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Abstract: Background: Glioblastoma (GBM) is an aggressive brain tumor and the mechanisms of progression are
very complex. Accelerated aging is a driving factor of GBM. However, there has not been thorough research about
the mechanisms of GBM progression based on aging acceleration. Methods: The aging predictor was modeled
based on normal brain samples. Then an aging acceleration background network was constructed to explore GBM
mechanisms. Results: The accelerated aging-related mechanisms provided an innovative way to study GBM, where-
in integrative analysis of somatic mutations and differential expression revealed key pathologic characteristics.
Moreover, the influence of the immune system, the nervous system and other critical factors on GBM were identi-
fied. The survival analysis also disclosed crucial GBM markers. Conclusion: An integrative analysis of multi-omics
data based on aging acceleration identified new driving factors for GBM.
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Introduction

Much research has indicated that there are
relationships between cancers and aging; fur-
ther, it also has been held that cancers cannot
be isolated from the effects of accumulated
genetic mutations without accelerated aging
[1, 2]. Fortunately, integrating genomics and
transcriptomics has been deeply rooted in the
public mind [3]. Therefore, exploring the mech-
anisms between aging and traditional cancer
markers (i.e. mutations and differential expres-
sion) is a powerful approach to study the pro-
gression of GBM.

Actually, cancers may be promoted by a decline
in cellular functions, (i.e. a dysregulated im-
mune system), often induced by accelerated
aging, which has been identified as an intrinsic
risk factor for cancers [3]. According to statis-

tics, the majority of cancer victims are elderly.
This highlighted the necessity for the clinical
practice of geriatric oncology.

Among past achievements, a series of GBM
markers has been identified (i.e. through differ-
ential expression) [4]. Fortunately, The Cancer
Genome Atlas (TCGA) database generated a
large amount of required cancer data, including
somatic mutations, gene expression, and clini-
cal follow-up profiles; the GEO platform also
provided relative profiles (i.e. healthy persons).
However, an integrative analysis of GBM based
on aging acceleration has not been studied
thoroughly.

In this manuscript, a series of works were repre-
sented by the following flow chart (Figure 1): (1)
modelling the aging predictor; (2) exploring cru-
cial accelerated aging-related somatic muta-
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Figure 1. The computational flow chart.

tions based on aging acceleration; (3) integrat-
ing the accelerated aging-related mutations
and differential expression based on the aging
acceleration background network; (4) investi-
gating the biologic functions of the “accelerat-
ed aging-related SNPs to differential expres-
sion” modules. In short, the mechanisms of
GBM progression associated with aging accel-
eration were explored in this paper.

Materials and methods

Modelling the aging predictor using normal
brain data

We obtained the transcriptional profiles of
healthy persons (584 samples) from the Gene
Expression Omnibus (GEO) platform (GSE15-
745). The brain tissues included the cerebel-
lum, frontal cortex, pons, and temporal cortex.
We then divided all samples into two groups
(old age samples >50 and young samples <
50). Then about two-thirds of the samples were
randomly selected as the training subsets and
the remaining proportion were set as the test
subsets for each age group, respectively.
Ultimately, the training subsets in the young
and old groups were combined into the total
training set, as well as the total test set.

The feature selection pipeline of the aging pre-
dictor was performed as follows:

(1) The weight of each feature was calculated in
the training sets with the help of the ReliefF
algorithm. For classification, the ReliefF used K
nearest neighbors per class, ranking indices of
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columns ordered by attribute importance, with
large positive weights assigned to important
attributes. In this work, the value of K was set
to 10.

(2) According to the law of decreasing impor-
tance of the characteristics, the test set fea-
tures were also sorted based on the training
data.

(3) The prediction result of the age group was
calculated using the Naive Bayesian classifier,
assigning each sample to the most probable
class (using the maximum a posteriori decision
rule):

(Y= k)jlf[iP(Xj Y =K)

PY=k|X) = (1)

S 2y = k)f[lP(X,- 1Y = k)
=

k=1

Where X was each sample, Y was the pheno-
type (the class of each class, i.e. the young or
old age group in this work), and  (Y=k) was the
prior probability of each class (set as 0.5 in this
work).

(4) To pick out the optimal model predictor
which contained the maximum average correct
rate, we adopted the five-fold cross-validation
for the total training set; then taking advantage
of the selected model, we computed the accu-
racy in the total test set. Consequently, both
the learning curve and the ROC curve were
summarized.
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Accelerated aging patterns in GBM

We downloaded cancer genome data from the
TCGA and GEO (GSE15745) database, and
standardized 11,378 cancer genes’ (the genes
shared by both normal tissue and cancerous
tissue were selected) expression levels. As a
comparison with healthy tissue, the best model
was selected as mentioned in the normal sam-
ples. Then in line with prediction outcomes, a
posteriori probabilities (in the Bayesian classi-
fier) were treated as aging scores. The median
aging scores were defined as an overall grade
for the certain age groups (=50 years old, 260
years old, 270 years old and >80 years old) and
the differences between GBM patients and the
healthy group were revealed. The Kruskal Wallis
test was used to test the difference between
the healthy people and GBM patients, and sig-
nificance was set at p-value < 0.05.

Identifying accelerated aging related somatic
mutations

Since the mutation and the transcriptional pro-
files contain different genes, we extracted the
identical genes shared by both mutation and
the expression profiles, and then selected rele-
vant mutation data. To pick out the SNP set
with the best fitting result, the elastic net algo-
rithm was used. The five-fold cross-validation
was performed, which calculated a least-
squares regression coefficients for a set of
regularization coefficients:

B=a@mm§%2wwwaf+§dBWﬂw%um

Where B was the regression coefficient, N was
the number of training data, and A was the pen-
alty term (determined by the 5-fold cross vali-
dation in this work).

In order to select the optimal model in the five-
fold cross-validation progress, the minimum
average of the mean squared error (MSE) was
used as the standard. As a result, the elastic
net method was used on the total data to deter-
mine the number of selected mutations, if the
coefficient was not O.

Constructing the aging acceleration back-
ground network

Both the Pearson correlation coefficient and
the partial correlation coefficient (based on the
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aging score) between each pair of genes were
calculated. Whenever correlation and partial
correlation coefficients had opposite signs, the
relevant two genes might be related to aging
acceleration. Then the criterion of P < 0.05 and
the False Discovery Rate (FDR) < 0.2 in either
correlation or partial correlation coefficient was
used to determine each pair of genes to form
the edge of the background network. As a
result, each module of “accelerated aging relat-
ed mutation to differential expression” was
identified by exploring the shortest path in the
aging acceleration network using the Dijkstra
algorithm.

Enrichment analysis

To find vital biological significance, enrichment
analysis was put to use, using Gene Ontology
terms and KEGG pathways, both of which
stem from Gene Set Enrichment Analysis
(GSEA) platform (http://software.broadinsti-
tute.org/gsea/downloads.jsp). We adopted the
hypergeometric test to figure out significantly
enriched KEGG pathways or Gene Ontology
(GO) Biological Process (BP) terms. The hyper-
geometric distribution formula for test of the
degree of enrichment about the selected gene
sets is shown below.

MY(N-M
p= 1-2,-"1’017( J )((’/;)_i )

Where N was the total number of genes in the
gene list, M was the number of known gene
sets (i.e. KEGG pathway, GO terms), n was the
number of identified genes and i was the num-
ber of shared genes between known gene sets
and identified genes. If P < 0.05 and FDR < 0.2,
the selected GO terms or KEGG pathways were
considered as a significantly enriched module.

3)

Survival analysis

Whether the module had a significant effect on
the patient’s survival time or not still was worth
of exploring. In order to study survival results,
all patients were divided into a high expression
group and low expression group based on the
median of each gene expression. The Kaplan-
Meier method was used to draw the survival
curve and the log-rank test was used to check if
there was a significant difference between the
survival curves of the two groups, where P <
0.05 was used as the primary standard.
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Table 1. The prediction results

widely recognized as the crucial marker

Old Young
samples samples

Accuracy

that inhibits cancer [7-9] by regulating
the cell cycle, cell apoptosis, cell senes-

The training set 120 269
The test set 60 135 0.7167

0.7632 (cross-validation)

cence, and the DNA damage repair [10].
In short, TP53 played an important role

Results

The aging model revealed crucial GBM mark-
ers based on aging acceleration

The aging predictor was modeled based on
transcriptional profiles using the Naive Ba-
yesian classifier (Table 1). The five-fold cross-
validation was applied to select the optimal
model. As a result, it illustrated that the top
402 important markers were selected (accura-
cy =0.7167 in the test data). The learning curve
and ROC curve (AUC=0.72098) are shown in
Figure 2. The results proved that our model
could predict the aging process with enough
accuracy.

Further, to distinguish between the chronologi-
cal age and aging acceleration, the aging
scores were calculated using posterior proba-
bility of the Naive Bayesian classifier (Table 2).
From the chart, the result shown that the aging
scores indicated a growing trend with increas-
ing ages; apart from this, the aging scores of
the cancer samples were significantly higher
than the scores of normal samples within dif-
ferent age groups, respectively. All involved
p-values were lower than 0.05 using the
Kruskal-Wallis test (Figure 3A-D). The details
displayed in Figure 3A-D indicate aging accel-
eration in GBM.

To explore crucial genomic dysfunctions associ-
ated with accelerated aging, the relationships
between somatic mutations and the aging
acceleration pattern were identified using the
elastic net. As a result, 24 somatic mutations
were identified as key markers related to aging
acceleration, whose frequencies are also sum-
marized in Table 3 and Figure 4A. For example,
ABCB4 had the greatest absolute weight
(0.2268) and TP53 had maximum frequency
(0.2400). The functions of ABCB4 have been
deeply investigated, and it plays an important
role in the synthesis of phosphatidylcholine [5]
as well as the restraining of anticancer drug
resistance during cancer treatment [6]. It had a
great association with immunity, affecting both
cancer and aging. Besides, TP53 has been
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in on aging and cancer.

Critical functions were explored by in-
tegrating accelerated aging-related mutations
and differential expression genes

To investigate GBM mechanism based on aging
acceleration, herein the aging acceleration
background network was constructed (totally
containing 1948259 edges). Then the modules
of “accelerated aging related SNP to differen-
tial expression” were identified based the aging
acceleration background network. Further, an
enrichment analysis was performed to explore
biologic functions of these modules. As a result,
24 some key modules were enriched in biologic
significance (Table S3 and Figure S1). These
modules are shown in Figure 4B and 4C, and
the total gene lists were shown in Table S1.

For example, the most enriched KEGG pathway
was interactions with endocytosis of cells
(FDR=0.0612) driven by Clathrin. Clathrin was
ubiquitously distributed [11], and CHC17 (rep-
resentative of Clathrin) performs key functions
in formation of the mitotic spindle that contrib-
ute to cancer cell proliferation and division [12].

Further, there were a series of “accelerated
aging SNP to differential expression” enriched
critical BP terms, indicating the dysfunction of
the immune system and nervous system as
well as the cellular homeostasis of GBM based
on aging acceleration (Figure 5).

(1) The impact of the immune system on
glioblastoma.

In the process of GO term analysis, the immu-
nomodulatory-related terms were concentrated
in the 12th and the 18th module. The results
are displayed in Figure 5A and Table 4. More-
over, the gamma interferon regulates apoptosis
and tumor suppressor pathway through immu-
nological genes [13]. Thus in the reactive condi-
tions, myeloid leukocytosis mediates immune
response to regulate the diseases [14]. Leuko-
cyte degranulation effect plays a role in cancer.
Besides, the mast cell activation is effective to
maintain survival [15]. Neutrophils (primarily
white blood cells) are associated with immune
function. Once neutrophil degranulation occurs,
its phagocytic function is lost, influencing the
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Figure 2. Results of the aging predictor. A. The learning curves by 5-fold cross-validation; B. The ROC curves.

Table 2. The median aging scores

In GBM In normal brain  Age (years old)
7.4103e-13 1.0879e-26 >50
5.1013e-12 2.1579e-24 >60
5.804e-12 6.3590e-24 270
7.3753e-06 2.5671e-23 >80

elimination of tumor factors [16]. Most mem-
bers of the white blood cell family are involved
in tumor suppression. Therefore, it was found
that the enrichment results of GO terms
revealed critical mechanisms of GBM.
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(2) The nervous system-related reactions.

A total of 17 terms were enriched in the nerve
cells and neuromodulation processes. Details
are shown in Table 5 and in Figure 5B. The neu-
rological biological processes were enriched in
the 12th, 18th and 19th module.

The top enriched modules indicated the dys-
function of glial cell production and differentia-
tion. Malignancy of glioma increased with the
degree of differentiation of tumor cells increas-
ing [17]. That is, the division and differentiation
of various nerve cells were mostly annotated in

Int J Clin Exp Pathol 2021;14(5):582-595
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Figure 3. Aging acceleration results of GBM. A. 180 normal samples, 204 GBM samples (=50 years old, p=4.4657e-
10; B. 132 normal samples, 134 GBM samples (=60 years old), P=7.82927e-07; C. 108 normal samples, 58 GBM
samples (=70 years old), P=0.005; D. 88 normal samples, 18 GBM samples (=80 years old), P=0.0208.

Table 3. The mutations associated with aging

Gene symbol

ITGA7 ITGAE SLC38A1 USP16 ABCB4 AUTS2
PABPC3 DNAH17 SIGLEC8 KRT15 DMBT1 CEP76
CETP DGKD IKZF3 YY2  ZNF235 FGD6
CD7 AHNAK  PTPRM ZBTB40 YIPF6 NEBL

terms of significant enrichment and affect the
formation and spread of GBM [18]. Previous
studies have shown that astrocytes and glial
cells were prone to variability in an undifferenti-
ated state [19]. Neuron projection extension
was also enriched in the 12th module. The
migration and connection of glioma cells can-
not be separated from the extension of projec-
tions [20]. It could be inferred that the occur-
rence and deterioration of GBM were insepara-
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ble from the prolongation of neuronal pro-
cesses. As well known, the movement activity
of cells in the forebrain (including the telen-
cephalon) plays an important role in main-
taining the development of brain tissue, pro-
moting the metastasis of brain tumors [21]. If
the cell death were induced abnormally, the
risk of cancer should increase [22]. The syn-
apse is an important approach of neuron
communication thus it has a significant impact
on survival [23].

(3) Cells’ response and changes to various
stimulation and substances.

There were 12 terms enriched in the variation
in cells stimulated by changeable substances,
including oxygenates, nitrogenous compounds,
hormones and so on. Related chart content

Int J Clin Exp Pathol 2021;14(5):582-595
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Figure 4. The statistical results of mutation frequencies of 24 mutated genes and relative function modules (the yel-
low is the driver gene, the blue is differential genes and the red is survival genes). A. The histogram of 24 mutation
frequencies. B. KEGG function module driven by ITGAE; C. GO terms function module driven by CEP76; D. GO terms
function module driven by IKZF3; E. GO terms function module driven by FGD6; F. GO terms function module driven

by CD7; G. GO terms function module driven by YIPF6.

can be found in Table S4. Oxygenates may
resist toxic substances (substances that are
susceptible to cancer) of the invading cells [24]
and partial nitrogen compounds inhibit certain
processes in tumor cells [25].

(4) The mechanism of influence of the remain-
ing terms.

The RHO proteins (Ras homolog gene family)
act as molecular switches to control cellular
processes, including cytoskeletal formation
and cell migration [26]. Additionally, secreted
substances affect the development of GBM to
varying degrees. GBM migration is inhibited by
both histone deacetylase SAHA and natural
product andrographolide [27]. Furthermore,
dexamethasone induces expression of neuro-
nal and glial cell apoptosis markers [28]. During
development, the diversity of forebrain com-
plexity is also influenced by this signal path
[29]. To sum up, all significantly enriched terms
revealed crucial cancer mechanisms and these
complex terms demonstrated the utility of inte-
grated modules.

The “accelerated aging related mutation-
differential expression” module revealed an
important prognostic index

To investigate the relationship between the

“accelerated aging related mutation-differen-
tial expression” modules and the clinical char-
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acteristics, a survival analysis was performed.
As a result, 256 out of 11378 genes were iden-
tified to notable prognostic genes (Table S2).
Some of the survival genes were integrated in
modules (Figure 4B and 4C), and details are
shown in Table 6. Interestingly, MYOZ3 with the
minimum p-value (about 0.001) has relevance
to part of cell proliferation genes, hence it might
be involved in regulating the aging and cancer
growth progress [30]. Significant survival pat-
terns were uncovered by the survival curves,
even indicating that key survival genes were
integrated in enriched modules (Figure 6A-H).

Discussion

The genomic dysfunction in molecular networks
is the chief culprit that should be responsible
for development of GBM, where aging accelera-
tion is one of the driving incentives. The pur-
poses of this study were as follows: (1) discrimi-
nating different age groups based on the nor-
mal brain of healthy people; (2) verifying the
accelerated aging pattern of GBM compared by
the normal group; (3) integrating accelerated
aging related SNPs and differential expression
thus exploring potential mechanisms of GBM
based on aging acceleration.

In the immunosenescence theory of aging, a
decline in functions in the immune system
promote further dysfunctions in the neuro-
endocrine-immune axis as well as inflammation

Int J Clin Exp Pathol 2021;14(5):582-595
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Figure 5. Enriched GO term results in the immune system and the nervous system. The left-most genes are mutated
genes (driver genes), the medial contents are specific enriched GO terms, and the right-most values are the signifi-

cance of GO terms in the module.

during the aging process [31]. In other wo-
rds, accelerated aging is considered to lead to
a disruption of the immune system, and dys-
regulation of the nervous system. As a result,
cancer might be triggered. Our results further
confirmed that TP53 and ABCB4 in mutated
genes possessed the highest mutation rate
and influence ratio, respectively. These re-
sults have been highly noted [5, 7]. In a prior
study, the advanced aging process induc-
ed DNA damage, cell life reduction and apopto-
sis [32]; then cellular effects are caused by
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these changes in cellular and molecular le-
vels irreversibly. The enriched GO functions
in GBM modules coordinated with aging accel-
eration indicated that aging and GBM forma-
tion were affected by not only the nervous
system, but also the endocrine and immuno-
logic function [33]. In other words, all memb-
ers of the intricate multifunctional system in-
teract with others and then promote GBM
progression together. Interestingly, significant
GO terms showed that the occurrence of
GBM was inseparable from the endocrine

Int J Clin Exp Pathol 2021;14(5):582-595
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Table 4. Enriched GO terms related to immunity

BP term FDR

INTERFERON GAMMA MEDIATED SIGNALING PATHWAY 0.059
MYELOID CELL ACTIVATION INVOLVED IN IMMUNE RESPONSE 0.069
MAST CELL ACTIVATION 0.097
LEUKOCYTE DEGRANULATION 0.100
REGULATION OF MAST CELL ACTIVATION INVOLVED IN IMMUNE RESPONSE 0.129
MYELOID LEUKOCYTE ACTIVATION 0.173
REGULATION OF MAST CELL ACTIVATION 0.173
MYELOID LEUKOCYTE MEDIATED IMMUNITY 0.173
REGULATION OF LEUKOCYTE DEGRANULATION 0.173
PRODUCTION OF MOLECULAR MEDIATOR INVOLVED IN INFLAMMATORY RESPONSE 0.176
NEUTROPHIL ACTIVATION INVOLVED IN IMMUNE RESPONSE 0.176
CELL ACTIVATION INVOLVED IN IMMUNE RESPONSE 0.197

Table 5. Enriched GO terms related to nervous system

Biologic process FDR

ASTROCYTE DIFFERENTIATION 0.050
GLIAL CELL DIFFERENTIATION 0.075
GLIOGENESIS 0.083
HEAD DEVELOPMENT 0.083
NEGATIVE REGULATION OF NEURON APOPTOTIC PROCESS 0.127
CENTRAL NERVOUS SYSTEM DEVELOPMENT 0.127
SYNAPTIC SIGNALING 0.131
REGULATION OF GOLGI ORGANIZATION 0.135
FOREBRAIN DEVELOPMENT 0.148
REGULATION OF NEURON DEATH 0.169
REGULATION OF CALCIUM ION IMPORT 0.173
NEURON PROJECTION EXTENSION 0.176

SUBSTRATE INDEPENDENT TELENCEPHALIC TANGENTIAL MIGRATION 0.176

TELENCEPHALON DEVELOPMENT 0.176
NEURAL CREST CELL DIFFERENTIATION 0.187
NEGATIVE REGULATION OF NEURON DEATH 0.194
FOREBRAIN CELL MIGRATION 0.197
Table 6. The survival genes with modules

Gene symbol

ABLIM3 ADRB3 C14o0rf162

CACNA1G CACNA2D2  CALCRL

CDK5RAP3 CDS1

CLIP3 CYB561 DCHS1 IQSEC2

KCNG1 MYLC2PL NDUFA8  NHP2L1 PAK1IP1
PTPRT RHBDL1 RPP25 SLC22A1 SSBP3

TFF2 TOR3A TUBD1

regulation, the immunity system and the ner-
vous system, thus indicating aging accelera-
tion is one of the most important factors of

GBM.
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Integrating multi-omics pr-
ofiles based on the proper
network was informative to
explore potential mecha-
nisms of GBM, thus pre-
senting a survival analysis
[4, 34]. In addition, the
aging acceleration was
vital to promote the pro-
gression of cancers (also
including GBM) [35]. Our
results also indicated that
the accelerated aging may
be a risk index of GBM.
In other words, molecular
network modules in GBM
provided a foundation for
clinical therapeutics, and
relative molecular markers
(i.e. the immune system
and the nervous system)
were crucial to study the
relationship between ac-
celerated aging and GBM.
Moreover, drug molecular
treatment and targeted
gene therapy came to
insight of cancers. For
instance, a signaling path-
way suggested that dexa-
methasone can repress
the development of the
tumor [29].

Briefly, the tumor markers did not drive their
functions alone, but interacted with each other
within proper modules, then promoted develop-
ment of GBM coordinately. In addition, GBM
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Figure 6. Survival curves of genes that were integrated in function modules. A. The survival curves of CDS1. B. The
survival curves of BTN2A2. C. The survival curves of CAMKV. D. The survival curves of GBP2. E. The survival curves
of RPP25. F. The survival curves of SAT1. G. The survival curves of SSBP3. H. The survival curves of CACNA2D2.

goes through a complicated process. Therefore,
multi-scale analyses were apparently essential
for GBM by focusing on potential biological
functions. Our work identified important mech-
anisms (i.e. the immune system, the nervous
system and the endocrine system) regulating
GBM during the abnormal aging process coordi-
nately. In summary, there are a series of dys-
functions promoting developments of GBM, in
which aging acceleration was identified as a
core factor in our work.
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Table S1. Enriched modules with specific mutations and differential expression

module2_kegg modulel2_go modulel5_go modulel8_go

module19_go module23_go

mutation gene

differential genes

ITGAE
ACCN1
ADRB1
ALOX12B
APBA2BP
ATP10D
ATP2B3
ATPGV1A
AVPI1
BARD1
C100rf38
C100rf88
C170rf70
Clorf121
Chorf3
CABP1
CACNB1
CALD1
CDH9
CDKL2
CDS1
CHGA
CLCN4
CMTM6
COL4A2
COL5A2
CPEB1
CRHBP
CTNNA1
CXCR4
CYP26B1
DCPS
EFEMP1
EHD4
ENPEP
EPB49
EPHB6
FEM1C
G3BP1
GAD2
GDF10
GH2
GNB5
HCN2
HEATR2
HIST1H1C
HLA-F
HNRPK

CEP76
ADAM23
APBB1
BSCL2
Cl4orf147
Clorf121
Clorf27
C21orf62
Chorf3
CBX3
CCK
CNGA3
COL3A1
CPLX2
CRH
CRHBP
DDX39
DOCK9
EXTL1
F2R
FAM13A1
FCER1G
GNG13
HHLA2
HTR5A
IFI35
IFRD1
ING3
ITGAV
KBTBD2
KCNV1
LAMB2
LHX6
LYN
MAST1
NDEL1
PADI1
PNMA2
PPP1R13B
RRP15
RUFY1
RYR2
S100A4
SLIT3
SNCG
SPDEF
SYN2
TAGLN

IKZF3
AACS
ABCG4
ALDOC
ANK3
ANKRD57
AP2M1
BARD1
BLM
BXDC5
C21orf62
CD300A
CHD5
CHGA
CNNM2
CPNE3
CSRP2
DDN
DDX39
DNM1
EHD3
FABP3
FBXL2
FCHO1
FLJ20323
G3BP1
GNB5
GREM2
GUSB
HNRPAB
HS3ST2
IDH1
IFNGR2
IFRD1
INTS12
KLHL26
LPPR2
NMI
NMNAT2
oDC1
PAK3
PAK6
PECI
PHYHIP
PLAT
PLOD3
PYGL
RAP1A

FGD6
ABCD4
ABHD4
ABHD8
ACCN1
ACTR10
AGTPBP1
ANKMY2
AP2M1
ASCC3L1
ATP13A2
ATP1A3
ATP2B3
ATPBV1G2
ATP8A2
AYTL2
BAIAP2
BASP1
BLM
BTN2A2
C11o0rf49
Clilorfe7
C170rf70
CACNB1
CACNB3
CAD
CAMK2A
CAMKV
CAMTA2
CASP1
CCT6A
CD93
CHD1
CHGA
CLCN4
CNGA3
CNOT2
COL4A2
COX6C
CPEB1
CPLX3
CPT2
CXCR4
DAG1
DCPS
DDX23

DKFZP56400823

DNAJC12

cD7
AQP1
ARTN
ATP5C1
ATPGVOD1
BAI2
BTG1
CACNA1A
CALM1
CANX
CBX3
CDKL2
CENTB2
CPSF4
DCPS
DOCK9
F2R
FEZF2
HLA-DPB1
INPPSF
KCNC1
KDELR2
LRP10
MDK
MLF2
NAT11
NAV3
NBL1
NDRG3
NECAP2
NMNAT2
NR4A2
NY-REN-7
obc1
oVvOL2
PEPD
PLEKHF2
POU3F2
PPL
PRKAB1
PSMF1
PTCH2
PTPRZ1
SLC6A13
STAR
SYNJ2
TMCO1
TMEM24

YIPF6
ABCD4
AVPI1
B4GALT6
BCHE
BLM
C12orf4l
C160rf45
CACNA2D2
CCT6A
CHD5
CHI3L1
CORO1C
CTNS
CYBB
DENND2A
ELAVL1
ENPEP
FAAH
FBXL2
FEM1C
FGF13
FREQ
GABRA2
GDF10
GLS2
GNB5
HIST1H1C
HLA-A
HLA-E
HOXB1
ID3

IRF2
JPH3
KCTD5
KIAAO284
KIAA1009
LMO7
LOC400451
LPL

LYGE
MADD
MAN2B1
MAPKSIP2
MATN2
NMNAT2
NOLC1
NRXN3
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HPRT1
HRH3
IFI16
IGFBP2
IKBKB
INPP5F
KCNJ3
KCNV1
KDELR2
KHDRBS2
KIAA0143
LDB3
LIMA1
LMO7
MARK4
MTX2
NBL1
NES
NPAL3
OCA2
P2RX5
PAK3
PALLD
PCSK2
PDE2A
PDE4DIP
PDIA4
PDK2
PHC2
PHYHIP
PLOD3
PPP1R13B
PSMF1
PUS7
RAB11FIP2
RFXANK
RIMS3
RNF208
RPLP2
RYR2
SCAMP2
SCNS8A
SH3GLB2
SHANK2
SNRPF
SOX9
STS
STXBP6
SULT4A1
SYNCRIP

TLR2
TPPP
VAMP2
VEZF1
WNT10B

RND2
S100A4
SERPINAL
SERPINH1
SNAP25
SNCA
SNRPF
SPTBN2
SULT4A1
SYT1
TAGLN
TERF2IP
TNNT1
TOR1AIP1
TREM2
TYRO3
VSNL1
ZDHHC4

DRD1
DYNC1I1
EFCBP2
EHD3
FGF13
FHOD3
FKBP10
FLT3
FSTL4
FTSJ2
GABRA4
GALNT1
GARNL4
GBP1
GBP2
GNG13
GRIN2A
GRM7
HAGH
HCLS1
HES1
HLA-C
HLA-DPB1
HLA-F
ICAM5
IFI16
IFI30
INA
ITFG1
ITGB2
JMJD1B
KCNN1
KIAAO355
KIAAO774
KIAA1467
LAMB2
LAP3
LIG4
LOC400451
LRP10
MAP1S
MAPK1
MAPK3
MATN2
MCF2
MCM7
MDM1
MGLL
MGST2
MYO9B

VEZF1
ZMPSTE24

obc1
0SBP2
PGLS
PHYHIP
POLD2
PTPRZ1
QTRT1
RAB3B
RASAL1
RBBP4
RGS1
RND2
SCAMP4
SEMA4A
SHANK2
SHMT2
SLC16A1
SLC2A10
SLC30A3
SLITRK5
SNRPF
SOSTDC1
STAT4
TMEM24
TNC
TYRO3
ULK1
VGLL4
VIPR1
VPS53
XK
ZNF140
ZNF45
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SYNJ1 NAV3
TIMELESS NECAP1
TP53 NEFM
TSPYL2 NMNAT2
TXNDC1 NOL5A
USP8 NOL8
NOX4
NPAL3
NTSR1
NUP133
NXT2
OXR1
PADI3
PAK3
PALLD
PDCL3
PDE1A
PDE1B
PDE2A
PDE4A
PFKM
PFKP
PHACTR1
PHACTR4
PIP5K1C
PLSCR1
POU3F2
PPM2C
PRB3
PRKAR1B
PRMT8
PRPF4B
PRR14
PSMF1
PYGL
RABSA
RAB9A
RAP2B
RBM7
RBP4
RIMBP2
RIMS2
RPP25
RRAGC
RUSC2
S100A4
SAP30BP
SAT1
SBF1
SCN2B
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SEMAGB
SERINC3
SERPINH1
SH3BP5
SH3GL2
SLIT3
SMAD1
SMARCC1
SMARCE1
SMPX
SORBS2
SOX2
SOX9
SSBP3
SSR1
STAG2
STS
SYT13
TDG
TLR2
TMOSF1
TNC
TUBA4A
TXNDC1
XK
YWHAB
ZCCHC8
ZFAND3
ZMPSTE24
ZNF20
ZNF200
ZNF302

Table S2. 256 survival genes
survival genes
C200rf19
MAGEA10
CRLF1

LPIN2

BAAT

THBS2
BTN2A2
CLEC1B
EMP3

NFYB
ASPSCR1
GGTLA4
MGMT

SDC4
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KIF18A
TMEMA48
PROL1
SLC26A1
SLC30A10
TNFRSF1B
SIT1
CLIP3
CDC14B
LEP
ZNF85
APOOL
RPP25
PHEX
TNFRSF4
GNL3
Cl4orf162
ZAP70
DDX3X
NAT8B
NUP155
GMPR
ZNF606
NPY5R
LY9
ATXN7
HLF
SOCS1
AMOTL2
MEIS1
NDUFA8
FBXO7
HIP1R
GBP2
HIST3H2A
MRPL49
NMEG
PDEGB
TuBD1
EPS8
SLC22A6
OR5I1
NLRP3
SLC22A1
AFF3
GUCY2F
TMOD2
GGCX
C200rf32
C100rf92
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TNFRSF13B
GUCY2C
CACNA1F
NR2F2
AKAP3
BDKRB1
PCDHB12
ASCL3
SPSB1
NDUFAB1
ZSCAN16
XPO1
C8G
IQSEC2
RPGR
UMOD
CyB561
RBKS
SRPR
CLTCL1
NCAM2
NSFL1C
GALK2
HIF3A
PTPN21
SPTB
AFG3L2
LAMB1
HOXC8
PQBP1
WDR8
MLC1
TLK2
STK10
KIAA0196
PAK1IP1
SMUG1
VGLL1
TREX2
KRT13
F2RL3
ACADL
IL23A
FRAT2
VAPB
CTSG
SLC6A5
ACE
ONECUT1
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OR3A3
TAF10
MYL2
SIPA1LL
PTPRT
ADRB3
MYCT1
PLACS
CACNA2D2
ACTL7B
KCNA10
PNMT
ZNF8
STARD3
ABLIM3
MRPL41
CFP
AHR
E2F1
NPVF
SCARB1
CLDN1
ZNF287
GDPD5
IL13RA2
HOMER2
EPHB4
RAC2
RGS13
GRAP2
CPN1
OMP
RFC5
ABCC10
AAGNT
SMARCA1
RAB30
CDK7
FAM125B
IL20RA
TOR3A
CDC2L6
ccL4
TGM2
CAPN9
IL5RA
SLC38A4
KCNG1
PASK
AQP4
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MTL5
NFATC1
CDK5RAP3
TREML2
UNC119
HYAL4
RAP2A
CALCRL
SH2D1A
JUNB
DPP3
CACNA1G
CPE
KIAAO391
ABCAG
CPB2
GFI1
VPS26A
FOSL2
GRIA4
MMP2
Cllorf71
MYOZ3
CCNT1
CFTR
CHMP6
TNFSF8
GLRA1
DCHS1
SLC4A5
MYLC2PL
OR10C1
SLC15A3
TPBG
FOXL1
RASL11B
NR1I12
FGD2
GFPT2
WASF1
NHP2L1
GGTLAL
MCCC1
NAV2
STK16
PMAIP1
PYGM
LRPPRC
ELA3A
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TSEN2
LILRA3
SLC29A2
LCT
CNDP2
RHBDL1
DHX9
AFAP1
PAFAH1B2
AHDC1
C2orf47
HGD
CAMKV
CETN2
C1QTNF3
FLJ21986
TAS2R7
ciQL1
LIPF
LRRC42
OR10J1
FAM50B
C18orf25
NDST2
TTC12
PRG2
ZDHHC13
0GG1
SAT1
ALX3
PHTF1
ANGPTL2
SSBP3
DSCR6
TFF2
CDSs1
METAP1
MAGEB3
SYCP1
ERBB2
VSX1
WRB
BMP2
RFX2
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Table S3. Enriched GO terms (a total of 57 terms)

GO_terms modules FDR function link

3796 15 0.001827 GO_CLATHRIN_MEDIATED_ENDOCYTOSIS http://www.broadinstitute.org/gsea/msigdb/cards/GO_CLATHRIN_MEDIATED_ENDOCYTOSIS

1926 23 0.00576 GO_LEARNING http://www.broadinstitute.org/gsea/msigdb/cards/GO_LEARNING

2202 18 0.049685 GO_ASTROCYTE_DIFFERENTIATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_ASTROCYTE_DIFFERENTIATION

2560 18 0.059028 GO_INTERFERON_GAMMA_MEDIATED_SIGNALING_PATHWAY  http://www.broadinstitute.org/gsea/msigdb/cards/GO_INTERFERON_GAMMA_MEDIATED_SIGNALING_PATHWAY

3236 12 0.068909 GO_MYELOID_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_RE- http://www.broadinstitute.org/gsea/msigdb/cards/GO_MYELOID_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_
SPONSE RESPONSE

1056 18 0.069615 GO_RESPONSE_TO_EPIDERMAL_GROWTH_FACTOR http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_EPIDERMAL_GROWTH_FACTOR

105 18 0.075164 GO_RESPONSE_TO_NITROGEN_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_NITROGEN_COMPOUND

3421 18 0.075164 GO_GLIAL_CELL_DIFFERENTIATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_GLIAL_CELL_DIFFERENTIATION

1753 18 0.082756 GO_GLIOGENESIS http://www.broadinstitute.org/gsea/msigdb/cards/GO_GLIOGENESIS

2732 19 0.083015 GO_HEAD_DEVELOPMENT http://www.broadinstitute.org/gsea/msigdb/cards/GO_HEAD_DEVELOPMENT

1670 12 0.089297 GO_REGULATION_OF_SECRETION http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_SECRETION

1441 12 0.097298 GO_MAST_CELL_ACTIVATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_MAST_CELL_ACTIVATION

2449 12 0.097298 GO_POSITIVE_REGULATION_OF_CELL_DEATH http://www.broadinstitute.org/gsea/msigdb/cards/GO_POSITIVE_REGULATION_OF_CELL_DEATH

259 12 0.100285 GO_LEUKOCYTE_DEGRANULATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_LEUKOCYTE_DEGRANULATION

1931 12 0.100285 GO_REGULATION_OF_CELLULAR_LOCALIZATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_CELLULAR_LOCALIZATION

3586 12 0.100285 GO_REGULATION_OF_TRANSPORT http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_TRANSPORT

115 19 0.127047 GO_NEGATIVE_REGULATION_OF_NEURON_APOPTOTIC_PRO-  http://www.broadinstitute.org/gsea/msigdb/cards/GO_NEGATIVE_REGULATION_OF_NEURON_APOPTOTIC_PRO-
CESS CESS

2986 19 0.127047 GO_CELLULAR_RESPONSE_TO_KETONE http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_KETONE

3949 19 0.127047 GO_CELLULAR_RESPONSE_TO_DEXAMETHASONE_STIMULUS http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_DEXAMETHASONE_STIMU-

LUS

4048 19 0.127047 GO_CENTRAL_NERVOUS_SYSTEM_DEVELOPMENT http://www.broadinstitute.org/gsea/msigdb/cards/GO_CENTRAL_NERVOUS_SYSTEM_DEVELOPMENT

377 12 0.129097 GO_SECRETION_BY_CELL http://www.broadinstitute.org/gsea/msigdb/cards/GO_SECRETION_BY_CELL

546 12 0.129097 GO_REGULATION_OF_MAST_CELL_ACTIVATION_INVOLVED_ http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_MAST_CELL_ACTIVATION_INVOLVED_
IN_IMMUNE_RESPONSE IN_IMMUNE_RESPONSE

3719 12 0.129097 GO_REGULATION_OF_ION_TRANSPORT http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_ION_TRANSPORT

4369 12 0.129097 GO_CELLULAR_RESPONSE_TO_ALKALOID http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ALKALOID

704 18 0.130712 GO_LUNG_MORPHOGENESIS http://www.broadinstitute.org/gsea/msigdb/cards/GO_LUNG_MORPHOGENESIS

2579 18 0.130712 GO_SYNAPTIC_SIGNALING http://www.broadinstitute.org/gsea/msigdb/cards/GO_SYNAPTIC_SIGNALING

39 18 0.135269 GO_REGULATION_OF_GOLGI_ORGANIZATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_GOLGI_ORGANIZATION

1808 18 0.135269 GO_CELLULAR_RESPONSE_TO_ORGANIC_SUBSTANCE http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ORGANIC_SUBSTANCE

2482 18 0.136146 GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND

1120 19 0.148013 GO_FOREBRAIN_DEVELOPMENT http://www.broadinstitute.org/gsea/msigdb/cards/GO_FOREBRAIN_DEVELOPMENT

3288 19 0.153433 GO_RESPONSE_TO_DEXAMETHASONE http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_DEXAMETHASONE

3134 19 0.169012 GO_REGULATION_OF_NEURON_DEATH http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_NEURON_DEATH

1740 12 0.173019 GO_MYELOID_LEUKOCYTE_ACTIVATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_MYELOID_LEUKOCYTE_ACTIVATION

1876 12 0.173019 GO_REGULATION_OF_CALCIUM_ION_IMPORT http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_CALCIUM_ION_IMPORT

1977 12 0.173019 GO_REGULATION_OF_MAST_CELL_ACTIVATION http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_MAST_CELL_ACTIVATION
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GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND
GO_MYELOID_LEUKOCYTE_MEDIATED_IMMUNITY
GO_REGULATION_OF_LEUKOCYTE_DEGRANULATION
GO_NEURON_PROJECTION_EXTENSION

GO_POSITIVE_REGULATION_OF_RHO_PROTEIN_SIGNAL_
TRANSDUCTION

GO_CELLULAR_RESPONSE_TO_OXYGEN_CONTAINING_COM-
POUND

GO_SECRETION
GO_CELLULAR_RESPONSE_TO_HORMONE_STIMULUS

GO_SUBSTRATE_INDEPENDENT_TELENCEPHALIC_TANGEN-
TIAL_MIGRATION

GO_REGULATION_OF_ENDOCRINE_PROCESS

GO_PRODUCTION_OF_MOLECULAR_MEDIATOR_INVOLVED_
IN_INFLAMMATORY_RESPONSE

GO_RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND

GO_NEUTROPHIL_ACTIVATION_INVOLVED_IN_IMMUNE_RE-
SPONSE

GO_TELENCEPHALON_DEVELOPMENT
GO_REGULATED_EXOCYTOSIS
GO_REGULATION_OF_TRANSMEMBRANE_TRANSPORT
GO_CELLULAR_RESPONSE_TO_ENDOGENOUS_STIMULUS
GO_NEURAL_CREST_CELL_DIFFERENTIATION
GO_NEGATIVE_REGULATION_OF_NEURON_DEATH
GO_RESPONSE_TO_WOUNDING
GO_FOREBRAIN_CELL_MIGRATION
GO_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE

http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND
http://www.broadinstitute.org/gsea/msigdb/cards/GO_MYELOID_LEUKOCYTE_MEDIATED_IMMUNITY
http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_LEUKOCYTE_DEGRANULATION
http://www.broadinstitute.org/gsea/msigdb/cards/GO_NEURON_PROJECTION_EXTENSION

http://www.broadinstitute.org/gsea/msigdb/cards/GO_POSITIVE_REGULATION_OF_RHO_PROTEIN_SIGNAL_
TRANSDUCTION

http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_OXYGEN_CONTAINING_COM-
POUND

http://www.broadinstitute.org/gsea/msigdb/cards/GO_SECRETION
http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_HORMONE_STIMULUS

http://www.broadinstitute.org/gsea/msigdb/cards/GO_SUBSTRATE_INDEPENDENT_TELENCEPHALIC_TANGEN-
TIAL_MIGRATION

http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_ENDOCRINE_PROCESS

http://www.broadinstitute.org/gsea/msigdb/cards/GO_PRODUCTION_OF_MOLECULAR_MEDIATOR_INVOLVED_
IN_INFLAMMATORY_RESPONSE

http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND

http://www.broadinstitute.org/gsea/msigdb/cards/GO_NEUTROPHIL_ACTIVATION_INVOLVED_IN_IMMUNE_RE-
SPONSE

http://www.broadinstitute.org/gsea/msigdb/cards/GO_TELENCEPHALON_DEVELOPMENT
http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATED_EXOCYTOSIS
http://www.broadinstitute.org/gsea/msigdb/cards/GO_REGULATION_OF_TRANSMEMBRANE_TRANSPORT
http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ENDOGENOUS_STIMULUS
http://www.broadinstitute.org/gsea/msigdb/cards/GO_NEURAL_CREST_CELL_DIFFERENTIATION
http://www.broadinstitute.org/gsea/msigdb/cards/GO_NEGATIVE_REGULATION_OF_NEURON_DEATH
http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_WOUNDING
http://www.broadinstitute.org/gsea/msigdb/cards/GO_FOREBRAIN_CELL_MIGRATION
http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELL_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE
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Figure S1. All enriched GO functions and significances.
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Table S4. Enriched GO terms regarding the influences of stimuli and compounds

function link module FDR

GO_RESPONSE_TO_EPIDERMAL_GROWTH_FACTOR http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_EPIDERMAL_GROWTH_FACTOR 18 0.069615
GO_RESPONSE_TO_NITROGEN_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_NITROGEN_COMPOUND 18 0.075164
GO_CELLULAR_RESPONSE_TO_KETONE http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_KETONE 19 0.127047
GO_CELLULAR_RESPONSE_TO_DEXAMETHASONE_STIMULUS http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_DEXAMETHASONE_STIMULUS 19 0.127047
GO_CELLULAR_RESPONSE_TO_ALKALOID http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ALKALOID 12 0.129097
GO_CELLULAR_RESPONSE_TO_ORGANIC_SUBSTANCE http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ORGANIC_SUBSTANCE 18 0.135269
GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND 18 0.136146
GO_RESPONSE_TO_DEXAMETHASONE http://www.broadinstitute.org/gsea/msigdb/cards/GO_RESPONSE_TO_DEXAMETHASONE 19 0.153433
GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_NITROGEN_COMPOUND 12 0.173019
GO_CELLULAR_RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND 12 0.175814
GO_CELLULAR_RESPONSE_TO_ENDOGENOUS_STIMULUS http://www.broadinstitute.org/gsea/msigdb/cards/GO_CELLULAR_RESPONSE_TO_ENDOGENOUS_STIMULUS 12 0.184613
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