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Is NF2 a Key Player of the Differentially Expressed Gene Between Spinal Cord
Ependymoma and Intracranial Ependymoma?

Ki Tae Kim', Chang-Hyun Lee®, Chun Kee Chung®, Ju Han Kim’

BACKGROUND: Although intracranial and spinal epen-
dymomas are histopathologically similar, the molecular
landscape is heterogeneous. An urgent need exists to
identify differences in the genomic profiles to tailor treat-
ment strategies. In the present study, we delineated dif-
ferential gene expression patterns between intracranial
and spinal ependymomas.

METHODS: We searched the Gene Expression Omnibus
database using the term “ependymoma” and analyzed the
raw gene expression profiles of 292 ependymomas (31
spinal and 261 intracranial). The gene expression data
were analyzed to find differentially expressed genes
(DEGs) between 2 regions. The fold change (FC) and false
discovery rate (FDR) were used to assess DEGs after gene
integration (|log,FC|>2; FDR P < 0.01). Enrichment and
pathway analysis was also performed.

RESULTS: A total of 201 genes (105 upregulated and 96
downregulated) were significant DEGs in the data sets. The
underexpression of NF2 in spinal ependymomas was sta-
tistically significant (FDR P = 7.91 X 10—°). However, the
FC of NF2 did not exceed the cutoff value (log,FC, —1.2).
The top 5 ranked upregulated genes were ARX, HOXC6,
HOXAS9, HOXA5, and HOXA3, which indicated that spinal
ependymomas frequently demonstrate overexpression of
HOX family genes, which play fundamental roles in spec-
ifying anterior/posterior body patterning. Moreover, the

gene ontology enrichment analysis specified “anterior/
posterior pattern specification” and “neuron migration” in
spinal and intracranial ependymomas, respectively.

CONCLUSIONS: The most substantial magnitude of DEGs
in ependymoma might be HOX genes. However, whether
the differential expression of these genes is the cause or
consequence of the disease remains to be elucidated in a
larger prospective study.

INTRODUCTION

pendymomas are glial tumors thought to arise from
primitive ependymal or subependymal cells in the vicinity

of the ventricles and remnants of the central spinal
canal.”* These tumors occur in both the brain and the spine in
pediatric and adult populations.>® Although ependymomas from
different locations are histopathologically similar, their molecular
landscape is quite heterogeneous. They show differences in DNA
copy number alterations, messenger RNA expression profiles,
genetic and epigenetic alterations, and diverse transcriptional
programs.>’ ™ Estimation of the clinical course is further
complicated because ependymal tumors are heterogeneous with
respect to morphology, the age at which the first clinical mani-
festation occurs, and the site-specific prognosis.”* Ependymo-
mas of the same histologic type often comprise clinically and
molecularly distinct subgroups; however, the etiology of these
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subgroups is unknown.® Thus, an urgent need exists to identify
differences in the genomic profiles of intracranial and spinal
cord ependymomas to personalize the treatment strategies."*"

Several previous genetic studies have investigated the occur-
rence of targeted gene aberrations; these genetic studies did not
examine whole genomic variation but focused on targeted genes
only. Recently, researchers have attempted to identify the under-
lying genomic reasons for differences between the various tumor
types by conducting whole genomic sequencing and analysis. An
increasing amount of gene expression profile data has become
available, and the use of bioinformatics to analyze gene expression
profile data has become a new research hotspot.”® However, the
results of whole genome expression studies are often not
reproducible because of the large number of hypotheses tested
and the relatively small sample size used. Compared with
single-study analysis, gene expression meta-analysis can improve
reproducibility by integrating data from multiple studies.”

The present study aimed to delineate differential gene expres-
sion patterns between histologically identical, but genomically
distinct, intracranial and spinal cord ependymomas using bioin-
formatics methods to provide new insights on the pathogenesis of
ependymoma.

METHODS

Gene Expression Profile Data

We searched the Gene Expression Omnibus (GEO) database
(available at: http://www.ncbi.nlm.nih.gov/geo/) using the term
“ependymoma” and found 43 data sets. We selected data sets
containing both intracranial and spinal cord ependymomas in
humans and using the same microarray chip set. Finally, 2 data
sets, gene chips GSE64415 and GSE21687, which used the GPLg70
Affymetrix Human Genome Ur33 Plus 2.0 chip (HG-U133_Plus_2;
Affymetrix, Santa Clara, California), were selected. Expression
data from these data sets were downloaded from GEO. For dif-
ferential expression analysis, raw CEL files were downloaded and
combined into a single meta-data set. This platform consisted of
292 samples, of which 261 samples were from intracranial epen-
dymomas and 31 were from spinal cord ependymomas.

Raw Data Preprocessing and Screening and Integration of
Differentially Expressed Genes

In combining multiple data sets of whole genome microarray
analysis, normalization should help remove any systematic biases,
such as a batch effect, and ensure that any comparisons between
chips provide meaningful results.”® The robust multi-array average
method, a classic and powerful technique for preprocessing
Affymetrix gene expression arrays, was used for quality control,
standardization, and log, conversion of the raw gene chip data
(Supplementary Figure 1)." The empirical Bayes method* and
multiple testing correction (Benjamini-Hochberg method)* were
used for differentially expressed gene (DEG) analysis. The
observed fold change (FC) in expression was used to assess the
magnitude of the difference.” DEG analysis of microarray data
was performed with R software (R Foundation for Statistical
Computing, Vienna, Austria) and limma package®® using a
transcriptome analysis console (version 4.0). We screened the

raw data of the 2 gene chips for DEGs with a threshold of
[log,FC| >2.0 and a false discovery rate (FDR) P < o.o1.

Functional Enrichment Analysis of DEGs

Gene ontology (GO) enrichment analysis was performed out to
identify biological processes and pathways that were differentially
expressed. The Database for Annotation Visualization and Inte-
gration Discovery (DAVID) network software (National Institutes
of Health, Bethesda, Maryland) contains nearly all major public
bioinformatics resources and is designed to facilitate high-
throughput gene functional analysis. DAVID enriches the biolog-
ical information of individual genes and can be used to annotate
gene-related biological mechanisms using standardized gene ter-
minology. DAVID and the Cytoscape software (San Diego, Cali-
fornia) “Bingo” plug-in unit were used for GO enrichment
analysis.”*

The Kyoto Encyclopedia of Genes and Genomes pathway
database, a relatively common and comprehensive database that
contains a variety of biochemical pathways, was used for further
enrichment analysis of the DEGs identified by the microarray data
analysis.” Kyoto Encyclopedia of Genes and Genomes pathway
analysis and functional annotation of DEGs were also performed
using the DAVID tool.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) calculates an enrichment
score reflecting the overrepresentation of a certain gene set at the
top or bottom of a ranked list of genes from the expression data
set of 2 classes.>**” This method applies the Kolmogorov-Smirnov
test to identify deviations between 2 distributions. In brief, genes
are ranked according to their signal-to-noise ratio. Using
Kolmogorov-Smirnov statistics, predefined sets of genes are
scored, and significance is tested by empirical permutation, fol-
lowed by correction for multiple hypotheses.>”® The significance
of the deregulation of the gene sets selected from the Molecular
Signature Database (available at http://www.broadinstitute.org/
gsea/msigdb/index.jsp) was measured using the GSEA tool with
the GO biological process gene set. The GSEA software parame-
ters were set to their default values. The statistical significance of
the normalized enrichment score associated with each gene set
was assessed through 1000 random permutations of the pheno-
typic labels. An FDR of <o.05 was used as the cutoff value for
assessing the statistical significance of the estimates.

RESULTS

Screening of DEGs

We screened the normalized expression data from 2 independent
studies using the same chip set for DEGs between intracranial and
spinal cord ependymomas. A total of 201 DEGs were identified
from the 2 gene data sets; 105 genes were significantly upregulated
and 96 genes were significantly downregulated after gene inte-
gration (|log,FC| > 2; FDR P < o.o1; Figure 1; Supplementary
Table 1). Spinal cord ependymomas showed 105 overexpressed
genes, and intracranial ependymomas showed g6 overexpressed
genes (P < o.or). The top 5 ranked upregulated (highly
expressed in spinal ependymoma) genes were ARX, HOXC6,
HOXAg9, HOXAs, and HOXA3, and the top 5 downregulated genes
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Figure 1. Volcano plot of differentially expressed genes. dots indicate highly expressed genes predominantly in
Red dots indicate spinal cord ependymoma-specific intracranial ependymomas. FDR, false discovery rate;
genes exhibiting a >2-fold change in expression. Green P-val, P value.

(highly expressed in intracranial ependymoma) were ZIC2, IGF2,
DACHI, ZICi, and LPAR3 (Figure 2). Spinal ependymomas
expressed multiple homeobox (HOX) family members. HOX
genes are known to regulate the expression of targeted genes
and direct the formation of many body structures during early
embryonic development.”® HOX genes might play a role in the
maintenance of the cancer stem cell phenotype in spinal
ependymomas because HOX family members, such as HOXC6,
HOXAg9, HOXAs, and HOXA3, are predominantly overexpressed in
spinal ependymomas.®

Verification of Previously Reported DEGs

Several studies have reported genetic and genomic variations
between intracranial and spinal cord ependymomas.”?° A
meta-analysis of genetic studies identified ¢ possible genes
showing a different frequency of genetic aberrations.>® The
expression of these g genes is detailed in Table 1. NF2, NEFL,
HOXB13, PDGFRA, and EGFR showed expression |log,FC| >1 and
an FDR P < o.o1. Of these 5 genes, NEFL showed very a high
FC (|log.,FC| = 19.57) between intracranial and spinal cord
ependymomas.

Biological Pathways Closely Associated with Spinal Cord and
Intracranial Ependymomas

After identification of the DEGs, the online tool DAVID was used to
perform GO enrichment analysis of the 105 upregulated genes and g6
downregulated genes in the spinal cord and intracranial ependymo-
mas, respectively. The DEGs were mainly enriched for “anterior/
posterior pattern specification,” “embryonic skeletal system
morphogenesis,” “neuronal action potential,” and “axon guidance”
in spinal cord ependymomas and for “neuron migration,” “regulation
of ion transmembrane transport,” “Wnt signaling pathway,” and
“central nervous system development” in intracranial ependymomas
(Table 2). The key Kyoto Encyclopedia of Genes and Genomes
pathways were “ECM-receptor interaction” in spinal cord
ependymomas and “dopaminergic synapses” and “retrograde
endocannabinoid signaling” in intracranial ependymomas (Table 3).

Gene Set Enrichment Analysis

The list of DEGs was analyzed using the GSEA tool. The whole
genome (54,613 probes) expression values were uploaded to the
software and compared with catalog C5 GO gene sets in the
Molecular Signature Database, which contains 670 GO biological
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Figure 2. Heat map of the top 5 features for each phenotype and a plot
showing the distribution of expression between the ranked genes and
the phenotypes. Expression values in the heatmap are represented as
colors, with the z-score range of colors (green, black, red) showing the
degree of relative expression. Red represents high-expression genes,
and green represents low-expression genes (the scale is provided on the
left). The heatmap color bar represents the location of ependymomas.
Red and blue bars represent the intracranial and spinal cord,
respectively.

process gene sets. Of the 670 GO biological process gene sets, 320
and 350 gene sets were enriched in spinal cord ependymomas and
intracranial ependymomas, respectively. None of the gene sets
were significantly enriched (FDR <25% or nominal P < o0.01) in
either intracranial or spinal cord ependymomas.

DISCUSSION

Previous studies examined only several putative target genes
without screening of whole genomic variations.>*3* Recently,

investigators have identified critical genomic aberrations among
the overall genomic variations. The present study synthesized and
analyzed the whole exome expression data of each of the 292 in-
dividuals from 2 public data sets to identify DEGs in intracranial
versus spinal cord ependymomas through differences in expres-
sion and enrichment analysis. Four of the top 5 upregulated DEGs
were HOX family genes, which play fundamental roles in speci-
fying anterior/posterior body patterning and development of the
spine. GO enrichment analysis also specified anterior/posterior
pattern specification in spinal cord ependymomas.

The NF2 gene mutation is regarded as a representative genetic
aberration in spinal cord ependymomas and has been reported to
be present in 30%—71% of sporadic (nonsyndromal) ependymo-
mas.” In addition, loss of heterozygosity on chromosome 22 (the
chromosome in which NF2 is located) and loss of merlin (the
protein encoded by NF2) were frequently observed in spinal cord
ependymomas compared with intracranial ependymomas.” The
NF2 mutation might show a significant difference between
spinal and intracranial ependymoma among a set of a few genes
preselected as putative targets. However, our study
demonstrated that several hundred genes displayed significant
differential expression that was greater than NF2 between
intracranial and spinal ependymomas. Although NF2 showed
significant differential expression (log,FC, —1.2; FDR P =
7.91 x 10 9), the |log,FC| of NF2 did not exceed the cutoff value
of 2.

Another DEG study also demonstrated that the NF2 gene was
1266th in order of magnitude of differential expression in the list
of DEGs.* The differential expression of NF2 might not be the
most substantial among numerous DEGs, and the clinical
difference between spinal cord and intracranial ependymomas
might not result from NF2 mutation and differential expression.
Comparison with a well-curated normal sample could help
analyze and interpret the DEG patterns. However, direct com-
parisons are practically impossible, although the expression data
from healthy tissues from the Genotype-Tissue Expression re-
sources can be used.** The Genotype-Tissue Expression is a
comprehensive atlas and open database of gene expression and
gene regulation across human tissues that provides a “normal”

Table 1. Previously Proposed Genes Showing Different Aberration Frequencies Between Intracranial and Spinal Cord Ependymoma ‘

Gene Symbol  Spinal Average (log;) Intracranial Average (log;)  Spinal SD Intracranial SD  FC* (Linear) P Value FDR P Value
NF2 7.54 78 0.45 0.28 -1.20 197 x 107°  7.91 x 107°
NEFL 7.16 2.87 4.06 1.21 19.57 946 x 107 957 x 1077
HOXB13 411 413 242 0.33 —1.01 122 x 107" 1.85 x 1077
PDGFRA 4.49 4.47 0.92 05 1.01 239 x 107° 0.0003
RASSF1 6.38 6.61 0.28 0.47 -1.17 0.0331 0.0982
RB1 5.08 4.88 0.39 0.39 1.14 0.0108 0.0418
SMARCB1 5.65 5.74 0.26 0.26 —1.06 0.023 0.0744
CDKNZA 6.45 6.17 0.69 0.88 1.21 0.5701 0.718
EGFR 8.06 8.54 1.1 1.05 -1.39 0.001 0.0063
SD, standard deviation; FC, fold change; FDR, false discovery rate.

*Calculated using the formula of log?FC.
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Table 2. Continued

Table 2. Gene Ontology Enrichment Analysis

P Fold P Fold
Term Count Value Enrichment Term Count Value Enrichment
Upregulated genes (spinal cord ependymoma predominant) G0:0045665 ~ negative regulation 3 0.034 10.22
= - of neuron differentiation
(G0:0009952 ~ anterior/posterior 12 11 x107" 31.10
pattern specification G0:1903779 ~ regulation of cardiac 3 0.034 10.22
. 3 conduction
(0:0048704 ~ embryonic skeletal 7 28 x 10 37.21
system morphogenesis G0:0006810 ~ transport 6 0.035 3.29
(0:0019228 ~ neuronal action 4 31 x107" 2962 G0:0007268 ~ chemical synaptic 5 0.036 3.98
potential transmission
60:0007275 ~ multicellular 10 82x10* 398 G0:0007416 ~ synapse assembly 3 0.040 9.38
organism development (G0:0051965 ~ positive regulation of 3 0.041 9.23
(G0:0030326 ~ embryonic limb 4 91 x10™* 20.73 synapse assembly
R Enrichment P values for gene ontology terms with biological pathways were calculated
(0:0071320 ~cellular response to 4 19 x 1073 (115195 using the hypergeometric test; GO terms with nominal P < 0.05 were selected.
cyclic adenosine monophosphate
q —3
SOHOO,OB‘?M il Vol i [ 10 122 reference data set against which to compare tumor-based
- expression and regulation data. The expression of NF2 in the
G0:0000122 ~negative regulation il g 10 3.17 Genotype-Tissue Expression data was greater in the brain than in
of transcription from RNA the spinal cord (Figure 3). Thus, the difference in the expression of
polymerase |l promater
(0:0009954 ~ proximal/distal 3 58 x 1073 2591
pattern formation
60:0030878 ~ thyroid gland 3 63 x 103 24.88 Table 3. Enrichment of Kyoto Encyclopedia of Genes and
development Genomes Pathways Among Significantly Upregulated Genes
(0:0007411 ~axon guidance 5 7.0 x 1072 6.52 P Fold
60:0008584 ~ male gonad 4 0.010 8.82 Term Count  Value  Enrichment
gt Upregulated genes (spinal cord ependymoma predominant)
Downregulated genes (intracranial ependymoma predominant) e EOh ecoptor interaction 3 0.064 701
(0:0001764 ~ neuron migration 7 17 x107° 12.72 . . .
Downregulated genes (intracranial ependymoma predominant)
. ~ . . —4
G0:0034765 ~ regulation of ion 6 28 x 10 10.31 B MLL iloric synapse 6 23 % 104 1042
transmembrane transport
60:0007628 ~ adult walking 4 | 54x10° | 2462 e etiograde i o 88
I —— endocannabinoid signaling
G0:0001501 ~ skeletal system 6 73 % 104 8.36 hsa05033: Nicotine addiction 3 0.014 16.20
development hsa04261: Adrenergic signaling in 4 0.027 592
(30:0006813 ~ potassium ion 5 86x107* 11.64 IR
transport hsa04971: Gastric acid secretion 3 0.042 8.87
(0:0034220 ~ ion transmembrane 6 47 x 1072 5.45 hsa04020: Calcium signaling 4 0.045 4.83
transport pathway
(0:0010107 ~ potassium ion import 3 92 x 1073 20.44 hsa04024: Cyclic adenosine 4 0.058 4.36
G0:0016055 ~ Wnt signaling 5 0.016 510 RRIRR L iesianaling] pathway
pathway hsa05032: Morphine addiction 3 0.062 712
(0:0070588 ~ calcium ion 4 0.024 6.41 hsa04713: Circadian entrainment 3 0.067 6.82
Rl ne ansport hsa04725: Cholinergic synapse 3 0.088 5.84
e talinenvous i O b4l hsa04724: Glutamatergic synapse 3 0.092 5.68
system development
G0:0007155 ~ cell adhesion 7 0.032 291 Enrichment P values for Kyoto Encyclopedia of Genes and Genomes pathways were
calculated using the hypergeometric test; pathways with nominal P < 0.1 were
Continues selected.
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Figure 3. Expression level of normal tissue. NF2 gene is expressed highly in normal brain. HOX family genes are rarely expressed in adults, and the
the brain compared with the spinal cord. The differential expression of NF2 differential expression of these genes is not substantial between healthy
in intracranial and spinal cord ependymomas is observed even in the brain and spinal cord tissues. Modified from GTEx data.>*

NF2 in intracranial and spinal cord ependymomas is present even
in the normal brain and spinal cord, and it is difficult to determine
whether the difference in expression levels is caused by the
ependymoma. In contrast, HOX genes are rarely expressed in the
brain and spinal cord of healthy adults, and increased
differential expression can be considered to have been induced
explicitly by the ependymoma.

In the present study, the most significant DEGs in spinal cord
ependymoma were HOX genes. HOX genes encode a family of
evolutionarily conserved transcription factors that have funda-
mental roles in specifying anterior/posterior body patterning and
spine development. It has long been known that HOX genes are
central players in patterning the vertebrate axial skeleton.® In
vertebrates, Taylor et al.® reported that the caudal body regions
show an increase in the amount and diversity of HOX
expression. Also, deletion of either HOXAg or HOX-C, which are
selectively expressed by human spinal ependymomas, causes
spinal abnormalities in mice.® In humans, Palm et al.3° reported
overexpression of HOX genes in spinal ependymoma. Another
expression study identified 4 of the top 5 DEGs between
intracranial and spinal cord ependymomas and found that 22 of
the 27 HOX genes annotated in the microarrays were
significantly upregulated in spinal ependymomas.>® Other

microarray-based expression studies that have correlated molec-
ular signatures with clinicohistologic characteristics demonstrated
that the HOX genes were related to spinal cord ependymo-
mas.*3%% Thus, HOX family genes might have a pivotal role in the
clinical differences between intracranial and spinal ependymomas,
rather than NF2. Additional studies are needed to investigate the
mechanism underlying the roles of HOX genes in the spinal cord
ependymomas.

A previous DEG analysis identified HOXB7, HOXCy, HOXBS,
HOXB6, and CFTR as the top 5 DEGs between intracranial and
spinal cord ependymomas (in order of FDR P value).® If DEGs
were sorted in order of the FDR P value in our study, the top 5
DEGs would be HOXA9, HOXA10, HOXB7, ARHGEF28, and JPHa.
Both studies showed that HOX family genes are significant
DEGs. However, the exact genes involved differed. The previous
study was similar to our study in that it combined data sets
from various microarray chip sets, which can result in critical
misreading.3® Batch effects can occur when combining data sets
using different chip sets from different companies because
measurements are affected by laboratory conditions, reagent
lots, and personnel differences.®® These differences become a
significant problem when batch effects are correlated with an
outcome of interest and lead to incorrect conclusions.*
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The microarray quality control project resulted in the conclusion
that the inter-platform comparability and reproducibility of
microarray gene expression measurements is inadequate.>® For
these reasons, we included 2 GEO data sets performed using the
same platform among g data sets.

Study Limitations

Our study had some limitations that should be considered when
interpreting our results. First, DEG analysis describes only dif-
ferences in expression. Upregulated genes such as HOX genes
might be overexpressed in spinal ependymoma or underexpressed
in intracranial ependymoma because of a lack of expression data
for normal tissue, although the expression pattern of the genes in
control tissues can show a similar difference to that in ependy-
momas. Further studies are needed to determine the critical gene
responsible for the regional difference in ependymoma. Second,
the present study was limited by its small sample size. Gene
expression in ependymomas can be altered by many factors, and
the small sample size failed to cover different races and regions,
which can affect gene expression in ependymomas. Third, po-
tential pitfalls were present, such as study design, genotyping
error, and population stratification, that could have distorted the

results regarding genomic study weakness and bias.*° This bias of
genetic and genomic studies is related to enrolled primary studies.
Finally, we used a public database of microarray chips; however,
the most reliable gene chip data were selected to avoid errors
resulting from strict inclusion criteria. We matched the
microarray chip set and data set platform to reduce the batch
effect; however, experimental bias could still have occurred. Our
future studies will focus on these probable genes and pathways.
Because studies addressing ependymoma genomics and
epigenomics are limited, more studies on these topics are
needed to improve the diagnosis, treatment, and prognosis of
ependymoma.

CONCLUSIONS

Differences in the pathogenesis between intracranial and spinal
cord ependymoma might be related to the HOX family genes rather
than NF2. However, because the level of evidence in the present
study was limited, whether the differential expression of these
genes is the cause or the consequence of the disease remains to be
elucidated in a larger prospective study.
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APPENDIX . .
Supplementary Table 1. Differentially Expressed Genes
Between Intracranial and Spinal Cord Ependymoma

Spinal  Intracranial

Gene Average  Average FC P FDR
Symbol (log,) (logy) (Linear) Value P Value
ARX 10.07 3.94 70.08 1.22E-17  2.88E-15
T abidgaclionl HOXCS 1074 463 69.05 365635 B8.67E-33
’ ‘ ‘ ' ‘ } HOXA9 8.80 3.00 58.01 1.40E-45  1.40E-45
LA A i HOXA5 9.20 434 2003 161E15 27113

< 68 HOXA3 8.42 3.66 27.10 1.00E-04  0.001
§ g HOXB-AS3 124 2.76 22.20 2.54E-41  9.25E-38
[ CFC1 8.19 3.85 20.22 9.46E-39  2.72E-35
"% 5.2 NEFL 7.16 287 19.57 9.46E-28  9.57E-25
44 HOXA10 7.98 378 18.39 1.40E-45  1.40E-45
‘ i “ i HOXB7 7.89 428 17.64 1.40E-45  2.80E-45
3.6‘ ‘ HHHH _ H ‘ ’ [ H ; .[ “‘H ‘H ‘ ‘ H H’ H H‘ HOXA7 8.21 430 1505  1.06E-32 1.93E-29
28 HOXB6 7.84 4.15 12.91 6.45E-38  1.76E-34
IGF1 8.09 453 11.87 1.60E-15  2.70E-13
2 CHEKZ 8.79 5.32 11.09 1.40E-45  6.37E-42
s 9w 0w 9mEar 2w
robust multi-array average method, all intensity distributions appeared SH3GL2 8.66 5.40 960 3.40E-10 1.66E-08

similar. Because of the inconsistent distributions before normalization,

the effect of the deviating chips should be carefully investigated with HOXD8 6.81 3.59 9.33 5.56E-32  8.93E-29
addtional analysio steps. ANXA3 6.69 3.48 924  549E27 AT6E24
HOTAIRM1 9.27 6.00 9.15 3.57E-09  1.33E-07
KCNJ13 7.10 3.82 9.1 9.94E-17  2.01E-14
KCNJ16 10.04 6.34 9.06 351E-14  4.45E-12
JPH2 8.16 5.00 8.92 1.40E-45  5.61E-45
wri1 6.38 3.24 8.81 1.96E-21  7.81E-19
MET 9.24 6.16 8.63 6.74E-19  1.97E-16
KCNET 8.41 5.30 8.61 5.36E-18  1.39E-15
CPNE4 7.83 434 8.51 2.52E-28  2.60E-25
SKAPZ 9.96 7.10 7.98 1.41E-11  9.66E-10
HOXAZ 7.48 451 7.83 1.43E-05  2.00E-04
HOXBS 5.88 2.92 7.80 1.40E-45  1.86E-42
TRDN 6.09 3.14 1.72 1.34E-09  5.62E-08
MIR31HG 9.16 6.23 7.66 581E-19  1.72E-16

CYorf135 8.79 5.88 7.52 9.00E-04  0.0054
PLAZR1 6.97 4.06 7.50 1.91E-32  3.17E-29
XKR4 9.14 6.30 7.16 9.43E-10  4.17E-08
ANKRDZ9 7.35 455 7.09 3.13E-12  2.49E-10
HOXB3 9.94 7.14 6.96 2.45E-07  5.39E-06
SCNIA 6.30 3.51 6.92 1.43E-06  2.46E-05
Continues
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Spinal Intracranial Spinal Intracranial
Gene Average Average FC P FDR Gene Average Average FC P FDR
Symbol (log,) (log,) (Linear) Value P Value Symbol (logy) (log,) (Linear) Value P Value
SLC27A6 9.79 7.09 6.48 1.91E-11  1.27E-09 MAMDCZ 7.06 4.83 4.69 6.19E-06  8.77E-05
PRUNEZ 6.19 351 6.41 362E-24  2.08E-21 HOXB-AS1 7.63 5.43 4.60 1.06E-13  1.20E-11
INHBA 9.06 6.39 6.39 3.56E-17  7.78E-15 NT5E 167 5.48 459 6.40E-09  2.21E-07
CXcLi1z 10.08 741 6.35 1.12E-08  3.64E-07 CD36 9.13 6.94 458 7.00E-04  0.0048
T7C6 6.68 4.02 6.30 6.78E-06  9.47E-05 SALLT 9.79 7.60 457 551E-20  1.86E-17
LRRCZ 9.06 6.42 6.28 9.35E-13  8.48E-11 SGPP2 7.86 5.73 455 7.56E-15  1.11E-12
CTTNBPZ 7.20 4.56 6.26 4.17E-35  9.10E-32 SHC4 741 5.24 451 1.56E-32  2.66E-29
ROBOZ 7.87 5.16 6.22 1.00E-17  2.42E-15 FOXAT 6.01 384 451 358E-14  4.54E-12
NR4A3 8.85 6.14 6.18 7.76E-21  2.88E-18 SNCA 8.98 6.81 4.49 4.76E-09  1.72E-07
ANK3 9.19 6.60 6.00 1.95E-12  1.63E-10 DAB1 .1 4.95 4.45 1.77E-15  2.93E-13
EFHB 8.75 6.17 6.00 7.96E-06  1.00E-04 DKK1 7.20 5.05 442 2.74E-09  1.05E-07
C210rf62 9.33 6.80 5.91 9.90E-18  2.40E-15 HASZ2 127 B 4.40 7.60E-16  1.34E-13
SCNTA 8.03 5.47 5.87 5.84E-10  2.73E-08 DIRAS3 8.31 6.19 437 3.58E-08  9.95E-07
ARHGEF28 6.88 427 5.78 1.40E-45  2.80E-45 SCUBEZ2 9.02 6.89 437 5.75E-08  1.51E-06
EYA4 9.74 122 5.73 1.82E-07  4.14E-06 PDLIMT 1.21 9.08 4.36 1.02E-15  1.78E-13
TMOD1 10.19 767 5.70 1.23E-28  1.29E-25 RARRESZ 10.04 7.92 435 1.33E-10  7.14E-09
DIRASZ 7.79 5.32 5.58 2.77E-11  1.77E-09 DLGAP1 5.82 3.70 4.34 3.39E-07 7.16E-06
DRD1 6.80 4.34 5.52 4.42E-08  1.20E-06 NEFM 5.36 325 432 476E-15  7.26E-13
C8Borf4 177 5.36 5.32 1.04E-09  4.52E-08 EVAIA 6.65 4.55 430 2.16E-17  4.87E-15
SHROOM3 9.47 7.09 5.24 490E-14  6.01E-12 DOCK5 197 5.87 429 346E-12  2.73E-10
S0CS2 8.79 6.42 5.20 3.80E-13  3.75E-11 FNDCT 8.23 6.14 4.26 1.47E-05  2.00E-04
POSTN 7.90 5.53 5.20 2.02E-05 2.00E-04 STOML3 793 5.84 4.26 1.00E-04  0.001
CADPSZ 8.20 5.83 5.19 439E-15  6.75E-13 XK 7.40 5.33 418 3.22E-14  412E-12
FAME5C 8.16 5.80 5.15 2.37E-07  5.25E-06 CNKSR3 8.93 6.88 4.16 1.10E-14  1.52E-12
CRIP1 9.79 7.44 5.12 2.73E-05  3.00E-04 CLSTNZ 10.17 8.11 4.16 1.86E-05  2.00E-04
MAP3K7CL 6.68 433 5.10 1.01E-20  3.69E-18 PRSS35 6.12 4.08 411 2.00E-04  0.0015
COL4A3 5.58 3.24 5.10 5.02E-15  7.64E-13 MFSD6 7.82 5.78 4.09 8.23E-15  1.20E-12
XKR4 7.20 4.87 5.02 9.64E-09  3.19E-07 SLC47AZ 9.84 7.81 4.09 9.27E-07  1.70E-05
NRNT 8.54 6.22 5.01 2.99E-06  4.68E-05 TLR4 7.28 5.25 4.07 459E-12  3.53E-10
DSP 8.35 6.04 497 1.25E-05  2.00E-04 CD47 10.89 8.87 4.04 297E-23  1.49E-20
EVAIC 9.05 6.75 494 471E-19  1.41E-16 ZIC2 5.11 10.90 —5530  1.31E-39  3.96E-36
HOXC10 6.32 4.02 491 1.35E-33  2.74E-30 IGF2 5.50 11.06 —3507  1.06E-22 4.83E-20
CFIR 6.27 398 4.88 1.40E-45  6.08E-43 DACH1 367 8.41 —2597  7.37E-17 1.52E-14
TENM1 6.90 463 481 5.28E-08  1.41E-06 ZIC1 6.76 11.09 —2484  476E-29 5.20E-26
SNX31 6.00 3.75 478 5.50E-09  1.95E-07 LPAR3 393 8.14 —1854  829E-15  1.20E-12
AQP1 10.33 8.07 477 8.20E-09 2.77E-07 WIF1 2.93 6.97 —16.39  3.03E-06 4.72E-05
MYHZ 6.00 376 471 1.40E-45  4.89E-42 GDF10 B¥il 7.7 —16.06  6.68E-11  3.84E-09
MIR21; 10.22 7.99 469 1.24E-07  2.97E-06 NCAN 5.31 9.27 —15.61 8.19E-18  2.04E-15
VMP1
FC, fold change; FDR, false discovery rate.
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Spinal Intracranial Spinal Intracranial
Gene Average Average FC P FDR Gene Average Average FC P FDR
Symbol (log,) (log,) (Linear) Value P Value Symbol (logy) (log,) (Linear) Value P Value
NALCN 4.06 7.99 —-1529 12925 9.18E-23 ADGRL3 5.13 7.66 —5.95 8.94E-10  3.99E-08
KCNJ3 3.50 741 —15.03  1.34E-15 231E-13 EYAZ 497 152 —5.88 6.30E-08  1.64E-06
ZIC1 443 8.31 —14.71 8.58E-17  1.75E-14 NKAIN4 493 7.46 —5.82 467E-11  2.82E-09
CALB1 340 7.00 —12.11 2.62E-11  1.69E-09 RSPO2 282 5.35 —579 4.66E-08  1.26E-06
PCP4 5.49 9.07 —12.00  2.05E-09 8.18E-08 SERPINA3 7.76 10.28 —5.76 1.53E-10  8.12E-09
RELN 547 8.96 —11.21 440E-08  1.20E-06 HAPLNT V2 6.10 —5.63 467E-06 6.87E-05
DOK6 3.19 6.60 —1063  2.10E-16  4.08E-14 FIGN 5.39 7.88 —5.60 397E-09  1.46E-07
RNF43 5.31 8.71 —1052  897E-19 2.58E-16 CACNATA 4.44 710 —5.54 1.02E-12  9.18E-11
MECOM 5.70 9.07 —1045  7.16E-12 521E-10 SLC35F1 6.11 8.55 —5.41 2.24E-23  1.15E-20
FXYD6 6.56 9.93 —10.31 1.33E-25  9.31E-23 CDK1 5.55 7.98 —5.39 297E-09  1.13E-07
KCNJ10 5.76 9.09 —1005  1.34E-12 1.16E-10 CDH10 437 6.78 —5.34 4.36E-07  8.85E-06
KCNA2 422 7.54 —10.01 9.48E-24  5.28E-21 GABRG1 6.43 8.85 —5.33 8.65E-06  1.00E-04
CRB1 6.14 9.44 —9.87 1.27E-16  2.54E-14 HIF3A 3.76 6.15 —5.24 3.87E-06  5.86E-05
GPMBA 797 11.32 —8.93 1.46E-32  2.57E-29 KIAA1549L oM 5 157 —522 4.09E-15  6.34E-13
SCG3 4.44 7.40 —7.82 4.24E-14  528E-12 IL17D 6.24 8.61 —5.17 1.11E-11 7.78E-10
TOX 3.46 6.42 —7.81 5.85E-14  7.07E-12 SYNDIGT 6.25 8.62 —5.15 1.73E-18  4.82E-16
LINGOT 5.08 8.00 —7.58 1.84E-13  1.96E-11 PMP2 7.33 9.68 —5.11 4.00E-04  0.0028
APLNR 7.02 9.94 —7.54 1.17E-08  3.78E-07 ATP1AZ 8.95 11.24 —5.07 244E-07  5.39E-06
ASCL1 6.00 8.95 —7.52 717809  2.45E-07 CAMK2B 450 6.77 —5.02 8.45E-15  1.22E-12
TNFRSF11B 5.97 8.86 —7.43 348E-12  2.74E-10 BTBD11 495 127 —5.02 2.09E-07  4.70E-06
PSD2 764 10.52 —7.38 217E-19  6.89E-17 TOP2A 5.03 7.38 —4.92 1.17E-06  2.07E-05
MYO3A 4.01 6.88 —7.33 6.13E-15  9.24E-13 ASPM 343 BY/3 —4.90 2.25E-07  5.02E-06
NTM 6.17 9.11 -7.32 8.75E-20  2.93E-17 (¢2h 8.94 11.24 —4.88 3.11E-24  1.82E-21
RORB 3.95 6.86 —7.20 1.88E-10  9.72E-09 BMPR1B 7.60 9.87 —4.87 3.05E-26  2.35E-23
ABCA8 593 8.77 —7.18 1.94E-12  1.62E-10 SCG2 6.28 8.55 —4.84 1.70E-07  3.92E-06
STXBP5L 5.40 8.24 —7.17 5.81E-15  8.79E-13 GAS2L3 429 6.55 —4.80 2.00E-09  8.00E-08
NSG1 5.09 791 —7.08 6.05E-12  4.51E-10 PDZRN4 4.36 6.62 —4.78 3.15E-06  4.91E-05
FAMBIA 464 7.44 —6.96 3.79E-23  1.87E-20 DRAXIN 371 5.95 —4.72 7.13E-11  4.07E-09
CLDN10 426 7.04 —6.87 1.39E-08  4.34E-07 CHI3L2 5.62 7.86 —4.71 3.59E-07  7.49E-06
ATP2B2 5.25 8.02 —6.83 2.05E-10  1.05E-08 F3 7.08 9.31 —4.70 2.39E-13  2.46E-11
APBA2 5.95 8.64 —6.45 6.80E-26  4.95E-23 GNAL 429 6.51 —4.69 1.28E-08  4.06E-07
PKIA 5.90 8.63 —6.41 7.50E-17  1.55E-14 AQP4 1.75 9.98 —4.60 2.55E-09  9.87E-08
PTN 8.41 11.07 —6.30 8.90E-15  1.27E-12 FBLNT 6.41 8.58 —4.57 1.60E-17  3.74E-15
PRRXT 5.79 8.04 —6.17 4.66E-16  8.52E-14 HCNT 2.91 5.10 —4.55 1.12E-06  1.99E-05
GRIA4 3.16 5.78 —6.15 393E-07 8.11E-06 RHOBTB3 8.06 10.23 —4.54 2.22E-19  6.97E-17
SLC6A13 5.42 8.03 —6.09 1.84E-06  3.07E-05 LIN7A 5.69 7.88 —4.54 1.10E-08  3.59E-07
GPR37L1 5193 8.52 —6.00 1.43E-15  2.44E-13 T0X3 2.83 5.00 —4.54 3.43E-06 5.27E-05
LSAMP 6.64 9.24 —5.96 1.65E-13  1.79E-11 PPPZR2C 5.46 7.64 —4.53 1.82E-08  5.46E-07
Continues Continues
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Supplementary Table 1. Continued

Spinal  Intracranial
Gene Average Average FC P FDR
Symbol (log,) (log,) (Linear) Value P Value
ASPA 464 6.82 —4.52 1.61E-06  2.73E-05
EPHA7 3.89 6.07 —4.52 2.00E-04  0.0015
CDH4 472 6.88 —4.45 7.41E-23  3.46E-20
PAQRE 7.36 9.52 —4.45 2.38E-12  1.95E-10
SEZ6L 4.08 6.22 —4.43 2.40E-12  1.96E-10
MAPT 5.86 8.00 —4.42 8.62E-16  1.51E-13
LRRN1 7.10 9.22 —4.36 2.26E-13  2.34E-11
PLPP4 473 6.84 —4.33 7.92E-08  2.00E-06
GPR27 7.07 9.16 —4.27 2.00E-04  0.0017
PTX3 4.47 6.56 —4.25 8.62E-06  1.00E-04
DPYSL4 5.46 7.51 —4.15 3.82E-11  2.35E-09
NAVI 6.91 8.95 —4.10 7.69E-13  7.13E-11
FC, fold change; FDR, false discovery rate.
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