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ABSTRACT

Chordomais a rare bone canceroriginating from embryologicnotochordal remnants. Clivalchordomasshow
different dural penetration ability, with seriousdural penetration exhibiting poorer prognosis.The moleculal
mechanismof dural penetration is not clear. We analyzed IncRNAand mRNA profiles in 12 chordome
patients with different degrees of dural penetration using expression microarrays. The differentially
expressedincRNAsand mRNAswere used to construct a INcRNAMRNA co-expressionnetwork. LhncRNA
were classifiedinto lincRNA,enhancetrlike INcCRNA,or antisenselncRNA.Biological functions for IncRNA
were predicted accordingto the IncRNAmMRNAnetwork and adjacentcodinggenesby pathway analysis.The
2760IncRNAsand 3988 mRNAswere differentially expressedin chordomasbetween two groupsof patients
with and without dural penetration. Possiblepathway involvement of the significanceamongthe 55IncRNA
located in the INcRNAMRNA network, 24 lincRNAs,7 enhancerlike IncRNAs,and 14 antisense IncRNA:
include cell adhesion, metastasis, invasion, proliferation, and apoptosis. Expressionof 10 IncRNAsand
MRNAs and epidermal growth factor mRNAwith two identified IncRNAswvere subsequentlyverified by gRF
PCRn chordomatissues.Our report predictsthe biologicalfunctions of many IncRNAsvhich may be usedas
diagnosticand prognosticbiomarkersaswell astherapeutic targetsduring the processof dural penetration
in chordoma.

INTRODUCTION cervical and thoracolumbar vertebrae (15%) [2]. The

standard treatment for chordoma is maximum surgica
Chordomas are rare, malignant, primary bone tumors, resection. However, local recurrence and metastasis can
with an incidence of approximately 0.1/100,000/yj@#r occur after surgical resection, and current radiotherapy
They originate from remnants of the embryologic and chemotherapeutic protocols are largely ineffective
notochord, with the most common sites being the sacrum [3i 5]. Advances in targeted molecular therapy may offer
(50-60%), clivus region of the skull base {35%), and new treatment options for cliwma patients [].
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Chordomas are characterized as being aggressive and RESULTS

locally invasive, and clivus chordomas have different
degrees of dural penetration. Some tumors severely
penetrate the dura mater, with little bone invasion, while
others show littleor no dura mater penetration with
extensive skull base bone invasion. Our previous study
showed chordoma patients with serious dural
penetration have poorer prognosis and patients without
dural penetration have longer overall survival and
progressivefreesurvival [10].

Long noncoding RNAs (IncRNAs) are greater than 200
nucleotides in length and regulate gene expression at
transcriptional and postanscriptional levels [11, 12].
Transcriptional patterns and locations in the genome of
INcRNAs are complexBased on their locations relative
to proteincoding genes, INcRNAs are roughly classified
as intergenic (between genes), intragenic/intronic (within
genes), and antisense [13]. Large intergenicauating
RNAs (lincRNAs) are emerging as key regulators of
diverse cellular processes as previously identified [14].
Enhancetlike INcCRNAs are also intergenicIncRNAs
andlocatein the enhanceregionof the genomeand
which canactivatethe transcriptionof adjacentgenes
[15]. Antisense IncRNAs have been shotenregulate
the corresponding sense coding gene at the
transcriptional or podfranscriptional level, which can
exert biological functions [16].

LncRNAs participate in various aspects of cell biology,
including cell proliferation, apoptosis, differentati
invasion and metastasis, and are commonly dysregulated
in multiple types of cancers [17]. Recent research related
to chordoma demonstrated that differential regulation of
INcRNA expression correlated with the expression
changes in protein coding geneshich indicates a
comprehensive IncRNAoding gene c@xpression
network. For example, one study revealed that INCRNA
MEG3 contributes to the pathogenesis of chordoma
development by regulating imprinted gene DLK1 [18].
Moreover, IncCRNA LOC554202 may modik
chordoma cell proliferation and invasion by recruiting
EZH2 and regulating mi31 expression [19]. However,
the functional significance of IncRNAs to dural
penetration of chordoma is not yet clear.

In the present study, we identified differentially
expressed INncCRNAs and gene expression profiles of
chordomas with varying degrees of dural penetration
and constructed IncRNAene ceexpression networks

to reveal the functional role of INCRNAs in regulating
dural penetration of clivus chordoma. Among toe
differentially expressed IncRNAs, we identified
lincRNA, antisense IncRNA, and enhancer IncRNA
which may contribute to the dural penetration biological
processes in chordoma.

Patient characteristics

Twenty patients were enrolled in the studgd were
equally classified into no dural penetration group and
serious dural penetration group. The tumor with no
dural penetration demonstrated expansive growth, like a
Abubbled in magnetic
dural perforation was not found surgical procedure
(Figure 1A, 1B). In the chordomas samples with serious
dural penetration, a bulge from the tumor into intracranial
areas could be found in MRI, whereas dural perforation
was found during the operation (Figure 1C, 1D). The
pati ent mghic fdatura® grere summarized in
Table 1. The differences in age, sex and length of
follow-up from surgery were not statistically significant
between the two groups. However, the overall survival
time and progressiefiee time were significantly
differertial, with poorer outcomes seen in the group with
serious dural penetration (Figure 2A, 2B).

Distinctive INcRNA and mRNA expression between
no dural penetration and serious dural penetration
of clival chordoma tissues

We compared the IncRNA and mRNA egpsion
patterns in the tissue samples between clival chordoma
patients with no dural penetration (n = 6) and with
serious dural penetration (n = 6). The 2760 IncRNAs
and 3988 mRNAs were identified that had significantly
differential expression in no durgknetration samples
compared to serious dural penetration samples (fold
changeP © 005, FDR < 0.05; Figure 3A;
Supplementary Tables 1, 2). Of these 2760 IncRNAs,
1773 were dowamegulated while the rest 987 were
up-regulated. Such differentiation sifjed their
potential roles in dural penetration. The Hierarchical
cluster analysis showed systematic variations in the
expression of differential INcRNAs and mRNAs in the
no dural penetration and serious dural penetration
samples (Figure 3B). Thus, thacRNA and mRNA
expression signatures identified here were likely
representative.

To identify the characteristics of 2760 differentially
expressed IncRNAs, we analyzed the genomic location
of these IncRNAs. The gene loci of InNcCRNAs were
found either betweae two coding genes (intergenic),
overlapping exons or intron in sense or antisense
orientation, and bidirectional (Figure 3C). Our results
indicated that 56% differentially expressed IncCRNAs
were intergenic, 6% were bidirectional and the
remaining were asgiated with known coding genes
in a sense (11%) or antisense (27%) configuration
(Figure 3D).
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Construction of IncRNA-mRNA co-expression
network and prediction of IncRNA diverse
functional roles based on this network

The IncRNAMRNA coexpression network was
constructed following the workflow shown in Figure 4.
Based on the expression profiles of the differentially
expressed IncRNAs and mRNAs between the no dural
penetration and serious dural penetration chordoma
samples, we cofrsicted INCRNAMRNA coexpression
network (Supplementary Figure 1). All of the mRNAs
and IncRNAs involved in the networks were shown in
Supplementary Table 3.

The identification of target genes is important for
exploring the molecular mechanisms undewdyin
IncRNAs function. The KEGG pathway analysis was
applied to analyze the significant pathway of the altered
3988 mRNAs. The pathway analysis revealed that there

Chordoma
No dural
penetration

Chordoma
Serious dural
penetration

are 62 and 38 significant pathways corresponding to the
up and dowsregulated mRNAs respectiye(P < 0.05,
Supplementary Tables 4, 5). These significant pathways
contained focal adhesion, PISKKT signaling
pathway, cell adhesion molecules (CAMs), apoptosis,
MAPK signaling, etc, which play key roles in various
biological processes of dural penetatin chordoma.

According to the IncRNANRNA coexpression
network and pathway analysis five dowegulated
pathways were identified, and they contributed to
various cellular processes, including cell adhesion,
migration, invasia, apoptosis and proliferation, and
affected the dural penetration ability of chordoma cells
(Figure 5A). The 27 mRNAs eexpressed with 55
IncRNAs were involved in these five dowegulated
pathways. Therefore, we predicted that those 55
IncRNAs were invtved in dural penetration of
chordoma. The cexpression status of 55 IncRNAs and

Figure 1. MRI of clival chordoma patients with no dural penetration and with serious dural penetratiomB) Same chordoma
patient with no dural penetration, yellovarrows show the integrity of dura materC(D) Same chordoma patient with serious dural
penetration, yellow arrows show tumor penetrate the dura mater and invade into intracranial space.
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Table 1 Patient¥demographic features, survival and recurrenceaniation.

No dural penetration  Serious dural penetration  P-value
Sex (Male vs. Female) 40%vs. 60% 50%yvs. 50% 0.65
Age (mean = SD) 46.6+17.0 41.0+17.9 0.48
Follow-up period (months) (mean * SD) 92.1+24.9 64.0 £ 36.9 0.06
Overall survivalmonths) (nean, 95%Cl) 126.0,(110.0,142.0) 82.0,(51.5, 112.5) 0.03
Progressiorfree survival (months)nfean, 95%ClI) 83.6,(54.6, 112.6) 26.8(9.5, 44.1) 0.01

27 mRNAs were shown in the focal adhesion and ECM
receptor interaction pathway (Figure 5B); the PI3K
AKT signaling pathway (Figure 5C); the proteoglycans
in cancer pathway (Figure 5D); the pathway in cancer
(Figure 5E). Detailed descriptions of the 55 IncRNAs,
27 mRNAs, and five pathways in which they
participatedvere listed in Tabke2i 5.

Identification of the possible roles of IncRNAs based
on genomic celocalization relative to protein coding
genes

To further explore the possible roles of differentially
expressed IncRNAs during the process of dural
penetratio in chordoma patients, we analyzed their
genomic locations and classified them into lincRNA,
enhancetike INCRNA or antisense INCRNA (Figure 4).

Among the 2760 differential expressed IncRNAs
between no dural penetration and serious dural

A

B

penetration chatoma patients, 186 were due to
lincRNAs, 109 were enhancéke IncRNAs, and 143
were antisense IncRNAs. In addition, their associated
coding genes were significantly differential expressed in
various degrees of dural penetration of chordoma
samples $uppkementary Table2). We combined
differentially expressed lincRNAs and enhanlies
IncRNAs with their adjacent coding genes located
within 300 kb in the genome to analyze the potential
functions of these IncRNAs. All of these IncRNAs and
associated mRNAs eve shown in Supplementary
Tables6i 8.

LincRNAs are large intergenic naroding RNA
(Figure 6A). The functions of 186 lincRNAs were
predicted through pathway analysis of their adjacent
genes. The results indicated that 24 lincRNay
regulate the expression of 22 genes which participate in
three upregulated and four dowregulated significant
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Figure 2. KaplaiMeier survival analysis of chordoma patient8) Chordoma patients with serious dural penetration have shorter
overall survival time than patients with no dural penetratiéh=0.03); B) Chordoma patients with serious dural penetration have shorter
progressiorfree survival time than patients with no dural penetratid®=0.01).
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pathways (Figure 6B, 6C). These pathways regulate  of 78 IncRNAs acting as enhancers were predicted
tumor cell adhesion, invasion, metastasis and cell through p¢hway analysis of 115 codirgenes. The
apoptosis in the process of dural penetration of results indicated that five codirgenes participated in

chordoma (Figure 606J). seven dowsregulated and one wuggulated pathways
(Figure 7B, 7C). These pathways represent diverse
We then predicted the roles of enhanldex INCRNAs tumor invasion processes, including cell adhesion,
(Figure 7A)in the dural penetration of chordoma. Of angiogeesis, proliferation and metastasis. These five
the 109 enhancdike IncCRNAs, 78 IncRNAs were codinggenes play a key role in tumor progression, and

selected with expression levels positively correlated they tend to be involved in more than one signaling
with codinggene expression. Therefore, the functions pathway. Consequently, we predicted that five
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Figure 3. LncRNA and mRNA expression prafiltanges between serious dural penetration and -daral penetration in
chordoma. (A) Volcano plot analysis of 2760 IncRNAs and 38B3IAs that are differentially expressed between no dural penetration
group and serious dural penetration group; and red badXds LINS &f8ld/changg difference ané® > 1 ®)yHiedrchical clustering of all
samples revealed the nonrandom partitioning of samples into two major groups: one group containing six no dural penatrgiles and
another group containing sixesous dural penetration samples. Each column represents one sample and each row represents one IncRNA or
mRNA probe set.df Transcriptional patterns of IncRNAs. Nature antisense: the IncRNA is transcribed from the antisense strand and
overlapping witha coding transcript; Intronic antisense: the IncRNA is transcribed from the antisense strand without sharing overlapping
exons; Intron senseverlapping: the INncRNA is overlapping the intron of a coding transcript on the same genomic strand; Exen sense
overlapping: the IncRNA is overlapping the exon of a coding transcript on the same genomic strand; Intergenic: there ateppingver
bidirectional coding genes nearby the IncRNA; Bidirectional: the IncRNA is oriented head to head to a coding geh@O@ithinArrow
represent transcription directior(D) Subgroup analysis of altered IncRNAs in relation to their nearby coding genes.
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Figure 4. Schematic overview of the workflow for construction of the INCRMRNA ceexpression network and prediction
of the IncRNA biological function.
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Figure 5. Schematic overviews of possible signaling pathways in which the 55 IncRNAs in the mdRNIA ceexpression

network participated. (A) The pathway analysis applied for 28 mRNAs that were aberrantly exprasstfierent degree of dural
penetration of chordoma and eexpressed with 55 IncRNAs showed 5 deegulated pathwaysR< 0.05). B¢E) Schematic overviews of the
signaling pathways in which the 55 IncRNAs in the IneRRNA ceexpression network probablgarticipated.Red circles represent the
location 0f28 mRNAs predicted from @xpression network. Detailed descriptions of the INcRNAs and mRNAs are presented iddfables
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Table 2. Detailed descriptions of
pathway.

the IncRNAs and mRNAs in the HE€dptor interaction and focal adhesion

Number* Protein mMRNA-INncRNA

i ECM I BSP 72 BC028842, XLOC_ 0 17B6KZ05,XLOCCIOLNL284X6.@C,_A0042R P 1
¢ ECM SPP1 7 -460R15.2

£ ITGB | TGB8 72 ANKRD3ICBP2, RP11

o Crk CRK 7 WBAB2/8C019068.2

¥ Caveolin CAV1l 7z PSORS1C3

: GF VEGFA Z# AC005013.5

§ RTK KDR #? XLOC_001338, AC005162. 3

* Represensthe number inFgure 5B

Table3. Detailed descriptions of the IncRNAs and mRNAs in the fAKB signaling pathway.

Number* Protein mMRNA-IncRNA

i GF EFNALlZ AX747547

¢ Cytokine PRLZ U47924.27, EFCAB1, RP1438D8.2, XLOC_006928, CTR501M5.1,
XLOC_004244, RP1B08B16.2, RP1:#00N13.1, AC007682.1, RPL54K3.1

£ ECM COL1A1Z LINC00525

o ECM COL6A3Z AC004540.4

¥ ITGA ITGA3 Z CTC-367J11.1, LOC441204, WDFYBS2, LINC00475, CSPG4P5

| GPCR CHRM2Z IPW

8 AKT AKT3 7z XLOC_010305, NOP1AS1, RP117218.1, KRT18P55

* Represensthe number in Figure G

Table4. Detailed descriptions of the INcRNAs and mRNAs in the Proteoglycasaniter pathway.

Number* Protein MRNA-INcCRNA

i Ankyrin ANK3 z FAMSGDP, MIAT, LOC646719, RR60019.2, AK123617
¢ Tiaml TIAM1 2 RP11147L13.2

£ ROCK ROCK2z XLOC_007896, TPRGAS1, U73167.7, LDHA

o Filamin FLNB Zz CTA-313A17.5

¥ FN FN1z TPTEP1, BC033241, U73167.7

| Us5b1 ITGA5 2 RP11736K20.5

8§ GPC1 GPC1z XLOC_010305, XLOC_001415, NOP4AS1

h Sde2 SDC2z LOC441204

© MAPK MAPK12 7 AL078621.4

* Represensthe number in Figure B

Table5. Detailed descriptions of the INcRNAs amiRNAs in the pathway in cancer.

Number* Protein MRNA-INncRNA

i ECM LAMA4 7 AK123617

¢ Bcl-XL BCL2L1z TMEM191A

£ Frizzled FZD9# XLOC_000090, RP1:566A20.4
o BMP BMP27 RP1172I8.1

¥ EGF EGFz ABCC6P1, ALO78621.4

* Represensthe number in Figureb
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enhancetike IncRNAs, which were RP1332M4.1,
RP11347K2.1, AC099342, RP4764022.1 and
UNQ6494, play important roles in dural penetration of
chordoma cell (Figure 7CYG).

Lastly, we analyzed 143 antisense IncRNAs, 63 of
which are intronic antisense and 80 of which were
natural antisense. Based on KEGG analysis, the
biological roles of 15 antisense IncRNAs (four intronic
antisense and 11 natural antisense) were predictdd, an
the results indicated that 14 codiggnes participated in
nine downregulated pathways and two -vggulated
pathway (Figure 8A, 8B). These pathways are involved
in tight junction, focal adhesion, cell migration and

invasion, cell motility and proliferagn and apoptosis
(Figure 8G 8L).

gRT-PCR analysis of the expression of IncRNAs and
MRNASs in chordoma samples

To validate the microarray analysis results, we
randomly selected 10 IncRNAs and mRNAs with larger
fold changes includig upregulated and down
regulated expression from the microarray results and
analyzed their expression levels by gRTR in all
chordoma tissues, 10 samples with serious dural
penetration, and 10 samples without dural penetration.
The results showed thaihe changes were reasonably

Figure 6. Functional predictions of the lincRNAs based on pathway analysis of their adjacent egelieg within 300 kb in
the genome.(A) Schematic representation of lincRNB, ¢ The pathway analysis applied for RNAs that were adjacent with 24
lincRNAs and showed the 4 dowegulated and 3 upegulated pathways related to dural penetration of chordorRa(0.05). DcG) The 17
lincRNAs and their adjacent coding genes are in the degulated pathways.HcJ) The 7incRNAs and their adjacent coding genes are in

the upregulated pathways.

6ooOH-EAFA2Y

MNOYy MC !

DLbD



