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Karyopherin a2 (KPNA2) was reported to be overexpressed and have unfavorable
prognostic effects in many malignancies including hepatocellular carcinoma (HCC).
Although its contributions to inflammatory response were reported in many studies, its
specific associations with immune infiltrations and immune pathways during cancer
progression were unclear. Here, we aimed to identify new markers for HCC diagnosis and
prognosis through KPNA2-associated immune analyses. RNA-seq expression data of
HCC datasets were downloaded from The Cancer Genome Atlas and International Cancer
Genome Consortium. The gene expressions were counts per million normalized. The
infiltrations of 24 kinds of immune cells in the samples were evaluated with ImmuCellAl
(Immune Cell Abundance Identifier). The Spearman correlations of the immune infiltrations
with KPNA2 expression were investigated, and the specific positive correlation of B-cell
infiltration with KPNA2 expression in HCC tumors was identified. Fifteen genes in KEGG
(Kyoto Encyclopedia of Genes and Genomes) B-cell receptor signaling pathway presented
significant correlations with KPNA2 expression in HCC. Among them, GRB2 and NRAS
were indicated to be independent unfavorable prognostic factors for HCC overall survival.
Clinical Proteomic Tumor Analysis Consortium HCC dataset was investigated to validate
the results at protein level. The upregulation and unfavorable prognostic effects of KPNA2
and GRB2 were confirmed, whereas, unlike its mRBNA form, NRAS protein was presented
to be downregulated and have favorable prognostic effects. Through receiver operating
characteristic curve analysis, the diagnostic potential of the three proteins was shown.
The RNA-binding proteins (RBPs) of KPNA2, NRAS, and GRB2, downloaded via The
Encyclopedia of RNA Interactomes, were investigated for their clinical significance in HCC
at protein level. An eight-RBP signature with independent prognostic value and
dysregulations in HCC was identified. All the RBPs were significantly correlated with MKIG7
expression and at least one of KPNA2, GRB2, and NRAS at protein level in HCC, indicating
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their roles in HCC progression and the regulation of the three proteins. We concluded
that KPNA2, GRB2, NRAS, and their RBPs might have coordinating roles in HCC
immunoregulation and progression. They might be new markers for HCC diagnosis and
prognosis predication and new targets for HCC immunotherapy.

Keywords: hepatocellular carcinoma, immune infiltration, KPNA2, GRB2, NRAS, prognosis, RNA-binding protein

INTRODUCTION

Liver cancer is the seventh most common cancer and the
third leading cause of cancer death worldwide (Bray et al,
2018). Hepatocellular carcinoma (HCC) is the predominant
type of primary liver malignancies, with a 5-year overall survival
(OS) rate of less than 20%, mainly due to its late diagnosis.
Although great advancement has been made in HCC screening
and treatment during the last few decades, the effectiveness
still remains unsatisfactory. It was reported that for patients
with early-stage HCC, the 5-year survival rate was greater
than 70% (Siegel et al., 2018), much better than that of late-
stage patients, calling for effective markers of its early diagnosis
and prognostic predication.

Karyopherin a2 (KPNA2), also named importin ol, is a
member of karyopherin o family and plays crucial roles in
nucleocytoplasmic transport (Goldfarb et al, 2004). In
rheumatoid arthritis, KPNA2 was shown to be a trigger of
interleukin 6 (IL-6) secretion, colocalized with T cells and
neutrophils, and could be upregulated via tumor necrosis factor
« stimulation (Liu et al., 2015). It was also demonstrated to
play crucial roles in the negative regulation of regulatory T
cells (Tregs) differentiation through its interaction and
translocation of proinflammatory molecule NLRP3 (Park et al.,
2019). In a study of vaccinia virus (VACV), the positive effects
of KPNA2 on immunoregulation was shown in the induction
of VACV specific CD8" T-cell memory via its interaction with
p65 (Pallett et al., 2019). In another study, KPNA2 downregulation
was reported to be associated with enterovirus 71-induced
innate immune response (Peng et al, 2018), indicating its
negative immunoregulatory roles.

In recent years, The dysregulation and/or prognostic roles
of KPNA2 were reported in many tumors including esophageal
squamous cell carcinoma (Song et al., 2019), breast cancer
(Groheux et al., 2018; Wang et al., 2019a), myeloma (Kriegsmann
et al., 2019; Tachita et al., 2020), clear cell renal cell carcinoma
(Miller et al., 2019), oral cancer (Wang et al., 2018), bladder
cancer (Jeong et al., 2017), and colorectal cancer (Ostasiewicz
et al., 2016; Jeong et al, 2017). The immune-related roles of
KPNA2 were also shown in tumors. In colorectal cancer cells,
upregulated KPNA2 was demonstrated to be associated with
immunogenic cell death (Song et al., 2016). In breast cancer,
KPNA2 knockdown could suppress the inflammatory responses
and malignant progression of the tumor cells induced by IL-6
(Duan et al,, 2020). In HCC, KPNA2 overexpression and its
prognostic effects were also reported in several studies (Jiang
et al.,, 2014; Yang et al., 2017b; Chen et al., 2019; Guo et al., 2019;
Liu et al,, 2019; Yue et al,, 2019; Yu et al,, 2020). In fact, its

tumor-promoting activities were also shown (Gao et al., 2018;
Lin et al.,, 2018; Zan et al., 2019) in HCC. However, although
the correlations between KPNA2 expression and immune
infiltrations were investigated in a recent study (Hua et al,
2020), its associations with immune response in HCC were
not clearly illustrated. Furthermore, with only one dataset and
only six kinds of immune cells included, the reliability of the
results was limited.

Considering the close relationship between inflammation
and HCC (El-Serag et al., 2008), we speculated that KPNA2
upregulation might participate in or associate with specific
immune pathways during HCC progression. In this study,
we evaluated the correlations between KPNA2 expression and
infiltrations of 24 kinds of immune cells in HCC tumors and
normal liver tissues from The Cancer Genome Atlas (TCGA)
and International Cancer Genome Consortium (ICGC) HCC
datasets to identify the specific correlations between KPNA2
expression and immune infiltration in HCC tumors in contrast
to those in normal liver tissues. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) B-cell receptor (BCR) signaling
pathway genes were analyzed and validated for their correlations
with KPA2 expression and their independent prognostic effects
in HCC. Considering the crucial roles of RNA-binding proteins
(RBPs) in RNA splicing, RNA translation, and RNA degradation
(Mohibi et al., 2019), the RBPs of KPNA2 and its correlated
BCR signaling pathway genes with prognostic values were
further investigated to find their roles in the dysregulations
of the identified genes/proteins and their diagnostic value and
prognostic effects in HCC. The results here might provide
new clues for the roles of KPNA2 in immunoregulation, new
markers for HCC early diagnosis and prognostic predication,
and new targets for HCC immunotherapy.

MATERIALS AND METHODS

Data Collection

RNA-seq data of HCC tumors and normal liver tissues in
HCC datasets with the clinical information were downloaded
from Genomic Data Commons data portal (TCGA-LIHC dataset,
called TCGA-HCC in this study) and ICGC database (ICGC-
HCC dataset). There were 371 primary tumors and 50 normal
liver tissues from 371 HCC patients in the TCGA-HCC dataset
and 223 primary tumors and 202 normal tissues from 223
HCC patients in the ICGC-HCC dataset. The clinical features
of the patients are shown in Table 1. The gene expression
read count data of the two datasets were counts per million
(CPM) transformed for normalization for further analyses.
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TABLE 1 | Clinical features of the patients in the TCGA-HCC dataset (n = 371)
and ICGC-HCC (n = 223) dataset.

Variables TCGA-HCC ICGC-HCC
(n = 371), n (%) (n = 223), n (%)
Gender
Male 250 (67.4%) 164 (73.5%)
Female 121 (32.6%) 59 (26.5%)
Age
<60 177 (47.7%) 47 (21.1%)
>60 193 (52.0%) 176 (78.9%)
NA 1 (0.3%) 0 (0%)
TNM stage
| 171 (46.1%) 36 (15.7%)
[ 86 (23.2%) 102 (45.7%)
Il 85 (22.9%) 67 (30.5%)
Y, 5 (1.3%) 18 (8.1%)
NA 24 (6.5%) 0 (0%)
Grade
G1 55 (14.8%) 20 (9.0%)
G2 177 (47.7%) 128 (57.4%)
G3 122 (32.9%) 56 (45.5%)
G4 12 (3.2%) 1 (0.4%)
NA 5 (1.3%) 18 (8.1%)
Survival status
Alive 240 (64.7%) 181 (81.2%)
Dead 130 (35.0%) 42 (18.8%)
NA 1(0.3%) 0 (0%)

HCC, hepatocellular carcinoma; ICGC, International Cancer Genome Consortium; NA,
not available; TCGA, The Cancer Genome Atlas.

Correlation Analyses Between KPNA2
Expression and Immune Cell Infiltrations
and the Investigation of Prognostic Roles
of B-Cell Infiltration in HCC

With their gene expression data, the infiltrations of 24 kinds
of immune cells including 18 T-cell subsets [CD4*, CD8", CD4"
naive, CD8" naive, central memory T (Tcm), effector memory
T, Trl, iTreg, nTreg, Tyl, Ty2, Tyl7, Tth, cytotoxic T, MAIT,
exhausted T (Tex), gamma delta T (yd T), and natural killer
T (NKT) cells] and six other important immune cells [B cells,
macrophages, monocytes, neutrophils, dendritic cell (DC), and
NK cells] in the HCC tumors and normal liver tissues from
the TCGA-HCC and ICGC-HCC datasets were evaluated with
ImmuCellAI (Immune Cell Abundance Identifier; Miao et al,,
2020). The correlations between KPNA2 expression and the
immune cell infiltrations of the HCC tumors and normal liver
tissues were evaluated individually. Spearman correlation analysis
was used, and a |correlation coefficient| > 0.15 with p < 0.01
was considered as statistically significant.

Kaplan-Meier survival analysis was used to evaluate the
prognostic effects of B-cell infiltration on HCC OS with a
cutoff value of B-cell infiltration identified from survminer
package in R.! To investigate the independent prognostic effects
of B-cell infiltration HCC OS, multivariable Cox regression
analysis with ezcox package (Wang et al, 2019b) in R was
performed and the gender-, age-, and stage-corrected prognostic
effects of B-cell infiltration were evaluated in the TCGA-HCC

'https://CRAN.R-project.org/package=survminer

and ICGC-HCC datasets individually. For survival analyses,
only the patients with survival time >0 were included.

Identification of KPNA2-Correlated BCR
Signaling Pathway Genes

KEGG BCR signaling pathway (hsa04662) genes (n = 75) were
investigated through KEGG database.” Their expressions were
analyzed for their correlations with KPNA2 expression in HCC
samples form TCGA-HCC and ICGC-HCC datasets. Spearman
correlation analysis was used, and a |correlation coefficient| > 0.15
with p < 0.01 was considered as statistically significant.

Differential Expression Analyses and
Prognostic Effects Evaluation of the
KPNAZ2-Correlated BCR Signaling Pathway
Genes in HCC

The BCR signaling pathway genes with significant correlations
with KPNA2 expression were selected, and their expression
profiles and prognostic roles were investigated in the TCGA-HCC
and ICGC-HCC datasets. Gene expression comparisons between
HCC tumors and normal liver tissues were performed with
Wilcoxon test. Univariable Cox regression analysis was performed
to evaluate the prognostic effects of the genes. The independent
prognostic values were investigated through multivariable Cox
regulation analysis with ezcox package (Wang et al., 2019b)
in R software with the gene expressions as covariates and
gender, age, and stage as controls. Only the BCR signaling
pathway genes with prognostic effects independent of gender,
age, and stage were selected for further analyses. For the
analyses, p < 0.05 was considered significant.

Validation of the Dysregulation and
Prognostic Effects of KPNA2, GRB2, and
NRAS at Protein Level

To validate the results above, the HCC proteomic data of a
Chinese cohort from Clinical Proteomic Tumor Analysis
Consortium (CPTAC; Gao et al, 2019) was investigated. The
tumor samples (n = 159) and their paired liver tissues (n = 159)
from 159 HCC patients were included. The clinical information
of the patients is shown in Supplementary Table S1. The
expressional differences of the proteins were evaluated with
paired-samples Wilcoxon test. The diagnostic power of the
proteins was evaluated through receiver operating characteristic
(ROC) curve analysis with pROC package (Robin et al., 2011)
in R. The area under the curve (AUC) and the sensitivity and
specificity at the cutoff point with the biggest Youden index
(sensitivity + specificity — 1) were evaluated. The correlations
of the protein expressions were investigated through Spearman
correlation analysis. The prognostic effects of KPNA2, GRB2,
and NRAS on HCC OS were investigated through Kaplan-
Meier survival analysis for which survminer package in R was
used to get the cutoff value for grouping the patients.’

*https://www.genome.jp/kegg/
*https://CRAN.R-project.org/package=survminer
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Furthermore, ezcox package (Wang et al, 2019b) in R was
used to evaluate the age-, gender-, and tumor size-corrected
prognostic effects of the proteins. For all the analyses, p < 0.05
as statistically significant.

Exploration of the Potential Roles of
KPNA2, GRB2, and NRAS in HCC
Proliferation

To explore the associations of KPNA2, GRB2, and NRAS with
HCC proliferation, these correlations with cell proliferation
MKI67 (Gerdes et al., 1983; Scholzen and Gerdes, 2000; Booth
et al., 2014) were evaluated in HCC tumor samples through
Spearman correlation analysis, and p < 0.05 was considered
statistically significant.

Further Investigation of the Prognostic
Effects and Dysregulation of RBPs of
KPNA2, GRB2, and NRAS in HCC

RBP binding at specific target sites could impact the expression
of functionally coordinated sets of mRNAs and regulate their
function in the cell (Sternburg and Karginov, 2020). Here, through
The Encyclopedia of RNA Interactomes (ENCORI),* the RBPs
of KPNA2 and its correlated BCR signaling pathway genes (GRB2
and NRAS) were also investigated. The gender-, age-, and tumor
size-corrected prognostic effects of the RBPs were analyzed through
multivariable Cox regression analysis with ezcox package (Wang
et al, 2019b) in R software. The RBPs with prognostic effects
independent of gender, age, and tumor size, as well as KPNA2,
GRB2, and NRAS, were then applied to the least absolute shrinkage
and selection operator (LASSO) Cox regression to get an effective
risk model for the prognostic predication of HCC. The risk score
of each patient was evaluated with the formula as follows:

n
risk score = » coefficient i) x expression i)
i=1

where n is the number of selected proteins, coefficient(i) is
the coefficient of the protein i, and expression(i) is the expression
level of protein i. The accuracy of the model in the survival
status predication of HCC patients was investigated through ROC
curve analysis, and the AUC was evaluated. Then, the HCC
patients were than divided into high- and low-risk groups with
the median risk score as the threshold. Through Kaplan-Meier
survival analysis, the survival differences between high- and low-risk
patients were visualized. The independent prognostic value of the
model was also evaluated through Kaplan-Meier survival analysis
in the high- and low-risk patients of different tumor size groups,
different gender groups, and different age groups individually.

For the RBPs in the model above, their expressional differences
between HCC tumors and their paired normal liver tissues
were investigated through paired-samples Wilcoxon test, and
their diagnostic value was investigated through ROC curve
analysis with pROC package (Robin et al, 2011) in R. To
further investigate their potential roles in the dysregulation of
KPNA2, GRB2, and NRAS, their Spearman correlations in HCC
were also evaluated. Furthermore, to investigate their associations

*http://starbase.sysu.edu.cn/index.php

with HCC proliferation, their correlations with proliferation
marker MKI67 were evaluated through spearman correlation
analyses. For these analyses, p < 0.05 was considered significant.

RESULTS

Positive Correlation of B-Cell Infiltration
With KPNA2 Expression and Its Prognostic
Roles in HCC

For the TCGA-HCC dataset, as shown in Supplementary
Figure S1, 10 of the immune cell infiltrations were shown
to be negatively (R < —0.15 and p < 0.01: CD4" naive, Tyl7,
Tth, MAIT, NK, and CD4" T infiltrations) or positively correlated
(R>0.15 and p < 0.01: Tex, nTreg, DC, and B-cell infiltrations)
with KPNA2 expression in HCC tumors in the TCGA-HCC
datasets. In the normal liver tissues of the TCGA-HCC dataset,
the negative correlations (R < —0.15 and p < 0.01) of CD4*
naive and B-cell and the positive correlation (R > 0.15 and
p < 0.01) of DC infiltration with KPNA2 expression were
shown. Interestingly, B-cell infiltration was shown to
be positively correlated (R = 0.397, p < 0.01) with KPNA2
expression in HCC tumors while negatively correlated
(R = —0.416, p < 0.01) with KPNA2 expression in the normal
liver tissues (Figure 1A).

0 .
R=0.397, p=1.78e-15 R=0.289, p=4.78¢-06
).4 R=-0.226, p= 0.0

0.226 0124

03-

group
=&= HCC

~#= normal

B cell infiltration
B cell infiltration

0.1-

0.0~ oo 0.0-
3 4 5 6 1 8

4 8
KPNA2 expression (TCGA-HCC) KPNA2 expression (ICGC-HCC)

FIGURE 1 | Spearman correlation analysis between KPNA2 expression and
B-cell immune infiltrations in HCC. (A) KPNA2 expression was positively
correlated with B-cell immune infiltration in HCC tumors while negatively
correlated with B-cell infiltration in normal liver tissues in the TCGA-HCC
dataset. (B) KPNA2 expression was positively correlated with B-cell immune
infiltration in HCC tumors while negatively correlated with B-cell infiltration in
normal liver tissues in the ICGC-HCC dataset. Spearman correlation analysis
was used. |R| > 0.15 with p < 0.01 was considered statistically significant.

R, correlation coefficient.
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For the ICGC-HCC  dataset, as shown in
Supplementary Figure S2, six kinds of immune cells including
CD4" naive, Tth, MAIT, monocyte, NK cell, and CD4" T
cell were shown to be significantly negatively correlated
(R < —=0.15 and p < 0.01), while DC and B-cell infiltrations
were positively correlated (R > 0.15 and p < 0.05) with KPNA2
expression in HCC tumors. In the normal liver tissues, negative
correlations (R < —0.15 and p < 0.01) of CD4" naive, B cell,
NK, yd T, and CD4" T infiltrations, whereas positive correlations
(R > 0.15 and p < 0.01) of Tem, DC, and macrophage
infiltrations with KPNA2, were shown. Noticeably, opposite
correlations of B-cell infiltration with KPNA2 expression in
HCC tumors (R = 0.289, p < 0.01) and the normal liver
tissues (R = —0.226, p < 0.01) were also obvious here
(Figure 1B), consistent with the results in the TCGA-HCC
dataset, indicating the specificity of the positive correlation
between KPNA2 expression and B-cell infiltration in the HCC
tumors in contrast to the normal controls.

Through Kaplan-Meier survival analysis (Figures 2A,B) and
multivariable Cox regression analysis (Figures 2C,D), the
unfavorable prognostic effects of B-cell infiltration on HCC
OS were shown both in the TCGA-HCC and ICGC-HCC

datasets, indicating its potential in HCC prognosis predication.
BCR is a master regulator of B cells. Through BCR, the B
cells recognize foreign antigen, leading to maturation of the
B-cell into either a memory B-cell or an effector (plasma)
B-cell (Puri et al., 2013; Skanland et al., 2020). We speculated
that there might be also associations between BCR signaling
pathway genes and KPNA2, and they might play important
roles during HCC progression.

Correlations Between KPNA2 Expression
and BCR Signaling Pathway Genes in HCC
There were 27 BCR signaling pathway genes negatively or
positively correlated with KPNA2 at mRNA level in HCC
tumors of the TCGA-HCC and ICGC-HCC datasets individually
(Supplementary Table S2). Among them, seven genes including
GRB2, NRAS, NFKBIE, MAPK3, BCL10, NFATC2, and PIK3R2
were positively correlated (R > 0.15 and p < 0.01), whereas
eight genes including BLNK, IFITM1, AKT3, FOS, AKTI,
NFKBIA, CD81, and PLCG2 were negatively correlated
(R < —0.15 and p < 0.01) with KPNA2 expression in HCC
in both TCGA-HCC dataset (Figure 3A) and ICGC-HCC
dataset (Figure 3B).

A B
Strata == Bcell=high == Bcell=low Strata == Bcell=high == Bcell=low
1.00 1.00
= 075 B 075
3 3
[ ©
o Qo
[<} o
g 0.50 g 0.50
© ©
2 =
> >
5 =1
[2] 0.25 12} 0.25
p =0.00038 p=0.0017
0.00 0.00
0 30 60 90 120 0 20 40 60 80
Time(month) Time(month)
Number at risk Number at risk
% Beell=high{ 211 54 21 5 1 % Beell=highq 58 32 7 1 0
& Beell=low] 154 55 21 4 0 & Beell=low] 165 116 40 1 0
0 30 60 90 120 0 20 40 60 80
Time(month) Time(month)
Cc D
Variable N Hazard ratio P Variable N Hazard ratio [
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Stage 41| m 165(134,208)  <0.001 Stage 23| m 2.38 (1.65, 3.43) <0.001
FIGURE 2 | Prognostic effects of B-cell infiltration in HCC. (A) Significant shorter survival in the HCC patients with high B-cell infiltration than the patients with low
B-cell infiltration in the TCGA-HCC dataset. (B) Significant shorter survival in the HCC patients with high B-cell infiltration than the patients with low B-cell infiltration
in the ICGC-HCC dataset. (C) Prognostic effects of B-cell infiltration on HCC overall survival when adjusted for gender, age, and stage in the TCGA-HCC dataset.
(D) Prognostic effects of B-cell infiltration on HCC overall survival when adjusted for gender, age, and stage in the ICGC-HCC dataset. Kaplan-Meier survival analysis
with log-rank test and multivariable Cox regression analysis were used for evaluation of the prognostic effects of B-cell infiltration. For all the analyses, p < 0.05 was
considered statistically significant.
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correlations of BLNK, IFITM1, AKT3, FOS, AKT1, NFKBIA, CD81, and PLCG2 with KPNA2 expression in HCC in the ICGC-HCC dataset. The x-axis and y-axis represented
the relative expression of KPNA2 and BCR signaling pathway genes, respectively. The gene expressions were CPM normalized and log,(x + 0.001) transformed. BCR,
B-cell receptor; R, correlation coefficient; CPM, count per million. Spearman correlation was used, and |R| > 0.15 with p < 0.01 was considered significant.
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Differential Expression and Prognostic
Effects of KPNA2 and Its Correlated BCR

Signaling Pathway Genes in HCC
As shown in Figure 4, besides the overexpression of KPNA2 in
HCC tumors, among the seven-KPNA2 positively correlated

BCR signaling pathway genes, six genes including GRB2, NRAS,
NFKBIE, MAPK3, and NFATC2 were shown to be higher
expressed, whereas NFATC2 was lower expressed in the HCC
tumors than the normal liver tissues (p < 0.05) in both TCGA-HCC
dataset (Figure 4A) and ICGC-HCC dataset (Figure 4B).
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However, BCL10 was shown to be downregulated in the
TCGA-HCC tumors (p < 0.05) but not statistically significant
in the ICGC-HCC tumors (p > 0.05). For the eight-KPNA2
negatively correlated BCR signaling pathway genes, all of them
were shown to be downregulated in HCC tumors comparing
with the normal liver tissues in the two datasets (p < 0.05).
Through univariable Cox regression analysis (Figures 5A,B),
besides the wunfavorable prognostic effects of KPNA2
(HRycoance = 1.823, HRicoence = 2234, p < 0.05), two of its
positively correlated BCR signaling pathway genes (NRAS:
HRycoance = 1775, HRiegenee = 2664, p < 0.05 GRB2:
HRycgance = 1.901, HRicgence = 2470, p < 0.05) and one of
its negatively correlated genes (BLNK: HRycgamcce = 0.771,
HRicoe nee = 0.786, p < 0.05) were shown to be prognostic factors
both in the TCGA-HCC patients and ICGC-HCC patients. For
the other 12 genes, their prognostic effects were shown in only
one of or neither of the two datasets. Then, KPNA2 and the
three BCR signaling pathway genes (GRB2, NRAS, and BLNK)
with consistent prognostic effects in the two datasets were selected
for further investigation of their independent prognostic values.
When their prognostic effects were adjusted for gender, age, and
tumor stage, the unfavorable effects of KPNA2 (HRycapec = 1.78,

HRicgeuce = 245, p < 0.05; Figures 5C,G), GRB2
(HRycoance = 1.67, HRicgenee = 1.97, p < 0.05; Figures 5D,H),
and NRAS (HRregance = 159, HRicgence = 2.39, p < 0.05;
Figures 5E,I) on HCC OS also existed in both TCGA-HCC and
ICGC-HCC datasets, indicating their potential in the predication
of HCC prognosis. However, although the independent favorable
prognostic effect of BLNK in the TCGA-HCC (HR = 0.80,
p < 0.05; Figure 5F) was shown, it was not so significant in
the ICGC-HCC dataset (HR = 0.82, p > 0.05; Figure 5J).

Validation of Dysregulations, Correlations,
and Prognostic Effects of KPNA2, GRB2,
and NRAS in HCC at Protein Level

At protein level, through CPTAC-HCC analysis, KPNA2
(p < 0.001; Figure 6A) and GRB2 (p < 0.001; Figure 6B)
were found to be higher expressed in HCC tumors than their
normal liver tissues, consistent with their upregulation in HCC
tumors at mRNA level. However, in contrast to its overexpression
in HCC tumors at mRNA level, NRAS protein was shown to
be lower expressed in HCC tumors than their normal liver
controls (p < 0.001; Figure 6C). Upon ROC curve analysis
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FIGURE 4 | Expressional comparisons of KPNA2 and its correlated BCR signaling pathway genes between HCC tumors and normal livers. (A) Expressional
differences of GRB2, NRAS, NFKBIE, MAPK3, BCL10, NFATC2, PIK3R2, BLNK, IFITM1, AKT3, FOS, AKT1, NFKBIA, CD81, and PLCG2 between HCC tumors and
normal livers in the TCGA-HCC dataset. (B) Expressional differences of GRB2, NRAS, NFKBIE, MAPK3, BCL10, NFATC2, PIK3R2, BLNK, IFITM1, AKT3, FOS,
AKT1, NFKBIA, CD81, and PLCG2 between HCC tumors and normal livers in the ICGC-HCC dataset. The x-axis and y-axis represented the sample groups and the
relative expressions of the genes, respectively. The gene expressions were CPM normalized and log,(x + 0.001) transformed. BCR, B-cell receptor; CPM, count per
million. Wilcoxon test was used for comparisons, and p < 0.05 was considered significant.
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(Figures 6D-F), the diagnostic power of the three proteins in
discriminating HCC from normal controls was shown with
AUC:s of 0.896, 0.740, and 0.719 for KPNA2, GRB2, and NRAS,
respectively. At the optimal cutoff points, the sensitivity was
0.761, 0.553, and 0.579, and the specificity was 0.899, 0.843,
and 0.868 for KPNA2, GRB2, and NRAS, respectively.

For their correlations, KPNA2 expression was presented to
be positively correlated with GRB2 expression (R = 0.36,
p < 0.001; Figure 6G) while negatively correlated with NRAS
expression (R = —0.21, p < 0.01; Figure 6H). However, no
significant expressional correlation between GRB2 and NRAS
was shown (p > 0.05; Figure 6I).

For their prognostic effects, through Kaplan-Meier analysis,
at protein level, KPNA2 (p < 0.001; Figure 7A) and GRB2
(p < 0.05; Figure 7B) were shown to be unfavorable prognostic
factors for HCC OS, consistent with their unfavorable prognostic

effects at mRNA level. Interestingly, for NRAS (p < 0.05; Figure 7C),
at protein level, it was shown to have favorable effects on HCC
OS, inconsistent with its unfavorable effects on HCC OS. When
adjusted for gender, age, and tumor size, the prognostic effects
of KPNA2 (p < 0.001; Figure 7D) and NRAS (p < 0.05; Figure 7F)
also existed, whereas the independent prognostic value of GRB2
was not so significant (p = 0.074, p > 0.05; Figure 7E).

Associations of KPNA2, GRB2, and NRAS
With HCC Proliferation

As shown in Figure 6, KPNA2 (R = 0.7, p < 0.001; Figure 6])
and GRB2 (R = 0.32, p < 0.001; Figure 6K) were shown to
be significantly positively correlated with MKI67 expression,
indicating their associations with HCC proliferation. Whereas
no significant correlation was shown between NRAS expression
and MKI67 expression in HCC (p > 0.05; Figure 6L).
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FIGURE 5 | Prognostic effects of KPNA2 and its correlated BCR signaling pathway genes in HCC. (A) Prognostic effects of KPNA2 and its correlated BCR signaling
pathway genes on overall survival of the TCGA-HCC patients through univariable Cox regression analysis. (B) Prognostic effects of KPNA2 and its correlated BCR
signaling pathway genes on overall survival of the ICGC-HCC patients through univariable Cox regression analysis. (C-F) The gender-age-stage-corrected prognostic
effects of KPNA2, GRB2, NRAS, and BLNK on OS of the TCGA-HCC patients, respectively. (G-J) The gender-age-stage—corrected prognostic effects of KPNA2,
GRB2, NRAS, and BLNK on overall survival of the ICGC-HCC patients, respectively. For (A,B), univariable Cox regression analysis was used. For (C-J), multivariable
Cox regression analysis was performed. The analyses were performed with R software, and p < 0.05 was considered statistically significant.
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FIGURE 6 | Dysregulations of KPNA2, GRB2, and NRAS proteins and their correlations with MKI67 in HCC. (A) Higher expression of KPNA2 in HCC than the
normal liver tissues. (B) Higher expression of GRB2 in HCC than the normal liver tissues. (C) Lower expression of NRAS in HCC than the normal liver tissues.

(D-F) ROC curve analysis of KPNA2, GRB2, and NRAS in discriminating HCC tumors from normal liver tissues, the cutoff point with biggest Youden index was
labeled, and the corresponding specificity and sensitivity were shown. (G) Significant positive correlation between KPNA2 expression and GRB2 expression in HCC.
(H) Significant negative correlation between KPNA2 expression and GRB2 expression in HCC. (I) There was no significant correlation between GRB2 expression
and NRAS expression. (J) Significant positive correlation between KPNA2 expression and MKI67 expression. (K) Significant positive correlation between GRB2
expression and MKIB7 expression. (L) There was no significant correlation between NRAS expression and MKIB7 expression. AUC, area under the curve; ROC,

000 025

NRAS

-0.25

receiver operating characteristic. For (A=C), the x-axis and y-axis represented the sample groups and the relative expressions of the proteins (the protein abundance
of the samples, with respect to the pooled reference sample, as log, ratios), respectively. For (D-F), the x-axis and y-axis represented the specificity and sensitivity
of the variables in discriminating HCC tumors from the normal liver tissues. For (G-L), the x-axis and y-axis represented the relative expressions of the variables (the
protein abundance of the samples, with respect to the pooled reference sample, as log, ratios). Paired-samples Wilcoxon test and Spearman correlation analysis
were used for expressional comparison and correlation evaluation, respectively. For the analyses, p < 0.05 was considered significant.
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Prognostic Effects of RBPs of KPNA2, GRB2,
and NRAS and Their Potential Roles in
Dysregulations of the Three Proteins in HCC
As shown in Supplementary Table S3, there were 105, 112, and
114 RBPs that could bind to KPNA2, GRB2, and NRAS, respectively.
As 94 of the RBPs were common for the three genes, there
were 123 unique RBPs that could bind at least one of them.
Because six RBPs were not available from the CPTAC-HCC
dataset, only 117 RBPs (Supplementary Table S3) were investigated.
Through multivariable Cox regression analysis (Supplementary
Table S4), 16 RBPs were shown to have prognostic effects on

GRB2, and NRAS were further applied to LASSO regression
analysis, and an eight-RBP signature including AU RNA-binding
methylglutaconyl-CoA hydratase (AUH), la ribonucleoprotein 4B
(LARP4B), splicing factor 3b subunit 4 (SF3B4), YTH domain
family 1 (YTHDF1), DEAD-box helicase 3 X-linked (DDX3X),
eukaryotic translation initiation factor 4 gamma 2 (EIF4G2),
pumilio RNA-binding family member 2 (PUM2), and TAR
DNA-binding protein (TARDBP; Figures 8B,C) was identified.
Through ROC curve analysis, the signature was shown to be able
to predicate HCC survival status with an AUC of 0.752 (Figure 8D).
With the model [risk score = (=0.107) * AUH pession + 0.047

. . . * *
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FIGURE 7 | Prognostic roles of KPNA2, GRB2, and NRAS in HCC at protein level. (A) Higher expression of KPNA2 indicated shorter survival in HCC patients.
(B) Higher expression of GRB2 indicated shorter survival in HCC patients. (C) Higher expression of NRAS indicated longer survival in HCC patients.
(D-F) Prognostic effects of KPNA2, GRB2, and NRAS on HCC overall survival when adjusted for gender, age, and tumor size. Paired-samples Wilcoxon test was
used for protein level comparisons. Kaplan-Meier survival analysis with log-rank test and multivariable Cox regression analysis were used for evaluation of the
prognostic effects of the proteins. For all the analyses, p < 0.05 was considered statistically significant.
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the risk scores of the HCC patients were evaluated, and through
Kaplan-Meier survival analysis (Figure 8E), the patients with
high risk score were shown to have a shorter OS than those
with low risk score (p < 0.0001).

The independent prognostic value of the model was also
investigated. As shown in Figures 9A,B, the prognostic effects
of the model were shown in both HCC patients with smaller
tumors (tumor size < 5 cm; p = 0.004; Figure 9A) and those
with larger ones (tumor size > 5 cm; p = 0.012; Figure 9B).
In male patients, higher risk score also indicated shorter survival
(p < 0.01; Figure 9C). Although the survival difference between
female patients with high and low risk score was not so
significant (p = 0.24), there was an obvious shorter survival
trend in the patients with high risk score than those with
low one (Figure 9D). In addition, comparing with the HCC
patients with low risk score, the patients with high risk score
were shown to survive shorter both in the younger group
(p < 0.01; Figure 9E) and older group (p < 0.01; Figure 9F).

As shown in Figure 10, through Wilcoxon test, the eight RBPs
in the LASSO regression model above were also presented to
be significantly differentially expressed between HCC tumors and
their paired liver tissue controls. AUH, which was indicated to
be a favorable prognostic factor for HCC OS, was shown to
be downregulated (p < 0.01; Figure 10A), whereas the other

seven unfavorable prognostic factors including LARP4B (p < 0.01;
Figure 10B), SF3B4 (p < 0.01; Figure 10C), YTHDEF1 (p < 0.01;
Figure 10D), DDX3X (p < 0.01; Figure 10E), EIF4G2 (p < 0.01;
Figure 10F), PUM2 (p < 0.01; Figure 10G), and TARDBP (p < 0.01;
Figure 10H) were shown to be upregulated in HCC tumors.
According to the ROC curve analysis (Figures 10I-P), all the
eight RBPs could discriminate HCC tumors form normal livers
with an AUC ranging from 0.787 (Figure 10I) to 0.971 (Figure 10L)
individually. At the optimal cutoff points, their sensitivity ranged
from 0.717 to 0.925, and the specificity ranged from 0.855 to
0.987, indicating their diagnostic potential in HCC diagnosis.
Furthermore, all the eight RBPs were shown to be negatively or
positively correlated with MKI67 expression in HCC tumors
(p < 0.05, Supplementary Figure S3). Interestingly, the significant
correlations of AUH (Supplementary Figure S3A), SF3B4
(Supplementary Figure S3C), DDX3X (Supplementary Figure S3E),
PUM2 (Supplementary Figure S3G), and TARDBP (Supplementary
Figure S3H) with MKI67 were only shown in the HCC tumors,
while not in their paired normal liver tissues (p > 0.05), indicating
the specific associations with HCC progression.

Through Spearman correlation analysis (Supplementary
Figure S4 and Figure 11), the eight RBPs above were all indicated
to be correlated with KPNA2 expression at protein level (p < 0.05;
Figures 11A-H), and five (AUH, YTHDFI, DDX3X, EIF4G2,
and LARP4B) and four (AUH, SF3B4, TARDBP, and LARP4B)
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FIGURE 9 | Prognostic effects of risk score in HCC patient of different gender, age, and tumor size groups. (A,B) Kaplan-Meier survival analysis of risk score in
HCC patients with small tumors (tumor size <5 cm) group and large tumors (tumor size > 5 cm), respectively. (C,D) Kaplan-Meier survival analysis of risk score in
male HCC patients and female ones, respectively. (E,F) Kaplan-Meier survival analysis of risk score in young HCC patients (<60 years) and old ones (>60 years),
respectively. Kaplan-Meier survival analysis with log-rank test was used, and p < 0.05 was considered as significant.

of them were presented to be significantly correlated with GRB2
expression (p < 0.05; Figures 11ILLK-M,0) and NRAS expression
(p < 0.05; Figures 11Q,R,V,W), respectively. In addition, there
were significant correlations between every two of the RBPs
(Supplementary Figure S3), indicating their complicated
associations. RBPs were implicated in RNA splicing,
polyadenylation, mRNA stability, mRNA localization, and
translation (Qin et al., 2020). Here, the dysregulations of RBPs
might also contribute to the overexpression of KPNA2 and GRB2
and the underexpression of NRAS at protein level.

DISCUSSION

As a central immunomodulator of body, in liver, there are
elements that can promote both immune tolerance and antitumor
immunity, and the deregulation of the immunological network
was demonstrated to be associated with chronic inflammation
and tumor development (Protzer et al., 2012; Keenan et al., 2019).

In a recent study, it was reported that in contrast to lung
cancer and melanoma, HCC presented a low response rate to
immune checkpoint inhibitors (Feng et al, 2020), indicating
the complexity in the application of HCC immunotherapy.
Because HCC occurs almost exclusively in the context of chronic
inflammation (Ringelhan et al.,, 2018), further understanding
of the associations of immune response would provide new
clues for HCC diagnosis and therapy.

Although KPNA2 was implicated in many inflammatory
processes (Liu et al., 2015; Pallett et al., 2019; Park et al., 2019),
and its tumor-promoting activities in HCC (Gao et al., 2018;
Lin et al., 2018; Zan et al., 2019) were shown in many studies,
its associations with immune response in HCC and their clinical
significance were not clearly illustrated. Here, we not only
confirmed the upregulation and unfavorable prognostic effects
of KPNA2 in HCC, and through further systemic analyses of
its correlations with immune cell infiltrations in HCC tumors
and normal liver tissues individually, we presented the specific
positive correlation between KPNA2 expression and B-cell
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FIGURE 10 | Expressional comparisons of RBPs of KPNA2, GRB2, and NRAS between HCC and normal liver tissues. (A) Lower expression of AUH in HCC
tumors than their paired normal liver controls. (B=H) Higher expression of LARP4B, SF3B4, YTHDF1, DDX3X, EIF4G2, PUM2, and TARDBP in the HCC tumors than
their paired normal liver controls. (I-P) ROC curve analysis of AUH, LARP4B, SF3B4, YTHDF1, DDX3X, EIF4G2, PUM2, and TARDBP in discriminating HCC tumors
from normal liver tissues; the cutoff point with biggest Youden index was labeled, and the corresponding specificity and sensitivity were shown. AUC, area under the
curve; ROG, receiver operating characteristic. For (A-H), the x-axis and y-axis represented the sample groups and the protein abundance of the proteins in the
samples, with respect to the pooled reference sample, as log, ratios. For (I-P), the x-axis and y-axis represented the specificity and sensitivity of the RBPs in
discriminating HCC tumors from the normal liver tissues. Paired-samples Wilcoxon test and ROC analysis was used for expression comparisons of the protein levels
and evaluation of the diagnostic power of the proteins, respectively. For all the analyses, p < 0.05 was considered significant.

infiltration in the tumors. In addition, similar to KPNA2, in
this study, B-cell infiltration was also shown to be an unfavorable
prognostic factor for HCC OS, indicating the associations between
B-cell infiltration and HCC progression.

BCR signaling pathway is crucial for B-cell response to the
antigens, governing the processes of B-cell activation and fate
decisions (Kwak et al, 2019). Here, we found the significant
correlations of KPNA2 with many BCR signaling pathway genes
including GRB2 and NRAS, which were shown to be dysregulated

both at mRNA and protein levels. As a ubiquitously expressed
adapter protein, GRB2 is crucial for normal development (Cheng
et al, 1998) and implicated in cell proliferation (Downward,
1994). With its Src homology 2 (SH2) domain, GRB2 can also
interact with several proteins in oncogenic signaling pathways
including epidermal growth factor receptor, hepatocyte growth
factor receptor, platelet-derived growth factor receptor, Bcr/Abl,
and focal adhesion kinase (Lowenstein et al, 1992;
Schlaepfer et al., 1994; Verbeek et al., 1997; Liu and McGlade, 1998;
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FIGURE 11 | Correlations between RBPs and KPNA2, GRB2, and NRAS at protein level in HCC. (A-H) Correlations between KPNA2 and AUH, SF3B4, YTHDFT,
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and y-axis represented the abundance of the RBPs in the HCC samples, with respect to the pooled reference sample, as log, ratios. Spearman correlation analysis

was used, and p < 0.05 was considered significant.

Fredericks and Ren, 2013). Recently, its tumor-promoting effects
were shown in many malignancies including lung cancer (Yang
et al, 2017a; Jiang et al, 2018; Mitra et al, 2018; Wang and
Wang, 2020), gastric cancer (Ye et al, 2018), colorectal cancer
(Ding et al., 2019), ovarian carcinoma (Huang et al., 2018), renal
cell carcinoma (Gu et al., 2017), breast cancer (Lim et al., 2000;
Haines et al., 2014; Lopez-Cortés et al, 2020), and esophageal
squamous cell carcinoma (Shi et al, 2018). In addition, in lung
cancer (Chen et al., 2020), ovarian cancer (Xu et al., 2018),
colorectal cancer (Agrawal et al., 2019), and breast cancer (Chen
et al, 2018), its associations with the resistance of the tumors
to chemotherapeutic drugs were presented, and its downregulation
could reverse the resistant status or enhance the sensitivity to
the drugs, indicating its potential as a chemotherapeutic target
in the malignancies. Here, we presented the overexpression of
GRB2, its positive correlation with cell proliferation marker MKI67,
and its unfavorable prognostic roles in HCC, indicating its
associations with HCC development and progression, consistent
with the tumor-promoting activity of GRB2 in HCC reported
in recent studies (Yang et al, 2018; Lv et al, 2020; Sun et al,
2020). Considering its positive correlation with KPNA2 and its
important role in B-cell activation, we speculated they might
play coordinate roles in HCC immunoregulation and progression.
Besides its potential in HCC diagnosis and prognosis, GRB2
might be a target in HCC immunotherapy.

NRAS, a GTPase encoded by NRAS gene, originally identified
in neuroblastoma cell lines, was considered as the third member
of RAS family (Shimizu et al,, 1983). Similar to the other two
RAS members, KRAS and HRAS, NRAS was involved in cell
growth, differentiation, and proliferation (Parker and Mattos, 2018;
Murugan et al, 2019), and its deregulation was implicated in
the metabolism of tumor cells, microenvironment remodeling,
and the evasion of tumoral immune response (Mandala et al,
2014). In fact, approximately 15-25% of all metastatic tumors
were shown to have NRAS mutation (Boespflug et al, 2017),
and the associations of NRAS with chemotherapy resistance were
shown (Nguyen et al, 2020) in melanoma. In neuroblastoma,
NRAS status was found to be associated with the sensitivity to
SHP2 inhibitors (Valencia-Sama et al.,, 2020). In osteosarcoma,
NRAS was reported to be associated with cell proliferation,
migration, invasion, and methotrexate resistance (Li et al., 2020).
Interestingly, in colorectal cancer, three NRAS mutants were
shown to be associated with resistance to apoptosis, cytoskeletal
reorganization, and loss of adhesion, whereas they have no effects
on obvious effect on cell proliferation and motility (Yu and Garcia,
2020), indicating the complicated activities of the gene. In this
study, we found the upregulation of NRAS and its unfavorable
prognostic effects in HCC at mRNA level, consistent with a recent
study that presented the overexpression of NRAS and its prognostic
value in HCC (Dietrich et al., 2019). However, here, surprisingly,
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we found the downregulation of NRAS and its favorable prognostic
effects in HCC at protein level, opposite to its mRNA level. As
we included tumor and paired normal liver samples from 159
HCC patients for investigation at protein level here, the sample
size is much larger than the previous study that included 46
HCC patients (Dietrich et al., 2019), and the results are reliable.
In addition, considering the variety of regulatory factors implicated
in the process of translation (Grafanaki et al, 2019; Moutinho
et al, 2019; Kim et al, 2020), it is understandable to see the
inconsistence between the mRNA and protein levels of specific
genes. As no significant correlation of NRAS with MKI67 was
shown at protein level in HCC, further studies were needed to
investigate the specific functions of NRAS in HCC.

RBPs are implicated in various RNA processes including RNA
splicing, RNA translation, and RNA degradation (Mohibi et al.,
2019), and to some extent, they can regulate the fate of specific
mRNAs (Zhang et al., 2018). In this study, through investigation
of the RBPs of KPNA2, GRB2, and NRAS, we identified an
eight-RBP signature that could predicate HCC OS effectively. Among
the eight RBPs, AUH was shown to be downregulated and have
favorable prognostic effects on HCC OS. Within the 3" untranslated
region of lymphokines transcripts and some protooncogenes, there
are many AU-rich elements that contain various numbers of
reiterated AUUUA pentamers, and as cis elements, they serve as
signal for rapid mRNA degradation (Chen et al, 1994). As an
AU-binding protein, the downregulation of AUH in this study
might lead to the decrease in the degradation of its binding mRNAs
and contribute to the upregulation of corresponding mRNAs
including KPNA2, GRB2, and NRAS. Noticeably, here, we presented
an inconsistency of NRAS between its mRNA and protein levels.
Besides its RNA-binding activity, as an enoyl-CoA hydratase, AUH
also plays key roles in leucine degradation (IJlst et al, 2002; Ly
et al,, 2003) and mitochondrial protein synthesis (Richman et al.,
2014). Tt was demonstrated that decrease or overexpression of the
AUH protein in cells could lead to defects in mitochondrial
translation. Here, NRAS was shown to be downregulated issn HCC
at protein level, and there was a significant positive correlation
between NRAS and AUH at protein level. We speculated that the
decrease in AUH protein might be associated with the dysregulation
of NRAS in HCC. However, considering the dual functions of
AUH in RNA binding and protein translation and its involvement
in the immune response to lipopolysaccharide (Zhang et al., 2020),
further investigation is needed for its specific roles in NRAS
dysregulation and HCC immunoregulation.

YTHDEF]I, one of the readers of N-6-methyladenosine (m6A)
RNA methylation (Fu et al., 2014), could promote protein synthesis
by interacting with translation machinery (Wang et al, 2015).
Here, we presented the upregulation of YTHDCI and its positive
correlations with KPNA2 and GRB2 at protein level in HCC,
indicating its associations with the dysregulation of the two
proteins. In addition, as one element of the eight-PBP prognostic
signature in HCC in this study, its unfavorable effects were also
shown, consistent with previous studies (Huang et al., 2020; Wu
et al., 2020). Through the correlation analysis, the significant
correlations between the RBPs were shown, indicating their
complicated associations and their coordinating roles during
HCC progression.

In summary, B-cell infiltration was positively correlated with
KPNA2 expression and unfavorably prognostic for HCC survival,
indicating its associations with HCC progression. The significant
correlations of KPNA2 with BCR signaling pathway indicated
its association with BCR signaling. The dysregulation of BCR
signaling pathway genes in HCC tumors indicated the crucial
roles of BCR signaling pathway in the immune response of
HCC. GRB2 and NRAS were dysregulated and had prognostic
roles in HCC at both mRNA and protein levels, and they
should be considered during HCC immunotherapy. Among
the RBPs of KPNA2, GRB2, and NRAS, an eight-RBP signature
with independent prognostic effects was identified. As all the
eight RBPs were dysregulated in HCC, they might be new
markers for HCC diagnosis and prognosis predication.
Considering the complicated correlations between the RBPs,
they might coordinate with each other in various biological
processes, and their specific roles in the regulation of KPNA2,
GRB2, and NRAS expressions needed further investigation.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

XZ and LD conceived and designed the study. XZ, SE, JLZ,
and FG collected and analyzed the data. XZ and JZZ interpreted
the data. XZ drafted the manuscript. LD and SF reviewed and
revised the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the Key Scientific Research Project
of Colleges and Universities in Henan Province of China (grant
number 20B320007), the Joint Construction Project of Henan
Medical Science and Technology Research Plan (LHGJ20190717),
Changsha Science and Technology Bureau Project (kq1701050),
and Technology Plan of Youth Natural Science Foundation
Hunan Province (S2017JJQN]JJ710).

ACKNOWLEDGMENTS

We thank J. M. Zeng from University of Macau and his team
for their help in the bioinformatics analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2020.593273/
full#supplementary-material

Frontiers in Genetics | www.frontiersin.org

October 2020 | Volume 11 | Article 593273


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/articles/10.3389/fgene.2020.593273/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.593273/full#supplementary-material

Zhang et al.

KPNA2-Associated Immune Analyses in HCC

REFERENCES

Agrawal, S., Wozniak, M., Luc, M., Makuch, S., Pielka, E., Agrawal, A. K,
etal. (2019). Insulin enhancement of the antitumor activity of chemotherapeutic
agents in colorectal cancer is linked with downregulating PIK3CA and GRB2.
Sci. Rep. 9:16647. doi: 10.1038/s41598-019-53145-x

Boespflug, A., Caramel, J., Dalle, S., and Thomas, L. (2017). Treatment of
NRAS-mutated advanced or metastatic melanoma: rationale, current trials
and evidence to date. Ther. Adv. Med. Oncol. 9, 481-492. doi:
10.1177/1758834017708160

Booth, D. G., Takagi, M., Sanchez-Pulido, L., Petfalski, E., Vargiu, G., Samejima, K.,
et al. (2014). Ki-67 is a PPl-interacting protein that organises the mitotic
chromosome periphery. eLife 3:e01641. doi: 10.7554/eLife.01641

Bray, E, Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 68, 394-424. doi: 10.3322/caac.21492

Chen, C. Y, Chen, T. M., and Shyu, A. B. (1994). Interplay of two functionally
and structurally distinct domains of the c-fos AU-rich element specifies its
mRNA-destabilizing function. Mol. Cell. Biol. 14, 416-426. doi: 10.1128/
mcb.14.1.416

Chen, P. F, Li, Q H., Zeng, L. R, Yang, X. Y,, Peng, P. L, He, J. H,, et al.
(2019). A 4-gene prognostic signature predicting survival in hepatocellular
carcinoma. J. Cell. Biochem. 120, 9117-9124. doi: 10.1002/jcb.28187

Chen, D., Si, W,, Shen, J., Du, C., Lou, W,, Bao, C,, et al. (2018). miR-27b-3p
inhibits proliferation and potentially reverses multi-chemoresistance by
targeting CBLB/GRB2 in breast cancer cells. Cell Death Dis. 9:188. doi:
10.1038/541419-017-0211-4

Chen, Y., Wu, ], Yan, H., Cheng, Y., Wang, Y,, Yang, Y., et al. (2020). Lymecycline
reverses acquired EGFR-TKI resistance in non-small-cell lung cancer by
targeting GRB2. Pharmacol. Res. 159:105007. doi: 10.1016/j.phrs.2020.105007

Cheng, A. M., Saxton, T. M., Sakai, R., Kulkarni, S., Mbamalu, G., Vogel, W,
et al. (1998). Mammalian Grb2 regulates multiple steps in embryonic
development and malignant transformation. Cell 95, 793-803. doi: 10.1016/
50092-8674(00)81702-x

Dietrich, P,, Gaza, A., Wormser, L., Fritz, V., Hellerbrand, C., and Bosserhoff, A. K.
(2019). Neuroblastoma RAS viral oncogene homolog (NRAS) is a novel
prognostic marker and contributes to sorafenib resistance in hepatocellular
carcinoma. Neoplasia 21, 257-268. doi: 10.1016/j.ne0.2018.11.011

Ding, C., Tang, W.,, Wu, H., Fan, X,, Luo, J., Feng, ], et al. (2019). The
PEAKI1-PPP1RI2B axis inhibits tumor growth and metastasis by regulating
Grb2/PI3K/Akt signalling in colorectal cancer. Cancer Lett. 442, 383-395.
doi: 10.1016/j.canlet.2018.11.014

Downward, J. (1994). The GRB2/Sem-5 adaptor protein. FEBS Lett. 338, 113-117.
doi: 10.1016/0014-5793(94)80346-3

Duan, M., Hu, E, Li, D,, Wu, S., and Peng, N. (2020). Silencing KPNA2
inhibits IL-6-induced breast cancer exacerbation by blocking NF-kB signaling
and c-Myc nuclear translocation in vitro. Life Sci. 253:117736. doi: 10.1016/j.
1fs.2020.117736

El-Serag, H. B., Marrero, J. A., Rudolph, L., and Reddy, K. R. (2008). Diagnosis
and treatment of hepatocellular carcinoma. Gastroenterology 134, 1752-1763.
doi: 10.1053/j.gastro.2008.02.090

Feng, G. S., Hanley, K. L., Liang, Y., and Lin, X. (2020). Improving the efficacy
of liver cancer immunotherapy: the power of combined preclinical and
clinical studies. Hepatology doi: 10.1002/hep.31479 [Epub ahead of print]

Fredericks, J., and Ren, R. (2013). The role of RAS effectors in BCR/ABL
induced chronic myelogenous leukemia. Front. Med. 7, 452-461. doi: 10.1007/
511684-013-0304-0

Fu, Y, Dominissini, D., Rechavi, G., and He, C. (2014). Gene expression
regulation mediated through reversible m°A RNA methylation. Nat. Rev.
Genet. 15, 293-306. doi: 10.1038/nrg3724

Gao, C. L, Wang, G. W,, Yang, G. Q, Yang, H, and Zhuang, L. (2018).
Karyopherin subunit-a 2 expression accelerates cell cycle progression by
upregulating CCNB2 and CDKI in hepatocellular carcinoma. Oncol. Lett.
15, 2815-2820. doi: 10.3892/01.2017.7691

Gao, Q,, Zhu, H,, Dong, L., Shi, W,, Chen, R., Song, Z., et al. (2019). Integrated
Proteogenomic characterization of HBV-related hepatocellular carcinoma.
Cell 179, 561-577. doi: 10.1016/j.cell.2019.08.052

Gerdes, J., Schwab, U., Lemke, H., and Stein, H. (1983). Production of a mouse
monoclonal antibody reactive with a human nuclear antigen associated with
cell proliferation. Int. J. Cancer 31, 13-20. doi: 10.1002/ijc.2910310104

Goldfarb, D. S., Corbett, A. H., Mason, D. A., Harreman, M. T., and Adam, S. A.
(2004). Importin alpha: a multipurpose nuclear-transport receptor. Trends
Cell Biol. 14, 505-514. doi: 10.1016/j.tcb.2004.07.016

Grafanaki, K., Anastasakis, D., Kyriakopoulos, G., Skeparnias, 1., Georgiou, S.,
and Stathopoulos, C. (2019). Translation regulation in skin cancer from a
tRNA point of view. Epigenomics 11, 215-245. doi: 10.2217/epi-2018-0176

Groheux, D., Biard, L., Lehmann-Che, J., Teixeira, L., Bouhidel, E. A., Poirot, B.,
et al. (2018). Tumor metabolism assessed by FDG-PET/CT and tumor
proliferation assessed by genomic grade index to predict response to
neoadjuvant chemotherapy in triple negative breast cancer. Eur. J. Nucl.
Med. Mol. Imaging 45, 1279-1288. doi: 10.1007/s00259-018-3998-z

Gu, D. H,, Mao, J. H, Pan, X. D, Zhu, H., Chen, X., Zheng, B., et al. (2017).
microRNA-302¢-3p inhibits renal cell carcinoma cell proliferation by targeting
Grb2-associated binding 2 (Gab2). Oncotarget 8, 26334-26343. doi: 10.18632/
oncotarget.15463

Guo, X., Wang, Z., Zhang, J., Xu, Q., Hou, G., Yang, Y,, et al. (2019). Upregulated
KPNA2 promotes hepatocellular carcinoma progression and indicates prognostic
significance across human cancer types. Acta Biochim. Biophys. Sin. 51,
285-292. doi: 10.1093/abbs/gmz003

Haines, E., Saucier, C., and Claing, A. (2014). The adaptor proteins p66Shc
and Grb2 regulate the activation of the GTPases ARF1 and ARF6 in invasive
breast cancer cells. J. Biol. Chem. 289, 5687-5703. doi: 10.1074/jbc.M113.516047

Hua, S., Ji, Z., Quan, Y., Zhan, M., Wang, H., Li, W,, et al. (2020). Identification
of hub genes in hepatocellular carcinoma using integrated bioinformatic
analysis. Aging 12, 5439-5468. doi: 10.18632/aging.102969

Huang, H., Bai, Y, Lu, X,, Xu, Y, Zhao, H, and Sang, X. (2020). N6-
methyladenosine associated prognostic model in hepatocellular carcinoma.
Ann. Transl. Med. 8:633. doi: 10.21037/atm-20-2894

Huang, Y., Hu, Y., Jin, Z.,, and Shen, Z. (2018). LncRNA snaR upregulates
GRB2-associated binding protein 2 and promotes proliferation of ovarian
carcinoma cells. Biochem. Biophys. Res. Commun. 503, 2028-2032. doi:
10.1016/j.bbrc.2018.07.152

IJlst, L., Loupatty, E J., Ruiter, J. P,, Duran, M., Lehnert, W,, and Wanders, R. J.
(2002). 3-Methylglutaconic aciduria type I is caused by mutations in AUH.
Am. J. Hum. Genet. 71, 1463-1466. doi: 10.1086/344712

Jeong, D., Kim, H., Ban, S., Oh, S, Ji, S., Kim, D, et al. (2017). Karyopherin
a-2 is a reliable marker for identification of patients with high-risk stage
II colorectal cancer. J. Cancer Res. Clin. Oncol. 143, 2493-2503. doi: 10.1007/
s00432-017-2512-5

Jiang, P, Tang, Y., He, L., Tang, H., Liang, M., Mai, C., et al. (2014). Aberrant
expression of nuclear KPNA2 is correlated with early recurrence and poor
prognosis in patients with small hepatocellular carcinoma after hepatectomy.
Med. Oncol. 31:131. doi: 10.1007/s12032-014-0131-4

Jiang, W., Wei, K., Pan, C,, Li, H., Cao, J., Han, X,, et al. (2018). MicroRNA-1258
suppresses tumour progression via GRB2/Ras/Erk pathway in non-small-cell
lung cancer. Cell Prolif. 51:e12502. doi: 10.1111/cpr.12502

Keenan, B. P, Fong, L., and Kelley, R. K. (2019). Immunotherapy in hepatocellular
carcinoma: the complex interface between inflammation, fibrosis, and the
immune response. J. Immunother. Cancer 7:267. doi: 10.1186/s40425-019-0749-z

Kim, D. S., Challa, S., Jones, A., and Kraus, W. L. (2020). PARPs and ADP-
ribosylation in RNA biology: from RNA expression and processing to protein
translation and proteostasis. Genes Dev. 34, 302-320. doi: 10.1101/
gad.334433.119

Kriegsmann, K., Baertsch, M. A., Awwad, M. H. S, Merz, M., Hose, D,
Seckinger, A., et al. (2019). Cereblon-binding proteins expression levels
correlate with hyperdiploidy in newly diagnosed multiple myeloma patients.
Blood Cancer J. 9:13. doi: 10.1038/s41408-019-0174-z

Kwak, K., Akkaya, M., and Pierce, S. K. (2019). B cell signaling in context.
Nat. Immunol. 20, 963-969. doi: 10.1038/s41590-019-0427-9

Li, X,, Liu, Y., Zhang, X., Shen, J., Xu, R, Liu, Y., et al. (2020). Circular RNA
hsa_circ_0000073 contributes to osteosarcoma cell proliferation, migration,
invasion and methotrexate resistance by sponging miR-145-5p and miR-151-3p
and upregulating NRAS. Aging 12, 14157-14173. doi: 10.18632/aging.103423

Lim, S. J., Lopez-Berestein, G., Hung, M. C., Lupu, R., and Tari, A. M. (2000).
Grb2 downregulation leads to Akt inactivation in heregulin-stimulated and

Frontiers in Genetics | www.frontiersin.org

October 2020 | Volume 11 | Article 593273


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/s41598-019-53145-x
https://doi.org/10.1177/1758834017708160
https://doi.org/10.7554/eLife.01641
https://doi.org/10.3322/caac.21492
https://doi.org/10.1128/mcb.14.1.416
https://doi.org/10.1128/mcb.14.1.416
https://doi.org/10.1002/jcb.28187
https://doi.org/10.1038/s41419-017-0211-4
https://doi.org/10.1016/j.phrs.2020.105007
https://doi.org/10.1016/s0092-8674(00)81702-x
https://doi.org/10.1016/s0092-8674(00)81702-x
https://doi.org/10.1016/j.neo.2018.11.011
https://doi.org/10.1016/j.canlet.2018.11.014
https://doi.org/10.1016/0014-5793(94)80346-3
https://doi.org/10.1016/j.lfs.2020.117736
https://doi.org/10.1016/j.lfs.2020.117736
https://doi.org/10.1053/j.gastro.2008.02.090
https://doi.org/10.1002/hep.31479
https://doi.org/10.1007/s11684-013-0304-0
https://doi.org/10.1007/s11684-013-0304-0
https://doi.org/10.1038/nrg3724
https://doi.org/10.3892/ol.2017.7691
https://doi.org/10.1016/j.cell.2019.08.052
https://doi.org/10.1002/ijc.2910310104
https://doi.org/10.1016/j.tcb.2004.07.016
https://doi.org/10.2217/epi-2018-0176
https://doi.org/10.1007/s00259-018-3998-z
https://doi.org/10.18632/oncotarget.15463
https://doi.org/10.18632/oncotarget.15463
https://doi.org/10.1093/abbs/gmz003
https://doi.org/10.1074/jbc.M113.516047
https://doi.org/10.18632/aging.102969
https://doi.org/10.21037/atm-20-2894
https://doi.org/10.1016/j.bbrc.2018.07.152
https://doi.org/10.1086/344712
https://doi.org/10.1007/s00432-017-2512-5
https://doi.org/10.1007/s00432-017-2512-5
https://doi.org/10.1007/s12032-014-0131-4
https://doi.org/10.1111/cpr.12502
https://doi.org/10.1186/s40425-019-0749-z
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1038/s41408-019-0174-z
https://doi.org/10.1038/s41590-019-0427-9
https://doi.org/10.18632/aging.103423

Zhang et al.

KPNA2-Associated Immune Analyses in HCC

ErbB2-overexpressing breast cancer cells. Oncogene 19, 6271-6276. doi:
10.1038/sj.0onc.1204014

Lin, C. Z., Ou, R. W, and Hu, Y. H. (2018). Lentiviral-mediated microRNA-26b
up-regulation inhibits proliferation and migration of hepatocellular carcinoma
cells. Kaohsiung J. Med. Sci. 34, 547-555. doi: 10.1016/j.kjms.2018.05.003

Liu, J., Li, W,, Zhang, J., Ma, Z., Wu, X,, and Tang, L. (2019). Identification
of key genes and long non-coding RNA associated ceRNA networks in
hepatocellular carcinoma. Peer] 7:e8021. doi: 10.7717/peer;j.8021

Liu, S. K., and McGlade, C. J. (1998). Gads is a novel SH2 and SH3 domain-
containing adaptor protein that binds to tyrosine-phosphorylated Shc. Oncogene
17, 3073-3082. doi: 10.1038/sj.onc.1202337

Liu, Z., Zhang, D., Sun, C, Tao, R, Xu, X,, Xu, L, et al. (2015). KPNA2
contributes to the inflammatory processes in synovial tissue of patients
with rheumatoid arthritis and SW982 cells. Inflammation 38, 2224-2234.
doi: 10.1007/s10753-015-0205-2

Lopez-Cortés, A., Paz, Y. M. C., Guerrero, S., Cabrera-Andrade, A., Barigye, S. J.,
Munteanu, C. R., et al. (2020). OncoOmics approaches to reveal essential
genes in breast cancer: a panoramic view from pathogenesis to precision
medicine. Sci. Rep. 10:5285. doi: 10.1038/s41598-020-62279-2

Lowenstein, E. J., Daly, R. J., Batzer, A. G., Li, W,, Margolis, B., Lammers, R,,
et al. (1992). The SH2 and SH3 domain-containing protein GRB2 links
receptor tyrosine kinases to ras signaling. Cell 70, 431-442. doi:
10.1016/0092-8674(92)90167-b

Lv, ], Zhang, S., Wu, H,, Lu, J., Lu, Y., Wang, E, et al. (2020). Deubiquitinase
PSMD14 enhances hepatocellular carcinoma growth and metastasis by
stabilizing GRB2. Cancer Lett. 469, 22-34. doi: 10.1016/j.canlet.2019.10.025

Ly, T. B., Peters, V., Gibson, K. M., Liesert, M., Buckel, W., Wilcken, B., et al.
(2003). Mutations in the AUH gene cause 3-methylglutaconic aciduria type I.
Hum. Mutat. 21, 401-407. doi: 10.1002/humu.10202

Mandala, M., Merelli, B., and Massi, D. (2014). Nras in melanoma: targeting
the undruggable target. Crit. Rev. Oncol. Hematol. 92, 107-122. doi: 10.1016/j.
critrevonc.2014.05.005

Miao, Y. -R., Zhang, Q., Lei, Q., Luo, M., Xie, G. -Y., Wang, H., et al. (2020).
ImmuCellAL: a unique method for comprehensive T-cell subsets abundance
prediction and its application in cancer immunotherapy. Adv. Sci. 7:1902880.
doi: 10.1002/advs.201902880

Mitra, P, Kalailingam, P, Tan, H. B., and Thanabalu, T. (2018). Overexpression
of GRB2 enhances epithelial to mesenchymal transition of A549 cells by
upregulating SNAIL expression. Cells 7:97. doi: 10.3390/cells7080097

Mohibi, S., Chen, X., and Zhang, J. (2019). Cancer the“RBP’eutics-RNA-binding
proteins as therapeutic targets for cancer. Pharmacol. Ther. 203:107390. doi:
10.1016/j.pharmthera.2019.07.001

Moutinho, M., Codocedo, J. E, Puntambekar, S. S., and Landreth, G. E. (2019).
Nuclear receptors as therapeutic targets for neurodegenerative diseases: lost
in translation. Annu. Rev. Pharmacol. Toxicol. 59, 237-261. doi: 10.1146/
annurev-pharmtox-010818-021807

Miiller, T., Tolkach, Y., Stahl, D., Steiner, S., Hauser, S., Ellinger, J., et al. (2019).
Karyopherin alpha 2 is an adverse prognostic factor in clear-cell and papillary
renal-cell carcinoma. Clin. Genitourin. Cancer 17, e167-e175. doi: 10.1016/j.
clgc.2018.10.008

Murugan, A. K., Grieco, M., and Tsuchida, N. (2019). RAS mutations in human
cancers: roles in precision medicine. Semin. Cancer Biol. 59, 23-35. doi:
10.1016/j.semcancer.2019.06.007

Nguyen, M. Q.,, Teh, J. L. E, Purwin, T. ], Chervoneva, I, Davies, M. A,
Nathanson, K. L., et al. (2020). Targeting PHGDH upregulation reduces
glutathione levels and re-sensitizes resistant NRAS mutant melanoma to
MEK inhibition. J. Invest. Dermatol. doi: 10.1016/.jid.2020.02.047 [Epub
ahead of print]

Ostasiewicz, B., Ostasiewicz, P., Du$-Szachniewicz, K., Ostasiewicz, K., and
Ziotkowski, P. (2016). Quantitative analysis of gene expression in fixed
colorectal carcinoma samples as a method for biomarker validation. Mol.
Med. Rep. 13, 5084-5092. doi: 10.3892/mmr.2016.5200

Pallett, M. A., Ren, H., Zhang, R. Y., Scutts, S. R., Gonzalez, L., Zhu, Z., et al.
(2019). Vaccinia virus BBK E3 ligase adaptor A55 targets importin-dependent
NF-kB activation and inhibits CD8(+) T-cell memory. J Virol 93,
€00051-e00019. doi: 10.1128/jvi.00051-19

Park, S. H., Ham, S., Lee, A., Mdller, A., and Kim, T. S. (2019). NLRP3
negatively regulates Treg differentiation through Kpna2-mediated nuclear
translocation. J. Biol. Chem. 294, 17951-17961. doi: 10.1074/jbc. RA119.010545

Parker, J. A., and Mattos, C. (2018). The K-Ras, N-Ras, and H-Ras isoforms:
unique conformational preferences and implications for targeting oncogenic
mutants. Cold Spring Harb. Perspect. Med. 8:a031427. doi: 10.1101/cshperspect.
a031427

Peng, N, Yang, X., Zhu, C., Zhou, L., Yu, H,, Li, M., et al. (2018). MicroRNA-302
cluster downregulates enterovirus 71-induced innate immune response by
targeting KPNA2. J. Immunol. 201, 145-156. doi: 10.4049/jimmunol.1701692

Protzer, U., Maini, M. K., and Knolle, P. A. (2012). Living in the liver: hepatic
infections. Nat. Rev. Immunol. 12, 201-213. doi: 10.1038/nri3169

Puri, K. D, Di Paolo, J. A., and Gold, M. R. (2013). B-cell receptor signaling
inhibitors for treatment of autoimmune inflammatory diseases and B-cell
malignancies. Int. Rev. Immunol. 32, 397-427. doi: 10.3109/08830185.2013.818140

Qin, H.,, Ni, H,, Liu, Y,, Yuan, Y, Xi, T, Li, X,, et al. (2020). RNA-binding
proteins in tumor progression. J. Hematol. Oncol. 13:90. doi: 10.1186/
$13045-020-00927-w

Richman, T. R.,, Davies, S. M., Shearwood, A. M., Ermer, J. A., Scott, L. H.,
Hibbs, M. E., et al. (2014). A bifunctional protein regulates mitochondrial
protein synthesis. Nucleic Acids Res. 42, 5483-5494. doi: 10.1093/nar/gkul79

Ringelhan, M., Pfister, D., O’Connor, T., Pikarsky, E., and Heikenwalder, M.
(2018). The immunology of hepatocellular carcinoma. Nat. Immunol. 19,
222-232. doi: 10.1038/s41590-018-0044-z

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, E, Sanchez, J. C., et al.
(2011). pROC: an open-source package for R and S+ to analyze and compare
ROC curves. BMC Bioinformatics 12:77. doi: 10.1186/1471-2105-12-77

Schlaepfer, D. D., Hanks, S. K., Hunter, T, and van der Geer, P. (1994). Integrin-
mediated signal transduction linked to Ras pathway by GRB2 binding to
focal adhesion kinase. Nature 372, 786-791. doi: 10.1038/372786a0

Scholzen, T., and Gerdes, J. (2000). The Ki-67 protein: from the known and
the unknown. J. Cell. Physiol. 182, 311-322. doi: 10.1002/(sici)1097-4652
(200003)182:3<311::aid-jcp1>3.0.c0;2-9

Shi, Q., Wang, Y., Mu, Y., Wang, X, and Fan, Q. (2018). MiR-433-3p inhibits
proliferation and invasion of esophageal squamous cell carcinoma by targeting
GRB2. Cell. Physiol. Biochem. 46, 2187-2196. doi: 10.1159/000489548

Shimizu, K., Goldfarb, M., Suard, Y., Perucho, M., Li, Y., Kamata, T, et al.
(1983). Three human transforming genes are related to the viral ras oncogenes.
Proc. Natl. Acad. Sci. U. S. A. 80, 2112-2116. doi: 10.1073/pnas.80.8.2112

Siegel, R. L., Miller, K. D., and Jemal, A. (2018). Cancer statistics, 2018. CA
Cancer J. Clin. 68, 7-30. doi: 10.3322/caac.21442

Skénland, S. S., Karlsen, L., and Taskén, K. (2020). B cell signaling pathways -
new targets for precision medicine in CLL. Scand. J. Immunol. e12931. doi:
10.1111/sji.12931 [Epub ahead of print]

Song, K. H, Jung, S. Y, Kang, S. M., Kim, M. H,, Ahn, ], Hwang, S. G,
et al. (2016). Induction of immunogenic cell death by radiation-upregulated
karyopherin alpha 2 in vitro. Eur. J. Cell Biol. 95, 219-227. doi: 10.1016/j.
€jcb.2016.04.002

Song, H., Song, J., Lu, L., and Li, S. (2019). SNHG8 is upregulated in esophageal
squamous cell carcinoma and directly sponges microRNA-411 to increase
oncogenicity by upregulating KPNA2. Onco. Targets. Ther. 12, 6991-7004.
doi: 10.2147/ott.s214881

Sternburg, E. L., and Karginov, E V. (2020). Global approaches in studying
RNA-binding protein interaction networks. Trends Biochem. Sci. 45, 593-603.
doi: 10.1016/j.tibs.2020.03.005

Sun, C., Huang, S., Hou, Y., Li, Z,, Xia, D., Zhang, L., et al. (2020). Long
noncoding RNA AC092171.4 promotes hepatocellular carcinoma progression
by sponging microRNA-1271 and upregulating GRB2. Aging 12, 14141-14156.
doi: 10.18632/aging.103419

Tachita, T., Kinoshita, S., Ri, M., Aoki, S., Asano, A., Kanamori, T., et al.
(2020). Expression, mutation, and methylation of cereblon-pathway genes
at pre- and post-lenalidomide treatment in multiple myeloma. Cancer Sci.
111, 1333-1343. doi: 10.1111/cas.14352

Valencia-Sama, I, Ladumor, Y., Kee, L., Adderley, T., Christopher, G,
Robinson, C. M., et al. (2020). NRAS status determines sensitivity to SHP2
inhibitor combination therapies targeting the RAS-MAPK pathway in
neuroblastoma. Cancer Res. 80, 3413-3423. doi: 10.1158/0008-5472.
can-19-3822

Verbeek, B. S., Adriaansen-Slot, S. S., Rijksen, G., and Vroom, T. M. (1997).
Grb2 overexpression in nuclei and cytoplasm of human breast cells: a
histochemical and biochemical study of normal and neoplastic mammary

Frontiers in Genetics | www.frontiersin.org

October 2020 | Volume 11 | Article 593273


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/sj.onc.1204014
https://doi.org/10.1016/j.kjms.2018.05.003
https://doi.org/10.7717/peerj.8021
https://doi.org/10.1038/sj.onc.1202337
https://doi.org/10.1007/s10753-015-0205-2
https://doi.org/10.1038/s41598-020-62279-2
https://doi.org/10.1016/0092-8674(92)90167-b
https://doi.org/10.1016/j.canlet.2019.10.025
https://doi.org/10.1002/humu.10202
https://doi.org/10.1016/j.critrevonc.2014.05.005
https://doi.org/10.1016/j.critrevonc.2014.05.005
https://doi.org/10.1002/advs.201902880
https://doi.org/10.3390/cells7080097
https://doi.org/10.1016/j.pharmthera.2019.07.001
https://doi.org/10.1146/annurev-pharmtox-010818-021807
https://doi.org/10.1146/annurev-pharmtox-010818-021807
https://doi.org/10.1016/j.clgc.2018.10.008
https://doi.org/10.1016/j.clgc.2018.10.008
https://doi.org/10.1016/j.semcancer.2019.06.007
https://doi.org/10.1016/j.jid.2020.02.047
https://doi.org/10.3892/mmr.2016.5200
https://doi.org/10.1128/jvi.00051-19
https://doi.org/10.1074/jbc.RA119.010545
https://doi.org/10.1101/cshperspect.a031427
https://doi.org/10.1101/cshperspect.a031427
https://doi.org/10.4049/jimmunol.1701692
https://doi.org/10.1038/nri3169
https://doi.org/10.3109/08830185.2013.818140
https://doi.org/10.1186/s13045-020-00927-w
https://doi.org/10.1186/s13045-020-00927-w
https://doi.org/10.1093/nar/gku179
https://doi.org/10.1038/s41590-018-0044-z
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1038/372786a0
https://doi.org/10.1002/(sici)1097-4652(200003)182:3<311::aid-jcp1>3.0.co;2-9
https://doi.org/10.1002/(sici)1097-4652(200003)182:3<311::aid-jcp1>3.0.co;2-9
https://doi.org/10.1159/000489548
https://doi.org/10.1073/pnas.80.8.2112
https://doi.org/10.3322/caac.21442
https://doi.org/10.1111/sji.12931
https://doi.org/10.1016/j.ejcb.2016.04.002
https://doi.org/10.1016/j.ejcb.2016.04.002
https://doi.org/10.2147/ott.s214881
https://doi.org/10.1016/j.tibs.2020.03.005
https://doi.org/10.18632/aging.103419
https://doi.org/10.1111/cas.14352
https://doi.org/10.1158/0008-5472.can-19-3822
https://doi.org/10.1158/0008-5472.can-19-3822

Zhang et al.

KPNA2-Associated Immune Analyses in HCC

tissue specimens. J. Pathol. 183, 195-203. doi: 10.1002/(sici)1096-9896(199710
)183:2<195::aid-path901>3.0.co;2-y

Wang, J. J., Huang, Y. Q, Song, W, Li, Y. E, Wang, H., Wang, W. ], et al.
(2019a). Comprehensive analysis of the IncRNA-associated competing
endogenous RNA network in breast cancer. Oncol. Rep. 42, 2572-2582. doi:
10.3892/0r.2019.7374

Wang, A., and Wang, J. (2020). E2F1-induced overexpression of long noncoding
RNA SBF2-AS1 promotes non-small-cell lung Cancer metastasis through
regulating miR-362-3p/GRB2 axis. DNA Cell Biol. 39, 1290-1298. doi: 10.1089/
dna.2020.5426

Wang, C. I, Yu, C. ], Huang, Y, Yi, . S, Cheng, H. W, Kao, H. K,, et al.
(2018). Association of overexpressed karyopherin alpha 2 with poor survival
and its contribution to interleukin-1p-induced matrix metalloproteinase
expression in oral cancer. Head Neck 40, 1719-1733. doi: 10.1002/hed.25145

Wang, S., Zhang, J., He, Z., Wu, K., and Liu, X. -S. (2019b). The predictive
power of tumor mutational burden in lung cancer immunotherapy response
is influenced by patients’ sex. Int. J. Cancer 145, 2840-2849. doi: 10.1002/
ijc.32327

Wang, X., Zhao, B. S., Roundtree, I. A., Lu, Z., Han, D., Ma, H,, et al. (2015).
N(6)-methyladenosine modulates messenger RNA translation efficiency. Cell
161, 1388-1399. doi: 10.1016/j.cell.2015.05.014

Wu, X,, Zhang, X., Tao, L., Dai, X,, and Chen, P. (2020). Prognostic value of
an m6A RNA methylation regulator-based signature in patients with
hepatocellular carcinoma. Biomed. Res. Int. 2020, 1-11. doi: 10.1155/2020/2053902

Xu, Z. H, Yao, T. Z.,, and Liu, W. (2018). miR-378a-3p sensitizes ovarian
cancer cells to cisplatin through targeting MAPK1/GRB2. Biomed. Pharmacother.
107, 1410-1417. doi: 10.1016/j.biopha.2018.08.132

Yang, Y., Guo, J., Hao, Y., Wang, E, Li, E, Shuang, S., et al. (2017b). Silencing
of karyopherin o2 inhibits cell growth and survival in human hepatocellular
carcinoma. Oncotarget 8, 36289-36304. doi: 10.18632/oncotarget.16749

Yang, L., Wang, X., Xu, J., Wen, Y., Zhang, M., Lu, ], et al. (2018). Integrated
transcriptomic and proteomic analyses reveal a-lipoic acid-regulated cell
proliferation via Grb2-mediated signalling in hepatic cancer cells. J. Cell.
Mol. Med. 22, 2981-2992. doi: 10.1111/jcmm.13447

Yang, L., Wen, Y., Lv, G,, Lin, Y, Tang, J,, Lu, J,, et al. (2017a). a-Lipoic acid
inhibits human lung cancer cell proliferation through Grb2-mediated EGFR
downregulation. Biochem. Biophys. Res. Commun. 494, 325-331. doi: 10.1016/j.
bbrc.2017.10.030

Ye, B,, Duan, B, Deng, W,, Wang, Y., Chen, Y., Cui, ], et al. (2018). EGF
stimulates Rab35 activation and gastric cancer cell migration by regulating
DENNDI1A-Grb2 complex formation. Front. Pharmacol. 9:1343. doi: 10.3389/
fphar.2018.01343

Yu, R. T. D,, and Garcia, R. L. (2020). NRAS mutant E132K identified in
young-onset sporadic colorectal cancer and the canonical mutants G12D
and Q61K affect distinct oncogenic phenotypes. Sci. Rep. 10:11028. doi:
10.1038/541598-020-67796-8

Yu, B, Liang, H., Ye, Q, and Wang, Y. (2020). Establishment of a genomic-
clinicopathologic nomogram for predicting early recurrence of hepatocellular
carcinoma after RO resection. J. Gastrointest. Surg. doi: 10.1007/
§11605-020-04554-1 [Epub ahead of print]

Yue, C,, Ren, Y., Ge, H,, Liang, C., Xu, Y, Li, G, et al. (2019). Comprehensive
analysis of potential prognostic genes for the construction of a competing
endogenous RNA regulatory network in hepatocellular carcinoma. Onco
Targets Ther. 12, 561-576. doi: 10.2147/ott.s188913

Zan, Y., Wang, B, Liang, L., Deng, Y., Tian, T, Dai, Z., et al. (2019). MicroRNA-139
inhibits hepatocellular carcinoma cell growth through down-regulating karyopherin
alpha 2. J. Exp. Clin. Cancer Res. 38:182. doi: 10.1186/s13046-019-1175-2

Zhang, J., Xu, E., Ren, C, Yang, H. ], Zhang, Y, Sun, W, et al. (2018).
Genetic ablation of Rbm38 promotes lymphomagenesis in the context of
mutant p53 by downregulating PTEN. Cancer Res. 78, 1511-1521. doi:
10.1158/0008-5472.can-17-2457

Zhang, D., Zhao, P, Liu, J., Qi, T, Liu, Q,, Jiang, S., et al. (2020). Transcriptome
analysis reveals the tolerance mechanism of mantis shrimp (Oratosquilla
oratoria) under a lipopolysaccharide challenge. ACS Omega 5, 2310-2317.
doi: 10.1021/acsomega.9b03629

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Zhang, Zhang, Gao, Fan, Dai and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

18

October 2020 | Volume 11 | Article 593273


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1002/(sici)1096-9896(199710)183:2<195::aid-path901>3.0.co;2-y
https://doi.org/10.1002/(sici)1096-9896(199710)183:2<195::aid-path901>3.0.co;2-y
https://doi.org/10.3892/or.2019.7374
https://doi.org/10.1089/dna.2020.5426
https://doi.org/10.1089/dna.2020.5426
https://doi.org/10.1002/hed.25145
https://doi.org/10.1002/ijc.32327
https://doi.org/10.1002/ijc.32327
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1155/2020/2053902
https://doi.org/10.1016/j.biopha.2018.08.132
https://doi.org/10.18632/oncotarget.16749
https://doi.org/10.1111/jcmm.13447
https://doi.org/10.1016/j.bbrc.2017.10.030
https://doi.org/10.1016/j.bbrc.2017.10.030
https://doi.org/10.3389/fphar.2018.01343
https://doi.org/10.3389/fphar.2018.01343
https://doi.org/10.1038/s41598-020-67796-8
https://doi.org/10.1007/s11605-020-04554-1
https://doi.org/10.1007/s11605-020-04554-1
https://doi.org/10.2147/ott.s188913
https://doi.org/10.1186/s13046-019-1175-2
https://doi.org/10.1158/0008-5472.can-17-2457
https://doi.org/10.1021/acsomega.9b03629
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	KPNA2-Associated Immune Analyses Highlight the Dysregulation and Prognostic Effects of GRB2, N RAS, and Their RNA-Binding Proteins in Hepatocellular Carcinoma
	Intro d uction
	Materials and Methods
	Data Collection
	Correlation Analyses Between KPNA2 Expression and Immune Cell Infiltrations and the Investigation of Prognostic Roles of B-Cell Infiltration in HCC
	Identification of KPNA2-Correlated BCR Signaling Pathway Genes
	Differential Expression Analyses and Prognostic Effects Evaluation of the KPNA2-Correlated BCR Signaling Pathway Genes in HCC
	Validation of the Dysregulation and Prognostic Effects of KPNA2, GRB2, and NRAS at Protein Level
	Exploration of the Potential Roles of KPNA2, GRB2, and NRAS in HCC Proliferation
	Further Investigation of the Prognostic Effects and Dysregulation of RBPs of KPNA2, GRB2, and NRAS in HCC

	Results
	Positive Correlation of B-Cell Infiltration With KPNA2 Expression and Its Prognostic Roles in HCC
	Correlations Between KPNA2 Expression and BCR Signaling Pathway Genes in HCC
	Differential Expression and Prognostic Effects of KPNA2 and Its Correlated BCR Signaling Pathway Genes in HCC
	Validation of Dysregulations, Correlations, and Prognostic Effects of KPNA2, GRB2, and NRAS in HCC at Protein Level
	Associations of KPNA2, GRB2, and NRAS With HCC Proliferation
	Prognostic Effects of RBPs of KPNA2, GRB2, and NRAS and Their Potential Roles in Dysregulations of the Three Proteins in HCC

	Discussion
	Data Availability Statement
	Author Contribu tions

	References

