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Background: Exportin 1 (XPOI), a nuclear export protein, participates in many biological processes,
including mRNA transport, nucleocytoplasmic transport, nuclear protein export, regulation of mRNA
stability, and drug response. XPO1 plays key roles in many cancer types and may serve as a potential
biomarker. It is significant to systematically elucidate the roles of XPOI in various cancer types in terms of
function, molecular biology, immunology, and clinical relevance.

Methods: Data from UCSC Xena, CCLE, and CBioPortal were analyzed for the investigation of the
differential expression of XPO1 across multiple cancer types. Clinical data were acquired to analyze the
influence of XPOI on the clinical characteristics of patients, such as survival outcome and clinical stage.
The roles of XPO1 in the onset and progression of multiple cancers were expounded in terms of genetic
changes at the molecular level [including tumor mutational burden (TMB), microsatellite instability (MSI),
copy number variation (CNV), methylation, and gene co-expression], biological pathway changes, and the
immune microenvironment.

Results: XPO1 was overexpressed in various tumor types, which may be related to CNV. Clinical data
analysis revealed that XPO1 may serve as a risk factor in tumors, such as adrenocortical carcinoma, liver
hepatocellular carcinoma, and low-grade glioma, thereby affecting patient prognosis. XPO1 in multiple
tumor types was also substantially correlated with clinical stage, patient gender, and patient age. In certain
tumors, the expression level of XPOL1 exerted a greater influence on TMB and MSL. It was also found that
XPOLI inhibited the activity of immune cells in the tumor immune microenvironment, such as CD8+ T
cells, and affected biological pathways, such as the cell cycle and oxidative phosphorylation, and drove the
expression of cancer driver genes, immune checkpoint genes, and highly mutated genes.

Conclusions: XPOL1 is a potential pan-cancer risk factor as it may jointly promote tumor onset and
progression by inhibiting the immune response, influencing relevant biological pathways, and promoting

mutations in other genes.
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Introduction

The nuclear export protein Exportin 1 (XPO1) plays a
key role in the onset and progression of both solid tumors
and hematological malignancies and is associated with a
poor prognosis in patients with various cancers, including
pancreatic, lung, gastric, prostate, and colorectal cancers (1).
Selective inhibitors of XPO1, with selinexor being one of the
most representative drugs, have been widely tested in solid
tumors and hematological malignancies and approved for the
treatment of relapsed/refractory multiple myeloma and diffuse
large B-cell lymphoma (2,3). Some studies have suggested that
XPO1 may promote tumor cell proliferation by influencing
the sub-cellular localization of nuclear export signal-containing
oncogenes, tumor suppressor proteins, control of the mitotic
apparatus, chromosome segregation, stability of nuclear and
chromosomal structures (4). Notably, XPO1 is the major
transporter of many types of nuclear proteins, including tumor
suppressor proteins and oncoproteins, such as Rb, APC,
p53, p21, p27, BRCA1/2, elF4E, and survivin (1,4,5). This
indicates that XPO1 plays a critical role in the progression
of many tumors. Besides directly influencing the expression
of proto-oncogenes and tumor suppressor genes, XPO1
can also indirectly promote tumor onset and progression by
affecting vascular endothelial growth factor, epidermal growth
factor receptor, Cox-2, c-Myc, and HIF-1 (5). Based on
these findings, it is evident that XPO1 does not affect tumor
progression by a single route but exerts biological effects on
tumors through multiple pathways. Therefore, elucidating the
roles of XPOLI in various tumors based on clinical-omics and
genomics is essential to provide theoretical guidance for future
drug development and clinical treatment.

We present the following article in accordance with the
REMARK reporting checklist (available at https://dx.doi.
org/10.21037/tcr-21-1646).

Methods
Data sources

The mRINA expression data, clinical data, and methylation
data of 33 tumor types and normal tissues were downloaded
from UCSC Xena (https://xena.ucsc.edu/). The tumor
types investigated in this study included adrenocortical
carcinoma (ACC), urothelial bladder carcinoma (BLCA),
infiltrating ductal carcinoma (BRCA), cervical squamous
cell carcinoma and endocervical adenocarcinoma (CESC),
cholangiocarcinoma (CHOL), colon adenocarcinoma

(COAD), diffuse large B-cell lymphoma (DLBC),
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esophageal carcinoma (ESCA), glioblastoma multiforme
(GBM), head and neck squamous cell carcinoma (HNSC),
kidney chromophobe renal cell carcinoma (KICH), kidney
clear cell renal cell carcinoma (KIRC), kidney renal papillary
cell carcinoma (KIRP), acute myeloid leukemia (LAML),
low-grade glioma (LGG), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), mesothelioma (MESO), ovarian serous
cystadenocarcinoma (OV), pancreatic adenocarcinoma
(PAAD), pheochromocytoma/paraganglioma (PCPQG),
prostate adenocarcinoma (PRAD), rectum adenocarcinoma
(READ), sarcoma (SARC), skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD), testicular
germ cell tumor (TGCT), thyroid carcinoma (THCA),
thymic carcinoma (THYM), uterine corpus endometrial
carcinoma (UCEC), uterine carcinosarcoma (UCS), and
uveal melanoma (UVM). The mRNA expression data of
various cancer cell lines were downloaded from CCLE
(https://portals.broadinstitute.org/ccle), and the copy
number variation (CNV) data of XPO1 in the 33 types of
tumors were downloaded from CBioPortal (https://www.
cbioportal.org/). All procedures performed in this study
involving human participants were in accordance with the
Declaration of Helsinki (as revised in 2013).

Differential expression of XPO1

To determine the differential expression of XPO1 in
normal and tumor tissues, the data of XPO1 expression in
the 33 tumor types downloaded from UCSC Xena were
first transformed to the normalized transcripts per million
format, and boxplots were plotted using the ggpubr and
ggplot2 R packages (6). The statistical significance of
differential XPO1 expression in the various tumors was
determined using the Wilcoxon signed-rank test.

Correlations of XPO1 with clinical characteristics

To evaluate the effects of XPO1 expression on overall
survival (OS), disease-specific survival (DSS), disease-
free interval (DFI), and progression-free interval (PFI) in
patients, tumor samples were divided into the two following
groups: the high expression group and low expression
group, based on the median XPOI expression level among
the various tumor types. Subsequently, survival analysis was
performed using the log-rank test in the survival R package,
and results were visualized using the survminer R package.
A Cox proportional hazards model was also computed
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in the survival R package for survival analysis, and forest
plots were drawn using the forestplot R package for the
visualization of analysis results. The influence of XPOI1 on
patient survival in various cancers was investigated using the
Kaplan-Meier Plotter (https://kmplot.com/analysis/) (7).

Correlations of XPO1 with patient age (<18 years:
adolescence; 19-30 years: adulthood; 31-50 years: middle-
aged; >51 years: older), sex, and clinical stage were
investigated. Boxplots were drawn using the ggpubr and
ggplot2 R packages (6), and the statistical significance of
the potential clinical correlations was determined using the
Wilcoxon signed-rank test.

Characteristics of molecular-level changes of XPO1 and
their molecular effects

Data regarding the CNVs of XPOI, including amplifications
and deletions, were downloaded from CBioPotal (https://www.
cbioportal.org/) for the calculation of CNV frequency among
the various tumor types. Correlations between CNV and
XPOL1 expression level were determined using the Wilcoxon
signed-rank test and visualized using the ggpubr R package.
The Spearman’s rank correlation coefficients for correlations
of XPO1 expression with tumor mutational burden (TMB)
and microsatellite instability (MSI) in the various tumors were
separately calculated, and radar charts were plotted using the
fmsb R package. The statistical significance of differences
in XPO1 methylation level in normal and tumor tissues was
determined using the Wilcoxon signed-rank test, and results
were visualized using the ggplot2 R package (6). Based on
the median XPO1 methylation level, tumor samples were
divided into the two following groups: the high methylation
group and low methylation group, and survival analysis was
performed using the survival R package. Mutations of XPOL1
in the 33 tumor types were recorded, and the Spearman’s
rank correlation coefficients between XPO1 expression and
the expression of the top 30 highly mutated genes among the
various tumor types were separately calculated.

Effects of XPO1 on the immune microenvironment

To determine the effects of XPO1 on the immune
microenvironment in various tumor types, the stromal
and immune scores of the tumors were evaluated using
the ESTIMATE algorithm (8). The Spearman’s rank
correlation coefficients for correlations of XPO1 expression
with the stromal scores and the immune scores were
separately calculated. Relative contents of 22 types of
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immune cells in the various tumor types were calculated
using the CIBERSORT algorithm (9). Then the Spearman’s
rank correlation coefficients between XPO1 expression and
the various immune cell types were calculated.

Co-expression of XPO1 and specific genes

Co-expression analyses of XPO1 with immune-related
genes and cancer driver genes were separately performed
for further determination of XPO1 functions. The Pearson
correlation coefficients between expression levels of
XPOL1 and the various immune checkpoint genes were
calculated. We used the edgeR R package (10,11) to
perform differential analysis between normal and tumor
group. Next, we chose five genes with the highest log FC
values among the 568 driver genes (12) for each tumor
type, and the driver genes with the greatest difference
were determined through the union of data for the various
tumor types. The Pearson correlation coefficients between
XPOL1 expression and the driver genes with the greatest
difference were calculated. Based on the median value of
XPO1 expression, tumor samples were divided into the high
expression group and low expression group, and differential
analysis was performed using the edgeR R package (10,11).
Gene set enrichment analysis (GSEA) was subsequently
performed using the clusterProfiler R package (13). The
top five genes with the highest absolute values for the
normalized enrichment score and P<0.05 were identified for
each tumor type, and the results were visualized.

Statistical analysis

All analyses were carried out in R version 3.6.1 and
corresponding packages.

Results
XPO1 expression

Differential expression analysis was performed between
tumor tissue and the adjacent normal tissue for each tumor
type to investigate the changes in XPO1 expression patterns.
Results indicated that XPO1 was significantly overexpressed
in most tumor types and significantly underexpressed
in a small number of tumors. XPO1 was significantly
overexpressed in BLCA, BRCA, CHOL, COAD, ESCA,
GBM, HNSC, KIRC, KIRP, LIHC, LUSC, READ,
SARC, and STAD and significantly underexpressed in
KICH and THCA (Figure 1A4). This indicated that XPOL1
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Figure 1 XPO1 expression in normal tissues, tumor tissues, and cancer cell lines. (A) Differential expression analysis of XPO1 in normal
and tumor samples of 33 tumor types (*, P<0.05; ***, P<0.001. The P value of each tumor: BLCA: 5.61e-04; BRCA: 2.97¢-09; CESC: 0.08;
CHOL: 2.26e-09; COAD: 4.87e-16; ESCA: 1.2e-06; GBM: 0.013; HNSC: 7.85e-15; KICH: 6.58e-09; KIRC: 3.14e-08; KIRP: 2.35e-
05; LIHC: 1.73e-20; LUAD: 2.22e-18; LUSC: 1.71e-25; PAAD: 0.966; PCPG: 0.265; PRAD: 0.852; READ: 0.02; SARC: 0.023; SKCM:
0.883; STAD: 1.27e-15; THCA: 7e-04; THYM: 0.251; UCEC: 0.98). (B) XPO1 expression in normal tissues (based on data from the GTEx
database). (C) XPO1 expression in tumor cell lines (based on data from the CCLE database). XPO1, Exportin 1; BLCA, bladder carcinoma;
BRCA, infiltrating ductal carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM,
glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe renal cell carcinoma; KIRC,
kidney clear cell renal cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung
adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma/paraganglioma;
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach

adenocarcinoma; THCA, thyroid carcinoma; THYM, thymic carcinoma; UCEC, uterine corpus endometrial carcinoma.
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played different roles in different tumor types and might
provide promoting or inhibiting effects during different
stages of tumor onset and progression. With selective gene
expression, the expression of the same gene in different
tissues may not be completely identical, and differences may
exist in the biological effects of the gene on various tissues.
By utilizing GTEx sample data stored at UCSC Xena, we
analyzed the expression of XPO1 in normal tissues. Results
indicated that XPO1 expression was relatively higher in the
ovary, uterus, bone marrow, testis, and nerve tissues, and
relatively lower in the heart and blood tissues (Figure 1B).
The analysis of XPO1 expression in tumor cell lines
revealed that XPO1 was significantly overexpressed in B-cell
acute lymphoblastic leukemia (B-ALL), T-cell ALL, small-
cell lung carcinoma and neuroblastoma. This suggested
that XPO1 might play a key role in lung cancer, ALL, and
neuroblastoma (Figure 1C).

Correlations of XPO1 with clinical characteristics

To investigate the correlations of XPO1 expression with
patient prognosis, we performed survival analysis on OS,
DSS, DFI, and PFI using the two following methods:
the log-rank test and Cox proportional hazards model
(Figure 2A4-2G, Figure SIA-S1I). When the analysis results
of the two methods were consolidated, we observed the
following: (I) XPO1 was a risk factor for OS in ACC,
LGG, and LIHC, higher XPO1 expression was associated
with shorter OS; (II) XPO1 underexpression in ACC,
LGG, LIHC, PRAD was associated with longer DSS, but
shorter in THYM; (III) XPO1 underexpression in ACC,
LIHC, LUAD, and PRAD was associated with longer PFI,
and GBM was converse; and (IV) XPO1 underexpression
in ACC was associated with longer DFI. Kaplan-Meier
Plotter also got similar results (Figure S2A-S2L). To further
elucidate the relationships between XPO1 and the various
clinical characteristics, the effects of XPO1 on patient age,
sex, and clinical stage were investigated (Figure 34-31).
Results indicated that XPO1 expression was closely related
to clinical stage in ACC, BRCA, LIHC, PAAD, SKCM,
and THCA. Differences existed in XPO1 expression
in BRCA, THCA, and READ among the different age
groups, and significant differential expression of XPO1
in LTHC, HNSC, and LUSC also existed between the
two sexes. These results suggested that XPO1 expression
exerted certain effects on cancer progression, which was in
agreement with the observations of XPO1 overexpression
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in the majority of tumor types.

Characteristics of molecular-level changes of XPO1 and
their correlations with TMB and MSI

We determined the CNV (including amplifications and
deletions) frequencies of XPO1 to investigate the diversity
of genetic variations of XPO1 among the various tumor
types. Results indicated that XPO1 had relatively high
CNV frequencies (>5%), with the frequencies of copy
number amplifications being generally higher than that of
copy number deletions (Figure 44). When the effects of
CNV on XPOL1 expression were investigated, we found
that XPOI expression was generally significantly correlated
with CNV in tumors, such as BLCA, BRCA, CESC,
KIRC, and LICH. Therefore, XPO1 overexpression
appeared to be intricately linked to copy number
amplification (Figure 4B). Notably, the frequency of copy
number deletions of XPOI in KICH was substantially
higher than amplifications, which was consistent with the
significant underexpression of XPO1 in KICH mentioned
earlier. When the effects of XPO1 on MSI in the various
tumor types were investigated, it was found that XPO1
was significantly positively correlated with MSI in ACC,
STAD, READ, and CHOL (P<0.05, Spearman’s rank
correlation coefficient >0.25) and significantly negatively
correlated with MSI in DLBC (P<0.05, Spearman’s rank
correlation coefficient <-0.25) (Figure 4C). As many
studies have reported an important relationship between
TMB and the outcome of immune checkpoint inhibitor
therapy, we also performed a correlation analysis of XPO1
and TMB in various tumor types and found that XPO1
expression was significantly positively correlated with
TMB in ACC, STAD, READ, LUAD, and LGG (P<0.05,
Spearman’s rank correlation coefficient >0.25) (Figure 4D).
The results described above further demonstrated that
CNV was closely associated with XPO1 overexpression
and suggested that XPO1 might affect the prognosis of
various cancers through TMB and MSI.

Clinical prognostic value of XPO1 methylation

XPO1 methylation in normal and tumor tissues was
measured. The result showed that XPO1 in BLCA,
KIRP, LTHC, PRAD and THCA was highly methylated
compared with XPO1 in normal tissues (Figure 5A4). In
particular, survival rate was better with low-methylated

Transl Cancer Res 2021;10(11):4664-4679 | https://dx.doi.org/10.21037/tcr-21-1646


https://cdn.amegroups.cn/static/public/TCR-21-1646-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-21-1646-Supplementary.pdf

4669

Translational Cancer Research, Vol 10, No 11 November 2021

"RUIOUTDIRD [[99 [BUAI [[90 18] ASUPTY ‘Y[ PWOUIDIED [EdNI0D0UIIPE

DDV ‘[earanur 9o15-uorssaxdord TiJ ‘[eAraIns oyroads-aseasip ‘(T [RATOIUT 991J-9sBASIP ‘T (] ‘[BAIAINS [[BI2A0 ‘SO ¢] untodxy ‘TOIX "(YSH) 114 pue (339 LI Px
DU ur uoissaidxs [OJX JO SUONE[LI0d 2 Jo sisA[eue 11ay-ue[dey] (D) “(ysL) S pue (o)) SO P4 HHT ul uorssaidxs JOJYX JO SUONE[2L100 9 JO SISA[eue IOIA

-uefdey] () "TAd PUe ‘SSA ‘TAd ‘SO (YSL 03 Y] woy) pis DDV ul uoissaidxs JOJX JO suone[p110d i Jo sisheue sepy-ue(dey] () Tad (@) pue ‘ssA () ‘14d (@) ‘SO
(V) uo paseq [opouw sprezey [euoniodoid xoD) oy Sursn [OJX JO SISA[EUR [BAIAING "SINSSH [BULIOU PUe JOwm Ul [OJX JO sonjea onsoudoid pue s[oad] uorssaidxy z aanSrgy

sJeak ‘sawi]
¢LLLoL6 8 L 9 S PV ecgtoO <
1 1 1 1 1 1 1 1 1 1 1 1 1 %
0 0 S g 9L & 9 6L €L vbb 0L V2 Sm—nswu H
ER ST T T v ) N
<
sJeah ‘sawl| v
¢kiLOL6 8 L 9 S ¥ €2C L O
1 1 1 1 1 1 1 1 1 1 1 1 1 OOO
2€0’0=d 520
050
S0
00’}
MO +UBIH +s[ene| LOdX
sieal ‘sawi]
cLILOLE 8 L 9 GV €2 L O %
N TN TN TN NN N NN NN SN M N S | o
2 2 H v S L T moq =+
6 0 L L L L b & & s & 1 mn_néiﬂ
2
sieah ‘sswi| &
cLlLOLB6 8 L 9 SV EeECLO
1 1 1 1 1 1 1 1 1 1 1 1 1 OOO
100°0>d G20
050
S0
00'+
MO +YBIH +S[eAd| LOdX
onel piezeH
091 0¥ 01 STO
[ <00, WAD
= B =
— 928 I
= g5 s
- 180 WS
- pi4) HYS
— 6860 avayd
—_— 18 93
- i e T
- 0ES. ' 1610 oS3
.‘. 3_” i Sv”a nn_..wmu_
3 14 S W
= (iea _me feg 8l
= mm_mu%m F o OERR JRn
= o G 5
o 75 L-ees Ol 2 B
= 05108 Gkt %8 B3
—_— &7 oz Mﬁw 350
ones piezeH
14d a

|eAJolUl 9844—UOISSBIB0Id

[eAJalul 981y—UOISSaIB0Id

sJieak ‘sawl]
cLiLOk6 8 L 9 GV €c¢ L O %
Loy o
T v 3 sl EFREEE 8BRS
S s N R e EERST R EEE G
2
sJeak ‘sawil] &
cLLLOLE 8 L 9 SV €2 L O o
1 1 1 1 1 1 1 1 1 1 1 1 1 OO.O m
810°0=d G20 %
050 F
R
S0 5
00t §
MO+ UBIH~+ S[ers| LOdX 2
OYIY :Jeoue)
sJeaAh ‘sawi]
¢cLLLOL6 8 L 9 SV E€C L O %
Loy o
2 2 2 S 9 6 € 8L 12 8 vE 66 6F Moy =+
0 0 4 4 4 4 € 9 8 SL €2 vE 8E ubIH @
2
sueah ‘sswi| &
¢ckiLol6 8 2 9SG ¥ €21t O W
[N N TN NN (NN NN NN (NN NN SN (R N | . [0}
- 000 8
100°0>d 520 %
-]
0S0 8
G105
) 2]
00'L §
<.
MO +YBIH +S[eAd] LOdX s
ones piezeH
20+91 00+°8 0050 LEOO
_LLLLLIn’_LLLLLL P 8500 WAD
- ; .
—_— e w8 YAt
- 28! e ons
- L-469 GECO WOYS
- 916" I3 6800 HYS
- 1-0€EC 0)CES 0 Wi avad
_ BRI RS APy SR
—— (GBY €268 01818 | 1600 avvd
- (06C [-8L9 0)GE6 0 2890 Ao
- (897 €888 N 6010 oSN
- ._wM”T.s” e &8 &
& 12011 TR R
= LI QR 828 R
s IEfaloess” 18 o
= @t
e Giye ] ®E OB
= ol W8 uR
—_— Lo, B %
Ssa )

sJeak ‘sawi]

r c._LLlwwé.E
18 oganenee
sJeak ‘sswi]

0C6L8LLLOLGLYVLELCLLLOLE 8 L 9 G ¥ €2 L O
TN T T T B B

¢lo’0=d

MO+ UBIH~+S[9A3] LOdX

sseak ‘sawl]

z ¢ ¢ & v 9
o0 v oz z 2

¢Lillole 8 L 9 GV eclt O
1
9
s

1
D
z 9

sJeak ‘sawl]
ZLLLOLE6 8 L 9 S ¥ €2 L O
1 1 1 1 1 1 1 1 1 1 1 1 1
G00°0=d
MOT+UBIH~+S|ons] LOdX
ones piezeH
10+9Z 00+2L 7900
NSNS SN
L 2o
- G90'¢
—— 060
- 06¥
—-— 86C
- faTy
—_—— WL
— 78T
— 20
—_—— @00
- Rxaq
pr————— LIS
- BEL
- 6ED'¢
- 6¥0
—_— bcid
—— ELL
—— 06C
—_— o
-— 98Y
— 786
—_— =
-- 1SE
—— & W'
—— m X 0)20C VTl
- 19°1-€99°0) L8
— (VP Z-$0S 0)LLL | €61
—— (€29'6€2-652'1)505°07 910
ones piezeH anjead
14a

o1
BIH

sieAs] LOdX

S0
0G0
S.0
00

mon
i

s|eAs] LOdX

Gc'0
050
S0
00°k

[BAIAINS Dl108ds-ose8sIq

[eAJo}Ul BB1)—aSESSIq

sseak ‘sawl]

moq
i

SjeAs] LOdX

sJeah ‘sawll]

0ceL8LLLOLSLyLELCL 168L9G¥v€e2to0
N T T O B B

120'0=d

o

wn

o
[BAIAINS [[e4on0

MO UBIH-SIPASI LOAX £yey < Jg0UBD)

[T

sJeah ‘sswi]
2LLLOL6 8 L 9 SV €2 L O

——1—— R
o 0o ¢ ¢ ¢ g € 9 8 G € &S 68 uBIH
sJeak ‘sawil]
cLiLOLG6 8 L 9GS P Ee2 O
|

S[eA3| LOdX

000

1000>d | g

[=3

w0

o
[BAIAINS [[I9A0

00t
MOT+YBIH~+S[eA®] LOdX
DY 48oue)

onel piezeH
0C€ 08 0T 050 210

2

s

i

0s3l
281
agvmi
OHIT
997

=

REEENER TSRS

oIENRT R
UZ 0.3
s

e

|‘,+|.|+§.LI+**..+J)Iif,,““iE

=2

NI

< S5

Transl Cancer Res 2021;10(11):4664-4679 | https://dx.doi.org/10.21037/tcr-21-1646

© Translational Cancer Research. All rights reserved.



Zhao et al. Pan-cancer analysis of XPO1

4670
A ACC B BRCA C LIHC
6 ns ns ok Value 6 * ns o Value C 6 ns * e Value
s Adolescence 5 § & Adulthood ] Adolescence
w5 & Adulthood ] Middle age ‘m 5 & Adulthood
1% Middle age o 5 & Older 8 Middle age
o @ Older o Male o @ Older
Qg Male % & Female >Q<- 4 Male
é & Female é 4 Stage | o & Female
— : Stage | - & Stage Il — Stage |
o3 & Stage Il o Stage IIl o3 & Stage Il
o SEs 4 Stage IIl a3 & Stage IV o E Stage Il
> 5 5 % & Stage IV > x 2 & Stage IV
T . T T T T T T T T
Age  Gender Stage Age  Gender Stage Age  Gender Stage
D PAAD E SKCM F THCA
6 ns ns * Value 6 ns ns *x Value 6 Hokk ns *x Value
c Middle age [ Adolescence e Adolescence
ke} & Older © & Adulthood o & Adulthood
2 5 Male 2 Middle age @ 5 R . . = Middle age
o) & 2 & Female b & Older @ & Older
a 4 Stage | S 4 4 Male a : Male
3 = Stage Il X & Female X 4 4 & Female
[} gtage 1l [} " Stage | [} Stage |
- 3 4 & Stage IV — @ Stage Il - = Stage Il
8 3 8 5 : : . = Stagelll 8 3 H gtage :U
L : & St
% o ) ) < ' . Stage IV >4 $ : & age
T . T . T T T T T T T
Age Gender  Stage Age Gender  Stage Age  Gender  Stage
G HNSC H LUSC I READ
6 - ns " ns ns B ns 6 ox ns ns
c Value c 6 ] Value c Value
o o (<} ¥ .
7 & Adulthood 7 Middle age ) 54 Middle age
o 5 Middle age 17} © @ Older 1% & Older
o & Older 25 Male o 4 Male
Q Male Q & Female Q @ Female
é 4 - & Female é Stage | 5 Stage |
% Stage | & Stage |l ~ 3 @ Stage Il
o = Stage Il 5 4 Stage Ill o Stage Il
o Stage IIl o & Stage IV o & Stage IV
< 31 . g b & Stage IV 4 > 2 4
B s .
T T T T T T T T T
Age Gender  Stage Age Gender  Stage Age Gender  Stage

Figure 3 Correlations of XPO1 expression with clinical characteristics. Correlations of XPO1 expression in (A) ACC, (B) BRCA, (C) LIHC,
(D) PAAD, (E) SKCM, (F) THCA, (G) HNSC, (H) LUSC, and (I) READ with patient age, sex, and clinical stage (*, P<0.05; **, P<0.01; ***,
P<0.001, ns: not statistically significant. The P value of age in each tumor: ACC: 0.623; BRCA: 0.029; LIHC: 0.265; PAAD: 0.961; SKCM:
0.393; THCA: 3.65¢-04; HNSC: 0.284; LUSC: 0.217; READ: 0.001. The P value of gender in each tumor: ACC: 0.697; BRCA: 0.286;
LIHC: 0.033; PAAD: 0.649; SKCM: 0.739; THCA: 0.952; HNSC: 0.014; LUSC: 0.026; READ: 0.79. The P value of stage in each tumor:
ACC: 9.66e-04; BRCA: 0.002; LIHC: 7.71e-04; PAAD: 0.035; SKCM: 0.01; THCA: 0.001; HNSC: 0.399; LUSC: 0.192; READ: 0.906).
XPO1, Exportin 1; ACC, adrenocortical carcinoma; BRCA, infiltrating ductal carcinoma; LIHC, liver hepatocellular carcinoma; PAAD,
pancreatic adenocarcinoma; SKCM, skin cutaneous melanoma; THCA, thyroid carcinoma; HNSC, head and neck squamous cell carcinoma;

LUSC, lung squamous cell carcinoma; READ, rectum adenocarcinoma.

biological roles of XPO1 in genomic mutations, we
analyzed the co-expression of XPO1 and highly mutated
genes of the various tumor types. The result suggested that
XPOL1 expression generally showed significantly positive
correlations with the highly mutated genes of the different
tumors (Figure 6B-6L, Figure S3A-S3V). This suggested
that XPOI1 could indirectly promote tumor onset and
progression by influencing mutation in other genes.

XPO1 than with high-methylated XPO1 in BLCA and
UCEC (Figure 5B,5C); the converse was found to be true
in CHOL and KIRC (Figure 5D,5E).

Correlations of XPO1 with genomic mutations

The occurrence of malignancies usually involves mutations
in multiple genes. The mutation frequencies of XPO1
in the various tumors were generally low (except for
a mutation frequency of >5% in UCEC) (Figure 6A).
Recently, there was a report in the literature that XPO1
pathogenic mutations could contribute to a poor survival

in NSCLC (14). To further elucidate the potential

Potential significance of XPO1 in immune
microenvironment changes

The immune microenvironment plays a crucial role in

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2021;10(11):4664-4679 | https://dx.doi.org/10.21037/tcr-21-1646
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Figure 4 Characteristics of molecular-level changes of XPO1. (A) Somatic CNV frequencies of XPOI in the 33 tumor types. (B)
Correlation of XPO1 CNV type with XPOI expression (*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, not statistically significant.
The P value of each tumor: ACC: 0.83; BLCA: 7.34e-11; BRCA: 2.58e-23; CESC: 2.54e-08; CHOL.: 0.043; COAD: 3.7¢-05; DLBC: 0.007;
ESCA: 2.12e-05; GBM: 0.289; HNSC: 3.66e-13; KICH: 0.081; KIRC: 4.21e-06; KIRP: 3.62¢-05; LAML: 0.517; LGG: 0.008; LIHC:
0.002; LUAD: 5.13e-11; LUSC: 5.13e-32; MESO: 0.056; OV: 1.39¢-12; PAAD: 0.008; PCPG: 1.77e-04; PRAD: 0.057; READ: 0.012;
SARC: 3.66e-05; SKCM: 8.48¢-05; STAD: 1.02¢-06; TGCT: 0.198; THCA: 0.197; THYM: 0.514; UCEC: 9.26e-11; UCS: 0.18; UVM:
0.919). (C) Correlation of XPO1 expression with TMB (*, P<0.05; ***, P<0.001. The P value of each tumor: ACC: 5.28¢-06; BLCA: 3.42¢-
05; BRCA: 5.05e-05; CESC: 0.441; CHOL: 0.299; COAD: 0.013; DLBC: 0.413; ESCA: 0.221; GBM: 0.805; HNSC: 1.02e-04; KICH:
0.44; KIRC: 0.911; KIRP: 0.622; LAML: 0.078; LGG: 5.35e-10; LIHC: 0.989; LUAD: 1.58e-16; LUSC: 3.82¢-04; MESO: 0.047; OV:
0.01; PAAD: 0.026; PCPG: 0.592; PRAD: 8.87¢-05; READ: 0.003; SARC: 0.118; SKCM: 0.004; STAD: 1.48¢-08; TGCT: 0.414; THCA:
0.112; THYM: 0.037; UCEC: 0.449; UCS: 0.207; UVM: 0.059). (D) Correlation of XPO1 expression with MSI (*, P<0.05; **, P<0.01; ***,
P<0.001. The P value of each tumor: ACC: 0.034; BLCA: 0.323; BRCA: 0.902; CESC: 0.577; CHOL.: 0.01; COAD: 0.077; DLBC: 0.028;
ESCA: 0.125; GBM: 0.54; HNSC: 0.565; KICH: 0.652; KIRC: 0.229; KIRP: 0.636; LAML: 0.615; LGG: 0.562; LTHC: 0.521; LUAD:
0.055; LUSC: 1.31e-05; MESO: 0.562; OV: 0.176; PAAD: 0.257; PCPG: 0.249; PRAD: 0.668; READ: 3.66e-06; SARC: 0.297; SKCM:
0.777; STAD: 2.21e-05; TGCT: 0.225; THCA: 0.216; THYM: 0.951; UCEC: 9.09¢-05; UCS: 0.966; UVM: 0.529). XPO1, Exportin 1;
CNV, copy number variation; ACC, adrenocortical carcinoma; BLCA, bladder carcinoma; BRCA, infiltrating ductal carcinoma; CESC,
cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC,
diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell
carcinoma; KICH, kidney chromophobe renal cell carcinoma; KIRC, kidney clear cell renal cell carcinoma; KIRP, kidney renal papillary cell
carcinoma; LAML, acute myeloid leukemia; LGG, low-grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma;
PCPG, pheochromocytoma/paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM,
skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymic

carcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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Figure 5 Differences and prognostic value of XPO1 methylation. (A) Differences in the negative log (methylation B-value) of XPOL1 in the
normal and tumor tissues of the 33 tumor types (**, P<0.01; ***, P<0.001. The P value of each tumor: BLCA: 0.001; BRCA: 0.08; CESC:
0.423; CHOL: 1; COAD: 0.623; ESCA: 0.601; GBM: 0.665; HNSC: 0.808; KIRC: 0.237; KIRP: 2.18e-05; LIHC: 3.47¢-06; LUAD: 0.062;
LUSC: 0.321; PAAD: 0.354; PCPG: 0.275; PRAD: 1.15e-06; READ: 0.836; SKCM: 0.115; THCA: 0.003; THYM: 0.344; UCEC: 0.079).
Kaplan-Meier analysis of OS with XPO1 methylation in (B) BLCA, (C) UCEC, (D) CHOL and (E) KIRC. XPOI, Exportin 1; BLCA,
bladder carcinoma; BRCA, infiltrating ductal carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head
and neck squamous cell carcinoma; KIRC, kidney clear cell renal cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma/paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin

cutaneous melanoma; THCA, thyroid carcinoma; THYM, thymic carcinoma; UCEC, uterine corpus endometrial carcinoma.
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Figure 6 Genetic mutations of XPO1. (A) Mutation frequencies of XPOI in the 33 tumor types. Correlations of XPO1 expression with
expression levels of the top 30 highly mutated genes in (B) BLCA, (C) CESC, (D) CHOL, (E) COAD, (F) GBM, (G) LAML, (H) MESO,
(I) PRAD, (J) READ, (K) TGCT, and (L) UCEC. Circle size indicates the magnitude of the P value and shade indicates the magnitude of
the Spearman’s rank correlation coefficient. XPO1, Exportin 1; BLCA, bladder carcinoma; CESC, cervical squamous cell carcinoma and
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; GBM, glioblastoma multiforme; LAML, acute
myeloid leukemia; MESO, mesothelioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; TGCT, testicular germ cell

tumor; UCEC, uterine corpus endometrial carcinoma.

tumor onset and progression as well as patient prognosis. negative correlations with both the stromal and immune
Therefore, correlation analysis was performed on XPOI scores. In particular, XPO1 was significantly negatively
expression and the stromal and immune scores of the correlated with both the stromal and immune scores of

various tumor types were calculated using the ESTIMATE ACC, GBM, LUSC, SARC, and STAD (P<0.05, R<-0.25)
algorithm. We found that XPO1 expression exhibited (Figure 7A-7E), significantly negatively correlated with

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2021;10(11):4664-4679 | https://dx.doi.org/10.21037/tcr-21-1646
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Figure 7 Effects of XPOI on the tumor immune microenvironment. Correlations of XPO1 expression with ESTIMATE-calculated immune
score (left) and stromal score (right) in (A) ACC, (B) GBM, (C) LUSC, (D) SARC, and (E) STAD. (F) Correlations of XPO1 expression
with the CIBERSORT-calculated contents of 22 immune cell types in the various tumor types. XPO1, Exportin 1; ACC, adrenocortical

carcinoma; GBM, glioblastoma multiforme; LUSC, lung squamous cell carcinoma; SARC, sarcoma; STAD, stomach adenocarcinoma.

immune score in CESC, ESCA, KIRP, LAML, PCPG,
UCS, and MESO (P<0.05, R<-0.25), and significantly
negatively correlated with stromal score in OV and TGCT
(P<0.05, R<-0.25) (Figure S4A-S4R). The result obtained
from the CIBERSORT algorithm showed that XPO1 was
generally negatively correlated with the various immune cell
contents (except for M1 macrophages, activated memory Th
cells and resting memory Th cells) (Figure 7F). Therefore,
XPO1 could also promote tumor onset and progression by
influencing the tumor immune microenvironment.

© Translational Cancer Research. All rights reserved.

Interactions of XPO1 with other genes and XPO1
molecular functions

To further investigate the molecular mechanisms by which
XPOL1 affected the tumor microenvironment, we performed
co-expression analyses of XPO1 with immune checkpoint
genes and cancer driver genes. XPO1 generally showed
significantly positive correlations with the expression
of immune co-inhibitory receptors, such as ADOPA2A,
BTLA, CD160, CD200, CD200R1, PDCDI1LG?2, and
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Figure 8 Co-expression analyses of XPO1 and specific genes. (A) Co-expression analysis of XPO1 and immune checkpoint genes. (B)

Differential expression of the top five driver genes in each tumor type with the most significant differences, which were determined from the

grouping of genes based on the median XPO1 expression level after the elimination of normal samples. (C) Co-expression analysis of XPO1

and driver genes with the most significant differences. (D) Co-expression analysis of XPO1 and the top five most-correlated biological

pathway-related genes calculated based on GSEA results. XPO1, Exportin 1; GSEA, gene set enrichment analysis.

CTLA4, and negative correlations with immune co-
stimulatory receptors, such as TNFRSF14, TNFRSF18,
TNFRSF4, and TMIGD2 (Figure 84). Mutations in cancer
driver genes favor the promotion of tumor onset and
progression. To further investigate the effects of XPO1 on
gene mutations, co-expression analysis was performed with
XPO1 and driver genes with high differential expression.
XPOL1 expression was highly positively correlated with
driver gene expression, which indicated that XPO1 may
serve as a potential driving factor of tumor onset and

© Translational Cancer Research. All rights reserved.

progression (Figure §B,8C). GSEA revealed that cell cycle-
targeting genes encoding E2F transcription factors, G2/M
checkpoint genes, and genes associated with the assembly
of the mitotic spindle apparatus were downregulated in the
XPO1 overexpression group. Genes related to coagulation
system components, genes encoding complement system
components, genes related to oxidative phosphorylation,
genes encoding proteins involved in the processing of
drugs and other xenobiotics, and genes that upregulate
adipocyte differentiation were upregulated in the XPO1
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underexpression group (Figure §D). Therefore, XPO1
might affect the tumor immune microenvironment by
regulating the expression of immune checkpoint genes and
served as a driving factor for the promotion of mutations in
cancer driver genes, thereby promoting tumor onset. The
effects of XPO1 on the tumor microenvironment might
also be exerted through influences on biological processes,
such as the cell cycle and oxidative phosphorylation.

Discussion

The inhibition of XPO1 expression can serve as a potential
treatment strategy for a wide variety of tumors, such as
malignant tumors of the bladder, FL'T'3 mutation-induced
acute myeloid leukemia, melanoma, stomach cancer, cervical
cancer, ovarian cancer, pancreatic ductal adenocarcinoma,
glioma, and osteosarcoma (15-17). In this study, we
performed a systematic description of XPO1 expression
across multiple cancer types by analyzing the transcriptome
expression data of 33 types of tumors from the UCSC Xena
database. Our results indicated that XPO1 was significantly
overexpressed in BLCA, BRCA, CHOL, COAD, ESCA,
GBM, HNSC, KIRC, KIRP, LIHC, LUSC, READ, SARC,
and STAD. To further determined if XPO1 was generally
overexpressed in tumors, we described XPO1 expression by
utilizing normal tissue transcriptome data from GTEx and
tumor cell line transcriptome data from CCLE. The mean
expression of XPOI in the various tumor cell lines was
higher than that of normal tissues. XPO1 overexpression
is a key characteristic of lung cancer, osteosarcoma,
glioma, pancreatic ductal adenocarcinoma, cervical cancer,
ovarian cancer, renal cell carcinoma, esophageal cancer,
stomach cancer, hepatocellular carcinoma, acute myeloid/
lymphocytic leukemia, multiple myeloma, and colon
cancer. XPOL1 plays a crucial role in tumor progression
by influencing p53 phosphorylation or survivin protein
expression (17-29). Our results also indicated that XPO1
overexpression was an important characteristic of many
tumor types and might influence tumor progression.

TMB, which refers to the number of gene mutations
present in tumor cells, can be utilized as a biomarker
of certain tumor types and predicts the effects of
immunotherapy. TMB has been used as a novel biomarker
for the prediction of the clinical benefits of nivolumab
combined with ipilimumab in the treatment of non-small
cell lung cancer (30). MSI is present in various cancers, such
as colon, endometrial, cervical, esophageal, skin, and breast
cancers (31). Patients with colon cancer with characteristics

© Translational Cancer Research. All rights reserved.

4677

of MSI have a better prognosis compared with those
without MSI, and differences exist in the response to
chemotherapy between the two groups (32). Our results
indicated that XPO1 expression was significantly correlated
with the presence of TMB and MSI in many tumor types,
such as ACC and STAD. Therefore, we deduced that the
molecular mechanisms of the effects of XPO1 on tumors
might be related to its role in nuclear protein transport.
By affecting or altering the transport of certain proteins,
XPO1 might exert effects on biological processes, such as
the cell cycle, DNA replication, and transcription, thereby
indirectly inducing mutations and changes in expression in
certain genes.

The results of GSEA indicated that XPO1 expression
affected genes related to the G2/M checkpoints and
oxidative phosphorylation, causing disturbances to
related signaling pathways or biological processes. XPO1
expression also showed significantly positive correlations
with the expression of highly mutated genes and cancer
driver genes, suggesting that XPOI could play a role in
the early stages of tumor onset. Therefore, the early use of
XPOL inhibitors might provide better prognostic effects.

During the tumor onset and development process, tumor
progression is determined by the continuous interactions
between the tumor and host immune response (33). In
other words, the progression and survival outcome of a
tumor is largely dictated by its immune microenvironment.
To elucidate the relationships of XPO1 with host immunity,
we utilized the ESTIMATE and CIBERSORT algorithms
to evaluate immunity-related characteristics and found that
XPOL1 expression was generally negatively correlated with
immune and stromal scores, negatively correlated with the
contents of regulatory T cells, CD8+ T cells, and plasma
cells, and positively correlated with M1 macrophages, Tth
cells, and activated and resting CD4+ T cells. Correlation
analysis of the expression of XPO1 and immune checkpoint
genes revealed that XPO1 was generally positively
correlated with immune co-inhibitory receptors and
negatively correlated with immune co-stimulatory receptors.
This indicated that XPOI1 overexpression could regulate
the tumor immune microenvironment and inhibited the
host immune response, ultimately causing tumor immune
evasion and progression.

Conclusions

We utilized pan-cancer data for the multi-dimensional
analysis of the expression and molecular mechanisms of
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XPOL in clinical characteristics and genomics. We also
systematically elucidated the biological roles of XPO1
in various cancers. The results of this study provided a
theoretical basis for clinical applications of XPO1 inhibitors.
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Figure S1 XPO1 expression levels and prognostic values of XPO1 (supplementary to Figure 2). (A) Kaplan-Meier analysis of the correlations
of XPOLI expression in LIHC with (from left to right) OS, DSS, and PFI. (B) Kaplan-Meier analysis of the correlation of XPO1 expression
in LUAD with PFL. (C) Kaplan-Meier analysis of the correlations of XPO1 expression in PRAD with (from left to right) OS, DSS, and PFI.
(D) Kaplan-Meier analysis of the correlation of XPO1 expression in GBM with PFI. (E) Kaplan-Meier analysis of the correlations of XPO1
expression in READ with OS (left) and DSS (right). (F) Kaplan-Meier analysis of the correlations of XPO1 expression in SARC with OS
(left) and DSS (right). (G) Kaplan-Meier analysis of the correlation of XPO1 expression in KIRP with OS. (H) Kaplan-Meier analysis of the
correlation of XPO1 expression in THYM with DSS. (I) Kaplan-Meier analysis of the correlation of XPO1 expression in STAD with DFI.
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Figure S2 Prognostic values of XPO1 based on the analysis of data from the Kaplan-Meier Plotter database. (A) Kaplan-Meier analysis
of the correlations of XPO1 expression in LUSC with OS (left) and recurrence-free survival (RFS, right). (B) Kaplan-Meier analysis of
the correlations of XPO1 expression in hepatocellular carcinoma (HCC) with OS (left) and RES (right). (C) Kaplan-Meier analysis of the
correlations of XPOI expression in SARC with OS (left) and RFS (right). (D) Kaplan-Meier analysis of the correlations of XPO1 expression
in pancreatic ductal adenocarcinoma (PDAC) with OS (left) and RFS (right). (E) Kaplan-Meier analysis of the correlations of XPO1
expression in UCEC with OS (left) and RFS (right). (F) Kaplan-Meier analysis of the correlations of XPO1 expression in papillary renal cell
carcinoma (PRCC) with OS (left) and RFS (right). (G) Kaplan-Meier analysis of the correlation of XPO1 expression in LUAD with OS. (H)
Kaplan-Meier analysis of the correlation of XPO1 expression in esophageal squamous cell carcinoma (ESCC) with OS. (I) Kaplan-Meier
analysis of the correlation of XPOL1 expression in esophageal adenocarcinoma (EAC) with OS. (J) Kaplan-Meier analysis of the correlation
of XPOLI expression in gastric adenocarcinoma (GA) with RFS. (K) Kaplan-Meier analysis of the correlation of XPO1 expression in READ

with OS. (L) Kaplan-Meier analysis of the correlation of XPO1 expression in paraganglioma(PGL) with OS.
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Figure S3 Correlations of XPO1 expression with expression levels of highly mutated genes (supplementary to Figure 6). Correlations of
XPOL expression with expression levels of the top 30 highly mutated genes in (A) ACC, (B) BRCA, (C) DLBC, (D) ESCA, (E) HNSC,
(F) KICH, (G) KIRC, (H) KIRP, (I) LGG, (J) LIHC, (K) LUAD, (L) LUSC, (M) OV, (N) PAAD, (O) PCPG, (P) SARC, (Q) SKCM,
(R) STAD, (S) THCA, (T) THYM, (U) UCS, and (V) UVM. Circle size indicates the magnitude of the P value and shade indicates the
magnitude of the Spearman’s rank correlation coefficient.
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Figure S4 Correlations of XPO1 expression with stromal and immune scores (supplementary to Figure 7). Correlations of XPO1 expression
with ESTIMATE-calculated immune score (left) and stromal score (right) in (A) CESC, (B) BLCA, (C) BRCA, (D) ESCA, (E) HNSC, (F)
KIRP, (G) LAML, (H) LIHC, (I) LUAD, (J) OV, (K) PCPG, and (L) SKCM. (M) Correlation of XPO1 expression with stromal score in (M)
TGCT. Correlations of XPO1 expression with immune score in (N) THYM, (O) UCS, (P) COAD, (Q) MESO, and (R) READ.
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