
D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/20/8/1080/4860173 by Beurlingbiblioteket user on 20 Septem

ber 2018



D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/20/8/1080/4860173 by Beurlingbiblioteket user on 20 Septem

ber 2018



D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/20/8/1080/4860173 by Beurlingbiblioteket user on 20 Septem

ber 2018



D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/20/8/1080/4860173 by Beurlingbiblioteket user on 20 Septem

ber 2018



D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/20/8/1080/4860173 by Beurlingbiblioteket user on 20 Septem

ber 2018



1085Baskaran et�al. Glioblastoma cells for precision medicine
N

euro-
O

ncology

diploid cells tetraploid cells

pentaploid cells aneuploid

U
30

88
M

G
 P

8
U

30
88

 M
G

 P
16

A B

C D

E F

U3088MG P8 U3088MG P16

FIS
H FC

FIS
H FC

FIS
H FC

FIS
H FC

diploid tetraploid

pentaploid aneuploid

U
30

28
M

G
 P

8
U

30
28

M
G

 P
16

U
30

21
M

G
 P

13
U

30
21

M
G

 P
21

diploid tetraploid

diploid tetraploid

diploid tetraploid

diploid tetraploid

U3028MG P8 U3028MG P16

0

20

40

60

80

100

%
 o

f n
um

be
r o

f c
el

ls

0

20

40

60

80

100

%
 o

f n
um

be
r o

f c
el

ls

0

20

40

60

80

100

%
 o

f n
um

be
r o

f c
el

ls

U3021MG P13 U3021MG P21

FIS
H FC

FIS
H FC

Chr 4 centromere

Chr 5p

Chr 5q

Fig.�2  Con�rmation of shifting ploidy status by FISH and FC. (A) U3021MG passage (P)13 displayed the same amount of diploid and tetraploid 
population, whereas U3021MG P21 contained 27% more diploid cells when analyzed by FC. (B) Representative FISH images of U3021MG.�(C) 
U3028MG P8 and P16 contained the almost same percentage of diploid and tetraploid population between both methods. (D) FISH of�U3028MG. 
(E) FISH and FC data con�rmed the presence of diploid, tetraploid, and pentaploid cells in U3088MG P8 with slight variation in the percentage of 
population between both techniques. In U3088MG P16, the tetraploid population was not found by FC, whereas by FISH analysis 12% of tetraploid 
cells were identi�ed. (B, D, F) Representative FISH images of U3021MG, U3028MG, and U3088MG.�(F) Representative FISH images U3088MG.
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It has previously been suggested that GC culturing in mice 
has resulted in shifts of the observable transcriptional sub-
type of the culture.4 We investigated whether a similar shift 
occurred during clonal takeover by applying the transcrip-
tional subtype calling algorithm (bootstrapped k-nearest 
neighbor4) to assign subtype status (classical, proneural, 
mesenchymal22). As a result, we observed 2 GCs shifted status 
to mesenchymal from classical (Fig.�4C). This observation fur-
ther illustrates that subtype status is not a constant property 
of a GBM cell culture, which raises a question of relevance 
of subtype scoring in therapeutic aspects.23,24 By comparison, 
classi�cation by the German Cancer Research Center (DKFZ) 
brain tumor methylation classi�er25 was relatively stable; all 
samples were classi�ed as isocitrate dehydrogenase wild-
type GBM, and either receptor tyrosine kinase (RTK)1 or RTK2 
subtype at relatively constant scores (Fig.�4D).

Glioblastoma Cell DNA Methylation Patterns Are 
Robust to Clonal Takeover

We went on to analyze the impact of clonal takeovers on 
DNA methylation of the GC cultures. Passages nearly match-
ing those analyzed for gene expression (U3021MG passage 
[P]13; P24, U3028MG P7; P15 and U3088MG P7; P15) were 
thus analyzed for genome-wide methylation status using 
Illumina 450k arrays. The DNA methylation patterns remain 
comparatively stable in samples from the same culture that 
had undergone CNAs and showed large differences in gene 
expression and doubling times (Fig.�5). Firstly, the correlation 

of the methylome pro�le between earlier and later passage 
was high (R2�>�0.9) in all 3 GC cultures. This suggested that 
DNA methylation pro�les were more preserved than CNA 
pro�les (R2 0.59 to 0.84) but not necessarily mRNA pro�les 
(R2�>�0.95) (Fig.�5A). This motivated us to analyze how the 
gradual change in genomic patterns would affect our ability 
to use each type of measurement as a biomarker. To quan-
tify this, we applied a Kruskal�Wallis H statistic to relate the 
variation across the 3 cell cultures to the variation within 
each cell culture between passages. Applied to our data, this 
nonparametric test should thus identify mRNAs, gene loci, 
or methylation probes that contain robust signals useful to 
separate individual cases. Among the 3 data types tested, 
DNA methylation had approximately twice as many vari-
ables with a positive H test (Fig.�5B). This signi�cantly higher 
proportion (chi-square test, P� <� 10�20) indicates that DNA 
methylation is a comparatively robust choice for biomarker 
analyses in GC cultures. The robustness of DNA methylation 
to separate cases (in terms of relative distances) was also 
evident in a PCA of each GC (Fig.�5C). Overall, no regions of 
differential methylation could be detected except in regions 
that had undergone unbalanced allele-speci�c CNA. Thus, 
the observed DNA methylation differences are largely a 
result of different composition of chromosomes with similar 
DNA methylation. We thus concluded that DNA methylation 
was relatively unaffected by multiple passages, and may in 
that particular sense be a stable biomarker, with differences 
in methylation between different tumor cell cultures. Those 
are likely to be caused by differences in methylation in the 
progenitor cells.

Table�1  Relative growth rate of the different observed alterations

Culture Event Between 
Passages

Delta r  
(doublings/day)

Population  
Doubling Time (h)

Altered Fraction 
Doubling Time (h)

Difference (h)

U3021MG gain14q 21�24 >0.096 61 <49 <�12

tetraploid 7�13 0.027 57 �4

13�15 �0.076 76 15

15�18 �0.058 72 11

18�21 �0.103 83 22

loss13pq 7�13 �0.057 72 10

U3028MG loss_gain8pq 7�9 >0.346 78 <37 <�41

gain7pq >0.234 <44 <�34

loss21pq <�0.187 >200 >121

gain1q <�0.126 >132 >54

U3088MG pentaploid 7�9 0.23 82 46 �36

9�11 0.153 54 �28

11�13 >0.219 <47 <�35

gain20pq 7�9 >0.129 <57 <�25

15�28 >0.064 <67 <�15

del11pq 13�15 >0.256 <44 <�38

15�28 <�0.037 >93 >12

gain3pq 15�28 >0.087 <63 <�19

gain13q 15�28 >0.043 <71 <�10

Note. The �r  is estimated as the difference in growth rate for cells harboring a particular genetic alteration. Model does not assume alterations to 
be mutually exclusive; it is therefore possible that an individual subclone carries more than one alteration.
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Fig.�4  Transcriptional consequences of culturing and altered gene dosage. (A) Detection of pathways that were consistently up- or downregu-
lated in U3021MG, U3028MG, and U3088MG cells, between 7�8 passages of culture, as measured by a moderated t score and the preranked 
GSEA statistic. (B) Correlation between changes in gene dosage ( )�CNA  and change in gene expression ( )�RNA  for all genes (left) and 
selected pathways (right; Supplementary Table S4); a permutation based simulation was used to obtain an FDR corrected q-value for each path-
way (schematic). (C) Scoring of subtype signatures using bootstrapped K nearest neighbor. The relative proportion of each color indicates the 
fraction of bootstrap runs in which the cell culture was assigned to the corresponding subtype. (D) Scoring of DNA methylation signatures RTK1 
and RTK2 using the DKFZ classi�er.
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