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Abstract: Due to the lack of sensitive biomarkers, cancer disease kill 9.6 million individuals each year around the
globe. The present study aimed to explore the association between ELL Associated Factor 2 (EAF2) expression and
its diagnostic and prognostic landscape across different human cancers using an in silico and in vitro approach. To
achieve the defined goals of this study, we used the following online sources: UALCAN, KM plotter, TNMplot, cBioPor-
tal, STRING, DAVID, MuTarget, Cytoscape, and CTD. In addition to this, we also used additional The Cancer Genome
Atlas (TCGA) datasets via TIMER2, GENT2, and GEPIA to confirm the expression of EAF2 on additional cohorts.
Finally, we performed RNA sequencing (RNA-seq) and targeted bisulfite sequencing (bisulfite-seq) techniques-based
analysis using A549, ABC-1, EBC-1, LK-2 lung cancer cell lines, and MRC-9 normal control lung cell line for further
validation of the results. On balance, EAF2 was elevated in 19 types of human cancers and its up-regulation was
significantly correlated with shorter overall survival (OS), relapse-free survival (RFS), and metastasis in Liver Hepa-
tocellular Carcinoma (LIHC) and Lung Squamous Cell Carcinoma (LUSC) patients. We further evaluated that EAF2
expression was also elevated across LIHC and LUSC patients belonging to different clinicopathological features.
Through pathway analysis, EAF2 associations were observed with four important pathways. Moreover, some worth
noticing correlations were also documented between EAF2 expression and its promoter methylation level, genetic
alterations, other mutant genes, tumor purity, and different immune cells infiltration. The higher EAF2 expression
contributes significantly to the tumorigenesis and metastasis of LIHC and LUSC. Therefore, it can be used as a com-
mon biomarker in these cancers.
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Introduction According to a survey conducted in Pakistan to
record the country-wide incidence of cancer, a

Cancer is a condition in which affected cells of total of 63,415 males and 85,590 females

the body grow abnormally, depriving normal
cells of nutrients and proper functioning [1].
According to a fact sheet provided by the World
Health Organization (WHO) in 2021, cancer has
been declared the 2" main cause of death
worldwide, causing approximately 19.3 million
new cancer cases and 10.0 million cancer-
related deaths that year [2]. It is further esti-
mated that in the United States of America
(USA) alone, nearly 1,898,160 new cancer
cases and 608,570 cancer-related deaths will
be registered in 2021 [3] and most of these
patients will have to combat the disease for life.

were diagnosed with cancer in 2012 [4]. Mo-
reover, breast cancer is ranked first with the
highest number of confirmed deaths in Pakistan
[5]. There are several internal risk factors for
cancer development, including hereditary, hor-
monal imbalances, metabolic abnormalities,
and autoimmune disorders. Moreover, a few
external risk factors are also there, including
alcohol consumption, dietary imbalance, smok-
ing, exposure to radiation, etc. [6-8]. Despite
advancements in cancer diagnosis and the-
rapy, metastases mostly account for the low
survival rate in individuals with advanced dis-
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ease stages [9, 10]. Therefore, the identifica-
tion of new diagnostic biomarkers and new
treatment targets in cancer patients is urgently
needed.

ELL associated factor 2 (EAF2) is a key regu-
lator of transcription elongation and gene
expression in both mammals and eukaryotes
[11]. Earlier, EAF2 depletion was documented
to increase cell proliferation and thus be strong-
ly correlated with cancer in several mouse tis-
sues, demonstrating that it may be a growth
inhibitory factor and function as a tumor sup-
pressor [12, 13]. EAF2’s contribution to cancer
occurrence and progression has already been
identified in leukemia, prostate cancer, colorec-
tal cancer, glioblastoma, and gastric cancer
[14-17]. However, EAF2 roles in the pathogen-
esis of other cancers are still unknown. To the
best of our knowledge, the EAF2 gene has not
yet been investigated in human cancers us-
ing pan-caner analysis and in silico methods.
Therefore, in this manuscript, we analyzed and
validated EAF2 expression and prognostic val-
ues across various cancers using a variety of in
silico and in vitro experiments.

Materials and methods

EAF2 expression analysis and its cross-valida-
tion

The UALCAN database has user-friendly access
and easy-to-use features that provide fast
access to the cancer multi-omics data (TCGA
and MET500) collected from more than 30 dif-
ferent cancer types [18]. We utilized this data-
base for the pan-cancer differential expression
analysis of EAF2 across 24 major human can-
cer types. In UALCAN, the mRNA expression
level was normalized as transcript per million
(TPM) reads, and box whisker plots were uti-
lized to present the acquired expression values
(low to high) from the analyzed sample groups.
This tool computes median values from the box
whisker plots and compares them to identify
the down or up-regulation via student t-test
based on the differences in these values bet-
ween normal and cancerous groups [18]. In the
cancerous group, the mRNA with a lower medi-
an value than the normal control group is con-
sidered down-regulated, while the mRNA with a
higher median value than the normal control
group is considered up-regulated. In addition to
expression data, UALCAN also encompasses
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the promoter methylation data from TCGA proj-
ects, in which every CpG island present in the
promoter region of every gene was analyzed to
obtain the methylation levels as beta (B) values
[18].

Moreover, another tool, MEXPRESS has been
developed to visualize The Cancer Genomic
Atlas (TCGA) expression data and identify the
correlation between promoter methylation and
expression level [19]. This tool also encom-
passes the methylation data from TCGA proj-
ects, in which every CpG island present in the
promoter region of every gene was analyzed to
obtain the methylation levels as beta (3) values
[19]. We used this tool to validate the correla-
tion between EAF2 transcription expression
and promoter methylation levels in different
cancers using new independent cohorts.

The TIMER, GENT2, and GEPIA databases are
the cancer transcriptomics data analysis web-
servers [20-22]. These databases collect and
curate large-scale transcriptomic data from dif-
ferent species, including humans. The TIMER,
GENT2, and GEPIA provide users with a wide
variety of tools and platforms to analyze gene
expression profiles under different conditions
and across various tissues. Herein, we per-
formed TIMER, GENT2, and GEPIA for the
MRNA expression validation of EAF2 across
independent cohorts.

Estimation of prognostic and metastatic poten-
tials

KM plotter tool [23] was used for the correla-
tion analysis of EAF2 transcription expression
with overall survival (OS) and relapse-free (RFS)
durations of the patients suffering from differ-
ent cancers. KM Plotter is a free online tool that
enables users to easily generate Kaplan-Meier
plots and perform log-rank survival analysis. It
is commonly used by researchers and health-
care professionals to analyze and visualize sur-
vival data, allowing them to identify factors that
affect survival rates for a specific population of
interest. Moreover, the findings of the KM plot-
ter tool were also further validated using the
GEPIA tool. In addition to this, we also per-
formed a multivariate cox regression analysis
to find a correlation between EAF2 expression
and worse OS in patients of different clinical
variables with LIHC and LUSC using Gene
Expression Omnibus (GEO) datasets.
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The TNMplot [24] is used herein to analyze
EAF2 expression in metastatic tissues of di-
fferent cancers relative to primary cancer tis-
sues and corresponding control samples. TNM-
plot is a web-based tool that offers comprehen-
sive visualizations of cancer patient data [24].
It uses a variety of statistical and analytical
approaches to provide interactive, customiz-
able plots of cancer patient data, including sur-
vival curves, heatmaps, and principal compo-
nent analyses.

The cBioportal based analysis

To assess the EAF2-associated genetic mu-
tations, copy number variations (CNVs), and
mutational hotspots in LIHC and LUSC, we car-
ried out the genomics data analysis through
the cBioPortal platform [25] using the TCGA,
Firehose legacy dataset of LIHC (having 442
tumor samples) and the TCGA, Firehose legacy
dataset of LUSC (having 511 tumor samples).
The cBioPortal in-house sequencing data over
more than 30 different types of cancer [25].
The term “EAF2” was entered in the search bar
of cBioPortal, and a summary of EAF2 genetic
mutations, CNVs, and EAF2 protein architec-
ture showing mutational hotspots was generat-
ed and analyzed using default settings.

PPI network and pathway analysis

STRING [26] was conducted to obtain the PPI
network of the EAF2 protein with default set-
tings, and Cytoscape was performed to show
the PPl of EAF2 and related proteins [27].
STRING is a protein-protein interaction data-
base that comprehensively maps the known
and predicted interactions between proteins.
Cytoscape, on the other hand, is an open-
source software platform used to visualize net-
works, including protein-protein interaction net-
works derived from STRING, among other types
of data. Together, these tools enable research-
ers to explore complex biological networks and
identify novel molecular biomarkers.

Moreover, KEGG pathway analysis was carried
out through the DAVID tool [28]. DAVID serves
as a one-stop-shop for functional annotation
and enrichment analysis in genomic research.
DAVID catalogs thousands of genes and pro-
teins across dozens of organisms and inte-
grates a range of molecular data types like
gene ontology, KEGG pathways, and biological
function annotations [28].
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EAF2 correlation with other genes

The GEPIA database [22] was used in our study
to find the pairwise gene correlation analysis
between EAF2 and its other enriched genes
(obtained via STRING analysis) through the
“Correlation Analysis” module.

MuTarget

MuTarget [29] was used in the current study to
explore the different mutant genes linked with
expression alteration in EAF2 across different
cancers with default thresholds. This database
mainly focuses on the cross-talk between the
target proteins of the multi-functional drugs,
and these targets are classified based on their
molecular function and pathways [29].

TIMER

The TIMER database is an online application
that is used to identify the correlations bet-
ween tumor purity, infiltration of immune cells
(B cells, CD8+ T cells, CD4+ T cells, dendritic
cells, neutrophils, and macrophages), and gene
expression of particular genes in cancer tis-
sues using RNA-seq based expression data
[30]. In the current study, we utilized this data-
base to measure correlations among tumor
purity, immune cell infiltration, and EAF2 mRNA
expression in LIHC and LUSC.

Screening of EAF2 drugs

An online resource, the Comparative Toxico-
genomics Database (CTD), was searched in
our study to gather information on therapeutic
drugs that can decrease or increase the mRNA
expression level of EAF2 [31]. The CTD is a
comprehensive database that allows research-
ers to compare biological responses to toxic
substances across species and experiment
types. This database can help identify genes
and pathways that are involved in toxic
response, as well as species differences that
may impact toxicity. It can also help to predict
toxicity in humans based on data from other
species, which is important in drug develop-
ment and chemical safety testing [31].

Statistical analysis
A t-test was used to evaluate differences in
EAF2 expression in normal and cancer tissues

via the UALCAN, GEPIA, TIMER, and GENT2
databases. The correlation analyses were per-
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Expression of EAF2 across TCGA cancers (with tumor and normal samples)
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Figure 1. The mRNA based expression profiling of EAF2 across 24 types of cancerous tissues paired with corre-

sponding controls using pan-cancer analysis via UALCAN.

formed using Spearman’s correlation. What's
more, P < 0.05 was considered statistically
significant.

RNA-seq and targeted bisulfite-seq analysis
based in vitro validation of EAF2 expression
and methylation status

A total of 4 lung cancer cell lines, including
A549, ABC-1, EBC-1, LK-2, and one normal con-
trol lung cell line (MRC-9) were purchased from
the ATCC (American Type Culture Collection).
The purchased cell lines were cultured in DMEM
(HyClone), supplemented with 10% fetal bovine
serum (FBS; TBD), 1% glutamine, and 1% peni-
cillin-streptomycin in 5% CO, at 37°C. Total RNA
extraction from all these three cells lines was
done using TRIzol® reagent method [32], while
total DNA was extracted via the organic method
[33]. Finally, RNA and DNA samples were sent
to the Beijing Genomics Institute (BGI) compa-
ny for RNA-seq and bisulfite-seq analysis.

After RNA-seq analysis, the gene expression
values of the EAF2 were normalized using frag-
ments per kilo base million reads (FPKM).
While, methylation values were normalized as
beta values. The obtained FPKM, and beta val-
ues against hub genes in lung cancer and nor-
mal control cell line were compared to identify
differences in the expression and methylation
levels.

Results
EAF2 expression
To find out whether expression variations in

EAF2 expression have any association with
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cancer or not, we evaluated EAF2 expression
across 24 major tumor types paired with nor-
mal tissues through the UALCAN platform.
Results demonstrated that EAF2 was signifi-
cantly overexpressed in the majority of human
cancers as compared to the normal controls
(Figure 1). This abnormal expression pattern of
EAF2 gives us clues that overexpressed EAF2
may be linked with the development of several
cancers.

EAF2 prognostic and metastatic potentials

To estimate the prognostic potential of overex-
pressed EAF2 in different cancers (that show-
ed significantly elevated expression levels of
EAF2), the km plotter tool was applied. Results
revealed that EAF2 with high expression was
significantly (P < 0.05) linked to the poor OS
and RFS durations of the LIHC and LUSC
patients with p values of 0.002 and 0.0050
in OS and 0.013 and 0.019 in RFS analysis,
while in other cancers (BLCA, BRCA, CESC,
CHOL, ESCA, GBM, HNSC, LUAD, PRAD, PCPG,
SKCM, THYM, UCEC), the overexpressed EAF2
was not found to be associated with the
reduced OS and RFS (Figure 2A, 2B). In view of
the prognostic analysis results, it is speculated
that overexpressed EAF2 is more closely relat-
ed to the pathogenesis of LIHC and LUSC.
Secondly, to further clarify the role of overex-
pressed EAF2 in the metastasis of LIHC and
LUSC, we utilized the TNMplot database. Re-
sults of the analysis showed that elevated
expression of EAF2 was also associated with
metastasis because the metastatic tissues of
LIHC and LUSC presented a higher level of
EAF2 than the primary cancer tissues and nor-
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Figure 2. Prognostic values and expression of EAF2. (A) OS values across LIHC and LUSC, (B) RFS values across LIHC and LUSC, and (C) Expression status of EAF2
across primary and metastasis tissues.
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mal controls (Figure 2C). Taken together, these
data suggested that EAF2 might play impor-
tant roles in the development, and metastasis
of LIHC and LUSC. However, further extensive
research is required to investigate the link
between the overexpression of EAF2 and can-
cer patient prognosis in other types of cancer.

GEPIA and multivariate cox regression analy-
sis-based EAF2 prognostic potential verifica-
tion

Cross-validation of the results is an important
aspect to consider while performing integrative
research. In our study, to validate the EAF2
prognostic potential in new cohorts of LIHC and
LUSC, we took advantage of the GEPIA tool.
In view of our prognostic potential validation
results, initially, it was also observed that high-
er expression of EAF2 was significantly (P <
0.05) linked to the poor OS and RFS of the LIHC
patients via GEPIA analysis (Supplementary
Figure 1A). Then, a multi cox regression analy-
sis found that higher EAF2 expression was
associated with worse overall survival in pa-
tients with LIHC and LUSC patients of different
stages and age groups (Supplementary Figure
1B). This suggests that EAF2 could serve as a
prognostic biomarker LIHC and LUSC patients
of different clinical variables. Collectively, the
overall data of survival analysis suggested that
EAF2’s higher expression is a notable factor
that affects the survival of LIHC and LUSC can-
cers significantly.

EAF2 expression level across different clinico-
pathological variables

Subsequently, following survival analysis, we
investigate the relationship between EAF2
expression and different clinicopathological
variables, such as cancer stage, patient’s race,
patient’s gender, and age, in patients with LIHC
and LUSC. The expression profiling of EAF2 in
both LIHC and LUSC samples based on the
clinicopathological variables showed the nota-
ble overexpression of EAF2 in LIHC and LUSC
samples of different clinical variables relative
to normal controls, i.e., LIHC and LUSC samples
stratified by different cancer stages (stage 1,
stage 2, stage 3, and stage 4, p value < 0.05),
races (Caucasian, American-African, and Asian,
p value < 0.05), genders (male and female, p
value < 0.05), and ages (21-40 yrs, 41-60 yrs,
61-80 yrs, and 81-100 yrs, p value < 0.05)
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(Figure 3). Taken together, our results indicated
that EAF2 was overexpressed in LIHC and LUSC
patients regardless of cancer stage, patient
race, patient gender, and age-based clinico-
pathological variables.

Validation of EAF2 higher expression using ad-
ditional TCGA datasets

In order to verify the higher level of EAF2
expression, we further carried out the EAF2
expression re-analysis across new indepen-
dent cohorts of LIHC and LUSC via the TIMER,
GENT2, and GEPIA platforms. The results of
the re-analysis also revealed a significant (P <
0.05) higher expression of EAF2 in LIHC and
LUSC patients from new independent cohorts
relative to healthy donors (Supplementary
Figure 2). Taken together, the results of EAF2
expression analysis and validation expression
analysis in LIHC and LUSC, our findings provid-
ed reliable validation of EAF2’'s role in the
pathogenesis of LIHC and LUSC.

EAF2 promoter methylation analysis

We computed the level of EAF2 promoter meth-
ylation in LIHC and LUSC samples via the
UALCAN platform, and later we also employed
the MEXPRESS tool to cross-validate the find-
ings of UALCAN. In view of our results via
UALCAN, the promoter methylation level of
EAF2 was significantly (P < 0.05) lower in LIHC
and LUSC samples than in normal tissues
(Supplementary Figure 3A). Moreover, the re-
sults of cross-validation via MEXPRESS also
presented similar results to UALCAN (Supple-
mentary Figure 3B). Taken together results of
promoter methylation analysis, the obtained
values suggested a negative correlation bet-
ween EAF2 expression and its promoter meth-
ylation level in LIHC and LUSC samples as com-
pared to the normal controls. Therefore, it is
speculated that the lower promoter methyla-
tion level is involved in up-regulating EAF2
expression in LIHC and LUSC.

Gene mutations, CNVs analysis, and muta-
tional hotspots identification

Through the cBioPortal platform, EAF2 genetic
alterations, CNVs analysis, and mutational
hotspots identification in LIHC and LUSC were
carried out using the TCGA LIHC and LUSC
datasets via cBioPortal.
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expression in LUSC patients stratified by cancer stages, races, genders, and ages.
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Table 1. Detail of Kyoto encyclopedia of genes and genomes pathway

Pathway ID Pathway Name Gene count P-value Gene name
hsa05202 Transcriptional misregulation in cancer 3 <0.05 CDK9, MLLT41, MLLT3
hsa03020 RNA polymerase 2 <0.05 POLR2A, POLR2I
hsa00240 Pyrimidine metabolism 2 <0.05 POLR2A, POLR2I
hsa00230 Purine metabolism 2 <0.05 POLR2A, POLR2I

In view of the results of this analysis, EAF2 was
found to harbor genetic alterations in only 0.3%
cases of the queued LIHC samples, and all the
observed mutations were truncated mutations
in these cases (Supplementary Figure 4A).
Similar to LIHC, EAF2 also showed the inci-
dence of genetic alterations in only 12% cases
of queued LUSC samples, and in these sam-
ples, the deep amplification genetic abnormali-
ty was observed as the most frequently report-

ed genetic abnormality (Supplementary Figure
4A).

Next, we also explored that in LIHC, the muta-
tional hotspots of the most frequently observed
EAF2 truncated mutation (T112X) lie inside the
EAF domain of the encoded protein, while in
LUSC, the EAF2 mutational hotspots of the
most frequently observed missense mutation
(E200K) lie outside the EAF domain (Supple-
mentary Figure 4B). Taken together, we specu-
lated that as genetic alterations were observed
in very small proportions (0.3%, and 12%) of
the analyzed LIHC and LUSC samples, respec-
tively. Therefore, involvement of these fac-
tors in the dysregulation of EAF2 is unlikely.
Moreover, different observed EAF2 mutational
hotspots in LIHC and LUSC overall suggested
a somehow high level of complexity regarding
EAF2 mutations in LIHC and LUSC.

A PPI network and pathway analysis

Next, a PPl network of EAF2 was constructed
using the STRING database and visualized
through Cytoscape software to recognize its
associated genes. In total, 10 genes were
noticed in the PPl network that were found to
be associated with EAF2 (Supplementary Fig-
ure 5). We further subjected EAF2-associated
genes to pathway enrichment using DAVID. In
view of the results of pathway enrichment anal-
ysis, EAF2-associated genes were found to be
significantly involved in four diverse pathways,
including “Transcriptional misregulation in can-
cer”, “RNA polymerase”, “Pyrimidine metabo-
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lism”, and “Pyrimidine metabolism” (Supple-
mentary Figure 5; Table 1).

Correlation analysis between EAF2 and its dif-
ferent other associated genes

Results of this study further highlighted that
the expression of EAF2 was notably positively
correlated with its other related genes expres-
sion including ELL, CDK9, MLLT1, TCEB3C,
AFF4, POLR2I, MLLT3, TCEA1, POLR2A, and
EAF1 in LIHC and LUSC (Figure 4). In view of
these results, we ultimately speculated that
along with EAF2, the aberrant expression of its
other associated genes may also exert a tumor-
promoting role in LIHC and LUSC.

MuTarget analysis

Via MuTarget, we explored different mutant
genes responsible for EAF2 overexpression in
LIHC and LUSC. We selected the top 5 mutant
genes as shown in Supplementary Figure 6
for EAF2 in LIHC and LUSC, respectively.
These genes include TP53, COBLL1, CSMD3,
SLC6A11, and TRIM66 in LIHC, and RREB1,
AADACL2, CD244, CD1B, and ZFHX3 in LUSC.
Taken together, these findings suggest that
EAF2 expression has a strong correlation with
different other mutant genes acting as possible
regulators of EAF2 expression in LIHC and
LUSC.

TIMER analysis

Tumor purity and immune cells are the es-
sential regulators of the anticancer immune
response and thus act as the backbone of the
present cancer immunotherapies [34]. In this
study, the Spearman correlations between
tumor purity, immune cell infiltration including
CD4+ T cells, CD8+ T cells, B cells, macropha-
ges, neutrophils, and EAF2 expression in LIHC
and LUSC were carried out via TIMER. As per
the tumor purity analysis, we observed nega-
tive correlations between EAF2 expression and

Am J Cancer Res 2023;13(6):2572-2587



EAF2 role in cancer

© = pvae=0001 ° "7 pvalue=8. o
R=016 . R=033 ~
o | o : o
= e- 3 s
S i |Z 2 o E
o I =
= o T b 8
3 e X 5 o4 @
I a 5 i . b= . w
g g o 2 2
=] A & -
8 - 2 o N &
S 4 <) - @
= o
S T . - . T L T .
0 1 2 3 0 1 2 3 o 1 2 3
10g2(EAF2 TPM) I0g2(EAF2 TPM) 10g2(EAF2 TPM)
p-value = 1.3e-15, * , p-value=0 * p-value = 0 ; s
R=0.39 -, R =046 o= R=046
ol o S s
Sy 1 =
E .;:‘ﬁf.\‘ E o4 E [
= g = 9P| 5 =
N . o z a
3 3 . W, 5
g = "1 . e o
~ : & . I =
- | : B E
P G s °
T T T { e T T T Ll
0 1 2 3 o 1 2 3 0 1 2 3
log2(EAF2 TPM) log2(EAF2 TPM) log2(EAF2 TPM)

Figure 4. Correlations among EAF2 and its associated other genes’ expression via GEPIA database.

2580

© & o
1 povalue'= 0.64 p value = 0.00013 °, 2
R= 0.024 R=019 _ .. )
o -
w ] .
s
a
B .
- X w4
. w
s
o I
D o
2
: = : :
0 1 2 ]
log2(EAF2 TPM)
< | p-valg=0 .
| R=054
3
=t
bra |
£ o=
w .
ot &
>
« o ° |
= |
& o
T o L T o 1] T
0 1 2 3 0 1 2 3
log2(EAF2 TPM) log2(EAF2 TPM)

Am J Cancer Res 2023;13(6):2572-2587



EAF2 role in cancer

Table 2. EAF2 expression regulatory drugs extracted from the CTD nol A) are capable of lower-
database ing EAF2 expression and thus
Sr. no Name of the drug Effect on the expression Target gene can be exploited as treatment
1 Valproic acid Increase expression EAF2 0pti0n§ against overexpressed
2 Vorinostat Increase expression EAF2 in LIHC and LUSC.

3 Cyclosporine Increase expression Experimental in vitro valida-

4 Methionine Decrease expression tion of the EAF2 expression

5 Tetrachlorodibenzodioxine  Decrease expression and methylation status

6 Vanadates Decrease expression

7 Tretinoin Decrease expression In the current study, by per-
8 Choline Decrease expression forming RNA-seq and target-
9 Butylparaben Decrease expression ed bisulfite-seq analyses of 4
10 Bisphenol A Decrease expression lung cancer cell lines, including

tumor purity in LIHC (Rho = -0.066, p-value =
2.23e-01) and LUSC (Rho = -0.124, p-value =
6.77e-03) (Supplementary Figure 7). More-
over, we have observed positive correlations
between EAF2 expression and immune cell
infiltration of CD4+ T cells (Rho = 0.035, p-val-
ue = 5.18e-01), CD8+ T cells (Rho = 0.269,
p-value = 3.8e-07), B cells (Rho = 0.259, p-val-
ue = 1.06e-06), macrophages (Rho = 0.288,
p-value = 5.19e-08), and neutrophils (Rho =
0.274, p-value = 2.22e-07) in LIHC while nega-
tive correlations between EAF2 expression
and immune cells infiltration of CD4+ T cells
(Rho = -0.082, p-value = 7.25e-02), CD8+ T
cells (Rho = -0.087, p-value = 5.69e-02), B
cells (Rho = -0.3, p-value = 2.18e-11), macro-
phages (Rho = -0.039, p-value = 3.99e-02),
and neutrophils (Rho = -0.117, p-value =
1.07e-02) in LUSC (Supplementary Figure 7).

Screening of EAF2-associated therapeutic
drugs

A gene-drug interaction of EAF2 was built using
Cytoscape and explored in CTD databases to
identify potential therapeutic agents for treat-
ing EAF2 in LIHC and LUSC. In total, 10 of the
most verified unique chemicals by different
previously reported studies were obtained,
including Valporic acid, Vorinostat, Methio-
nine, Tetrachlorodibenzodioxin, Vanadates,
Tretinioin, Cyclosporine, Choline, Butylparaben,
and bisphenol A (Table 2). Out of these 10
noted chemicals, 3 (Valporic acid, Vorinostat,
and Cyclosporine) are reported to enhance
the EAF2 expression (Table 2), while 7 (Meth-
ionine, Tetrachlorodibenzodioxin, Vanadates,
Tretinioin, Choline, Butylparaben, and bisphe-
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A549, ABC-1, EBC-1, LK-2, and
one normal control lung cell
line (MRC-9), the expression and methylation
levels of the EAF2 gene were validated. The
expression level of this gene was validated
using FPKM, while the methylation level was
validated using beta values. Both FPKM and
beta are quantitative values with widespread
use in RNA-seq and bisulfite-seq analyses. As
shown in Figure 5A, it was noticed that the
EAF2 gene was expressed in both normal and
lung cancer cell lines, and FPKM values of EAF2
were notably higher in lung cancer cell lines
(A549, ABC-1, EBC-1, LK-2) as compared to nor-
mal cell line (MRC-9) (Figure 5A). Moreover, the
beta values of EAF2 were higher in the normal
(MRC-9) cell line while lower in the lung cancer
cell line (A549, ABC-1, EBC-1, LK-2) (Figure 5B).

Discussion

Cancer is the outcome of genomic and epig-
enomic alterations in normal cells [35]. Ab-
normal gene expression is known as the hall-
mark of cancer [36]. In line with the 2020 can-
cer states, the death rate due to this disease is
still very high around the globe [3]. Hence, there
is an urgent need to explore cancer biology to
identify some sensitive diagnostic and prog-
nostic biomarkers for the better management
of the disease.

EAF2 blocks the transcriptional function of
hypoxia-induced factor 1a by disrupting its
association with the co-activator CBP/p300
[37]. In Liu et al. study, EAF2 was found to sup-
press both TGF-B-induced G1 cell cycle arrest
and TGF-B-induced cell migration by directly
interacting with Smad3 [38]. Additionally, EAF2
controls the DNA repair process in prostate
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cancer via the Ku70/Ku80 complex to influence
the radiation sensitization of androgen depriva-
tion therapy [15]. In glioblastoma, the EAF2-
HIFlx axis is associated with tumorigenesis
and activation of glycolysis via EZH2 regulation
[12]. To the best of our knowledge, until now,
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the oncogenic role of EAF2 has not been report-
ed in other cancer types.

The findings of the present study showed that

MRNA expression of EAF2 was up-regulated in
the majority of targeted human cancers but
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only associated with the decreased OS, RFS
durations, and advanced metastasis in LIHC
and LUSC. Earlier, it is known that aberrant
expression of BECN1, LAMP2, and PINK1 genes
in colorectal cancer is potentially regulated by
CpG islands in the promoter region [39].
Therefore, to further identify the possible
causes of EAF2 overexpression, we also per-
formed a correlation analysis of EAF2 overex-
pression with its promoter methylation level,
genetic mutations, and CNVs in both LIHC and
LUSC patients. Results revealed significant
negative correlations between EAF2 expres-
sion and its promoter methylation levels in LIHC
and LUSC, therefore, this scenario of EAF2 pro-
moter methylation highlighted the significant
role of promoter hypomethylation in the up-reg-
ulation of EAF2 in LIHC and LUSC. Moreover,
the EAF2 gene was found to be enriched in
truncated mutations and deep amplification
abnormality in small proportions of the LUSC
and LIHC patients, respectively. Hence, we
speculated that genetic mutations and CNVs
participate insignificantly in expression regula-
tion of EAF2 in these cancers. Furthermore, it
was also observed that mutations in the EAF2
gene could change amino acids at different
sites of the encoded protein.

Earlier, different expression-based biomarkers
of LIHC have been reported in the medical lit-
erature, including AFP, GPC3, FCN3, PRC1,
CLEC1B, AFP, GPC3, and CK19 [40, 41]. How-
ever, to the best of our knowledge, none of
these or any other biomarker has been short-
listed for LIHC patients exhibiting different clini-
copathological features. In the present study,
we have revealed the significant up-regulation
of EAF2 expression in LIHC patients exhibiting
different clinicopathological variables, includ-
ing different cancer stage, race, gender, and
age. We have also shown that EAF2 overexpres-
sion is significantly associated with decreased
0S, RFS durations, and metastasis in LIHC
patients.

Several expression-based indicators are now
being investigated to distinguish LUSC patients
from healthy individuals. For example, accord-
ing to research by Li et al. [42], BIRC5 was sig-
nificantly overexpressed in LUSC tissues com-
pared to normal tissues, making it a unique
target for anti-LUSC therapy [42]. Similarly,
GAPDH has also been revealed to play a key
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role in the regulation of glycolysis within LUSC
cells. GAPDH protein can act as a new target for
anti-LUSC therapy since it reduces ATP in can-
cer cells by inhibiting glycolysis, which Kills can-
cer cells [43, 44]. However, to the best of our
knowledge, none of the previously described
LUSC biomarkers have been generalized in
LUSC patients with various clinicopathological
characteristics. However, in the present study,
we revealed the significant up-regulation of
EAF2 expression in LUSC patients with various
clinicopathological variables including different
cancer stage, race, gender, and age as com-
pared to the normal controls. We have also
shown that EAF2 overexpression is significantly
associated with decreased OS, RFS durations,
and metastasis in LUSC patients.

Although single gene-based indicators have
shown success in predicting the diagnostic and
prognostic outcomes of cancer patients. How-
ever, multi-gene-based diagnostic and prog-
nostic systems have also gained massive at-
traction in recent years [45]. Moreover, still,
there is no appropriate therapy is known for
LIHC and LUSC patients harboring different
kinds of mutations in different oncogenic genes
[46]. That is why, in this study, we used muTar-
get to explore different mutant genes that may
alter EAF2 expression. In view of the analysis
results, we have identified 5 top mutant genes
in each LIHC and LUSC, respectively, for EAF2,
including TP53, COBLL1, CSMD3, SLC6A11,
and TRIM66 in LIHC, and RREB1, AADACL2,
CD244, CD1B, and ZFHX3 in LUSC. By linking
the explored mutant genes to EAF2 expression,
it will be more effective to identify potential
multi-gene-based therapies for LIHC and LUSC.

Cancer treatment is a very tough task in the
medical field [47]. However, one of the most
successful cancer treatment methods is can-
cer immunotherapy, which has shown some
promising results in the field of anticancer
research [48]. The use of different drugs,
including cytotoxic T lymphocyte antigen 4
(CTLA4), programmed cell death 1 (PD-1), and
programmed cell death 1 ligand 1 (PD-L1)
inhibitors, is considered as the core of immu-
notherapy [49]. However, due to drug resis-
tance and tumor immune escape, immunother-
apy is facing difficulties in achieving the ex-
pected higher outcomes [50]. Therefore, we
speculate that understanding the tumor im-
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mune microenvironment (TIME) of LIHC and
LUSC may improve our understanding of immu-
notherapy and help clinicians to obtain better
clinical results.

Stromal cells, immune cells, and tumor purity
are recognized as the essential elements of the
tumor microenvironment and have been previ-
ously documented to alter the response to
immunotherapy for enhancing tumor growth
[51, 52]. In this study, EAF2 expression has
been revealed to be negatively correlated with
tumor purity in both LIHC and LUSC samples,
suggesting that EAF2 is expressed highly in
stromal cells than in epithelial cells and may
participate in LIHC and LUSC development by
operating stromal cells. However, further re-
search is needed to clarify the stromal cell-
dependent tumor operating mechanism of
EAF2. Moreover, we also observed significant
positive correlations between CD4+ T cells,
CD8+ T cells, B cells, macrophages, neutro-
phils, and EAF2 expression in LIHC, and signifi-
cant negative correlations between the same
variables in LUSC. Taken together these results,
we also speculated that EAF2 may also exert
its tumorigenic effect by activating immune
cells in LIHC while suppressing immune cells
in LUSC. In a nutshell, the found connections
may aid clinicians in developing more accurate
immunotherapies by providing them with a
greater understanding of the LIHC and LUSC
tumor microenvironment landscape.

In the current study, the interaction network of
EAF2-associated genes was constructed and
visualized. In total, 10 EAF2 associate genes
were identified. Pathway enrichment analysis of
EAF2-associated genes revealed their involve-
ment in four diverse signaling pathways, includ-
ing “Transcriptional misregulation in cancer”,
“RNA polymerase”, and “Pyrimidine metabo-
lism”. These findings are consistent with the
results of earlier studies, where the role of iden-
tified pathways is well established in the devel-
opmentand prognosis of cancer [53]. Moreover,
correlation analyses among EAF2 and its asso-
ciated genes expression have revealed strong
positive correlations, which further validated
our findings regarding KEGG analysis. Finally,
we have also explored a few potential therapeu-
tic drugs, including Methionine, Tetrachloro-
dibenzodioxin, Vanadates, Tretinioin, Choline,
Butylparaben, and bisphenol A that can be
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used against overexpressed EAF2 in the treat-
ment of LIHC and LUSC. However, the identifica-
tion of these drugs is based on the previous
reported limited number of studies. Therefore,
further extensive work is needed before clinical
application.

Despite the many merits of this study such as
utilization of the large cancer cohorts, it is inevi-
table that there are limitations. Our findings
were largely derived from bioinformatics analy-
ses. Therefore, it would be valuable to validate
the efficacy of EAF2 by examining additional
in-house clinical samples of LIHC and LUSC.
Furthermore, gaining a more comprehensive
understanding of the potential role of EAF2 as
a diagnostic and prognostic tool in these can-
cers could lead to the development of innova-
tive diagnostic tools for early cancer detection.

Conclusion

In this comprehensive study, we utilized various
online bioinformatics platforms, web tools, and
cell line-based experiments to systematically
examine the impact of EAF2 on cancer develop-
ment and assess its potential for diagnosis
and prognosis. Our multi-omics analysis dem-
onstrated that EAF2 was up-regulated and
linked to reduced OS in LIHC and LUSC, reveal-
ing the significance of EAF2-related pathways
in the progression of these cancers. The results
of this study suggest that EAF2 could be a
promising therapeutic target for LIHC and
LUSC. However, further molecular studies in-
volving large cohorts of LIHC and LUSC are nec-
essary to confirm the role of EAF2 in these
cancers.
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Supplementary Figure 1. Prognostic values via GEPIA and multivariate cox regression analysis of EAF2. (A) Prog-

nostic values of EAF2 via GEPIA across LIHC and LUSC, (B) Multivariate cox regression analysis of EAF2 across LIHC
(GSE76427) and LUSC (GSE41271) GEO datasets.
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Supplementary Figure 2. Transcription expression level validation of EAF2 via TIMER, GENT2, and GEPIA
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Supplementary Figure 4. Analysis of genetic mutations, CNVs alterations, and mutational hotspots identification of
EAF2 in TCGA LIHC and LUSC datasets using cBioPortal. (A) The frequency of genetic alterations and CNVs (muta-
tions, deep amplification, and deep deletion) in LIHC and LUSC samples, and (B) Protein architecture of EAF2 pro-
tein showing most frequently observed mutations in TCGA LIHC and LUSC samples. A green color region in protein
architecture is showing the EAF domain of EAF2 protein.
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Supplementary Figure 5. A PPl network and pathway of EAF2-interacting genes. (A) A PPl network of EAF2-interact-
ing genes, and (B) A bubble chart showing KEGG terms.
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Supplementary Figure 6. Correlations among mutant genes and EAF2 overexpression in LIHC and LUSC samples obtained via MuTarget. (A) A list of top 5 positively
correlated genes with EAF2 overexpression in LIHC, and (B) A list of top 5 positively correlated genes with EAF2 overexpression in LUSC. Green color box whisker
plots showing EAF2 expression in wild type samples while red color box whisker plots showing EAF2 expression in mutant samples for a specific gene.
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Supplementary Figure 7. Correlation analysis between tumor purity, different immune cells infiltration level, and EAF2 expression in LIHC and LUSC. (A) A correlation
analysis between CD4+ T cells, CD8+ T cells, B cells, macrophages, and neutrophils immune cells infiltration and EAF2 expression in LIHC, and (B) A correlation
analysis between CD4+ T cells, CD8+ T cells, B cells, macrophages, and neutrophils immune cells infiltration and EAF2 expression in LUSC.



