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Abstract

Glioblastoma multiforme (GBM) is the most common and also the most invasive brain can-
cer. GBM progression is rapid and its prognosis is poor. Therefore, finding molecular targets
in GBM is a critical goal that could also play important roles in clinical diagnostics and treat-
ments to improve patient prognosis. We jointly analyzed the GSE103227, GSE103229, and
TCGA databases for differentially expressed RNA species, obtaining 52 long non-coding
RNAs (IncRNAs), 31 microRNAs (miRNAs), and 186 mRNAs, which were used to build a
competing endogenous RNA network. Kaplan—Meier and receiver operating characteristic
(ROC) analyses revealed five survival-related IncRNAs: H19, LINC01574, LINC01614,
RNF144A-AS1, and OSMR-AS1. With multiple optimization mRNAs, we found the H19-
hsa-miR-338-3P-NRP1 regulatory pathway. Additionally, we noted high NRP1 expression
in GBM patients, and Kaplan—Meier and ROC analyses showed that NRP1 expression was
associated with GBM prognosis. Cox analysis indicated that NRP1 is an independent prog-
nostic factor in GBM patients. In conclusion, H19 and hsa-miR-338-3P regulate NRP1
expression, and this pathway plays an important role in GBM.

Introduction

Glioblastoma multiforme (GBM) is the most malignant pathological type of glioma. GBMs
grow rapidly, are highly malignant, and generally progress rapidly, leading to an average sur-
vival period of approximately 12 months [1, 2]. Although comprehensive treatments including
surgery, radiotherapy, and chemotherapy have recently improved, the survival time of GBM
patients remains unsatisfactory [3, 4]. Currently, tumor genomics provides a basis for discov-
ering pathogenic alterations in malignant cells that can become therapeutic targets, offering
hope for GBM patients [5]. Our early bioinformatics analysis also found molecules related to
the prognosis of glioma patients and ubiquitinated molecules related to the prognosis of gli-
oma [3, 5].
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Long non-coding RNAs (IncRNAs), which are an RNA species of greater than 200 nt in
length that lack protein coding functions, account for the majority of transcribed sequences in
the human genome [6-8]. LncRNAs act as competitive endogenous RNAs (ceRNAs), binding
to miRNAs and “sponging” them from their targets, thereby regulating the protein levels of
coding genes [3, 9-11]. Recent studies have shown that the dysregulation of IncRNAs, micro-
RNAs (miRNAs), and their downstream target genes plays an important role in the occurrence
and development of tumors [12-14]. However, the specific mechanisms of IncRNAs as ceR-
NAs in individual tumor types remain to be discovered.

NRP1 is a non-tyrosine kinase transmembrane protein composed of 923 amino acids that
is widely expressed in diverse tissue types [15]. NRP1 is also expressed in a variety of tumors
including leukemia, prostate cancer, breast cancer, pancreatic cancer, and glioma [16, 17].
Studies have shown that NRP1 regulates vascular endothelial factor (VEGF) to promote tumor
angiogenesis [18, 19]. NRP1 interacts with integrin beta-1 in pancreatic ductal adenocarci-
noma to promote tumor growth and invasion [20]. Although we have conducted some studies
on the role of NRP1 in tumors, we know very little about its role in GBM [21, 22]. Therefore,
we analyzed the relationship between NRP1 and the prognosis of GBM using genomics.

We obtained differentially expressed IncRNAs and mRNAs by analyzing GBM databases,
predicted the miRNAs that could interact with them, and then constructed a IncRNA-
miRNA-mRNA regulatory network. Kaplan-Meyer and receiver operating curve (ROC) anal-
yses revealed five survival-related IncRNAs: H19, LINC01574, LINC01614, RNF144A-AS1,
and OSMR-AS1. Additionally, we found that NRP1, HOXC6, and SHCBP1 mRNAs were dif-
ferentially expressed in GBM and were related to patient prognosis. NRP1 is highly expressed
in GBM, and it was confirmed in the Chinese Glioma Genome Atlas (CGGA) and GSE16011
databases that NRP1 expression is related to patient prognosis. Cox analysis confirmed that
NRP1 was an independent prognostic factor for GBM patients. Ultimately, we propose that
the H19-hsa-miR-338-3P-NRP1 pathway could be targeted for GBM treatment and/or used
for clinical diagnostics.

Materials and methods
Patient samples

The IncRNA and mRNA data of GBM patients were obtained from the Gene Expression
Omnibus (GEO), CGGA, and The Cancer Genome Atlas (TCGA) databases. GSE103227
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103227) and GSE103229 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103229) each contain five non-tumor brain
specimens and five GBM specimens. The TCGA (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga) database contains five non-tumor brain
specimens and 168 GBM specimens. GSE16011 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE16011) contains eight non-tumor brain specimens and 148 GBM specimens.
CGGA (http://cgga.org.cn/) contains 108 GBM patients. We download glioblastoma-related
data according to the steps provided on these websites. Xuzhou Children’s Hospital Medical
Ethics Committee approved this study protocol.

Obtaining differentially expressed IncRNAs and mRNAs and constructing
the ceRNA network

We obtained differentially expressed IncRNAs and mRNAs using the LIMMA package of R
software (www.r-project.org/). We defined differentially expressed IncRNAs and mRNAs as
those that satisfy both |logFC| >1 and p-value <0.05. Then, Venn diagrams were used to
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display the intersection of the identified IncRNAs and mRNAs from each dataset. Then miR-
code software (http://www.mircode.org/) was used to predict miRNAs that could interact with
the identified IncRNAs. MiRNAs that concurrently satisfied miRDB (http://mirdb.org/), miR-
TarBase (https://bio.tools/mirtarbase) and TargetScan (http://www.targetscan.org/vert_72/)
were defined as miRNA target genes. Finally, Cytoscape (https://cytoscape.org/) was used to
generate the ceRNA network of IncRNA-miRNA-mRNA interactions.

Expression of the IncRNAs and mRNAs and ROC, Kaplan-Meyer, and Cox
analyses

The beeswarm package of R software was used to analyze the differential expression of NRP1.
The survival and survivalROC packages of R software were used to perform Kaplan-Meyer
and ROC analyses, respectively, of the IncRNAs and mRNAs. The survival and survminer
packages of R software were used to perform Cox analysis.

Statistical analysis

LncRNAs and mRNAs with |logFC| >1 and p-value <0.05 were considered statistically signifi-
cant. ROC values >0.65 were defined as statistically significant. Univariate and multivariate
Cox analyses were performed using R software, with P<0.05 considered statistically
significant.

Results
Constructing the ceRNA network in GBM patients

To obtain reliable IncRNAs, miRNAs, and mRNAs associated with GBM patient prognosis, we
jointly analyzed the GSE103227, GSE103229, and TCGA databases. These three datasets
revealed 1293, 1286, and 2497 differentially expressed IncRNAs, respectively, with 258 at the
intersection of the groups (Fig 1A). From these databases, we also obtained 3732, 3564, and

B

LncRNA mRNA

Fig 1. Acquisition of differentially expressed IncRNAs and miRNAs. (a, b) We obtained differentially expressed IncRNAs (a) and miRNAs (b) from
the GSE103227, GSE103229, and TCGA databases. The Venn diagrams display the number of differentially expressed transcripts and the number of

https://doi.org/10.1371/journal.pone.0260103.9001
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6456 differentially expressed mRNAs, with 2353 common to all datasets (Fig 1B). MiRNAs
that could potentially interact with these IncRNAs were obtained using miRcode. And then we
retain the interacting IncRNAs, miRNAs and mRNAs. These data were used to demonstrate
interactions, which were compiled into the ceRNA network. In total, the network comprised
52 IncRNAs, 31 miRNAs, and 186 mRNAs (Fig 2, S1 Table).

Obtaining mRNAs associated with GBM prognosis

To investigate the IncRNAs closely associated with GBM prognosis, we plotted Kaplan-Meyer
and ROC curves for the 52 IncRNAs. We found that H19, LINC01574, LINC01614,
RNF144A-AS1, and OSMR-AS1 had p-values <0.05 and ROC values >0.7 (Figs 3 and 4). By

LY86-AS1 LINCO0515  NCoos07

MIAT LINC00501
MIR155HG LINC00500
MIR17HG LINC00460
LHEpL2 LWAT o2 {dnq
MIR4500HG 1or| K@ LINC00404
Kige3 MAB1B
. MA@BK9
MIRZEES hsa-miR-217 hsa-miR-212-3p o P
IT@N2 hsa-miR-22:3p hsa-miR-20b-5p
HABT1
NAV2-AS2 IT@R1 hsa-miR-23b-3p MAGRE3 MAREKS hsa-miR-206 INC00320-
- e MABK9 MB@ID2 HOBCE
IT@88 w
PABPC5-AS1 hsa-miR-24-3p NP1 M@M7 hsa-miR-17-5p HOBA3 LINC00115
1B
TRIB2 MBI
OMR1 HEEF:
IR@K4 ; ® UgR3 ARHEEF26 ngg g ‘ HV@B2
PART1 hsa-miR-27a-3p MP2 hsa-miR-142-3p KCNQ1DN
PAG
BWC HADSS
PIING 5 cauy N@1
PD@I0A SP@L2A
PEX5L-AS2 hsa-miR-301b-3p vegra | ZFOE9 crat hsa-miR-140-5p Hgg2  -HOTAIRM*
PEPN PRV Fe 2 BTMBA1 NKI@AS1
ANKH a#s HABP4
PGERLT PRECE CERBAM BENF NO@EH?2
POLR2J4 2N®17 e HOTAIR
hsa-miR-338-3p DAB2 ZN@IO7 WOR37 NRBO2  hsa-miR-139-5p GE®S
> PTE@HRN Torgort
ZFR@BL2 SAND12 a»s
CE@PQ CANTA1 a
PWRN1 PToB i B3 NREC2 HCG24
ABBA1 TASC1 DL@\P5 GNB12
PIPBZA. 1 ¢ miR-33a-3p |~ PTENA o TPS@NP1 ) omi4 NRBAZ - hsamiR-137
o | CHOF2 DBN ROA2 GigBs
SARCDIAST o pigm. 92 % CSRNP3 Bl BC@1B N HCG15
12
RBN CEBSS o2 o
\ TRBP ; Gigs4
4 hsa-miR-363-3p PEK TOBRY . syngoet | DPEBL2 fsamiR-135a-5p
SMAD5-AS1 SOWRHC  wWeE1 TRIM2 SH@BP1 HAS2-AS1
RAB31 GHIrM
S@K4 YKL\ @
PagO3 VN ok dh
3 RAGBAP1 CSBP2 L
hsa-miR-425-5 hsa-miR-1297 . GA@NTA
SNHG12 e STH7B  TREN23 AK@P11 ADARB1  YWBAH SORBS2 5" HAR1B
RE@LT EF?2
PPEBR1 S@M A% e GARRB1
RBE@47 COl17
ST7-AS1 hsa-miR-429 SSEPIP SLa@eA1 . hsamiR-129-5p  GAEBR2 H19
ZBW7A
- RI®C ®7A s cigct . CeWN 5
S@2 SLageAs Fe
RIGEOR DNABG27
SYP-AS1 E®7 hsa-miR-449c-5p DC@.D2 hsa-miR-125b-5p FAM878
E@F1 RI@S3 Tap12 CRBB3 s@B s'A
RPSBKAS SECIgBP2L
TERC EIF4BBP1 hsa-miR-490-3p RRM2 hsa-miR-125a-5p ENO1-AS1
SCAMPS
RUNBTT1 FBEW7
EL@YL2 hsa-miR-507 hsa-miR-1244
TMEgSBsA a2 hsa-miR613 | o oy hsa-miR-10a-5p FAKC BLEU2
ENBP4
TPRG1-AS1 DBH-AS1
EPEDIL3 FANBTA
TILL74T1 ERBA4 FAM@26B CRNDE
ES1
UBEZE1-AS1 E®" rps g SO CLYBL-AS1 Green - IncRNAs
WARS2-T1 C2z0rf24 yellow - miRNAs
WWTR1-IT1 ARHGAP31:AS 1
ZNFA9TAS AcAPiT1 ACTNAAS* red - mRNAs

Fig 2. Constructing the ceRNA network from IncRNA and miRNA data. The interaction relationships between IncRNAs, miRNAs, and mRNAs
were used to construct the ceRNA network. Green represents the 52 IncRNAs, yellow represents the 31 miRNAs, and red represents the 186 mRNAs.

https://doi.org/10.1371/journal.pone.0260103.9002
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Fig 3. Kaplan-Meyer and ROC analyses of survival-related IncRNAs (H19, LINC01574, LINC01614). We examined the differentially expressed
IncRNAs by Kaplan-Meyer and ROC analyses. The IncRNAs with p-values <0.05 and ROC values >0.7 were H19 (Fig 3A and 3B), LINC01574 (Fig
3C and 3D), LINCO01614 (Fig 3E and 3F).

https://doi.org/10.1371/journal.pone.0260103.9003
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Fig 4. Kaplan-Meyer and ROC analyses of survival-related IncRNAs (RNF144A-AS1, OSMR-AS1). Kaplan-Meyer and ROC analyzed the
relationship between IncRNAs and patient survival. We show two other statistically significant IncRNAs: RNF144A-AS1 (Fig 4A and 4B) and
OSMR-ASI (Fig 4C and 4D).

https://doi.org/10.1371/journal.pone.0260103.9004

obtaining the intersection of differential expression data from GSE103227, GSE103229 and
TCGA (Diff), ROC data (mRNA with ROC values >0.7 among Diff), target data (mnRNAs pre-
dicted by the miRNAs), and Kaplan-Meyer curves (mRNAs with p values <0.05 among Diff),
we obtained more specific mRNA candidates: NRP1, HOXC6, and SHCBP1 (Fig 5A). The
miRNAs predicted to interact with these three mRNAs included hsa-miR-338-3p (NRP1),
hsa-miR-27a-3p (HOXCS6), and hsa-miR-429 (SHCBP1) (Fig 5B). Among the above five
IncRNAs, only H19 was predicted to interact with hsa-miR-338-3p (Fig 5B). Using this
approach of combining multiple database analysis, we identified the H19-hsa-miR-338-3p-
NRP1 signaling pathway in GBM patients.

Cox analysis of using NRP1 to predict GBM patient prognosis

In TCGA and GSE16011 datasets, we found that NRP1 was highly expressed in GBM
(Fig 6A and 6B). Both Kaplan-Meyer and ROC analyses of NRP1 were statistically significant
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Fig 5. Screening for differentially expressed IncRNAs and miRNAs. (a) The intersection of the differentially expressed mRNAs, miRNAs predicted to
bind these mRNAs, Kaplan-Meyer analysis, and ROC analysis was to find meaningful mRNAs, of which there were three: NRP1, HOXC6, SHCBPI. (b)
We analyzed the intersection of the five survival-related IncRNAs with the corresponding IncRNAs of NRP1, HOXC6, and SHCBP1, which revealed the
H19-hsa-miR-338-3p-NRP1 signaling axis. At the same time, we show miRNAs that correspond with the three mRNAs.

https://doi.org/10.1371/journal.pone.0260103.9g005

(Fig 6C-6F). Univariate Cox analysis found that age, IDH status, TERT status, ATRX status,
and NRP1 were related to GBM patient prognosis, and the risk value increased by 1.052, 0.144,
0.582, 2.936, 0.180, and 1.294, respectively, for each additional unit (S2 Table). Multivariate
Cox analysis found that age and NRP1 were independent prognostic factors for GBM patients,
for which the patient risk value increased by 1.049 and 1.357 for each additional unit (Fig 7
and S2 Table). Using the newly constructed IncRNA-miRNA-mRNA regulatory network, we
propose that NRP1 expression plays an important role in GBM and is regulated by H19 and
has-miR-338-3p.

Discussion

Through joint analysis of GSE103227, TCGA, and GSE103229 data, we obtained 258 differen-
tially expressed IncRNAs and 2353 differentially expressed mRNAs. MiRcode was used to pre-
dict miRNAs that could interact with the obtained IncRNAs; then mRNAs that could interact
with these miRNAs were predicted. We constructed a ceRNA regulatory network using the list
of interacting IncRNAs, miRNAs, and mRNAs, for which there were 52, 31, and 186, respec-
tively. Kaplan-Meyer and ROC analyses revealed five survival-related IncRNAs: H19,
LINC01574, LINC01614, RNF144A-AS1, and OSMR-ASI. To improve the accuracy of our
data, we obtained three mRNAs through limited conditions: NRP1, HOXC6, and SHCBP1.
Using these three mRNAs, we found the miRNAs that could potentially act on them, and then
obtained the IncRNAs that act on these miRNAs. The intersection of these analyses revealed
that only H19 satisfied all conditions. Therefore, we propose that NRP1 is regulated by a
ceRNA network consisting of H19 and hsa-miR-338-3p. In TCGA and GSE16011, NRP1 was
found to be highly expressed in GBM, and in CGGA and GSE16011, it was confirmed by both
Kaplan-Meyer and ROC analyses that NRP1 was significantly associated with GBM outcomes.
Cox analysis asserted that NRP1 was an independent prognostic factor for GBM.

Previous studies have shown that H19 promotes cancer development through different
mechanisms, as examples: in gastric cancer through Fas-related protein, in
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Fig 6. NRP1I expression in gliomas and the relationship with prognosis. (a, b) TCGA and GSE16011 databases were used to show NRP1 expression
in non-tumor brain tissues and GBM samples. (c-f) Kaplan-Meyer analysis (c, e) and ROC analysis (d, f) were performed in TCGA and GSE16011
databases.

https://doi.org/10.1371/journal.pone.0260103.9006
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Fig 7. Multivariate Cox analysis of NRP1. NRP1 and multiple GBM features were used to analyze whether NRP1 was an independent prognostic
factor for GBM.

https://doi.org/10.1371/journal.pone.0260103.9007

cholangiocarcinoma through IL-6 and CXCR4, in colorectal cancer through HMGA1, and in
multiple myeloma through P50/P65 [23-26]. Hsa-miR-338-3p is a tumor suppressor gene in
glioma and colorectal cancer but an oncogene in salivary adenoid cystic carcinoma [27-30].
NRP1 is not only closely related to the occurrence and development of tumors and tumor
immunity, but also related to vascular development [31-36]. However, we still do not know
the IncRNAs and miRNAs that interact with NRP1 or whether NRP1 is an independent prog-
nostic factors for GBM patients. On the basis of our analyses of a large number of GBM speci-
mens from multiple databases, we have revealed the interactions of H19 and hsa-miR-338-3p
with NRP1, and have shown that NRP1 is an independent factor for the prognosis of GBM
patients. In addition, considering our early discovery of glioma, we found that the mechanism
of glioblastoma has its own uniqueness [3]. However, how NRP1 regulated by H19 and hsa-
miR-338-3p regulates the occurrence and development of GBM still needs further research.
In conclusion, we found that NRP1 is closely related to the prognosis of GBM patients and
is an independent prognostic factor. NRP1 is highly expressed in GBM. In GBM, H19 and hsa-
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miR-338-3p regulate NRP1, and this signaling pathway may serve as an important molecular
target for the diagnosis and treatment of GBM patients, thereby improving the prognosis of
GBM.

Supporting information

S1 Table. List of IncRNA, miRNA and mRNA in ceRNA.
(XLSX)

$2 Table. Univariate analysis and multivariate analysis of the correlation of the expression
of NRP1 with OS among GBM patients.
(PPTX)

Acknowledgments

The authors thank Chunling Fu from Institute of Blood Diseases, Xuzhou Medical University
for excellent technical support.

Author Contributions

Conceptualization: Yong Liu, Yuelin Liu, Yong Gao, Chengmin Xuan.
Data curation: Yong Liu, Yuelin Liu, Yong Gao, Chengmin Xuan.
Formal analysis: Yong Liu, Yuelin Liu, Yong Gao, Lei Wang.

Funding acquisition: Yuelin Liu, Yong Gao, Lei Wang, Hengliang Shi.
Investigation: Yong Liu, Chengmin Xuan.

Methodology: Yong Liu, Yong Gao.

Software: Yong Liu, Yuelin Liu, Yong Gao, Lei Wang, Chengmin Xuan.
Supervision: Yuelin Liu, Yong Gao, Chengmin Xuan.

Visualization: Yong Liu, Yuelin Liu, Yong Gao, Chengmin Xuan.
Writing - original draft: Hengliang Shi, Chengmin Xuan.

Writing - review & editing: Hengliang Shi, Chengmin Xuan.

References

1. Johnson JH Jr., Phillips PC. (1996) Malignant gliomas in children. Cancer Invest 14:609-21. hitps://doi.
0rg/10.3109/07357909609076905 PMID: 8951364

2. GaoY,HanD, SunL, Huang Q, Gai G, et al. (2018) PPARalpha Regulates the Proliferation of Human
Glioma Cells through miR-214 and E2F2. Biomed Res Int 2018:3842753. https://doi.org/10.1155/2018/
3842753 PMID: 29862267

3. XuanC,Jin M, WangL, Xue S, An Q, et al. (2020) PART1 and hsa-miR-429-Mediated SHCBP1
Expression Is an Independent Predictor of Poor Prognosis in Glioma Patients. Biomed Res Int
2020:1767056. https://doi.org/10.1155/2020/1767056 PMID: 32351983

4. XuanC,GaoV,JinM, Xu S, WangL, et al. (2019) Bioinformatic analysis of Cacybp-associated proteins
using human glioma databases. IUBMB Life 71:827-34. https://doi.org/10.1002/iub.1999 PMID:
30762928

5. WanglL,LiuY, Xuan C, Liu Y, Shi H, et al. (2021) Identification of ubiquitination-related genes in human
glioma as indicators of patient prognosis. PLoS One 16:€0250239. https://doi.org/10.1371/journal.
pone.0250239 PMID: 33914773

6. GongZ, ZhangS, Zhang W, Huang H, Li Q, et al. (2012) Long non-coding RNAs in cancer. Sci China
Life Sci 55:1120—4. https://doi.org/10.1007/s11427-012-4413-9 PMID: 23233227

PLOS ONE | https://doi.org/10.1371/journal.pone.0260103 November 29, 2021 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260103.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260103.s002
https://doi.org/10.3109/07357909609076905
https://doi.org/10.3109/07357909609076905
http://www.ncbi.nlm.nih.gov/pubmed/8951364
https://doi.org/10.1155/2018/3842753
https://doi.org/10.1155/2018/3842753
http://www.ncbi.nlm.nih.gov/pubmed/29862267
https://doi.org/10.1155/2020/1767056
http://www.ncbi.nlm.nih.gov/pubmed/32351983
https://doi.org/10.1002/iub.1999
http://www.ncbi.nlm.nih.gov/pubmed/30762928
https://doi.org/10.1371/journal.pone.0250239
https://doi.org/10.1371/journal.pone.0250239
http://www.ncbi.nlm.nih.gov/pubmed/33914773
https://doi.org/10.1007/s11427-012-4413-9
http://www.ncbi.nlm.nih.gov/pubmed/23233227
https://doi.org/10.1371/journal.pone.0260103

PLOS ONE

NRP1 is an independent prognostic predictor

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Huang B. (2014) Long non-coding RNA: dancing on immune stage. Sci China Life Sci 57:643—4.
https://doi.org/10.1007/s11427-014-4669-3 PMID: 24829110

Bo H, Gong Z, Zhang W, Li X, Zeng Y, et al. (2015) Upregulated long non-coding RNA AFAP1-AS1
expression is associated with progression and poor prognosis of nasopharyngeal carcinoma. Oncotar-
get 6:20404—-18. https://doi.org/10.18632/oncotarget.4057 PMID: 26246469

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. (2011) A ceRNA hypothesis: the Rosetta Stone of a
hidden RNA language? Cell 146:353-8. https://doi.org/10.1016/j.cell.2011.07.014 PMID: 21802130

Wang J, Liu X, Wu H, Ni P, Gu Z, et al. (2010) CREB up-regulates long non-coding RNA, HULC expres-
sion through interaction with microRNA-372 in liver cancer. Nucleic Acids Res 38:5366—83. hitps://doi.
org/10.1093/nar/gkq285 PMID: 20423907

Gao L, Wang X, Guo S, Xiao L, Liang C, et al. (2019) LncRNA HOTAIR functions as a competing
endogenous RNA to upregulate SIRT1 by sponging miR-34a in diabetic cardiomyopathy. J Cell Physiol
234:4944-58. https://doi.org/10.1002/jcp.27296 PMID: 30216438

Liu G, Zheng J, Zhuang L, Lv Y, Zhu G, et al. (2018) A Prognostic 5-IncRNA Expression Signature for
Head and Neck Squamous Cell Carcinoma. Sci Rep 8:15250. https://doi.org/10.1038/s41598-018-
33642-1 PMID: 30323196

Liang WC, Fu WM, Wong CW, Wang Y, Wang WM, et al. (2015) The IncRNA H19 promotes epithelial
to mesenchymal transition by functioning as miRNA sponges in colorectal cancer. Oncotarget
6:22513-25. https://doi.org/10.18632/oncotarget.4154 PMID: 26068968

Bao Z, Zhang W, Dong D. (2017) A potential prognostic IncRNA signature for predicting survival in
patients with bladder urothelial carcinoma. Oncotarget 8:10485-97. https://doi.org/10.18632/
oncotarget.14441 PMID: 28060759

Pellet-Many C, Frankel P, Jia H, Zachary |. (2008) Neuropilins: structure, function and role in disease.
Biochem J 411:211-26. https://doi.org/10.1042/BJ20071639 PMID: 18363553

Chen L, Miao W, Tang X, Zhang H, Wang S, et al. (2013) The expression and significance of neuropilin-
1 (NRP-1) on glioma cell lines and glioma tissues. J Biomed Nanotechnol 9:559-63. https://doi.org/10.
1166/jbn.2013.1624 PMID: 23621014

Chaudhary B, Khaled YS, Ammori BJ, Elkord E. (2014) Neuropilin 1: function and therapeutic potential
in cancer. Cancer Immunol Immunother 63:81-99. https://doi.org/10.1007/s00262-013-1500-0 PMID:
24263240

Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M. (1998) Neuropilin-1 is expressed by endo-
thelial and tumor cells as an isoform-specific receptor for vascular endothelial growth factor. Cell
92:735-45. https://doi.org/10.1016/s0092-8674(00)81402-6 PMID: 9529250

Jubb AM, Strickland LA, Liu SD, Mak J, Schmidt M, et al. (2012) Neuropilin-1 expression in cancer and
development. J Pathol 226:50-60. https://doi.org/10.1002/path.2989 PMID: 22025255

Fukasawa M, Matsushita A, Korc M. (2007) Neuropilin-1 interacts with integrin betal and modulates
pancreatic cancer cell growth, survival and invasion. Cancer Biol Ther 6:1173-80. https://doi.org/10.
4161/cbt.6.8.4363 PMID: 17726369

Osada H, Tokunaga T, Nishi M, Hatanaka H, Abe Y, et al. (2004) Overexpression of the neuropilin 1
(NRP1) gene correlated with poor prognosis in human glioma. Anticancer Res 24:547-52. PMID:
15160992

Grandclement C, Borg C. (2011) Neuropilins: a new target for cancer therapy. Cancers (Basel)
3:1899-928. https://doi.org/10.3390/cancers3021899 PMID: 24212788

Wang WT, Ye H, Wei PP, Han BW, He B, et al. (2016) LncRNAs H19 and HULC, activated by oxidative
stress, promote cell migration and invasion in cholangiocarcinoma through a ceRNA manner. J Hematol
Oncol 9:117. https://doi.org/10.1186/s13045-016-0348-0 PMID: 27809873

Yang Q, Wang X, Tang C, Chen X, He J. (2017) H19 promotes the migration and invasion of colon can-
cer by sponging miR-138 to upregulate the expression of HMGAT1. Int J Oncol 50:1801-9. https://doi.
org/10.3892/ij0.2017.3941 PMID: 28358427

Dai N, Ji F, Wright J, Minichiello L, Sadreyev R, et al. (2017) IGF2 mRNA binding protein-2 is a tumor

promoter that drives cancer proliferation through its client mRNAs IGF2 and HMGAT1. Elife 6. https://
doi.org/10.7554/eLife.27155 PMID: 28753127

SunY, PanJ, Zhang N, Wei W, Yu S, et al. (2017) Knockdown of long non-coding RNA H19 inhibits
multiple myeloma cell growth via NF-kappaB pathway. Sci Rep 7:18079. https://doi.org/10.1038/
s41598-017-18056-9 PMID: 29273733

Xue Q, Sun K, Deng HJ, Lei ST, Dong JQ, et al. (2014) MicroRNA-338-3p inhibits colorectal carcinoma
cell invasion and migration by targeting smoothened. Jpn J Clin Oncol 44:13-21. https://doi.org/10.
1093/jico/hyt181 PMID: 24277750

PLOS ONE | https://doi.org/10.1371/journal.pone.0260103 November 29, 2021 11/12


https://doi.org/10.1007/s11427-014-4669-3
http://www.ncbi.nlm.nih.gov/pubmed/24829110
https://doi.org/10.18632/oncotarget.4057
http://www.ncbi.nlm.nih.gov/pubmed/26246469
https://doi.org/10.1016/j.cell.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21802130
https://doi.org/10.1093/nar/gkq285
https://doi.org/10.1093/nar/gkq285
http://www.ncbi.nlm.nih.gov/pubmed/20423907
https://doi.org/10.1002/jcp.27296
http://www.ncbi.nlm.nih.gov/pubmed/30216438
https://doi.org/10.1038/s41598-018-33642-1
https://doi.org/10.1038/s41598-018-33642-1
http://www.ncbi.nlm.nih.gov/pubmed/30323196
https://doi.org/10.18632/oncotarget.4154
http://www.ncbi.nlm.nih.gov/pubmed/26068968
https://doi.org/10.18632/oncotarget.14441
https://doi.org/10.18632/oncotarget.14441
http://www.ncbi.nlm.nih.gov/pubmed/28060759
https://doi.org/10.1042/BJ20071639
http://www.ncbi.nlm.nih.gov/pubmed/18363553
https://doi.org/10.1166/jbn.2013.1624
https://doi.org/10.1166/jbn.2013.1624
http://www.ncbi.nlm.nih.gov/pubmed/23621014
https://doi.org/10.1007/s00262-013-1500-0
http://www.ncbi.nlm.nih.gov/pubmed/24263240
https://doi.org/10.1016/s0092-8674%2800%2981402-6
http://www.ncbi.nlm.nih.gov/pubmed/9529250
https://doi.org/10.1002/path.2989
http://www.ncbi.nlm.nih.gov/pubmed/22025255
https://doi.org/10.4161/cbt.6.8.4363
https://doi.org/10.4161/cbt.6.8.4363
http://www.ncbi.nlm.nih.gov/pubmed/17726369
http://www.ncbi.nlm.nih.gov/pubmed/15160992
https://doi.org/10.3390/cancers3021899
http://www.ncbi.nlm.nih.gov/pubmed/24212788
https://doi.org/10.1186/s13045-016-0348-0
http://www.ncbi.nlm.nih.gov/pubmed/27809873
https://doi.org/10.3892/ijo.2017.3941
https://doi.org/10.3892/ijo.2017.3941
http://www.ncbi.nlm.nih.gov/pubmed/28358427
https://doi.org/10.7554/eLife.27155
https://doi.org/10.7554/eLife.27155
http://www.ncbi.nlm.nih.gov/pubmed/28753127
https://doi.org/10.1038/s41598-017-18056-9
https://doi.org/10.1038/s41598-017-18056-9
http://www.ncbi.nlm.nih.gov/pubmed/29273733
https://doi.org/10.1093/jjco/hyt181
https://doi.org/10.1093/jjco/hyt181
http://www.ncbi.nlm.nih.gov/pubmed/24277750
https://doi.org/10.1371/journal.pone.0260103

PLOS ONE

NRP1 is an independent prognostic predictor

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhao F, Chen CW, Yang WW, Xu LH, Du ZH, et al. (2018) Hsa_circRNA_0059655 plays a role in sali-
vary adenoid cystic carcinoma by functioning as a sponge of miR-338-3p. Cell Mol Biol (Noisy-le-grand)
64:100-6.

Wang WY, Lu WC. (2020) Reduced Expression of hsa-miR-338-3p Contributes to the Development of
Glioma Cells by Targeting Mitochondrial 3-Oxoacyl-ACP Synthase (OXSM) in Glioblastoma (GBM).
Onco Targets Ther 13:9513-23. hitps://doi.org/10.2147/0TT.S262873 PMID: 33061435

XuY, Yud,HuangZ, FuB, Tao Y, et al. (2020) Circular RNA hsa_circ_0000326 acts as a miR-338-3p
sponge to facilitate lung adenocarcinoma progression. J Exp Clin Cancer Res 39:57. https://doi.org/10.
1186/513046-020-01556-4 PMID: 32248836

Younan S, Elhoseiny S, Hammam A, Gawdat R, EI-Wakil M, et al. (2012) Role of neuropilin-1 and its
expression in Egyptian acute myeloid and acute lymphoid leukemia patients. Leuk Res 36:169-73.
https://doi.org/10.1016/j.leukres.2011.08.017 PMID: 21978468

De Vlaeminck Y, Bonelli S, Awad RM, Dewilde M, Rizzolio S, et al. (2020) Targeting Neuropilin-1 with
Nanobodies Reduces Colorectal Carcinoma Development. Cancers (Basel) 12. https://doi.org/10.
3390/cancers12123582 PMID: 33266104

Ding Z, DuW, Lei Z, Zhang Y, Zhu J, et al. (2020) Neuropilin 1 modulates TGFbetalinduced epithelial-
mesenchymal transition in nonsmall cell lung cancer. Int J Oncol 56:531-43. https://doi.org/10.3892/ijo.
2019.4938 PMID: 31894269

Liu C, Somasundaram A, Manne S, Gocher AM, Szymczak-Workman AL, et al. (2020) Neuropilin-1 is a
T cell memory checkpoint limiting long-term antitumor immunity. Nat Immunol 21:1010-21. hitps://doi.
org/10.1038/s41590-020-0733-2 PMID: 32661362

Kawakami T, Tokunaga T, Hatanaka H, Kijima H, Yamazaki H, et al. (2002) Neuropilin 1 and neuropilin
2 co-expression is significantly correlated with increased vascularity and poor prognosis in nonsmall cell
lung carcinoma. Cancer 95:2196—201. https://doi.org/10.1002/cncr.10936 PMID: 12412174

Takashima S, Kitakaze M, Asakura M, Asanuma H, Sanada S, et al. (2002) Targeting of both mouse
neuropilin-1 and neuropilin-2 genes severely impairs developmental yolk sac and embryonic angiogen-
esis. Proc Natl Acad Sci U S A 99:3657-62. https://doi.org/10.1073/pnas.022017899 PMID: 11891274

PLOS ONE | https://doi.org/10.1371/journal.pone.0260103 November 29, 2021 12/12


https://doi.org/10.2147/OTT.S262873
http://www.ncbi.nlm.nih.gov/pubmed/33061435
https://doi.org/10.1186/s13046-020-01556-4
https://doi.org/10.1186/s13046-020-01556-4
http://www.ncbi.nlm.nih.gov/pubmed/32248836
https://doi.org/10.1016/j.leukres.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/21978468
https://doi.org/10.3390/cancers12123582
https://doi.org/10.3390/cancers12123582
http://www.ncbi.nlm.nih.gov/pubmed/33266104
https://doi.org/10.3892/ijo.2019.4938
https://doi.org/10.3892/ijo.2019.4938
http://www.ncbi.nlm.nih.gov/pubmed/31894269
https://doi.org/10.1038/s41590-020-0733-2
https://doi.org/10.1038/s41590-020-0733-2
http://www.ncbi.nlm.nih.gov/pubmed/32661362
https://doi.org/10.1002/cncr.10936
http://www.ncbi.nlm.nih.gov/pubmed/12412174
https://doi.org/10.1073/pnas.022017899
http://www.ncbi.nlm.nih.gov/pubmed/11891274
https://doi.org/10.1371/journal.pone.0260103

