1 had chr 19 deletion, and the others shared chr 9p, 10, 13q, 14q 223 

and 22q deletion. Indeed, of 5 single microglia cells, 2 were wild type and 3 had chr 19 deletion. In 224 

GB02 we selected 6 double staining cells (CD133 and CD105 positive), of these, 4 were wild type 225 

and the others shared chr 10, 13q, 14q and 22q deletion. Finally, one not stained cell was wild type.  226 

GB03 counted 6 single endothelial cells, 4 of which were wild type and the other 2 presented different 227 

alterations sharing in particular chr 9p, 10 and 22q deletion and chr 7, 9q and 20 amplification. Five 228 
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single microglia cells were all wild type. Finally, 6 single astrocytes were selected, 1 was wild type 229 

while the other cells showed all the same alterations: chr 9p, 10 e 22q deletion and chr 7, 9q and 20 230 

amplification.  231 

In Figure 6 the comparison between bulk fresh tumor CNAs and single-cells CNAs obtained with 232 

CNApp are shown. 233 

 234 

 235 
Table 2. CNAs results obtained after CNApp processing for single cells and 236 

groups of single cells collected in the GB01 sample.  237 

 238 

GB01

Single cells collected CNA

Group of endothelial cells WT

Microglia cell 19-

Microglia cell WT

Microglia cell 1p-, 7+, 9q+, 10-, 17q+, 19+

Microglia cell 1q+, 2-, 5+, 7+, 9p-, 9q+, 10-, 17q+, 19+

Group of microglia cells WT

Group of microglia cells  7+, 9q+, 10-, 17q+

Astrocyte 1p-, 7+, 9q+, 10-, 17q+, 19+

Astrocyte 1p-, 7+, 9q+, 10-, 17q+, 19+

Astrocyte 1q+, 5+, 7+, 9p-, 9q+, 10-, 17p-, 17q+, 19q+

Group of astrocytes 1p-, 7+, 9q+, 10-, 17p-, 17q+, 19+

Group of astrocytes 1p-, 7+, 9+, 10-, 17p-, 17q+, 19+

Group of astrocytes 1p-, 7+, 9q+, 10-, 17q+

Stem cell 1p-, 7+, 9+, 10-, 17q+, 19q+

Astrocyte/microglia cell 1p-, 7+, 9+, 10-, 17q+, 19q+

Astrocyte/microglia cell 1p-, 7+, 9+, 10-, 17q+, 19+

Not stained cell WT

Not stained cell WT

Not stained cell 1p-, 7+, 9q+, 10-, 17p-, 17q+, 19q+

Group of not stained cells WT
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 239 
Table 3. CNAs results obtained after CNApp processing for single cells 240 

and groups of single cells collected in the GB02 sample.  241 

 242 

GB02

Single cells collected CNA

Endothelial cell WT

Endothelial cell 19-

Endothelial cell 19-

Endothelial cell 19-

Endothelial cell 9p-, 10-, 13q-, 14q-, 22q-

Group of endothelial cells WT

Group of endothelial cells 19-

Group of endothelial cells 19-

Astrocyte WT

Astrocyte 19-

Astrocyte 9p-, 10-, 13q-, 14q-, 22q-

Astrocyte 9p-, 10-, 11- 13q-, 14q-, 19p-, 22q-

Astrocyte 9p-, 10-, 11- 13q-, 14q-, 20+, 22q-

Astrocyte 9p-, 10-, 13q-, 14q-, 19p-, 20+ 22q-

Microglia cell WT

Microglia cell WT

Microglia cell 19-

Microglia cell 19-

Microglia cell 19-

Endothelial/stem cell WT

Endothelial/stem cell WT

Endothelial/stem cell WT

Endothelial/stem cell 9p-, 10-, 13q-, 14q-, 22q-

Endothelial/stem cell  10-, 11-, 13q-, 14q-, 16+, 22q-

Group of endothelial/stem cells WT

Not stained cell 9p-, 10-, 13q-, 14q-, 22q-
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 243 
Table 4. CNAs results obtained after CNApp processing 244 

for single cells and groups of single cells collected in the 245 

GB03 sample. 246 

 247 

 248 

Discussion 249 

Despite the new therapies developed in the last few years, GB still remains an incurable and 250 

devastating disease (19). The adjective “multiforme=, often used to define GB, was coined in 1926 251 

by Percival Bailey and Harvey Cushing (20) to describe the various appearances of necrosis, cysts 252 

and hemorrhage. As a matter of fact, this definition also fits from a molecular point of view to explain 253 

the high degree of heterogeneity in GB.  The poor prognosis of GB patients is mainly associated with 254 

ITH, which represents the presence in the tumor mass of multiple sub-clones, each characterized by 255 

different mutations (21). The sub-clones mutations  are certainly masked during bulk tumor analys is 256 

(22).  Nowadays, the single-cell analysis approach allows reading the DNA one cell at a time 257 

identifying the individual mutations that occurred in tumor progression. Recently, in some single-ce ll 258 

sequencing studies, to investigate the ITH, CNAs investigations were conducted instead of the 259 

identification of individual mutations  with a gain in sensitivity and accuracy (4,23)(24).  260 

In this work, we decided to focus our attention on some of the most iconic GB populations such as 261 

astrocytes, microglia, stem and endothelial cells to observe their molecular alterations and to compare 262 

them to the whole tumor tissue, in terms of CNAs. 263 

Astrocytes are the star-shaped cells of the brain with different active roles both in the healthy and in 264 

brain pathological conditions (25). For example, they regulate neural signaling and give support in 265 

the blood-brain barrier (BBB) formation (25). Regarding GB tumorigenesis, a much-debated topic 266 

concerns the cell-of-origin in the cancer stem cell (CSC) or hierarchical hypothesis: GB stem cells 267 

(GSCs) or glioma initiating cells seem to be responsible for tumor formation (3). They are small 268 

population of stem cells characterized by self-renewal and differentiation properties (26). GSCs are 269 

involved in tumor growth, invasion and recurrence development (27). Based on this theory, GSCs 270 

can arise from neural stem cells (28) but also from already differentiated astrocytes transformed 271 

through genetic and epigenetic mutations (29)(30). Therefore, based on this hypothesis, initiating GB 272 

is composed of a mixture of cells including astrocytes and stem cells. In our work, the astrocytes, in 273 

general, in all the three tumors, were altered with a CNA pattern identical to the bulk tumor but in 274 

GB03

Single cells collected CNA

Endothelial cell WT

Endothelial cell WT

Endothelial cell WT

Endothelial cell WT

Endothelial cell 7+, 9p-, 9q+, 10-, 20+, 22q-

Endothelial cell 3q-, 7+, 9p-, 9q+, 10-, 20+, 22q-

Microglia cell WT

Microglia cell WT

Microglia cell WT

Microglia cell WT

Microglia cell WT

Astrocyte WT

Astrocyte 7+, 9p-, 9q+, 10-, 20+, 22q-

Astrocyte 7+, 9p-, 9q+, 10-, 20+, 22q-

Astrocyte 7+, 9p-, 9q+, 10-, 20+, 22q-

Astrocyte 7+, 9p-, 9q+, 10-, 20+, 22q-

Astrocyte 7+, 9p-, 9q+, 10-, 20+, 22q-
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some cells with even more alterations, in support of the concept of the more sensitivity and accuracy 275 

of the single-cell analysis approach. Indeed, the only stem cell collected in GB02 showed a CNA 276 

pattern typical of a transformed tumor cell. This suggests that the cumulative acquisition of mutations 277 

in the stem cells can be responsible for invasive cancer generation. 278 

In the brain, microglia cells represent the resident innate immune cells (macrophages) and these are 279 

involved  in many crucial physiological processes (31). Microglia have been ignored for a long time 280 

but by now it is common knowledge that these cells are an integral part of the tumor, constitut ing 281 

approximately 30% of tumor mass (32) and participating in tumor progression and anti-cancer 282 

treatment resistance (33). Microglia cells have, indeed, a key role in many brain diseases (34). From 283 

our results, we observed some microglia cells with normal chromosomes sets, as we expected, but 284 

we also found some cells presenting CNAs, indicating that within the tumor there are also microglia 285 

cells with a potential tumoral behavior. From a transcriptional point of view some alterations have 286 

been described in GB microglia (35).  In 2020, Maas and colleagues defined a particular type of 287 

transformed microglia cells. In this context tumoral GB cells hijack the microglia gene expression to 288 

enhance tumor proliferation suppressing the immune response (36). 289 

Endothelial cells (ECs) represent the principal components of the BBB (37). Different brain 290 

pathologies, including GB, show molecular alterations of ECs (38). In GB, vessels are necessary for 291 

cancer cell spreading and it has been demonstrated that ECs  regulate tumor invasion through 292 

crosstalk   with   GB  cells (39). Our results illustrate the presence of wild type ECs but carrying also 293 

CNAs, confirming that in the tumor mass can be present tumor-ECs (also defined tumor-associa ted 294 

ECs) as it has been highlighted in some recent publications (40) (41,42). In these papers, the tumor-295 

associated ECs showed different phenotypic and functional characteristics concerning normal ECs. 296 

Moreover, the relationship between ECs and GB tumor cells was demonstrated in two recent studies, 297 

in particular it was observed that tumor-derived ECs and GB stem cells shared the same genomic 298 

mutations and that CD144 and VDGFR2 genes are expressed by the emerging endothelium (43,44).  299 

Moreover, in our study, we observed and then recovered some cells with a double signal of labeling:  300 

astrocytes/microglia cells in GB01 and stem/endothelial cells in GB02. Indeed, in the literature has 301 

been reported the detection of dual positive cells in experiments using our same technology, 302 

especially in the circulating tumor cells studies (45). Fais et al. in 2007 introduced the concept of 303 

cannibalism as an exclusive property of malignant tumor cells (46). Moreover, Coopman et al. 304 

assumed that phagocytosis is the mechanism used by invasive tumor cells to allow migration in the 305 

surrounding tissues (47). In this regard, in malignant gliomas, phagocytic tumor cells were detected 306 

and particularly in GB (48) (49). A different hypothesis could be the cell fusion formation, for 307 

example, Huysentruyt et al. observed fusion between macrophages and tumor cells (50).  308 

A further aspect that emerged from our results is the detection both in GB01 and in GB02 of some 309 

not-stained cells with CNAs. We observed, in fact, that not all the astrocytes are positive for GFAP 310 

and it has also been demonstrated in the literature that GFAP is not an astrocytes exclusive marker, 311 

as GFAP expression in GB varies significantly (51). 312 

The use of CNAs as a method of evaluating tumor cells is more popular lately. CNA burden is 313 

assessed in different tumors, such as in prostate cancer (52) meaning as the analysis on variable 314 

amounts of amplifications or deletions in different patients. In particular, Hieronymus et al. (52) 315 

observed that patients with a high CNA burden showed a greater risk of relapse after treatment. For 316 

this reason, CNA analysis can be considered also as a useful marker. Therefore, tumor CNA burden, 317 

rather than individual CNAs, can be associated with cancer outcomes. Recently, CNAs analysis has 318 

been evaluated more advantageously than mutational analysis for diagnostic reasons in particular in 319 

association with survival (53): CNAs and miRNA analysis had a better performance rather than 320 

mutational data for poorly predicted survival. In addition, in melanoma, Roh et al. demonstrated that 321 

the association of CNAs and mutational burden can be very useful for prognosis and response to 322 

therapy (54).  323 

To the best of our knowledge, this is the first time that our approach is used to partition a GB tumor 324 

tissue in its cellular components and provide its molecular profile. Single-cell CNA analysis has the 325 
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potential to yield new insights into the molecular dynamics of cellular populations. Measuring single -326 

cell genome alterations in tissues and cell populations will greatly advance clonal decomposition of 327 

malignant tissues, resolving rare cell populations genotypes and identifying DNA amplification and 328 

deletion states of individual cells, which are difficult to identify when cellular information is 329 

destroyed in bulk sequencing. A novel feature of our approach is also the capturing, by brightfie ld 330 

and immunofluorescence imaging, of morphologic features of cells permitting analytical integrat ion 331 

with genomic properties. Moreover, the presence of double-stained cells in a framework of tumor 332 

cannibalism may represent specific tumor targets for future new strategies against cancer (46). Single-333 

cell biology is leading to a new understanding of physiology and disease. The present resource of 334 

single-cell CNAs will permit new insights into genome heterogeneity, mutational processes, and 335 

clonal evolution in malignant tissues. 336 

 337 

 338 
 339 

FIGURE CAPTIONS 340 

Figure 1. Histological images of GB01, GB02 and GB03. Experimental design starting from tumor 341 

shredding to DEPArray analysis.  342 

 343 

Figure 2. Example of DEPArray images of single cells belonging to the main GB populations, stained 344 

in yellow with GFAP (astrocytes), in red with IBA1 (microglia), in purple with CD105 (endothelia l 345 

cells), in green with CD133 (stem cells) and in blue with Hoechst. BF: Brightfield. 346 

 347 

Figure 3. Pie charts of the percentages of the main cell type populations found in GB01, GB02 and 348 

GB03. 349 

 350 

Figure 4. Summary of all the recovered cells after DEPArray analysis from GB01, GB02 and GB03. 351 

Astrocytes, microglia, endothelial and stem cells were collected. Double staining cells and only 352 

Hoechst positive cells are shown. 353 

 354 

Figure 5. CNA pattern of the fresh GB tissues in bulk. The chromosomal amplifications are shown in 355 

red and in blue the deletions. The intensity of red and blue color components correlates to the gain 356 

and loss values based on the results obtained from the CNApp tool. 357 

 358 

Figure 6. Genome-wide chromosome arm CNA profile heatmap for GB01, GB02 and GB03. For 359 

each sample the CNA profile of the single cells collected is shown and on the right the CNA profile 360 

of the tumor tissue in bulk.  361 

 362 

Figure 1S (Supplementary Data). Pie charts of the percentages of the double-stained cells and not 363 

stained cells found in GB01, GB02 and GB03. 364 

 365 
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