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Abstract: Age-related cataract patients regularly have hypertension, hyperglycemia, and hyperlipidemia. In oxidative
conditions, increased reactive oxygen species can oxidize natural low-density lipoprotein into oxidative low-density
lipoprotein (oxLDL). However, the relationship between oxLDL and the occurrence of cataracts is still unclear. In this
study, 1515 differentially expressed transcripts were identified by analyzing the results of RNA sequencing in a hu-
man lens epithelial cell line (HLEpiC). Compared with control groups, oxLDL-treated HLEpiC had 806 up-regulated
transcripts and 709 down-regulated transcripts. Our genome-wide transcriptome results showed that differentially
expressed genes, such as Rho signaling (Rho A and Cdc42) and Na*/K*-ATPase family (ATP1B1), are involved in
lens epithelial cell differentiation and cell homeostasis. In conclusion, oxLDL greatly influences transcriptional ex-
pression and these differentially expressed genes may play an important role in the development of cataracts. Our

findings may provide new targets in the treatment for cataracts.
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Introduction

Cataracts are one of the leading causes of visu-
al impairment and blindness worldwide [1, 2]. A
recent World Health Organization survey found
that 51% of blindness and 33% of visual impair-
ment cases worldwide are caused by cataract
[3]. Despite considerable efforts by the World
Health Organization and the Vision 2020 initia-
tive, the global health burden of vision loss
caused by cataracts increased from 1990 to
2015 [4]. Currently, cataract surgery combined
with intraocular lens implantation is considered
the best treatment strategy. Although the con-
tinuous improvement of surgical methods and
the development of the intraocular lens have
greatly improved cataract treatment, the cure
rate for cataracts is far lower than the incidence
rate. In addition, cataract surgery is accompa-
nied by complications such as retinal detach-
ment, iris prolapse, and blindness [5]. The-
refore, clarifying the underlying mechanisms of
cataracts will greatly improve treatment out-
comes.

Hyperlipidemia is a systemic disease character-
ized by abnormal lipid metabolism or transport,
resulting in increased plasma levels of one or
more lipids. Low-density lipoprotein is the main
indicator for the diagnosis of hyperlipidemia.
Many epidemiological investigations have con-
firmed that hyperlipidemia is closely related to
the occurrence of cataracts. Many mechanisms
that may cause cataracts, and animal studies
have shown that oxidative damage is closely
linked to age related cataracts [6]. Oxidative
stress is a phenomenon caused by an imbal-
ance between the production and accumula-
tion of reactive oxygen species (ROS) in cells
and tissues, exceeding the ability of biological
systems to detoxify these products. Under oxi-
dative stress, increased ROS can oxidize natu-
ral low-density lipoprotein into oxidative low-
density lipoprotein (oxLDL). Plasma malondial-
dehyde and oxLDL levels are reportedly higher
in patients with cataracts [7]. Recent literature
has indicated that oxidative stress should be
considered a major or secondary cause of many
cardiovascular diseases [8]. The role of stress
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signaling pathways induced by oxLDL in the
lens capsule cells is not well understood, how-
ever.

The lens is a transparent crystal structure
formed by the lens capsule, lens epithelium,
and lens fibers. Transparency and refraction of
the lens require that lens epithelial cells under-
go coordinated proliferation, migration, and
elongation [9]. Lens fibers have very broad
cytoskeletons that preserve their precise shape
and packaging; the destruction or mutation of
certain cytoskeletal elements can result in loss
of transparency [10]. The actin cytoskeletal
structure plays an important role in lens epithe-
lial cell proliferation and differentiation into
mature fibroblasts [11]. Cell cycle exit and per-
fect implementation of lens fiber end differen-
tiation are prerequisites for lens transparency
and refraction, as well [12]. The clarity of the
lens depends, in addition to the correct execu-
tion of the final differentiation process, on
many other factors. These include modulation
of the between cell membrane and cytoplasmic
protein interactions of the lens crystals, proper
maintenance of electrochemical gradients, and
overall cellular homeostasis [13]. Many cata-
ract patients have high lens sodium content,
reflecting the importance of cellular ion con-
centrations in the condition [14, 15]. Further-
more, any disturbance in these cellular pro-
cesses can cause opacity of the lens.

Materials and methods
Cell culture

The HLEpIC line was purchased from American
Type Culture Collection (HB-8065, Manassas,
VA, USA). HLEpiCs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS, Gibco,
USA). The cells were treated with or without
oxLDL (100 pg/ml) and cultured at 37°C in a
5% CO, incubator for 24 h [16].

RNA Sequence and data analysis

Total RNA was extracted from cell lysates using
an RNA extraction kit according to the manu-
facturer’s instructions (Hefei Nuower Biote-
chnology Co., Ltd, China). The high-throughput
Illumina HiSeq 2500 was used to sequence the
samples. We obtained RNA-seq FastQ raw data
and used Trimmomatic to remove lower mass
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readings [17]. The quality of clean data was
assessed using FastQC software [18]. HISAT2
(v2.0.13) software was used to map the
approved data to the reference genome of the
human (National Center for Biotechnology
Information [NCBI] genome assembly version
Rnor_6.0) and the data were annotated with
the annotation file (.gtf) NCBI Rnor_6.0 [19,
20]. The transcript expression level was deter-
mined by Fragments Per Kilobase of transcript
per Million fragments mapped (FPKM) [21].
Kallisto software was used to obtain a count of
known mRNAs and edgR package was used to
find the differences in the number of reads
[22]. The differentially expressed genes (DEGS)
were determined using RNA Sequence data
as significantly up-regulated or down-regulated
genes with a statistical significance (two-sided
P value < 0.05). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
pathway enrichment analyses were performed
to determine the function of DEGs [23].

Protein-protein interaction (PPI) network inte-
gration

PPl analysis reveals the general organization
principles of functional cellular networks to find
new protein function. The STRING is an online
search tool (http://string.embl.de/) used to find
the interaction and functional relationships
between proteins. Cytoscape software (http://
www.cytoscape.org/) is widely used to con-
struct biomolecular interaction networks and
make the models [24]. We used the molecu-
lar complex detection (MCODE) function in
Cytoscape software (version 3.6.0) to find mod-
ules with MCODE scores > 3 and nodes > 3 in
the PPI network. We used topology analysis to
analyze the connectivity of nodes in the PPI net-
work and find higher degrees of important
nodes (central proteins). The top 10 hub genes
were selected for analysis. The analysis of indi-
vidual modules was performed using Meta-
scape with a statistical significance (P < 0.05).

Results
Quality of RNA sequencing

We sequenced and obtained raw data from six
HLEpiC samples through the lllumina platform.
After trimming and filtering, the quality of data
was good. The median score of the reads in all
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Figure 1. Sequencing quality. Plot showing the sequencing quality of the six
sample reads. The X-axis is the base position for each reading (bp indicates
base pair). The Y-axis is the sequence quality score.
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Figure 2. Overview of expression profiles of transcripts. Transcript-based
hierarchical clustering analysis combining tissues with similar natures.
Scaled to log, (FPKM+1) expression values by different color intensities, the
Z scores of each transcript are normalized, and green and red represent low
and high expression levels, respectively.

samples was above 30 and all
samples passed the quality
check (Figure 1).

Identification of DEGs

We investigated the overall
transcript expression levels of
HLEpiC in the control and
oxLDL-treated groups by us-
ing log, (FPKM+1) values and
found that the overall chang-
es were not significantly dif-
ferent from the control gro-
ups. Cluster analysis of differ-
entially expressed transcripts
showed significant differences
between the groups (Figure 2).
A total of 1,515 gene expres-
sion differences were signifi-
cant, of which 806 genes were
up-regulated and 709 genes
were down-regulated. The re-
sults of differential expression
of transcripts are shown as
volcano map in Figure 3A.
Under oxLDL treatment, the
top ten up-regulated DEGs
were ATP1B1, AC03426.1, AC-
005912.1, ACO05000.1, AC1-
13935.1, RPL26P19, EEF1A-
1P6, NORAD, ALDOA and AL-
080243.2. The top ten down-
regulated DEGs were ATP1B1,
AC03426.1, AC005912.1, AC-
005000.1, AC113935.1, RP-
L26P19, EEF1A1P6, NORAD,
ALDOA (Figure 3B).

DEGs reflect changes in bio-
logical function

We classified DEGs according
to their respective biological
processes by analysis with GO
function annotation. Differen-
tial genes of transcripts were
involved in cell cycle phase
transition: cell proliferation-re-
lated processes and apopto-
tic signaling pathways (Figure
4A). In the cellular component
category, differential genes of
transcripts are mainly involv-
ed in cell cycle regulation,
chromosomal regions, nuclear
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Figure 3. Differential expression of data between two sets of samples. A. Volcano map. Red points represent up-
regulated transcripts screened on the basis of absolute fold change > 2.0 and a corrected P value of < 0.05. Green
points represent the expression of transcripts that were down-regulated, screened on the basis of absolute fold
change > 2.0 and a corrected P value of < 0.05. The black points represent transcripts with no significant change.
B. The most substantially (P < 0.05) up-regulated and down-regulated transcripts based on oxLDL treatment of

HLEpiC (n = 3).

chromosomes, microtubule tissue centers, bio-
film-related components, mitochondrial enve-
lopes, Golgi membranes, and vesicle mem-
branes (Figure 4B). Differential genes of tran-
scripts related to molecular function are mainly
involved in ribonucleic acid-related compo-
nents, transcriptional community activity, tr-
anslation factor activity, RNA binding, transcrip-
tional repressor activity, cadherin binding, pro-
tein serine/threonine kinase activity, protein
heterodimerization activity, Ral GTPase bind-
ing, oxidoreductase activity, peptidase activa-
tor activity, actin binding, NEDD8 transferase
activity, and ubiquitin-like protein ligase binding
(Figure 4C). Interestingly, several important
pathways, including the neurotrophin signaling
pathway, ubiquitin-mediated proteolysis, and
the MAPK signaling pathway were found in the
top twenty pathways rich with transcriptional
differences (Figure 5).

PPI network integration

To further identify the biologic relevance of dif-
ferentially expressed genes after oxLDL treat-
ment, we constructed a PPl network encoded
by DEGs (Figure 6A). We analyzed the PPl net-
work of significantly differentially expressed
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transcripts and obtained seven distinct mod-
ules. The main pathways involved in these
genes include the following cellular structure
and assembly processes: amino acid biosyn-
thesis, proteasome, ribosome, cell adhesion,
actin cytoskeleton regulation, adherens junc-
tion formation, and related signaling pathways.
These related pathways included B cell recep-
tor signaling pathway, T cell receptor signaling
pathway and cAMP signaling pathway (Figure
6B). Moreover, the ten most significant interac-
tion genes were Cdc42, Rhog, Cdknla, Ccl2,
Ngf, Prkar2b, Hifla, Bub3, Vegfa and Plk4
(Figure 7).

OxLDL treatment changes expression of Rho A
GTPases and Na*/K*-ATPase

Rho GTPases are critical to actin organization
and include Rho, Rac, and Cdc42. Three fami-
lies regulate Rho GTPase activity: guanine-
nucleotide exchange factor (GEF), GTPase acti-
vating protein (GAP), and purine-nucleoside dis-
sociation inhibitor (GDI). RNA sequence and IPA
data indicate that Rho A and Cdc42 are signifi-
cantly up-regulated and that all three families
of Rho GTPase regulatory factors are also sig-
nificantly up-regulated. Expression of ATP1B1

Int J Clin Exp Pathol 2020;13(4):655-663
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Figure 4. GO functional category enrichment following oxLDL treatment of HLEpiC. Heat maps of the top 20 enriched
(A) biologic processes, (B) cell composition, and (C) molecular functions following oxLDL treatment of HLEpiC. The
result on the left is based on the down-regulated gene list, and the right is based on the up-regulated gene list.

Colors represent P values.
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Figure 5. KEGG enrichment results. Scatterplot of the top 20 KEGG enrichment results of differentially expressed
transcripts in each pairwise comparison that were annotated in the specific pathway term. A high RichFator repre-

sents greater intensiveness. A lower P value represents greater intensity.
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Figure 6. Protein-protein interaction. (A) Interaction network and (B) Modules. Circles represent genes, lines repre-
sent protein interactions between genes, and line colors represent evidence of interactions between proteins.

Prkar2b
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Figure 7. Top 10 hub genes. Red indicates genes with high scores. Yellow
and orange indicate genes with middle scores, increasing respectively.

Discussion

In the present study, we found
that DEGs treated with oxLDL
are associated with lens epi-
thelial cell (HLEpiC) differentia-
tion and maintenance of ce-
llular homeostasis. Among the
top ten up-regulated transc-
ripts ATP1B1 was up-regulated
most significantly. The protein
encoded by this gene is a
subunit of the Na*/K*"-ATPase,
which is a membrane prote-
in responsible for establishing
and maintaining an electro-
chemical balance across the
plasma membrane by pump-
ing Na* and K" against the gra-
dient [25]. These salt gradi-

was also up-regulated significantly after oxLDL ents are essential for osmotic adjustment,
treatment. The protein encoded by ATP1B1 sodium-coupled transport of various organic
belongs to the Na*/K* and H*/K* ATPase 3 chain and inorganic molecules, and electrical excit-
protein family and plays a critical role in osmo- ability of nerves and muscles. After oxLDL tre-
regulation and cellular homeostasis. atment, oxidation may damage the cell mem-
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brane of HLEpIC, significantly changing the
function of the Na*/K*-ATPase pump and lead-
ing to increased membrane permeability to
Na*. This may result in an increased lens Na*
concentration and cause the lens to over-
hydrate, starting the process of cataract. The
degree of abnormal lens Na* distribution is
reportedly related to the degree of cortical
opacity. Furthermore, ATP1B1 is involved in cell
adhesion and establishes epithelial cell polari-
ty [26]. It has previously been reported that
endogenous biocurrents in the equator of the
lens promote lens differentiation in mammals
through Na*/K*-ATPase (ATP1A1 and ATP1B1)
and result in excessive lens hydration and loss
of protein [27].

Among the top ten down-regulated transcripts
we found FLII, also known as actin remodeling
protein. FLII may act as a transcriptional coac-
tivator, working through hormone-activated nu-
clear receptors and synergizing with NCOA2
and CARM1 [28]. FLII can inhibit the formation
of cell processes by inhibiting Cdc42 [29].
Therefore, we hypothesize that FLII may play a
role in regulating the cytoskeletal rearrange-
ments involved in cell division and cell migra-
tion. The partial secondary RNA structure of the
transcript encoded by the GAS5 gene mimics
the glucocorticoid response element (GRE)
[30], meaning that it can bind to the DNA bind-
ing domain of the glucocorticoid receptor. This
action prevents the glucocorticoid receptor
from being activated, thereby preventing it from
regulating the transcription of its target gene.
This transcript is also thought to regulate the
transcriptional activity of other receptors, such
as androgens, progesterone and mineralocorti-
coid receptors, which may bind to its GRE
mimetic region. Multiple functions are associ-
ated with this process, including cell growth,
arrest and apoptosis. Cdknla encodes a potent
cyclin-dependent kinase inhibitor that may con-
tribute to the implementation of apoptosis after
caspase activation [31]. At the same time, the
apoptotic gene BCL2L12 is significantly up-reg-
ulated, which encodes a member of the protein
family containing Bcl-2 homology domain 2,
regulating apoptosis [32].

Rhog encodes a member of the Rho family of
small GTPases that circulate between an inac-
tive GDP binding state and an active GTP bind-
ing state and acts as a molecular switch in
the signal transduction cascade. Rho GTPases
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include Rho, Rac and Cdc42 [33]. Previous
studies have reported that Rho GTPase has the
role of maintaining lens transparency and struc-
tural integrity. Defects in Rho GTPase lead to
lens aberrations, including lens epithelial prolif-
eration, differentiation and elongation, polarity,
shape and packaging defects [34]. Rho pro-
teins promote reorganization of the actin cyto-
skeleton and regulate cell shape, attachment
and movement. Our genome-wide transcrip-
tome results indicate that the Rho signaling
pathway is significantly affected by oxLDL treat-
ment: Rho A and Cdc42 are significantly up-
regulated, as are the three families that regu-
late Rho GTPase activity. Up-regulation of Rho
GTPase inhibitor (GDI) can lead to fibroblast
maturation disorders, resulting in terminal dif-
ferentiation of lens epithelial cells in the equa-
torial region [35]. During fibroblast maturation,
the cells undergo a complex process of degra-
dation that clears of all intracellular organelles,
including the nucleus. Fibroblast maturation
disorders lead to incomplete removal of organ-
elles, affecting the transparency of the entire
lens.

Our GO analysis showed that oxLDL is involved
in the positive regulation of organelle tissue
and the cell cycle. OxLDL treatment affects cell
morphology, enhances apoptosis, and blocks
normal cell cycle. These processes affect lens
epithelial cell function and are associated with
the epithelial dysfunction caused by hyper-
lipidemia. The DEGs-enriched KEGG pathway
includes regulation of the actin cytoskeleton,
MAPK signaling pathway, protein processing in
the endoplasmic reticulum, amino acid biosyn-
thesis, proteasome, endocytosis, and neuro-
trophin signaling pathways. We constructed
and analyzed a PPl network record encoded
with differential expression of oxLDL treated
HLEpiC and identified ten closely related genes:
Rhog, Cdc42, Cdknla, Ccl2, Ngf, Prkar2b,
Hifla, Bub3, Vegfa, and Plk4. Of these dif-
ferentially expressed genes, Rhog, Cdc4,
Cdknla, Vegfa, Ccl2, and Bub3 were up-regu-
lated. VEGF is a key node in the PPl network
and may be the main protein associated with
the development of cataracts. This gene is a
member of the growth factor family of PDGF/
VEGF, which induces proliferation and migra-
tion of vascular endothelial cells. VEGF also has
anti-angiogenic and vascular permeability-
inducing effects [36]. We believe that the up-
regulation of VEGFA protein may result in
increased HLEpiC permeability.

Int J Clin Exp Pathol 2020;13(4):655-663
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In conclusion, we used next-generation se-
quencing technology to determine the expres-
sion profile of transcriptomes in HLEpiC after
oxLDL treatment to explore the mechanism by
which oxLDL induces HLEpiC injury. Bioinfor-
matic analysis revealed several specific genes
that are new potential targets for the molecular
mechanisms of cataracts with hyperlipidemia.
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