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Pancreatic ductal adenocarcinoma (PDAC) is one of the most refractory human
malignancies. F-box only proteins (FBXO) are the core components of SKP1-cullin 1-F-
box E3 ubiquitin ligase, which have been reported to play crucial roles in tumor initiation
and progression via ubiquitination-mediated proteasomal degradation. However, the
clinical implications and biological functions of FBXOs in PDAC have not been fully
clarified. Herein we perform a comprehensive analysis for the clinical values and
functional roles of FBXOs in PDAC using different public databases. We found that
FBXO1 (CCNF), FBXO20 (LMQO7), FBX0O22, FBX028, FBX0O32, and FBX0O45 (designated
six-FBXOs) were robustly upregulated in PDAC tissues, which predicted an adverse
prognosis of PDAC patients. There was a significant correlation between the expression
levels of six-FBXOs and the clinicopathological features in PDAC. The transcriptional levels
of six-FBXOs were subjected to the influence of promoter methylation levels. There were
more than 40% genetic alterations and mutations of six-FBXOs, which affected the clinical
outcome of PDAC patients. Furthermore, the expression of six-FBXOs was associated
with immune infiltrations and activated status, including B cells, CD8* T cells, CD4* T cells,
NK cells, macrophages, and dendritic cells. The functional prediction revealed that the six-
FBXOs were involved in ubiquitination-related pathways and other vital signaling
pathways, such as p53, PI3K/Akt, and Hippo pathway. Therefore, six-FBXOs are the
promising prognostic biomarkers or potential targets for PDAC diagnosis and treatment.
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INTRODUCTION

According to the 2017 cancer statistics of the National Cancer
Center of China, the incidence of pancreatic cancer ranked 11th
among women and 7th among men, and the mortality rate
ranked 6th among malignant tumors in China (1). Pancreatic
ductal adenocarcinoma (PDAC) is the most common
pathological type of pancreatic cancer, accounting for about
90% of pancreatic cancer (2). The clinical outcome of PDAC
patients is often extremely poor, and the 5-year survival rate is
only around 9% due to difficulties in early diagnosis, low
success rate in surgical dissection, and chemotherapy
resistance (3, 4). Therefore, it is necessary to find diagnostic
or therapeutic targets of PDAC to improve the clinical
outcomes of patients.

The occurrence and development of PDAC are responsible
for multi-factor and multi-step processes, such as the activation/
inactivation of oncogenes/tumor suppressor genes, tumor stem
cell, gene mutation, epigenetic modification, and post-
translational regulation as well as tumor immune
microenvironment (5-8). Among them, ubiquitination-
mediated degradation of target protein with high selectivity is a
key pathway for post-translational modification, which plays a
significant role in oncogenesis and pathological mechanism (9).
E3 ubiquitin ligase is a vital component of the ubiquitination
cascade that binds directly to substrates by controlling mutual
specificity, which is regarded as a promising anticancer drug
target (10). F-box only (FBXO) proteins are the substrate-
recognizing subunits of SKP1-cullin 1-F-box (SCF) E3 ligase.
An increasing number of studies have revealed that FBXO family
members, as important molecular regulators, are implicated in
cell apoptosis, angiogenesis, epithelial-mesenchymal transition
(EMT), and multiple important signaling pathways, like p53,
NEF-xB, PI3K/AKT, and Hippo signaling pathway, in a variety of
tumors (11); for example, FBXOI, also known as cyclin F
(CCNF), participates in the formation of SCF ubiquitin ligase
complex and is involved in tuning centrosome duplication, DNA
repair, and genome stability (12). FBXO20, also known as LIM
(Lin11, Isl-1, and Mec-3) domain 7 (LMO7), belongs to PDZ and
the LIM domain-containing protein family. It has been reported
that LMO7 played a role in the regulation of cell adhesion,
mitosis, and cancer metastasis and progression, including breast
cancer, lung adenocarcinoma, and pancreatic cancer (13-16).
Clinically, some FBXO family members were closely linked to the
overall survival (OS) and disease-free survival (DES) of patients
with breast cancer (17). However, the clinical significance and

Abbreviations: ANCT, adjacent non-cancerous tissues; BP, biological process;
CC, cellular component; CCNF, cyclin F; CI, confidence interval; DFS, disease-free
survival; EMT, epithelial-mesenchymal transition; GO, gene ontology; hn-PDEC,
human normal pancreatic ductal epithelial cells; HPA, Human Protein Atlas; HR,
hazard ratio; IHC, immunohistochemistry; IPMA, intraductal papillary-mucinous
adenoma; IPMC, intraductal papillary-mucinous carcinoma; IPMN, intraductal
papillary-mucinous neoplasm; KEGG, Kyoto Encyclopedia of Genes and
Genomes; LMO7, LIM (Linll, Isl-1, and Mec-3) domain 7; MF, molecular
function; OS, overall survival; PAAD, pancreatic adenocarcinoma; PanlIN,
pancreatic duct intraepithelial neoplasia; PDAC, pancreatic ductal
adenocarcinoma; RRM2, ribonucleotide reductase M2; SCF, SKP1-cullin 1-F-box.

biological role of FBXOs in PDAC are still unclear as yet and
remain to be elucidated.

Among FBXO1-50, FBXO12 is also called FBXO35, FBXO17 is
also called FBX026, FBXO14 is also called FBXO31, and FBXO19
is absent. In the present study, we mainly focused on six FBXO
family members with limited studies in the field of PDAC research,
including FBXO1, FBX020, FBX022, FBX028, FBX032, and
FBXO45 (designated six-FBXOs in the following text). We
compared the different expression levels of the six
ubiquitination-related FBXOs between PDAC tissues and
paracarcinoma tissues or normal pancreatic tissues. Furthermore,
using diverse public databases, we comprehensively analyzed their
correlation with clinicopathologic characteristics, promoter
methylation in epigenetic regulation, fluorescence localization,
gene mutation, immune infiltration, and prognostic values as
well as the functional enrichment analysis and the prediction of
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.
Finally, we validated the expression levels of six-FBXOs in five
different PDAC cell lines compared with human normal
pancreas cells.

MATERIALS AND METHODS
GEPIA

GEPIA is an interactive online web tool for investigators to
explore diverse functional modules based on TCGA and GTEx
databases (18). Using the GEPIA database, we analyzed the gene
expression profile of FBXO family members across 33 tumor
samples and paired normal tissues, including pancreatic
adenocarcinoma (PAAD), and performed the pathological
stage plot of the FBXOs as well as evaluated the prognostic
values of FBXOs in PDAC patients. “Median” was selected as the
“Group Cutoff”.

Oncomine and UALCAN

Oncomine is a public database that contains substantial tumor
microarray datasets (19). Log2-transformed form was utilized to
represent the transcriptional levels of FBXOs. Fold change >2
and p-value <0.05 were selected as the inclusion criteria.
UALCAN is a user-friendly database for the analysis of gene
expression and clinical parameters from thirty-one different
types of tumors, including PDAC (20). In this study, PDAC
staging, grading, TP53 mutation, and methylation data were
obtained from the UALCAN database.

GEO

GEO database includes a large number of high-throughput
sequencing data, including PDAC datasets. We used five GEO
datasets to compare the expression levels of FBXOs in PDAC
tissues and normal pancreatic tissues (GSE16515 and GSE62165)
or para-carcinoma tissues (GSE62452, GSE28735, and
GSE15471). Besides these, five GEO datasets were used to
analyze correlations between the expression levels of FBXOs
and the clinicopathologic characteristics of PDAC. GSE21501
was used for the analysis of tumor size (T1-T2 vs. T3-T4) and
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lymphatic metastasis (NO vs. N1); GSE62165, GSE62452,
GSE19650, and GSE51971 were used for the analysis of tumor
location (head vs. body/tail), differentiation degree (G1-G2 vs.
G3-G4), different pancreatic precancerous lesions, and cell
stemness, respectively.

The Human Protein Atlas

The Human Protein Atlas (HPA) database is an integrated and
accessible data mining platform containing a substantial
distribution of information of human protein from more than
twenty kinds of cancer in cellular and histopathological levels.
The immunohistochemical (IHC) staining images of FBXO
family members and the confocal images of their cellular
localization were acquired from the HPA database.

Kaplan—Meier Plotter

The Kaplan-Meier plotter is an interactive and public online
database for analyzing the survival of twenty-one tumor types
based on substantial RNA-seq and next-generation sequencing
(21). The prognostic values of FBXO family members and their
prognostic subgroup analysis in gender, mutation burden, and
immune infiltration were evaluated by the Kaplan-Meier plotter
database. Hazard ratio (HR) and 95% confidence interval (CI) were
calculated automatically according to “Auto select best cutoff”.

SurvExpress and LinkedOmics

SurvExpress is a bioinformatics web server for gene expression
and clinical data in tumors (22). The prognosis of FBXO family
members and the transcriptional levels in low- and high-risk
groups were assessed by using this database. “PAAD-TCGA-
Pancreatic adenocarcinoma” (n = 176) was selected. The PDAC
cohorts were divided into low- and high-risk groups based on the
prognostic index to compare the expression levels of FBXOs.
LinkedOmics is an available web portal for users to analyze
multi-omics data within and across 32 cancer types (23). This
database was used to evaluate the prognosis of promoter
methylation of the FBXOs and top 200 co-expressed genes
with individual FBXOs in PDAC patients.

Immune Infiltration Analysis of FBXOs
TIMER is a user-friendly web server for the systematic and
comprehensive analysis of immune infiltration across various
tumor types via inputting function-specific parameters (24). The
immune infiltration of FBXOs in PDAC tissues was estimated using
TIMER database (Spearman correlation). Furthermore, TISIDBisa
public portal for tumor and immune system interaction as well as
integration of numerous heterogeneous data types (25). We used
this database to perform a further detailed analysis of immune
infiltration of FBXOs in PDAC based on high-throughput data.

cBioPortal Database

The cBioPortal database is an accessible online resource to
interactively explore and visualize multidimensional genomics
data and clinical profiles in diverse cancer samples (26). Using
cBioPortal database, we analyzed the genetic alteration, mutation,
and related prognosis of FBXOs in PDAC and identified the top 200
co-expressed genes of FBXOs. The “Pancreatic adenocarcinoma

(TCGA, PanCancer Atlas)” (184 samples) was selected. In terms of
“Select Genomic Profiles”, the “Mutation”, “Structural Variant”,
“Putative copy-number alterations from GISTIC”, “mRNA
Expression”, and “Protein expression z-scores (RPPA)” were
selected. Besides these, “Complete sample (168)” was selected as

the option of “Select Patient/Case Set”.

DAVID

DAVID is a bioinformatic analytic tool for the functional enrichment
of genes derived from high-throughput genomic experiments, such
as functional classification and annotation, to acquire an in-depth
understanding of the biological function of gene lists (27). Functional
enrichment and prediction of FBXOs were performed using gene
ontology (GO) and KEGG pathway analysis from DAVID. GO
functional enrichment consists of biological process (BP), cellular
component (CC), and molecular function (MF).

Cell Culture

Human immortal pancreatic epithelial cell line HPDE6 and
PDAC cell lines (Panc-1, AsPC-1, SW1990, T3M4, and
CAPAC-1) were purchased from the National Infrastructure of
Cell Line Resource (Beijing, China). HPDES6, Panc-1, and T3M4
were cultured in DMEM medium (HyClone); AsPC-1, SW1990,
and CFPAC-1 were cultured in RPMI-1640, Leibovitz’s L-15,
and IMDM medium (Coning), respectively. All media were
supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin (Sigma), and cells were incubated in a
humidified atmosphere at 37°C and 5% CO..

RNA Extraction and Quantitative PCR

Total RNA was isolated from exponentially divided cell lines
using Trizol Reagent (RNAiso Plus, #9109, Takara) and then
concentrated with trichloromethane, isopropanol, and ethanol
according to standard protocols. The RNA was reverse-
transcribed with PrimeScript' " RT reagent Kit (#RR037A,
Takara). Real-time qPCR was administrated in three duplicates
for each sample with TB Green® Premix Ex Taq " (#RR420A,
Takara) on the QuantStudio3 apparatus (ThermoFisher, USA).
GAPDH was used for standard normalization, and the data were
analyzed using the 27**“" method. The primer sequences were
summarized in Supplementary Table S1.

Statistical Analysis

Statistical analysis and graphs were performed and plotted by
GraphPad Prism 6.0 (Lajolla, CA, USA). Comparisons between
the two groups were conducted using a two-tailed Student’s ¢-
test. For comparisons of three or more groups, one-way ANOVA
with post-hoc Dunnett test or Tukey’s test was utilized. Statistical
significance was indicated as p-value <0.05.

RESULTS

Aberrant Transcriptional Levels of FBXOs
in Patients With PDAC

To investigate the expression profiles of FBXO family members in
PDAC, the GEPIA database, an online analysis tool based on
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TCGA and GTEx datasets, was used to compare the difference
between the mRNA expression levels of FBXOs in PDAC tissues
(N = 179) and normal pancreatic tissues (N = 171). A total of
twenty-one aberrantly expressed genes were identified within the
human PDAC tissues. Of them, FBXO1, FBXO5, FBXO7, FBXOS,
FBXO11, FBXO13, FBXO18, FBX020, FBX022, FBX023,
FBX028, FBX032, FBX034, FBXO38, FBX042, FBXO45, and
FBXO46 were upregulated, while FBXO2, FBXO12, FBXO35, and
FBXO50 were downregulated in PDAC tissues (Figure 1). No
abnormal expression was found in other FBXO members
(Supplementary Figure S1). By consulting the previously
published literature, there are extremely limited reports related
to FBXO1, FBX020, FBX022, FBX028, FBX032, and FBXO45 in

PDAC, and we therefore further explored the six genes.
Furthermore, the transcriptional levels of six-FBXOs were
explored in 32 other types of tumor. We found that six-FBXOs
were also abnormally expressed in the other multiple tumors
(Supplementary Figure S2). Next, Oncomine databases were also
used to investigate the expression of six-FBXOs in PDAC tissues
versus normal pancreatic tissues. The results confirmed that the
mRNA expression levels of FBX020, FBXO32, and FBXO45 were
strongly upregulated in patients with PDAC in different datasets
(Supplementary Figures S3A-D and Table 1). In Buchholz’s
data, FBXO32 exhibited a higher expression in pancreatic duct
intraepithelial neoplasia (PanIN) than in normal pancreatic tissues
(Supplementary Figure 3C). Moreover, five GEO datasets were
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FIGURE 1 | Using GEPIA database, FBXO family members that are aberrantly expressed in pancreatic ductal adenocarcinoma (PDAC) tissues (n = 179) versus
normal pancreatic tissues (n = 171). (A) FBXO family members that are highly expressed in PDAC tissues. (B) FBXO family members that are lowly expressed in
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TABLE 1 | The significant changes of FBXO transcription levels between PDAC tissues and normal pancreatic tissues (Oncomine).

Genes Source Type of pancreatic cancer versus normal Platform t-test Fold p-value
pancreatic tissue change
FBX020 Pei pancreas Pancreatic carcinoma vs. normal Human Genome U133 Plus 2.0 Array 7.962 3.535 1.56E-10
(LMO7) lacobuzio-Donahue Pancreatic adenocarcinoma vs. normal NA 6.309 4.305 1.04E-05
pancreas 2
Segara pancreas Pancreatic carcinoma vs. normal Human Genome U133A Array 3.061 1.481 0.005
FBXO32 Badea pancreas Pancreatic ductal adenocarcinoma vs. normal  Human Genome U133 Plus 2.0 Array 10.146 3.427 6.17E-16
lacobuzio-Donahue Pancreatic adenocarcinoma vs. normal NA 4.855 2.640 1.10E-04
pancreas 2
Grutzmann pancreas Pancreatic ductal adenocarcinoma epithelia vs.  Human Genome U133B Array 2.5688 2.246 0.009
normal
Buchholz pancreas Pancreatic intraepithelial neoplasia vs. normal ~ NA 3.191 1.339 0.004
Buchholz pancreas Pancreatic ductal adenocarcinoma vs. normal  NA 4,784 1.543 3.24E-04
Pei pancreas Pancreatic carcinoma vs. normal Human Genome U133 Plus 2.0 Array 3.007 2.657 0.004
FBXO45 Grutzmann pancreas Pancreatic ductal adenocarcinoma epithelia vs. Human Genome U133B Array 2.530 2173 0.010
normal
Badea pancreas Pancreatic ductal adenocarcinoma vs. normal  Human Genome U133 Plus 2.0 Array 5.406 1.502 3.62E-07
lacobuzio-Donahue Pancreatic adenocarcinoma vs. normal NA 2.054 1.850 0.042
pancreas 2
Pei pancreas Pancreatic carcinoma vs. normal Human Genome U133 Plus 2.0 Array 3.020 1.348 0.003

NA, not available.

collected to verify the abnormality in the expression patterns of
six-FBXOs found above via a comparison between PDAC and
normal pancreatic tissues (GSE16515 and GSE62165) or adjacent
non-cancerous tissues (ANCT) (GSE62452, GSE28735, and
GSE15471). As shown in Figure 2, the overall results confirmed
that the expression levels of six-FBXOs were robustly elevated,
although FBXO1 and FBXO22 did not show statistical differences
in two of the datasets (Figures 2A-E).

The Correlation Between Six-FBXO
Expression and the Clinicopathological
Features of PDAC Patients
Then, we evaluated the clinical significance of six-FBXOs in
PDAC by using three GEO datasets (GSE62165, GSE21501, and
GSE62452), GEPIA, and UALCAN databases. The data from
GSE62165 showed that none of the six-FBXOs was associated
with tumor location (N = 118) (Supplementary Figure S4A),
while GSE21501 displayed that FBXO28 and FBXO32 were tightly
linked to tumor size (N = 98); FBX032 was also related to
lymphatic metastasis (N = 101) (Figures 3A, B). GSE62452
demonstrated that the higher expression levels of FBXOI,
FBX020, FBX032, and FBXO45 were correlated with poorer
tumor differentiation (N = 68), apart from FBXO22 and
FBXO38 (Figure 3C). Besides this, the GEPIA database
manifested that, among six-FBXOs, FBXO32 was associated
with tumor staging (N = 179); FBXO1, FBX020, and FBXO45
had a related trend with tumor staging, whereas no correlation
with tumor staging was observed for FBXO22 and FBXO28
(Figure 3D). It was worth mentioning that FBXO family
members FBXO8, FBXO13, and FBXO34 were linked to tumor
staging, and FBXO50 had an associated trend with tumor staging
(Supplementary Figure S4B).

The results from the UALCAN database further confirmed
the GSE21501 data that FBXO32 was closely relevant in the

lymphatic metastasis of PDAC as well as showed that FBOX20
expression was relatively lower in PDAC patients with diabetes,
compared with PDAC patients without diabetes (Supplementary
Figure S4C). Furthermore, the UALCAN database displayed a
more detailed analysis regarding tumor differentiation and staging
based on TCGA samples. The data from the UALCAN database
verified that the expression levels of six-FBXOs were strongly
relevant in tumor differentiation, and patients who were in worse
differentiation had the higher expression of six-FBXOs on the
whole (Supplementary Figure S5A). Further validating the results
of the GEPIA database, FBXO32 was related to the tumor stage
of PDAC patients. It also indicated that the mRNA expression
levels of FBXO20 and FBXO45 were closely related to the
tumor stage of PDAC patients (Supplementary Figure S5B),
which meant that patients who were in more advanced tumor
staging tended to express higher transcripts of FBX020,
FBXO032, and FBX045. TP53 mutation plays a crucial role in
the initiation, formation, and maintenance of PDAC (28).
Therefore, we also explored the effect of P53 mutation on the
expression of six-FBXOs. The data showed that FBXOI,
FBX020, and FBXO45 exhibited higher expression levels in
the TP53-mutant group than in the TP53-nonmutant group,
while this kind of difference was not observed for FBX022,
FBX028, and FBXO32 (Supplementary Figure S5C).
Pancreatic carcinogenesis is a gradual and multi-step process
from precancerous lesions (8). We compared the expression of
six-FBXOs in different precancerous lesions, including
intraductal papillary-mucinous neoplasm (IPMN), intraductal
papillary-mucinous carcinoma (IPMC), and intraductal
papillary-mucinous adenoma (IPMA) by using the GSE19650
dataset. The results indicated that FBXO20 was highly expressed
in these three kinds of precancerous lesions (IPMA, IPMC, and
IPMN) in comparison to normal pancreatic tissues, and FBXO20
had the highest expression level among these three pathological
types, while FBXO22 was downregulated in IPMA compared
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FIGURE 2 | Five GEO datasets were collected to validate the abnormality in the expression patterns of six-FBXOs in pancreatic ductal adenocarcinoma (PDAC).

(A) The mRNA levels of six-FBXOs via the comparison between PDAC (n = 36) and normal pancreatic tissues (n = 16) in GSE16515 dataset. (B) The expression
levels of six-FBXOs in PDAC tissues (n = 118) compared with normal tissues (n = 13) in GSE62165 dataset. (C) The expression levels of six-FBXOs in PDAC tissues
(n = 69) versus adjacent non-cancerous tissues (ANCT) (n = 61) in GSE62452 dataset. (D) The transcriptional levels of six-FBXOs in PDAC tissues compared with
ANCT (N = 45 pairs) in GSE28735 dataset. (E) The expression levels of six-FBXOs in PDAC tissues compared with ANCT (N = 39 pairs) in GSE15471 dataset. The
code behind the gene is the probe name in different GEO datasets. *P < 0.05, “*P < 0.01, ***P < 0.001, ****P < 0.0001.

with corresponding normal tissues (Figure 3E). FBXO32 and
FBXO45 were significantly enhanced in IPMC, and FBXO32
exhibited the highest expression level among the other
pathological types (Figure 3E). Taken together, these results
demonstrated that FBX020, FBX022, FBX032, and FBX045
may act as markers of precancerous lesions and have the value of
early diagnosis of pancreatic cancer.

The Correlation Between Promoter
Methylation Levels of Six-FBXOs and
Clinicopathological Characteristics

Promoter methylation is a critical epigenetic modification to
regulate gene expression in human cancers (29). Therefore, we
next investigated the promoter methylation levels of six-FBXOs.
The results illustrated that FBXO1, FBX0O20, and FBXO32 had
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FIGURE 3 | Correlation between six-FBXO expression and the clinicopathological characteristics of pancreatic ductal adenocarcinoma (PDAC) patients in GEO
datasets and GEPIA. (A) The expression levels of six-FBXOs via the comparison between T1-T2 (n = 18) and T3-T4 (n = 80) in GSE21501 dataset. (B) The
expression levels of six-FBXOs in PDAC patients with/without lymphatic metastasis (N1/NO, 73 vs. 28) in GSE21501 dataset. (C) The mRNA levels of six-FBXOs in
different differentiation degrees of PDAC (G1-G2 vs. G3-G4, 37 vs. 31) using GSE62452 dataset. (D) The expression levels of six-FBXOs in different pathological
stages using GEPIA. (E) The transcriptional levels of six-FBXOs in different pancreatic precancerous lesions compared with normal pancreatic tissues using
GSE19650 dataset. Normal (n = 7), IPMA (n = 6), IPMC (n = 6), and IPMN (n = 3). The code behind the gene is the probe name in different GEO datasets. *P < 0.05,
P < 0.01 **P < 0.0001. n.s., not significant difference.

lower methylation levels in primary tumors than in normal
pancreatic tissues, while FBXO45 had a higher methylation
level in PDAC (Supplementary Figure S6A). In six-FBXOs,
there were considerable differences in the promoter methylation
level among divergent differentiated degrees or clinical stages. The
methylation levels of FBXO1, FBX020, FBXO32, and FBXO045
were associated with tumor differentiation (Supplementary Figure
S6B). The methylation levels of FBXO1, FBX020, FBX022,

FBX032, and FBXO45 were correlated with clinical stages
(Supplementary Figure S7A). In particular, FBXO1 exhibited a
robust negative correlation between promoter methylation levels
and differentiated degree or clinical stages. In addition, FBXO1,
FBX020,and FBXO45 had alower methylation degree in the TP53-
mutant group than in the TP53-nonmutant group, while FBXO22,
FBXO028, and FBXO32 had no significant correlation between
methylation level and TP53-mutant (Supplementary Figure S7B).
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The Protein Expression, Cell Lines,
Cellular Localization, and Cell

Stemness of Six-FBXOs in PDAC

Next, we probed into the protein levels of six-FBXO expression
between PDAC tissues and normal pancreatic tissues from the
HPA database. The IHC staining of six-FBXOs revealed that the
protein expression levels of FBXO1, FBX020, and FBXO45 were
markedly increased compared with the corresponding normal
pancreatic tissues (Figure 4A), which corroborated the aforesaid
result. The IHC data of FBXO22, FBX028, and FBXO32 were
pending cancer tissue analysis in the HPA database. Besides this,
GSE45757 was used to evaluate the six-FBXO expression in
human normal pancreatic ductal epithelial cells (hn-PDEC) and
PDAC cell lines, including Panc-1, BxPC-3, Capan-2, Mia PaCa-
2,SW1990, SU86.86, CFPAC-1, HPAF_II, and Hs766T. The data
demonstrated that FBXO1, FBX020, FBXO22, and FBXO28
were strongly upregulated in multiple PDAC cell lines relative
to hn-PDEC (Figures 4B-E). The expression levels of FBXO32
and FBXO45 in cell lines were not available in the GSE45757
dataset. The cellular localization of gene expression often
determines its corresponding significant function, so we
explored the subcellular localization of six-FBXOs by using
confocal images of the HPA database. The results warranted
that FBXO1 was detected in the centrosome, FBXO20 was
detected in actin filaments and cytosol, FBXO28 was detected
in the nucleoplasm and focal adhesion sites, FBXO32 was
detected in the nucleoplasm and cytosol, and FBXO45 was
detected in the cytosol (Figure 4F). The confocal result of
FBXO22 was absent in the HPA database. More importantly,
we also explored the cell stemness of six-FBXOs in PDAC by
using the GSE51971 dataset, whose data were classified into
triple-positive group and triple-negative group according to
whether these expressed the three important cancer stem cell
markers, CD44, CD133, and EpCAM. The results showed that
the expression levels of FBXO22, FBX028, and FBXO32 were
potently enhanced in the triple-negative group (Figure 4G).
Overall, these results suggested that six-FBXOs are likely to
play a vital role in PDAC initiation and progression.

The Prognostic Analysis of Six-FBXOs

in PDAC Patients

In order to investigate the prognostic values, we explore the
prognostic data of six-FBXOs from three primary public
databases: GEPAI, Kaplan-Meier plotter, and SurvExpress. The
data from GEPAI displayed that the high levels of six-FBXOs were
tightly linked to a decreased probability of OS and DFS in PDAC
(89 vs. 89) (Supplementary Figure S8 and Table 2). The Kaplan-
Meier plotter further substantiated the aforesaid prognostic results
(Figure 5 and Table 2). Specifically, FBXO20 had the highest HR
in OS and DFS at 2.73 and 9.6, respectively, which meant that the
FBXO020 high-expression group had 2.73 times and 9.6 times the
risk of PDAC-related death and relapse, respectively, versus
the FBXO20 low-expression group. The median OS time of the
low- and high-expression groups was 18.93 and 10.27 months,
respectively. More detailed prognostic information was shown in
Figure 5 and Table 2. Additionally, the SurvExpress online web

tool also confirmed that six-FBXOs were the negative prognosis
factors of PDAC patients (Supplementary Figures S9, S10A). The
respective six-FBXO expression levels of PDAC patients in the
SurvExpress datasets were divided into low- and high-risk groups
(88 vs. 88) according to the prognostic index. The data from
SurvExpress revealed that six-FBXOs had higher expression levels
in the high-risk group than in the low-risk group (Supplementary
Figure S10B). The LinkedOmics databases demonstrated that the
hypermethylation group of FBXO1, FBX020, and FBXO32
indicated a better OS than the hypomethylation group, while no
significant correlation with OS was observed for FBXO022,
FBXO028, and FBXO45 (Supplementary Figure S11).
Collectively, these results in this section outlined the important
prognostic values of six-FBXOs, which may act as effective
prognostic markers for PDAC patients.

The Six-FBXO Expression and Immune
Infiltration Level in PDAC
Then, we analyzed the relationship between the expression of six-
FBXOs and the immune infiltration levels in PDAC using the
TIMER online tool. The data revealed that the expression levels of
FBXO1, FBX022, FBXO28, and FBXO45 were associated with B
cell infiltration; FBX020, FBX022, FBX028, FBX032, and
FBX045 were correlated with CD8" T cell infiltration; FBX020
and FBXO45 were inversely related to CD4" T cell infiltration;
FBXO022, FBX028, FBX032, and FBXO45 were linked to
macrophage and neutrophil cell infiltration; FBXO1, FBX022,
FBX028, FBX032, and FBXO45 were relevant in dendritic cell
infiltration (Supplementary Figure S12). However, it was
contradictory that these negative prognostic genes were
positively associated with immune infiltration, especially CD8" T
cells, which often predicted a good clinical outcome. We
speculated that this was related to whether immune cells were
activated and contained different subgroups. Therefore, the
TISIDB databases were utilized to perform a more detailed
immune infiltration analysis of six-FBXOs in PDAC among
subgroups with different functions. The results from TISIDB
showed that, on the whole, six-FBXOs had a negative association
with various immune infiltration, especially activated B cell,
activated CD8" T cell, and macrophage infiltration (Figures 6A,
B), indicating the expression of six-FBXOs might be associated
with a suppressive tumor immune microenvironment in PDAC.
To determine whether these six-FBXOs affected the prognosis
of immune subgroup in PDAC patients, the Kaplan-Meier plotter
was used to evaluate it between the immune cell-enriched group
and the immune cell-decreased group. The data from the Kaplan-
Meier plotter illustrated that FBXO1, FBX020, FBX022, FBX028,
and FBXO32 were the negative prognosis factors in the B cell-
decreased group and the macrophage-decreased group, while
FBXO45 was the negative prognosis factor in the B cell-enriched
group and the macrophage-enriched group. FBX020 and
FBXO45 were the negative prognosis factors in the CD8" T cell-
decreased group, while FBXO1, FBX022, FBX028, and FBX032
were the negative prognosis factors in the CD8" T cell-enriched
group. All six-FBXOs were the negative prognosis factors in the
regulatory T cell-enriched group (Supplementary Figure S13).
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FIGURE 4 | The protein expression, cell lines, cellular localization, and cell stemness of six-FBXOs in pancreatic ductal adenocarcinoma (PDAC). (A) The protein
expression of FBXO1, 20, and 45 in PDAC and normal tissues using immunohistochemistry (IHC) in Human Protein Atlas (HPA) database. The IHC images of
FBX022, 28, and 32 were absent. The code behind the gene is the related primary antibody in HPA. (B-E) The expression levels of FBXO1, 20, 22, and 28 in
human normal pancreatic ductal epithelial cells (hn-PDEC) and multiple PDAC cell lines using GSE45757 dataset. The code behind the gene is the related probe
name. FBXO32 and FBXO45 were not available. (F) The confocal images of cellular localization of six-FBXOs in different types of cells using HPA database. The code
behind the cell line is the related primary antibody in HPA. ER, endoplasmic reticulum. (G) The expression levels of six-FBXOs in triple-positive group (n = 4) and
triple-negative group (n = 4), which were classified by three key cancer stem cell markers, CD44, CD133, and EpCAM, using GSE51971 dataset. The code behind
the gene is the related probe name. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

FBXO32 were the negative prognosis factors in the female group,
whereas FBX020, FBX022, FBX028, and FBXO45 were the
negative prognosis factors in the male group. FBXO1, FBXO20,
FBX022, FBX028, and FBXO32 were the negative prognosis
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TABLE 2 | Prognostic analysis of the six-FBXOs in GEPIA and Kaplan-Meier plotter.

Genes Expression GEPIA Kaplan-Meier plotter
os DFS os RFS
HR (high) p-value HR (high) p-value HR (95% CI) p-value HR (95% CI) p-value
FBXO1 (CCNF) Upregulated 1.6 0.024 1.4 0.098 1.73 (1.13-2.63) 0.0102 3.31 (1.12-9.79) 0.0224
FBX020 (LMO7) Upregulated 1.7 0.012 1.6 0.033 2.73 (1.54-4.83) 0.0004 9.60 (2.24-41.23) 0.0002
FBX0O22 Upregulated 2.0 0.0014 1.6 0.037 2.07 (1.23-3.47) 0.0048 2.77 (0.93-8.21) 0.0561
FBX0O28 Upregulated 1.6 0.026 1.6 0.026 1.78 (1.17-2.72) 0.0068 NA 0.0035
FBXO32 Upregulated 1.5 0.048 1.6 0.051 1.71 (1.13-2.61) 0.0110 3.20 (1.38-7.42) 0.0045
FBXO45 Upregulated 1.7 0.013 1.7 0.015 1.99 (1.30-3.05) 0.0012 3.15 (1.36-7.30) 0.0050
OS, overall survival; DFS, disease-free survival; RFS, relapse-free survival; HR, hazard ratio; Cl, confidence interval; NA, not available.
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FIGURE 5 | The prognostic analysis of the six-FBXOs in pancreatic ductal adenocarcinoma (PDAC) using Kaplan-Meier plotter. (A=F) The overall survival of the six-
FBXOs in PDAC patients (N = 177). (G-L) The disease-free survival of the six-FBXOs in PDAC patients (N = 69). “Auto-select best cutoff” was selected. NA, not available.
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factors in the low-mutation-burden group, and FBXO45 was the
negative prognosis factor in the high-nutation-burden group
(Supplementary Figure S13). For the subgroup analysis of DFS,
the data are shown in Supplementary Figure S14. The HR, 95%
CI, and p-value for the OS and DFS of six-FBXOs in different
subgroups are summarized in Supplementary Table S2.

The Genetic Alteration and Mutation of
Six-FBXOs in PDAC

We investigated the genetic alterations of the six-FBXO and the
mutation in the cBioPortal database for pancreatic adenocarcinoma
(TCGA and PanCancer Atlas). The results indicated that the
genetic alteration of six-FBXOs in PDAC patients accounted for
more than 40% (Figure 7A). Genetic alterations account for about

10% of each gene on average (Figures 7B, C), including mutation,
amplification, mRNA high, mRNA low, and multiple alterations.
For the progression of the genetic alterations of six-FBXOs, the data
manifested that the altered group had a worse OS (p = 0.0331) and
progression-free survival (p = 0.0428) than the unaltered group
(Figures 7D, E and Supplementary Table S3). There is also such a
trend for disease-specific survival in PDAC (p = 0.0592), but no
statistical difference for DFS of two groups (p = 0.2020)
(Figures 7F, G and Supplementary Table S3). Besides these, the
altered group always had the higher typical PDAC gene mutations
than the unaltered group, such as KRAS, TP53, CDKN2A, efc.
(Figure 7H). Next, we analyzed the difference in sample-level
enrichments between the altered group and the unaltered group.
Using p <0.05 and log ratio >2 as the screening conditions, 1,194
genes were obtained in the altered group. The top 20 differently
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genes between altered group (n = 68) and unaltered group (n = 100).

enriched genes are listed in Supplementary Table S4, such as
ADCYS, ASAP1, EFR3A, KCNQ3, and PCAT1, which had been
reported to play roles in tumor onset and progression (30-32).

Prediction of Functions and Pathways for
Six-FBXOs in PDAC

We screened the top 200 positively co-expressed genes using the
LinkedOmics database and the cBioPortal database, respectively,
and obtained the intersected genes (Figure 8A). These shared
gene sets were used to predict the functions and pathways of six-
FBXOs by performing the GO and KEGG enrichment analysis.
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FIGURE 7 | The genetic alteration and mutation of six-FBXOs in PDAC using cBioPortal database. (A) Total alteration frequency of the six-FBXOs in PDAC.
(B, C) Individual alteration frequency of six-FBXOs in PDAC. (D-G) The prognostic analysis of the genetic alteration of the six-FBXOs in PDAC, including overall (o =
0.0331), progression-free (p = 0.0428), disease-specific (p = 0.0592), and disease-free survival (o = 0.2020). (H) Alteration event frequency of common mutant

The GO enrichment analysis contains three points: BP, CC,
and MF.

For FBXO1, BP terms indicated cell division, mitotic nuclear
division, DNA replication, DNA repair, cell cycle, and cell
proliferation. CC terms were implicated in nucleoplasm and
condensed chromosome kinetochore, midbody. MF terms were
involved in protein binding, ATP binding, and protein kinase
binding. The KEGG pathways showed that FBXO1 was related
to cell cycle, DNA replication, and p53 signaling pathway
(Figure 8B). For FBX020, BP terms were implicated in cell-
cell adhesion, hemidesmosome assembly, actin cytoskeleton

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 774435


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

The Roles of FBXOs in Pancreatic Cancer

FBXO1 (CCNF) FBX020 (LMO7) FBX022 FBX028 FBXO032 FBX045
LinkedOmics cBioportal LinkedOmics cBioportal  LinkedOmics cBioportal  LinkedOmics  cBioportal LinkedOmics cBioportal  LinkedOmics  cBioportal
B FBOX1(CCNF) e pamay Cc FBX020 (LMO7) KEGG Pathway
° - cc DNA replication o " - zz Adherens junction: e
“ = g2 = Thyroid cancer{
P et Count g count
g Homologous recombination . .s & Tight junction o ..
™ o 5, .o
¥ Fanconi anemia pathway- . @ Endometrial cancer { . o
0 o 4 o
Base excision repair{ [ X3 2 Pancreatic cancer{ . : :i
Ooeyte meiosis: ° ~lg(p-value) 0 Bacterial invasion of epithelial cells |~ @
s "
Progesterone-mediated oocyte maturation . f: Focal adhesion{ @
P53 signaling pathway . ° Hippo signaling pathway{ @ :
Hepatitis B @ Endocytosis @ 3
HILV-linfection ® fr Pathways in cancer )
[ PR— Woteirncion X - [ 5o Tsi0is
D FBX022 E FBX028
KEGG Pathway
R KEGG Pathway 6 - pp
5 - s =
B ¢ g4 Thyroid cancer o count
3 Count g, . a0
s A Antigen processing and presentation: 1. - %2 : b
' ® 50 ' ®:s
! @ s 1 @5
0 ®: o Renal cellcarcinoma
g(pvalue) et
» i
Protein processing in endoplasmic reticulum ) : ::
Regulation of actin cytoskeleton ) "
= y 3 6 9 12
4550556065
F FBX032 G FBX045
KEGG Pathway KEGG Pathway
= L3 ITEEERE 175 fa——— Mg
- CC [ECM-receptor interaction- L | - cC Colorectal cancer L
20 - 150 _
< Protein digestion and absorption- . 125 ErbB signaling pathway { '}
H * Focaladhesion| @ Count E 100 Renal cell carcinoma{ Count
= ) & s .
- Amoebiasis- ° o 2 Prolactin signaling pathway { ® s
s o 50 o
Hypertrophic cardiomyopathy (HCM){ . 25 T cell receptor signaling pathway { . : z
Jr— 0
Dilated cardiomyopathy | B RNAtransport{ @ oovalue)
Platelet activation{ " Progesterone-mediated cocyte maturation{ L
Proteoglycans in cancer{ ® : Insulin signaling pathway{ @
PI3K-Akt signaling pathway | @ Neurotrophin signaling pathway{ ®
Regulation of actin cytoskeleton -® Protein processing in endoplasmic reticulum
Biological process. Celular component Molecular function 5 10 15 20 Biological process. Celuler component Molecular function 456789
FIGURE 8 | Comprehensive bioinformatics analysis of six-FBXOs and individual co-expressed genes in pancreatic ductal adenocarcinoma. (A) Intersection of
genes positively co-expressed in the top 200 of the LinkedOmics and the cBioPortal database (Spearman correlation). (B-G) The Gene Ontology enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes pathway prediction of six-FBXOs were performed. BP, biological processes; CC, cellular components;
MF, molecular function.

organization, and negative regulation of extrinsic apoptotic
signaling pathway. CC terms were involved in cell-cell
adherens junction, extracellular exosome, plasma membrane,
and focal adhesion. MF terms contained cadherin binding
involved in cell-cell adhesion, protein binding, and actin
binding. The KEGG pathways indicated that FBXO20 was
related to tight junction, pathways in cancer, and Hippo
signaling pathway (Figure 8C). For FBX022, BP terms were
implicated in protein folding, vesicle-mediated transport, and
ubiquitin-dependent protein catabolic process. CC terms were
involved in membrane, cytosol, and cytoplasm. MF terms
contained poly(A) RNA binding, cadherin binding involved

in cell-cell adhesion, and unfolded protein binding. The KEGG
pathways indicated that FBXO22 was related to protein
processing in the endoplasmic reticulum, antigen processing,
and presentation (Figure 8D). For FBXO28, BP terms were
implicated in Golgi to plasma membrane protein transport,
regulation of protein export from nucleus, protein K11-linked
deubiquitination, and EGFR signaling pathway. CC terms were
involved in nucleoplasm, cytoplasm, and nucleus. MF terms
contained protein complex binding, K63-linked polyubiquitin
binding, and ubiquitin-protein transferase activity. The KEGG
pathways indicated that FBXO28 was related to the regulation
of actin cytoskeleton (Figure 8E). For FBXO32, BP terms were
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implicated in extracellular matrix organization, collagen
catabolic process, cell differentiation, and angiogenesis. CC
terms were involved in extracellular matrix, proteinaceous
extracellular matrix, and extracellular space. MF terms
contained extracellular matrix structural constituent and
integrin binding. The KEGG pathways indicated that
FBXO32 was related to ECM-receptor interaction, PI3K-Akt
signaling pathway, proteoglycans in cancer, and regulation of
actin cytoskeleton (Figure 8F). For FBXO45, BP terms were
implicated in protein import into the nucleus, DNA repair, and
activation of protein kinase activity. CC terms were involved in
nucleoplasm, cytoplasm, and nuclear pore. MF terms contained
poly(A) RNA binding, protein binding, and mRNA binding.
The KEGG pathways indicated that FBXO45 was related to
RNA transport, ErbB signaling pathway, insulin signaling
pathway, and T cell receptor signaling pathway (Figure 8G).

Validation of the Expression of Six-FBXOs
in PDAC Cell Lines

To further validate the findings of the bioinformatics analysis, we
used qPCR to confirm the transcriptional levels of six-FBXOs in
five pancreatic cancer cell lines, respectively, that is, Panc-1, AsPC-
1, SW1990, T3M4, and CFPAC-1, compared with human
immortal pancreatic epithelial cell line HPDE6. The results
revealed that, overall, the expression levels of six-FBXOs are
markedly elevated in multiple PDAC cell lines (Figure 9), in
concordance with the above-mentioned data, and it substantiated
our bioinformatics analysis to some extent, although further in
vitro and in vivo experiments were needed to support it.

DISCUSSION

Herein we comprehensively analyzed the clinical significance,
function, and prognostic value of FBXO family genes, especially
the six-FBXOs (FBXO1, FBX020, FBX022, FBX028, FBX032,
and FBXO45). Firstly, we found the multiple FBXO family
members to be aberrantly expressed in PDAC and identified
six-FBXOs that were inversely associated with the OS and DFS of
PDAC patients. Notably, although some differences of GEO data
were not large, all of them were statistically significant and
mutually verified using databases from different sources, which
could confirm our findings on the six-FBXOs. Furthermore, their
correlations between expression and clinicopathologic
characteristics, as well as the promoter methylation levels, were
further analyzed by using GEO, GEPIA, and UALCAN
databases. Next, we investigated their protein expression, cell
lines, cellular localization, and cell stemness. Using different
databases, the related immune infiltration, genetic alteration,
and mutation were evaluated in PDAC tissues. Finally, we
predicted their functions and pathways through positively co-
expressed genes using GO and KEGG enrichment analysis.
Although some FBXO family members have been reported to
be involved in oncogenesis and tumor advancement (11, 17, 33),
comprehensive bioinformatics analyses of PDAC have yet to be
investigated. The present study is the first time to analyze the

transcription levels, clinicopathologic characteristics, promoter
methylation, mutation, immune infiltration, and prognostic
values of six FBXO family members (FBXO1, FBXO020,
FBX022, FBX028, FBX032, and FBX045) in PDAC. We
hope that these findings will help to replenish the available
knowledge between the FBXO family and PDAC and
contribute to improve the accuracy of prognostic prediction in
PDAC patients as well as provide potential effective targets for
the diagnosis and treatment of PDAC.

FBXO1

FBXO1 (CCNF) had been reported to be downregulated in
hepatocellular carcinoma and was related to poor
differentiation and adverse clinical outcome (34). In breast
cancer, the overexpression of FBXO1 could suppress tumor
progression, indicating that it has the role of a tumor
suppressor (35). Intriguingly, FBXO1 mRNA was highly
expressed in primary breast cancer tissues, but its protein level
was strikingly reduced (35), hinting that FBXO1 was subjected to
post-transcriptional modifications and protein degradation. Of
note is the fact that FBXO1 was recently reported to be involved
in the modification of the ubiquitination-proteasome system
(36). FBXO1 was negatively regulated by the E3 ligase (FZR1)
and the co-regulator of E3 ligase (FBXL8), which were known to
play an oncogenic role in breast cancer, and FBXO1 could inhibit
the expression of ribonucleotide reductase M2 (RRM2), a pro-
tumorigenic protein (35). In contrast, FBXO1 was overexpressed
in ovarian cancer tissues and facilitated the cell growth and
invasion of ovarian cancer (37). Herein we found that FBXO1
was upregulated in PDAC tissues and the majority of PDAC cell
lines as well as associated with the unfortunate prognosis of
PDAC patients based on different public databases. These
findings have been validated by a recently published study
regarding the protein expression of FBXO1 in PDAC via IHC
(38). Furthermore, our data showed that FBXO1 expression was
linked to tumor differentiation, pathological grading, promoter
methylation, P53 mutation, and immune infiltration in PDAC.

FBX020

FBX020 (LMO?7) was downregulated in lung adenocarcinoma
and relevant in tumor size, nodal involvement, and pathological
stage as well as with a poor prognosis (15). The depletion of
FBXO020 resulted in an increase of susceptibility for spontaneous
lung cancer in the murine model (39). In contrast, FBX0O20
could facilitate the migration ability of breast cancer cells in a
cell-specific manner via modulating Rho-MRTF-SRF signaling
(14). Liu et al. verified that the expression levels of FBX0O20
mRNA and protein were increased in mouse and human
pancreatic cancer tissues (16). The results of Liu were
consistent with our findings in multiple public databases to
some extent. FBXO20 acted an oncogenic role to promote
metastasis and progression. In terms of proliferation, FBX020
exhibited dual roles, that is, cell cycle acceleration and apoptosis
inhibition (16). In addition, our data showed that a higher
expression of FBXO20 tended to result in poorer pathological
grading and worse tumor differentiation and predict an adverse
prognosis in PDAC patients. FBXO20 was significantly elevated
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in different pancreatic precancerous lesions, including IPMA,
IPMC, and IPMN. Among them, IPMA had the highest
expression levels of FBXO20. These data indicated that
FBXO20 possessed the potential to be a sensitive indicator of
precancerous lesions, which is important for the early diagnosis
of PDAC. Besides this, FBXO20 was tightly correlated with
diabetic status, promoter methylation, P53 mutation, and
immune infiltration in PDAC. The functional analysis and
KEGG pathways revealed that FBXO20 might be involved in
apoptosis-related signaling pathway and Hippo signaling
pathway, which deserve to be further investigated.
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FBX022

Accumulating evidence suggested that FBXO22 exerts its oncogenic
functions through mediating the ubiquitination and degradation of
substrates in many human malignancies (40). However, the roles it
plays in different tumors is inconsistent in physiological and
pathological processes. In renal cell carcinoma, FBX022
restrained cancer metastasis and progression by suppressing
VEGF-induced angiogenesis and MMP-9-induced invasion and
migration (41). On the contrary, FBXO22 facilitated tumorigenesis
and progression via regulating the ubiquitination and degradation
of p21 in hepatocellular carcinoma (42), of LKB1 in lung cancer, and
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of nuclear PTEN in colorectal cancer (43). Interestingly, FBX022
exhibits a paradoxical dual role of pro-tumorigenic and anti-
metastatic function in breast cancer progression (44). The
functional role of FBXO22 in PDAC has not yet been reported.
Herein we explored that FBXO22 was upregulated in PDAC and
associated with cell stemness, poor pathological grading, and worse
clinical outcomes. Notably, FBXO22 expression was closely
correlated with the infiltration of a variety of immune cells,
including B cells, CD8" T cells, CD4" T cells, NK cells,
macrophages, neutrophils, and dendritic cells, implicating that it
might be involved in the reprogramming of the tumor immune
microenvironment in PDAC. Similarly, our functional analysis
suggested that FBXO22 was related to the ubiquitin-dependent
protein catabolic process, protein processing in the endoplasmic
reticulum, antigen processing, and presentation, which allows our
data and the published literatures to be mutually corroborated.

FBXO28

SCF (Skpl/Cull/F-box) ubiquitin ligase serves as a key
modulator of cell homeostasis via regulating downstream a
variety of critical proteins for ubiquitylation (45). The IHC
analysis displayed that FBXO28 and its phosphorylation are
strong and predicted a poor prognosis in breast cancer (46).
The CDK1/2-driven activation of the E3 ubiquitin ligase
SCF™XO28 accelerated MYC-dependent transcription by non-
proteolytic ubiquitylation and promoted transformation and
tumorigenesis (46). Fagerholm et al. showed that FBXO28 had
a correlation with survival and treatment outcome using
interaction analysis of cis-eQTL variants in breast cancer (47).
Herein we found that FBXO28 had a high level in the majority of
PDAC cell lines and tissues, which often predicted an adverse
clinical survival for PDAC patients. Besides this, FBXO28
expression was related to cell stemness, tumor size, and
pathological grading, but no significant correlation with
promoter methylation. Notably, FBXO28 expression was
strongly linked to the infiltration of multiple immune cells,
such as B cells, CD8" T cells, macrophages, neutrophils, and
dendritic cells. The functional analysis revealed that FBXO28
may be involved in protein transport, protein deubiquitination,
EGER signaling pathway, and regulation of actin cytoskeleton.

FBXO32

The promoter hypermethylation of FBXO32 was responsible for
its downregulation in ovarian cancer cells. A profound
methylation frequency of FBXO32 was detected in advanced-
stage ovarian cancer, which predicted a shorter progression-free
survival (48). The re-expression of FBXO32 dampened cell
growth in platinum-resistant ovarian cancer as a result of
being re-sensitized to cisplatin and increased apoptosis (48). A
similar situation of aberrant methylation of FBXO32 could be
found in esophageal squamous cell carcinoma (49). Furthermore,
FBXO32 inhibited breast cancer oncogenesis and progression via
interacting with KLF4 for its ubiquitination and degradation, a
critical factor for cell fate decisions (50). Consistent with our
findings, we also found aberrant promoter methylation of
FBXO032, but the discordant result was that FBXO32 was
hypomethylated and highly expressed in PanIN and PDAC, in

comparison to normal tissues, as well as closely relevant in cell
stemness, tumor size, lymphatic metastasis, tumor
differentiation, tumor staging, and the prognosis of PDAC
patients. Among pancreatic precancerous lesions, FBXO32 had
the highest expression in IPMC. Furthermore, FBXO32
expression is also related to immune infiltration, e.g., CD8" T
cells, NK cells, macrophages, neutrophils, and dendritic cells.
The functional analysis demonstrated that FBXO32 may be
involved in cell differentiation, angiogenesis, regulation of actin
cytoskeleton, and PI3K-Akt signaling pathway, which remains to
be further explored.

FBX045

FBXO45 propelled ubiquitin-mediated proteolysis of the
tumor-suppressor PAR4 to control cancer cell survival (51).
Specifically, E3 ubiquitin ligase FBXO45 could interact with
PAR4, a PRKC apoptosis WT1 regulator, via a short consensus
sequence motif in the cytoplasm to influence its ubiquitylation
and proteasomal degradation, which, in turn, governs cell
apoptosis (51). Furthermore, FBXO45 modulated the process
of EMT via mediating the ubiquitination and degradation of
substantial EMT-related transcription factors, such as Twistl,
Snail/2, and Zeb1/2, in tumor cells (52). In gastric cancer, the
expression levels of FBXO45 in tumor tissues were increased
compared with those in normal tissues. Unexpectedly, patients
with high FBXO45 expression had longer survival than those
with low expression (53). Herein we found that FBXO45
expression was markedly upregulated in PDAC tissues in
both mRNA and protein levels and was inversely relevant in
the OS and DFS of PDAC patients based on multiple online
databases. FBXO45 expression was related to the degree of
tumor differentiation, tumor staging, and P53 mutation in
PDAC. The expression level of FBXO45 was higher in IPMC
than in normal pancreatic tissues. Additionally, the expression
levels of FBXO45 were related to immune infiltration, i.e., B
cells, CD8" T cells, CD4" T cells, NK cells, macrophages,
neutrophils, and dendritic cells. The functional analysis
showed that FBXO45 was involved in ErbB signaling pathway
and T cell receptor signaling pathway.

Among six-FBXOs, FBX032 had attracted our attention since
it exhibited a strong correlation with all the clinicopathological
parameters investigated as detailed above. In terms of prognosis,
FBXO32 expression could well predict the clinical outcomes of
PDAC patients in both OS and DFS. For diagnosis, FBXO32 was
tightly associated with clinicopathologic characteristics, cell
stemness, and immune infiltration. Besides this, we noticed
that FBXO32 was not only significantly upregulated in PDAC
tissues but also highly expressed in some precancerous tissues,
such as IPMC and PanIN, which provided a strong support for
the early diagnosis of PDAC. Regarding treatment, we speculated
that FBXO32 was likely to play a role in PDAC initiation and
progression as well as reprogramming of the tumor immune
microenvironment through regulating cell differentiation,
angiogenesis, actin cytoskeleton, and some important signaling
pathways, such as PI3K/Akt signaling pathway. By developing
therapeutic agents targeting FBXO32, it is possible to control and
block the development and malignant transformation of PDAC.
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Therefore, FBXO32 might be a promising prognostic/diagnostic/
therapeutic target for PDAC.

CONCLUSION

In the present study, we identified that FBXO1, FBXO20,
FBXO022, FBX028, FBX032, and FBXO45 are highly expressed
in PDAC tissues, which are potential unfavorable prognostic
factors for PDAC patients. The six FBXOs are strongly associated
with clinicopathological features, promoter methylation,
immune infiltration, and genetic mutation in PDAC based on
different public databases. So far, there is a paucity in the
literature studying the roles of six-FBXOs in PDAC. Therefore,
the specific roles and underlying mechanisms of six-FBXOs in
PDAC are worth further investigation through a large number of
related experiments in vitro and in vivo. To sum up, our study
indicates that six-FBXOs might act an oncogenic role to promote
PDAC progression and serve as the potential targets for PDAC
diagnosis and treatment.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

The study has been approved by the Ethics Committee of Peking
Union Medical College Hospital. Since all the data were collected

REFERENCES

1. Yang Y, Bai X, Bian D, Cai S, Chen R, Cao F, et al. Guidelines for the
Diagnosis and Treatment of Pancreatic Cancer in China (2021). J Pancreatol
(2021) 4(2):49-66. doi: 10.1097/jp9.0000000000000072

2. Kamisawa T, Wood LD, Itoi T, Takaori K. Pancreatic Cancer. Lancet (2016)
388(10039):73-85. doi: 10.1016/S0140-6736(16)00141-0

3. Leonhardt CS, Traub B, Hackert T, Klaiber U, Strobel O, Biichler MW, et al.
Adjuvant and Neoadjuvant Chemotherapy in Pancreatic Ductal
Adenocarcinoma. ] Pancreatol (2020) 3(1):1-11. doi: 10.1097/jp9.0000000
000000040

4. Hussain SP. Pancreatic Cancer: Current Progress and Future Challenges. Int |
Biol Sci (2016) 12(3):270-2. doi: 10.7150/ijbs.14950

5. Neoptolemos JP, Kleeff ], Michl P, Costello E, Greenhalf W, Palmer DH. Therapeutic
Developments in Pancreatic Cancer: Current and Future Perspectives. Nat Rev
Gastroenterol Hepatol (2018) 15(6):333—48. doi: 10.1038/s41575-018-0005-x

6. Zhang Y, Liu Q, Liu J, Liao Q. Upregulated CD58 Is Associated With
Clinicopathological Characteristics and Poor Prognosis of Patients With
Pancreatic Ductal Adenocarcinoma. Cancer Cell Int (2021) 21(1):327.
doi: 10.1186/s12935-021-02037-0

7. Zhang Y, Liu Q, Yang S, Liao Q. CD58 Immunobiology at a Glance. Front
Immunol (2021) 12:705260. doi: 10.3389/fimmu.2021.705260

8. ZhangY, Liu Q, Liao Q. Long Noncoding RNA: A Dazzling Dancer in Tumor
Immune Microenvironment. J Exp Clin Cancer Res (2020) 39(1):231.
doi: 10.1186/s13046-020-01727-3

and downloaded from the public online databases, it was certain
that all written informed consent had already been obtained.

AUTHOR CONTRIBUTIONS

YZ conceived this study, analyzed the data, and drafted the
manuscript. QLiu reviewed and revised the manuscript. MC,
MW, SH, and JG collected the data and reviewed the manuscript.
QLiao was responsible for project administration and supervision.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (82172765, 81872501, 81673023,
81272573, and 81502068), Beijing Natural Science Foundation
(7172177), CAMS Innovation Fund for Medical Sciences
(CIFMS, 2021-12M-1-002) and Youth Foundation of Peking
Union Medical College Hospital (pumch201911866).

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Yunfeng Zhang and Yinuo
Zhang for their spiritual support and encouragement.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
774435/full#supplementary-material

9. Ciechanover A. Intracellular Protein Degradation: From a Vague Idea Thru
the Lysosome and the Ubiquitin-Proteasome System and Onto Human
Diseases and Drug Targeting. Best Pract Res Clin Haematol (2017) 30
(4):341-55. doi: 10.1016/j.beha.2017.09.001

Skaar JR, Pagan JK, Pagano M. Mechanisms and Function of Substrate
Recruitment by F-Box Proteins. Nat Rev Mol Cell Biol (2013) 14(6):369-81.
doi: 10.1038/nrm3582

Tekcham DS, Chen D, Liu Y, Ling T, Zhang Y, Chen H, et al. F-Box Proteins
and Cancer: An Update From Functional and Regulatory Mechanism to
Therapeutic Clinical Prospects. Theranostics (2020) 10(9):4150-67.
doi: 10.7150/thno.42735

D’Angiolella V, Donato V, Forrester FM, Jeong YT, Pellacani C, Kudo Y, et al.
Cyclin F-Mediated Degradation of Ribonucleotide Reductase M2 Controls
Genome Integrity and DNA Repair. Cell (2012) 149(5):1023-34. doi: 10.1016/
j.cell.2012.03.043

Tzeng YW, Li DY, Chen Y, Yang CH, Chang CY, Juang YL. LMO7 Exerts an
Effect on Mitosis Progression and the Spindle Assembly Checkpoint. Int J
Biochem Cell Biol (2018) 94:22-30. doi: 10.1016/j.biocel.2017.11.006

Hu Q, Guo C, Li Y, Aronow BJ, Zhang J. LMO7 Mediates Cell-Specific
Activation of the Rho-Myocardin-Related Transcription Factor-Serum
Response Factor Pathway and Plays an Important Role in Breast Cancer
Cell Migration. Mol Cell Biol (2011) 31(16):3223-40. doi: 10.1128/
MCB.01365-10

Nakamura H, Hori K, Tanaka-Okamoto M, Higashiyama M, Itoh Y, Inoue M,
et al. Decreased Expression of LMO7 and its Clinicopathological Significance

10.

11.

12.

13.

14.

15.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 774435


https://www.frontiersin.org/articles/10.3389/fimmu.2021.774435/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.774435/full#supplementary-material
https://doi.org/10.1097/jp9.0000000000000072
https://doi.org/10.1016/S0140-6736(16)00141-0
https://doi.org/10.1097/jp9.0000000000000040
https://doi.org/10.1097/jp9.0000000000000040
https://doi.org/10.7150/ijbs.14950
https://doi.org/10.1038/s41575-018-0005-x
https://doi.org/10.1186/s12935-021-02037-0
https://doi.org/10.3389/fimmu.2021.705260
https://doi.org/10.1186/s13046-020-01727-3
https://doi.org/10.1016/j.beha.2017.09.001
https://doi.org/10.1038/nrm3582
https://doi.org/10.7150/thno.42735
https://doi.org/10.1016/j.cell.2012.03.043
https://doi.org/10.1016/j.cell.2012.03.043
https://doi.org/10.1016/j.biocel.2017.11.006
https://doi.org/10.1128/MCB.01365-10
https://doi.org/10.1128/MCB.01365-10
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

The Roles of FBXOs in Pancreatic Cancer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

in Human Lung Adenocarcinoma. Exp Ther Med (2011) 2(6):1053-7.
doi: 10.3892/etm.2011.329

Liu X, Yuan H, Zhou J, Wang Q, Qi X, Bernal C, et al. LMO7 as an
Unrecognized Factor Promoting Pancreatic Cancer Progression and
Metastasis. Front Cell Dev Biol (2021) 9:647387. doi: 10.3389/fcell.2021.
647387

Liu Y, Pan B, Qu W, Cao Y, Li J, Zhao H. Systematic Analysis of the
Expression and Prognosis Relevance of FBXO Family Reveals the Significance
of FBXO1 in Human Breast Cancer. Cancer Cell Int (2021) 21(1):130.
doi: 10.1186/512935-021-01833-y

Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: A Web Server for Cancer
and Normal Gene Expression Profiling and Interactive Analyses. Nucleic
Acids Res (2017) 45(W1):W98-W102. doi: 10.1093/nar/gkx247

Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, et al.
ONCOMINE: A Cancer Microarray Database and Integrated Data-Mining
Platform. Neoplasia (2004) 6(1):1-6. doi: 10.1016/s1476-5586(04)80047-2
Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, et al. UALCAN: A Portal for Facilitating Tumor
Subgroup Gene Expression and Survival Analyses. Neoplasia (2017) 19
(8):649-58. doi: 10.1016/j.ne0.2017.05.002

Nagy A, Munkacsy G, Gyorffy B. Pancancer Survival Analysis of Cancer
Hallmark Genes. Sci Rep (2021) 11(1):6047. doi: 10.1038/s41598-021-84787-5
Aguirre-Gamboa R, Gomez-Rueda H, Martinez-Ledesma E, Martinez-
Torteya A, Chacolla-Huaringa R, Rodriguez-Barrientos A, et al.
SurvExpress: An Online Biomarker Validation Tool and Database for
Cancer Gene Expression Data Using Survival Analysis. PIoS One (2013) 8
(9):€74250. doi: 10.1371/journal.pone.0074250

Vasaikar SV, Straub P, Wang ], Zhang B. LinkedOmics: Analyzing Multi-
Omics Data Within and Across 32 Cancer Types. Nucleic Acids Res (2018) 46
(D1):D956-63. doi: 10.1093/nar/gkx1090

Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: A Web Server
for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res
(2017) 77(21):€108-e10. doi: 10.1158/0008-5472.CAN-17-0307

Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu WC, et al. TISIDB: An
Integrated Repository Portal for Tumor-Immune System Interactions.
Bioinformatics (2019) 35(20):4200-2. doi: 10.1093/bioinformatics/btz210
Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using
the Cbioportal. Sci Signal (2013) 6(269):pl1. doi: 10.1126/scisignal.2004088
Huang da W, Sherman BT, Lempicki RA. Systematic and Integrative Analysis
of Large Gene Lists Using DAVID Bioinformatics Resources. Nat Protoc
(2009) 4(1):44-57. doi: 10.1038/nprot.2008.211

Schofield HK, Zeller ], Espinoza C, Halbrook CJ, Del Vecchio A, Magnuson B,
et al. Mutant P53r270h Drives Altered Metabolism and Increased Invasion in
Pancreatic Ductal Adenocarcinoma. JCI Insight (2018) 3(2):e97422.
doi: 10.1172/jci.insight.97422

Liu Y, Baggerly KA, Orouji E, Manyam G, Chen H, Lam M, et al. Methylation-
eQTL Analysis in Cancer Research. Bioinformatics (2021) 37:4014-22.
doi: 10.1093/bioinformatics/btab443

Zheng Q, Min S, Zhou Q. Identification of Potential Diagnostic and
Prognostic Biomarkers for LUAD Based on TCGA and GEO Databases.
Biosci Rep (2021) 41(6):SR20204370. doi: 10.1042/BSR20204370

Hashimoto A, Handa H, Hata S, Tsutaho A, Yoshida T, Hirano S, et al.
Inhibition of Mutant KRAS-Driven Overexpression of ARF6 and MYC by an
Eif4a Inhibitor Drug Improves the Effects of Anti-PD-1 Immunotherapy for
Pancreatic Cancer. Cell Commun Signal (2021) 19(1):54. doi: 10.1186/s12964-
021-00733-y

Wang J, Chen X, Hu H, Yao M, Song Y, Yang A, et al. PCAT-1 Facilitates
Breast Cancer Progression via Binding to RACK1 and Enhancing Oxygen-
Independent Stability of HIF-1lalpha. Mol Ther Nucleic Acids (2021) 24:310-
24. doi: 10.1016/j.0omtn.2021.02.034

Lin M, Wang ZW, Zhu X. FBXO45 Is a Potential Therapeutic Target for
Cancer Therapy. Cell Death Discovery (2020) 6:55. doi: 10.1038/s41420-020-
0291-2

FuJ, Qiu H, Cai M, Pan Y, Cao Y, Liu L, et al. Low Cyclin F Expression in
Hepatocellular Carcinoma Associates With Poor Differentiation and
Unfavorable Prognosis. Cancer Sci (2013) 104(4):508-15. doi: 10.1111/
cas.12100

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chang SC, Hung CS, Zhang BX, Hsieh TH, Hsu W. Ding JL. A Novel
Signature of CCNF-Associated E3 Ligases Collaborate and Counter Each
Other in Breast Cancer. Cancers (Basel) (2021) 13(12):2873. doi: 10.3390/
cancers13122873

Lee A, Rayner SL, Gwee SSL, De Luca A, Shahheydari H, Sundaramoorthy V,
et al. Pathogenic Mutation in the ALS/FTD Gene, CCNF, Causes Elevated
Lys48-Linked Ubiquitylation and Defective Autophagy. Cell Mol Life Sci
(2018) 75(2):335-54. doi: 10.1007/s00018-017-2632-8

Li Y, Guo H, Wang Z, Bu H, Wang S, Wang H, et al. Cyclin F and KIF20A,
FOXMI1 Target Genes, Increase Proliferation and Invasion of Ovarian Cancer
Cells. Exp Cell Res (2020) 395(2):112212. doi: 10.1016/j.yexcr.2020.112212

. Klimaszewska-Wisniewska A, Buchholz K, Neska-Dlugosz I, Durslewicz J,

Grzanka D, Zabrzynski J, et al. Expression of Genomic Instability-Related
Molecules: Cyclin F, RRM2 and SPDL1 and Their Prognostic Significance in
Pancreatic Adenocarcinoma. Cancers (Basel) (2021) 13(4):859. doi: 10.3390/
cancers13040859

Tanaka-Okamoto M, Hori K, Ishizaki H, Hosoi A, Itoh Y, Wei M, et al.
Increased Susceptibility to Spontaneous Lung Cancer in Mice Lacking LIM-
Domain Only 7. Cancer Sci (2009) 100(4):608-16. doi: 10.1111/j.1349-
7006.2009.01091.x

Cheng J, Lin M, Chu M, Gong L, Bi Y, Zhao Y. Emerging Role of FBXO22 in
Carcinogenesis. Cell Death Discov (2020) 6:66. doi: 10.1038/s41420-020-
00303-0

Guo F, Liu J, Han X, Zhang X, Lin T, Wang Y, et al. FBXO22 Suppresses
Metastasis in Human Renal Cell Carcinoma via Inhibiting MMP-9-Mediated
Migration and Invasion and VEGF-Mediated Angiogenesis. Int ] Biol Sci
(2019) 15(3):647-56. doi: 10.7150/ijbs.31293

Zhang L, Chen J, Ning D, Liu Q, Wang C, Zhang Z, et al. FBXO22 Promotes
the Development of Hepatocellular Carcinoma by Regulating the
Ubiquitination and Degradation of P21. J Exp Clin Cancer Res (2019) 38
(1):101. doi: 10.1186/s13046-019-1058-6

Ge MK, Zhang N, Xia L, Zhang C, Dong SS, Li ZM, et al. FBXO22 Degrades
Nuclear PTEN to Promote Tumorigenesis. Nat Commun (2020) 11(1):1720.
doi: 10.1038/s41467-020-15578-1

Sun R, Xie HY, Qian JX, Huang YN, Yang F, Zhang FL, et al. FBXO22 Possesses
Both Protumorigenic and Antimetastatic Roles in Breast Cancer Progression.
Cancer Res (2018) 78(18):5274-86. doi: 10.1158/0008-5472.CAN-17-3647
Weissman AM. Themes and Variations on Ubiquitylation. Nat Rev Mol Cell
Biol (2001) 2(3):169-78. doi: 10.1038/35056563

Cepeda D, Ng HF, Sharifi HR, Mahmoudi S, Cerrato VS, Fredlund E, et al.
CDK-Mediated Activation of the SCF(FBXO) (28) Ubiquitin Ligase Promotes
MYC-Driven Transcription and Tumourigenesis and Predicts Poor Survival
in Breast Cancer. EMBO Mol Med (2013) 5(7):1067-86. doi: 10.1002/
emmm.201202341

Fagerholm R, Khan S, Schmidt MK, Garcia-Closas M, Heikkila P, Saarela J,
et al. TP53-Based Interaction Analysis Identifies cis-eQTL Variants for
TP53BP2, FBX028, and FAM53A That Associate With Survival and
Treatment Outcome in Breast Cancer. Oncotarget (2017) 8(11):18381-98.
doi: 10.18632/oncotarget.15110

Chou JL, Su HY, Chen LY, Liao YP, Hartman-Frey C, Lai YH, et al. Promoter
Hypermethylation of FBXO32, a Novel TGF-Beta/SMAD4 Target Gene and
Tumor Suppressor, Is Associated With Poor Prognosis in Human Ovarian
Cancer. Lab Invest (2010) 90(3):414-25. doi: 10.1038/labinvest.2009.138
Guo W, Zhang M, Shen S, Guo Y, Kuang G, Yang Z, et al. Aberrant
Methylation and Decreased Expression of the TGF-Beta/Smad Target Gene
FBXO32 in Esophageal Squamous Cell Carcinoma. Cancer (2014) 120
(16):2412-23. doi: 10.1002/cncr.28764

Zhou H, Liu Y, Zhu R, Ding F, Wan Y, Li Y, et al. FBXO32 Suppresses Breast
Cancer Tumorigenesis Through Targeting KLF4 to Proteasomal Degradation.
Oncogene (2017) 36(23):3312-21. doi: 10.1038/0onc.2016.479

Chen X, Sahasrabuddhe AA, Szankasi P, Chung F, Basrur V, Rangnekar VM,
et al. Fbxo45-Mediated Degradation of the Tumor-Suppressor Par-4
Regulates Cancer Cell Survival. Cell Death Differ (2014) 21(10):1535-45.
doi: 10.1038/cdd.2014.92

Xu M, Zhu C, Zhao X, Chen C, Zhang H, Yuan H, et al. Atypical Ubiquitin E3
Ligase Complex Skpl-Pam-Fbxo45 Controls the Core Epithelial-to-
Mesenchymal Transition-Inducing Transcription Factors. Oncotarget (2015)
6(2):979-94. doi: 10.18632/oncotarget.2825

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 774435


https://doi.org/10.3892/etm.2011.329
https://doi.org/10.3389/fcell.2021.647387
https://doi.org/10.3389/fcell.2021.647387
https://doi.org/10.1186/s12935-021-01833-y
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1016/s1476-5586(04)80047-2
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1038/s41598-021-84787-5
https://doi.org/10.1371/journal.pone.0074250
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1172/jci.insight.97422
https://doi.org/10.1093/bioinformatics/btab443
https://doi.org/10.1042/BSR20204370
https://doi.org/10.1186/s12964-021-00733-y
https://doi.org/10.1186/s12964-021-00733-y
https://doi.org/10.1016/j.omtn.2021.02.034
https://doi.org/10.1038/s41420-020-0291-2
https://doi.org/10.1038/s41420-020-0291-2
https://doi.org/10.1111/cas.12100
https://doi.org/10.1111/cas.12100
https://doi.org/10.3390/cancers13122873
https://doi.org/10.3390/cancers13122873
https://doi.org/10.1007/s00018-017-2632-8
https://doi.org/10.1016/j.yexcr.2020.112212
https://doi.org/10.3390/cancers13040859
https://doi.org/10.3390/cancers13040859
https://doi.org/10.1111/j.1349-7006.2009.01091.x
https://doi.org/10.1111/j.1349-7006.2009.01091.x
https://doi.org/10.1038/s41420-020-00303-0
https://doi.org/10.1038/s41420-020-00303-0
https://doi.org/10.7150/ijbs.31293
https://doi.org/10.1186/s13046-019-1058-6
https://doi.org/10.1038/s41467-020-15578-1
https://doi.org/10.1158/0008-5472.CAN-17-3647
https://doi.org/10.1038/35056563
https://doi.org/10.1002/emmm.201202341
https://doi.org/10.1002/emmm.201202341
https://doi.org/10.18632/oncotarget.15110
https://doi.org/10.1038/labinvest.2009.138
https://doi.org/10.1002/cncr.28764
https://doi.org/10.1038/onc.2016.479
https://doi.org/10.1038/cdd.2014.92
https://doi.org/10.18632/oncotarget.2825
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

The Roles of FBXOs in Pancreatic Cancer

53. Kogure N, Yokobori T, Ogata K, Altan B, Mochiki E, Ohno T, et al. Low
Expression of FBXO45 Is Associated With Gastric Cancer Progression and
Poor Prognosis. Anticancer Res (2017) 37(1):191-6. doi: 10.21873/
anticanres.11305

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Liu, Cui, Wang, Hua, Gao and Liao. 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 Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 774435


https://doi.org/10.21873/anticanres.11305
https://doi.org/10.21873/anticanres.11305
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Comprehensive Analysis of Expression, Prognostic Value, and Immune Infiltration for Ubiquitination-Related FBXOs in Pancreatic Ductal Adenocarcinoma
	Introduction
	Materials and Methods
	GEPIA
	Oncomine and UALCAN
	GEO
	The Human Protein Atlas
	Kaplan–Meier Plotter
	SurvExpress and LinkedOmics
	Immune Infiltration Analysis of FBXOs
	cBioPortal Database
	DAVID
	Cell Culture
	RNA Extraction and Quantitative PCR
	Statistical Analysis

	Results
	Aberrant Transcriptional Levels of FBXOs in Patients With PDAC
	The Correlation Between Six-FBXO Expression and the Clinicopathological Features of PDAC Patients
	The Correlation Between Promoter Methylation Levels of Six-FBXOs and Clinicopathological Characteristics
	The Protein Expression, Cell Lines, Cellular Localization, and Cell Stemness of Six-FBXOs in PDAC
	The Prognostic Analysis of Six-FBXOs in PDAC Patients
	The Six-FBXO Expression and Immune Infiltration Level in PDAC
	The Genetic Alteration and Mutation of Six-FBXOs in PDAC
	Prediction of Functions and Pathways for Six-FBXOs in PDAC
	Validation of the Expression of Six-FBXOs in PDAC Cell Lines

	Discussion
	FBXO1
	FBXO20
	FBXO22
	FBXO28
	FBXO32
	FBXO45

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


